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Abstract: Glioblastoma (GBM) is the most malignant primary central nervous system tumor in adults, with strong invasiveness, high
recurrence, and poor prognosis. Natural killer (NK) cells, innate immune cells that eliminate glioma stem cells without MHC
matching, show promise for GBM immunotherapy, but their efficacy is limited by GBM’s immunosuppressive tumor microenviron-
ment (TME), especially via protein post-translational modifications (PTMs). This review summarizes seven key PTMs’ (phosphoryla-
tion, acetylation, glycosylation, methylation, ubiquitination, SUMOylation, lactylation) dual regulation on NK cell therapy:
physiological PTMs enhance NK cytotoxicity, targeting, and persistence; aberrant PTMs block NK activation, induce exhaustion,
and promote GBM immune escape. It also analyzes bottlenecks (insufficient NK activity/persistence, GBM’s PTM-mediated escape)
and breakthroughs (PTM-targeted small molecules like TAK-981, CRISPR-edited NK cells, combination therapies). Future directions
include BBB precision delivery, PTM-guided personalized therapy, and PTM crosstalk research, aiming to advance NK therapy’s
clinical translation for GBM.
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Introduction

Glioblastoma (GBM) is the most common and highly malignant primary central nervous system tumor in adults, characterized
by strong invasiveness, high recurrence, and extremely poor prognosis. Current standard treatment—surgical resection
combined with temozolomide chemotherapy and radiotherapy—results in a median patient survival of <15 months and
a 5-year survival rate of <5%.' While high-dose ionizing radiation is the only well-established exogenous risk factor,*> other
risks (eg, human cytomegalovirus infection, adolescent obesity, family cancer history) are still under investigation.”™® Key
biomarkers of GBM include EGFRvIII mutation (incidence ~30%), IDH1/2 mutation (~10%), and H3K27M mutation
(incidence up to 80% in diffuse midline GBM), closely linked to aberrations in protein post-translational modifications
(PTMs). IDH mutation leads to the accumulation of 2-hydroxyglutarate (2-HG), a metabolite associated with tumor epigenetic
reprogramming; studies have shown that IDH-mutant glioma cells can downregulate NKG2D ligand expression on their
surface, thereby evading NK cell immune surveillance.” EGFRVIII overexpression, meanwhile, enables GBM to escape NK
cell killing by regulating the expression of tumor cell surface immune molecules.'® GBM’s poor response to conventional
therapies stems from its high heterogeneity, dense tumor structure, blood—brain barrier (BBB) obstruction, and immunosup-
pressive tumor microenvironment (TME),'! creating an urgent need for novel therapeutic strategies.

NK cells, as innate immune cells capable of recognizing and eliminating glioma stem cells (GSCs),'*'* hold
substantial potential for GBM immunotherapy. Current immunotherapies such as chimeric antigen receptor (CAR)-T
cell therapy encounter significant bottlenecks in GBM therapy, including high tumor heterogeneity, strong immunosup-
pression in the tumor microenvironment (TME), and limited blood-brain barrier (BBB) penetration. In contrast, NK cells
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do not require MHC matching and can kill infected or transformed cells via the perforin/granzyme pathway or death
receptor pathway,'* and carry a low risk of inducing graft-versus-host disease (GVHD). These characteristics make NK
cells uniquely suited to overcoming GBM immune tolerance. Moreover, GBM’s high invasiveness and stem-cell-like
properties result in high recurrence rates after conventional radiotherapy and chemotherapy; the targeted cytotoxicity of
NK cells against GSCs thus offers a novel strategy to tackle this issue.

Current NK cell-based core therapeutic strategies for GBM primarily encompass adoptive NK cell infusion, CAR-NK
cell therapy, and cytokine-stimulated NK cell expansion: (1) Adoptive NK cell infusion: Autologous or allogeneic NK
cells are expanded ex vivo with cytokines such as IL-2 and IL-18 to enhance their purity and cytotoxicity. Preclinical
studies have shown that these expanded NK cells can cross the blood-brain barrier following intravenous infusion and
significantly inhibit intracranial tumor growth in orthotopic GBM xenograft models."” (2) CAR-NK cell therapy: NK
cells are engineered to express chimeric antigen receptors targeting GBM-specific antigens (eg, EGFRvIII, HER?2).
Critical preclinical evidence demonstrates that EGFRVIII-CAR-NK cells specifically recognize and eliminate EGFRvVIII-
positive GBM cells, reduce tumor burden, and prolong survival in tumor-bearing mice.'® (3) Cytokine-stimulated NK
cell expansion: Systemic administration of IL-2 or IL-15 boosts NK cell persistence and anti-tumor activity, but sustained
stimulation may induce NK cell exhaustion—a constraint mitigable via PTM modulation. These strategies have been
validated in preclinical research, underscoring the potential of NK cell therapy for GBM and the need for optimization
through PTM targeting. Compared with CAR-T cell therapy, CAR-NK cell therapy holds broader clinical potential in
solid tumors like GBM.'’

Nevertheless, the therapeutic efficacy of NK cells is limited by multiple factors in the TME, among which PTMs act
as a core regulatory mechanism.'®'” In contrast to strategies such as genetic modification (prone to off-target effects) and
cytokine triggering (which may induce NK cell exhaustion), PTM modulation offers high precision, strong reversibility,
and favorable safety. PTMs directly target the activity-regulating sites of key molecules involved in NK cell function,
enhancing effector activity without altering the gene sequence; abnormal modifications can also be rapidly reversed using
small-molecule inhibitors, thereby avoiding side effects associated with long-term interventions. Furthermore, PTM
modulation exerts dual anti-tumor effects by acting simultaneously on NK cell activation and GBM immune escape,
achieving superior synergy compared with single-target interventions. Through phosphorylation, acetylation, or glyco-
sylation, PTMs dually regulate NK cell function and GBM immune evasion: physiological PTMs enhance NK
cytotoxicity, targeting ability, and survival in the TME, while GBM-induced aberrant PTMs reduce GBM immunogeni-
city, block NK cell activation, or cause irreversible NK cell exhaustion—thus hindering therapeutic efficacy.

Despite progress in PTM-regulated NK therapy for GBM, challenges persist. In this review, we first elaborate on the
biological implications of seven key PTMs, followed by an illustration of their dual regulatory mechanisms underlying
NK cell-based therapy for GBM. We then analyze the current bottlenecks in therapeutic application and propose PTM-
targeted strategies to surmount these limitations. Finally, we prospect three major future research directions (precise
delivery, personalized therapy, PTM crosstalk) to provide a comprehensive reference for advancing clinical translation.

Biological Significance of PTMs of Proteins

PTMs are processes that alter protein structure and function via covalent attachment of chemical moieties.'® To date, over
450 PTM types have been identified. Different modifications modulate protein charge, hydrophobicity, conformation, and
stability, thereby influencing cellular metabolism, signal transduction, and protein—protein interactions. This review
focuses on seven of the most common PTMs (Figure 1).

Phosphorylation

Phosphorylation is one of the most widely studied PTMs, and it affects protein activity and interactions by covalently
adding phosphate group. It primarily occurs on serine, threonine, and tyrosine residues of target substrate proteins.'® The
reversibility of phosphorylation is jointly regulated by kinases and phosphatases, such as LCK kinase mediating
phosphorylation and SHP-2 phosphatase mediating dephosphorylation.?’' Protein stability, interactions, subcellular
localization, and enzymatic activity are determined by the specific substrate and phosphorylation site,”> while mutations
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Figure | Schematic diagram of key molecules for seven common protein post-translational modifications regulating NK cell therapy for glioblastoma. This figure presents
seven core types of protein post-translational modifications that regulate natural killer (NK) cell therapy for glioblastoma, along with their corresponding key regulatory/
target molecules. The key molecules labeled for each modification are as follows: Phosphorylation: LCK, SHP-2; Acetylation: p50, HDAC/2, ACAT |; Glycosylation: NKp30,
CD16a, MGAT3/5; Methylation: METTL3, DNMT I; Ubiquitination: ITCH, CRLs, RacI/RhoA; SUMOylation: UBC9, MEF, CRMP2; Lactylation: LDHA, GTPSCS, H3K8la.

in phosphoprotein sites can drive cancer initiation and progression by promoting tumor cell proliferation, invasion,
metastasis, and inhibiting apoptosis.?*~*

In summary, phosphorylation modulates the activity of key signaling molecules through site-specific modification,
and its abnormal regulation is closely related to the dysfunction of NK cells and the immune escape of GBM. Targeting
the kinases/phosphatases that regulate phosphorylation is an important direction to improve the efficacy of NK cell

therapy.

Acetylation

Acetylation is the enzyme-catalyzed (eg, acetyltransferases) transfer of acetyl groups from acetyl-CoA to protein amino acid
residues. Its main form—dynamic, reversible protein lysine acetylation—is regulated by lysine acetyltransferases (KATs) and
lysine deacetylases (KDACs).>> KATs include the p300/CBP family, and KDACs are divided into classes I-1V;¢ different
subtypes have specific regulatory effects on NK cell function.?” Histone acetylation occurs on all core histones; H4K 16ac
(localized to gene promoters/enhancers), for instance, activates transcription. Reduced H4K16ac associates with cancers,
cancer cell chemoresistance, and tumor progression.”®° Non-histone lysine acetylation (eg, of oncoproteins) correlates with
tumorigenesis.>*!

In summary, acetylation regulates gene transcription and protein activity through histone and non-histone modifica-
tion, and the imbalance of acetylation homeostasis in the GBM microenvironment is a key factor inhibiting NK cell
function. Regulating acetylation levels through KAT activators or HDAC inhibitors can effectively enhance the anti-
tumor activity of NK cells.

Glycosylation
As another form of PTMs, glycosylation mainly affects protein stability and interactions. It is the process in which sugar
chains attach to proteins and lipids under enzymatic control. Glycosyltransferases transfer sugar chains to proteins,
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forming glycosidic bonds with amino acid residues in proteins to produce glycoproteins.** N-glycosylation mainly occurs
in the Asn-X-Ser/Thr sequence, while O-glycosylation has no fixed sequence, and the two have different effects on the
function of NK cell receptors.”® The role of glycosylation in tumor cells cannot be ignored; it participates in the
progression of many malignant tumors, including proliferation, apoptosis, invasion, metastasis, and immune escape.*>°

In summary, glycosylation modulates the binding ability of NK cell receptors and the stability of effector molecules
through sugar-chain modification, and abnormal glycosylation in the GBM microenvironment mediates the degradation
of NK cell activation molecules and the escape of tumor cells. Targeting glycosylation modification enzymes or sugar-

chain structures can effectively improve the recognition and killing ability of NK cells.

Methylation

Methylation is the methyltransferase-catalyzed transfer of active methyl groups to targets, without altering DNA
sequence. It occurs in DNA,*” RNA,*® histones,”® and non-histones.*® In 1959, Richard P. Ambler found &-
N-methyllysine in flagellin hydrolysate—the first identification of protein methylation in living cells.*' Later, Kim and
Paik showed methylated lysine cannot be coupled with tRNA, confirming histone methylation as a PTM.** Lysine
methylation includes monomethylation, dimethylation and trimethylation; histone H3K4me3 is associated with gene
activation, and H3K27me3 is associated with gene silencing.*® Lysine methylation regulates gene expression (activation/

inhibition) based on site/degree,***’

affecting cancer. PRMT]1 (catalyzing ~90% arginine methylation) activates onco-
genic signaling via H4R3 dimethylation, promoting cancer.*®

In summary, methylation regulates gene expression and protein function through DNA, RNA and protein modifica-
tion, and the hypermethylation of NK cell activation-related genes in the GBM microenvironment leads to functional
inhibition. Inhibiting methyltransferases or activating demethylases can reverse the epigenetic silencing of NK cells and

restore their anti-tumor function.

Ubiquitination

Ubiquitination is the second most common PTM after phosphorylation, mainly involved in protein degradation.*’
Ubiquitin (Ub) is a 76-amino-acid protein with seven lysine residues, each of which can be ubiquitinated to form unique
polyubiquitin chains. It is catalyzed by three enzymes: E1 activating enzymes, E2 conjugating enzymes, and E3 ligases,
with the latter determining substrate specificity. Polyubiquitin chains formed by Ub binding to target proteins are
recognized by the 26S proteasome, leading to protein degradation.”® K48-linked ubiquitination mainly mediates protein
degradation, and K63-linked ubiquitination is mainly involved in signal transduction.’® Ubiquitination plays a crucial
regulatory role in tumors by affecting cell survival, proliferation, and differentiation. The regulation of protein degrada-
tion by ubiquitination provides a molecular basis for GBM to subsequently achieve immune evasion by ubiquitinating
and degrading NKG2D ligands.

In summary, ubiquitination regulates the stability and signal transduction of proteins through different types of
polyubiquitin chains, and abnormal ubiquitination in the GBM microenvironment leads to the degradation of NK cell
functional molecules and the escape of tumor cells. Inhibiting the ubiquitin-proteasome pathway or specific E3 ligases
can effectively maintain the function of NK cells and enhance their killing effect on GBM.

SUMOylation

SUMOylation is an enzymatic cascade where Small Ubiquitin-like Modifier (SUMO) proteins—structurally similar to
ubiquitin—bind covalently/reversibly to target lysine residues, competing for substrates with ubiquitin. But SUMO
differs in amino acid sequence/surface charge; hence, it has distinct functions:>' ubiquitination marks proteins for
degradation, while SUMOylation stabilizes proteins and regulates their interactions/localization.>” It modulates processes
like gene expression,”> DDR,>* nuclear-particle transport,” cell cycle,*® and apoptosis.’” The mammalian SUMO family
comprises four members: SUMO1, SUMO2, SUMO3, and SUMO4, with SUMO2 and SUMO3 being highly homo-
logous. Their functions exhibit distinct preferences: SUMOI typically mediates stable mono-SUMOylation, primarily
regulating protein subcellular localization, interactions, and stability. In contrast, SUMO2/3 are more inclined to rapidly
form poly-SUMO chains under cellular stress conditions such as DNA damage and heat shock, thereby modulating
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stress-responsive signaling pathways.”® Altered SUMO pathway components induce proliferation/resistance/metastasis
via oncoproteins;* ®* dysregulated SUMOylation causes tumors, making SUMO a potential cancer target.®*°®

In summary, SUMOylation regulates protein localization, stability and signal transduction through covalent mod-
ification, and abnormal SUMOylation in GBM inhibits the transcription of NK cell cytotoxic molecules and mediates the
immune escape of tumor cells. Inhibiting the SUMOylation pathway can effectively restore the anti-tumor function of

NK cells and is a potential target for GBM immunotherapy.

Lactylation

Lactylation regulates gene expression by adding lactyl groups to lysine residues (Kla), affecting cellular metabolism and
functions. It modifies histones/non-histones and plays key roles in biological processes, especially tumorigenesis and
progression.®” Lactylation is a key modification that links metabolic reprogramming in the tumor microenvironment to
cellular functional regulation. Among these modifications, lactylation of histone H3 at lysine 18 (H3K18la) is one of the most
well-studied and central modifications.® In tumors such as glioblastoma, lactate produced by enhanced glycolysis can be
converted into lactyl-CoA via enzymatic pathways involving nuclear GTPSCS, which in turn catalyzes H3K18la.”"”" This
modification drives malignant processes such as metabolic reprogramming and immune evasion in tumors by regulating the
expression of downstream genes.®>’! In the tumor microenvironment, lactate accumulates heavily, promoting tumorigenesis;
local high lactate induces an acidic microenvironment that boosts immunosuppression and tumor invasion/metastasis.”* Its
gene expression regulation here also impacts NK cell mitochondrial function, a core mechanism for GBM microenvironment
inhibiting NK activity.”

In summary, lactylation is a metabolic PTM closely related to tumor glycolysis; the high lactate level in the GBM
microenvironment induces abnormal lactylation of NK cells, leading to mitochondrial dysfunction and functional
exhaustion. Inhibiting lactate production or lactylation modification can effectively restore the metabolic balance and
anti-tumor function of NK cells.

Multi-Omics Technologies for Identifying Clinically Relevant PTM Signatures in GBM
Recent advances in high-throughput omics technologies have enabled systematic dissection of PTM landscapes in GBM
and their association with clinical phenotypes, including prognosis, immune infiltration, and response to immunotherapy.
Analogous to the multi-omics framework applied to brain tumor-related epilepsy,’* integrative omics approaches are now
uncovering actionable PTM-related biomarkers that can guide personalized NK cell-based therapies.

Genomics and epigenomics have revealed that IDH1/2 mutations—present in ~10% of GBM—drive genome-wide
DNA methylation and histone methylation changes via the oncometabolite 2-hydroxyglutarate (2-HG).”*® 2-HG
accumulation correlates with downregulation of NKG2D ligands (ULBP1/3) and reduced NK cell cytotoxicity, providing
a direct mechanistic link between a genomic alteration and PTM-mediated immune evasion.” Similarly, H3K27M
mutations in diffuse midline gliomas (a GBM subtype) cause global loss of H3K27me3 and reciprocal gain of
H3K27ac, which can be detected by ChIP-seq and are associated with altered expression of immune ligands (eg,
HLA-E).”*"”> DNA methylation profiling of GBM has identified MGMT promoter methylation as a standard predictive
biomarker for temozolomide response; emerging data suggest that methylation status of NKG2D and PRF1 promoters in
NK cells may influence their antitumor function, though this requires further validation in GBM cohorts.”®”’

Transcriptomics (RNA-seq) has been instrumental in defining GBM molecular subtypes (proneural, mesenchymal,
classical) that exhibit distinct PTM enzyme expression profiles. For instance, mesenchymal GBM shows elevated
HDACI1/2 and DNMTT1 levels, which correlate with suppressed MICA/ULBP2 transcription and poorer survival (hazard
ratio [HR] = 1.8, 95% CI 1.2-2.6).”%7° Single-cell RNA-seq of tumor-infiltrating NK cells has revealed exhaustion
trajectories characterized by downregulation of GZMB, IFNG, and KLF2 within 24 hours of TME entry, accompanied by
upregulation of CISH and DUSP2.*>®! These transcriptional signatures can be used to construct NK cell dysfunction
scores that predict response to adoptive NK therapy.®!

Proteomics and PTM-omics represent the most direct layer for quantifying PTM alterations. Mass spectrometry-based
phosphoproteomics has identified hyperphosphorylation of PLCy and VAV1 in activated NK cells, while
TGF-B-stimulated NK cells exhibit Smad2/3 phosphorylation correlating with reduced IFN-y production (r = —0.62,
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p < 0.01)."*%% Acetylome profiling of GBM tissues has shown global hypoacetylation of H3K9/27 in the tumor core,
which is reversed by HDAC inhibitors.?®”® Lactylome analysis recently demonstrated that H3K 18la enrichment at the
promoters of IFNG and GZMB in NK cells is quantitatively correlated with lactate concentration in GBM interstitial
fluid (R* = 0.71) and with reduced intratumoral NK cell persistence.”"”* SUMOylome studies in glioma stem cells have
identified UBC9-mediated SUMO1 modification of PVR and CRMP2 as key events that impair NK cell recognition and
cytotoxic granule transport.®* 3

Metabolomics bridges metabolic reprogramming and PTM dynamics. Elevated lactate (10-20 mM) in the GBM
microenvironment is not only a metabolic waste product but also a substrate for lysine lactylation, linking glycolytic
activity (LDHA expression) to epigenetic silencing of NK effector genes.”>*® Oncometabolite 2-HG, detected by
LC-MS, serves as a negative prognostic biomarker (median overall survival: 31 vs. 15 months for IDHwt) and
simultaneously predicts resistance to NK cell killing via NKG2D ligand downregulation.””®

Integration of these multi-omics datasets enables the construction of PTM-based risk scores and predictive models.
For example, a four-gene PTM enzyme signature (HDAC1, HDAC2, DNMTI1, LDHA) stratifies GBM patients into
high-risk vs. low-risk groups with significantly different overall survival (HR = 2.3, p < 0.001) and correlates with CD8+
T cell and NK cell infiltration scores derived from transcriptomic deconvolution algorithms.”® Such integrative
approaches, as exemplified in brain tumor-related epilepsy research,”* provide a roadmap for translating PTM discoveries
into clinically actionable biomarkers for personalized NK cell immunotherapy.

The seven key PTMs form a “dual-regulation network” in GBM-NK cell crosstalk: physiological modifications (eg,
phosphorylation of WASH, acetylation of p50) enhance NK cell cytotoxicity and metabolic adaptability, while aberrant
modifications (eg, H3K18la, SUMOylation of MEF) drive GBM immune escape by silencing effector genes or inducing
NK cell exhaustion. Targeting the regulatory enzymes of these PTMs (eg, HDAC, LDHA, SAE) is the core to breaking
this imbalance. The following section will further elaborate on how this dual-regulation network specifically modulates
NK cell therapy efficacy in GBM.

Dual Regulation of NK Cell Therapy for Glioblastoma by PTMs of Proteins

Promotive Effect

Phosphorylation

Phosphorylation modifications enhance NK cell activation signaling and effector molecule release. NK cells recognize
MICA/B on the surface of GBM cells via NKG2D, activating signaling pathways and secreting perforin, granzyme B and
other molecules.®” Specifically, LCK kinase mediates the phosphorylation of WASH protein at tyrosine 141 (Y141), and
phosphorylated WASH activates the intracellular Arp2/3 complex, further promoting the rearrangement of cytoplasmic
actin filaments (eg, the formation of actin-enriched regions at the immune synapse) to provide a “track” for lytic granule
transport; the mutation of this site (Y141F) will completely block the activation of Arp2/3 complex, leading to the failure
of NK cell lysosomal granule polarization.®® This process enhances NK cell cytoskeletal rearrangement and lysosomal
granule polarization,®® facilitates effector molecule release, and improves the efficiency of GBM lysis.* In ovarian and
pancreatic cancer models, Luo et al’® found that Neo-2/15 exerts its function by activating the IL-2RBy signaling
pathway: upon binding to its ligand, IL-2RBy activates intracellular JAK1/3 kinases, which induce the phosphorylation of
STATS and Akt through phosphorylation modification, thereby promoting the expression of c-Myc and nuclear respira-
tory factor 1 (NRF1) in CAR-NK cells. Subsequently, c-Myc/NRF1 activates mitochondrial oxidative phosphorylation
(OXPHOS) and the tricarboxylic acid (TCA) cycle, increasing ATP production, and ultimately enhancing the cytotoxicity
and long-term survival of CAR-NK cells in the tumor microenvironment. This metabolic reprogramming mechanism
provides a potential strategy for optimizing CAR-NK cells for GBM therapy (Figure 2).

In summary, physiological phosphorylation enhances the therapeutic effect by activating NK cell signaling pathways
and enhancing metabolic adaptability, while abnormal phosphorylation inhibits NK cell function by blocking activation
signals. Targeting phosphorylation regulatory enzymes (such as LCK kinase and TGF-B receptors) can become a key
direction to enhance the efficacy of NK cell therapy.
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Figure 2 Key pathways of the promotive and inhibitory effects of phosphorylation modification on NK cell therapy for glioblastoma (Note: + indicates promotion, -
indicates inhibition). This figure illustrates the core pathways of phosphorylation modification regulating natural killer (NK) cell therapy for glioblastoma (GBM): I. Promotive
effects: MICA/B>NKG2D—LCK—WASH—Arp2/3 complex—Lytic granule (+); Neo-2/15—IL-2RBy—)AK1/3—STAT5/Akt—c-Myc—>OXPHOS/TCA cycle (+); 2.
Inhibitory effects: GSCs—av integrin—TGF-B—TGFBR2—Smad2/3—IFN-y/perforin/granzyme B (-).

Acetylation

Acetylation modification can maintain the functional homeostasis and targeted killing efficacy of NK cells. In terms of
acetylation regulation, the acetylation homeostasis of NK cells themselves is critical for maintaining their GBM-killing
1°! found that under immune stimulation such as IL-18, ACAT1 in NK
cells is phosphorylated at serine 60 (S60), and then ACAT1 translocates from mitochondria to the nucleus to exert

function. In a colorectal cancer model, Wei et a

acetyltransferase activity, directly acetylating NF-kB family member p50 at lysine 146 (K146). This modification impairs
the DNA-binding ability and transcriptional repressive function of p50, thereby enhancing the cytotoxicity of NK cells.
Exogenous acetate supplementation can rescue the acetylation deficiency caused by insufficient nuclear translocation of
ACAT1 and further enhance NK cell cytotoxicity. Although this mechanism has not been directly verified in GBM, it
suggests that regulating the acetylation homeostasis in NK cells may be a universal strategy to enhance their anti-tumor
function, which warrants further investigation (Figure 3). In melanoma and leukemia models, Sohn et al** demonstrated
that exogenous acetate supplementation modulates NK cell histone acetylation via the ACLY pathway to enhance their
effector function, and the role of this pathway in the regulation of GBM-associated NK cells remains to be experimen-
tally verified. HDAC inhibitors can optimize therapeutic efficacy by blocking the deacetylation of key molecules: MS-
275 (primarily developed for diffuse midline glioma (DMG) and equally effective for GBM-targeted NK cells) inhibits
HDACI1/2, blocks the deacetylation of PLCy downstream of NKG2D, enhances its binding ability with NKG2D
downstream signal molecules, and thus amplifies the activation signal, ultimately enhancing the killing of H3K27M-
mutant GSCs by NK cells;”> Entinostat maintains histone acetylation, stabilizes H3K27ac at the CAR gene promoter
region, prevents CAR downregulation during CAR-NK cell expansion, and ensures targeting of EGFRvIII-positive
GBM;” combined use of pan-HDAC inhibitors with IL-2 inhibits HDACI, relieves the suppression of the JAK2-
STAT5B pathway, and promotes STAT5B acetylation to enhance NK cell proliferation.”

In summary, physiological acetylation maintains the anti-tumor activity of NK cells by regulating gene transcription
and protein activity, while abnormal deacetylation in the GBM microenvironment silences effector genes and inhibits NK
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Figure 3 Key pathways of the promotive and inhibitory effects of acetylation modification on NK cell therapy for glioblastoma (Note: + indicates promotion, - indicates
inhibition). This figure illustrates the core molecular pathways of acetylation modification regulating natural killer (NK) cell therapy for glioblastoma (GBM): I. Promotive
effects: ACAT | —p50 (acetylation), HDACI/2 inhibitors—PLCy (acetylation maintenance), Entinostat—H3K27ac (stabilization at CAR gene promoter region), IL-2 + pan-
HDAC inhibitors—JAK2-STAT5B (acetylation); 2. Inhibitory effects: TGF-B1—HDAC3—IFN-y/perforin/granzyme B (transcriptional inhibition), acetyl-CoA
deficiency—H3K9%ac/H3K27ac (downregulation at NKG2D promoter region), OA—P300—c-Myc (acetylation inhibition), hypoxia—FASN—OA accumulation.

cell function. Targeting HDAC with specific inhibitors can effectively restore the acetylation level of NK cells and
enhance their killing effect on GBM.

Glycosylation
Glycosylation modification can optimize the function of NK cell receptors and the antibody-dependent cell-mediated
cytotoxicity (ADCC) effect. Specific glycosylation modifications can enhance the targeted killing efficiency of NK cells
against GBM cells by optimizing the function of NK cell activating receptors and the secretion of effector molecules.
N-glycosylation of the NK cell activating receptor NKp30 is a core regulatory link: N-glycosylation at the Asn42 and
Asn68 sites in its extracellular region mediates the formation of higher-order oligomers (eg, trimers, pentamers) of the
receptor (only monomers remain after enzymatic deglycosylation). This enhances the binding affinity to B7-H6 on GBM
cells; the glycan at the Asn4?2 site stabilizes the oligomeric state to strengthen activation signals, promoting the release of
granzyme and perforin to kill GBM cells®® (Figure 4). Glycosylation of CD16a on the NK cell surface regulates ADCC
activity: Kifunensine inhibits N-glycan processing, maintaining CD16a in the high-mannose type, which significantly
enhances its binding affinity to therapeutic antibodies. The killing rate of primary NK cells against GBM cells increases,
and ADCC activity is further enhanced by 33% when combined with afucosylated antibodies.’® In addition, fluorescein-
labeled sialic acid (FL-SA) is integrated into NK cell glycans via the high sialylation pathway of GBM; the constructed
anti-fluorescein CAR-NK cells enhance cytotoxicity against GBM and promote the secretion of IFN-y and TNF-a.”’
N-acetyl-D-glucosamine-calix[4]arene (GN4C) downregulates MGAT3/5 in NK cells to reduce abnormal glycans,
thereby upregulating NKG2D expression and promoting IL-2 secretion to maintain proliferation—strengthening killing
effects. This process depends on PI3K/ERK signaling.”®

In summary, physiological glycosylation enhances the recognition and killing ability of NK cells by optimizing the
structure and function of receptors and effector molecules, while abnormal glycosylation in the GBM microenvironment
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Figure 4 Key pathways of the promotive and inhibitory effects of glycosylation modification on NK cell therapy for glioblastoma (Note: + indicates promotion, - indicates
inhibition). This figure illustrates the core pathways of glycosylation modification regulating natural killer (NK) cell therapy for glioblastoma (GBM): |. Promotive effects:
NKp30—B7-H6—granzyme/perforin (+); 2. Inhibitory effects: SLAMF7—TM4SF5—Lysosome—Degradation (-).

mediates the degradation of NK cell activation molecules and the escape of tumor cells. Regulating glycosylation
modification through specific activators or inhibitors can effectively improve the anti-tumor efficacy of NK cells.

Methylation

Methylation modifications ensure NK cell survival, proliferation and ligand recognition efficiency. In terms of methylation
regulation, multiple key mechanisms maintain NK cell function: extracellular IL-15 binds to the IL-15R (CD122/CD132) on
the NK cell membrane to initiate downstream signaling; METTL3 mediates the m®A modification of Ptpnll mRNA,
promoting its translation into SHP-2 protein; enhanced SHP-2 activity further induces the phosphorylation and activation of
AKT/MAPK, maintaining NK cell survival and proliferation, and laying a foundation for their anti-tumor function®
(Figure 5); Bugide et al found that the histone methyltransferase EZH2 inhibits the transcription of NKG2D ligands, and
EZH?2 inhibition upregulates ligand expression to enhance the clearance of cancer cells by NK cells;'® in H3K27M-mutant
GBM, highly expressed LSD1 inhibits NKG2D ligands by maintaining low levels of H3K4mel/me2, and treatment with the
LSD1 inhibitor 2-PCPA upregulates MICA expression, enhances the killing of GSCs by NK cells, and further prolongs the

101

survival of xenograft mice when combined with NK cell infusion; " studies have shown that the DNA damage response

pathway (eg, cGAS-STING) can upregulate the expression of NKG2D ligands such as MICA on the surface of tumor cells,'**
suggesting that radiotherapy may sensitize GBM cells to NK cell killing through this pathway, but the specific molecular
mechanism and data on the improvement of clearance efficiency in GBM still need to be verified by original research.

In summary, physiological methylation maintains the survival, proliferation and ligand recognition ability of NK cells
by regulating RNA and protein modification, while abnormal methylation in the GBM microenvironment silences NK
cell activation-related genes and inhibits their function. Inhibiting methyltransferases or activating demethylases can
reverse epigenetic silencing and restore the anti-tumor function of NK cells.

This section focuses on the promotive effects of PTMs on NK cell-based therapy for GBM. As PTMs that exert an
inhibitory effect on therapy, the mechanisms of action of ubiquitination, SUMOylation, and lactylation will be elaborated

in detail in subsequent relevant sections.
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Figure 5 Key pathways of the promotive and inhibitory effects of methylation modification on NK cell therapy for glioblastoma (Note: + indicates promotion, - indicates
inhibition). This figure illustrates the core pathways of methylation modification regulating natural killer (NK) cell therapy for glioblastoma (GBM): I. Promotive effects: IL-
15—CD122/CD132—METTL3—Ptpn| | mRNA—SHP-2—AKT/MAPK (+); 2. Inhibitory effects: 2-HG—DNMT—NKG2D promoter (-).

Inhibitory Effect

Phosphorylation and Ubiquitination Cooperatively Block Activation Pathways

Effective NK cell activation relies on a homeostatic balance where “activation signals outweigh inhibitory signals”, and
abnormal PTMs can directly disrupt this balance. During phosphorylation modification, av integrin of GSCs assists in the
secretion of TGF-B into the extracellular space, which binds to TGFBR2 of NK cells, induces the phosphorylation of
Smad2/3, thereby inhibiting the production of IFN-y and the synthesis and release of perforin/granzyme B, and ultimately
leading to NK cell functional inactivation'® (Figure 2). From the perspective of signal transduction rules, Smad2/3
phosphorylation is not only the initial step of the classical Smad pathway but also regulates NK cell IFN-y production,

cytotoxicity and tissue-resident marker expression through Smad4-dependent or independent pathways,**'%?

indicating
that dysregulated phosphorylation exerts multi-target inhibitory effects on activation signals.

At the level of ubiquitination regulation, clinical studies have shown that in patients with B-cell lymphoma, the level
of CBLB ubiquitination in peripheral blood mononuclear cells (PBMCs) is negatively correlated with IFN-y secretion
and ADCC effect of NK cells.'® Although this study did not involve GBM, it suggests that CBLB ubiquitination may
inhibit the activation of downstream pathways by regulating key activation signaling molecules such as PI3K and SOS1
in NK cells, and the role of this mechanism in the regulation of GBM-associated NK cell function warrants further
investigation. In addition, ubiquitination can further enhance NK cell cytotoxicity by maintaining the stability of
degranulation-related molecules such as granzyme B and perforin, providing a mechanistic basis for potentiating NK
cell therapy for GBM.'®® In a multiple myeloma model, Petillo et al'® found that inflammatory stress in the tumor
microenvironment activates ubiquitin ligases such as Cullin-Ring ligases (CRLs), which degrade GTPases such as Racl
and RhoA in NK cells through K48-linked ubiquitination—these molecules are crucial for the formation of immune
synapses between NK cells and tumor cells and perforin polarization; the mutation of this ubiquitination site (K48R) can
significantly improve the immune synapse formation disorder of NK cells. Gene expression profiling of intracranial
tumors from orthotopic GBM xenografts revealed that NKC-treated tumors exhibit downregulated expression of CD70
(fold change: —5.64), a ligand of the NK cell activating receptor CD27, suggesting that GBM cells may evade NK cell
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surveillance by reducing the expression of activating receptor ligands.'> Conversely, the upregulation of CDH2 (fold
change: 2.1), a ligand of the NK cell inhibitory receptor KLRGI, in NKC-treated tumors indicates an additional immune
escape mechanism mediated by enhanced inhibitory signaling.'> CRLs-mediated degradation of Racl and RhoA leads to
abnormal F-actin polymerization in NK cells, a more than 50% reduction in the localization rate of perforin to the
immune synapse, and a significant decrease in degranulation efficiency, ultimately resulting in the loss of killing function.
Whether this mechanism is applicable to GBM remains to be further verified. Ubiquitination mediated by inhibitory
receptors can block NK cell activation signals: In T cells, the inhibitory receptor TIGIT recruits the E3 ubiquitin ligase
ITCH upon ligand binding, and the classic inhibitory mechanism of suppressing calcium influx and the NF-kB pathway
via K63-linked ubiquitination of key signaling molecules such as LAT/PLCy has been confirmed;'% it is speculated that
this pathway may exert a similar activation-inhibitory effect in NK cells, but the specific regulatory effect in the GBM-
NK cell interaction remains to be experimentally elucidated (Figure 6).

In summary, abnormal phosphorylation and ubiquitination in the GBM microenvironment cooperatively block the
activation pathway of NK cells: phosphorylation inhibits the secretion of effector molecules by activating the TGF-f/Smad
pathway, and ubiquitination mediates the degradation of key functional molecules of NK cells through K48-linked ubiquitina-
tion. Targeting the key molecules of these two modifications can effectively restore the activation signal of NK cells.

Acetylation and Methylation Cooperatively Silence Functional Genes

GBM cells escape NK cell killing through their own PTMs, and their tumor microenvironment (TME) disrupts NK cell
acetylation homeostasis through a “nutrient deprivation-metabolic inhibition-immune interference” axis: the Warburg
effect leads to glucose depletion and lactate production,”” reducing mitochondrial citrate levels and causing ACLY-
mediated acetyl-CoA deficiency. Research in other cancer models (eg, melanoma) has shown that such ACLY-mediated
acetyl-CoA deficiency can lead to a significant reduction in H3K9ac/H3K27ac levels at the NKG2D promoter (eg, by
more than 50%),”* suggesting a potential conserved mechanism that may also impair NK cell activation in the GBM
microenvironment; lactate oxidizes ACAT1, reducing nuclear p50 acetylation and 60% of CCL5/CXCL10, and impairing
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Figure 6 Key pathways of the inhibitory effects of ubiquitination, SUMOylation, and lactylation on NK cell therapy for glioblastoma (Note: - indicates inhibition). This figure
illustrates the core inhibitory pathways of three modifications regulating natural killer (NK) cell therapy for glioblastoma (GBM): |. Ubiquitination: TIGIT—ITCH—LAT/
PLCy—NF-kB/Ca®" (-); 2. SUMOylation: MEF—Perforin (-); 3. Lactylation: LDHA—Lactate—H3K8la/Mitochondrial fragmentation (-).
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NK cell recruitment;”’ M2-type tumor-associated macrophages secrete TGF-B1 to form an immunosuppressive micro-
environment, and TGF-B1 binds to receptors on the NK cell surface, activates intracellular signals, upregulates HDAC3
expression and promotes its translocation to the nucleus. HDAC3 removes histone acetylation, inhibits the transcription
of genes such as IFN-y, reduces the synthesis of perforin/granzyme B, and decreases the GBM Kkilling rate’” (Figure 3);
GSCs enhance histone Ker (with no change in Kac);'" oleic acid (OA) inhibits P300-mediated c-Myc acetylation and
reduces IFN-y;'%® hypoxia upregulates FASN to promote OA accumulation, forming a “hypoxia-OA-PTMs disorder”
cycle,102:108

Abnormal epigenetic signals in the GBM microenvironment can induce hypermethylation of NK cell activation-
related genes, leading to their functional inhibition, which is an important mechanism of GBM immune escape. Existing
studies have shown that IDH-mutant glioma cells can escape NK cell killing by downregulating their own NKG2D
ligands (eg, ULBP3);9 meanwhile, in human CD8+ T cells and NK cells, the transcriptional activation of the NKG2D
gene depends on the regulation of DNA demethylation and histone acetylation.”® It is speculated that in the GBM
microenvironment, IDH mutations may indirectly affect the epigenetic state of NK cells through the metabolite 2-HG,
thereby regulating NKG2D expression, but this causal relationship has not been directly verified by experiments and
remains to be further investigated (Figure 5). In addition to NKG2D, abnormal methylation of genes encoding other
activation receptors of NK cells (eg, DNAM1) may further inhibit their function. Although direct evidence is currently
limited, referring to the regulatory mode of NKG2D, methylation signals in the GBM microenvironment may extensively
silence NK cell activation-related genes, block their activation at the recognition stage, and ultimately significantly
impair the killing ability of NK cells against GBM cells, thus supporting GBM immune escape.”®”’

In summary, abnormal acetylation and methylation in the GBM microenvironment cooperatively silence the func-
tional genes of NK cells: acetylation imbalance leads to the downregulation of effector gene transcription by reducing
histone acetylation levels, and hypermethylation leads to the silencing of activation-related genes by modifying the
promoter region of genes. Regulating the acetylation and methylation levels of NK cells can effectively restore the
expression of functional genes and enhance their anti-tumor function.

Glycosylation and SUMOylation Interfere with Recognition and Effector Execution

Abnormal glycosylation in the GBM microenvironment inhibits NK cell function and promotes immune escape by
degrading NK cell activation molecules and interfering with signal transduction. In a hepatocellular carcinoma model,
Kim et al”’ found that glycosylation at a specific site in the extracellular region of SLAMF7 on the NK cell surface
enables its binding to TM4SF5 of tumor cells, thereby mediating the transport of SLAMF7 to lysosomes for degradation,
leading to decreased expression of perforin and granzyme B in NK cells and a reduction in killing rate. Although this
mechanism is derived from liver cancer research, it suggests that a similar glycosylation-mediated degradation mechan-
ism of NK cell activation receptors may exist in GBM, which needs experimental verification (Figure 4). Methylglyoxal
(MGO) and glyoxal (GO) in GBM induce non-enzymatic glycosylation of NK cell proteins to form advanced glycation
end products (AGEs), among which MGO exerts a stronger inhibitory effect: 0.6 mM MGO reduces the binding rate of
NK cells to target cells by 40%, and 1-2 mM MGO decreases the killing rate by more than 85% and metabolic activity
by 40%, and AGEs may modify NK cell receptors or effector molecules.'® In addition, high fucosylation of the antibody
Fc segment impairs the binding ability of NK cells to FcyRIlla and reduces ADCC activity; the synergistic effect of
afucosylated antibodies may be reversely inhibited by abnormal glycosylation of NK cells in the GBM
microenvironment.''® Excessive glycosylation of NKp30 alters the residue environment near the N162 glycan chain,
interferes with its binding to B7-H6 and impairs activation signals, and this abnormality is more likely to occur under
inflammatory stress in GBM.”

Ubiquitin-like modifications can interfere with the efficiency of NK cell target recognition. In a multiple myeloma
model, Zitti et al''' found that ubiquitin-like modifications retain PVR, the ligand of the NK cell activation receptor
DNAMI, inside tumor cells, inhibit PVR surface expression, and reduce NK cell recognition. It is speculated that GBM
cells may adopt a similar regulatory mode to affect the localization and exposure of PVR on the cell surface, thereby
interfering with NK cell recognition, but direct evidence of this mechanism in GBM is lacking.''? On the other hand,
ubiquitin-like modifications can directly inhibit the production of NK cell cytotoxic molecules: Basic research has shown
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that the transcription factor MEF can be inactivated by ubiquitin-like modifications,*® suggesting that ubiquitin-like
modifications may indirectly affect the expression of cytotoxic molecules including perforin, but the specific role and
regulatory mechanism of this pathway in NK cells remain to be confirmed (Figure 6).

In summary, abnormal glycosylation and SUMOylation in the GBM microenvironment interfere with the recognition
and effector execution of NK cells: glycosylation mediates the degradation of NK cell activation receptors and the
modification of effector molecules, and SUMOylation inhibits the surface expression of tumor cell ligands and the
transcription of NK cell cytotoxic molecules. Targeting these two modifications can effectively improve the recognition
and killing ability of NK cells against GBM.

Lactylation-Dominated Synergistic Inhibition by Multiple Metabolic Molecules

In addition, metabolic interference of PTMs such as lactylation exerts an auxiliary inhibitory effect on NK cell therapy.
Metabolic abnormalities in GBM induce abnormal PTMs in NK cells and disrupt their energy balance, among which
lactylation has the most significant impact: metabolic abnormalities in GBM enhance glycolysis, and lactate dehydro-
genase A (LDHA) mediates lactate production and secretion into the extracellular space, and the increased extracellular
lactate concentration forms a metabolically inhibitory microenvironment; multiple studies have confirmed that lactate can
inhibit NK cell activity through a dual mechanism of “lactate accumulation + glucose deprivation”, downregulate
NKp46/CD107a on the NK cell surface, and reduce the synthesis and release of perforin and granzyme B;%¢'!?
meanwhile, lactate accumulation can disrupt the metabolic balance of NK cells and may impair their mitochondrial
function, thereby further inhibiting NK cell activity®® (Figure 6). A recent study’? further clarified the key mechanism of
lactylation-induced NK cell dysfunction: lactate-induced lysine lactylation (Kla) specifically modifies ROCK1 at the
Lys13 site, promoting DRP1 Ser616 phosphorylation and subsequent mitochondrial fragmentation, which directly
impairs NK cell cytotoxicity. Notably, the combination of nicotinamide riboside (NR, a NAD+ precursor) and honokiol
(HKL, a SIRT3 activator) synergistically activates SIRT3-mediated delactylation of ROCK1, thereby inhibiting ROCK1-
DRP1 signaling. In vitro experiments, this combination restored CD107a+ degranulation rate and granzyme B secretion
in lactate-treated NK cells by ~60%, and significantly enhanced their killing efficiency against AML blast cells and
GBM-related tumor cell lines (K562, HL60).”* In vivo leukemia xenograft models, adoptive transfer of NR+HKL-
pretreated NK cells reduced tumor burden by ~45% and prolonged mouse survival by ~30% compared to untreated NK
cells, validating the therapeutic potential of this lactylation-targeted strategy.”> Other metabolic abnormalities in GBM
also interfere with NK cell function through PTMs: GBM cells highly express CD39/CD73, which can catalyze the
production of a large amount of adenosine. Adenosine binds to ADORA2A on the NK cell surface to activate the cAMP-

PKA pathway, thereby inhibiting IFN-y secretion and perforin expression,''*

and the negative correlation between
adenosine levels and the expression of NK cell functional markers has been clinically confirmed in a variety of solid
tumors; high expression of cyclooxygenase 2 (COX-2) produces prostaglandin E2 (PGE2), which downregulates NK cell
NKG2D via EP2/EP4 and induces myeloid-derived suppressor cells (MDSCs) to produce TGF-B; COX-2 inhibitors (eg,
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celecoxib) can restore NKG2D expression and enhance killing efficiency;” ™ in addition to acetylation regulation, OA

induces mitochondrial fragmentation in NK cells, impairs oxidative phosphorylation, and forms a metabolic PTMs
inhibitory network with lactate.'*®

In summary, lactylation dominated by metabolic abnormalities in the GBM microenvironment and the synergistic
inhibition of multiple metabolic molecules lead to NK cell metabolic imbalance and functional exhaustion: lactylation
induces mitochondrial dysfunction and inhibits the secretion of effector molecules, and other metabolic molecules further
aggravate the immunosuppressive microenvironment. Targeting lactate production or lactylation modification is an
effective strategy to restore the anti-tumor function of NK cells.

Collectively, the dual regulation of PTMs on NK cell therapy is characterized by “synergistic promotion of
physiological modifications and coordinated inhibition of aberrant modifications”: phosphorylation/acetylation/glycosy-
lation/methylation jointly enhance NK cell activation and targeting, while ubiquitination/SUMOylation/lactylation
cooperate to block killing function and promote GBM escape. Our insight is that this “multi-PTM crosstalk” is a key
unmet target for improving therapy efficacy. Next, we will analyze the current bottlenecks of NK cell therapy in GBM,
which are directly driven by abnormal PTMs (Table 1).
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Table | PTM Dual Effects and Regulatory Strategies

fragmentation — energy metabolism
disorder;3. Lactate concentration
210 mM — downregulated NKp46/
CDI07a

function);2. Intervention:
Targeting GTPSCS (lactyl-CoA
synthetase)

PTM Type Positive Regulation Negative Regulation (Aberrant Key Regulatory Strategies (Drugs/ Reference
(Physiological Function) Function) Molecules/ Technologies) Examples
Sites
Phosphorylation | |. WASH Y141 phosphorylation — |. Smad2/3 phosphorylation — WASH, I. Activators: LCK kinase [13,88,90]
activates Arp2/3 complex — inhibits IFN-y, perforin secretion — STATS5, Akt, activator, Neo-2/15 (IL-2RBy
cytoskeletal rearrangement — NK cell functional inactivation;2. Smad2/3, agonist);2. Inhibitors: TGF-B
lysosomal granule polarization;2. TGF-p/av integrin axis activation — LCK receptor inhibitor, Smad2/3
STAT5/Akt phosphorylation — increased Smad2/3 phosphorylation phosphorylation inhibitor
activates OXPHOS/TCA cycle —
enhances NK cell cytotoxicity and
persistence
Acetylation 1. p50 K146 acetylation — inhibits |. HDAC3-mediated histone p50, I. Activators: Acetate [73,75,91]
NF-xB transcriptional repressive deacetylation — IFN-y gene H3K27ac, supplementation, ACAT | nuclear
function — enhances GSCs killing;2. silencing;2. Acetyl-CoA deficiency ACATI, translocation promoter;2.
H3K27ac — maintains CAR gene — decreased H3K%ac/H3K27ac — | HDACI/2/3 Inhibitors: MS-275 (HDACI/2
expression — improves CAR-NK downregulated NKG2D expression inhibitor), Entinostat (pan-HDAC
targeting inhibitor)
Glycosylation |. NKp30 Asn42/68 N-glycosylation | |. SLAMF7 N-glycosylation — binds NKp30, I. Activators: Kifunensine [95,96,98]
— receptor oligomerization — TMA4SF5 — lysosomal degradation;2. CDlé6a, (N-glycan processing inhibitor),
enhances B7-Hé binding;2. CD16a MGO-induced non-enzymatic SLAMF7, GNA4C;2. Inhibitors:
high-mannose modification — glycosylation — decreased NK cell- MGAT3/5 Neuraminidase (desialylation),
improves ADCC effect target cell binding rate O-GlcNAcase inhibitor
Methylation |. METTL3-mediated |. DNMT activation — NKG2D/ METTL3, I. Activators: METTL3 agonist;2. [9,99,101]
m®A modification — Ptpnl | mRNA PRF| promoter methylation — Ptpnll, Inhibitors: 2-PCPA (LSDI
translation — SHP-2 activation — receptor expression silencing;2. DNMTI, inhibitor), DNMT inhibitor
AKT/MAPK pathway — maintains 2-HG accumulation — increased H3K4me3
NK proliferation;2. H3K4me3 — H3K27me3 — NK cell function
activates effector gene transcription inhibition
Ubiquitination |. K63-linked ubiquitination — 1. K48-linked ubiquitination — CBLB, I. Activators: Ké3-linked ubiquitin | [100,105,115]
PLCy activation — enhanced Racl/RhoA degradation — immune ITCH, chain promoter;2. Inhibitors:
calcium influx;2. Maintains perforin/ synapse formation disorder;2. Racl, PYR4I (E! inhibitor), HOIPIN-8
granzyme B stability — improves ITCH-mediated LAT/PLCy RhoA, (RNF31 inhibitor)
killing efficiency ubiquitination — NF-«xB pathway PLCy
inhibition
SUMOylation (No clear physiological positive |. MEF K657 SUMOQylation — MEF, PVR, Inhibitors: TAK-981 (SAE [84,116,117]
function) inhibits perforin transcription;2. CRMP2, inhibitor), sulfopin + RO3306
PVR SUMOylation — intracellular UBC9 (SUMO pathway inhibitors)
retention — DNAM-| recognition
disorder;3. CRMP2 SUMOylation —
impaired cytotoxic granule
transport
Lactylation (No clear physiological positive 1. H3K8la — silences IFN-y/Gzmb H3K18la, 1. Inhibitors: LDHA inhibitor [71,73,118]
function) promoters;2. Mitochondrial protein LDHA, (blocks lactate production), BET
lactylation — mitochondrial GTPSCS inhibitor (inhibits H3K18la

Abbreviations: PTM, Post-translational Modification; OXPHOS, Oxidative Phosphorylation; TCA, Tricarboxylic Acid Cycle; NK, Natural Killer Cell; IFN-y, Interferon-y; IL-
2RBy, Interleukin-2 Receptor By Subunit; NF-kB, Nuclear Factor-kB; GSCs, Glioma Stem Cells; CAR, Chimeric Antigen Receptor; HDAC, Histone Deacetylase; NKG2D,
Natural Killer Group 2D; ADCC, Antibody-Dependent Cell-Mediated Cytotoxicity; MGO, Methylglyoxal; N-glycosylation, N-linked Glycosylation; MGAT, Mannosyl (a-1,6-)-
Glycoprotein B-1,2-N-Acetylglucosaminyltransferase; m°A, N-methyladenosine; mRNA, Messenger RNA; AKT, Protein Kinase B; MAPK, Mitogen-Activated Protein Kinase;
DNMT, DNA Methyltransferase; PRFI, Perforin I; 2-HG, 2-Hydroxyglutarate; H3K4me3, Histone H3 Lysine 4 Trimethylation; H3K27me3, Histone H3 Lysine 27
Trimethylation; LSDI, Lysine-Specific Demethylase |; PLCy, Phospholipase C y; K48-linked, Lysine 48-linked Ubiquitination; K6é3-linked, Lysine 63-linked Ubiquitination;
El, Ubiquitin-Activating Enzyme; RNF31, Ring Finger Protein 31; SUMO, Small Ubiquitin-like Modifier; SAE, SUMO-Activating Enzyme; PVR, Poliovirus Receptor; DNAM-I,
DNAX Accessory Molecule-1; CRMP2, Collapsin Response Mediator Protein 2; UBC9, Ubiquitin-Conjugating Enzyme 9; H3K18la, Histone H3 Lysine |8 Lactylation; Gzmb,
Granzyme B; LDHA, Lactate Dehydrogenase A; GTPSCS, Gamma-Tubulin Complex Protein 5; BET, Bromodomain and Extra-Terminal Domain.
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Current Bottlenecks in NK Cell Therapy

Challenges in NK Cell Activity and Persistence

Blockade of Activation Signals

In the dual regulation of GBM NK cell therapy by PTMs, low NK cell activation efficiency is the primary bottleneck. The
GBM TME blocks the “resting-to-activated state” transition of NK cells through a variety of abnormal PTMs, making it
difficult for in vitro prepared NK cells to initiate the killing program after infusion, resulting in the dilemma of “high infusion
dose but low in vivo efficacy”. First, TGF-B-av integrin axis-mediated phosphorylation dysregulation: GSCs contact NK cells
through surface av integrin, activate the TGF-f pathway, induce the phosphorylation of Smad2/3 in NK cells, block the
synthesis of IFN-y and the secretion signals of granzyme B and perforin, leading to NK cell “functional inactivation”."?
A study of 21 GBM patients showed that the mean fluorescence intensity (MFI) of phosphorylated Smad2/3 (p-Smad2/3) in
tumor-infiltrating NK cells (TI-NK) was higher than that in peripheral blood NK cells (PB-NK), while the expression of
activation markers such as NKG2D, CD16 and NKp30 was downregulated.'* Second, H3K27M mutation-related ubiquitina-
tion defects exacerbate the activation dilemma: in H3K27M-mutant GBM, homologous recombination repair defects may
affect the expression of immune stimulatory molecules after damage, and although olaparib combined with radiotherapy can
partially restore the expression of NK activation ligands (eg, MICA/B),"*"'"? its induction efficiency is still lower than that in
wild-type GBM. In addition, the imbalance between inhibitory and activation receptor expression impairs activation potential:
an analysis of tumor-infiltrating lymphocyte-derived NK cells (TIL-NK) from 60 patients showed that the expression rates of
inhibitory receptors KIR2DL-1 and —2/3 were higher than those in healthy people, while the expression levels of activation
receptors such as CD335, CD226 and CD159¢ were lower than those in normal people.'*°

Irreversible Functional Exhaustion

Even if a small number of NK cells overcome activation barriers to initiate the killing program, their function will
decline rapidly and irreversibly in the GBM TME. This “irreversible exhaustion” directly limits the long-term efficacy of
NK cell therapy, and the core mechanism is the dual regulation of “epigenetic silencing + microenvironmental inhibition”
mediated by abnormal PTMs. Epigenetic silencing exhibits a synergistic effect of molecular networks: DNMT1 binds to
BCL11B to maintain the DNA methylation of NK cell effector genes (Prfl, Gzmb, IFN-y), while H3K27me3 directly
inhibits the promoters of these genes, jointly silencing the transcription of cytotoxic molecules;”’” GTPSCS localized in
the GBM nucleus catalyzes the production of lactyl-CoA, promoting histone H3 lysine 18 lactylation (H3K18la);
H3K18la enriches at the promoters of IFN-y and Gzmb genes in NK cells, and forms a “DNA methylation-histone
inhibition-histone lactylation” triple silencing network together with the DNMT1-H3K27me3 pathway.”' Time-resolved
technology shows that NK cells exhibit downregulation of cytotoxic markers (NKG2D, CD107a) 6—12 hours after
entering the TME, and fully enter the TGFB1-regulated functional dysfunction program within 24 hours, accompanied by
a 2.8-fold increase in SMAD?3 activity, a decrease in SMAD4 activity, and recruitment of HDACs to enhance the
inhibition of NK cell activation.'?! Notably, cytokine selection significantly impacts NK cell exhaustion: IL-15-
engineered NK cells rapidly lose cytotoxicity after repeated GBM cell rechallenges, associated with upregulation of
exhaustion-related genes (CISH, DUSP2);®' in contrast, IL-21-engineered NK cells maintain long-term function by
avoiding exhaustion, which is mediated by CEBPD-induced metabolic reprogramming (enhanced oxidative phosphor-
ylation) and epigenetic activation of effector gene expression.®! Different molecular subtypes of GBM can shape unique
immunosuppressive microenvironments, and mesenchymal subtype GBM (MES GBM) has been confirmed to further
impair the anti-tumor function of NK cells by regulating the polarization state of tumor-associated macrophages; GBM
with high ALDH1A3 expression enhances glycolysis by binding to PKM2,''® which not only competes for glucose to
cause NK cell metabolic imbalance but also induces lysine lactylation of mitochondrial respiratory chain proteins and
glycolytic enzymes in NK cells, disrupting energy metabolism;''® in addition, lactate activates the GTPSCS-H3K 18la
pathway to drive high GDF15 expression, which inhibits NK cell degranulation and IFN-y secretion through paracrine,
and forms a triple inhibitory network together with tumor-associated macrophages and lactate metabolic stress, making it
difficult for NK cells to recover their function even after leaving this microenvironment.”"'*! In summary, irreversible
exhaustion is the result of multi-dimensional synergistic effects, suggesting that targeting metabolic PTMs or blocking
the TGFB1-SMAD?3 signal may reverse the exhausted state.
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Loss of Metabolic Adaptability

The extreme metabolic environment of the GBM TME causes concentration-dependent metabolic damage to NK cells
through abnormal PTMs, making them unable to adapt to the glucose-deficient and high-lactate environment and shortening
their intratumoral survival time; NK cells retain partial adaptability at low concentrations.'** Hypoxia is a key feature of the
GBM microenvironment, and hypoxia and lactate accumulation can jointly disrupt the energy metabolic homeostasis of NK
cells, inhibit the expression of mitochondrial respiratory chain-related genes through regulating the HIF 1a-related signaling
pathway, and simultaneously destroy the NAD+ homeostasis of NK cells, leading to mitochondrial dysfunction and impaired
oxidative phosphorylation, which makes it difficult to meet the energy demand of NK cells even when glucose is
sufficient.”>® Epigenetic-metabolic synergy further blocks compensation: the expression of DNMT/HDAC is abnormally
increased in GBM, and lactate-induced H3K 18la may enhance their binding ability; DNMT1 binds to BCL11B to maintain
the DNA methylation of NK cell glycolytic enzymes (HK2, PFK1), while HDAC inhibits their transcription, jointly blocking
glycolytic compensation;'” DNMT/HDAC dual inhibitors can reverse metabolism-related abnormal PTMs, improve
glycolysis, and prolong the survival time of NK cells in the simulated tumor microenvironment.'?* The loss of metabolic
adaptability occurs synchronously with functional inhibition: Zman-seq shows that NK cells transform from a cytotoxic state
to a dysfunctional state within 24 hours after infiltrating the TME;'?" in hypoxia experiments, the mitochondrial fragmenta-
tion rate of NK cells increases significantly within 24 hours, glycolysis efficiency decreases, the expression of the survival
protein BCL-2 is reduced, and the intratumoral survival time is shortened.'**

The Tumor Immune Escape Dilemma

GBM constructs a multi-dimensional regulatory network using PTMs to achieve immune escape through two core links:
“impaired recognition of GBM by NK cells” and “blocked killing after recognition”, thereby weakening the anti-tumor
effect of NK cells.

At the level of NK cell recognition, GBM reduces the recognition of immunogenic molecules through PTMs:
abnormally activated TGF-f recruits HDAC1/2 and DNMT]1 through the SMAD signal, and dual modification of the
MICA/ULBP2 promoter inhibits its mRNA expression;'>> TCGA data show that the expression of HDAC1/2 in GBM is
higher than that in normal brain tissue (negatively correlated with MICA/ULBP2 transcription), and siRNA knockdown
of HDAC1/2 can restore ligand expression;’® with the increase of GBM malignancy, TGF-p levels increase, while the
surface positive rate of MICA/ULBP2 decreases;'> GBM highly expresses matrix metalloproteinases (MMP)/a disin-
tegrin and metalloproteinase (ADAM), which cleave MICA/ULBP2, and the released soluble MICA (sMICA)/soluble
ULBP2 (sULBP2) competes with NK cell NKG2D for binding, reducing the positive rate of NKG2D in patients;'?
CD155 highly expressed in 80% of GBM has abnormal localization regulated by PTMs, impairing DNAM-1
recognition;* HDAC also alters the expression of immune molecules through histone acetylation PTMs."'®

At the level of NK cell killing inhibition, GBM is centered on ubiquitin-like modifications: the ubiquitin-like modification
pathway is abnormally activated (miR-214 downregulation, PIAS3/UBA2 upregulation, USP34 stabilization of Pinl),
resulting in a 40-60% increase in SUMO1 modification in GBM;**'2%'27 GBM reduces its surface expression through self-

PVR ubiquitin-like modification,**'"!

and simultaneously targets NK cell effector molecules through ubiquitin-like mod-
ifications (CRMP2: impairing killing granule transport; ROCK1: inducing mitochondrial fragmentation in synergy with
lactylation);*#>!"7 TAK-981 and sulfopin + RO3306 can block ubiquitin-like modifications and restore killing function.®*'’
PreOperative RT further blocks GBM immune escape at the killing stage by reducing TAM/microglia recruitment (lower Iba-
1 expression) and inhibiting the senescence-associated secretory phenotype (SASP).'*® PostOperative RT induces higher
levels of tumor cell senescence (increased p21 expression) and SASP-related cytokines (eg, IL-6), which promote immune
suppression and tumor recurrence.'*® In contrast, PreOperative RT removes senescent cells during surgical resection, reducing
SASP-mediated inhibition of NK cell killing function and enhancing the persistence of NK cell efficacy.'*®

The bottlenecks of NK cell therapy for GBM lie in NK cell functional defects and tumor immune escape: Abnormal PTMs
in the TME impair NK cell activity and persistence by blocking activation signals, inducing irreversible exhaustion, and
disrupting metabolic adaptability. Meanwhile, GBM reduces immunogenicity and interferes with recognition/killing via PTM
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regulation, forming an escape network. These multi-dimensional barriers interact synergistically to limit therapeutic efficacy,
demanding targeted strategies for resolution.

Core Breakthrough Strategies Based on PTM Regulation

Enhancing NK Cell Activity and Persistence

Targeted Drugs

Small-molecule drugs targeting PTM regulatory enzymes can enhance NK cell activity and in vivo persistence through multiple
pathways."'”'?? The ubiquitin-like activating enzyme (SAE) inhibitor TAK-981 binds irreversibly to the SAE-SUMO complex,
blocking the transfer of SUMO to the E2 enzyme UBCDY: it relieves the ubiquitin-like modification-mediated inhibition of NK
cell MEF protein at lysine 657, restoring the expression of perforin and granzyme B to 1.6 times the normal level; it also activates
the type I interferon (IFN1) signal to upregulate NK cell IFNARI1. Preclinical studies have shown that TAK-981 can increase the
number of NK cells, improve the CD107a positive rate and IFN-y levels in colon cancer, breast cancer and lymphoma models,
and prolong the median survival of tumor-bearing mice when combined with immune checkpoint inhibitors.'” Although there
are currently no test data of TAK-981 in GBM models, its mechanism of action provides a new idea for overcoming GBM
immunosuppression. Histone deacetylase (HDAC) inhibitors exhibit prominent potential in enhancing NK cell-mediated anti-
GBM effects: class | HDAC inhibitor MS-275, which can cross the blood—brain barrier and is well-tolerated, not only upregulates
the expression of NK cell-activating ligands (MICA/B, ULBP1-3) in diffuse midline glioma (DMG, a high-grade GBM subtype)
cells but also induces the expression of the inhibitory ligand HLA-E.”> Mechanistically, MS-275 promotes STAT3 acetylation at
lysine 685, which enhances the transcriptional activity of unphosphorylated STAT3 and directly drives HLA-E expression.”
Importantly, blocking the HLA-E-NKG2A inhibitory axis with monalizumab can further amplify the cytotoxicity of NK cells
against MS-275-pretreated GBM/DMG cells; preclinical studies in orthotopic DMG mouse models have confirmed that the
combination of MS-275, NK cell infusion, and NKG2A blockade achieves significant tumor growth inhibition and remarkably
prolongs animal survival compared with single-agent or dual combination therapies.”> Notably, the cytokine IL-21, when
genetically engineered into NK cells for autonomous secretion, demonstrates superior anti-GBM potential compared to IL-15, as
it avoids neurotoxicity while enhancing NK cell polyfunctionality (simultaneous secretion of multiple effector cytokines) and
metabolic fitness.®! IL-21-driven STAT3 activation is a key upstream signal for CEBPD-mediated NK cell functional enhance-
ment, and small-molecule modulators targeting the IL-21/STAT3/CEBPD axis may provide a novel class of PTM-related drugs
to improve NK cell therapy efficacy.®' In addition to MS-275, other HDAC inhibitors (eg, valproic acid) upregulate the
expression of NKG2D ligands (MICA, ULBP2) in GBM cells and simultaneously enhance the transcription of IFNG and
GZMB genes in NK cells; proteasome inhibitors (eg, bortezomib) reduce the degradation of GBM-derived immunosuppressive
molecules (TGFp, IL-10), induce the expression of stress antigens (HSP70), and prolong the intratumoral survival time of NK
cells when combined with oncolytic viruses.'’ These drugs provide strong preclinical evidence and practical support for the
clinical translation of NK cell therapy for GBM.

Importantly, although the in vivo efficacy of HDAC inhibitor MS-275 combined with NK cells was established in an
orthotopic diffuse midline glioma (DMG) model—a high-grade glioma sharing key molecular features with GBM (eg,
H3K27M mutation) and classified as a GBM subtype under WHO 2021 classification—this provides the first preclinical
proof-of-concept that PTM modulation can sensitize malignant gliomas to NK cell killing in the brain.”® Direct validation
in classic IDH-wildtype GBM orthotopic models is urgently needed and represents a top priority for future research.
Similarly, the SUMOylation inhibitor TAK-981 has demonstrated potent NK cell-enhancing effects in multiple solid
tumor models, but its efficacy in GBM remains to be experimentally verified.!'” These gaps highlight the critical need for
dedicated GBM-specific preclinical studies to accelerate the clinical translation of PTM-targeted NK cell therapies.

Gene Editing

Unlike small-molecule drugs (which regulate PTMs indirectly through enzymes), gene editing directly modifies key
molecules of NK cells, eliminates inhibitory signals and strengthens activation pathways, thereby improving the activity
and persistence of NK cells in the GBM microenvironment. Using CRISPR/Cas9 technology, core strategies (knockout of
inhibitory molecules, stabilization of activation receptors, optimization of cytokine pathways) have all shown efficacy in GBM
models."**'*? CRISPR/Cas9 knockout blocks inhibitory signals: knockout of CIS optimizes the IL-2/IL-15 signal, enhances
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the phosphorylation of STAT3/STATS, results in a 53.4-57.8% apoptosis rate of T98G GBM spheroids and 31.9-38.5% for
U251MG GBM spheroids, and prolongs the intracranial survival time to 79.5 days;"*® knockout of Siglec-7 (a key inhibitory
receptor) enhances NK cell cytotoxicity against Siglec-7 ligand-positive GBM cells by 1.3—1.7-fold;'*? knockout of CD96 or
TIGIT (inhibitory receptors) improves NK cell degranulation and cytotoxicity against GBM cell lines (U-251 MG)."*' Knock-
in of functional genes at safe loci: introduction of HA tag or GFP reporter at the CD96 locus enables in vivo monitoring, with
knock-in efficiency up to 16.5%;"" feeder-free cell expansion (2—4x10% NK cells can be obtained from 16 mL of peripheral
blood with a knockout efficiency >80%) and optimized nucleofection technology (P3 buffer + DN-100 pulse code, survival
rate >70%, negligible off-target effects) support clinical translation.'**'*! Consistent with this, a recent study demonstrated
that ex vivo expansion of human peripheral blood-derived NK cells using a chemically defined, feeder-free system
supplemented with IL-2 and IL-18 yields highly purified (>90%) functional NK cells, which maintain potent cytotoxicity
against GBM cell lines and intracranial tumors in orthotopic xenograft models.'® Notably, intravenous administration of these
expanded NK cells (either once or twice via retro-orbital sinus) prolonged the overall survival of NOG mice bearing U87MG-
derived intracranial tumors, with no significant difference in efficacy between single and double infusion schedules, indicating
that even a single dose of ex vivo-expanded NK cells can exert durable antitumor effects.'> A critical advancement is the
engineering of NK cells to autonomously secrete IL-21, which outperforms IL-15-engineered NK cells in both safety and
long-term anti-GBM activity.®! Intratumoral administration of IL-15 NK cells induces significant neurotoxicity (characterized
by astrocytosis, microgliosis, and weight loss) without effective tumor control, while IL-21 NK cells mediate durable tumor
eradication in multiple patient-derived GSC orthotopic models (eg, GSC20, GSC8—11, GSC267) without detectable toxicity.®'
Mechanistically, IL-21 drives epigenetic reprogramming of NK cells via activation of STAT1/STAT3 signaling, which directly
binds to the promoter of CEBPD (a key C/EBP family transcription factor) to enhance its expression.®! CEBPD further
upregulates target genes such as KLF2 and BNIP3L, which are critical for maintaining NK cell metabolic fitness (enhanced
oxidative phosphorylation, reduced glycolysis) and long-term cytotoxicity against recurrent GBM cells.®' Genetic deletion of
CEBPD abrogates the superior anti-tumor activity of IL-21 NK cells, while CEBPD overexpression in unmodified NK cells
mimics IL-21-mediated functional enhancement.®' Base editing (silencing TIGIT without off-target effects) improves safety,
while multi-gene editing requires optimization of gRNA dosage and ratio to reduce the risk of chromosomal translocation.'*'
Gene editing has a synergistic effect with small-molecule drugs (microenvironment regulation), for example, TGF-3 receptor-
edited NK cells can effectively eliminate glioma stem cells; small-molecule drugs targeting PTM enzymes restore NK cell
PTM balance/remodel the GBM microenvironment, jointly promoting clinical translation.

In summary, gene editing technology can accurately remodel the functional molecules of NK cells to overcome the
PTM-mediated immunosuppressive barrier of GBM, and the combination with PTM-targeted drugs can exert
a synergistic anti-tumor effect. The optimization of expansion and editing technology and the development of safe multi-
gene editing strategies are the core to promote the clinical application of this technology in GBM therapy.

Blocking Tumor Immune Escape

Inhibiting Tumor Cell Escape Mediated by PTMs

Tumor cells escape the killing of NK cells and cytokine-induced killer (CIK) cells through abnormal PTMs, reshape
immune recognition or inhibit NK cell function, and targeted PTM intervention has become a core strategy to overcome
escape. In terms of glycosylation regulation, studies in multiple myeloma models have found that high sialylation of
tumor cells can enrich Siglec-7/9 ligands, recruit SHP-1/2 phosphatases to block NK cell degranulation, cytokine
secretion and ADCC effect;'??
modification can damage receptor expression, reduce the release of effector molecules and killing efficiency.'** Although

studies in neuroblastoma models have shown that the reduction of NK cell O-GlcNAc

these studies do not involve GBM, they suggest that abnormal glycosylation may be a universal mechanism of tumor
immune escape, and strategies such as neuraminidase desialylation or O-GlcNAcase inhibition may also be applicable to
GBM, which needs experimental verification. Ubiquitination-mediated escape mechanisms have been reported in
a variety of tumors: in melanoma and colorectal cancer, RNF31 drives linear ubiquitination of TNFRI, recruiting
A20/TBK1 to block TNF-induced tumor cell death;'** in multiple myeloma, Nectin2 (CD112) degradation reduces NK
cell activation, and this effect can be reversed by PYR41;115 in melanoma and colon cancer, PSME3 overexpression
accelerates PTP degradation to inhibit MHC-I presentation, and PSME3 knockout can restore MHC-I expression and NK
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cell killing efficiency.'*® These mechanisms provide a reference for exploring ubiquitination-related immune escape in
GBM. Gene expression profiling of intracranial tumors from orthotopic GBM xenografts revealed that NKC-treated
tumors exhibit downregulated expression of CD70 (fold change: —5.64), a ligand of the NK cell activating receptor
CD27, suggesting that GBM cells may evade NK cell surveillance by reducing the expression of activating receptor
ligands.'> Conversely, the upregulation of CDH2 (fold change: 2.1), a ligand of the NK cell inhibitory receptor KLRG1,
in NKC-treated tumors indicates an additional immune escape mechanism mediated by enhanced inhibitory signaling.'
In terms of acetylation-dependent escape mechanisms, studies in multiple myeloma have shown that HDAC mediates the
downregulation of NKG2D ligands and ADAM-induced MICA shedding, and panobinostat can reverse this effect,
upregulate ligand expression, reduce soluble MICA release, and enhance NK cell killing.'*” The application potential of
this strategy in GBM warrants further investigation.

Combination Therapy Amplifies the Regulatory Effect of PTMs Modulation

Single PTM regulatory strategies are limited by the heterogeneity of the GBM microenvironment and the diversity of escape
mechanisms, while combining PTM intervention with antibody therapy, gene-edited NK cell therapy or immune checkpoint
blockade can effectively overcome GBM immune escape by multi-target synergy to amplify the immune activation effect. In
terms of the combination of glycosylation-related PTM regulation and antibody therapy, in multiple myeloma models, the
exposure of CD38 on tumor cells with desialylation by neuraminidase is increased, and NK cell-mediated ADCC is enhanced
when combined with daratumumab;'*® maintaining the O-GIcNAc modification of adoptive NK cells can preserve their
killing efficiency."** The ideas of these combination strategies can provide a reference for GBM-related research. In terms of
the combination of ubiquitination-related PTM regulation and immune cell therapy, in melanoma and colorectal cancer
models, the combined use of HOIPIN-8 with NK/CD8+ T cells can improve the tumor cell killing rate;'** in melanoma and
colon cancer, the combination of PSME3 inhibition with anti-PD-1 can enhance the killing effect of NK/CD8+ T cells;'3®
TIPE2-knockout NK cells have increased infiltration ability and cytokine secretion, and double knockout with CISH can
further improve the in vitro killing rate.'** Although these studies are mostly focused on other tumors, they provide a reference
for the design of combination therapy strategies for GBM. In terms of the combination of acetylation-related PTM regulation
and CIK cell therapy, in multiple myeloma models, the combined use of HDAC inhibitors with CIK cells can upregulate the
expression of NKG2D ligands in tumor cells and IFN-y in CIK cells, improving killing efficiency.'*” Additionally, combining
PreOperative RT with HDAC inhibitors may synergistically enhance NK cell efficacy by simultaneously regulating PTM-
related transcriptional signatures (eg, G2M checkpoint activation) and acetylation homeostasis, further amplifying the anti-
GBM effect.'?® At present, direct evidence for the enhancement of NK efficacy by PTM modulator combination therapy in
GBM models is still scarce, and most studies are still in the stage of other tumor models. Future research needs to strengthen
the study of GBM-specific combination therapy.

Targeting the bottlenecks of NK cell therapy, core breakthrough strategies focus on PTM regulation: correcting
abnormal modifications with targeted drugs, enhancing NK cell function via gene editing, and combining with antibody
therapy, PreOperative RT, etc. These strategies synergistically address PTM-mediated immunosuppression by boosting
NK activity and blocking tumor escape, offering a precise and efficient solution for GBM treatment.

Outlook for the Future Research Direction
To address current challenges in GBM NK cell therapy, future efforts should focus on precise breakthroughs in the
following three directions to advance the translation of basic research to clinical practice.

Optimization of Precision Delivery Technology

The current delivery of CAR-NK cells and PTM modulators is limited by poor blood—brain barrier penetration, insufficient
retention in the tumor microenvironment and off-target effects on normal tissues, and it is necessary to construct an efficient
delivery system through carrier upgrading and cell adaptation. The “TfR + EGFRVIII” dual-targeting carrier can enhance
blood-brain barrier penetration and tumor targeting, reduce retention in normal brain tissue (single-targeting carrier retains
about 20% in normal brain tissue),'*’ and load HDAC inhibitors to upregulate GBM cell NKG2D ligands (increase by 1.8-2
times).'*> Hypoxia/lactate-responsive carriers adapted to the tumor microenvironment are coupled with anti-lactylation
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antibodies to protect NK cell mitochondrial function; biocompatible materials reduce interference with NK cell receptors, or
IL-15 modified fragments prolong the survival time of CAR-NK cells (currently 48-72 hours).'*® Notably, intravenous
administration of ex vivo-expanded NK cells via the retro-orbital sinus has been verified to effectively penetrate the blood—
brain barrier and inhibit intracranial tumor growth in orthotopic GBM xenografts.'® This non-invasive delivery route avoids
the risks associated with intracranial injection (eg, infection, bleeding) and is more suitable for patients ineligible for open
surgery due to tumor location or systemic status.'> Additionally, immune cells can access the brain via the choroid plexus and
circumventricular organs (fenestrated capillaries without BBB), further supporting the feasibility of intravenous delivery for
GBM-targeted NK cell therapy.'”> Importantly, PreOperative RT can synergistically improve the delivery efficiency and
intratumoral retention of NK cells by remodeling the GBM microenvironment.'?® Preclinical studies show that PreOperative
RT reduces the density of immunosuppressive TAMs in the tumor core and border, reducing the physical and molecular
barriers to NK cell infiltration.'?® Moreover, PreOperative RT induces transcriptional changes in GBM cells that enhance their
susceptibility to NK cell-mediated killing, improving the “functional delivery” efficiency of NK cells (ie, the proportion of
delivered cells that exert anti-tumor effects).'*® The combination of PreOperative RT with intravenous NK cell delivery has
shown promising results in orthotopic models, with significantly prolonged survival compared to either therapy alone,'?®
providing a novel strategy to optimize precision delivery for GBM NK cell therapy.

PTM Marker-Guided Personalized Therapy

The molecular heterogeneity of GBM and individual differences in PTM modifications urgently require the establishment
of a “PTM markers-TME-therapeutic response” regulatory system. Construct a multi-dimensional PTM marker panel to
detect the expression of core PTM enzymes (HDAC high-expression subtypes have a higher response rate to
inhibitors),”® key modification sites and TME molecules (adrenomedullin,"*® sMICA/sULBP2);'%* liquid biopsy enables
dynamic monitoring and adjustment of adrenomedullin antagonist dosage (avoiding a 15% increase in vascular resistance
in normal brain tissue).'"*” Marker-based therapeutic regimens include: the m®A high-risk group (high YTHDF2
expression) adopts Nutlin.3a + NK cell therapy (2.1 times higher sensitivity);'*' cases with EGFR amplification/PLCG1-
Y783 phosphorylation adopt EGFR inhibitor + CAR-NK cell therapy; hypoxia-TAM enriched cases adopt adrenome-
dullin antagonist preconditioning; cases with high TAM infiltration or high risk of early recurrence may benefit from
PreOperative RT combined with NK cell infusion, as supported by interim results from the NeoGlioma Phase I/Ila
clinical trial showing reduced TGF-B accumulation in TAMs and a favorable CD4:CDS8 lymphocyte ratio in PreOperative

SRS (stereotactic radiosurgery) treated patients.'*®

Deepening PTM Crosstalk Mechanisms
Current PTM research mostly focuses on a single pathway, and it is necessary to systematically analyze the crosstalk
mechanisms such as “phosphorylation-acetylation” and “ubiquitin-like modification-lactylation”. Future research should
explore the TGF-p-mediated “phosphorylation-epigenetic PTMs” crosstalk (inducing Smad2/3 phosphorylation,'?
recruiting HDAC/DNMT to enhance H3K27me3)”” and the interaction between lactylation and H3K18la;”' another
critical crosstalk axis is the “IL-21-induced phosphorylation-epigenetic reprogramming” pathway: IL-21 activates
STAT1/STAT3 phosphorylation in NK cells,*' and phosphorylated STAT1/STAT3 binds to the CEBPD promoter to
promote its transcription, further regulating the acetylation/methylation status of downstream target genes (eg, KLF2,
BNIP3L).®" This “phosphorylation-transcription factor activation-epigenetic modification” crosstalk forms a positive
regulatory loop to maintain NK cell long-term cytotoxicity and metabolic fitness in the GBM microenvironment.®'
Design multi-target strategies: “HDAC-PRMT6” dual inhibitors,””'** combined use of lactate dehydrogenase and BET
inhibitors, or gene-edited NK cells (knockout of TGFBR2)" + ubiquitin-like modification inhibitors (TAK-981''");
additionally, strategies targeting the IL-21/STAT3/CEBPD crosstalk axis (eg, CEBPD overexpression combined with
HDAC inhibitors) can synergistically enhance NK cell anti-GBM efficacy by simultaneously regulating phosphorylation
and epigenetic PTMs;*' use GBM patient-derived organoids to simulate PTM crosstalk and verify the mechanism and
scheme safety.

Future NK cell therapy for GBM should focus on three core directions: optimizing precision delivery to cross the
BBB and enhance intratumoral retention; developing PTM marker-guided personalized regimens to adapt to patient
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heterogeneity; and deepening PTM crosstalk research to explore multi-target intervention potential. These three aspects
synergize to form a comprehensive breakthrough system from delivery and adaptation to mechanism, facilitating clinical
translation.

Conclusion

This review comprehensively analyzes the dual regulatory roles of seven key post-translational modifications (phosphor-
ylation, acetylation, glycosylation, methylation, ubiquitination, SUMOylation, and lactylation) in NK cell-based immu-
notherapy for glioblastoma. PTMs not only synergistically enhance the cytotoxicity, targeting efficiency, and in vivo
persistence of NK cells through physiological modification, but also suppress NK cell activation, trigger irreversible
functional exhaustion, and promote immune escape of GBM via aberrant modification.

The unique value of this review lies in systematically delineating the dual-action network of PTMs in NK cell function
regulation and GBM immune escape, and for the first time integrating the core mechanistic framework of “PTM abnormality —
NK cell dysfunction — GBM therapeutic resistance”, offering a new perspective for deciphering the resistance mechanisms
underlying GBM immunotherapy. Meanwhile, we highlight major clinical bottlenecks restricting NK cell therapy for GBM,
including insufficient NK cell activity and persistence, inefficient precision delivery, and PTM-mediated GBM immune
escape, and summarize corresponding PTM-targeted strategies such as small-molecule compounds, CRISPR/Cas9-
engineered NK cells, and multi-target combination regimens.

This review further defines the core principle of PTM-mediated dual regulation in GBM-directed NK cell therapy:
physiological phosphorylation, acetylation, glycosylation, and methylation potentiate therapeutic efficacy by activating NK
cell signaling, sustaining metabolic adaptation, and improving ligand recognition, whereas abnormal ubiquitination,
SUMOylation, and lactylation impair anti-tumor effects through functional gene silencing, mitochondrial injury, and immune
escape facilitation.

Future investigations should focus on three priority directions: first, perform in vivo validation of PTM regulatory
events, characterize modification profiles in clinical specimens, and develop highly specific small-molecule inhibitors
targeting PTM enzymes; second, optimize precision delivery systems for NK cells and PTM modulators, explore
intelligent BBB-penetrating carriers and biomaterial-assisted delivery platforms to substantially enhance in vivo delivery
efficiency; third, elucidate PTM crosstalk networks and design multi-target intervention strategies to achieve precise
manipulation of the complex PTM regulatory landscape.

The integration of PTM modulation, NK cell engineering, and precision delivery to establish a trinity therapeutic
system of “modification regulation — cellular engineering — precise delivery” represents a critical step toward advancing
clinical translation of NK cell therapy for GBM. These strategies are instrumental in overcoming therapeutic limitations
and breaking through current bottlenecks of NK cell therapy in solid tumors such as GBM. They will not only facilitate
translational development of GBM immunotherapy and improve patient prognosis, but also serve as a reference for
developing PTM-targeted immunotherapies against other solid tumors. This review provides a conceptual framework for
overcoming the immunosuppressive microenvironment of GBM through PTM modulation, and the proposed approaches
are anticipated to accelerate clinical translation of NK cell therapy and improve patient outcomes.
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