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Inhibition of Glutamate-to-Glutathione Flux Promotes
Tumor Antigen Presentation in Colorectal Cancer Cells

Tao Yu, Kevin Van der Jeught, Haiqi Zhu, Zhuolong Zhou, Samantha Sharma, Sheng Liu,
Haniyeh Eyvani, Ka Man So, Naresh Singh, Jia Wang, George E. Sandusky, Yunlong Liu,
Mateusz Opyrchal, Sha Cao, Jun Wan, Chi Zhang,* and Xinna Zhang*

Colorectal cancer (CRC) cells display remarkable adaptability, orchestrating
metabolic changes that confer growth advantages, pro-tumor
microenvironment, and therapeutic resistance. One such metabolic change
occurs in glutamine metabolism. Colorectal tumors with high glutaminase
(GLS) expression exhibited reduced T cell infiltration and cytotoxicity, leading
to poor clinical outcomes. However, depletion of GLS in CRC cells has
minimal effect on tumor growth in immunocompromised mice. By contrast,
remarkable inhibition of tumor growth is observed in immunocompetent mice
when GLS is knocked down. It is found that GLS knockdown in CRC cells
enhanced the cytotoxicity of tumor-specific T cells. Furthermore, the
single-cell flux estimation analysis (scFEA) of glutamine metabolism revealed
that glutamate-to-glutathione (Glu-GSH) flux, downstream of GLS, rather
than Glu-to-2-oxoglutarate flux plays a key role in regulating the immune
response of CRC cells in the tumor. Mechanistically, inhibition of the Glu-GSH
flux activated reactive oxygen species (ROS)-related signaling pathways in
tumor cells, thereby increasing the tumor immunogenicity by promoting the
activity of the immunoproteasome. The combinatorial therapy of Glu-GSH
flux inhibitor and anti-PD-1 antibody exhibited a superior tumor growth
inhibitory effect compared to either monotherapy. Taken together, the study
provides the first evidence pointing to Glu-GSH flux as a potential therapeutic
target for CRC immunotherapy.
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1. Introduction

Colorectal cancer (CRC) ranks as the sec-
ond most common cancer in women and
the third most common in men world-
wide. It stands as the second-leading cause
of cancer-related deaths overall and is the
primary cause in men younger than 50
years.[1] First-line therapy of metastatic
colorectal cancer relies on a combina-
tion of chemotherapy and targeted ther-
apies, according to patient clinical char-
acteristics and tumor molecular profile.[2]

Recent advances in immune checkpoint
blockade (ICB) therapy have changed the
course of cancer treatment. However, only
a small fraction (approximately 5%) of CRC
cases with a microsatellite instability-high
(MSI-H) and/or mismatch repair deficiency
(dMMR) phenotype are eligible for the cur-
rent ICB therapy.[3] Moreover, the complete
response rate even in patients with MSI-
H/dMMR cancers was poor based on the re-
sults of multiple clinical trials.[4] Therefore,
there is an urgent need to identify interven-
tions that improve the efficacy of ICB ther-
apy for CRC patients.
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In tumor immunology, CD8+ cytotoxic T cells recognize the
tumor antigen bound to the major histocompatibility complex
class-I (MHC-I) molecules on the surface of tumor cells, thereby
selectively killing these tumor cells. Tumor antigens are degraded
by the immunoproteasomes, and then degraded peptides are
transported and processed by the precise coordination of several
different subunits such as Transporter associated with Antigen
Processing (TAP), peptide-loading complex (PLC) and MHC-I
molecules.[5] However, to evade T cell killing, cancer cells have
developed mechanisms to suppress their tumor antigen pre-
sentation, including alterations in the MHC molecules or the
antigen-presenting machinery such as immunoproteasome sub-
units, TAP, and PLC.[6] Impaired MHC-I antigen processing
and presentation have been proposed as an important mecha-
nism of acquired resistance to ICB therapy in different types of
cancer.[7] Therefore, restoring antigen presentation of tumor cells
is a promising strategy for boosting T cell-mediated anti-tumor
responses.[8]

Cancer cells continually evolve and orchestrate cellular
changes, resulting in the selection of the most advantageous
clones.[9] Reprogramming of metabolic pathways grants can-
cer cells superior capacities to proliferate, survive, and suppress
anti-tumor immunity.[10] The heightened metabolic rate seen in
rapidly dividing cancer cells not only impedes immune cell in-
filtration into tumors but also competes for resources within the
tumor microenvironment (TME), thereby dampening the anti-
tumor capabilities of immune cells.[11] As a result, therapeutic
approaches targeting the metabolic reliance of colorectal cancer
cells have the potential to rejuvenate T cell cytotoxicity and bolster
anti-tumor responses within the TME.[10a]

In rapidly growing cells, especially cancer cells, glutamine
is avidly consumed for their energy production, and to pro-
vide carbon and nitrogen as building blocks for biomass
accumulation.[10b,12] Within the mitochondria, glutaminase
(GLS) catalyzes the initial step of glutamine metabolism, con-
verting glutamine to glutamate. Glutamate, in turn, is further
converted to 2-oxoglutarate (2-OG, also known as 𝛼-ketoglutarate)
by glutamate dehydrogenase 1 (GLUD1) that enters the citric
acid cycle (TCA cycle) or is metabolized to glutathione (GSH)
by glutamate-cysteine ligase catalytic subunit (GCLC) for main-
taining cellular redox homeostasis.[10b,13] Cancer cells manage
to elevate GLS expression or enhance glutamine flux to fuel
the synthesis of amino acids, nucleotides, or fatty acids. These
glutamine-dependent cancer cells rely heavily on glutamine and
exhibit sensitivity to either glutamine deprivation or the inhi-
bition of glutaminase.[14] Given the essential role of glutamine
metabolism in cancer development and growth,[15] numerous
glutaminolysis inhibitors have been developed and are being
tested in clinical trials.[16]

In this study, we identified GLS as one of the top-ranked
metabolic genes that are most negatively correlated with T cell
cytotoxicity levels in clinical datasets of human CRC. Inhibition
of GLS in CRC cells promoted the antitumor immune response.
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Interestingly, we found that inhibition of GLS in tumor cells
enhanced immunoproteasome gene expression, thereby activat-
ing the immunoproteasome and MHC-I-mediated tumor anti-
gen presentation. Our in silico metabolic flux analysis revealed
that the glutamate-to-glutathione (Glu-GSH) flux played a ma-
jor role in regulating T cell cytotoxicity. Furthermore, inhibition
of GLS induced the level of reactive oxygen species (ROS) in tu-
mor cells and activated the JAK/STAT1 pathway that upregulates
the expression of immunoproteasome genes. Pharmacological
inhibition of GCLC, a key enzyme in the Glu-GSH flux, also el-
evated tumor antigen presentation and sensitized colorectal tu-
mors to anti-PD-1 therapy. Our findings highlight the important
role of glutamine metabolic flux in modulating tumor immune
response.

2. Results

2.1. Inhibition of Glutamine Metabolism in CRC Cells Promotes
Anti-Tumor Immunity

The heightened demand for nutrients, metabolites, and oxy-
gen by rapidly proliferating cancer cells, along with the im-
munosuppressive by-products they generate, results in chal-
lenging environmental conditions for immune cells to navigate
and function.[17] To understand metabolic events in cancer cells
that contribute to the establishment of an immunosuppressive
TME, we conducted an analysis of The Cancer Genome At-
las (TCGA) and eight other high-quality CRC transcriptomics
datasets using the Inference of Cell Types and Deconvolution
(ICTD) algorithm.[18] We computed and ranked metabolic genes
whose expression levels consistently exhibited a negative corre-
lation with T cell cytotoxicity in nine CRC datasets (Figure 1A).
Among the top eight genes, GLS is of particular interest due to its
role in glutaminolysis, a hallmark of reprogrammed metabolism
in cancer cells and a potential target for cancer therapy.[13,16a]

To determine the clinical relevance of GLS, we analyzed the
GSE39582 (n = 505) dataset. Decreased overall survival was ob-
served in the patients with GLS-high expression, as compared
with the GLS-low group (Figure 1B), and the 5-year cutoff sur-
vival curve is shown in Figure S1A (Supporting Information).

It was reported that the PIK3CA-mutant CRC cell lines are
sensitive to glutamine deprivation.[19] However, the knockdown
of GLS (GLS-KD) did not significantly affect the proliferation of
both PIK3CA-wildtype (PIK3CA-WT, MC38, CT26, and SW480)
and PIK3CA-mutant (HCT116) cells (Figure 1C; Figure S1B, Sup-
porting Information). We also examined the effect of GLS in-
hibition (using GLS inhibitor CB-839)[20] on the proliferation
of these cells. The MDA-MB-231 is a PIK3CA-mutant human
breast cancer cell line that was reported to be sensitive to glu-
tamine restriction.[21] Consistent with the result of GLS knock-
down study, the PIK3CA-mutant cell lines were not remarkably
more sensitive to CB-839 treatment than the wildtype cell lines,
with growth inhibitory 50% (GI50) of 8.03 μM (HCT116), 7.93 μM
(MDA-MB-231), 15.78 μM (MC38), 16.25 μM (CT26), and 15.76
μM (SW480), respectively (Figure 1D). Our analysis also revealed
that patients with high GLS expression tended to exhibit poorer
survival rates compared to those with low GLS expression (Figure
S1C, Supporting Information), both in PIK3CA WT and mutant
groups, and GLS expression was negatively correlated with CD8+
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T cell infiltration in both PIK3CA WT and mutant tumors, sug-
gesting that the correlation existed regardless of PIK3CA status
(Figure S1D, Supporting Information). The in vitro results were
also validated in vivo by inoculating MC38 cells into the immuno-
compromised NU/J mice, where tumor growth was similar be-
tween control and GLS-KD groups (Figure 1E). Surprisingly, a
significant delay in the growth of the GLS-KD tumors was ob-
served in immunocompetent mice bearing MC38 (C57BL/6) and
CT26 (BALB/c) cells-derived tumors in both genders (Figure 1F;
Figure S1E,F, Supporting Information). We further inoculated
the MC38 cells orthotopically into the cecal wall of C57BL/6
mice.[22] Consistently, mice in the GLS-KD group lived signifi-
cantly longer than mice in the control group (Figure 1G). Those
findings suggest that interfering with glutamine metabolism by
targeting GLS potentially promotes anti-tumor immunity.

2.2. Inhibition of GLS in Tumor Cells Enhances their Immune
Response to CD8+ T Cells

We further analyzed bulk RNA-seq datasets of human colorec-
tal tumors to evaluate the correlation between T cell infiltration
and cytotoxicity with GLS expression levels. The results showed
that high GLS expression was associated with decreased T cell
infiltration and dampened effector functions (Figures 2A; S2A,
Supporting Information). The CRC cells have a higher level of
GLS expression in comparison with stromal and immune cells
in the TME by analyzing cell line data (Figure S2B, Supporting
Information). Our analysis suggests that high levels of GLS ex-
pression in the cancer cells may impact the cytotoxicity of CD8+

T cells in the tumor. To determine it, we first isolated CD8+ T cells
from OT-I transgenic mice[23] and co-cultured them with MC38
cells expressing control shRNA (shNT) or Gls shRNA (shGLS).
The MC38 cells were pre-loaded with OVA257–264 peptides. Knock-
down of GLS in MC38 cells remarkably enhanced the OT-I T
cell cytotoxicity (Figure 2B). Next, we co-cultured patient-derived
organoids (PDOs) with autologous T cells isolated and amplified
from the same patient tumor tissue. The GLS inhibitor CB-839
was used to pretreat the organoids before co-culturing. CB-839
treatment had no effect on the growth of tumor organoids, but
remarkably potentiated autologous CD8+ T cytotoxicity (deter-
mined by the quantification of organoid sizes) in 3 (Patient #1–3)
out of 4 patient tumor tissues (Figure 2C,D; Table S1, Supporting
Information). The results indicate that inhibiting GLS in tumor
cells enhances their sensitivity to CD8+ T cell killing.

2.3. Depletion of GLS in CRC Cells Alters the Tumor Immune
Microenvironment

Since significant tumor growth inhibition was observed in im-
munocompetent mice with GLS depletion, we wanted to de-
termine which tumor-infiltrating lymphocytes were affected by
the change of GLS levels in tumors. Therefore, we inoculated
the control and GLS-KD MC38 cells into C57BL/6 mice and
assessed their tumor immune cell profiles using flow cytome-
try (Figure S3A,B, Supporting Information). Our data revealed
mainly a significant decrease in myeloid-derived suppressor cells
(MDSC, CD11b+/Gr1+) and an increase in T cells in GLS-KD
tumors (Figure 3A). The infiltration of other cell types such
as B cells, nature killer (NK) cells, NKT cells, tumor-associated
macrophages (TAMs), and monocytes/dendritic cells (DCs) were
not significantly different between the control and GLS-KD tu-
mors (Figure 3A). Furthermore, the myeloid cell types including
MDSCs, TAMs, and monocytes/DCs displayed enhanced levels
of MHC-II in the GLS-KD tumors, suggesting an elevation of
antigen-presentation function (Figure S3C, Supporting Informa-
tion). Using an orthotopic model (MC38 cells injected into the
cecal wall of C57BL/6 mice), we collected and analyzed the im-
mune microenvironment in the shNT and GLS KD tumors. The
results were consistent with those of the subcutaneous model,
showing an upregulation of the CD8+ T cell population in the
GLS inhibition group compared to the controls. However, unlike
in the subcutaneous model, we did not observe a change in the
MDSC population upon GLS inhibition, which may reflect differ-
ences in the immune microenvironments between the two mod-
els (Figure S4A, Supporting Information).

When looking more specifically into the T cell subpopulations
of GLS-KD tumors, we found that only CD8+ T cells were in-
creased while no significant difference was found for CD4+ T
cells (Figure 3B). However, given the diverse functions and re-
sponses of different CD4+ T cell subtypes in cancer surveillance,
and the requirement for additional conditions to activate CD4+

T cells, it’s possible that some subpopulations of CD4+ T cells
may be upregulated, but this is not yet well understood. Gp70
is a well-known antigen expressed by MC38 tumor cells.[24] Us-
ing Gp70 pentamers, we were able to detect MC38-specific CD8+

T cells in the tumors. The GLS-KD tumors were infiltrated to a
much higher extent with the Gp70-positive CD8+ T cells com-
pared to the control tumors, in support of a tumor-specific im-
mune response (Figure 3C). Many aspects such as specificity, ac-
tivation, and exhaustion can determine the pivotal role of CD8+ T
cells in driving antitumor immunity.[25] To address whether those

Figure 1. Inhibition of GLS in tumor cells suppresses tumor growth in immunocompetent mice. A) The average Pearson correlation coefficient (PCC)
between metabolic genes and T cell cytotoxicity from the nine CRC datasets was analyzed using the Inference of Cell Types and Deconvolution (ICTD).
The histogram and the curve show the distribution and cumulative distribution function (cdf) of the PCC, respectively. The average PCC between GLS
and T cell cytotoxicity was highlighted. The top 8 enzyme genes that were negatively associated with the relative cytotoxicity of T cells and their average
PCC were shown. B) Kaplan–Meier survival curve from the GSE39582 (n = 505) dataset of CRC cases with high and low GLS expression (top and bottom
40%). C) Cell proliferation of MC38 and CT26 cell lines expressing control (shNT) or GLS shRNA (shGLS). The cell proliferation was determined using
violet crystal staining at indicated time points. Data were presented as mean ± SD (n = 5) and analyzed using One-way ANOVA and Dunnett’s multiple
comparisons test for the absorbance at the endpoint. D) Inhibition curves of CRC cell lines upon CB-839 treatment, the dashed line indicates 50%
survival of the cells. E,F) MC38 cells with control or GLS knockdown were inoculated subcutaneously into female NU/J mice (E), and female and male
C57BL/6J mice (F). The tumor images and tumor weights were taken at the endpoint. The tumor sizes were measured at indicated time points. Data
were analyzed using the unpaired two-tailed t-test for the tumor sizes and weights at the endpoint and presented as mean ± SD (E, n = 8; F, female
mice n = 10; F, male mice n = 6). G) The overall survival of C57BL/6J mice orthotopically implanted with MC38 cells expressing shNT and shGLS. Data
were analyzed using Log-rank (Mantel–Cox) test, shNT, n = 7; shGLS, n = 10.
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Figure 2. Inhibition of GLS in tumor cells enhances CD8+ T cell cytotoxicity. A) The Violin Plots represent the tumor infiltration, cytotoxicity, and relative
cytotoxicity level of CD8+ T cells in human CRC cases with high or low GLS expression levels. The GSE39582 dataset was used for the analysis. The
unpaired two-tailed t-test was used for statistical analysis. B) CD8+ T cell cytotoxicity assay. CD8+ T cells were isolated from OT-I mouse, activated with
mouse CD3/CD28 beads and murine IL-2, and then co-cultured with MC38 cells that expressed control/GLS shRNA and luciferase and were preloaded
with SIINFEKL (OVA) peptides. The tumor cell killing was measured 16 h post-co-culture using luciferase assay. Data were analyzed using the unpaired
two-tailed t-test and presented as mean ± SD (n = 3). C,D) Patient-derived organoid killing assay. Autologous CD8+ T cells were isolated from the patient
tissue and activated in vitro with human CD3/CD28 beads and IL-2. The organoids were treated with CB-839 at 2 μM for 2 days and then co-cultured with
or without the CD8+ T cells for 24 h. Representative images (scale bar = 100 μm) of the organoids were shown in (C), and the sizes of the organoids were
quantified using Image J (D). Data were presented as mean ± SD. Data were analyzed using ordinary one-way ANOVA and Tukey’s multiple comparisons
test (n = 30–100 organoids).

tumor-infiltrating CD8+ T cells are functional, we determined
their activation and exhaustion status. Despite the existence of
multiple subtypes of exhausted T cells in tumors,[26] we were in-
terested in two subpopulations: exhausted progenitor (TEX pro-
genitor) and terminally exhausted (TEX terminally). Particularly,
a subset of CD8+ T cells (TEX progenitor) with stem cell-like fea-
tures respond well to anti-PD1 checkpoint inhibition.[27] Based
on the markers Ly108 and CD38, we observed an increased num-
ber of TEX progenitor cells in the GLS-KD tumors as compared

to the control tumors (Figure 3D). This was also confirmed by
the fact that the CD8+ T cells in the GLS-KD tumors displayed
a reduced level of CD39+, which is often associated with T cell
exhaustion (Figure S3D, Supporting Information). Interestingly,
the CD8+ T cells in the GLS-KD tumors had an increased level of
CD103 expression (Figure S3D, Supporting Information). This
specific subset of CD103+ T cells was also found to be corre-
lated to improved patient outcomes.[28] In addition, we observed
a reduced number of CD8+ T cells expressing high levels of
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inhibitory markers including Lag3 and Tim3 in the GLS-KD tu-
mors (Figure 3E). Furthermore, the depletion of GLS signifi-
cantly lowered the frequency of exhausted TOX-expressing CD8+

T cells (Figure 3F).[29] Importantly, CD8+ T cells in the GLS-KD
tumors exhibited enhanced levels of cytotoxicity markers (IFN-𝛾 ,
TNF-𝛼, and Granzyme B) (Figure 3G; Figure S3E,F, Supporting
Information). The depletion of CD8+ T cells abolished the tumor-
inhibiting effects of GLS knockdown, demonstrating that CD8+

T cells play a crucial role in mediating antitumor immunity fol-
lowing GLS inhibition (Figure 3H; Figure S4B, Supporting Infor-
mation). Taken together, GLS-KD tumors had enhanced levels of
tumor-specific effective CD8+ T cells for eliciting an antitumor
response.

2.4. Inhibition of GLS in CRC Cells Enhances the Activity of
Immunoproteasome

To study the mechanism by which inhibiting glutamine
metabolism sensitizes tumor cells to T cell killing, we performed
mRNA sequencing (mRNA-seq) on MC38 cells with GLS inhibi-
tion (CB-839) or knockdown (shRNA). The gene ontology (GO)
enrichment analysis showed a number of significantly changed
pathways that potentially contribute to the enhanced T cell cy-
totoxicity upon GLS inhibition (Figure 4A). Particularly, the GO
pathways (GO: 0 019 885, 0 002 474, and 0 019 882), related
to MHC class I mediated antigen processing and presentation,
stood out with the highest fold enrichment (Figure 4A). The dif-
ferentially expressed genes in the MHC-I antigen presentation
pathway include Erap1, Tapbp, Tap1, Tap2, Psme2, Psmb8, Psmb9,
and Psmb10. These genes were significantly upregulated in the
GLS inhibitor treatment group as compared to the control group,
and most of them (except Tap1 and Tap2) were also upregulated
in the GLS-KD group (Figure 4B). As many as 18 genes associated
with the MHC-I-mediated antigen processing and presentation
(according to the PathCards pathway unification database) were
upregulated upon GLS inhibition or knockdown (CB-839 versus
Control and GLS-KD versus Control) (Figure 4C). Our pathway
analysis also revealed that the response to the interferon-𝛾 (IFN-
𝛾) pathway (GO: 0 034 341) was enhanced upon GLS inhibition,
which is consistent with the previous report that IFN-𝛾 drives the
expression of genes in MHC-I antigen processing and presenta-

tion via activation of JAK/STAT1 signaling.[30] We then applied
the Gene Set Enrichment Analysis (GSEA)[31] and Molecular Sig-
nature Database (MSigDB)[32] and identified that the IFN-𝛾 Re-
sponse Gene Set was enriched in the CB-839 treatment or GLS-
KD group as compared to the control group (Figure 4D). We fur-
ther analyzed the co-expressions between key genes in MHC-I or
MHC-II antigen presentation and GLS using the TCGA colorec-
tal adenocarcinoma dataset. The expression levels of immuno-
proteasome genes, as well as other key genes that are involved
in MHC-I antigen presentation, were negatively correlated with
the expression of GLS (Figure 4E). However, no significant corre-
lation between MHC-II genes with GLS was found (Figure 4F).
Taken together, the results suggest a regulatory role of glutamine
metabolism in the MHC-I antigen presentation pathway.

Among those upregulated genes upon GLS inhibition, there
are genes mostly involved in the immunoproteasome formation
(Psme2, Psmb8, Psmb9, and Psmb10). The 26S proteasome com-
plex is in charge of the ubiquitin-mediated protein degradation.
When the three catalytic 𝛽 subunits 𝛽1, 𝛽2, and 𝛽5 in the 26S
proteasome are replaced by the inducible subunits 𝛽1i (PSMB9),
𝛽2i (PSMB10), and 𝛽5i (PSMB8), respectively, the immunopro-
teasome is formed.[33] The specialized immunoproteasome with
altered peptide cleavage properties is solely responsible for anti-
gen processing and presentation on MHC-I molecules.[34] Low
expression of immunoproteasome subunits in early-stage non-
small cell lung carcinoma patients was associated with recur-
rence, metastasis, and a poor outcome,[35] and high expression
of immunoproteasome genes is associated with improved sur-
vival in breast cancer.[36] Our mRNA-seq results strongly indi-
cate that suppressing GLS could potentially boost the forma-
tion of the immunoproteasome, leading to an enhanced MHC-I
antigen presentation, which in turn increases T cell cytotoxicity.
To test this hypothesis, we expressed full-length OVA in control
and GLS-KD MC38 cells. Using an antibody that detects H-2Kb

bound to SIINFEKL (OVA257-264) peptide, we found that knock-
down (Figure 5A) or pharmacological inhibition (Figure 5B) of
GLS in tumor cells enhanced MHC-I-mediated OVA antigen pre-
sentation and this increased presentation was not due to the al-
teration of intracellular OVA expression levels (Figure 5C). Sim-
ilar results were observed in both PIK3CA-WT and mutant hu-
man CRC cell lines with enhanced HLA-A,B,C levels on the
cell surface after knockdown of GLS (Figure 5D,E) or treatment

Figure 3. Inhibition of GLS in tumor cells potentiates the CD8+ T cell-mediated immune responses in mice. A) Flow cytometry analysis of tumor
microenvironment changes in MC38 control and GLS-KD tumors. Data were analyzed using two-way ANOVA and Sidak’s multiple comparisons test (n
= 6; presented as mean ± SEM). Representative results of t-distributed stochastic neighbor embedding (t-SNE) representation of CD3 and Gr1 positive
cells in control and GLS-KD tumors are shown at the bottom. B) The percentages of CD4+ and CD8+ T cells in the abovementioned tumors were analyzed
using two-way ANOVA and Sidak’s multiple comparisons test (n = 5; presented as mean ± SEM). Representative results of t-SNE representation of
CD8 positive cells in control and GLS-KD tumors are shown on the right. C) Flow cytometry analysis of the tumor-specific CD8+ T cells. Representative
contour plots of Gp70 on CD8+ T cells were shown (left) and the data were analyzed (right) using the unpaired two-tailed t-test (n = 5; data displayed
as mean ± SD). D) Representative contour plots of Ly108 and CD38 markers on CD8+ T cells with quantification. TEX, exhausted T cells. Data were
analyzed using the unpaired two-tailed t-test (n = 5; presented as mean ± SD). E) Representative contour plots of Lag3 and Tim3 markers on CD8+ T
cells with quantification. Data were analyzed using the unpaired two-tailed t-test (n = 5; presented as mean ± SD). F) Representative contour plots of
TOX on CD8+ T cells with quantification. Data were analyzed using the unpaired two-tailed t-test (n = 5; presented as mean ± SD). G) CD8+ T cells
isolated from MC38-derived control and GLS-KD tumors were analyzed by flow cytometry for their activity indicated by interferon-gamma (IFN-𝛾), tumor
necrosis factor-alpha (TNF-𝛼), and granzyme B (GZMB) levels in the cells. Data were analyzed using the unpaired two-tailed t-test (n = 5; presented as
mean ± SEM). H) MC38 cells with control or GLS knockdown were inoculated subcutaneously into female C57BL/6J mice. The isotype and anti-CD8
antibodies were administrated two days before the tumor cell inoculation and three times a week throughout the experiment. The tumor sizes were
measured at indicated time points and data were analyzed using two-way ANOVA and Turkey’s multiple comparisons test. The tumor images and tumor
weights were taken at the endpoint and data were analyzed using one-way ANOVA and Tukey’s multiple comparisons test. Data were presented as mean
± SD (n = 7 for shNT+isotype and shGLS+anti-CD8; n = 6 for shNT+anti-CD8 and shGLS+isotype).
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with CB-839 (Figure S5A,B, Supporting Information), suggest-
ing that GLS inhibition-induced tumor antigen presentation is
independent of PIK3CA status. The GLS mRNA expression lev-
els were similar in those cells (Figure S5C, Supporting Informa-
tion). We next examined the expression of those immunoprotea-
some genes. Knockdown of GLS in both murine and human CRC
cell lines upregulated protein levels of PSME2, PSMB8, PSMB9,
and PSMB10 (Figure 5F,I). Consistently, the knockdown or phar-
macological inhibition of GLS dramatically enhanced immuno-
proteasome activity in both murine and human CRC cell lines
(Figure 5G,H,J). To determine whether the immunoproteasome
activity determines the response to the CB-839 treatment in the
PDO experiment (Figure 2C,D), we examined the expression of
these immunoproteasome genes in the PDOs treated with or
without CB-839. Interestingly, all the responders (Patient 1–3) in
our study showed increased expression of immunoproteasome
genes, while the expression of those genes remained unchanged
in the cells of the non-responder (Patient 4) upon CB-839 treat-
ment (Figure S5D, Supporting Information). In addition, the
knockdown of GLS did not affect the expression of H2-k1, a gene
encodes for MHC class I molecule, in mouse MC38 cells (Figure
S5E, Supporting Information). Together, these results demon-
strate that inhibition of GLS activates the immunoproteasomes
and enhances the MHC-I antigen presentation in tumor cells.

2.5. The Glu-GSH Flux Plays a Major Role in Regulating T Cell
Cytotoxicity in Colorectal Tumors

Glutamine is the major amino acid avidly consumed by cancer
cells to support their proliferation and survival. Once glutamine
enters the cells through SLC1A5 (ASCT2), GLS converts it to glu-
tamate in the mitochondria. Glutamate can then be metabolized
either to GSH by GCLC or to 2-OG by GLUD1 and then enter
the TCA cycle.[10b] To find out which metabolic pathway(s) down-
stream of GLS plays a primary role in regulating tumor antigen
presentation, we performed in silico metabolic flux analysis
using TCGA datasets. A computational method, named scFEA
(Single-cell Flux Estimation Analysis), was recently developed in
our group to estimate the flux of the curated central metabolism
network on the TCGA data.[37] scFEA utilizes a graph neural
network architecture to approximate the non-linear dependency
between the metabolic flux of each reaction module and the
transcriptomic changes of genes involved in the module. Two
computational assumptions were utilized by scFEA, including
(i) the flux rate of each metabolic module can be modeled as
a neural network of the genes involved in the module and (ii)
the imbalance between the predicted in-flux and out-flux for
intermediate metabolites should be minimized. The inputs of
scFEA include transcriptomics data and a factor graph-based
representation of the metabolic map. The main output of scFEA
is predicted sample-wise metabolic flux, such as glutamine

metabolic flux. We first reconstructed the metabolic pathways of
glucose, glutamine, glutamate, and glutathione metabolism in
a subcellular resolution (Figure 6A). The reconstructed central
metabolic network includes 31 reaction modules and 253 genes
that cover the glycolysis, upstream and downstream of the TCA
cycle, glutaminolysis, glutamine, glutamate, and glutathione
metabolism, and three branches in the cytosol, mitochondrion,
and extracellular region (see details in Experimental Section
and Tables S2 and S3, Supporting Information). The glutamine
metabolic flux of each reaction was estimated using scFEA and
the correlations between the predicted flux of the downstream
reactions of glutamate and the T cell cytotoxicity were further
analyzed using the ICTD.[18]

Our metabolic flux analysis revealed that the Glu-GSH flux
(M27), but not the glutamate-to-2-OG (Glu-2-OG) flux (M28), was
negatively correlated with T cell effector genes, including GZMA,
TNF, IFNG, and PRF1 (Figure 6B,C). Consistent with the flux
analyses, the high expression of GCLC, which catalyzed the syn-
thesis of GSH in M27, was associated with low T cell cytotoxicity
in multiple CRC datasets from TCGA (Figure S6B, Supporting
Information). However, this type of negative correlation was not
observed between GLUD1 expression and T cell cytotoxicity in
the same datasets (Figure S6D, Supporting Information). More-
over, the epithelial cells have the highest level of GCLC expres-
sion in comparison to fibroblast and immune cells in the TME
from the scRNA-seq data of CRC samples (Figure S6A,C, Sup-
porting Information). In sum, those findings highly suggest that
the Glu-GSH metabolic pathway uniquely regulates T cell cyto-
toxicity. GCLC is downstream of GLS in glutamine metabolism.
Therefore, inhibiting GCLC could be a more specific therapeutic
approach for CRC immunotherapy than inhibiting GLS.

2.6. Inhibition of Glu-GSH Flux Enhances Tumor Antigen
Presentation in a ROS-Dependent Manner

The Glu-GSH flux is important for maintaining the redox balance
by fueling the GSH production.[10b] Previous studies have found
that knockdown of GLS leads to GSH depletion and causes the
accumulation of reactive oxygen species (ROS) in tumor cells.[38]

We hypothesized that glutamine depletion may inhibit Glu-GSH
flux, and thus elevate the level of ROS, leading to increased tu-
mor antigen presentation and anti-tumor immune response. As
expected, the knockdown or pharmacological inhibition of GLS
dramatically decreased intracellular GSH levels in both murine
and human CRC cell lines (Figure 7A; Figure S7A–D, Support-
ing Information). Accordingly, both ROS and superoxide were el-
evated upon GLS inhibition (Figure 7B; Figure S7A–D, Support-
ing Information). The presented OVA antigen level on the cell
surface was also upregulated upon CB-839 treatment, while this
upregulation was completely abolished with the treatment of an
antioxidant, N-acetyl cysteine (NAC) (Figure 7C). Consistent with
the above results, the upregulation of immunoproteasome genes

Figure 4. Inhibition of GLS in tumor cells enhances the expression of immunoproteasome genes. A) Gene ontology pathway analysis of mRNA-seq
data for control and CB-839 treated MC38 cells. B) Volcano plot analysis of mRNA-seq data from CB-839 versus the control group and shGLS versus the
control group. Genes of interest (immunoproteasome genes) were labeled. C) Heatmap of expression of genes that were involved in antigen presentation
pathway. D) Gene signature analysis for IFN-𝛾 responses of mRNA-seq data from CB-839 versus control and shGLS versus control groups. E) Correlation
analysis of GLS and MHC-I-mediated antigen presentation genes using the Colorectal Adenocarcinoma (TCGA, PanCancer Atlas) dataset. F) Correlation
analysis of GLS and MHC-II-mediated antigen presentation genes using the Colorectal Adenocarcinoma (TCGA, PanCancer Atlas) dataset.
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induced by GLS knockdown or inhibition was also abolished by
NAC treatment (Figure S7E,F, Supporting Information), suggest-
ing a critical role of ROS in connecting Glu-GSH flux and MHC-I
antigen presentation.

We next asked whether an enforced increase of ROS in tumor
cells can induce the MHC-I antigen presentation. We treated the
MC38 cells with hydrogen peroxide (H2O2), a non-radical ROS,
and determined the cell surface H-2Kb bound to SIINFEKL level.
Our results showed that the H2O2 treatment enhanced the MHC-
I antigen presentation in MC38 cells in a dose-dependent man-
ner (Figure S7G, Supporting Information), while the NAC treat-
ment fully eliminated the effects (Figure S7H, Supporting Infor-
mation), suggesting that transient ROS induction increased the
MHC-I antigen presentation of tumor cells.

To dissect the mechanism by which the ROS signaling reg-
ulates immunoproteasome gene expression, we employed QI-
AGEN Ingenuity Pathway Analysis (IPA, QIAGEN Inc., https:
//digitalinsights.qiagen.com/IPA) to construct the biological
pathway.[39] As shown in Figure 7D, the IPA fully constructed the
pathways highlighting the potential role of STAT1 in connecting
ROS with immunoproteasome genes based on published stud-
ies. It has been reported that ROS is associated with STAT1 acti-
vation via tyrosine phosphorylation.[40] Different types of protein
kinases may be activated by ROS and mediate the phosphoryla-
tion of STAT1.[41] This construction was in line with the mRNA-
seq results that the response to IFN-𝛾 was enhanced upon GLS
depletion in the GO pathway analysis (Figure 4A). Notably, nu-
merous studies have reported that the JAK/STAT signaling path-
way can regulate immunoproteasome gene expression.[35,42] To
validate the IPA construction, we treated control and GLS-KD
MC38 cells with mouse IFN-𝛾 . Based on the level of phosphory-
lated STAT1 (Ser727), we observed that GLS knockdown remark-
ably enhanced the JAK/STAT signaling compared to the control
group (Figure 7E). Together, these findings indicate that the el-
evated ROS mediated by Glu-GSH flux inhibition promotes im-
munoproteasome gene expression by activating the JAK/STAT
pathway in tumor cells.

2.7. Targeting Glu-GSH Flux by GCLC Inhibitor Sensitizes CRC to
Immune Checkpoint Blockade Therapy

The metabolic flux analysis showed that the Glu-GSH flux (M27),
but not the Glu-2-OG flux (M28), plays an important role in reg-
ulating T cell cytotoxicity (Figure 6). To validate it, we sought to

determine whether inhibiting GCLC (M27) or GLUD1 (M28) in-
creases MHC-I antigen presentation in tumor cells. As expected,
inhibiting GLUD1 with R162, a potent GLUD1 inhibitor from
a group of purpurin derivatives,[43] did not increase the OVA
antigen presentation level (Figure 7F). However, inhibiting the
Glu-GSH flux by L-Buthionine-(S,R)-sulfoximine (L-BSO), a cell-
permeable irreversible inhibitor of GCLC,[44] greatly enhanced
the MHC-I antigen presentation in a dose-dependent manner
(Figure 7G). The L-BSO treatment upregulated the expression
of immunoproteasome genes in a ROS-dependent manner as
the increase can be fully abolished with NAC treatment (Figure
S7I, Supporting Information). To further validate the role of both
metabolic fluxes in regulating tumor antigen presentation, we
performed the metabolite supplementation assay. Compared to
the complete medium, the level of H-2Kb bound to SIINFEKL on
the surface of MC38 cells cultured in the glutamine-free medium
was significantly increased, and supplementation with glutamate
(an upstream metabolite of GCLC and GLUD1) or NAC abol-
ished this effect. However, supplementation of 2-OG (a down-
stream metabolite of GLUD1) did not affect tumor antigen pre-
sentation under glutamine deficiency (Figure S7J, Supporting
Information). These results strongly demonstrate that the Glu-
GSH flux plays an essential role in regulating antigen presen-
tation in CRC cells. Moreover, the analysis of the TCGA dataset
revealed negative correlations between the expression of GCLC
and the expression of both MHC-I and MHC-II antigen presen-
tation genes, whereas the expression of GLUD1 did not show
such correlations (Figure S8, Supporting Information). There-
fore, we reasoned that blocking the Glu-GSH flux using a GCLC
inhibitor would increase the antigen presentation in tumor cells
and enhance the efficacy of ICB therapy in treating CRC. To
test it, we treated the MC38 tumor-bearing mice with L-BSO
and the anti-PD-1 antibody. Both L-BSO monotherapy and the
combinatorial therapy of L-BSO plus anti-PD-1 antibody did not
show any organ toxicity in mice (Figure S9, Supporting Infor-
mation), indicating the tolerance of mice to the treatments. Al-
though L-BSO monotherapy did not significantly inhibit tumor
growth, the combinatorial therapy exhibited significantly greater
tumor inhibition compared to the anti-PD-1 antibody monother-
apy (Figure 7H-J). Immunohistochemical staining of CD8 on
the tumor sections showed that the combinatorial treatment
greatly enhanced CD8+ T cell tumor infiltration (Figure 7K,L),
suggesting an enhanced anti-tumor immunity effect by com-
bining the Glu-GSH flux inhibitor and immune checkpoint
inhibitor.

Figure 5. Inhibition of GLS activates immunoproteasome and enhances tumor antigen presentation. A) H-2Kb mediated SIINFEKL (OVA) presentation
in control or GLS-KD MC38 cells was determined by flow cytometry. Data were analyzed using One-way ANOVA and Dunnett’s multiple comparisons test
and presented as mean ± SD (n = 3). B) H-2Kb mediated SIINFEKL (OVA) presentation in control or MC38-OVA cells treated with CB-839 at the indicated
doses was determined by flow cytometry. Data were analyzed using one-way ANOVA and Dunnett’s multiple comparisons test and presented as mean
± SD (n = 3). C) Ovalbumin (OVA) overexpression levels in MC38 cells with control or GLS KD were determined by Western blotting, and 𝛽-ACTIN
was used as a loading control. D,E) GLS mRNA expression levels were determined using qPCR. Cell surface HLA-A,B,C levels were determined using
flow cytometry in control and shGLS expressing human CRC cell lines. Data were analyzed using One-way ANOVA and Dunnett’s multiple comparisons
test and presented as mean ± SD (n = 6 for HCT116; n = 4 for SW480). F) Protein expression levels of immunoproteasome genes were determined
by Western blotting in control and GLS-KD MC38 cells G) Immunoproteasome activities of control and GLS-KD MC38 cells were determined. Data
were analyzed using the unpaired two-tailed t-test for the fluorescence at the endpoint and presented as mean ± SD (n = 3). H) Immunoproteasome
activities were determined in control and CB-839-treated MC38 cells at the indicated doses. Data were analyzed using the unpaired two-tailed t-test for
the fluorescence at the endpoint and presented as mean ± SD (n = 3). I) Protein expression levels of immunoproteasome genes were determined by
Western blotting in control and GLS-KD human CRC cells. J) Immunoproteasome activities were determined in control and GLS-KD human CRC cells.
Data were analyzed using the unpaired two-tailed t-test for the fluorescence at the endpoint and presented as mean ± SD (n = 3).
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Figure 6. In silico metabolic flux analysis reveals the role of glutamate-to-GSH flux in regulating T cell cytotoxicity. A) Schematic diagram of the metabolic
pathways, labeling with metabolic flux identifier numbers (Mx). B,C) The correlation between the metabolic flux analysis of glutamate-to-GSH (M27)
(B), and glutamate-to-2-OG (M28) (C) with the expression levels of CD8+ T cell effector marker genes.
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3. Discussion

Significant advances in cancer immunology have yielded a mul-
titude of novel immunotherapies that enhance the potency of
immune responses against tumors. These therapies are mainly
designed to either stimulate targeted immune cell responses
or counteract immune suppressive signals generated by cancer
cells and their microenvironment. In addition to therapeutic an-
tibodies and immune system modulators, adoptive cell transfer,
and immune checkpoint inhibitors represent highly promising
strategies for cancer treatment.[45] However, despite the great
achievements in ICB therapies focusing on PD-1, CTLA-4, and
PD-L1, many patients with solid tumors fail to experience durable
clinical benefits. Currently, ICB therapy is only effective in a mi-
nority of CRC patients. The genomic events in CRC tumors ap-
pear to dictate the eligibility and response of patients to ICB.
However, recent studies showed that MSI-H or dMMR on its
own may not be sufficient to deliver the response to ICB.[46] The
underlying mechanisms responsible for therapeutic resistance
against ICB often involve diminished levels of tumor-infiltrating
lymphocytes, immunosuppressive cell populations, and unfavor-
able TME.[47]

Glutamine metabolism is essential to cancer cells, as it fu-
els TCA cycle intermediates, mediates reduced glutathione for-
mation, and sustains mitochondrial membrane integrity in the
proliferating cells.[10a,b,13,16a] Several small-molecule inhibitors
against GLS have been developed and tested, such as BPTES, CB-
839, and Compound 968. Among these, CB-839 exhibits excep-
tional potency and selectivity as a GLS inhibitor. Extensive testing
has demonstrated its efficacy in inhibiting growth across various
cancer cell types.[20,48] Instead of targeting GLS, a glutamine an-
tagonist named 6-diazo-5-oxo-L-norleucine (DON) has also been
investigated. DON effectively inhibits a wide range of enzymes
that use glutamine as a substrate. This blockade of glutamine
metabolism by DON resulted in reduced levels of hypoxia, acido-
sis, and nutrient depletion in the TME, which subsequently con-
ditions effector T cells toward a long-lasting and highly activated
phenotype.[49] Glutamine restriction has also been shown to pro-
mote memory differentiation and prevent exhaustion of CD8+ T
cells in vivo.[50] Targeting tumor metabolic pathways has been re-
ported to enhance ICB therapeutic efficacy,[51] and inhibition of
glutamine metabolism exhibited synergistic effects in combina-
tion with ICB therapy in different mouse tumor models.[52] How-

ever, it is unclear which downstream pathway or metabolite(s)
from glutamine play essential roles in mediating anti-tumor im-
mune responses.

In this study, we specifically reconstructed the central
metabolism network in a subcellular localization resolution and
conducted an in-silico metabolic flux estimation analysis. To the
best of our knowledge, this is the first computational capabil-
ity to estimate the sample-/cell-wise metabolic flux of subcellular
localization-specific reactions. Using the metabolic flux analysis,
we demonstrated that the Glu-GSH flux may play a unique role
in regulating antitumor immunity. This finding has been vali-
dated experimentally using in vitro and in vivo models included
in this study and we further explored the therapeutic potential
by targeting this flux. The discovery underscores the power of
intervening metabolic pathways in combination with checkpoint
blockade immunotherapy.

Furthermore, we found that transiently elevating ROS
production by targeting Glu-GSH flux could activate immuno-
proteasome activity and increase MHC-I antigen presentation
in CRC cells, driving CD8+ T cell-mediated anti-tumor immune
responses. This finding supports the potential application of
tackling ROS in cancer immunotherapy.[53] Tumor mutational
burden (TMB) and an expression signature of the antigen pro-
cessing and presenting machinery have been used as effective
tumor-inherent biomarkers to predict cancer immunotherapy
response.[54] In this study, we have demonstrated that more
antigen-specific CD8+ T cells were recruited to the TME upon
GLS inhibition, those T cells were also more active and showed
less exhaustion compared to the control group (Figure 3).
Importantly, reduced GLS activity in tumor cells drove an
enriched progenitor exhausted T cell phenotype, which can
be reinvigorated by ICB.[55] Our data suggest that enhanced
antigen presentation by tumor cells can lead to these improved
T cell responses. Interestingly, the only patient sample that
did not benefit from CB-839 treatment showed no difference
in the immunoproteasome genes (Figure 5J). The reasons
underlying the change of the T cells are possibly due to the
enhanced antigen presentation in tumor cells when inhibiting
glutamine metabolism. This is in line with previous findings
showing increased anti-tumor T cell-mediated responses upon
restoring the tumoral antigen presentation.[8] In the meantime,
a significant decrease in MDSCs was also found in the GLS-KD
tumors (Figure 3A). This observation is consistent with the

Figure 7. Targeting Glu-GSH flux enhances tumor antigen presentation and sensitizes CRC to anti-PD-1 therapy. A,B) GSH levels (A) and ROS and
superoxide levels (B) were determined by flow cytometry in shNT and shGLS-expressing MC38 cells. Data were analyzed using One-way ANOVA and
Dunnett’s multiple comparisons test and presented as mean ± SD (n = 6). C) H-2Kb mediated OVA presentation levels in MC38-OVA cells treated
with CB-839 and/or NAC were determined by flow cytometry. Data were analyzed using one-way ANOVA and Tukey’s multiple comparisons test and
presented as mean ± SD (n = 6). D) Ingenuity Pathway Analysis (IPA) pathway builder was used to construct the signaling pathways that connect ROS
to the immunoproteasomes. The illustration was created with BioRender.com. E) Phosphorylated STAT1 and total STAT1 protein levels were determined
using Western blotting in shNT and shGLS MC38 cells treated with IFN-𝛾 at the indicated time points, and 𝛽-ACTIN was used as a loading control. F)
H-2Kb mediated OVA presentation levels in MC38-OVA cells treated with R162 at the indicated doses were determined by flow cytometry. Data were
analyzed using one-way ANOVA and Dunnett’s multiple comparisons test and presented as mean ± SD (n = 3), G) H-2Kb mediated OVA presentation
levels in MC38-OVA cells treated with L-BSO at indicated doses were determined and analyzed as in F). Data were presented as mean ± SD (n = 6).
H–J) MC38 tumor growth in C57BL/6J mice. MC38 cells were inoculated subcutaneously into C57BL/6 mice. The tumor-bearing mice were treated as
indicated. The tumor sizes were monitored (H). The tumor weights (I) were taken at the endpoint. The growth curve of each tumor is shown in (J).
(H) was analyzed using two-way ANOVA and Tukey’s multiple comparisons test, and (I) was analyzed using one-way ANOVA and Tukey’s multiple
comparisons test, data were presented as mean ± SD (n = 5). K,L) Immunohistochemical staining of CD8 and the quantification in the tumors from
the indicated four groups. One representative image from each group was shown. The quantification was analyzed using Image J on 18 images of each
group. Data were analyzed using one-way ANOVA, and Tukey’s multiple comparisons test, presented as mean ± SD.
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reduced T cell exhaustion identified in the same tumors. A
similar finding was also reported in a recent study,[52b] showing
that glutamine antagonism reduces MDSCs by increasing cell
death and inhibiting tumor CSF3 secretion. However, we did not
see changes in the infiltration of the MDSC population after GLS
inhibition in the MC38-derived orthotopic tumors, reflecting the
different immune microenvironments between the two models.

In summary, our study demonstrates that tumor antigen pre-
sentation is dramatically affected by the Glu-GSH flux. More-
over, therapeutic targeting of this flux using pharmacological in-
hibitors was able to sensitize CRC to ICB therapy. Therefore, this
study provides evidence of the mechanisms by which metabolic
interventions can alter tumor immunotherapy and potentially al-
low for more patients to benefit from these treatment regimens.

4. Experimental Section
Chemicals and Reagents: Telaglenastat (CB-839, Cat#: HY-12248),

L-Buthionine-(S,R)-sulfoximine (L-BSO, Cat#: HY-106376A), and R162
(Cat#: HY-103096) were purchased from MedChemExpress. N-Acetyl-L-
cysteine (NAC, Cat#: A7250-10G) was purchased from Sigma–Aldrich.
TRIzol Reagent (Cat#: 15 596 018) was purchased from Invitrogen. Hydro-
gen peroxide 3% w/v (Cat#: H312-500) was purchased from Fisher Scien-
tific. Harris Hematoxylin Solution, Modified (Cat#: HHS32-1L), and cit-
rate buffer (Cat#: C9999-10 000 mL) were purchased from Sigma–Aldrich.
DMEM, high glucose medium (Cat#: 10-013-CV) and RPMI 1640 medium
(Cat#: 10-041-CV), PBS 1X (Cat#: 21-040-CV) 0.25% Trypsin EDTA 1X
(Cat#: 25-053-CI) were purchased from CORNING. McCoy’s 5A Medium
(Cat#: M9309-500ML) and DMEM/F-12 Medium (Cat#: D8437-500ML)
were purchased from Sigma–Aldrich. Fetal Bovine Serum (Cat#: 26140-
079) and Opti-MEM Reduced Serum Medium (Cat#: 312985-070) were
purchased from Gibco. Penicillin-Streptomycin Solution (Cat#: SV30010)
was purchased from Hyclone.

Cell Lines: 293T, CT26, HCT116, SW480, and MDA-MB-231 were ob-
tained from ATCC. MC38 was obtained as a gift from Patrick Hwu at the
MD Anderson Cancer Center, Houston, Texas. CT26 cells were cultured
in RPMI-1640 medium, 293T and MC38 cells were cultured in DMEM,
HCT116 cells were cultured in McCoy’s 5A medium (modified), and MBA-
MD-231 and SW480 cells were cultured in DMEM/F-12 medium. All cell
culture media were supplemented with 10% fetal bovine serum and 1X
penicillin/streptomycin. All cell lines were cultured at 37 °C in a 5% CO2
incubator and were routinely tested for mycoplasma contamination.

Human Samples: Colorectal cancer (CRC) patient samples were ob-
tained from the Tissue Procurement and Distribution Core of Indiana Uni-
versity Simon Comprehensive Cancer Center (IUSCCC) and the experi-
ments complied with the relevant regulatory standard. Details of patient
samples are provided in Table S1 (Supporting Information).

Data Resources: CRC bulk transcriptomics data: TCGA RNA-seq
data (FPKM), GSE14333, GSE29621, GSE38832, GSE17536, GSE33113,
GSE39572, GSE2019, GSE37892.

CRC scRNA-seq data: GSE81861. Cell-type annotation was provided by
the original work (PMID: 28 319 088).

Cell line data: Transcriptomics data of cell lines of immune and CRC
cells were previously collected and summarized.[18,56]

Deconvolution, Correlation, and Cell Type-Specific Expression Analysis:
Immune cell deconvolution analysis was conducted by using the ICTD al-
gorithm (Inference of Cell Type and Deconvolution). ICTD is a reference
deconvolution method. The cytotoxicity level of CD8+ T cell was predicted
by total cytotoxic level

total CD8+ T cell abundance
, which has been previously defined.[18,57] The cy-

totoxicity level of CD8+ T cell was computed for each sample in each of
the nine CRC bulk transcriptomics data. Pearson Correlation Coefficients
between the cytotoxicity level of CD8+ T cell and gene expression level
of 3021 human enzyme and transporter genes collected from KEGG[58]

and the Transporter Classification Database.[59] The markers used to de-
fine T cells are: “CD3E, CD2, CD3G, CD3D, SIRPG, CD6, TIGIT”, and the

markers used to define cytotoxicity are: “CD8A, SLA2, NKG7, PRF1, GZMA,
GZMH”. The enzyme and transporter genes were further ranked by the av-
eraged Pearson Correlation Coefficients derived from the nine datasets in
increasing order. Cell type-specific expression of GLS was computed and
visualized directly by using the normalized expression level of the gene or
probe in the scRNA-seq and cell line data.

Reconstruction of Central Metabolism Network in Subcellular Localization:
We collected the metabolic reactions related to glucose, glutamate, glu-
tamine, and glutathione metabolism from the KEGG database and man-
ually curated the subcellular localization information of each reaction and
enzyme based on the previously curated metabolic network.[37] The re-
constructed central metabolic network includes 31 reaction modules, 16
intermediate metabolites, 15 end metabolites, and 253 genes in the cy-
tosol, mitochondria, and extracellular regions. The reconstructed network
includes six major pathways, namely glycolysis, upper and lower parts
of TCA cycle, glutaminolysis, glutamine and glutamate metabolism, and
glutathione metabolism,[60] and three minor branches, namely Glycer-
aldehyde 3-phosphate (G3P) to nucleotide synthesis, and 3-Phospho-D-
glycerate (3PD) to serine synthesis, and aspartate-malate shuttle. The cu-
rated network was represented in a directed factor graph as described in
ref. [18]. Detailed lists of reactions and genes in this network are given in
Tables S2 and S3 (Supporting Information).

Metabolic Flux Analysis: While the details of the scFEA method are
given in,[37] we outline the key ideas of the algorithm. scFEA is based
on a novel graph neural network architecture to model the sample-wise
metabolic flux of each module by using their transcriptomic profiles. The
inputs to scFEA include (1) gene expression data and (2) a factor graph-
based representation of the metabolic map. Specifically, we formulate a
metabolic as a directed factor graph, where each module represents a fac-
tor, and each intermediate compound is a variable node carrying a likeli-
hood function describing its flux balance.[37]

Denote FG(C, R, E = {EC → R, ER → C}) as the factor graph, where C is
the set of metabolites, R is the set of metabolic modules, EC → R and ER → C
represent direct edges from module to metabolite and from metabolite
to module, respectively. For each intermediate metabolite Ck in the net-
work, define the set of modules consuming and producing each Ck as
FCk

in = {Rm| (Rm → Ck) ∈ EC→R} and FCk
out = {Rm| (Ck → Rm) ∈ ER→C}. For

transcriptomics data containing N samples, denote Gm =
{

Gm
1 ,… , Gm

im

}
as the genes involved in the module Rm, Gm

j =
{

Gm
1,j ,… , Gm

im,j

}
as their

expression and Fluxm,j as the flux of the module m in the cell or sample j.
We model Flu xm,j = f m

nn (Gm
j | 𝜽m) as a multi-layer fully connected neural

network with the input Gm
j , where 𝜽m denotes the parameters of the neu-

ral network. Then the 𝜽m and cell- or sample-wise flux Fluxm,j are solved
by minimizing the following loss function:

L0 =
N∑

j=1

K∑
k=1

⎛⎜⎜⎜⎝
∑

m∈F
Ck
in

Fluxm,j −
∑

m′∈F
Ck
out

Fluxm′ ,j

⎞⎟⎟⎟⎠
2

+𝛼
N∑

j=1

M∑
m=1

(|||Fluxm,j
||| − Fluxm,j

)
+ 𝛽

N∑
j=1

(
M∑

m=1

Fluxm,j − TAj

)2

(1)

where 𝛼 and 𝛽 are hyperparameters, and TAj is a surrogate for total
metabolic activity level of cell or sample j, which is assigned as the total
expression of metabolic genes in cell or sample j. Hence, the first, sec-
ond, and third terms of L correspond to constraints on flux balance, non-
negative flux, and the relative scale of flux, respectively. The above flux esti-
mation model has been validated on two sets of matched scRNA-seq and
bulk cell metabolomics data, simulated scRNA-seq and fluxome data, and
5 sets of high-quality tissue transcriptomics or scRNA-seq datasets.[37]

The previous robustness analyses suggested that an empirical setting of
𝛼 = 1, 𝛽 = 0.1, 𝛾 = 1 can guarantee good prediction accuracies of rea-
sonable biological interpretability, with a fast convergence rate.[61]
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Generation of Ovalbumin Antigen-Expressing Cells: Lentiviruses carry-
ing a lentiviral full-length ovalbumin (OVA) ORF expression construct
were packaged using psPAX2 (Addgene, Cat#: 12 260) and pMD2.G (Ad-
dgene, Cat#: 12 259), and transfection was performed using the linear
polyethylenimine, MW25000 (Polysciences, Cat#: 23966-1). Three days af-
ter the lentivirus infection, the MC38 cells were selected with puromycin,
and intracellular OVA expression was further confirmed using Western
blotting. Single colonies were selected using serial dilution and the MHC-
I-mediated SIIFEKLE presentation was determined using flow cytometry.

T Cell Cytotoxicity Assay: The luciferase overexpressed MC38 cells
(MC38-luc) were pre-loaded with Ovalbumin (257–264) peptide (Sigma–
Aldrich, Cat#: S7951-1MG) at the concentration of 5 μg ml−1 for 1 h at
37 °C in DMEM, and then washed with fresh DMEM for three times before
seeding into the 96-well plate. CD8+ T cells were isolated from the spleen
of OT-I mice using mouse CD8a Microbeads (Miltenyi Biotec, Cat#: 130-
117-044) and pre-treated with Dynabead Mouse T-Activator CD3/CD28
(Gibco, Cat#: 11452D) in the presence of mouse IL-2 (BioLegend, Cat#:
575 404) for two days. The OVA peptide-loaded MC38 cells and CD8+ T
cells were counted and co-cultured in a 96-well plate at the ratios of 1:1 or
1:5 (T cell: tumor cell) for 16 h. A no T cell group was used as a control.
After 16 h of co-culture, the tumor cell killing was determined using the
Luciferase Assay System (Promega, Cat#: E1500).

Human Sample-Derived Organoids Killing Assay: CRC patient sample-
derived organoids (PDOs) were generated as previously described.[62] The
CRC tissue autologous CD8+ T cells were isolated using human CD8 Mi-
crobeads (Miltenyi Biotec, Cat#: 130-045-201) and were then pre-activated
with Dynabead Human T-Activator CD3/CD28 (Gibco, Cat#: 11131D) in
the presence of human IL-2 (PeproTech, Cat#: 200–02) for 2 days before
the co-culture. The organoids between 70 and 150 μm were selected using
cell strainers for the autologous CD8+ T cells killing assay. The organoids
and activated T cells were then co-cultured in a 24-well clear flat bottom
ultra-low attachment multiple-well plate (Costar) at the ratio of 200: 1 (T
cell: organoid) for 24 h. The images of the organoids were taken, and the
sizes of the organoids were analyzed using Image J software.

Western Blotting: Total proteins were prepared using the Pierce RIPA
Lysis and Extraction Buffer (Thermo Scientific, Cat#: 89 000) with the
PhosSTOP EASYpack (Roche, Cat#: 0 490 684 5001) and cOmplete Pro-
tease Inhibitor Cocktail (Roche, Cat#: 11 697 498 001) added to inhibit
phosphatases and proteases. The protein lysates were quantified using the
Pierce BCA Protein Assay Kits (Thermo Scientific, Cat#: A55864). Equal
amounts of protein (20–40 μg) from each sample in premixed Laemmli
Protein Sample Buffer (Bio-rad, Cat#: 1 610 747) were loaded to Bio-Rad
Mini-PROTEAN TGX Precast Gels for electrophoresis and then transferred
onto PVDF membranes for immunoblotting. The antibodies used in West-
ern Blotting are shown in Table S4 (Supporting Information).

Flow Cytometry: The flow cytometry was performed on the LSR
Fortessa X-20 or LSR Fortessa (BD Biosciences) systems, and the data
were analyzed using FlowJo version 10. The SYTOX Blue (Invitrogen) or
eBioscience Fixable Viability Dye eFluor 506 (Invitrogen) were used to stain
live/dead cells. 10% normal goat serum, 10% FBS, and CD16/32 antibody
were used to block non-specific signals in the assay. The cells were fixed
and permeabilized using the BD Cytofix/Cytoperm fixation permeabiliza-
tion kit for the staining of intracellular markers. The antibodies used in
flow cytometry are shown in Table S4 (Supporting Information) and were
used in several combinations. A mouse tumor dissociation kit (Miltenyi
Biotec, Cat#: 130-096-730) was used to dissociate mouse tumors for flow
cytometry acquisition.

Quantitative RT-PCR: Total RNA was isolated using a Direct-zol RNA
Miniprep kit (ZYMO RESEARCH, Cat#: R2052), and cDNA was synthe-
sized using qScript cDNA SuperMix Kit (Quantabio, Cat#: 95048–500).
The quantitative PCR was performed using SYBR Green PCR Master Mix
(Applied Biosystems, Cat#: 4 309 155) with gene-specific primers accord-
ing to the manufacturer’s instructions. The primer sequences are shown
in Table S5 (Supporting Information).

Immunohistochemistry: Tissue slides were deparaffinized and rehy-
drated. The antigen retrieval was performed using citrate buffer. To block
endogenous peroxidase activity, the slides were incubated with 3% hydro-
gen peroxide for 10 min. After 1 h of blocking with 5% normal goat serum,

the slides were incubated with anti-CD8𝛼 antibody or anti-granzyme B
antibody (see Table S4, Supporting Information) at 4 °C overnight. After
washing, the slides were incubated with 4Plus biotinylated anti-rabbit IgG
and then incubated with 4Plus streptavidin HRP label (BIOCARE, Cat#:
HP604H). The slides were developed using the DAB peroxidase substrate
kit (Vector Laboratories, Cat#: SK4100) according to the manufacturer’s
instructions. The counterstaining was carried out using Harris Modified
Hematoxylin.

Cell Proliferation Assay: An equal number of cells (control and GLS-
KD) were seeded in 96-well plates and cultured for 4 to 5 days. The cells
were fixed with 10% buffered formalin phosphate and then stained with
0.1% crystal violet (dissolved in 10% methanol). After staining, washing,
and drying, add 150 μl of methanol to each well and incubate with a lid
for 20 min at room temperature, and the absorbance of each well was
measured at 570 nm with a plate reader.

shRNA Interference: Human and mouse glutaminase MISSION®
shRNA Bacterial Glycerol Stocks were purchased from Sigma–Aldrich.
The shRNAs used in the current study were validated by Sigma–
Aldrich to have a knockdown efficiency of more than 80%. Lentiviruses
were packaged using psPAX2 and pMD2.G and transfection was
performed using the linear polyethylenimine. The clone IDs and
shRNA sequences are Human GLS shRNA-1: TRCN0000051134,
5′- CCATAAGAATCTTGATGGATT-3′; Human GLS shRNA-2:
TRCN0000051135, 5′-GCACAGACATGGTTGGTATAT-3′; Mouse Gls
shNRA-1: TRCN0000253163, 5′-AGAAAGTGGAGATCGAAATTT-3′; Mouse
Gls shRNA-2: TRCN0000253167, 5′-GAGGGAAGGTTGCTGATTATA-3′.
The pLKO.1 puro (Addgene, Cat#: 8453) was used as a control.

Bulk mRNA Sequencing and Analysis: MC38 cells were seeded in 6-well
plates and treated with vehicle (DMSO) or 2 μM CB-839 for 2 days. Then
all the cells were collected and lysed with TriZol reagent. The total RNA
was extracted using the ZYMO Direct-zol RNA miniprep kit according to
the manufacturer’s instructions. All the RNA samples were then quality-
checked before the sequencing. The reads were mapped to the mouse
genome mm10 using STAR (v2.7.2a). RNA-seq aligner with the follow-
ing parameter: ′’–outSAMmapqUnique 60″. Uniquely mapped sequenc-
ing reads were assigned to the GENCODE M22 gene using featureCounts
(v1.6.5) with the following parameters: “-s 2 –p –Q 10 -O”. The data was
filtered using read count >10 in at least 3 of the samples, normalized
using the TMM (trimmed mean of M values) method, and subjected to
differential expression analysis using edgeR (v3.20.8). Gene ontology and
KEGG pathway functional analysis were performed on differential expres-
sion genes with a false discovery rate cut-off of 0.05 and the absolute value
of log2 of fold change cut-off of 0.5 using DAVID.

Tumor Implantation and Treatment: Eight-week-old female and/or
male NU/J mice, C57BL/6J, and BALB/c mice were used in the in vivo tu-
mor studies. For tumor growth experiments, 2 × 105 MC38 cells (control
and GLS-KD) or 1 × 105 CT26 cells (control and GLS-KD) in PBS were sub-
cutaneously injected into the flank. Tumor size was measured every three
days using a caliper after the tumors reached ≈50 mm3. For the orthotopic
survival experiment, 1 × 105 MC38 cells (control and GLS-KD) were in-
jected in a volume of 50 μl PBS using a 30-gauge needle into the cecal wall.
In the combinatorial treatment experiment, 2× 105 MC38 cells in PBS were
subcutaneously injected into the flank of the C57BL/J mice. 10 days after
injection, the mice were randomly divided into four groups followed by ve-
hicle (isotype control and saline), L-BSO (200 mg k−1g, i.p., once a day),
and anti-PD-1 antibody (200 ug per mouse, i.p., once every three days)
treatment. Tumor size was measured every three days using a caliper, and
tumor volume was calculated using the standard formula: 0.5 × L × W2,
where L is the longest diameter and W is the shortest diameter. Sample
sizes were chosen to ensure they were sufficient for statistical comparison
between different groups and were provided in the corresponding figure
legend. At the experimental endpoint, tumors or organs were harvested
for the following assays. All the mice used in this study were housed un-
der pathogen-free conditions, with the ambient room temperature 22 ±
2 °C, 12/12 h light/dark cycle (lights on at 7:00 a.m.), and 30–70% rela-
tive humidity in the Laboratory Animal Resource Center (LARC) at Indiana
University School of Medicine. Any mouse with a tumor size ≥1500 mm3

needs to be euthanized according to the approved animal protocol.
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For the in vivo CD8+ T cell depletion experiment, control and GLS-KD
MC38 cells (2 × 105 MC38 cells per mouse) were injected subcutaneously
into the flanks of the C57BL/J mice. To deplete the CD8+ T cells in vivo,
the anti-CD8 (clone 53–6.7; Bio X Cell) and the rat IgG2a isotype control
(clone 2A3, Bio X Cell) were administered 2 days before tumor cell inoc-
ulation and continued until the end of the experiment. Antibodies were
administrated at a dose of 100 μg per mouse, 3 times a week.

Immunoproteasome Activity Assay: The immunoproteasome activity
was determined using the Immunoproteasome Activity Fluorometric As-
say Kit I (UBPBio, Cat#: J4160) according to the manufacturer’s instruc-
tions. Briefly, the cells were collected, re-suspended in ice-cold cell lysis
buffer, and were briefly sonicated. The supernatants were collected after
centrifugation, and protein concentrations were determined using a BCA
assay kit. Then the supernatants were diluted with assay buffer and mixed
with Ac-ANW-AMC substrate. The AMC fluorescence was determined us-
ing a plate reader immediately after adding the substrate. An MG132-
treated sample was used as a negative control in the assay.

GSH and ROS Determination: The cellular GSH levels were mea-
sured using the Intracellular glutathione (GSH) Detection Assay Kit (Ab-
cam, Cat#: ab112132), ROS levels were measured using the Cellular
ROS/Superoxide Detection Assay Kit (Abcam, Cat#: ab139476) according
to the manufacturer’s instructions. Briefly, the cells were collected and in-
cubated with Thiol green dye (GSH detection), or ROS/Superoxide Mix for
30 min. The cells were then washed and analyzed using a flow cytometer.

Quantitation and Statistical Analysis: Statistical analyses were per-
formed using GraphPad Prism 9. For normally distributed data and com-
parisons between two groups, the significance was calculated using un-
paired two-tailed Student’s t-tests. Comparisons between three or more
groups were performed using the One-way ANOVA or Two-way ANOVA.
Log-rank test was used to statistically compare the mouse survival curves
of different groups. Throughout the paper, significance was determined at
the following cutoff points: not significant (ns), p >0.05; *p < 0.05; **p <

0.01; ***p < 0.001; ****p < 0.0001.
Study Approval: All the animal experiments have been approved by the

Institutional Animal Care and Use Committee of Indiana University School
of Medicine.

Patient Consent: The informed consent was obtained from patients
before tissue collection.
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