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Abstract. Background. Epigenetic mechanisms, particularly DNA methylation, represent a key regulatory layer governing
immune cell differentiation, lineage commitment, and functional adaptation. Progressive alterations in DNA methylation
accompany immune cell maturation and contribute to the emergence of specialized immune subsets. Although several
lineage-specific methylation signatures have been identified, the broader role of DNA methylation in regulating immune
activation remains incompletely defined. This study aimed to summarize current evidence on how DNA methylation
shapes immune cell identity and modulates activation dynamics, with particular emphasis on regulatory T cells and natural
killer (NK) cells. Materials and methods. Evidence from recent epigenomic and immunological studies was examined
to characterize methylation patterns associated with immune cell differentiation and activation. Particular attention was
given to studies identifying differentially methylated regions in key regulatory loci and genes involved in immune signaling
pathways. Results. DNA methylation patterns were found to correlate strongly with immune cell lineage specification and
functional states. Demethylation of the FOXP3 locus represents a hallmark epigenetic signature of CD4* regulatory T cells
and is essential for their stable differentiation and maintenance of immune tolerance. Similarly, reduced methylation at
CpG sites within the NCR1/NKp46 locus is significantly associated with NK cell abundance and spatial distribution.
In activated NK cells, multiple differentially methylated regions have been identified in genes involved in inflammatory
regulation. Notably, altered methylation states of ILIRN, ECEIl, CSF2, and DCHSI were significantly associated with
transcriptional repression during activation (reported p < 0.05 in the referenced studies), suggesting a regulatory mechanism
that constrains excessive inflammatory responses. Conclusion. DNA methylation plays a central role in orchestrating
immune cell differentiation and modulating activation responses. Specific methylation signatures, such as those observed
in FOXP3 and NCRI, serve as robust biomarkers of immune cell identity, while dynamic methylation changes in genes
including ILIRN, ECEI1, CSF2, and DCHSI contribute to the fine-tuning of NK cell activity. A deeper understanding
of these epigenetic mechanisms may support the development of targeted therapeutic strategies aimed at modulating
immune responses while preserving immune homeostasis.
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D. Frumentoa, S. Talu NHdekuma n uMmyHuTeT

POBKM KJIETOUHOW JTMHUU U (PYHKIIMOHAIBHON aganTanueil. M3Mmenenus B metvmpoBannu JJHK compoBoxmaroT
CO3peBaHNEe UMMYHHBIX KJIETOK U CITIOCOOCTBYIOT MOSIBJICHUIO CIEIINaTN3UPOBAHHBIX MMMYHHBIX CYOIIOIMYISLINA.
HecMoTps Ha onrcaHue psaa creuubruyecKuX A1 KJISTOYHbIX JUHUI MapKepoB METUJIMPOBaHNU S, O0JIee IUPOKOe
3HaueHue MmeTuaupoBanus JHK B perynsuum akTuBaliluu UMMYHHOM CUCTEMBbI OCTAETCSl U3YYEHHOM HEMOCTATOYHO.
Llenpio HacTOSILIEr0 MCCIeAOBAaHUS ObIJIO 00001IEHNE UMEIOIINXCS JTaHHBIX 0 poju MeTuaupoBaHusa JIHK Ha naeH-
TUYHOCTh UMMYHHBIX KJIETOK M MOLYIMPOBAHU I TMHAMUKY aKTUBALIM U, TIPEXKIe BCET0 IS PETYASITOPHBIX T-KJIETOK
1 €CTeCTBEHHBIX KJIeTOK-KIIepoB (NK-knetkn). Mamepuanst u memoos:. Bely n3y4eHb TaHHBIC HEAABHUX SITUTE-
HOMHBIX I UMMYHOJIOTMYeCKHX MCCICIOBAHUI TT0 XapaKTePUCTHKE ATTEPHOB METUINPOBAHMS, CBSI3aHHBIX C TUD-
(bepeHIIMPOBKOI M aKTUBAIMEHi MMMYHHBIX KJIeTOK. Oco00e BHUMaHME OBIJIO YAEJICHO UCCIeIOBAHUSIM, BEISIBUB-
muM quddepeHIInantbHO METUIMPOBAHHBIC PETUOHBI B KJTIOUEBEIX PETYISTOPHBIX JJOKYCaX W TeHAX, YIaCTBYIOIINX
B CUTHAJIBHBIX ITyTSIX UMMYHHOI CUCTeMBI. Pesyasmamoi. BbIo 00Hapy:KeHO, 4TO MaTTepHBI MeTmimpoBanus JJHK
CUIIBHO KOPPENHUPYIOT CO criemuduKaIneir popMrupoBaHUEM HMMYHHBIX KJIETOK 1 X (DYHKIIMOHATbHBIM COCTOSTHU-
eM. JlemetunupoBaHue jokyca FOXP3 npeacraisieT co00ii XapaKTepHY0 SMUTEHETUYECKYI0 CUTHATYPY PETYIsITOP-
HbIX CD4" T-KJ1eTOK ¥ MMeeT BaK HOe 3HaueH e JJ1s1 UX CTaOMIbHOM A GepeHIIMPOBKY U MOAAEPKAHUSI UMMYHHOI
TOJIEPAHTHOCTU. AHAJIOTUYHO, CHMXeHue MeTuaupoBaHus B CpG-caiitax B 1okyce NCR1/NKp46 cyuiecTBeHHO
acCOLMMPOBAHO ¢ KoanmyecTBOM NK-KJIeTOK M MpOCTpaHCTBEHHBIM pacipeaeieHueM. B aktuBupoBaHHbIX NK-
KJeTKaX ObLIY BBISIBACHBI MHOXKECTBEHHBIC NH(b(DepeHIInaTbHO METUIMPOBAHHbBIC PETHOHBI B IeHAaX, YYaCTBYIOIIMX
B peryiasunu Bocnaienus. [IpumedarenbHo, 4To u3MeHeHne coctossHusg MeTunpoBanus reHoB ILIRN, ECEl, CSF2
u DCHSI1 0b111 10CTOBEPHBI CBA3aHBI ¢ TIOAABICHNAEM TPAHCKPUIIIIUK BO BpeMs akTuBauu (p < 0.05 B UTUpyeMbIX
HCCICIOBAHMSX), YTO MIPEATIoNaracT HaJuure peryassTOpHOTO MeXaHM3Ma, OrpaHMYMBAIOIIETO Ype3MEepPHBIC BOCIIa-
TUTeNnbHBIe peakunu. 3akawyenue. MetuaupoBanue JHK urpaer meHTpanpHyIO pob B opraHu3anun nuddepeH-
LIV POBKY UMMYHHBIX KJIETOK ¥ MOIYJIMPOBAHNM peaKunit akTuBanun. Crienmnpuieckrue MapKepbl METUIMPOBAHUS,
otMeueHHbIe B reHax FOXP3 u NCRI, ciyxar HafiexXHbIMU OMOMapKepaMy UIEHTUYHOCTA UMMYHHBIX KJIETOK, B TO
BpeMsI Kak IMHAMMYeCKre U3MeHeHu s MeTuaupoBaHus B reHax, Bkiatovas ILIRN, ECEl, CSF2 u DCHSI, cnoco6-
CTBYIOT TOHKOI HacTpoiike akTuBHOCTH NK-KjeTok. bojiee rrybokoe MoHMMaHWe YKa3aHHBIX SITUTEHETMIECKIX
MEXaHMU3MOB MOXET CIIOCOOCTBOBATh pa3pabOTKe MPULEIbHBIX TepareBTUUCCKUX CTPATETHil TT0 MOAYJIMPOBAHUIO
MMMYHHBIX OTBETOB IIPU COXPAaHEHU W UMMYHHOIO rOMeocTa3sa.

Karoueevie caosa: NK-kaemku, ummynnasn cucmema, memuaupoganue IHK, ummynonsoeus, snueenemuxa, eeHu.

tive gain or loss of methylation at key transcriptional
regulators, as well as lineage-specific blueprints that
define the molecular boundaries between one im-

Introduction

Epigenetic regulatory systems — most promi-

nently DNA methylation — represent a foundational
layer of biological control that dictates how the im-
mune system establishes, maintains, and refines
lineage-specific differentiation patterns [1, 2, 3, 4,
5, 6]. As multipotent hematopoietic progenitors pro-
gress through successive developmental stages, their
initially flexible epigenetic architecture undergoes
progressive restriction, resulting in the stabilization
of distinct immunological identities. This narrow-
ing of developmental potential is not merely a pas-
sive outcome of differentiation but rather an actively
guided process in which DNA methylation operates
as a chemically robust and mitotically heritable mark
that contributes both to the initiation and reinforce-
ment of stable cell fate trajectories [4]. Consequently,
understanding how methylation patterns are written,
erased, and interpreted has become central to the
broader effort to decode the molecular logic of im-
mune system development. A wealth of methylome-
wide studies has interrogated the epigenetic transi-
tions that accompany differentiation along major
hematopoietic lineages, including erythropoietic,
T-lymphocytic, B-lymphocytic, and myeloid path-
ways [11, 12, 13, 16, 29]. These investigations have
illuminated common principles, such as the selec-

mune subset and another. Beyond revealing the ar-
chitecture of immune development, these stud-
ies provide an expanding repertoire of epigenetic
biomarkers capable of discriminating immune cell
states with far greater precision than transcriptional
profiles alone. Such markers have proven especially
valuable in contexts where transcriptional signatures
are transient or reversible, whereas methylation sig-
natures offer durable and historically informative
insights into a cell’s developmental origin. A canon-
ical example of an epigenetic signature that tracks
with immune lineage identity is the demethylated
state of the FOXP3 locus, which serves as a defin-
ing molecular hallmark of CD4* regulatory T (Treg)
cells [27]. The stability of FOXP3 demethylation
ensures continued expression of this transcrip-
tion factor, which functions as the master regulator
of Treg development, suppressive capacity, and long-
term lineage fidelity. A comparable paradigm exists
within the natural killer (NK) cell compartment:
hypomethylated CpG regions within the NCR1/
NKp46 gene locus correlate strongly with NK cell
abundance, tissue distribution, and activation po-
tential, thereby serving as both a developmental
signature and a functional predictor [1]. These ex-
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amples illustrate how targeted methylation patterns
can encode cell identity in a manner that remains
resilient across cell divisions and environmental
perturbations. Despite these notable advances, our
understanding of how DNA methylation contrib-
utes to the rapid and often transient changes asso-
ciated with immune activation remains incomplete.
Transcriptomic analyses have consistently shown
that pathogen exposure, cytokine stimulation, and
intercellular signaling events initiate extensive waves
of gene expression remodeling across a broad array
of immune cell types. However, the role of DNA
methylation — whether as a driver, stabilizer, or con-
sequence of these activation-induced transcriptional
changes — remains only partially elucidated [2, 3, 7,
10, 19]. Activation, unlike differentiation, is a highly
dynamic process; thus, the temporal coordination
between methylation changes and functional outputs
has proven difficult to delineate fully. Nevertheless,
several activation-associated loci have been exam-
ined in considerable detail. For example, stimula-
tion with interleukin-2 (IL-2) or engagement of the
T cell receptor (TCR) induces targeted demethyla-
tion of the IFNG locus in CD4* Thl cells, there-
by enhancing their ability to secrete interferon-vy
(IFNQG), a cytokine central to antiviral immunity
and macrophage activation [5, 21]. Similarly, stud-
ies of CD8" T cells have revealed substantial epige-
netic fluidity at the CD8A co-receptor locus during
memory formation, with methylation states fluc-
tuating according to cytokine exposure and po-
larization conditions such as Thl- or Th2-skewed
milieus [9]. Complementing these observations, ge-
nome-wide CpG mapping of CD4 helper T cells has
demonstrated that activation triggers an extensive
reconfiguration of both global and locus-specific
methylation landscapes, suggesting that epigenetic
plasticity is an intrinsic feature of T cell respon-
siveness rather than a rare phenomenon restricted
to development [17]. Within the myeloid compart-
ment, analogous methylation changes occur during
the differentiation of human CDI14" monocytes into
immature and mature dendritic cells, underscoring
the widespread relevance of epigenetic remodeling
to both innate and adaptive immunity [30]. In con-
trast, the methylation dynamics of NK cells — par-
ticularly in the context of cytokine-driven activa-
tion or NCR receptor engagement — remain much
less comprehensively characterized. Existing in-
sights largely derive from studies of cytomegalovirus
(CMV) infection, wherein NK cells can undergo
clonal-like expansions resembling adaptive immune
responses. In CM V-infected mice and humans, NK
cells expressing the NKG2C receptor have been ob-
served to proliferate extensively, forming memory-
like subsets with unique phenotypic and transcrip-
tional characteristics. Intriguingly, many of these
cells lack signaling molecules typically associated
with B-cell and myeloid pathways, such as the tyros-

ine kinase SYK; this loss correlates with hypermeth-
ylation within a defined promoter region of the SYK
gene [15]. Additional methylation-associated altera-
tions have been documented in HCM V-associated
NK cells, including hypermethylation of signaling
adaptors such as EAT-2 and FCERIG, as well as
the transcription factor ZBTB16/PLZF [23]. These
modifications suggest that NK cells possess a previ-
ously underappreciated capacity for epigenetic re-
programming in response to persistent viral stimuli.
Collectively, these findings prompted us to under-
take a detailed analysis aimed at identifying meth-
ylation loci that participate specifically in NK-cell
activation and may therefore serve as functional reg-
ulators or biomarkers of NK responsiveness.

Despite increasing recognition of DNA methyla-
tion as a key regulator of immune cell differentiation
and lineage stability, the epigenetic mechanisms un-
derlying NK cell activation remain poorly defined.
Most prior studies have focused on lineage-specific
methylation signatures or on specialized contexts
such as cytomegalovirus-associated adaptive NK-
cell responses, leaving the broader landscape of ac-
tivation-associated methylation dynamics largely un-
explored. The objective of the present study is there-
fore to identify CpG loci whose methylation status
changes during NK-cell activation and to assess their
potential functional relevance as regulators or stable
biomarkers of NK-cell responsiveness. By systemati-
cally characterizing methylation alterations associat-
ed with NK-cell activation, this work aims to define
epigenetic signatures that distinguish activated from
resting NK cells. The novelty of this study lies in pro-
viding a focused analysis of activation-associated
DNA methylation patterns within the NK-cell com-
partment, thereby extending current understanding
of NK-cell biology from lineage-defining epigenet-
ic states toward the dynamic epigenetic regulation
of innate immune effector functions. All the above
introduction was summarized in Figure.

Scientific novelty. Prior studies have reported gene-
associated differentially methylated sites in ILIRN,
ECEIl, CSF2, and DCHSI, indicating their involve-
ment in epigenetic regulation. However, the novelty
of our study lies in the identification of previously un-
reported CpG loci specifically associated with NK cell
activation. By examining methylation patterns in this
biological context and applying an integrated analyti-
cal framework, our work provides new insight into how
epigenetic variation in these genes may contribute to the
regulation of NK cell functional responses, while also
refining and extending previous observations.

Materials and methods

Epigenomic datasets generated from both naive
and activated NK cell populations [28] — initially
compiled to uncover genomic regions potentially
involved in NK cell-specific activation pathways —
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Figure. Epigenetic regulatory systems

served as the foundation for our reanalysis. These
datasets were subjected to a systematic and multi-step
computational workflow designed to detect subtle yet
functionally meaningful epigenetic alterations. First,
methylation delta values were calculated for every
CpG site to quantify the direction and magnitude
of methylation changes occurring upon NK cell ac-
tivation. This calculation enabled the identification
of CpG loci exhibiting statistically significant shifts,
thus highlighting epigenetic regions that respond
dynamically to activation stimuli. Following this
quantitative assessment, each differentially methy-
lated CpG site was examined within the broader
context of genomic organization. Sites were mapped
to their corresponding genes, promoters, enhanc-
ers, and regulatory regions, allowing us to determine
whether methylation changes were positioned near
elements known to influence transcriptional activ-
ity. To deepen our interpretation, these genomic an-
notations were further integrated with an extensive
review of functional literature related to NK cell
biology, cytokine signaling, receptor-mediated ac-
tivation, and inflammation-related gene networks.
This cross-referencing step enabled us to evaluate
not only the molecular identity of each locus but also
its potential involvement in established NK cell path-
ways, effector functions, or regulatory checkpoints.
Through this comprehensive and integrative ana-
Iytic framework, we were able to distinguish activa-
tion-associated loci from background variation and
to infer mechanistic relevance for the most promi-
nent differentially methylated regions. In doing so,
our approach provided both a high-resolution view
of activation-induced epigenetic remodeling and
a biologically informed interpretation of how these
changes may contribute to the fine-tuning of NK cell
responses during immune activation.

Results and discussion

Our analysis revealed four markedly significant dif-
ferentially methylated sites (DMSs) that were uniquely
altered in activated NK cells and did not exhibit com-
parable methylation shifts in any of the other immune
cell types examined. These activation-specific DMSs
corresponded to cgl1783497 (IL1IRN), ¢cg07996532
(ECEl), c¢gl7566874 (CSF2), and c¢g05550420
(DCHSI). The exclusivity of these methylation chang-
es to NK cells suggests the presence of a specialized,
cell-intrinsic epigenetic program that becomes en-
gaged upon activation and that functions to calibrate
several essential aspects of NK cell biology, includ-
ing inflammatory output, signalling thresholds, and
the capacity for tissue localization and migration. By
selectively modulating the methylation state of genes
that regulate cytokine activity, enzymatic process-
ing, and cellular adhesion, NK cells appear to employ
an adaptive framework that safeguards the balance
between potent effector function and the preven-
tion of excessive or dysregulated immune responses.
Previous epigenetic studies of NK cells have primar-
ily focused on lineage identity or virus-induced adap-
tive-like NK subsets. For example, CM V-associated
NK cells exhibit stable methylation changes in genes
involved in signalling pathways, including SYK,
FCERIG, and ZBTB16/PLZF, reflecting long-term
functional reprogramming during chronic viral in-
fection [15, 23]. Similarly, genome-wide methylation
analyses of immune cell populations have shown that
lineage specification in NK cells is accompanied by
stable hypomethylation at loci such as NCR1/NKp46
and other NK-associated regulatory elements [1].
However, comparatively little is known about the CpG
sites that undergo methylation changes during NK-
cell activation itself, particularly outside the context
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of viral infection or adaptive-like NK differentia-
tion. Our findings therefore extend previous work by
identifying specific activation-associated methylation
loci that appear to be selectively altered in NK cells
and that are not shared by other immune cell popu-
lations examined in this study. The first of these loci,
IL1IRN, encodes the interleukin-1 receptor antago-
nist, a key anti-inflammatory molecule that com-
petitively inhibits signalling by IL-1o and IL-1B [25].
Although ILIRN is most prominently produced by
classical innate immune cells such as monocytes,
macrophages, and dendritic cells, its expression has
also been documented in several lymphoid subsets,
including NK cells, where it may serve as part of an
intrinsic mechanism to fine-tune responsiveness [24].
Because IL-1 signalling is known to augment NK cell
cytotoxicity and cytokine secretion [26], the differen-
tial methylation observed at the ILIRN locus in ac-
tivated NK cells may represent an epigenetically en-
coded negative-feedback mechanism. Earlier studies
of IL-1 signalling in NK cells have largely empha-
sized cytokine-driven transcriptional activation and
receptor-mediated signalling pathways [26], whereas
the present results suggest that DNA methylation may
represent an additional regulatory layer that modulates
IL-1-dependent NK-cell responses. The second locus,
ECEIl, encodes endothelin-converting enzyme-I,
a metalloprotease responsible for catalyzing the con-
version of the precursor form of endothelin-1 (ET-1)
into its fully active peptide [22]. Active ET-1 is recog-
nized as a potent proinflammatory mediator capable
of stimulating canonical inflammatory pathways such
as NF-kxB and inducing the production of cytokines
including TNFo, IL-1, and I1L-6 [14]. Most previous
research on ECEl has focused on its role in vascular
physiology and inflammatory signalling in endothe-
lial or cardiovascular systems [14, 22], and its potential
involvement in immune-cell epigenetic regulation has
received little attention. The observation that ECEI
undergoes differential methylation specifically in ac-
tivated NK cells therefore suggests that NK cells may
employ epigenetic modulation of endothelin-related
pathways to limit excessive inflammatory signalling
during immune activation. The third significant lo-
cus, CSF2, encodes granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), a multifunctional
cytokine involved in the development, activation, and
survival of granulocytic lineages, including neutro-
phils, eosinophils, and basophils [8]. CSF2 expression
can be induced in several immune cell types — among
them NK cells and Th17 cells — in response to in-
flammatory stimuli or cytokine stimulation [18]. Prior
studies have demonstrated that NK-cell-derived GM-
CSF production typically occurs under strong activat-
ing conditions, particularly in response to cytokines
such as IL-18 [8]. However, these investigations have
largely addressed transcriptional regulation of CSF2
expression rather than epigenetic control. The activa-
tion-associated methylation changes identified at this

locus therefore suggest that NK cells may use DNA
methylation to establish regulatory thresholds for
GM-CSF secretion, thereby preventing excessive re-
cruitment and activation of downstream myeloid ef-
fector populations. The final locus identified, DCHSI,
encodes a cadherin-family adhesion protein contain-
ing numerous cadherin repeat domains and a distinc-
tive cytoplasmic tail that enables participation in di-
verse cell—cell and tissue—structural interactions.
DCHSI has been implicated in mammalian tissue
morphogenesis, maintenance of progenitor cell popu-
lations, and regulation of cellular behaviours associ-
ated with planar cell polarity and coordinated migra-
tion [20]. Most existing studies have examined DCHSI
primarily in developmental or tissue-organization
contexts rather than in immune-cell function [20].
The differential methylation of the DCHSI locus
observed specifically in activated NK cells therefore
suggests a potentially novel link between adhesion-
related pathways and NK-cell activation. Because
NK cells depend on controlled migration and tissue
infiltration to identify infected or transformed targets,
methylation-dependent modulation of DCHSI may
influence their ability to detach, migrate, and repo-
sition within inflamed tissues. Taken together, these
findings complement previous research demonstrat-
ing that NK cells undergo epigenetic remodeling dur-
ing differentiation and during virus-induced adaptive-
like responses [15, 23]. However, in contrast to earlier
studies that emphasized lineage-defining methylation
patterns or infection-associated epigenetic repro-
gramming, the present analysis identifies activation-
specific CpG loci uniquely altered in NK cells and
associated with pathways regulating inflammatory
signalling, cytokine production, and cellular migra-
tion. The principal novelty of this work therefore lies
in the identification of a previously unrecognized set
of NK-cell-specific DMSs linked to ILIRN, ECEI,
CSF2, and DCHSI, which may represent candidate
epigenetic regulators or biomarkers of NK-cell activa-
tion. These findings broaden the current understand-
ing of NK-cell epigenetic regulation by demonstrating
that NK-cell activation is accompanied not only by
transient transcriptional changes but also by targeted
DNA-methylation modifications that may help stabi-
lize functional NK-cell responses and maintain im-
mune homeostasis. All the above discussed data are
summarized in Table.

Conclusion

Building upon the results of our analysis, it is
reasonable to propose that the differentially methyl-
ated genes identified in activated NK cells — namely
ILIRN, ECEIl, CSF2, and DCHS1 — may undergo
either complete or partial transcriptional repression
as part of a regulatory mechanism that limits exces-
sive immune activation. DNA methylation is widely
recognized as a mechanism capable of stabilizing
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Table. Activation-specific differentially methylated sites (DMSs) in NK cells and their functional roles

. . . . . Interpretation of NK-cell-specific
CpG ID/Gene Gene function Biological role in immunity differential methylation
Limits IL-1-driven Likely represents an epigenetically
cg11783497 Encodes IL-1 receptor antagonist | inflammatory amplification; ;neccohdai(ijs?x??c?tp;\;g\_/teenidrﬁig\lfvay
(IL1RN) (IL-1Ra), aninhibitor of IL-1o/B | expressed mainly IL-1-mediated NK-cell activation,
signaling in monocytes/macrophages maintaining proportional cytotoxic and
but also detectable in NK cells cytokine responses
Methylation-linked repression may limit
. . ET-1 promotes i o
Encodes endothelin-converting . . . ET-1 activation, preventing inadvertent
;:é;j((:)l‘sl19)96532 enzyme-1 (ECE-1), which ?,{l?:'n]:g gqcr{]i\?;(t)iglnﬁli%gﬂg%n initiation of broad inflammatory
activates endothelin-1 (ET-1) of TNFo.. IL-1 |L-6’) cascades and preserving tissue
e homeostasis during NK-cell activation
. Activation-specific methylation likely
GM-CSF production by NK _ 4
ca17566874 Encodes GM-CSF, a cytokine cells occurs mainly under g\r/((a)\i/éeiﬂtsé)):g‘rerz;asti\tljgen?l\éIIOCinSCFes”ecretlon,
(gSFZ) that promotes development and | strong inflammatory cues recruitr%ent and main¥ainin control
activation of myeloid cells (e.g., IL-18); shapes myeloid infl ) 9
recruitment and activation over inflammatory microenvironment
restructuring
Differential methylation may enable
Encodes a cadherin-family . adaptive remodeling of adhesion and
¢cg05550420 adhesion molecule involved Eﬁ%%m[{ate;ngesll,ﬁfg;?;es'On’ migration pathways, enhancing NK-cell
(DCHS1) in cell-cell interaction, tissue or ani?ation in tissues trafficking, tissue repositioning, and
morphogenesis, and migration 9 efficientimmune surveillance during
activation

transcriptional silencing and shaping immune-cell
functional states. In the context of NK cells, most
previously described methylation changes have been
linked to lineage identity or to adaptive-like NK-
cell responses associated with chronic viral infec-
tion. For instance, epigenetic remodelling in CM V-
associated NK cells includes stable hypermethyla-
tion of genes such as SYK, FCER1G, and ZBTBI16,
reflecting long-term functional reprogramming
of NK-cell signalling pathways. Similarly, other stud-
ies have shown that NK-cell lineage commitment
is accompanied by hypomethylation at loci such as
NCRI1/NKp46, which functions as a stable epige-
netic marker of NK-cell identity. In contrast to these
earlier findings, which primarily describe methyla-
tion signatures associated with differentiation or in-
fection-driven adaptive NK-cell subsets, the present
study focuses specifically on epigenetic changes oc-
curring during NK-cell activation itself. Our results
indicate that activation of NK cells is accompanied by
selective methylation changes at genes involved in in-
flammatory regulation (ILIRN), enzymatic control
of inflammatory mediators (ECE1), cytokine signal-
ling (CSF2), and adhesion-related cellular behaviour
(DCHSI). While previous studies have documented
transcriptional activation of cytokine pathways and
signalling cascades during NK-cell stimulation,
the potential role of DNA methylation in modulating
these pathways during activation has remained largely
unexplored. The identification of methylation chang-
es in ILIRN suggests the existence of an epigenetic
mechanism capable of modulating IL-1-dependent
inflammatory amplification, which has previously
been studied mainly at the level of cytokine signal-

ling and receptor interactions. Similarly, the detec-
tion of differential methylation at the ECEl locus
extends earlier research that has primarily associ-
ated endothelin-converting enzyme-1 with vascular
inflammation and endothelial signalling rather than
immune-cell regulation. The activation-associated
methylation of CSF2 indicates that NK cells may
employ epigenetic constraints to regulate GM-CSF
production, complementing previous work demon-
strating cytokine-induced transcriptional expression
of this gene in NK and T helper cells. Finally, the in-
volvement of DCHSI, a cadherin-family adhesion
molecule mainly studied in tissue morphogenesis and
planar cell polarity, points to a potential epigenetic
mechanism influencing NK-cell migration and tissue
positioning during immune responses — an aspect
that has not been widely addressed in earlier NK-cell
epigenetic studies. Taken together, these observations
distinguish the present findings from previous work
by demonstrating that NK-cell activation is associat-
ed with targeted DNA methylation changes affecting
genes that regulate inflammatory signalling, cytokine
production, and cellular motility. Whereas earlier
studies emphasized long-term epigenetic remode-
ling during viral infection or lineage differentiation,
the current results suggest that activation itself can be
accompanied by specific and potentially functional
methylation modifications. The novelty and signifi-
cance of this study therefore lie in the identification
of a previously unrecognized set of activation-associ-
ated epigenetic markers — ILIRN, ECEI1, CSF2, and
DCHSI — that may contribute to controlling NK-
cell responsiveness. These loci may represent candi-
date regulatory nodes through which NK cells fine-
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tune their activation threshold, thereby preserving
immune homeostasis while maintaining the capacity
for rapid and effective cytotoxic responses.
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