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Methyltransferase-like 3(METTL3), recognized as the primary N®-methyladenosine
methyltransferase, influences cellular functions such as proliferation, migration,
invasion, differentiation, and fate determination by regulating gene expression
post-transcriptionally. Recent studies have highlighted the indispensability of
METTL3 in various immune cells such as hematopoietic stem/progenitor cells,
innate immune cells (monocytes, macrophages, dendritic cells), and adaptive
immune cells (thymic epithelial cell, T cells, natural killer cells). However, a
comprehensive summary and analysis of these findings to elucidate the
relationship between METTL3 and the immune system is yet to be undertaken.
Therefore, in this review, we systematically collate reports detailing the mechanism
underlying the role of METTL3 in regulating various immune processes and
examine the modification of METTL3 and its potential implications. This review
suggests that METTL3 plays an essential role in the immune system, ranging from
maintaining homeostasis to regulating functions. Collectively, this review provides
a comprehensive analysis of the relationship between METTL3 and the immune
system, serving convenient researchers to understand the frontiers of
immunological research and facilitate future clinical applications.

KEYWORDS

methyltransferase-like 3, hematopoietic stem/progenitor cells, innate immune cells,
adaptive immune cells, immune homeostasis

1 Introduction

Functioning as the primary safeguard against infectious agents in the human body, the
immune system encompasses various cells, molecules, tissues, and organs (1, 2). Immune cells
originate as precursors in the bone marrow and undergo transformative stages at various sites
throughout the body to reach maturity (2-4). Distributed uniquely throughout the body, each
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type of cell and molecule serves specific functions in response to
infections, intercellular communication, and problem-solving,
employing various mechanisms, including inhibiting tumor growth,
initiating tissue repair processes, and regulating the immune system to
promote overall health (5-7). Therefore, a comprehensive
understanding of the intricate mechanisms underlying the functional
network of the immune system is valuable for researchers to address
immunological problems, spanning from infections to cancers.
Currently, epigenetics represents the cutting-edge approach for
mechanism study of gene expression (8, 9).

RNA Nﬁ—methyladenosine (m°A) modification is a distinctive
mechanism of epigenetic regulation, which has been extensively
reported to play pivotal roles in modulating cellular biological
functions, including proliferation, differentiation, and fate
determination, alongside other biological activities (10-15). m°A
modification intricately regulates the splicing, translocation, stability,
and translation of RNA through dynamic and reversible interactions
with m®A-specific regulatory proteins, such as methyltransferases,
demethylases, and binding proteins (16-23). The interplay between
these writers, erasers, and readers of m°®A marks ensures a finely-tuned
regulation of RNA metabolism. Among these m®A-specific regulatory
proteins, methyltransferase-like 3 (METTL3) is the most indispensable
and contributing component, which is not only the first identified but
also possesses catalytic activity in RNA m®A modification (24). A
growing number of studies have demonstrated the involvement of
METTL3 in the immune system, highlighting its crucial role in
regulating various physiological events (25, 26). Although the roles
and mechanisms of METTL3 in the immune system have been
extensively investigated, reviews that systematically interpret their
relationships are lacking.

Therefore, this review focuses on summarizing findings from
studies that report the roles and mechanisms of METTL3 in immune
cells, thereby highlighting the prospective implications of METTL3 in
the immune system alongside future research directions.
Furthermore, this review provides an updated compilation of the

Abbreviations: m°A, N°-methyladenosine; METTL3, Methyltransferase-like 3;
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lipoprotein; PGC-1o., Proliferator-activated receptor gamma coactivator 1-
alpha; ROS, Reactive oxygen species; STAT, Signal transducer and activator of
transcription; RA, Rheumatoid arthritis; LPS, Lipopolysaccharide; TNF-a,
Tumor necrosis factor-o; TLR4,Toll like receptor 4; Treg, Regulatory T cell;
SPRED?2, Sprouty related EVH1 domain containing 2; DDX5, DEAD box helicase
5; MSR1, Macrophage scavenger receptor 1; Dnmt3a, DNA methyltransferase 3A;
Atatl, Alpha-tubulin acetyltransferase 1; AP, Amyloid beta; AD, Alzheimer’s
disease; miR-93, MicroRNA-93; APCs, Antigen-presenting cells; MHC, Major
histocompatibility complex; TIRAP, TLR4 signaling adaptor; BPDCN, Blastic
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role of METTL3 in the immune system, serving to facilitate future
clinical applications and provide researchers with insights into the
frontiers of immunological research.

2 Detailed overview of METTL3

METTL3, also known as methyltransferase-like 3, is a key
component of the m®A methyltransferase complex (17). This enzyme
plays a pivotal role in the post-transcriptional modification of RNA,
influencing various physiological processes and pathophysiological
conditions (27, 28). Structurally, METTL3 forms a heterodimer with
METTL14, another methyltransferase-like protein, to execute its
catalytic functions. The METTL3-METTL14 complex is further
stabilized by Wilms’ tumor 1-associating protein (WTAP), which
enhances its methyltransferase activity (17). The structural uniqueness
of METTL3 lies in its catalytic domain, which is responsible for
transferring the methyl group from S-adenosylmethionine to the
adenosine base in RNA (17). This catalytic domain is highly
conserved and distinct in METTL3, giving it an edge over other
mCA-specific regulatory proteins. Moreover, METTL3’s role extends
beyond its enzymatic activity. It has been implicated in various cellular
processes, including mRNA stability, splicing, translation, and nuclear
export (29). For instance, METTL3-mediated m°A modification is
crucial for the proper splicing of pre-mRNA, as it recruits splicing
factors to the methylated sites (29). Additionally, METTL3 influences
mRNA stability by interacting with m®A readers such as YTHDF
proteins, which recognize and bind to m°A-modified transcripts,
leading to either their stabilization or degradation (29). In conclusion,
METTLS3 is a central player in the m°A RNA modification landscape,
with unique structural and functional attributes that distinguish it from
other m°A regulatory proteins. Its structural configuration, interaction
with METTL14, and broad impact on RNA metabolism underscore its
significance in immune cell regulation.

3 Relationship between METTL3 and
the immune system

The immune system, which combats microbes, is primarily
divided into two distinct reactions: innate and adaptive immunity
(30). Innate immunity is a natural defense mechanism that confers
protection from birth onwards (30). For example, the skin acts as an
effective barrier for the body, protecting against bacteria, viruses,
and other disease-causing pathogens (31). Conversely, adaptive
immunity, which is acquired after birth, is honed over a lifetime
through interactions with infectious agents or vaccinations (31).
Both types of immune responses require specific cells, which can be
derived from stem cells, to execute their functions.

3.1 Roles and mechanisms of METTL3 in
hematopoietic stem cells

Hematopoietic stem/progenitor cells (HSPCs), the
predominant progenitor cells located in the bone marrow, can
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generate all types of blood cells, including those of myeloid and
lymphoid lineages, while also possessing self-renewal capacity (32).

Recent studies have highlighted the crucial role of METTL3-
mediated RNA m®A modification in regulating HSPC function. For
instance, during zebrafish embryogenesis, deletion of METTL3 in
embryos by using CRISPR-Cas9 system reduces m®A levels by
promoting the decay of the arterial endothelial genes notchla and
rhoca in a YTH N°®-methyladenosine RNA binding protein 2
(YTHDF2)-dependent manner, which subsequently activates the
Notch signaling to block HSPC production (33). Notably,
METTL3-mediated m°A modification functions in the process of
endothelial-to-hematopoietic transition to specify the earliest
HSPCs. Additionally, by using the hematopoietic-specific Vav-
Cre*-Mett13"" mice model, Gao et al. (34) demonstrated that
specific deletion of METTL3 in the liver of murine fetuses results
in hematopoietic deficiency and increases perinatal mortality.
METTL3 activates the Mavs or RNase L signaling pathways,
precipitating an aberrant innate immune response. However,
under pathological conditions of acute myeloid leukemia (AML),
a converse function is reported, wherein the levels of METTL3 are
elevated compared to those in healthy HSPCs (35). Intriguingly,
shRNA-mediated silencing of METTL3 in HSPCs of human AML
promotes HSPC differentiation by increasing p-AKT levels and
facilitates apoptosis by promoting the mRNA translation of c-MYC,
BCL2, and PTEN while inhibiting proliferation. Therefore, the
detrimental role of METTL3 in the HSPCs of patients with AML
indicates its potential as a therapeutic target.

In summary, the available studies highlight the pivotal role of
METTLS3 in regulating HSPC function. Although relatively elevated
expression levels facilitate physiological differentiation, they may
also contribute to pathological events.

3.2 Roles and mechanisms of METTL3 in
innate immune cells

Common myeloid progenitor stem cells, which reside in the
bone marrow, serve as precursors to generate various innate
immune cells, including but not limited to neutrophils,
eosinophils, basophils, mast cells, monocytes, dendritic cells
(DCs), and macrophages (36). These primary responders
promptly act against infections, such as inflammation (30).
Therefore, maintaining their normal function is essential for an
effective innate immune response. Given that METTL3 plays a
crucial role in regulating the biological functions of various cells,
numerous studies have reported its significance in these innate
immune cells (37, 38). Innate lymphoid cells (ILCs) can quickly
switch from a quiescent state to an active state and rapidly produce
effectors that provide critical early immune protection (39). In
R26°" MettI3"" mice model, Zhang et al. (40) showed that
deletion of METTL3 significantly diminishes ILC2 proliferation,
migration, and effector cytokine production and results in impaired
anti-helminth immunity, whereas exerts minimal influence on ILC
homeostasis or the cytokine-driven responses of ILC1 or ILC3
subtypes. Importantly, the gene encoding the transcription factor
Gata3 is highly m®A methylated in ILC2. Moreover, demethylation

Frontiers in Immunology

10.3389/fimmu.2024.1456891

of m°A weakens Gata3 mRNA stability and impairs Gata3
upregulation and ILC2 activation. Notably, METTL3-mediated
m°A modification is essential for ILC state transition and
immune response.

3.2.1 METTL3 triggers monocyte inflammation

Monocytes, which reside primarily in the bloodstream and
tissues, can manipulate and respond to stimuli (41). Zhang et al.
(42) reported a mechanism of METTL3-mediated RNA mCA
modification that triggers monocyte inflammation in response to
oxidized low-density lipoprotein (ox-LDL). This intricate process
involves the coordinated actions of METTL3 and YTHDEF2, which
collaborate to promote peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1c) mRNA degradation, leading
to decreased PGC-1o. expression and culminating in an escalated
inflammatory response. In addition to downregulating PGC-1o.
expression, this coordination also suppresses the expression levels
of NDUFC2, as well as ATP production and oxygen consumption
rate. Consequently, this cascade induces the accumulation of
reactive oxygen species (ROS) in both the cellular and
mitochondrial compartments, thereby enhancing pro-
inflammatory cytokines in inflammatory monocytes. Therefore,
the METTL3/YTHDF2/PGC-1o axis regulates monocyte-
mediated inflammatory responses (Figures 1, 2).

3.2.2 METTL3 functions in macrophage
phenotype switch

Macrophages are crucial regulators of the innate immune and
are also the major producers of inflammatory cytokines once
activated by pathogen-associated molecular patterns (43).
Monocytes can differentiate into distinct macrophage phenotypes
with remarkable phagocytic and bacterial degradation capabilities
(44). Upon activation by an external stimulus, monocytes
collaborate with macrophages to induce an immune response by
signaling other immune cells (45).

In addition to regulating the inflammatory response of
monocytes, METTL3 is also crucial for maintaining macrophage
function (46). Liu et al. (47) found an upregulation of METTL3
during mouse M1 macrophage polarization. Moreover, METTL3
overexpression not only facilitates M1 macrophage polarization but
also attenuates M2 polarization. Conversely, METTL3
downregulation leads to contrasting effects. Mechanically,
METTL3 functions by methylating the signal transducer and
activator of transcription 1 (STATI) mRNA at its coding
sequence and 3’-untranslated regions to enhance STATI mRNA
stability and subsequently upregulates STAT1 expression, which
controls M1 macrophage polarization. Therefore, METTL3
promotes macrophage polarization toward the M1 pro-
inflammatory phenotype by targeting STATI mRNA, rendering it
a promising anti-inflammatory target in inflammation-induced
diseases. For example, rheumatoid arthritis (RA) is strongly
associated with monocyte-macrophage inflammation (48, 49).
Wang et al. (50) demonstrated that METTL3 expression is
significantly upregulated in patients with RA and is positively
correlated with C-reactive protein and erythrocyte sedimentation
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Role of METTL3 in innate and adaptive immune cells. Functions of METT

regulating immune system homeostasis and function. Methyltransferase-

rate, which are markers of RA. METTL3 downregulation alleviates
lipopolysaccharide (LPS)-induced inflammatory response in M1
macrophages. Moreover, the impact of METTL3 on LPS-induced
macrophage inflammation is closely associated with the NF-xB
signaling pathway. Notably, METTL3 promotes M1 pro-
inflammatory phenotype activation in macrophages via the NF-
KB pathway, highlighting the pivotal role of METTL3 in driving
macrophage phenotype switch in RA and its potential utility as a
biomarker for this condition.

Similarly, Tong et al. (51) showed that MettI3 knockdown in
macrophages decreases tumor necrosis factor-o. (TNF-o)
expression upon LPS stimulation in vitro. Furthermore, mice with
a specific knockdown of Mettl3 in macrophages (Mettl3 "/
Lyzm—Cre mice model) are more susceptible to bacterial infection
and exhibit faster tumor growth. METTL3 deregulation increases
the stability and expression of Irakm, a negative regulator of toll-like
receptor 4 (TLR4) signaling, which subsequently inhibits
macrophage-mediated innate immune response to inflammation
by deactivating TLR4 signaling. These findings suggest that the
METTL3/Irakm/TLR4 signaling pathway represents a novel
mechanism for regulating macrophage-mediated innate immune
responses, highlighting its clinical applications in immunotherapy.
Yin et al. (52) demonstrated that the specific knockdown of Mett/3

in the myeloid cells of mice (crossed Metti3V8

mice with Lyz-“¢
mice to delete Mettl3) leads to tumor progression by promoting the
accumulation of M1/M2-like tumor-phenotype macrophage and

facilitating the infiltration of regulatory T cell (Treg) into tumors.
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like 3 (METTL3). N°-methyladenosine (m°®A). Natural killer (NK).

More importantly, the therapeutic efficacy of programmed cell
death 1 is compromised by the Mettl3 downregulation, which
obstructs the immune checkpoint. This downregulation decreases
sprouty-related EVH1 domain containing 2 (SPRED2) translation,
mediated by YTHDF]I, thereby activating the ERK pathway and
enhancing NF-kB and STAT3 expression. Therefore, METTL3
collaborates with YTHDF1 to promote tumor progression and
attenuate the efficacy of tumor therapy by targeting the SPRED2/
ERK/NF-kB-STAT3 signaling pathway, highlighting the clinical
possibilities of using METTL3 as a target in tumor immunotherapy.

However, in contrast, Cai et al. (53) found that METTL3
attenuates LPS-induced proinflammatory pathways and the ROS
generation process. Mechanically, METTL3-YTHDEF2 enhances the
Pyk2 mRNA stability, which consequently activates the MAPKs and
AKT signaling to promote the generation of proinflammatory
cytokines and ROS. The total levels of m°A and METTL3 are
decreased in LPS-stimulated macrophages. Mettl3 knockdown
significantly upregulates proinflammatory cytokines (TNF-o., IL-
6, and NO), which enhances the mRNA stability and expression of
NODI and RIPK2 by interacting with YTHDF1 and YTHDE2,
respectively (54). All findings suggest that METTL3 promotes the
LPS-induced inflammatory response in macrophages through
mediating mC®A modification on NODI and RIPK2. Furthermore,
METTL3 has a low expression level in monocyte-derived
macrophages from patients with childhood allergic asthma (55).
Conditional knockout of METTL3 in myeloid cells (Mett13"
1Lyz2°"*) enhances Th2 cell response and aggravates allergic
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Mechanism of METTL3 actions in immune cells. Targets and mechanisms of METTL3 in innate and adaptive immune cells are analyzed.
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airway inflammation by facilitating M2 macrophage activation (55).
A low level of METTL3 suppresses PTX3 mRNA degradation and
induces PTX3 expression in a YTHDF3-dependent manner.
Furthermore, the METTL3/YTHDF3-PTX3 axis contributes to
autophagy maturation in macrophages by modulating STX17
expression and thereby promoting M2 macrophage activation.
Notably, METTL3 promotes M2 macrophage activation via
regulating the PTX3-STX17 axis, thereby identifying METTL3 as
a potential target for controlling allergic asthma.

Macrophages also possess crucial non-immunological
functions, such as clearing cellular debris and recycling of
deceased cells (such as red blood cells) (45). These
“housekeeping” activities occur independently of immune
response activation. Zhao et al. (56) demonstrated that ox-LDL-
induced DEAD-box helicase 5 (DDX5) upregulation facilitates lipid
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uptake in macrophages, which is not dependent on either the
MAPK or NF-xB pathway. Mechanistically, DDX5 reduces
METTL3 modification on macrophage scavenger receptor 1
(MSRI) mRNA to maintain MSRI stability. Overall, these
findings suggest that ox-LDL-induced lipid uptake in
macrophages by targeting the DDX5/METTL3/MSR1 axis.
Besides, Yin et al. (57) found that Mett3 deletion in monocyte-
derived macrophages (Mett13""Lyz2""") reduces the m°A
modification on DNA methyltransferase 3A (Dnmt3a) mRNA
and impairs YTHDFI-mediated Dnmt3a translation, which in
turn interacts with alpha-tubulin acetyltransferase 1 (AtatI)
promoter to maintain its expression, improving cognitive
function in an amyloid beta (AP)-induced Alzheimer’s disease
(AD) mouse model. Therefore, METTL3 promotes the migration
of monocyte-derived macrophages and AP clearance by regulating
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the Dnmt3a-Atatl axis, ultimately alleviating AD, highlighting that
targeting METTL3 is a promising target for AD treatment in the
future. Furthermore, the aberrant cross-talk between macrophages
and bronchial epithelial cells is essential for the degradation of
elastin which contributes to emphysema, in which METTLS3 plays a
critical role (58). Xia et al. (58) established that METTL3-mediated
m°A modification promotes the production of excess mature
microRNA-93 (miR-93) in bronchial epithelial cells, which are
then transferred from bronchial epithelial cells into macrophages.
In macrophages, miR-93 activates the JNK pathway by targeting
dual-specificity phosphatase 2, which elevates matrix
metalloproteinase 9 and 12 and induces elastin degradation,
leading to emphysema (58). Notably, METTLS3 is critical for the
aberrant cross-talk of epithelium-macrophages in emphysema and,
thereby may be used in clinical diagnosis for emphysema
(Figures 1, 2).

Notably, METTL3-mediated RNA m®A modification plays a
crucial role in regulating the intricate functions of macrophages, as
well as macrophage-related diseases, suggesting its role in
disease treatment.

3.2.3 METTL3 contributes to DC activation
and maturation

Monocytes can differentiate into DCs, which are crucial
antigen-presenting cells (APCs) (59). Similar to DCs, APCs play a
vital role in breaking down large molecules into “readable”
fragments or antigens recognizable by adaptive B or T cells (59).
However, T cell activation is contingent not only upon antigens but
also upon the correct major histocompatibility complex (MHC) II
expressed on the surface of APCs (60). The MHC, which acts as a
checkpoint, aids immune cells in distinguishing self from non-self
(60). Wu et al. (61) demonstrated that METTL3 knockdown in DCs
reduces the level of MHCII costimulatory molecules (CD80, CD86)
and DC-related cytokines (IFN-v, IL-12) and inhibits its ability to
activate T-cell proliferation, consistent with the characteristics of
tolerogenic DCs. Moreover, knockdown of METTL3 in DCs by
using the lentiviruses expressing METTL3-specific ShRNA, results
in Th1/Th2 immune tolerance following mouse heart
transplantation and prolongs allograft survival (61). Notably,
METTL3 plays an essential role in DC activation and optimal
immune function. Another study showed that exosomes derived
from METTL3-deficient DCs effectively prevent immune rejection
in a mouse cardiac allograft model (62). Furthermore, Wang et al.
(63) reported that Mettl3 knockdown impedes the phenotypic and
functional maturation of DCs. The METTL3-mediated m®A
methylation facilitates the translation of CD40, CD80, and
TLRAP (a TLR4 signaling adaptor) in DCs to promote T cell
activation and reinforces cytokine production induced by TLR4/
NE-xB signaling. These findings underscore the indispensability of
METTL3-mediated m°A modification in enhancing DC activation
and maturation, as well as T-cell responses, which are achieved
through stimulating the translation of specific immune transcripts.

Blastic plasmacytoid DC neoplasm (BPDCN) is a rare and
aggressive hematologic malignancy with poor clinical outcomes
(64). BPDCN is highly associated with the low level of protein
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arginine methyltransferase 5 (PRMT5) (65). Rethnam et al. (66)
demonstrated that PRMTS5 inhibition reduces METTL3 expression,
which then activates the interferon (IFN) signaling. This increase in
IFN signaling attenuates the sensitivity of METTL3 silencing to
PRMTS5 inhibition. Notably, the cellular function of METTL3-
mediated RNA m°A modification is also affected by PRMTS5
inhibition (66). Overall, these findings indicate that METTL3 and
the IFN pathway regulate the response to PRMT5 inhibition in
BPDCN, implicating the involvement of METTL3 in BPDCN
(Figures 1, 2).

In conclusion, maintaining a relatively elevated level of
METTL3 is indispensable for the normal function of innate
immune cells. Furthermore, targeting METTL3 may be an
effective therapeutic approach against diseases caused by immune
cell dysfunction.

3.3 Roles and mechanisms of METTL3 in
adaptive immune cells

The adaptive immune cells, including B, thymic epithelial, and
natural killer (NK) cells, collectively known as lymphocytes,
originated from common lymphoid progenitor stem cells (67).
When adaptive immune cells in the lymph nodes recognize
microbial fragments from a distant region, they initiate an active
immune response by activating, replicating, and exiting the lymph
nodes to circulate and combat the pathogen (67). METTL3-
mediated RNA m°®A modification has been reported to be
involved in regulating the function of adaptive immune cells, thus
modulating the adaptive immune response.

3.3.1 METTL3 switches the phenotype of thymic
epithelial cells

Zhou et al. (68) demonstrated that adipose-derived
mesenchymal stem cells expedite lymphatic endothelial cell
proliferation, migration, and lymphangiogenesis via the METTL3/
IGFBP2/VEGF-C pathway. Another study reported that METTL3
overexpression promotes the proliferation of diffuse large B-cell
lymphoma cell lines by regulating the m°®A levels of PEDF (69). In
this study, the expression level of METTLS3 is elevated in thymic
epithelial tumors (TET), contributing to the development of the
TET phenotype by stimulating cell proliferation. In addition, by
relocating IncRNA MALAT1 in TET cells, METTL3 enhances the
translation rate of c-MYC (70). These studies demonstrate that the
elevated levels of METTL3 contribute to the impairment of
progenitor cells in the adaptive immune response, leading to the
manifestation of the corresponding diseases (Figures 1, 2).

3.3.2 METTL3 maintains the normal functions of
T-cell

T cells, which are usually classified into CD4+ or CD8+ cells,
perform various functions, such as eliminating infected cells and
activating or recruiting other immune cells (71). T-cell activation is
a highly regulated process, which is modulated by various immune
regulatory proteins including cytokines, surface receptors, and co-
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stimulatory proteins (72, 73). Li et al. (74) demonstrated that
silencing Mettl3 in mouse T cells (Mett13V1, CD4%) disrupts cell
homeostasis and differentiation. METTL3 regulates T cell
homeostasis and differentiation by modulating the IL-7-mediated
STATS5 axis. Specifically, METTL3 downregulation in
undifferentiated T cells increases the expression of Socsl, Socs3,
and Cish, inhibits IL-7-induced STATS5 activation, and impairs T
cell proliferation and differentiation. Additionally, Yao et al. (75)
discovered that the specific knockdown of Mettl3 in CD4+ T cells
impede the normal differentiation of T follicular helper (TFH) cells
in mice by inhibiting the expression of TCF7, a crucial TFH
signature gene, suggesting the indispensable role of METTL3 in
regulating the differentiation of TFH cells.

As a key component of the adaptive immune system, CD8+ T
cells protect the body against various intracellular pathogens and
clear autologous malignant cells (76). Once activated, naive CD8+ T
cells (Tn) proliferate rapidly and differentiate into cytotoxic effector
cells (Te) with the capacity to produce proinflammatory cytokines
such as IFN-yand TNF-a and expressing cytolytic molecules such as
perforin and granule enzymes (77). Effector CD8+ T cells (Tm) are
ascertained as a heterogeneous population that expresses high levels
of interleukin 7 receptor (78). Notably, CD8+ T cells at different
states (Tn, Te, and Tm) show stage-specific molecular, phenotypic,
and functional characteristics (79). Guo et al. (80) demonstrated
that METTL3 deletion specifically in CD8+ T cells weaken its
effector cell expansion and terminal differentiation by stabilizing
the Thx21 transcript in an m®A-dependent manner, subsequently
affecting memory formation and the secondary response of CD8+ T
cells. Notably, METTL3 regulates the stage transition of CD8+ T
cells by targeting Tbx21, underscoring the importance of METTL3
in controlling CD8+ T cell functions.

m°A has been regarded as a novel regulator for CD40 ligand
(CD40L) expression in human CD4+ lymphocytes (81). METTL3
promotes CD40L mRNA degradation and affects the expression of
CDA40L via YTHDEF2 recognizing the specific sequences on the
CD40L mRNA (81). Therefore, CD40L expression in human
primary CD4+ T lymphocytes is regulated via the METTL3/
YTHDF2-m°A modification. This study elucidates a new regulatory
mechanism in CD4+ T cell activation that can be used to modulate T
cell responses in patients with immune-related diseases. Evidence also
showed that the alloreactive CD4+ T cells play a central role in
allograft rejection. Li et al. (82) found that graft-infiltrating CD4+ T
cells show high levels of m°A. Importantly, METTL3 inhibition
reduces m°®A levels, inhibits T-cell proliferation, and suppresses
effector differentiation of polyclonal CD4+ T cells. Inhibition of
METTL3 in alloreactive CD4+ T cells suppress T-cell proliferation
and T helper type 1 cell differentiation, arrests the cell cycle in the GO
phase and elevates cell apoptosis. Moreover, these impaired T-cell
responses are accompanied by reduced expression levels of Ki67, c-
Myc, and T-bet. It noted that a low level of METTL3 impairs the T-
cell effector program and suppresses alloreactive CD4+ T-cell effector
function and differentiation by reducing the expression of Ki-67, c-
Myc, and T-bet. Therefore, targeting METTL3 in CD4+ T cells
represent an attractive therapeutic approach to prevent allograft
rejection. Furthermore, Treg cells are a subset of CD4+ T cells that
suppress the activity of other T cells, thereby preventing deleterious
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immune activation and maintaining tolerance to self-antigens (83).
Tong et al. (84) demonstrated that knockout of Mettl3 in Treg cells of
mice (Mett3""; Foxp3“™) results in several adaptive immune
responses such as autoimmune disease. These findings suggest that
the inhibitory function of Treg cells is systematically compromised in
the absence of m°A RNA modification. The loss of METTL3/m°A in
Treg cells leads to the upregulation of Socs mRNA levels, which
subsequently deactivate the IL-2/STATS5 signaling pathway, a crucial
factor for maintaining Treg cell function and stability. These studies
suggest that the elevated level of METTLS3 is necessary for preserving
the normal function of T-cells, which is essential for adaptive
immune responses.

T helper 17 (Th17) cells play a pivotal role in host defense and
autoimmunity, which commonly consist of two distinct subsets: non-
pathogenic and pathogenic Th17 cells (85, 86). Nonpathogenic Th17
cells are generated in the presence of TGF-, IL-6, IL-17, and IL-10
(87). In contrast, IL-23 alone or together with IL-6 induces highly
pathogenic Th17 cells that express signature genes including IL-17A,
IL-17F, IL-23R, IL-1R, and granulocyte-macrophage colony-
stimulating factor (88). METTL3 silencing reduces IL-17A and
CCR5 expression by enhancing SOCS3 mRNA stability in
pathogenic Th17 cells, disrupts Th17 cell differentiation and
infiltration, and ultimately attenuates experimental autoimmune
encephalomyelitis development (89). Therefore, the METTL3-SOCS3
axis regulates pathogenic Th17 cell functions, as well as implies
METTL3 as a potential therapeutic target for pathogenic Th17 cell-
mediated autoimmune disease. In contrast, Zhao et al. (90) found that
METTL3 upregulation ameliorates the development of experimental
autoimmune uveitis and suppresses pathogenic Th17 cell responses in
vivo and in vitro. Mechanistically, METTL3/YTH domain-containing 2
(YTHDC2) promotes absent, small, or homeotic-like 1 (ASHIL)
mRNA stability and upregulates ASH1L expression, which
subsequently reduces the expression of IL-17 and IL-23R, ultimately
impairs pathogenic Th17 responses. Together, these data suggest that
METTLS3 controls pathogenic Th17 responses, and targeting METTL3
may contribute to human autoimmune disease therapy.

I'd T cells make key contributions to tissue physiology and
immune surveillance primarily through two functional subsets,
Y8T1 and Y8T17 (91). METTL3-mediated m®A methylation
controls the functional specification of y8T17 and y8T1 cells by
preventing endogenous double-stranded RNA (dsRNA) formation
and promoting STATI mRNA degradation, which converges to
prevent the over-activation of STATI signaling and ensuing
inhibition of Y8T17 (92). Moreover, deleting Mettl3 in YOT cells
(Metti3V1-Cd2°®) reduces IL-17 production and ameliorates
¥8T17-mediated psoriasis. In summary, METTL3-mediated m°®A
methylation orchestrates STATI mRNA stability and dsRNA
contents to equilibrate Y8T1 and y8T17 cells (Figures 1, 2).

3.3.3 METTL3 is essential for maintaining NK
cell functions
Unlike other adaptive immune cells, NK cells possess innate
and adaptive immunity characteristics and are crucial for
identifying and eliminating virus-infected cells or tumor cells (93).
A low level of METTL3 and effector molecules in NK cells that
infiltrate tumors has been found (94). The loss of Mettl3 (Mettl3ﬂ/ fl.
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Ner1©™'*) disrupts NK cell homeostasis and impedes their
infiltration and function within the tumor microenvironment.
This ultimately promotes tumorigenesis and reduces the survival
rates in mice. Mechanistically, METTL3 suppresses SHP2
expression, thereby inhibiting the IL-15-activated AKT and
MAPK signaling pathways in NK cells. These findings
demonstrate that METTL3 is essential for maintaining
homeostasis and the tumor immunosurveillance function of NK
cells by regulating the METTL3/SHP2/IL-15 axis.

The abnormal overexpression of METTL3 contributes to the
pathogenesis and chemoresistance of NK cell-related tumors. For
example, nasal-type NK/T-cell lymphoma (NKTCL) is a typical
class of non-Hodgkin’s lymphoma, which is quite malignant
because of its high resistance to chemotherapy (95). A high level
of METTL3 is found in human NKTCL cell lines compared with
normal NK cells, which stabilizes staphylococcal nuclease and
Tudor domain-containing protein 1 (SNDI) mRNA to enhance
SND1 expression by depending on YTHDF1 (96). Importantly,
METTL3 impairs the sensitivity of NKTCL cells to Cisplatin by
targeting SND1. Silencing of METTL3 or SND1 suppresses tumor
growth and enhances Cisplatin sensitivity. Therefore, METTL3
contributes to NKTCL oncogenesis and Cisplatin resistance.
Consistently, METTL3 regulates invariant NKT (iNKT) cell
development and function in an m°A-dependent manner. You
et al. (97) showed that deletion of Mettl3 specifically in CD4+
and CD8+ T cells disturb the stability of the CrebI transcript, which
in turn controls the protein and phosphorylation levels of Crebl,
inhibiting iNKT cell proliferation, differentiation, and cytokine
secretion, ultimately causing defects in B16F10 melanoma
resistance. Importantly, the deletion of Crebl in CD4+ and CD8+
T cells bring about phenotypes of iNKT cells that are similar to
Mettl3 deficiency (97). Therefore, METTL3 regulates the
development of iNKT cells by targeting Crebl (Figures 1, 2).

To sum up, METTL3 is required for maintaining the normal
functions of adaptive immune cells, including its indispensable role
in switching the phenotype of thymic epithelial cells, as well as
essential for maintaining the functions of T-cells and NK cells.

4 Discussion

RNA m®A modification is the most abundant form of post-
transcriptional epigenetic modification in eukaryotes (10). It
functions in various cells and plays a crucial role in their
biological processes (10). METTL3, as the dominant component
of m®A, has specific catalytic capabilities that enable it to exert the
effects of m°A modification on RNA metabolism, encompassing
processing, nucleosynthesis, translation, and even decay (98).
Owing to the significant advancements in m°A RNA sequencing,
the roles and mechanisms of m®A modification in various normal
immune system processes have been extensively explored. Owing to
the wide range of investigations on METTL3 in the immune system
but the notable absence of reviews, we present a comprehensive
summary and analysis of these processes, which entails the
functions and mechanisms of METTL3 in the immune system.
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Our analysis shows that METTL3 is indispensable for regulating
the homeostasis and normal functioning of the immune system.
Maintaining METTL3 at relatively elevated levels is critical for the
normal functioning of innate immune cells, including monocytes,
DCs, and macrophages. Moreover, a similar relationship is observed
between METTL3 and the adaptive immune cells, including
lymphatic endothelial, T, and NK cells, indicating that relatively
elevated levels of METTL3 are beneficial for their normal
functioning through various targets and signaling pathways.
Therefore, based on these findings, we propose that the
dysregulation of METTL3 may serve as an underlying trigger for
immune system disorders. Consequently, targeting METTL3 would
be a promising approach for the diagnosis, prognosis, and
treatment of immune cell dysfunction-related disorders. However,
in HSPCs, although relatively elevated expression levels of METTL3
contribute to physiological differentiation, a conclusive stance is
challenging to establish. This is because of the limited number of
original publications on METTL3 in HSPCs, which present slightly
contrasting conclusions. Similar conditions are also found in
monocytes and thymic epithelial cells. Therefore, the formation of
firm conclusions remains elusive, underscoring the need for
additional studies to bridge these gaps. Besides, studies on the
relationship between METTL3 and B cells are lacking. Moreover,
the dearth of studies conducted in clinical settings to confirm the
relevance of METTL3 in HSPCs, monocytes, thymic epithelial cells,
and B, and T cells is also apparent.

This comprehensive understanding of METTL3’s role in
immune regulation opens up several intriguing questions and
potential research directions. One such direction is the
investigation of how METTL3 interacts with the broader
epigenetic landscape. The intricacies of post-translational
modifications (PTMs) in METTL3 underscore the multifaceted
regulation of this enzyme. PTMs such as SUMOylation,
methylation, and potentially hypusine modification play critical
roles in modulating its activity, stability, and subcellular
localization. These modifications can influence METTL3’s
interaction with other proteins and its participation in various
signaling pathways, thereby impacting mRNA methylation and
the subsequent gene expression profiles (99). SUMOylation, for
instance, has been shown to affect the nuclear-cytoplasmic shuttling
of METTL3 (100). This reversible modification can alter METTL3’s
localization and, consequently, its accessibility to specific substrates
within different cellular compartments, enhancing or inhibiting its
methyltransferase activity depending on the cellular context and the
specific SUMOylation sites involved (100). Similarly, the addition of
SUMO proteins can create new interaction surfaces or mask
existing ones, thereby modulating METTL3’s binding partners
and functional outcomes. Hypusine modification, which is
typically associated with the eukaryotic translation initiation
factor 5A, involves the addition of a spermidine-derived hypusine
moiety (101). If METTL3 undergoes such a modification, it could
imply a novel regulatory mechanism that links translation control
with mRNA methylation processes (102). This could unveil new
dimensions of cross-talk between translational machinery and
epigenetic regulation, highlighting the evolutionary conservation
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and functional diversification of hypusine modification (102).
Therefore, modulating specific PTMs of METTL3 could be a
strategy to alter its activity in disease contexts. For instance,
aberrant methylation patterns have been implicated in various
cancers, and targeting the PTMs of METTL3 could restore
normal mRNA methylation and gene expression profiles (103,
104). Obviously, inhibitors or enhancers of specific PTMs could
be developed to fine-tune METTL3 activity, offering precise
interventions in pathological conditions where METTL3 is
dysregulated. In conclusion, the PTMs of METTL3 are crucial for
its functional regulation and integration into cellular signaling
networks. Understanding these modifications provides a
comprehensive view of METTL3’s role in gene expression and
highlights potential targets for therapeutic intervention. Future
research should focus on elucidating the complete PTM landscape
of METTL3, identifying the upstream regulators and downstream
effectors of these modifications, and exploring their implications in
health and disease.

Additionally, the existing evidence underscores that METTL3 is
pivotal in modulating immune cell differentiation, activation, and
function. Specifically, METTL3-mediated m°A methylation impacts
mRNA stability and translation efficiency, thereby fine-tuning the
gene expression profiles essential for immune cell functions. This
regulatory mechanism is crucial in maintaining immune
homeostasis and responding to pathogenic challenges. Therefore,
further exploring the role of METTL3 in immune regulation
presents a fascinating avenue for understanding how RNA
modifications influence immunological responses. For example,
while the role of METTL3 in ILC2s is significant, it is essential to
acknowledge that METTL3 might also influence other ILC subsets
such as ILC1 and ILC3. To gain a comprehensive understanding, it
is imperative to consider how METTL3 might affect cytokine
production, cell differentiation, and immune responses across the
different ILC subsets. Secondly, the impact of METTL3 on ILC2s in
various disease conditions warrants an in-depth discussion. For
example, in the context of metabolic diseases, emerging evidence
suggests that ILC2s play a role in adipose tissue homeostasis and
insulin sensitivity (105). Here, METTL3 might modulate these
processes by influencing ILC2 proliferation and cytokine
secretion, thus impacting metabolic health. Similarly, given the
significant role of METTL3 in modulating macrophage function,
future research should aim to uncover the context-dependent
versatility of METTL3 in various tissue-specific macrophage
populations. This involves utilizing advanced single-cell RNA
sequencing techniques to map METTL3’s influence on
macrophage heterogeneity across different organs and disease
states. Additionally, exploring the interplay between METTL3 and
other epigenetic modifiers could provide deeper insights into the
regulatory networks governing macrophage plasticity. Moreover,
the potential therapeutic implications of targeting METTL3 in
macrophage-mediated diseases should be examined. For instance,
manipulating METTL3 activity might offer new avenues for treating
chronic inflammatory diseases, cancer, and autoimmune disorders
by modulating macrophage polarization and function. Future
studies could also investigate the role of METTL3 in macrophage
responses to microbial infections, shedding light on how METTL3-
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driven epitranscriptomic modifications influence pathogen
recognition and immune response activation.

Considering the elevation of METTL3 levels in various
pathological conditions, it is imperative to evaluate its potential as
a diagnostic marker. The utilization of METTL3 as a biomarker
could revolutionize early detection and personalized treatment
strategies for a multitude of diseases, particularly cancers.
However, the dualistic role of METTL3 in different cellular
contexts necessitates a cautious approach. Firstly, the “double-
edged sword” nature of METTL3 is evident from its involvement
in both tumorigenesis and tumor suppression, depending on the
tissue type and the specific oncogenic pathways active. For instance,
while elevated METTL3 levels have been linked to the proliferation
and metastasis of AML cells, they have also been shown to inhibit
the progression of glioblastoma by modulating mRNA stability and
translation in a context-dependent manner (106-108). This
paradoxical behavior underscores the complexity of METTL3’s
function and the need for a nuanced understanding when
considering it as a diagnostic tool. To mitigate these pitfalls, a
multi-faceted approach is necessary. Combining METTL3
expression data with other molecular markers and clinical
parameters could enhance diagnostic accuracy and provide a
more comprehensive understanding of the disease state.
Advanced techniques like single-cell RNA sequencing and spatial
transcriptomics could offer deeper insights into the spatial and
temporal dynamics of METTL3 expression, facilitating more
precise diagnostic and therapeutic interventions. Furthermore,
rigorous validation studies using large, diverse patient cohorts
and longitudinal analyses are essential to establish the reliability
and clinical utility of METTL3 as a biomarker. In conclusion, while
METTL3 holds promise as a diagnostic marker, its application is
fraught with challenges that stem from its context-dependent
functions and complex regulatory mechanisms.

The translational potential of METTL3 in clinical applications
represents a captivating yet insufficiently explored domain.
Preclinical investigations have suggested the therapeutic viability
of targeting METTL3 in oncology, autoimmune pathologies, and
infectious diseases. Nonetheless, the transition of these findings into
clinical practice demands stringent clinical trials to assess the safety
and efficacy of METTL3 modulators. A critical focus must be on
evaluating off-target effects and the extensive influence of METTL3
on a broad spectrum of downstream mRNA targets. Additionally,
understanding patient-specific variations in METTL3 activity could
enable personalized therapeutic strategies, optimizing treatment
protocols based on individual genetic and epigenetic profiles. The
interplay between METTL3 and other components of the m°A
methylation machinery, such as METTL14, WTAP, and FTO, adds
to the complexity, as alterations in these elements can modify
METTL3 activity and consequently m®A methylation patterns.
Moreover, elucidating the role of METTL3 in various immune
cells could lead to innovative therapeutic strategies. For instance,
investigating how METTL3 regulates the differentiation and
function of DCs under different pathological conditions may
unveil novel mechanisms of immune modulation that can be
targeted in autoimmune diseases or cancer. Similarly, exploring
METTLS3’s interaction with T cells could reveal new insights into T
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cell biology. Studying whether METTL3 affects T cell activation,
proliferation, and memory formation could potentially identify
targets to enhance immune responses against infections or
malignancies. Additionally, examining how METTL3 influences
the balance between different T cell subsets, such as regulatory T
cells and effector T cells, could provide valuable insights into
maintaining immune equilibrium and preventing hyperactive
immune responses. Furthermore, integrating METTL3 research
with advanced methodologies such as single-cell RNA sequencing
and CRISPR-Cas9 gene editing could yield high-resolution insights
into its cellular and molecular functions. This integration could
illuminate the temporal and spatial dynamics of METTL3-mediated
modifications and their impact on immune cell behavior. A
comprehensive, multidimensional approach that amalgamates
molecular, clinical, and technological advancements is essential to
fully harness the potential of METTL3 in disease diagnosis and
management. Future research should prioritize unraveling the
intricate network of interactions involving METTL3 and its
downstream targets, thereby paving the way for more precise and
effective diagnostic tools.

To address the pressing questions in this field, several cutting-
edge techniques can be employed to gain a deeper understanding of
METTL3’s role in immune cells and its potential clinical applications.
One promising approach is single-cell RNA sequencing (scRNA-seq),
which can provide high-resolution insights into the transcriptomic
landscape of individual immune cells. By applying scRNA-seq,
researchers can identify specific gene expression patterns regulated
by METTL3 in various immune cell subtypes, including HSPCs,
monocytes, thymic epithelial cells, B, and T cells. This technique can
reveal how METTL3 modulates gene expression at a single-cell level,
uncovering cell-type-specific regulatory mechanisms that might be
overlooked in bulk RNA-seq studies. Another advanced technique is
CRISPR-Cas9-mediated genome editing. This technology allows for
precise manipulation of the METTL3 gene in specific immune cell
populations. By creating knockout or knock-in models, researchers
can dissect the functional consequences of METTL3 alterations in
different immune cells. For instance, CRISPR screens can be used to
identify downstream targets of METTL3 and elucidate their roles in
immune cell development, differentiation, and function. Proteomics
approaches, such as mass spectrometry-based proteomics, can
complement transcriptomic studies by providing a comprehensive
view of the protein landscape regulated by METTL3. By comparing
the proteomes of METTL3-deficient and wild-type immune cells,
researchers can identify differentially expressed proteins and post-
translational modifications influenced by METTL3. This information
can shed light on the molecular pathways and signaling networks
governed by METTL3 at the protein level, offering new insights into
its functional roles. Furthermore, advanced imaging techniques like
single-molecule fluorescence in situ hybridization and live-cell
imaging can be utilized to visualize METTL3 localization and
dynamics within immune cells. These techniques can reveal how
METTL3 interacts with its target RNAs and proteins in real-time,
providing spatial and temporal information about its regulatory
functions. In addition to these experimental approaches,
computational modeling and systems biology can play a crucial
role in integrating multi-omics data and predicting METTL3-
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mediated regulatory networks. By constructing computational
models of immune cell signaling pathways and incorporating
METTL3-related data, researchers can simulate the effects of
METTL3 perturbations on immune cell function and identify
potential therapeutic targets.

Overall, this review provides a comprehensive interpretation of
the relationship between METTL3 and the immune system,
providing novel insights into research gaps that require attention
in both research and clinical settings. Furthermore, this review may
serve as a valuable reference for researchers and clinicians.

Author contributions

MZ: Conceptualization, Writing — original draft. ZG: Project
administration, Writing - original draft. YQ: Funding acquisition,
Writing - review & editing. XS: Supervision, Validation, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of
China (grant number 82371717) and a Grant from the Science
and Technology Bureau of Sichuan Province (2024NSFSC0047).

Acknowledgments

We would like to thank Editage [www.editage.cn] for English
language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found onlineat:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1456891/
full#supplementary-material

frontiersin.org


http://www.editage.cn
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1456891/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1456891/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1456891
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

References

1. Huse M. Mechanical forces in the immune system. Nat Rev Immunol. (2017)
17:679-90. doi: 10.1038/nri.2017.74

2. Shilts J, Severin Y, Galaway F, Miiller-Sienerth N, Chong ZS, Pritchard S, et al. A
physical wiring diagram for the human immune system. Nature. (2022) 608:397-404.
doi: 10.1038/s41586-022-05028-x

3. Ahmari N, Hayward LF, Zubcevic J. The importance of bone marrow and the
immune system in driving increases in blood pressure and sympathetic nerve activity in
hypertension. Exp Physiol. (2020) 105:1815-26. doi: 10.1113/EP088247

4. Mercier FE, Ragu C, Scadden DT. The bone marrow at the crossroads of blood
and immunity. Nat Rev Immunol. (2011) 12:49-60. doi: 10.1038/nri3132

5. Soerens AG, Kunzli M, Quarnstrom CF, Scott MC, Swanson L, Locquiao J], et al.
Functional T cells are capable of supernumerary cell division and longevity. Nature.
(2023) 614(7949):762-6. doi: 10.1038/s41586-022-05626-9

6. Antonangeli F, Grimsholm O, Rossi MN, Velotti F. Editorial: cellular stress and
inflammation: how the immune system drives tissue homeostasis. Front Immunol.
(2021) 12:668876. doi: 10.3389/fimmu.2021.668876

7. Daéron M. The immune system as a system of relations. Front Immunol. (2022)
13:984678. doi: 10.3389/fimmu.2022.984678

8. Gorini F, Miceli M, de Antonellis P, Amente S, Zollo M, Ferrucci V. Epigenetics
and immune cells in medulloblastoma. Front Genet. (2023) 14. doi: 10.3389/
fgene.2023.1135404

9. Zhang L, Lu Q, Chang C. Epigenetics in health and disease. Adv Exp Med Biol.
(2020) 1253:3-55. doi: 10.1007/978-981-15-3449-2_1

10. You SY, Su XJ, Ying JJ, Li SP, Qu Y, Mu DZ. Research progress on the role of
RNA m6A modification in glial cells in the regulation of neurological diseases.
Biomolecules. (2022) 12(8):1158. doi: 10.3390/biom12081158

11. Zhao W, Li ], Ma Q, Cai ], Li A, Wu W, et al. N6-methyladenosine modification
participates in neoplastic immunoregulation and tumorigenesis. J Cell Physiol. (2022)
237:2729-39. doi: 10.1002/jcp.30730

12. Ji P, Wang X, Xie N, Li Y. N6-methyladenosine in RNA and DNA: an
epitranscriptomic and epigenetic player implicated in determination of stem cell fate.
Stem Cells Int. (2018) 2018:3256524. doi: 10.1155/2018/3256524

13. SuX, QuY, Mu D. Methyltransferase-like 3 modifications of RN As: Implications
for the pathology in the endocrine system. Biochim Biophys Acta Mol basis disease.
(2024) 1870:167010. doi: 10.1016/j.bbadis.2023.167010

14. Su X, Lu R, Qu Y, Mu D. Diagnostic and therapeutic potentials of
methyltransferase-like 3 in liver diseases. Biomed pharmacother = Biomed
pharmacother. (2024) 172:116157. doi: 10.1016/j.biopha.2024.116157

15. Su X, Lu R, Qu Y, Mu D. Methyltransferase-like 3 mediated RNA m(6) A
modifications in the reproductive system: Potentials for diagnosis and therapy. J Cell
Mol Med. (2024) 28:¢18128. doi: 10.1111/jcmm.18128

16. Huang W, Chen TQ, Fang K, Zeng ZC, Ye H, Chen YQ. N6-methyladenosine
methyltransferases: functions, regulation, and clinical potential. J Hematol Oncol.
(2021) 14:117. doi: 10.1186/s13045-021-01129-8

17. Oerum S, Meynier V, Catala M, Tisné C. A comprehensive review of m6A/
m6Am RNA methyltransferase structures. Nucleic Acids Res. (2021) 49:7239-55.
doi: 10.1093/nar/gkab378

18. Fang Z, Mei W, Qu C, Lu J, Shang L, Cao F, et al. Role of m6A writers, erasers
and readers in cancer. Exp Hematol Oncol. (2022) 11:45. doi: 10.1186/s40164-022-
00298-7

19. Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A modification
in the biological functions and diseases. Signal transduct target Ther. (2021) 6:74.
doi: 10.1038/541392-020-00450-x

20. Shi H, Wei J, He C. Where, when, and how: context-dependent functions of
RNA methylation writers, readers, and erasers. Mol Cell. (2019) 74:640-50.
doi: 10.1016/j.molcel.2019.04.025

21. Meyer KD, Jaftrey SR. Rethinking m(6)A readers, writers, and erasers. Annu Rev
Cell Dev Biol. (2017) 33:319-42. doi: 10.1146/annurev-cellbio-100616-060758

22. YangY, Hsu PJ, Chen YS, Yang YG. Dynamic transcriptomic m(6)A decoration:
writers, erasers, readers and functions in RNA metabolism. Cell Res. (2018) 28:616-24.
doi: 10.1038/s41422-018-0040-8

23. Huang L, Bai D, Su X. Altered expression of transfer RNAs and their possible
roles in brain white matter injury. Neuroreport. (2024) 35:536-41. doi: 10.1097/
‘WNR.0000000000002036

24. Li H, Zhang Q, Feng Q, You Q, Guo X. The development of small molecules
targeting methyltransferase-like 3. Drug Discovery Today. (2023) 28:103513.
doi: 10.1016/j.drudis.2023.103513

25. Chao Y, Li HB, Zhou J. Multiple functions of RNA methylation in T cells: A
review. Front Immunol. (2021) 12:627455. doi: 10.3389/fimmu.2021.627455

26. Zhang Q, Bao X, Cui M, Wang C, JiJ, JingJ, et al. Identification and validation of

key biomarkers based on RNA methylation genes in sepsis. Front Immunol. (2023)
14:1231898. doi: 10.3389/fimmu.2023.1231898

Frontiers in Immunology

10.3389/fimmu.2024.1456891

27. Xiao D, Zhang M, Qu Y, Su X. Functions of methyltransferase-like 3 in breast
cancer: pathogenesis, drug resistance, and therapeutic target. Breast Cancer Res. (2024)
26:110. doi: 10.1186/s13058-024-01869-8

28. Su X, Feng Y, Qu Y, Mu D. Association between methyltransferase-like 3 and
non-small cell lung cancer: pathogenesis, therapeutic resistance, and clinical
applications. Transl Lung Cancer Res. (2024) 13:1121-36. doi: 10.21037/tlcr

29. Li G, Sun Z, Deng W, Cheng S, Liu X, Liu J, et al. METTL3 plays a crucial
function in multiple biological processes. Acta histochem. (2022) 124:151916.
doi: 10.1016/j.acthis.2022.151916

30. Zhang Q, Cao X. Epigenetic remodeling in innate immunity and inflammation.
Annu Rev Immunol. (2021) 39:279-311. doi: 10.1146/annurev-immunol-093019-
123619

31. Boehm T, Swann JB. Origin and evolution of adaptive immunity. Annu Rev
Anim biosci. (2014) 2:259-83. doi: 10.1146/annurev-animal-022513-114201

32. Shevyrev D, Tereshchenko V, Berezina TN, Rybtsov S. Hematopoietic stem cells
and the immune system in development and aging. Int ] Mol Sci. (2023) 24(6):5862.
doi: 10.3390/ijms24065862

33. Zhang C, Chen Y, Sun B, Wang L, Yang Y, Ma D, et al. m(6)A modulates
haematopoietic stem and progenitor cell specification. Nature. (2017) 549:273-6.
doi: 10.1038/nature23883

34. Gao Y, Vasic R, Song Y, Teng R, Liu C, Gbyli R, et al. m(6)A modification
prevents formation of endogenous double-stranded RNAs and deleterious innate
immune responses during hematopoietic development. Immunity. (2020) 52:1007—
21.e8. doi: 10.1016/j.immuni.2020.05.003

35. VuLP, Pickering BF, Cheng Y, Zaccara S, Nguyen D, Minuesa G, et al. The N(6)-
methyladenosine (m(6)A)-forming enzyme METTL3 controls myeloid differentiation
of normal hematopoietic and leukemia cells. Nat Med. (2017) 23:1369-76. doi: 10.1038/
nm.4416

36. Collins A, Mitchell CA, Passegue E. Inflammatory signaling regulates
hematopoietic stem and progenitor cell development and homeostasis. ] Exp Med.
(2021) 218(7):€20201545. doi: 10.1084/jem.20201545

37. FDJ D, Zhang Z, Brown NK, Li X, Xiao L, Hu J, et al. Redox regulation of m(6)A
methyltransferase METTL3 in B-cells controls the innate immune response in type 1
diabetes. Nat Cell Biol. (2024) 26:421-37. doi: 10.1038/s41556-024-01368-0

38. Li N, Hui H, Bray B, Gonzalez GM, Zeller M, Anderson KG, et al. METTL3
regulates viral m6A RNA modification and host cell innate immune responses during
SARS-CoV-2 infection. Cell Rep. (2021) 35:109091. doi: 10.1016/j.celrep.2021.109091

39. Artis D, Spits H. The biology of innate lymphoid cells. Nature. (2015) 517:293-
301. doi: 10.1038/nature14189

40. Zhang Y, Zhang W, Zhao J, Ito T, Jin J, Aparicio AO, et al. m(6)A RNA
modification regulates innate lymphoid cell responses in a lineage-specific manner. Nat
Immunol. (2023) 24:1256-64. doi: 10.1038/s41590-023-01548-4

41. Yona S, Jung S. Monocytes: subsets, origins, fates and functions. Curr Opin
hematol. (2010) 17:53-9. doi: 10.1097/MOH.0b013e3283324{80

42. Zhang X, Li X, Jia H, An G, Ni J. The m(6)A methyltransferase METTL3
modifies PGC-lalpha mRNA promoting mitochondrial dysfunction and oxLDL-
induced inflammation in monocytes. J Biol Chem. (2021) 297:101058. doi: 10.1016/
j.jbc.2021.101058

43. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in health and
disease. J Cell Physiol. (2018) 233:6425-40. doi: 10.1002/jcp.26429

44. Austermann J, Roth ], Barczyk-Kahlert K. The good and the bad: monocytes’ and
macrophages’ Diverse functions in inflammation. Cells. (2022) 11(12):1979.
doi: 10.3390/cells11121979

45. Janssen H, Kahles F, Liu D, Downey ], Koekkoek LL, Roudko V, et al. Monocytes
re-enter the bone marrow during fasting and alter the host response to infection.
Immunity. (2023) 56:783-96 e7. doi: 10.1016/j.immuni.2023.01.024

46. Su X, Huang L, Li S, Ying J, Zhao F, Wang S, et al. The RNA m6A modification
might participate in microglial activation during hypoxic-ischemic brain damage in
neonatal mice. Hum Genomics. (2023) 17:78. doi: 10.1186/s40246-023-00527-y

47. Liu Y, Liu Z, Tang H, Shen Y, Gong Z, Xie N, et al. The N(6)-methyladenosine
(m(6)A)-forming enzyme METTL3 facilitates M1 macrophage polarization through
the methylation of STAT1 mRNA. Am ] Physiol Cell Physiol. (2019) 317:C762-C75.
doi: 10.1152/ajpcell.00212.2019

48. Kurowska-Stolarska M, Alivernini S. Synovial tissue macrophages in joint
homeostasis, rheumatoid arthritis and disease remission. Nat Rev Rheumatol. (2022)
18:384-97. doi: 10.1038/s41584-022-00790-8

49. Gambari L, Grassi F, Roseti L, Grigolo B, Desando G. Learning from monocyte-
macrophage fusion and multinucleation: potential therapeutic targets for osteoporosis
and rheumatoid arthritis. Int J Mol Sci. (2020) 21(17):6001. doi: 10.3390/ijms21176001

50. Wang J, Yan S, Lu H, Wang S, Xu D. METTL3 attenuates LPS-induced
inflammatory response in macrophages via NF-kappaB signaling pathway. Mediators
inflamm. (2019) 2019:3120391. doi: 10.1155/2019/3120391

frontiersin.org


https://doi.org/10.1038/nri.2017.74
https://doi.org/10.1038/s41586-022-05028-x
https://doi.org/10.1113/EP088247
https://doi.org/10.1038/nri3132
https://doi.org/10.1038/s41586-022-05626-9
https://doi.org/10.3389/fimmu.2021.668876
https://doi.org/10.3389/fimmu.2022.984678
https://doi.org/10.3389/fgene.2023.1135404
https://doi.org/10.3389/fgene.2023.1135404
https://doi.org/10.1007/978-981-15-3449-2_1
https://doi.org/10.3390/biom12081158
https://doi.org/10.1002/jcp.30730
https://doi.org/10.1155/2018/3256524
https://doi.org/10.1016/j.bbadis.2023.167010
https://doi.org/10.1016/j.biopha.2024.116157
https://doi.org/10.1111/jcmm.18128
https://doi.org/10.1186/s13045-021-01129-8
https://doi.org/10.1093/nar/gkab378
https://doi.org/10.1186/s40164-022-00298-7
https://doi.org/10.1186/s40164-022-00298-7
https://doi.org/10.1038/s41392-020-00450-x
https://doi.org/10.1016/j.molcel.2019.04.025
https://doi.org/10.1146/annurev-cellbio-100616-060758
https://doi.org/10.1038/s41422-018-0040-8
https://doi.org/10.1097/WNR.0000000000002036
https://doi.org/10.1097/WNR.0000000000002036
https://doi.org/10.1016/j.drudis.2023.103513
https://doi.org/10.3389/fimmu.2021.627455
https://doi.org/10.3389/fimmu.2023.1231898
https://doi.org/10.1186/s13058-024-01869-8
https://doi.org/10.21037/tlcr
https://doi.org/10.1016/j.acthis.2022.151916
https://doi.org/10.1146/annurev-immunol-093019-123619
https://doi.org/10.1146/annurev-immunol-093019-123619
https://doi.org/10.1146/annurev-animal-022513-114201
https://doi.org/10.3390/ijms24065862
https://doi.org/10.1038/nature23883
https://doi.org/10.1016/j.immuni.2020.05.003
https://doi.org/10.1038/nm.4416
https://doi.org/10.1038/nm.4416
https://doi.org/10.1084/jem.20201545
https://doi.org/10.1038/s41556-024-01368-0
https://doi.org/10.1016/j.celrep.2021.109091
https://doi.org/10.1038/nature14189
https://doi.org/10.1038/s41590-023-01548-4
https://doi.org/10.1097/MOH.0b013e3283324f80
https://doi.org/10.1016/j.jbc.2021.101058
https://doi.org/10.1016/j.jbc.2021.101058
https://doi.org/10.1002/jcp.26429
https://doi.org/10.3390/cells11121979
https://doi.org/10.1016/j.immuni.2023.01.024
https://doi.org/10.1186/s40246-023-00527-y
https://doi.org/10.1152/ajpcell.00212.2019
https://doi.org/10.1038/s41584-022-00790-8
https://doi.org/10.3390/ijms21176001
https://doi.org/10.1155/2019/3120391
https://doi.org/10.3389/fimmu.2024.1456891
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

51. Tong ], Wang X, Liu Y, Ren X, Wang A, Chen Z, et al. Pooled CRISPR screening
identifies m(6)A as a positive regulator of macrophage activation. Sci Adv. (2021) 7(18):
eabd4742. doi: 10.1126/sciadv.abd4742

52. Yin H, Zhang X, Yang P, Zhang X, Peng Y, Li D, et al. RNA m6A methylation
orchestrates cancer growth and metastasis via macrophage reprogramming. Nat
Commun. (2021) 12:1394. doi: 10.1038/s41467-021-21514-8

53. Cai Y, Yu R, Zhang Z, Li D, Yi B, Feng Z, et al. Mettl3/Ythdf2 regulate
macrophage inflammation and ROS generation by controlling Pyk2 mRNA stability.
Immunol letters. (2023) 264:64-73. doi: 10.1016/j.imlet.2023.11.004

54. Cai Y, Yu R, Kong Y, Feng Z, Xu Q. METTL3 regulates LPS-induced
inflammatory response via the NODI1 signaling pathway. Cell Signaling. (2022)
93:110283. doi: 10.1016/j.cellsig.2022.110283

55. Han X, Liu L, Huang S, Xiao W, Gao Y, Zhou W, et al. RNA m(6)A methylation
modulates airway inflammation in allergic asthma via PTX3-dependent macrophage
homeostasis. Nat Commun. (2023) 14:7328. doi: 10.1038/s41467-023-43219-w

56. Zhao W, Wang Z, Sun Z, He Y, Jian D, Hu X, et al. RNA helicase DDX5
participates in oxLDL-induced macrophage scavenger receptor 1 expression by
suppressing mRNA degradation. Exp Cell Res. (2018) 366:114-20. doi: 10.1016/
j.yexcr.2018.03.003

57. Yin H, Ju Z, Zheng M, Zhang X, Zuo W, Wang Y, et al. Loss of the m6A
methyltransferase METTL3 in monocyte-derived macrophages ameliorates
Alzheimer’s disease pathology in mice. PloS Biol. (2023) 21:¢3002017. doi: 10.1371/
journal.pbio.3002017

58. Xia H, Wu Y, Zhao J, Li W, Lu L, Ma H, et al. The aberrant cross-talk of
epithelium-macrophages via METTL3-regulated extracellular vesicle miR-93 in
smoking-induced emphysema. Cell Biol toxicol. (2022) 38:167-83. doi: 10.1007/
510565-021-09585-1

59. Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml BU, et al.
Dendritic cells, monocytes and macrophages: a unified nomenclature based on
ontogeny. Nat Rev Immunol. (2014) 14:571-8. doi: 10.1038/nri3712

60. Grigg JB, Shanmugavadivu A, Regen T, Parkhurst CN, Ahmed A, Joseph AM,
et al. Antigen-presenting innate lymphoid cells orchestrate neuroinflammation.
Nature. (2021) 600:707-12. doi: 10.1038/s41586-021-04136-4

61. Wu H, Xu Z, Wang Z, Ren Z, Li L, Ruan Y. Dendritic cells with METTL3 gene
knockdown exhibit immature properties and prolong allograft survival. Genes immun.
(2020) 21:193-202. doi: 10.1038/s41435-020-0099-3

62. Wu H, Xu Z, Wang Z, Ren Z, Li L, Ruan Y. Exosomes from dendritic cells with
Mettl3 gene knockdown prevent immune rejection in a mouse cardiac allograft model.
Immunogenetics. (2020) 72:423-30. doi: 10.1007/s00251-020-01180-8

63. Wang H, Hu X, Huang M, Liu J, Gu Y, Ma L, et al. Mettl3-mediated mRNA m(6)
A methylation promotes dendritic cell activation. Nat Commun. (2019) 10:1898.
doi: 10.1038/541467-019-09903-6

64. Renosi F, Roggy A, Giguelay A, Soret L, Viailly PJ, Cheok M, et al.
Transcriptomic and genomic heterogeneity in blastic plasmacytoid dendritic cell
neoplasms: from ontogeny to oncogenesis. Blood adv. (2021) 5:1540-51.
doi: 10.1182/bloodadvances.2020003359

65. Chen Y, Shao X, Zhao X, Ji Y, Liu X, Li P, et al. Targeting protein arginine
methyltransferase 5 in cancers: Roles, inhibitors and mechanisms. Biomed pharmacother
= Biomed pharmacother. (2021) 144:112252. doi: 10.1016/j.biopha.2021.112252

66. Rethnam M, Tan DQ, Tan SH, Li J, Yokomori R, Li Y, et al. Loss of METTL3
attenuates blastic plasmacytoid dendritic cell neoplasm response to PRMTS5 inhibition
via IFN signaling. Blood adv. (2022) 6:5330-44. doi: 10.1182/bloodadvances.
2021006306

67. Deets KA, Vance RE. Inflammasomes and adaptive immune responses. Nat
Immunol. (2021) 22:412-22. doi: 10.1038/s41590-021-00869-6

68. Zhou ], Wei T, He Z. ADSCs enhance VEGFR3-mediated lymphangiogenesis via
METTL3-mediated VEGF-C m(6)A modification to improve wound healing of
diabetic foot ulcers. Mol Med (Cambridge Mass). (2021) 27:146. doi: 10.1186/s10020-
021-00406-z

69. Cheng Y, Fu Y, Wang Y, Wang J. The m6A Methyltransferase METTL3 Is
Functionally Implicated in DLBCL Development by Regulating m6A Modification in
PEDF. Front Genet. (2020) 11:955. doi: 10.3389/fgene.2020.00955

70. Iaiza A, Tito C, Tanniello Z, Ganci F, Laquintana V, Gallo E, et al. METTL3-
dependent MALAT1 delocalization drives c-Myc induction in thymic epithelial
tumors. Clin epigen. (2021) 13:173. doi: 10.1186/s13148-021-01159-6

71. Dong C. Cytokine regulation and function in T cells. Annu Rev Immunol. (2021)
39:51-76. doi: 10.1146/annurev-immunol-061020-053702

72. Chapman NM, Boothby MR, Chi H. Metabolic coordination of T cell quiescence
and activation. Nat Rev Immunol. (2020) 20:55-70. doi: 10.1038/s41577-019-0203-y

73. Walsh AJ, Mueller KP, Tweed K, Jones I, Walsh CM, Piscopo NJ, et al.
Classification of T-cell activation via autofluorescence lifetime imaging. Nat Biomed
eng. (2021) 5:77-88. doi: 10.1038/s41551-020-0592-z

74. Li HB, Tong J, Zhu S, Batista PJ, Duffy EE, Zhao J, et al. m(6)A mRNA
methylation controls T cell homeostasis by targeting the IL-7/STAT5/SOCS pathways.
Nature. (2017) 548:338-42. doi: 10.1038/nature23450

Frontiers in Immunology

10.3389/fimmu.2024.1456891

75. YaoY, Yang Y, Guo W, Xu L, You M, Zhang YC, et al. METTL3-dependent m(6)
A modification programs T follicular helper cell differentiation. Nat Commun. (2021)
12:1333. doi: 10.1038/s41467-021-21594-6

76. Reina-Campos M, Scharping NE, Goldrath AW. CD8(+) T cell metabolism in
infection and cancer. Nat Rev Immunol. (2021) 21:718-38. doi: 10.1038/s41577-021-
00537-8

77. Rha MS, Shin EC. Activation or exhaustion of CD8(+) T cells in patients with
COVID-19. Cell Mol Immunol. (2021) 18:2325-33. doi: 10.1038/s41423-021-00750-4

78. Brinza L, Djebali S, Tomkowiak M, Mafille ], Loiseau C, Jouve PE, et al. Immune
signatures of protective spleen memory CD8 T cells. Sci Rep. (2016) 6:37651.
doi: 10.1038/srep37651

79. Preglej T, Ellmeier W. CD4(+) cytotoxic T cells - phenotype, function and
transcriptional networks controlling their differentiation pathways. Immunol letters.
(2022) 247:27-42. doi: 10.1016/j.imlet.2022.05.001

80. Guo W, Wang Z, Zhang Y, Li Y, Du Q, Zhang T, et al. Mettl3-dependent m(6)A
modification is essential for effector differentiation and memory formation of CD8(+) T
cells. Sci bullet. (2024) 69:82-96. doi: 10.1016/j.scib.2023.11.029

81. van Vroonhoven ECN, Picavet LW, Scholman RC, van den Dungen NAM,
Mokry M, Evers A, et al. N(6)-methyladenosine directly regulates CD40L expression in
CD4(+) T lymphocytes. Biology. (2023) 12(7):1004. doi: 10.3390/biology12071004

82. LiS, Zou D, Chen W, Britz GW, Liu Z, Weng YL. METTL3 inhibition reduces N
(6) -methyladenosine levels and prevents allogeneic CD4(+) T-cell responses. Immunol
Cell Biol. (2022) 100:718-30. doi: 10.1111/imcb.12581

83. Akkaya B, Shevach EM. Regulatory T cells: Master thieves of the immune
system. Cell Immunol. (2020) 355:104160. doi: 10.1016/j.cellimm.2020.104160

84. Tong]J, Cao G, Zhang T, Sefik E, Amezcua Vesely MC, Broughton JP, et al. m(6)
A mRNA methylation sustains Treg suppressive functions. Cell Res. (2018) 28:253-6.
doi: 10.1038/cr.2018.7

85. Wagner A, Wang C, Fessler ], DeTomaso D, Avila-Pacheco J, Kaminski J, et al.
Metabolic modeling of single Th17 cells reveals regulators of autoimmunity. Cell.
(2021) 184:4168-85. e21. doi: 10.1016/j.cell.2021.05.045

86. Schnell A, Huang L, Singer M, Singaraju A, Barilla RM, Regan BML, et al. Stem-
like intestinal Th17 cells give rise to pathogenic effector T cells during autoimmunity.
Cell. (2021) 184:6281-98. 23. doi: 10.1016/j.cell.2021.11.018

87. Wu B, Wan Y. Molecular control of pathogenic Th17 cells in autoimmune
diseases. Int Immunopharmacol. (2020) 80:106187. doi: 10.1016/j.intimp.2020.106187

88. Wang Y, Fang S, Zhou H. Pathogenic role of Th17 cells in autoimmune thyroid
disease and their underlying mechanisms. Best Pract Res Clin Endocrinol Metab. (2023)
37:101743. doi: 10.1016/j.beem.2023.101743

89. Wang X, Chen C, Sun H, Mao K, Yao J, Zhang W, et al. m(6)A mRNA
modification potentiates Th17 functions to inflame autoimmunity. Sci China Life Sci.
(2023) 66:2543-52. doi: 10.1007/s11427-022-2323-4

90. Zhao L, Liu Y, Ma B, Liu X, Wei R, Nian H. METTLS3 inhibits autoreactive Th17
cell responses in experimental autoimmune uveitis via stabilizing ASHI1L mRNA.
FASEB journal: Off Publ Fed Am Societies Exp Biol. (2023) 37:¢22803. doi: 10.1096/
£).202201548R

91. Mensurado S, Blanco-Dominguez R, Silva-Santos B. The emerging roles of 3 T
cells in cancer immunotherapy. Nat Rev Clin Oncol. (2023) 20:178-91. doi: 10.1038/
s41571-022-00722-1

92. Xiao Z, Wang S, Tian Y, Lv W, Sheng H, Zhan M, et al. METTL3-mediated m6A
methylation orchestrates mRNA stability and dsRNA contents to equilibrate 3 T1 and
Y3 T17 cells. Cell Rep. (2023) 42:112684. doi: 10.1016/j.celrep.2023.112684

93. Narni-Mancinelli E, Vivier E. Advancing natural killer therapies against cancer.
Cell. (2022) 185:1451-4. doi: 10.1016/j.cell.2022.04.006

94. Song H, SongJ, Cheng M, Zheng M, Wang T, Tian S, et al. METTL3-mediated m
(6)A RNA methylation promotes the anti-tumour immunity of natural killer cells. Nat
Commun. (2021) 12:5522. doi: 10.1038/s41467-021-25803-0

95. Qi SN, Li YX, Specht L, Oguchi M, Tsang R, Ng A, et al. Modern radiation therapy
for extranodal nasal-type NK/T-cell lymphoma: risk-adapted therapy, target volume, and
dose guidelines from the international lymphoma radiation oncology group. Int J Radiat
oncol biol phys. (2021) 110:1064-81. doi: 10.1016/j.ijrobp.2021.02.011

96. Li N, Wei ], Zhang Q, Zhang Q, Liu B. Methyltransferase-like 3 enhances cell
proliferation and cisplatin resistance in natural killer/T-cell lymphoma through
promoting N6-methyladenosine modification and the stability of staphylococcal
nuclease and Tudor domain-containing protein 1 mRNA. Anti-cancer Drugs. (2023)
34:627-39. doi: 10.1097/CAD.0000000000001433

97. You M, Liu J, Li ], Ji C, Ni H, Guo W, et al. Mettl3-m (6)A-Crebl forms an
intrinsic regulatory axis in maintaining iNKT cell pool and functional differentiation.
Cell Rep. (2023) 42:112584. doi: 10.1016/j.celrep.2023.112584

98. Su X, Qu Y, Mu D. The regulatory network of METTL3 in the nervous system:
diagnostic biomarkers and therapeutic targets. Biomolecules. (2023) 13:664.
doi: 10.3390/biom13040664

99. Sheng Z, Zhu ], Deng YN, Gao S, Liang S. SUMOylation modification-mediated
cell death. Open Biol. (2021) 11:210050. doi: 10.1098/rsob.210050

frontiersin.org


https://doi.org/10.1126/sciadv.abd4742
https://doi.org/10.1038/s41467-021-21514-8
https://doi.org/10.1016/j.imlet.2023.11.004
https://doi.org/10.1016/j.cellsig.2022.110283
https://doi.org/10.1038/s41467-023-43219-w
https://doi.org/10.1016/j.yexcr.2018.03.003
https://doi.org/10.1016/j.yexcr.2018.03.003
https://doi.org/10.1371/journal.pbio.3002017
https://doi.org/10.1371/journal.pbio.3002017
https://doi.org/10.1007/s10565-021-09585-1
https://doi.org/10.1007/s10565-021-09585-1
https://doi.org/10.1038/nri3712
https://doi.org/10.1038/s41586-021-04136-4
https://doi.org/10.1038/s41435-020-0099-3
https://doi.org/10.1007/s00251-020-01180-8
https://doi.org/10.1038/s41467-019-09903-6
https://doi.org/10.1182/bloodadvances.2020003359
https://doi.org/10.1016/j.biopha.2021.112252
https://doi.org/10.1182/bloodadvances.2021006306
https://doi.org/10.1182/bloodadvances.2021006306
https://doi.org/10.1038/s41590-021-00869-6
https://doi.org/10.1186/s10020-021-00406-z
https://doi.org/10.1186/s10020-021-00406-z
https://doi.org/10.3389/fgene.2020.00955
https://doi.org/10.1186/s13148-021-01159-6
https://doi.org/10.1146/annurev-immunol-061020-053702
https://doi.org/10.1038/s41577-019-0203-y
https://doi.org/10.1038/s41551-020-0592-z
https://doi.org/10.1038/nature23450
https://doi.org/10.1038/s41467-021-21594-6
https://doi.org/10.1038/s41577-021-00537-8
https://doi.org/10.1038/s41577-021-00537-8
https://doi.org/10.1038/s41423-021-00750-4
https://doi.org/10.1038/srep37651
https://doi.org/10.1016/j.imlet.2022.05.001
https://doi.org/10.1016/j.scib.2023.11.029
https://doi.org/10.3390/biology12071004
https://doi.org/10.1111/imcb.12581
https://doi.org/10.1016/j.cellimm.2020.104160
https://doi.org/10.1038/cr.2018.7
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1016/j.cell.2021.11.018
https://doi.org/10.1016/j.intimp.2020.106187
https://doi.org/10.1016/j.beem.2023.101743
https://doi.org/10.1007/s11427-022-2323-4
https://doi.org/10.1096/fj.202201548R
https://doi.org/10.1096/fj.202201548R
https://doi.org/10.1038/s41571-022-00722-1
https://doi.org/10.1038/s41571-022-00722-1
https://doi.org/10.1016/j.celrep.2023.112684
https://doi.org/10.1016/j.cell.2022.04.006
https://doi.org/10.1038/s41467-021-25803-0
https://doi.org/10.1016/j.ijrobp.2021.02.011
https://doi.org/10.1097/CAD.0000000000001433
https://doi.org/10.1016/j.celrep.2023.112584
https://doi.org/10.3390/biom13040664
https://doi.org/10.1098/rsob.210050
https://doi.org/10.3389/fimmu.2024.1456891
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

100. Du Y, Hou G, Zhang H, Dou J, He ], Guo Y, et al. SUMOylation of the m6A-
RNA methyltransferase METTL3 modulates its function. Nucleic Acids Res. (2018)
46:5195-208. doi: 10.1093/nar/gky156

101. Park MH, Kar RK, Banka S, Ziegler A, Chung WK. Post-translational
formation of hypusine in eIF5A: implications in human neurodevelopment. Amino
Acids. (2022) 54:485-99. doi: 10.1007/s00726-021-03023-6

102. Guo JS, Ma ], Zhao XH, Zhang JF, Liu KL, Li LT, et al. DHPS-mediated
hypusination regulates METTL3 self-m6A-methylation modification to promote
melanoma proliferation and the development of novel inhibitors. Adv Sci. (2024):
€2402450. doi: 10.1002/advs.202402450

103. Geffen Y, Anand S, Akiyama Y, Yaron TM, Song Y, Johnson JL, et al. Pan-
cancer analysis of post-translational modifications reveals shared patterns of protein
regulation. Cell. (2023) 186:3945-67. €26. doi: 10.1016/j.cell.2023.07.013

104. Zhou X, Yang X, Huang S, Lin G, Lei K, Wang Q, et al. Inhibition of METTL3
alleviates NLRP3 inflammasome activation via increasing ubiquitination of NEK7. Adv

Frontiers in Immunology

13

10.3389/fimmu.2024.1456891

Sci (Weinheim Baden-Wurttemberg Germany). (2024) 11:¢2308786. doi: 10.1002/
advs.202308786

105. Shafiei-Jahani P, Yan S, Kazemi MH, Li X, Akbari A, Sakano K, et al. CB2
stimulation of adipose resident ILC2s orchestrates immune balance and ameliorates
type 2 diabetes mellitus. Cell Rep. (2024) 43:114434. doi: 10.1016/j.celrep.2024.114434

106. LiM, Ye], Xia Y, Li M, Li G, Hu X, et al. METTL3 mediates chemoresistance by
enhancing AML homing and engraftment via ITGA4. Leukemia. (2022) 36:2586-95.
doi: 10.1038/s41375-022-01696-w

107. Yankova E, Blackaby W, Albertella M, Rak J, De Braekeleer E, Tsagkogeorga G,
et al. Small-molecule inhibition of METTL3 as a strategy against myeloid leukaemia.
Nature. (2021) 593:597-601. doi: 10.1038/s41586-021-03536-w

108. Du B, Zhang Z, Jia L, Zhang H, Zhang S, Wang H, et al. Micropeptide
AF127577.4-ORF hidden in a IncRNA diminishes glioblastoma cell proliferation via
the modulation of ERK2/METTL3 interaction. Sci Rep. (2024) 14:12090. doi: 10.1038/
541598-024-62710-y

frontiersin.org


https://doi.org/10.1093/nar/gky156
https://doi.org/10.1007/s00726-021-03023-6
https://doi.org/10.1002/advs.202402450
https://doi.org/10.1016/j.cell.2023.07.013
https://doi.org/10.1002/advs.202308786
https://doi.org/10.1002/advs.202308786
https://doi.org/10.1016/j.celrep.2024.114434
https://doi.org/10.1038/s41375-022-01696-w
https://doi.org/10.1038/s41586-021-03536-w
https://doi.org/10.1038/s41598-024-62710-y
https://doi.org/10.1038/s41598-024-62710-y
https://doi.org/10.3389/fimmu.2024.1456891
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The indispensability of methyltransferase-like 3 in the immune system: from maintaining homeostasis to driving function
	1 Introduction
	2 Detailed overview of METTL3
	3 Relationship between METTL3 and the immune system
	3.1 Roles and mechanisms of METTL3 in hematopoietic stem cells
	3.2 Roles and mechanisms of METTL3 in innate immune cells
	3.2.1 METTL3 triggers monocyte inflammation
	3.2.2 METTL3 functions in macrophage phenotype switch
	3.2.3 METTL3 contributes to DC activation and maturation

	3.3 Roles and mechanisms of METTL3 in adaptive immune cells
	3.3.1 METTL3 switches the phenotype of thymic epithelial cells
	3.3.2 METTL3 maintains the normal functions of T-cell
	3.3.3 METTL3 is essential for maintaining NK cell functions


	4 Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


