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Metabolic reprogramming is a critical process in the activation and
function of immune cells, wherein changes in metabolites and enzymes
regulate the phenotype and function of immune cells by modulating en-
ergy metabolic pathways and signaling cascades.! In the realm of cancer
immunotherapy, metabolic interventions in immune cells have demon-
strated potential to enhance therapeutic efficacy. For instance, Minogue
et al.? found that glutaric acid from tryptophan metabolism can mod-
ulate the antitumor T cell response by affecting pyruvate metabolism
and a-ketoglutarate-dependent dioxygenases. The adjustment of glutaric
acid levels in CD8* T cells has been shown to promote central memory
T cell development, reduce exhaustion markers, and enhance cell death.

Recently, the research team led by Professor Huang Bo has elucidated
a novel mechanism of regulated cell death associated with ammonia,
a toxic byproduct of amino acid metabolism, which they have termed
"ammonia death".® The study revealed that in long-term activated ef-
fector CD8* T cells (CD8* T cells), a substantial amount of ammonia,
generated by mitochondrial glutaminolysis, was released into the cyto-
plasm and subsequently enters lysosomes via the ammonium transporter
Rhesus C glycoprotein (RHCG). This process results in a decline in lyso-
somal acidity and consequent impaired lysosomal function. When the
lysosomal capacity to neutralize ammonia becomes saturated, ammo-
nia accumulates in the mitochondria, inducing mitochondrial damage.
This ultimately results in cell death and impairs the cytotoxic function
of CD8" T cells (Fig. 1). Ammonia-induced cell death, characterized
by lysosomal alkalization and mitochondrial swelling, stands apart from
apoptosis (marked by cell shrinkage, nuclear condensation, and caspase
activation), ferroptosis (driven by iron-dependent lipid peroxidation
and ROS accumulation®), and pyroptosis (characterized by inflamma-
tory cell swelling and cytokine release®). As elucidated by Ma et al.,
inhibiting ferroptosis in CD8* T cells augments their anti-tumor capa-
bilities.” Similarly, cell death induced by ammonia demonstrates con-
siderable potential in the domain of cancer therapy.

1. Discovery of ammonia-induced cell death in CD8* T cells

Upon antigen stimulation, CD8* T cells become activated, undergo
clonal expansion, and subsequently contract through cell death. Profes-

sor Huang’s team investigated the role of ammonia in the demise of
CD8™* T cells. In their experiments, CD45.2* mice were infused with
CD45.1% OT-I T cells and subsequently infected with Listeria monocyto-
genes expressing ovalbumin. In vitro experiments confirmed that CD8*
OT-I T cells began to accumulate ammonia and undergo cell death by
the 10th day. It was also discovered that carbamoylphosphate synthase
1 (CPS1) is absent in CD8* T cells. However, its forced overexpression
increased the production of urea cycle metabolites and urea, thereby res-
cuing CD8* T cells from death both in vivo and in vitro. The addition
of exogenous ammonia induced CD8" T cell death, whereas treating
infected mice with 4-phenylbutyrate (4-PBA) resulted in decreased am-
monia levels and increased numbers of CD8* OT-I T cells. Notably, in-
hibitors of non-caspase-dependent pathways, as well as ferroptosis and
necroptosis inhibitors, had no effect on ammonia levels or cell death
prevention. The dying CD8" T cells exhibited unique cytoplasmic vac-
uoles, and cells activated late or treated with ammonia showed reduced
ATP generation, which suggests that ammonia accumulation induces a
unique form of cell death in CD8% T cells.

2. Molecular mechanisms

Given that mitochondrial glutaminase-1 (GLS1) catalyzes the conver-
sion of intracellular glutamine to glutamate and ammonia, researchers
administered GLS1 inhibitors JHUO83 or CB839 to mice. These in-
hibitors significantly reduced intracellular ammonia levels and en-
hanced the number of cells, survival time, and effector factor expression
in the spleen. These findings revealed that ammonia accumulation in
long-term activated CD8" T cells triggers apoptosis via a novel mech-
anism, with the core source being the decomposition of glutamine in the
mitochondria.

Ammonia, with a pH of 9.3, can combine with protons to form am-
monium ions, and lysosomes act as neutralizers to handle this weakly
alkaline substance. Nitrogen tracing indicated that lysosomal ammonia
primarily originates from the mitochondria, and inhibiting GLS1 reduces
lysosomal ammonia levels. As ammonia levels rise, the lysosomal pH in-
creases from 4.5 to 6.2, leading to impaired function, decreased enzyme
activity, and reduced membrane permeability. Knocking down RHCG
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Fig. 1. Schematic illustration of the mechanism underlying ammonia-induced cell death in effector CD8* T cells. The research team led by Professor Huang, using
CD8* OT-I T cells, elucidated the key mechanism of "ammonia death" in effector CD8* T cells (CD8" T, cells), which involves the accumulation of intracellular
ammonia and its detrimental effects on lysosomal and mitochondrial function. In chronically activated CD8" T cells, GLS1 catalyzes the production of a-KG and
ammonia. a-KG enters the tricarboxylic acid cycle and participates in energy metabolism, whereas ammonia enters the urea cycle. However, due to the absence of CPS1
expression in CD8* T cells, ammonia cannot be efficiently excreted by the urea cycle. The excess ammonia is then transported into lysosomes via the ammonia
transporter RHCG. The influx of excess ammonia leads to the neutralization of lysosomes, decreased acidity, reduced enzyme activity, and impaired lysosomal
function, resulting in lysosomal dysfunction and autophagy inhibition. After lysosomal saturation, ammonia backflows into mitochondria, where it accumulates,
triggering a reduction in mitochondrial membrane potential, a decrease in DNA copy number, and the disruption of mitochondrial membrane and cristome structures.
Damaged mitochondria cannot be removed by lysosome-mediated autophagy, resulting in cell death and impaired cytotoxic function of CD8* T cells. Created with
BioRender.com. a-KG, a-ketoglutarate; CD8* T cells, effector CD8* T cells; CP, carbamoyl phosphate; CPS1, carbamoyl phosphate synthetase 1; GLS1, glutaminase-1;
pH, pondus hydrogenii; RHCG, Rhesus C glycoprotein, TCA cycle, tricarboxylic acid cycle.

reduces ammonia entry into lysosomes and increases mitochondrial am- to reduce lysosomal pH, can restore the impaired autophagic flux, and

monia levels, whereas overexpressing RHCG increases lysosomal ammo- C381 treatment reduces the death of activated CD8" T. This further

nia levels, further disrupting lysosomes and causing cell death. Studies supports the critical role of increased lysosomal pH in ammonia-induced

on the impact of ammonia on the mitochondria of long-term activated cell death, which may be a hallmark of this form of cell death.

CD8* T cells found that high lysosomal ammonium concentrations

prevent further uptake. Consequently, ammonia transported from the 3. Therapeutic application prospects

mitochondria to the cytoplasm refluxes back into the mitochondria. This

causes further accumulation of ammonia in the mitochondria, leading Researchers evaluated the impact of ammonia blockade on adop-

to mitochondrial damage. tive T-cell therapy. CD8* T cells were adoptively transferred into B16
Further studies revealed no changes in the expression of autophagy melanoma-bearing mice. Upon dissection, it was found that between

markers, including PINK1, PARK2, and LC3, indicating that ammonia- days 4 and 10, tumor-infiltrating CD8" T cells exhibited significant am-

mediated mitochondrial damage is not regulated by mitophagy. How- monia accumulation and increased lysosomal pH. However, in CD8*

ever, treatment with C381, a small molecule targeting vacuolar ATPase OT-I T cells, GLS1 knockdown or CPS1 overexpression, akin to treat-
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ment with C381 or DON, reduced tumor growth, extended survival, and
enhanced the persistence of OT-I cells in the tumor microenvironment.
This suggests that blocking "ammonia death" may be a critical factor in
enhancing the efficacy of adoptive T-cell therapy.

4. Discussion and conclusion

Professor Huang Bo’s team has innovatively revealed a novel cell
death mode closely related to ammonia metabolism, providing a new
and important explanation for the rapid demise of CD8* T, cells.® This
discovery not only opens a new perspective for understanding the role of
ammonia in cellular physiology and pathology but also brings new pos-
sibilities for the development of novel therapeutic strategies, especially
in the field of T cell-based cancer immunotherapy.

In the realm of translational medicine, particularly in adoptive T-
cell therapy, the detrimental effects of ammonia accumulation on CD8*
T cells can be alleviated. Prior to treatment, gene editing can be em-
ployed to regulate the expression of CPS1 in transplanted CD8% Tg
cells, thereby preserving their function, combating ammonia accumula-
tion, and enhancing their survival rates and anti-tumor activity. Concur-
rently, the development of small-molecule compounds that reduce am-
monia levels can create a more favorable microenvironment. At present,
some ammonia scavengers, such as sodium benzoate, sodium phenylbu-
tyrate, and sodium glycerin phenylbutyrate, have been used in clinical
or experimental work to reduce ammonia levels in the body, but their
efficacy and safety need to be further evaluated. Additionally, identify-
ing reliable prognostic biomarkers is crucial for optimizing cancer treat-
ment strategies, especially in the era of personalized medicine where im-
munotherapy has emerged as a novel tumor intervention.®-° Integrating
clinical testing with a monitoring system to regularly assess ammonia
levels and functional indicators of CD8* T cells in patient samples, and
adjusting treatment plans accordingly with ammonia-regulating drugs
or relevant interventions, would be a prudent approach to optimize ther-
apeutic outcomes and patient prognosis.

Furthermore, the implications of this discovery extend to research
on other immune cell types.'® For CD4* T cells, investigations should
focus on how ammonia accumulation affects their differentiation, pro-
liferation, and immune regulatory functions. For instance, in models of
autoimmune diseases, studying the interference of ammonia on the dif-
ferentiation of their subtypes and cytokine secretion could lead to the
development of ammonia metabolism modulation strategies. In the case
of macrophages, research should explore the impact of ammonia on their
polarization. When ammonia-induced abnormal polarization affects tu-
mor immunity, interventions targeting ammonia metabolism can help
reshape their function to aid in tumor immunotherapy. Moreover, for
natural killer cells, the exploration of changes in their activity, toxic-
ity, and target cell recognition capabilities under ammonia-rich condi-
tions is crucial. If ammonia inhibits their function, regulating ammonia
metabolism could enhance their anti-tumor and antiviral capabilities.

Despite significant findings on "ammonia death," the field is still in its
nascent stages of development. To further elucidate the mechanisms of
"ammonia death" and its potential pathophysiological functions for clin-
ical translation, future research should explore the following aspects: (1)
The transport and reflux pathways of ammonia in various organelles re-
main unclear, and further labeling experiments could validate the reflux
pathway and mechanism of ammonia from lysosomes to mitochondria;
(2) Additional experiments, such as flow cytometry analysis or fluores-
cence imaging technology, could further investigate the specific mech-
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anisms by which ammonia disrupts mitochondrial membrane potential
and morphology; (3) It remains to be explored whether ammonia af-
fects other subcellular structures, such as the Golgi apparatus (which
produces primary lysosomes), to induce T cell death; and (4) The pro-
cess of lysosomal pH elevation due to ammonia accumulation and its
potential feedback effects on mitochondria remain unknown.

In summary, by thoroughly investigating the role of ammonia in the
life cycle of CD8* T cells, this research not only broadens our under-
standing of immune cell metabolic mechanisms but also provides robust
theoretical support for the precise regulation of ammonia levels, laying
a crucial foundation for future biomedical research and clinical applica-
tions, and offering valuable practical guidance.
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