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This Commentary is based on the article 
“Lysine vitcylation is a vitamin C-derived 
protein modification that enhances 
STAT1-mediated immune response” (Cell, 
2025, 188, 1858–1877. DOI: 10.1016/j.
cell.2025.01.043) [1].

Introduction

Vitamin C (vitC) plays critical roles in 
numerous biological processes. Its poten-
tial therapeutic applications encompass 
metabolism, age-related diseases, and other 
associated biological processes [2,  3]. A 
substantial body of basic and clinical 
research underscores the major role of vita-
min C in tumor therapy [4, 5]. However, 
its therapeutic potential, particularly at 
supraphysiological doses, has been exten-
sively debated for decades. Initial research 
demonstrated the selective cytotoxicity of 
vitC in cancer cells via pro-oxidant hydro-
gen peroxide formation. Subsequent stud-
ies suggested its involvement in epigenetic 
regulation through ten-eleven translocation 
(TET) enzyme activation and destabili-
zation of hypoxia-inducible factor (HIF) 
[6, 7]. Although vitC has shown promising 

preclinical effects in kirsten ratsarcoma 
viral oncogene homolog-mutant colorectal 
cancer and hematologic malignancies, its 
clinical translation has been impeded by 
inconsistent efficacy and unresolved mech-
anistic questions—particularly regarding 
how vitC influences immune regulation 
beyond these established pathways [8].

Recent advances have shown that vitC 
has dual roles in tumor biology: at low 
doses, it acts as an antioxidant, whereas 
at pharmacologic concentrations (0.1–20 
mM), it has pro-oxidant and immunomod-
ulatory effects. High-dose vitC enhances 
immunotherapy responses in murine mod-
els, but the molecular basis underlying this 
effect is unknown. Similarly, the mecha-
nisms underlying the paradoxical effects of 
vitC on immune cells, namely the suppres-
sion of T cell inflammation in autoimmune 
settings and the promotion of dendritic 
cell development, are poorly understood 
[9, 10].

He et al.’s seminal study advances 
understanding of vitC’s mechanism by 
identifying lysine vitcylation—an a novel 
post-translational modification in which 
vitC directly modifies lysine residues via 
its lactone moiety [1]. Through a series 
of biochemical and functional studies, the 
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Abstract

Vitamin C (vitC), an essential nutrient for human health, has critical roles in numerous biological processes. 
VitC’s potential in disease prevention and treatment is a focus of ongoing research. Recent clinical studies 
have highlighted its promising effects in combating various tumor diseases, thus spurring further exploration 
of its anti-tumor mechanisms. Historically, the known anti-tumor mechanisms of vitC have included redox 
regulation and epigenetic modifications. He et al. have now uncovered a novel pathway in which cova-
lent modification directly targets immune signaling proteins (Cell, 2025, 188, 1858–1877. DOI: 10.1016/j.
cell.2025.01.043). These findings, particularly lysine vitcylation, substantially change the understanding of 
vitC’s mechanistic landscape. This Commentary comprehensively analyzes He’s study elucidating the key 
mechanisms underlying vitC’s anti-tumor efficacy. Furthermore, it thoroughly examines the newly proposed 
mechanism and discusses potential implications for clinical applications as well as future challenges.
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authors have demonstrated that the vitcylation of STAT1 
at lysine-298 (K298) maintains phosphorylation at tyro
sine-701 (Y701) by inhibiting dephosphorylation by T cell 
protein-tyrosine phosphatase (TCPTP). This modification 
enhances interferon signaling, bolsters MHC-I-mediated 
antigen presentation, and facilitates CD8+ T cell-dependent 
tumor suppression. By linking vitC’s chemical reactivity to 
immune activation, this work resolves enduring controver-
sies regarding vitC’s anti-cancer mechanisms and may pave 
the way to novel therapeutic approaches (Figure 1).

Existing knowledge and gaps

Despite these well-characterized roles, the therapeutic 
application of high-dose vitamin C in oncology remains 
contentious. Preclinical models have indicated selective 
cytotoxicity of vitC via reactive oxygen species-dependent 
mechanisms in cancer cells, in which pharmacologic con-
centrations (1–20 mM) lead to production of extracellular 

hydrogen peroxide, thus taking advantage of the defective 
antioxidant machinery of malignant cells [11]. Pro-oxidant 
activity is particularly promising in KRAS-mutant colorec-
tal cancer models; however, clinical trials have shown mixed 
results, with responses confined to certain genetic back-
grounds, such as TET2-mutant acute myeloid leukemia. 
The discrepancy between preclinical and clinical results 
highlights the mechanistic complexity that remains to be 
resolved, particularly regarding the interactions between 
vitC and immune pathways.

Emerging evidence suggests that vitC may exert immuno-
modulatory effects through poorly defined mechanisms. For 
example, vitC increases dendritic cell maturation by facili-
tating TET2-mediated demethylation of immune gene pro-
moters and subsequently enhancing antigen presentation. In 
addition, vitC polarizes naïve T cells into anti-tumor effector 
phenotypes, while suppressing pro-inflammatory responses 
in an autoimmune context, thereby indicating context-
dependent modulation of the immune response. However, 
these effects have largely been associated with epigenetic 

Figure 1  Benefits of vitamin C in human health.
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or redox mechanisms, and whether vitC directly affects the 
post-translational signaling hubs required for immune acti-
vation remains unknown [12, 13].

Signal transducer and activator of transcription 1 (STAT1) 
is the master regulator of interferon signaling. Activation of 
STAT1 via tyrosine-701 (Y701) phosphorylation induces 
MHC-I expression and antigen presentation, thereby linking 
innate and adaptive immunity. STAT1 activity is tightly con-
trolled by TCPTP, which dephosphorylates STAT1 at Y701, 
thereby avoiding STAT1 hyperactivation and autoimmune 
pathology. STAT1 dysregulation has been associated with 
chronic inflammatory diseases and cancer immune evasion. 
However, no previous studies have reported a direct asso-
ciation of vitC with either STAT1 post-translational modi-
fication or preventing dephosphorylation. This knowledge 
gap underscores a larger, more important point: although 
vitC has pleiotropic effects, its ability to directly regulate 
immune signaling proteins via covalent modifications, inde-
pendently of ROS or epigenetic mechanisms, was previously 
unexplored [14].

He et al. [1] have directly addressed these gaps by uncov-
ering lysine vitcylation as a novel modification driven by 
vitC. This discovery challenges the currently held paradigm 
regarding vitC’s indirect immune effects.

Pioneering discoveries: highlights 
from He et al. [1]
The study by He et al. [1] fundamentally alters the under-
standing of the mechanistic landscape of vitC, by identi-
fying lysine vitcylation—a covalent modification in which 
the lactone moiety of ascorbate is directly conjugated to 
lysine residues through a nucleophilic substitution reaction 
(Figure 2). Through a variety of techniques, including mass 
spectrometry, isotopic labeling, and biochemical assays, 
the authors established that vitcylation occurs in a manner 
dependent on both pH and dose, and mitochondrial proteins 
exhibit enhanced modification levels, because of the alkaline 
microenvironment. This modification markedly differs from 
ascorbylation, in which a non-enzymatic adduct is formed 
by oxidized vitC derivatives, and it displays strict lysine 
specificity, as demonstrated through peptide substitution 
experiments in which arginine or cysteine residues were not 
modified.

The key finding of this study was that STAT1 is vitcylated at 
lysine-298 (K298), a conserved residue in the STAT1 coiled-
coil domain. Structural modeling indicated that the steric 
hindrance created by vitcylation destabilizes the interaction 
between STAT1 and its phosphatase TCPTP, thus preventing 

STAT1 dephosphorylation. This mechanism was confirmed 
through a mutational analysis in which STAT1-K298R 
knock-in cells were unable to maintain the phosphorylation 
or activation of interferon-stimulated genes after treatment 
with vitamin C, whereas these phenotypes were rescued by 
wild-type STAT1. Vitcylation had no effect on the interaction 
between STAT1 and its kinase Janus kinase 1, thus confirm-
ing that the effect of vitcylation was selective in the regula-
tion of phosphatase and was not due to upstream activation.

In preclinical models, vitC-induced STAT1 vitcylation 
was demonstrated to confer potent anti-tumor immunity. 
In syngeneic mouse tumor models (E0771 and PP breast 
cancer), administration of high-dose vitC (4 g/kg/day intra-
peritoneally) increased infiltration of CD8+ T cells and 
activation of dendritic cells within tumors, whereas these 
effects were not observed in STAT1-null or K298R-mutant 
tumors. Investigation of the underlying mechanism revealed 
that vitcylated STAT1 augments MHC-I antigen presentation 
through the upregulation of Tap1 and B2m, thereby enhanc-
ing recognition by cytotoxic T lymphocytes. These results 
were further validated in human cancer cell lines (Cal-51, 
MCF7), in which vitC treatment increased HLA class I 
expression and tumor sensitivity to PD-1 checkpoint block-
ade in co-culture assays.

Importantly, the effects of vitC on STAT1 vitcylation and 
immune activation were not subject to regulation by ROS 
and TET enzymes. Although vitC can produce ROS at sup-
raphysiological doses (> 2 mM), both STAT1 vitcylation and 
immune activation were found to be independent of oxidative 
stress in rescue experiments with TET2 or HIF1α knockout, 
thus indicating that STAT1 vitcylation is not merely a con-
sequence of vitC’s redox or epigenetic effects but instead is 
a primary mechanism underlying the immunomodulatory 
activity of vitC.

Mechanistic implications

He et al.’s [1] lysine vitcylation findings provide a novel 
understanding of vitC’s action, by uncovering a third axis 
independent of the canonical redox or epigenetic effects. 
The authors demonstrated that vitcylation directly affects 
STAT1 and consequently boosts immune signaling—with-
out a need for TET2-mediated DNA demethylation or ROS 
production—thereby answering previously unresolved ques-
tions in vitC biology. This conclusion was further supported 
by experiments indicating that TET2 and HIF1α knock-
out cells still showed STAT1 phosphorylation and MHC-I 
upregulation after vitC treatment, thus definitively indicat-
ing that vitcylation is independent of these pathways. This 

Figure 2  Vitcylation of lysine.
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independence suggests that vitcylation is a key mechanism 
underlying vitC’s immunomodulatory effects, particularly 
in scenarios in which epigenetic or oxidative stress mecha-
nisms are inactive or saturated.

Structurally, vitcylation recapitulates the functional 
effects of STAT1 gain-of-function mutations seen in chronic 
mucocutaneous candidiasis. The STAT1-K298N mutation, 
for example, destabilizes TCPTP binding by altering the 
electrostatic interactions with E281/E284 in the antiparallel 
dimer conformation, thus resulting in hyperphosphorylation 
and autoimmune pathology. Molecular dynamics simula-
tions by He et al. [1] have indicated that vitcylated K298 
also destabilizes these salt bridges, thereby mimicking the 
K298N phenotype in a transient, pharmacologically tuna-
ble manner. Consequently, vitcylation might potentially be 
used to achieve controlled immune potentiation without the 
chronic hyperactivation observed in genetic disorders.

The pH dependence of vitcylation suggests additional 
compartmentalized regulatory possibilities. Mitochondria 
contain an alkaline matrix (pH ~8.0) and were found to 
have greater protein vitcylation than the cytosol (pH ~7.2) 
in He’s study. These results are consistent with previous 
findings indicating that mitochondrial proteins are often 
lysine-modified (e.g., through acetylation or succinylation) 
because of their distinct pH and redox environment [15]. 
The mitochondrial vitcylation preference suggests interest-
ing possibilities for metabolic-immune communication in 
cancers dependent on oxidative phosphorylation or fatty acid 
oxidation—processes enriched in mitochondrial enzymes.

Finally, the proteomic data hint at potential effects extend-
ing far beyond STAT1. In murine cells, more than 1,400 
vitaminylated proteins were identified, including metabolic 
enzymes (e.g., GAPDH and IDH1) and DNA repair factors 
(e.g., PARP1). The functional importance of these modifica-
tions remains to be determined, but the findings suggest the 
existence of a widespread regulatory network in which vitC 
controls diverse cellular processes through covalent lysine 
modifications. This finding might broaden the therapeutic 
potential of vitC to metabolic and aging-related diseases, in 
which protein dysregulation is a key feature [16].

Lysine residues subjected to post-translational modifi-
cations have essential functions in multiple biological pro-
cesses. VitC plays a critical role in protein modification, 
particularly in the reversible post-translational modification 
of lysine residues. VitC also regulates histone methylation 
status by modulating the activity of histone demethylases, 
thereby controlling gene expression. For instance, vitC 
specifically removes H3K9me2 marks in embryonic stem 
cells through Kdm3a/b-mediated demethylation, and con-
sequently influences gene expression patterns. Moreover, 
vitC has been implicated in DNA modification processes. 
In green algae, vitC serves as a co-substrate for the CMD1 
enzyme, which catalyzes the conversion of 5-methylcy-
tosine to a novel DNA modification. This modification is 
essential for photosynthesis and metabolic regulation [17]. 
Lysine propionylation is a prevalent post-translational mod-
ification in plants, and vitC may modulate photosynthesis 
and metabolic pathways by regulating this modification. 
Additionally, lysine methylation and acetylation are criti-
cal post-translational modifications, and vitC may influence 

nervous system development and disease progression by 
affecting dynamic changes in these modifications.

Clinical translation: opportunities 
and challenges
The results from He et al. [1] provide a strong rationale for 
the use of high-dose vitC as an immune adjuvant in cancer, 
by linking vitcylation to STAT1-mediated antigen presenta-
tion. The findings provide a potential mechanism underlying 
the clinical observations of enhanced checkpoint inhibitor 
efficacy by vitC in preclinical models. Magrì et al. have 
shown that vitC works in concert with anti-PD1 therapy 
in murine melanoma, thereby increasing tumor-infiltrating 
CD8+ T cells 2.5-fold [10]. He et al. [1] add to this model 
by demonstrating that STAT1 vitcylation is required for syn-
ergy, because the STAT1-K298R mutation abrogates both 
MHC-I upregulation and T cell activation. VitC might there-
fore be used in combination with immunotherapies focused 
on PD-1/PD-L1 or CTLA-4 in tumors in which STAT1 sign-
aling is intact but antigen presentation is deficient [18].

Considerable pharmacokinetic challenges remain in 
achieving therapeutic vitcylation in humans. Murine mod-
els with intraperitoneal doses of 4 g/kg/day achieved plasma 
concentrations of ~20 mM. In contrast, human trials with 
intravenous administration of 100 g/day have shown peak 
plasma levels of only 2–5 mM [19]. These studies illus-
trate the need for better delivery methods, such as nano-
particle encapsulation or intratumoral injection, to increase 
tumor-selective accumulation and limit systemic exposure. 
Interestingly, He et al. [1] found higher vitC uptake in tumor 
tissue than in the spleen or plasma, owing to the Warburg 
effect-induced expression of sodium-dependent vitC trans-
porters (SVCT2) on malignant cells. Exploiting this meta-
bolic weakness might help enhance specificity.

Safety considerations add an additional layer of complex-
ity to clinical translation. Although high-dose vitC is typ-
ically well tolerated, case reports have indicated a risk of 
oxalate nephropathy in patients who have renal insufficiency 
and hemolysis, and are deficient in glucose-6-phosphate 
dehydrogenase (G6PD). He et al. [1] suggest that the pH 
dependence of vitcylation might result in fewer off-target 
effects in normal tissues (which have a neutral pH) than 
tumors (which have an acidic microenvironment); however, 
this hypothesis must be tested in human trials. Moreover, 
the large-scale proteomic reach of vitcylation—extending to 
more than 1,400 identified modified proteins—is cause for 
concern regarding unintended effects, such as the dysregula-
tion of metabolic enzymes or DNA repair machinery.

Patient stratification is a key challenge remaining to be 
addressed. Although He et al. [1] used STAT1-proficient 
models, clinical responses to vitC are expected to be het-
erogeneous. For instance, tumors containing STAT1 muta-
tions or epigenetically silenced interferon pathways might be 
resistant to treatment, whereas those with intact JAK-STAT 
signaling might respond. Biomarkers such as STAT1 phos-
phorylation status, MHC-I expression, or TAP1/B2M tran-
script levels might aid in the selection of patients for this 
approach, as suggested in previous work combining vitC and 
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demethylating agents. In addition, examining the potential of 
combining vitcylation and other existing therapies, such as 
PARP inhibitors, that target vitcylated DNA repair proteins, 
should prove interesting.

Conclusion

He et al.’s [1] findings regarding lysine vitcylation re-es-
tablish vitC as a direct modulator of protein function, thus 
linking its roles as an essential nutrient and therapeutic 
agent. The study clarifies how ascorbate covalently modifies 
STAT1 and consequently increases interferon signaling and 
anti-tumor immunity. These findings resolve longstanding 
ambiguities concerning the mechanisms underlying high-
dose vitC’s action, and indicate their independence from 
ROS generation or TET2-mediated epigenetics. This para-
digmatic shift parallels earlier advances in the understanding 
of ACE2’s dual role in viral entry and metabolic regulation, 
wherein a single molecule presides over diverse biological 
processes through distinct structural interactions.

Vitcylation provides a tunable approach to enhance 
immune checkpoint therapy while circumventing the chronic 
hyperactivation associated with STAT1 gain-of-function 
mutations. However, to realize this potential, pharmacoki-
netic limitations and safety challenges must be overcome, 
particularly the risk of off-target vitcylation in normal tissues. 
Future investigations should encompass combination therapy 
strategies integrated with chemotherapy or radiotherapy, as 
well as the delivery of vitC combined with various drugs via 
nano-drug-carrying particles within a novel delivery system.

In addition, future research should focus on biomarker-
driven clinical trials and mechanistic investigation of vitC’s 

proteomic landscape. Harnessing the metabolic specificity 
and pH-dependent activity of vitC should enable its potential 
to be achieved as a safe, cost-effective adjuvant in oncol-
ogy and other fields. The findings might herald a new era 
in which the intersection of nutrient biology and precision 
medicine is used to address human diseases. These findings 
should provide valuable insights for future studies, particu-
larly in exploring the role of vitC in modulating other sign-
aling pathways beyond the STAT1 pathway in the molecular 
mechanism through which vitcylation enhances anti-tumor 
immunity. Specifically, future studies should investigate 
whether other members of the STAT family are regulated 
by vitcylation. Given that prior studies have indicated that 
STAT3 activation may contribute to immunosuppression and 
thereby increase tumor risk, studying vitcylation’s regulation 
of other signaling pathways, including STAT3, is a promis-
ing and noteworthy research direction.
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