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Metabolic reprogramming is a prominent cancer hallmark
that enables uncontrolled growth, survival, and dissemina-
tion of tumor cells. Among the diverse metabolic alterations,
dysregulation of arginine metabolism has garnered significant
attention due to its profound impact on cancer cells and the
tumor microenvironment (TME). Arginine, a semi-essential
amino acid, has a central role in various cellular processes,
including protein synthesis, nitric oxide (NO) production,
and polyamine biosynthesis. In the context of cancer aberrant
arginine metabolism fuels tumor cell growth and orchestrates
a complex interplay between tumor and immune cells, ulti-
mately facilitating immune evasion and tumor progression.
Our latest research findings indicate that within the breast
cancer TME there exists an interplay mechanism between
tumor cells and other immune cells regarding arginine
metabolism!. Tumor cell-derived arginine promotes polyam-
ine biosynthesis in tumor-associated macrophages (TAMs),
thereby shaping an immunosuppressive TME that suppresses
CD8+ T cell function and ultimately contributes to the malig-

nant progression of breast cancer. Based on this finding, this
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perspective article aimed to provide an in-depth overview of
the current understanding of arginine metabolism in cancer
with a particular focus on the implications for tumor immu-

nology and potential therapeutic strategies.
Arginine metabolism in the TME

Arginine can be synthesized from citrulline and aspartate
via argininosuccinate synthase 1 (ASS1) and argininosucci-
nate lyase (ASL). Arginase (ARG1/2) catalyzes the hydrolysis
of arginine to ornithine and urea with ornithine serving as a
precursor for polyamine biosynthesis. Arginine metabolism is
tightly regulated in healthy cells. However, cancer cells often
undergo metabolic reprogramming to meet the increased
demands for growth and survival®.

Arginine metabolism is essential for immune system
function. Arginine is a key substance for the activation and
function of immune cells, such as T cells, NK cells, and mac-
rophages®”’. The TME is a complex ecosystem composed
of tumor, immune, and stromal cells, in which cancer and
immune cells compete for nutrients while exchanging immu-

nosuppressive signals®1? (Figure 1).

The interaction of arginine metabolism in
tumor and T cells

Arginine metabolism in the TME is highly dynamic and het-

erogeneous with different cell types competing for limited
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Figure 1 Impact of arginine metabolic reprogramming on the tumor microenvironment. Tumors with low ASS1 expression actively uptake
arginine from the tumor microenvironment to fulfill tumor requirements for proliferation and division, thereby resulting in arginine deficiency
within the tumor microenvironment. Arginine deficiency impedes the activation of immune cells, including CD4+ T, CD8+ T, and NK cells,
and suppresses the synthesis of anti-tumor factors, such as GZMB, TNF-qa, and IFN-y, which diminishes the anti-tumor capacity of immune
cells. Conversely, the arginine synthesized by tumor cells promotes the synthesis of spermine in TAMs of tumors with high ASS1 expression.
Upregulation of spermine activates the P53/TDG/PPARG axis, which compels TAMs to secrete immunosuppressive factors, such as IL-10,
PD-L1, and TGF-B. These immunosuppressive factors dampen the anti-tumor activities of CD4+ T, CD8+ T, and NK cells in the tumor microen-
vironment, ultimately contributing to tumor progression. ASS1, argininosuccinate synthase 1; GZMB, granzyme B; IFN-y, interferon-gamma;

IL-10, interleukin-10; PD-L1, programmed death-ligand 1; TAMs, tumor-associated macrophages; TGF-, transforming growth factor-beta;

TME, tumor microenvironment; TNF-a, tumor necrosis factor-alpha.

arginine resources. Tumor cells can be classified into two
subtypes based on ASS1 expression [endogenous arginine
synthesis-deficient tumors (low ASS1 expression) and argi-
nine synthesis-proficient tumors (high ASS1 expression)].
Tumor cells in the low ASS1 expression subtype utilize extra-
cellular arginine extensively to fuel biosynthetic demands
for uncontrolled proliferation. Furthermore, some tumor
cells frequently upregulate arginase and promote polyamine
synthesis. Polyamines are essential for cell growth, prolifera-
tion, and stabilization of nucleic acids and membranes. The
increased production of polyamines in cancer cells contributes
to uncontrolled growth and enhanced survival'!"13. Either low
ASS1 expression or enhanced arginase activity can give rise to
an arginine-deprived TME.

An arginine-deprived TME can impair T cell receptor
(TCR) signaling, cytokine production, and cell proliferation,

leading to T cell dysfunction and immunosuppression.
Additionally, arginine deprivation can also promote T cell dif-
ferentiation into regulatory T cells (Tregs), which are known
to suppress anti-tumor immune responses. Similarly, NK cells
require arginine for production of cytotoxic molecules, such
as perforin and granzyme, the function of which can be com-
promised in an arginine-deprived TME. This metabolic per-
turbation not only impairs anti-tumor immune cells but also
creates a pro-tumorigenic niche, ultimately driving malignant

tumor progression.

The interaction of arginine metabolism in
tumor cells and macrophages

Macrophages, an important component of the immune sys-

tem, have a crucial role in arginine metabolism within the
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TME. Arginine metabolism in macrophages is closely linked
to the polarization state with M1 macrophages predomi-
nantly expressing NO synthase (NOS) and producing NO,
while M2 macrophages mainly express arginase and promote
polyamine biosynthesis'3.

Tumor cells regulate the function of TAMs in the TME
by secreting various factors and metabolites'®. Specifically,
cytokines (CSF-1, VEGE, IL-10, and TGF-f3) and metabolic
products (lactic acid and succinic acid) secreted by tumor
cells can drive TAMs to polarize towards the immunosup-
pressive M2 phenotype, which induces TAMs to highly
express ARG1/2 and promote the malignant progression of
tumors. Our latest research demonstrated that tumor cell-de-
rived arginine is taken up by TAMs to enhance polyamine
synthesis in tumors with high ASS1 expression, which trig-
gers M2 polarization and induces the immunosuppressive
characteristics of TAMs.

The interaction of arginine metabolism in
macrophages and T cells

Although interferon-gamma (IFN-y) secreted by CD8+ T
cells has the potential to induce macrophages to polarize
towards the anti-tumor M1 phenotype and augment anti-tu-
mor activities, T cells frequently fail to effectively drive mac-
rophage M1 polarization in the context of malignant tumors.
Whether ASS1-low or -high tumors, CD8+ T cells are likely
unable to acquire sufficient arginine to maintain anti-tumor
activity. Cancer cells deplete arginine in the TME of ASS1-
low tumors by directly consuming arginine or secreting fac-
tors and metabolites to induce TAMs to upregulate arginase
ARG1/2 for arginine metabolism. TAMs take up most of the
cancer cell-derived arginine in ASS1-high tumors given the
substantial numerical dominance of TAMs over T cells within
the TME.

Arginine deficiency resulting from the upregulated argin-
ase activity in TAMs is widely recognized as a key contrib-
utor to the establishment of an immunosuppressive TME.
Previous investigations have demonstrated that the ASS1
is highly expressed in some tumor cells, whereas arginase
ARG1/2 expression, which is responsible for converting argi-
nine to ornithine, remains low. Clearly, the theory that argi-
nine deficiency gives rise to an immunosuppressive TME is
not applicable to these special types of tumors. Our recent
study revealed that the arginine level in the peripheral blood

of breast cancer patients is positively correlated with tumor
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stage, which indicates that arginine deficiency might not
be the sole reason underlying inhibition of T cell function.
Therefore, we propose that there are additional non-argi-
nine-deficiency mechanisms contributing to the formation of
an immunosuppressive TME.

Our work further demonstrated that ASS1-high tumor cells
supply arginine to fuel polyamine synthesis in TAMs. The upreg-
ulated polyamines, especially spermine, activates the TP53 sig-
naling pathway and enhances the expression of thymine DNA
glycosylase (TDG), thereby reducing the level of PPARG gene
promoter methylation, which helps maintain the immunosup-
pressive phenotype of TAMs. In addition to increasing IL-10
and TGF-f transcription via PPARG, the elevated spermine can
directly induce upregulation of PD-L1 in TAMs, thereby inhib-
iting the anti-tumor activity of CD8+ T cells.

These findings highlight spermine, an arginine metabolite,
as a pivotal regulator of immune evasion by driving the transi-
tion from a static “nutritional competition” to a dynamic and
multi-dimensional metabolic interplay model and providing a
novel targetable molecule for improving the immunotherapy

efficacy of malignant tumors (Figure 2).

Targeting arginine metabolism for
cancer therapy

Targeting the arginine metabolic pathway has emerged as a
promising therapeutic strategy given the critical role in can-
cer progression and immune evasion. Several approaches have
been explored to disrupt arginine metabolism in tumor cells
and the TME, including the utilization of arginine-degrading
enzymes, inhibitors of arginine-metabolizing enzymes, and

dietary interventions (Figure 3).
Arginine-depleting therapeutics

Arginine-degrading enzymes, such as arginine deiminase
(ADI) and pegylated arginine deiminase (ADI-PEG20)!> 16,
have been developed to deplete arginine in the TME. These
enzymes can starve ASS1-low tumor cells and impair growth
and survival by removing arginine. In addition, arginine deple-
tion can reverse immune suppression in the TME, thereby
enhancing anti-tumor immune responses. ADI-PEG20 has
shown promising results in preclinical and clinical studies,
particularly in tumors that are auxotrophic for arginine, such

as hepatocellular carcinoma and melanoma.
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Figure 2 Reprogramming arginine metabolism drives tumor malignancy. © Tumor cells secrete M-CSF and small molecules like lactic

acid, thereby inducing polarization of TAMs and upregulating expression of ARG1 or ARG2. @ Through the coordinated action of a series

of enzymes, including ARG1/ARG2, ODC1, SRM, and SMS, TAMs convert arginine into spermine. ® Tumor cells with high arginine-synthe-

sizing capacity can supply arginine to TAMs, thus facilitating the generation of spermine in TAMs. Upon an increase in spermine levels,

@ spermine suppresses the anti-tumor activities of CD4+ T, CD8+ T, and NK cells by upregulating the expression of immune-inhibitory

factors, such as PD-L1, TGF-B, and IL-10 in TAMs. ® Alternatively, spermine directly activates proliferation-associated signaling pathways

within tumor cells, such as the PI3K/AKT and MAPK/ERK pathways, further fueling the malignant progression of tumors. ASS1, arginino-

succinate synthase 1; ARGL, arginase 1; ARG2, arginase 2; IL-10, interleukin-10; M-CSF, macrophage colony-stimulating factor; ODCL,

ornithine decarboxylase 1; PD-L1, programmed death-ligand 1; SRM, spermidine synthase; SMS, spermine synthase; TAMs, tumor-asso-

ciated macrophages; TGF-B, transforming growth factor-beta.

Our recent findings and multiple published studies have
demonstrated that arginine can prominently enhance the
growth of xenograft tumors in immunocompetent mice.
Consequently, a low-arginine diet is also considered to be a
potential adjuvant therapeutic approach for controlling tum-
ors, particularly ASS1-low tumors. Dietary interventions
targeting arginine metabolism have also been explored. For
example, a low-arginine diet has been shown to reduce tumor
growth and metastasis in preclinical models. By restricting
arginine intake, this dietary approach can starve tumor cells
and disrupt metabolic reprogramming.

Although arginine deprivation therapy exhibits promising
clinical potential in ASS1-low tumors, challenges like arginine
metabolic compensation and intratumoral heterogeneity must

be considered. In addition, it should be noted that arginine

depletion therapy may unintentionally inhibit T and NK cell

anti-tumor activity.
Targeting polyamine biosynthesis

High ASS1 expression in cancer cells promotes tumor growth
and reshaping the immunosuppressive TME via the argi-
nine-polyamine metabolic axis. Consequently, blocking polyam-
ine synthesis with use of polyamine synthesis inhibitors might
offer an effective therapeutic approach for ASS1-high tumors
or tumors with strong polyamine synthesis capacity. ARG1/2
and ornithine decarboxylase 1 (ODC1) serve as key rate-limit-
ing enzymes in the polyamine biosynthesis pathway. Currently,
clinical drug development of arginase inhibitors is in the nascent

stage and no drugs have entered clinical studies to date.
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Figure 3 Cancer therapeutic strategies targeting the arginine metabolic pathway. (1) Tumor growth can be inhibited through arginine depri-
vation therapy in tumors with arginine synthesis defects. Drugs that have entered clinical trials include ADI-PEG20 and BCT-100. (2) Polyamine
synthesis can be inhibited by suppressing the activity of the rate-limiting enzyme (ODC1) in polyamine synthesis for tumors with increased
polyamine synthesis. Currently, the ODC1 inhibitor (DFMO) has entered clinical trials. (3) The pro-tumor effects of polyamines can be inhibited
by suppressing the activation of downstream pathways (TDG, PPARG) induced by polyamines for tumors with increased polyamine synthesis.

The related inhibitors are in the preclinical research stage. (4) The anti-tumor function of immune cells can be activated from multiple angles
by combining immune checkpoint blockade therapy (anti-PD-L1 and anti-PD-1 therapy) with targeted arginine metabolism therapy (ODC1
inhibitors and arginine deprivation). Currently, related therapies have entered phase I clinical trials. ADI-PEG20, pegylated arginine deiminase;
ASS1, argininosuccinate synthase 1; DFMO, difluoromethylornithine; ICB, immune checkpoint blockade; ODC1, ornithine decarboxylase 1,TDG,

thymine DNA glycosylase.

However, ODCI inhibitors and combination therapies have
been tested in clinical investigations in a variety of malignant
tumors, including gliomas, small cell lung cancer, Hodgkin’s
lymphoma, and digestive tract tumors, and have demonstrated
positive anti-cancer efficacy!”"1%. Our recent work revealed
that difluoromethylornithine (DFMO), an ODCI inhibi-
tor approved by the FDA for the treatment of African tryp-
anosomiasis, disrupts the arginine-polyamine axis between
tumor cells and TAMs, reversing immunosuppressive TME
and inhibiting tumor progression. This finding suggested that
DFMO holds significant translational potential in the treat-

ment of malignant tumors.

Targeting spermine-mediated epigenetic
reprogramming

Our recent study demonstrated that as a core molecule in
the interplay between metabolism and epigenetics, spermine
decreases the level of PPARG methylation by enhancing the
activity of TDG and facilitates the formation of an immuno-
suppressive TME. Consequently, we proposed that interfering
with the TDG demethylation activity or PPARG transcription

activity induced by spermine might potentially constitute a

novel strategy for reversing the immunosuppressive TME. At
present, the relevant targeted drugs are in the experimental

research stage.
Immuno-metabolic combination therapies

Immune checkpoint blockade (ICB), such as anti-PD-1
and anti-PD-L1 antibody therapy, release the brakes on the
immune system and enhance anti-tumor immune responses.
However, PD-L1 upregulation and the immunosuppressive
TME resulting from arginine metabolic reprogramming can
contribute to ICB resistance?’. Therefore, combining thera-
pies that target arginine metabolism with other immunother-
apeutic approaches may hold great promise. For example,
combining ADI-PEG20 or DFMO with ICB therapy may
overcome ICB resistance in the arginine-dysregulated TME.
Notably, ADI-PEG20 directly impedes the proliferation of
tumor cells and downregulates the expression of PD-L1 on
the surface of TAMs, which weakens suppression of other
immune cells. DFMO serves a dual function through pol-
yamine synthesis blockade. First, DFMO directly impairs
polyamine-promoted tumor cell proliferation. Second,
DFMO modulates the TME by inhibiting the polarization
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of TAMs towards the M2 phenotype, reducing the secretion
of immunosuppressive factors, such as IL-10 and TGF-B by
TAMs, which indirectly lowers PD-L1/PD-1 expression on
tumor and immune cells and enhances the anti-tumor activ-
ity of immune cells. Consequently, the combination of tar-
geting arginine metabolism and immunotherapy holds great
promise in more potently activating the immune system and

exerting a more robust anti-tumor effect.
Challenges and future perspectives

Although our latest research has shown that the interaction
between tumor and immune cells is no longer a simple “nutri-
ent competition,” it involves multidimensional metabolic
interactions. There are still important issues that warrant fur-
ther investigation. First, the precise mechanisms governing
how arginine metabolites modulate immune cell polarization
and function across cancer types have not been established.
Distinct types of tumors can drive tumor progression through
diverse patterns of metabolic remodeling. This finding implies
that investigations into arginine metabolism must be tailored
to the specific tumor types, rather than adopting a simplistic
“one fits all” approach. Second, the TME exhibits remarkable
spatial and temporal heterogeneity in arginine metabolism,
driven by diverse ASS1 expression levels, cell-cell interactions,
and metabolic adaptability. Analyzing the spatiotemporal
heterogeneity of arginine metabolism in the TME can help
uncover the key mechanisms of treatment resistance but also
provide theoretical basis for drug delivery regions and timing,
thereby facilitating the implementation of precise treatment for
patients. With advances in science and technology, integrating
spatial metabolomics (e.g., mass spectrometry imaging), sin-
gle-cell RNA sequencing, and immune profiling will enable
high-resolution mapping of arginine metabolic interactions in
the TME. For example, identifying “arginine desert” hotspots
via microsatellite instability (MSI) and correlating the hot-
spots with immune cell dysfunction (e.g., CD8+ T cell exhaus-
tion markers) could validate the spatial-temporal dynamics of
metabolic immunosuppression. Single-cell analyses may also
uncover rare cell populations (e.g., arginine-resistant tumor
subsets or metabolically reprogrammed macrophages) driving
therapy resistance.

To translate current research into clinical practice, tum-
ors need to be classified as ASS1-low or -high subtypes.
Developing ASS1-centric predictive biomarkers requires con-

sensus on detection standards (e.g., IHC scoring algorithms

879

and RNA-seq expression cutoffs). Multi-center investiga-
tions of training and validation sets across different detection
platforms are required to determine the optimal cut-off value
of ASS1 expression in tumor specimens. Moreover, incor-
porating circulating arginine metabolites (e.g., ornithine
and spermine) and immune-related parameters (e.g., T cell
receptor diversity) into liquid biopsies could enable real-time
monitoring of treatment response. Machine learning models
trained on multi-omics data may predict patient sensitivity
to arginine depletion vs. polyamine inhibition, facilitating
personalized combination therapies. The implementation
and application of standardized assays, dynamic monitor-
ing, and precision combination therapies hold the promise
of inaugurating a new era for arginine metabolism targeted

therapies.
Conclusions

Arginine metabolism has a pivotal role in cancer biology,
bridging metabolic reprogramming and immune evasion.
Our latest study advanced the metabolic-immunology
cross-discipline by revealing novel mechanisms of argi-
nine metabolites (e.g., spermine) in regulating immune
cell polarization, which provides a paradigm for metabolic
microenvironment research across cancer types. Clinically,
tumors can be stratified by ASS1 expression for personal-
ized therapy (i.e., arginine depletion for ASS1-low tumors
and polyamine synthesis inhibition for ASS1-high tumors).
Combining arginine metabolism inhibitors (e.g., ADI-
PEG20 and DFMO) with PD-1 blockade can potentially
reverse immunotherapy resistance. Moreover, circulating
arginine metabolites (ornithine and spermine) may be uti-
lized in liquid biopsy for dynamic monitoring of therapeu-
tic efficacy. Together, targeting arginine metabolism may
unlock new frontiers in cancer treatment, particularly in
overcoming immune evasion and enhancing immunother-

apy responses.
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