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Targeting asparagine potentiates
anti-PD-L1 immunotherapy in
gastric cancer by enhancing
CD8+ T cell anti-tumor response
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Introduction: Immunotherapy ef�cacy in gastric cancer (GC) is often
constrained by the tumor microenvironment (TME), which is profoundly
in�uenced by aberrant metabolism. Asparagine, an amino acid critical for
neoplastic proliferation, also modulates CD8+ T cell metabolic programming.
We investigated the impact of targeting asparagine on the GC immune
microenvironment and its potential to synergize with anti-PD-L1 therapy.
Methods: The therapeutic ef�cacy of asparagine targeting was evaluated in GC
tumor models. CD8+ T cell populations within the TME were analyzed by �ow
cytometry, while cytokine and chemokine levels (IFN-g, GZMB, CXCL9, CXCL10)
were quanti�ed by ELISA. The effects on CD8+ T cell activation and antitumor
function were assessed in vitro and in vivo. Synergistic ef�cacy with anti-PD-L1
therapy was evaluated in GC models, and the dependency on CD8+ T cells was
con�rmed via antibody-mediated depletion experiments.
Results: Targeting asparagine inhibited GC growth in vitro and in vivo, implicating
immune system involvement. Mechanistically, asparagine targeting signi�cantly
increased the proportion of CD8+ T cells within the TME and upregulated the
expression of IFN-g, GZMB, CXCL9, and CXCL10. Furthermore, combining
asparagine targeting with anti-PD-L1 therapy produced synergistic antitumor
activity. This combined therapeutic effect was signi�cantly attenuated by the
depletion of CD8+ T cells.
Discussion: Our �ndings indicate that targeting asparagine promotes CD8+ T
cell activation and in�ltration, thereby remodeling the GC immune
microenvironment to enhance host antitumor immunity. The combination of
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asparagine targeting with anti-PD-L1 therapy elicits potent, synergistic antitumor
effects that are demonstrably dependent on CD8+ T cells. This study provides a
strong rationale for targeting asparagine metabolism as a novel strategy to
improve immunotherapeutic outcomes in GC.
KEYWORDS

gastric cancer, metabolism, immunotherapy, TME (tumor microenvironment), CD8 T
cell, asparagine
1 Introduction

Gastric cancer (GC) stands as a major global malignancy,
ranking as the �fth most prevalent cancer and the fourth leading
cause of cancer-related mortality worldwide (1). While
conventional therapeutic modalities, including surgery,
chemotherapy, and radiotherapy, have contributed to improved
patient survival, their long-term ef�cacy remains suboptimal, and
their associated substantial toxicities signi�cantly compromise
patients � quality of life (2�4). In recent years, tumor
immunotherapy has emerged as a transformative therapeutic
strategy, revolutionizing the �eld of cancer treatment (5, 6).
Nevertheless, the inherent complexity of the GC immune
microenvironment imposes signi�cant limitations on the
effectiveness of immunotherapy, consequently restricting the
clinical bene�t for a considerable proportion of GC patients (7�11).

The reciprocal regulation between tumor metabolism and the
immune microenvironment has emerged as a central theme in
contemporary cancer research. Tumor cel l metabolic
reprogramming not only ful�lls the bioenergetic and biosynthetic
demands underpinning their proliferation and survival but also
critically shapes the cellular and molecular milieu of the TME and
dictates the functional phenotype of resident immune cells (12�16).
This metabolic rewiring confers distinct �metabolic vulnerabilities�
upon neoplastic cells, differentiating them from their normal
counterparts through altered patterns of nutrient acquisition and
metabolite ef�ux, thus providing a compelling rationale for the
development of novel therapeutic strategies predicated on targeting
tumor metabolism (17�21). Intriguingly, asparagine metabolism is
recognized to modulate immune cell function within the TME,
particularly impacting CD8+ T lymphocytes. CD8+ T lymphocytes
are widely acknowledged as pivotal mediators of effective anti-
tumor immunity, with their in�ltrating density and functional
competence within the TME being critical determinants of the
potency of the host anti-tumor response (22�24). Asparaginase is a
clinically validated therapeutic agent employed in the management
of leukemia, exhibits a favorable and well-characterized safety
pro�le (25�28). Notwithstanding substantial progress in the
clinical management of GC on a global scale, the potential
therapeutic synergy of targeting asparagine in conjunction with
immunotherapy warrants further investigation and remains
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relatively underexplored. Collectively, considering its capacity to
exert a dual in�uence on both gastric carcinoma cell proliferation
and resident immune cell populations within the TME, targeting
asparagine holds considerable promise as a therapeutic strategy for
augmenting immunotherapeutic outcomes in GC.

In this study demonstrates that targeting asparagine inhibits the
proliferation of GC cells and promotes both the proliferative activity
and antitumor ef�cacy of CD8+ T cells. Furthermore, it effectively
suppresses GC growth and signi�cantly enhances CD8+ T cell
in�ltration within the GC immune microenvironment in vivo.
These �ndings collectively provide a theoretical rationale for
combining asparagine targeting with immunotherapy. Speci�cally,
the combination of targeting asparagine and anti-PD-L1 therapy
can exert signi�cant anti-tumor effects in vivo, and the ef�cacy of
this combined treatment is dependent on CD8+ T cell in�ltration
within the tumor immune microenvironment. In summary,
targeting asparagine not only suppresses GC cell proliferation but
also reshapes the GC immune microenvironment by improving
CD8+ T cell in�ltration, thereby augmenting the ef�cacy of
immunotherapy for GC.
2 Results

2.1 Targeting asparagine leads to the
inhibition of MFC proliferation

Asparaginase was employed as an asparagine-targeting
therapeutic agent. First, its capacity to degrade asparagine in
culture medium was assessed. Cell culture medium was treated
with asparaginase at 4 IU/ml for 24 hours. Compared to the
control group, asparaginase signi�cantly degraded asparagine in the
medium (Figure 1A). Subsequently, the in vitro effect of asparaginase
on the viability of MFC tumor cells was determined using the CCK-8
assay after treatment for 24 hours with varying concentrations (0, 1,
2, 4, 6, 8 IU/ml). Asparaginase signi�cantly inhibited the viability of
MFC cells, and this inhibitory effect increased signi�cantly with rising
asparaginase concentration (Figure 1B). Furthermore, the time-
dependent effect of asparaginase (4 IU/ml) on MFC cell viability
was evaluated using the CCK-8 assay at different time points (0, 12,
24, 36, 48 hours). Asparaginase signi�cantly inhibited MFC cell
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viability, and cell viability signi�cantly decreased with increasing
asparaginase incubation time (Figure 1C). Collectively, these results
demonstrated that the inhibitory effect of asparaginase on MFC cell
proliferation is both concentration-dependent and time-dependent.
To assess the extent of cell apoptosis, Annexin V-PI staining followed
by �ow cytometry was performed. Annexin V-PI stains necrotic and
apoptotic cells, while viable cells remain unstained. MFC cells were
treated in vitro with varying concentrations of asparaginase (0, 2, 4, 6,
8 IU/ml) for 24 hours before �ow cytometry analysis. The
percentage of viable cells signi�cantly decreased with increasing
asparaginase concentration, while the percentage of necrotic and
apoptotic cells signi�cantly increased with rising asparaginase
concentration (Figure 1D). In summary, these �ndings indicate
that asparagine deprivation induced by asparaginase can inhibit
MFC cell proliferation.

To elucidate the molecular mechanism by which Asparaginase
inhibits the viability of MFC cells, we �rst assessed the impact of
exogenous asparagine supplementation. Treatment with 4 IU/ml
Asparaginase for 48 hours markedly suppressed MFC cell viability
compared to the control group. To con�rm that this effect was
attributable to asparagine depletion, we co-treated cells with
Frontiers in Immunology 03
Asparaginase and exogenous asparagine (ASN). This co-treatment
signi�cantly rescued the Asparaginase-induced loss of cell viability
(Supplementary Figure S1A). Notably, treatment with ASN alone
enhanced cell proliferation, suggesting that asparagine is a critical
nutrient for MFC cells.

Subsequently, we investigated the underlying molecular changes
via Western blot. Asparaginase treatment led to a signi�cant
upregulation of Asparagine Synthetase (ASNS), indicating the
activation of a compensatory mechanism in response to asparagine
starvation. This upregulation was reversed to near-control levels upon
ASN supplementation (Supplementary Figure S1B). Given that
autophagy is a critical pro-survival response to nutrient deprivation,
we also examined its status. Asparaginase treatment signi�cantly
increased the levels of the autophagic marker LC3-II. Consistent with
our other �ndings, this induction of autophagy was effectively reversed
by ASN supplementation (Supplementary Figure S1C).

Taken together, these results demonstrate that Asparaginase
exerts its cytotoxic effects by depleting extracellular asparagine,
which in turn triggers a compensatory upregulation of ASNS and
induces protective autophagy in MFC cells. These effects are
reversible upon the restoration of exogenous asparagine.
FIGURE 1

(A) Asparagine concentration in the cell culture medium. (B, C) MFC cell viability changes following asparaginase treatment for various asparaginase
concentrations and durations. (D) Apoptosis in MFC cells under treatment with varying asparaginase concentrations. *** indicates p-value < 0.001.
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2.2 Targeting asparagine enhances CD8+ T
cell in�ltration in the gastric TME

Subcutaneous MFC tumor-bearing models were established in
both C57 mice and nude mice to evaluate the in vivo anti-tumor
effect of targeting asparagine. As shown in Figures 2A�C, after 14
days of asparagine-targeting treatment, both the volume and weight
of the tumors were signi�cantly reduced. Notably, comparing the
post-treatment tumor volumes revealed that the anti-tumor effect of
asparagine-targeting treatment was more pronounced in C57 mice
than in nude mice. Given the de�ciency in mature T cells in nude
mice, it is hypothesized that T cell-mediated immune mechanisms
may contribute to the therapeutic process of targeting asparagine in
GC. To investigate the role of immune cells, �ow cytometry was
performed on tumors harvested from C57 mice to analyze the
immune cell composition within the TME. Compared to the control
group, the proportion of CD8+ T cells in the TME were markedly
increased in the asparaginase-treated group (Figure 2D). This
�nding suggests that targeting asparagine enhances CD8+ T cell
in�ltration into the TME. Furthermore, the levels of the key
immune effectors IFN-g and Granzyme B (GZMB) were
measured in the GC tissue. Both IFN-g and GZMB levels were
signi�cantly higher in the asparaginase group compared to the
Frontiers in Immunology 04
control group (Figure 2E), indicating that targeting asparagine
promotes the activation of immune cells within the TME. The
levels of the T cell chemoattractants CXCL9 and CXCL10 were also
assessed in the GC tissue of both groups. The levels of CXCL9 and
CXCL10 in the TME following asparagine-targeting treatment were
signi�cantly higher than those in the control group (Figure 2F).
Collectively, these results demonstrate that targeting asparagine
improves CD8+ T cell in�ltration and enhances immune activation
within the TME, which may contribute to its anti-tumor ef�cacy.
2.3 Targeting asparagine promotes CD8+ T
cell proliferation and immune responses

To investigate the effects of asparagine deprivation on the
proliferation and effector function of mouse CD8+ T cells, in vitro
experiments were conducted using isolated mouse CD8+ T cells.
CD8+ T cells were extracted from mouse spleens and cultured in
vitro. After stabilization, cells were treated with 4 IU/ml
asparaginase for 0, 36, and 72 hours to assess changes in cell
viability. Asparaginase signi�cantly promoted the proliferation of
mouse CD8+ T cells (Figure 3A). Cell proliferation requires
substantial glucose consumption and ATP production. To further
FIGURE 2

(A–C) The in vivo antitumor effect of asparaginase was investigated in an MFC tumor model (n=5 mice per group). Tumor volume was assessed
twice weekly, and treatment was initiated when the tumor volume reached approximately 100 mm (3). (D) The proportion of CD4/CD8 positive cells
in the tumor tissue in each group after asparaginase treatment. (E, F) IFN-g, GZMB, CXCL9 and CXCL10 in tumors were measured by ELISA after
asparaginase treatment (n = 5). ** indicates p-value < 0.01, *** indicates p-value < 0.001 and **** indicates p-value < 0.0001.
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evaluate the impact of asparagine deprivation on CD8+ T cell
proliferative function, we measured glucose consumption and
ATP levels. Asparagine deprivation signi�cantly increased
glucose consumption and elevated intracellular ATP content
(Figures 3B, C), consistent with enhanced proliferation. To assess
the effector function of mouse CD8+ T cells under asparagine
deprivation, CD8+ T cells were co-cultured with MFC cells and
treated with 4 IU/ml asparaginase for 48 hours. We measured the
production of key effector cytokines, IFN-g and GZMB.
Asparaginase treatment signi�cantly promoted the production of
both IFN-g and GZMB by activated CD8+ T cells (Figures 3D, E),
indicating that asparagine deprivation signi�cantly enhances CD8+

T cell effector function.
To investigate the underlying molecular mechanisms, we

considered that nutrient deprivation activates the metabolism
reprogram, which promotes cellular adaptation and enhances
survival. A key molecule in the metabolism is ATF4, which can
regulate downstream targets such as ASNS and NRF2 (29�32).
ASNS is an enzyme involved in intracellular asparagine metabolism
(21, 33�37), while NRF2 is a crucial regulator of intracellular carbon
metabolism (30, 38�41). We used Western blot analysis to examine
the effect of asparagine deprivation on the ATF4-NRF2-ASNS
pathway in CD8+ T cells. We found that the expression levels of
ATF4, NRF2, and ASNS were all signi�cantly upregulated following
asparagine deprivation (Figure 3F). Collectively, these results
demonstrate that targeting asparagine promotes CD8+ T cell
proliferation and immune response, and this effect may be
Frontiers in Immunology 05
associated with metabolic reprogramming regulated by the ATF4-
NRF2-ASNS pathway.
2.4 Targeting asparagine and anti-PD-L1
therapy exhibit synergistic anti-tumor
activity

To investigate the feasibility of targeting asparagine and PD-L1
in gastric tumor, C57 mice implanted with MFC tumors were
treated with asparaginase, anti-PD-L1, and combination therapy.
Compared to the control group, all three treatment groups
signi�cantly inhibited tumor growth. Tumor growth was most
signi�cantly inhibited in the combination therapy group
compared to the control (Figures 4A�C). Furthermore, the
average tumor volume in the combination therapy group was
signi�cantly reduced compared to either the asparaginase
monotherapy group or the anti-PD-L1 monotherapy group.
These results indicate that both asparaginase and anti-PD-L1
signi�cantly slowed tumor growth as monotherapies, and
targeting asparagine markedly enhanced the anti-tumor effect of
anti-PD-L1. Assessment of tumor weight at the end of the treatment
period showed average tumor weights control group were 658.75 –
109.94 mg, asparaginase group were 500.00 – 84.41 mg, anti-PD-L1
group were 396.25 – 95.78 mg, and combination therapy group
were 167.51 – 21.65 mg. Compared to the control group, the
asparaginase, anti-PD-L1, and combination therapy groups all
FIGURE 3

(A) Cell viability of CD8+ T cells activated with asparaginase, assessed at 36 h and 72 (h) (B) Glucose consumption, determined by the change in
glucose concentration in the culture medium. (C) ATP level was determined by calculating the difference in CD8+T cells. (D, E) IFN-g and GZMB in
the supernatant from co-cultures of MFC and CD8+ T cells were measured by ELISA after asparaginase treatment. (F) Western blot analysis of the
effect of asparaginase on the protein expression levels of ATF4, NRF2, and ASNS in CD8+T cells. ** indicates p-value < 0.01, ns means no
signi�cance.
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signi�cantly inhibited tumor growth, with the most pronounced
therapeutic effect observed in the combination therapy
group (Figure 4D).

Pathological analysis of tumor tissues was performed. Tumor
tissues from different groups were sectioned and stained with
Hematoxylin and Eosin (H&E). Compared to the control group,
tumor necrosis was signi�cantly increased in the other three
treatment groups. Tumor necrosis was most pronounced in the
combination treatment group, which also presented with areas of
cavitation (Figure 5A). CD8 immunohistochemistry (IHC) and
immuno�uorescence (IF) analysis were conducted on tumor
tissues. In the �elds of view of IF sections stained for CD8, the
proportion of CD8+ cells, indicated by red immuno�uorescence
signal, was signi�cantly increased in the three treatment groups
compared to the control group; the immuno�uorescence signal was
strongest in the combination treatment group (Figure 5B).
Similarly, in the �elds of view of IHC sections stained for CD8,
CD8-positive cells (indicated by brown staining) were signi�cantly
increased in all three treatment groups compared to the control
group, with the highest percentage of CD8-positive cells observed in
the combination treatment group (Figure 5C).

Collectively, these results indicate that combining anti-PD-L1
antibody with asparaginase signi�cantly enhances the in vivo anti-
tumor effect. This enhanced ef�cacy is likely associated with
Frontiers in Immunology 06
increased CD8+ T cell in�ltration and improvement of the GC
tumor immune microenvironment.

Histological analysis by Hematoxylin and Eosin (H&E) staining
was performed on the brain, heart, kidney, liver, lung, and spleen of
mice to evaluate the potential organ toxicity of asparagine-targeting
and anti-PD-L1 treatments. Compared to the control group, no
remarkable pathological changes indicative of toxicity were
observed in the organs of mice from the three treatment
groups (Figure 6A).
2.5 The antitumor ef�cacy of the combined
therapy was dependent on CD8+ T cells

To further validate the crucial role of CD8+ T cells in the anti-
tumor effect of the asparagine-targeting and anti-PD-L1 combination
therapy, CD8+ T cells and CD4+ T cells were speci�cally depleted in
vivo using anti-mouse CD8 and anti-mouse CD4, respectively. These
experiments aimed to determine whether the anti-tumor ef�cacy of
the combination therapy is dependent on CD8+ T cells. MFC tumor-
bearing mice models were established, and mice were assigned to the
following treatment groups: Control, Asparaginase + anti-PD-L1,
Asparaginase + anti-PD-L1 + anti-CD4, and Asparaginase + anti-
PD-L1 + anti-CD8.
FIGURE 4

Targeting asparagine and PD-L1 elicited synergistic antitumor effect in gastric cancer. (A–C) The subcutaneous MFC tumor models (n= 8) were
well-established in C57 mice. Tumor volume was measured twice a week. Treatment was initiated when the tumor volume reached 100 mm (3).
(D) Statistical analysis of tumor volume and tumor weight. * indicates p-value < 0.05, ** indicates p-value < 0.01, *** indicates p-value < 0.001
and **** indicates p-value < 0.0001. ns means no signi�cance.
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