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Abstract

Background and Objectives: 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
iImmune 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.
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 IL1RN, ECEL,
CSF2, and DCHS1 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
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signatures, such as those observed in FOXP3 and NCR1, serve as robust biomarkers

of immune cell identity, while dynamic methylation changes in genes including
ILIRN, ECE1, CSF2, and DCHSI1 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.

Keywords: NK cells, Immune system, DNA methylation, Immunology,

Epigenetics, Genes.
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Pesrome
BBenenue u nenu: DNUreHeTHYecKre MEXaHU3Mbl TaKe KaK METUIIMPOBAHUE
JHK, mpeacraBisioT co0oil KIHO4YEBOH (PakTop peryssinuu, yIpaBiIstOIIHi
nudGepeHIIMPOBKON HMMMYHHBIX KJIIETOK, ompeneieHueM audQepeHupoBKu
KJIETOYHOW JIMHUU U (PYHKIMOHAIBHOM afanTarnueil. i3aMeHeHus B METHIINPOBAHUN
JIHK compoBoXAar0T cO3peBaHUE MMMYHHBIX KJIETOK U CLIOCOOCTBYIOT MOSIBICHUIO
CHEeUaIN3MPOBaHHBIX UMMYHHBIX cyOnonyJssiuuid. HecMoTpst Ha onucaHue psna
celM(PUUECKUX Uil KJIETOYHBIX JIMHUHM MAapKepoB METHIMPOBaHUA, Ooiiee
mupokoe 3HadyeHne metunupoBanusa [IHK B perynsumm aktuBanmm MMMYHHOU
CUCTEMBI OCTAETCAd U3y4EHHOM HEAOCTAaTO4YHO. Llenplo HacToAmero ucciuenoBaHus
ObuUIO0 0000IIEHHE MMEIOIIMXCS JaHHBIX o posn MmetunupoBanus JHK Ha
WJECHTUYHOCTh HMMMYHHBIX KIETOK M MOJAYJMPOBAaHMS JWHAMUKM AKTUBAIWH,
IIPEXKIEC BCEro I PEryJIATOPHBIX T-KIETOK M €CTECTBEHHBIX KIIETOK-KUIUIEPOB

(HK-kmetkwn).

Meronpl:  bplmm  w3ydeHBl  JaHHBIE  HEJABHUX  DIUTCHOMHBIX |
UMMYHOJIOTHYECKUX  HCCJIEIOBAHUIMA o XapaKTePUCTUKE MaTTEPHOB
METUJIMPOBAHMS, CBSI3aHHBIX C JTU(DPEPEHIIMPOBKOM U aKTUBALMEH WMMYHHBIX
kietok. Ocoboe BHUMaHME OBLJIO YJIEJICHO MCCIEAOBAHUSAM, BBISIBUBIIUM
mudepeHnnanTbH0 METUIIUPOBAHHBIE PETHOHBI B KIIFOUEBBIX PETYJISITOPHBIX

JIOKyCax M I'€HaxX, YyUYaCTBYIOIINX B CUTHAJIBHBIX ITYTAX HMMyHHOﬁ CHCTCMBHI.

Pesynbratel: Bpuio oOHapyxeHo, yTo mnaTTepHsl MeTwnupoBanus JIHK
CWJIBHO KOPPEIMPYIOT co crenudukanuein GopMupoBaHUEM UMMYHHBIX KJIETOK U
uX (QYHKIMOHAIBHBIM  cocTosHueM. JlemetunupoBanue Jokyca FOXP3
MPEACTABISIET COOOM XApaKTEPHYIO SMUTCHETHUYECKYI0 CUTHATYPY PEryJSITOPHBIX
CD4" T-xieTok 1 UMeeT BaXKHOE 3HAYEHUE I UX CTaOUIbHOMN nuddepeHIInpoBKH
U TOAAEpX aHUS HWMMYHHOM  TOJIPAHTHOCTH. AHAJIOTMYHO, CHUXKEHUE
metuwiupoBanusi B CpG-caiitax B jokyce NCRI/NKp46 cyiiecTBeHHO

accouMupoBaHo ¢  koimumuectBoM — HK-kietok ¥ mpoCTpaHCTBEHHBIM



10.15789/2220-7619-DDM-18074
pacnpenenenueM. B aktuBupoBaHHBIX ~ HK-kneTkax  ObllM  BBISIBICHBI

MHOKECTBEHHbIE U (PepeHINaIbHO METWINPOBAHHBIE PETHOHBI B  I'EHAaX,
YYACTBYIOIIMX B pEryasiuuu BocnaiaeHus. lIpumedarenbHO, 4YTO HU3MEHEHHE
coctostnuss MeTwiupoBanuss reHoB IL1IRN, ECEl, CSF2 u DCHSI1 Obun
JIOCTOBEPHBI CBA3aHBI C 110JIaBJIECHUEM TPAHCKPHUIILIMK BO Bpems akTuBauuu (p < 0,05
B ILUTUPYEMBIX MCCIEIOBAaHUSAX), YTO MPEIIOIAraeT HAIWYUE PETYIATOPHOTO

MCXaHHU3Ma, OI'PaAaHHYIUBAIOMICTO YPE3MCPHBIC BOCIIAJIMTCIIBHBIC PCAKIINH.

3akmouenne: MerwnupoBanne JIHK wurpaer uneHTpaibHyr0 poiib B
opranu3anuu 1udPepeHIMPOBKH KMMYHHBIX KJIETOK U MOJYJIMPOBAHUU PEAKITHA
aktuBaruu. Crnenuduyeckre MapKepbl METWIMPOBAaHHSA, OTMEUYCHHbIE B TEHaX
FOXP3 u NCRI1, ciyxaT HaJle’KHBIMU OMOMapKepaMu UACHTUYHOCTH UMMYHHBIX
KJIIETOK, B TO BpeMsl KaK JMHAMUYECKHUE W3MEHEHHMS METWIUPOBAHMS B TEHAX,
Bkirouas IL1RN, ECEl, CSF2 u DCHSI1, cnocoOCTBYIOT TOHKOH HACTpOMKE
aktuBHoctn ~ HK-knerok.  bonmee  rimyOokoe — MOHMMaHHME — yKa3aHHBIX
AIUTCHETHYECKUX MEXaHU3MOB MOKET CIIOCOOCTBOBATh pa3pabOTKe MPHUIIETBHBIX
TEpPANeBTUYECKUX CTPATETMid MO MOJAYJIMPOBAHWIO HMMYHHBIX OTBETOB MpH

COXpaHEHUU UMMYHHOT'O TOMEO0CTAa3a.

Kuarouessie ciioBa: HK-xnerku, UMmynnas cucrema, Metunuposanue J{HK,

NmMmyHo0THs, DNUreHeTuka, I eHsl.
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1 Introduction

Epigenetic regulatory systems—most prominently DNA methylation—
represent a foundational layer of biological control that dictates how the immune
system establishes, maintains, and refines lineage-specific differentiation patterns
[1-6]. As multipotent hematopoietic progenitors progress through successive
developmental stages, their initially flexible epigenetic architecture undergoes
progressive restriction, resulting in the stabilization of distinct immunological
identities. This narrowing of developmental potential is not merely a passive
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 reinforcement 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
immune system development. A wealth of methylome-wide studies has interrogated
the epigenetic transitions that accompany differentiation along major hematopoietic
lineages, including erythropoietic, T-lymphocytic, B-lymphocytic, and myeloid
pathways [29, 11, 12, 13, 16]. These investigations have illuminated common
principles, such as the selective gain or loss of methylation at key transcriptional
regulators, as well as lineage-specific blueprints that define the molecular
boundaries between one immune subset and another. Beyond revealing the
architecture of immune development, these studies 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 signatures offer durable and historically informative
insights into a cell’s developmental origin. A canonical example of an epigenetic
signature that tracks with immune lineage identity is the demethylated state of the
FOXP3 locus, which serves as a defining molecular hallmark of CD4" regulatory T
(Treg) cells [27]. The stability of FOXP3 demethylation ensures continued
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expression of this transcription 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 potential, thereby serving
as both a developmental signature and a functional predictor [1]. These examples
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 contributes to
the rapid and often transient changes associated 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
consequence 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 examined in considerable detail. For example,
stimulation with interleukin-2 (IL-2) or engagement of the T cell receptor (TCR)
induces targeted demethylation of the IFNG locus in CD4* Thl cells, thereby
enhancing their ability to secrete interferon-y (IFNG), a cytokine central to antiviral
immunity and macrophage activation [21, 5]. Similarly, studies of CD8" T cells have
revealed substantial epigenetic fluidity at the CD8A co-receptor locus during
memory formation, with methylation states fluctuating according to cytokine
exposure and polarization conditions such as Thl- or Th2-skewed milieus [9].
Complementing these observations, genome-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
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plasticity is an intrinsic feature of T cell responsiveness rather than a rare

phenomenon restricted to development [17]. Within the myeloid compartment,
analogous methylation changes occur during the differentiation of human CD14*
monocytes into immature and mature dendritic cells, underscoring the widespread
relevance of epigenetic remodeling to both innate and adaptive immunity [30]. In
contrast, the methylation dynamics of NK cells—particularly in the context of
cytokine-driven activation or NCR receptor engagement—remain much less
comprehensively characterized. EXxisting insights largely derive from studies of
cytomegalovirus (CMV) infection, wherein NK cells can undergo clonal-like
expansions resembling adaptive immune responses. In CMV-infected mice and
humans, NK cells expressing the NKG2C receptor have been observed to proliferate
extensively, forming memory-like subsets with unique phenotypic and
transcriptional characteristics. Intriguingly, many of these cells lack signaling
molecules typically associated with B-cell and myeloid pathways, such as the
tyrosine kinase SYK; this loss correlates with hypermethylation within a defined
promoter region of the SYK gene [15]. Additional methylation-associated
alterations have been documented in HCMV-associated NK cells, including
hypermethylation of signaling adaptors such as EAT-2 and FCER1G, as well as the
transcription factor ZBTB16/PLZF [23]. These modifications suggest that NK cells
possess a previously underappreciated capacity for epigenetic reprogramming in
response to persistent viral stimuli. Collectively, these findings prompted us to
undertake a detailed analysis aimed at identifying methylation loci that participate
specifically in NK-cell activation and may therefore serve as functional regulators
or biomarkers of NK responsiveness.
Despite increasing recognition of DNA methylation as a key regulator of immune
cell differentiation and lineage stability, the epigenetic mechanisms underlying 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 activation-
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associated methylation dynamics largely unexplored. The objective of the present

study is therefore 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 systematically characterizing
methylation alterations associated 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 providing a focused analysis of activation-associated DNA
methylation patterns within the NK-cell compartment, thereby extending current
understanding of NK-cell biology from lineage-defining epigenetic states toward the
dynamic epigenetic regulation of innate immune effector functions. All the above

introduction was summarized in Fig. 1.
Scientific Novelty

Prior studies have reported gene-associated differentially methylated sites in
ILARN, ECE1, CSF2, and DCHSL, indicating their involvement in epigenetic
regulation. However, the novelty of our study lies in the identification of previously
unreported CpG loci specifically associated with NK cell activation. By examining
methylation patterns in this biological context and applying an integrated analytical
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.

2 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—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
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site to quantify the direction and magnitude of methylation changes occurring upon

NK cell activation. 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 methylated CpG site was examined within the broader context of
genomic organization. Sites were mapped to their corresponding genes, promoters,
enhancers, and regulatory regions, allowing us to determine whether methylation
changes were positioned near elements known to influence transcriptional activity.
To deepen our interpretation, these genomic annotations were further integrated with
an extensive review of functional literature related to NK cell biology, cytokine
signaling, receptor-mediated activation, 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 pathways,
effector functions, or regulatory checkpoints. Through this comprehensive and
integrative analytic framework, we were able to distinguish activation-associated
loci from background variation and to infer mechanistic relevance for the most
prominent 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.
3 Results and Discussion

Our analysis revealed four markedly significant differentially methylated sites
(DMSs) that were uniquely altered in activated NK cells and did not exhibit
comparable methylation shifts in any of the other immune cell types examined.
These activation-specific DMSs corresponded to ¢g11783497 (IL1RN),
cg07996532 (ECE1), cgl7566874 (CSF2), and cg05550420 (DCHS1). The
exclusivity of these methylation changes to NK cells suggests the presence of a

specialized, cell-intrinsic epigenetic program that becomes engaged upon activation
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and that functions to calibrate several essential aspects of NK cell biology, including

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 processing, and cellular adhesion, NK cells appear to
employ an adaptive framework that safeguards the balance between potent effector
function and the prevention of excessive or dysregulated immune responses.
Previous epigenetic studies of NK cells have primarily focused on lineage identity
or virus-induced adaptive-like NK subsets. For example, CMV-associated NK cells
exhibit stable methylation changes in genes involved in signalling pathways,
including SYK, FCER1G, and ZBTB16/PLZF, reflecting long-term functional
reprogramming during chronic viral infection [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 of viral infection or
adaptive-like NK differentiation. 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
populations examined in this study. The first of these loci, ILIRN, encodes the
interleukin-1 receptor antagonist, a key anti-inflammatory molecule that
competitively inhibits signalling by IL-1a and IL-1 [25]. Although IL1RN 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 differential
methylation observed at the ILIRN locus in activated NK cells may represent an

epigenetically encoded negative-feedback mechanism. Earlier studies of IL-1
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signalling in NK cells have largely emphasized 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, ECEL,
encodes endothelin-converting enzyme-1, a metalloprotease responsible for
catalyzing the conversion of the precursor form of endothelin-1 (ET-1) into its fully
active peptide [22]. Active ET-1 is recognized as a potent proinflammatory mediator
capable of stimulating canonical inflammatory pathways such as NF-kB and
inducing the production of cytokines including TNF-a, IL-1, and IL-6 [14]. Most
previous research on ECE1 has focused on its role in vascular physiology and
inflammatory signalling in endothelial or cardiovascular systems [14,22], and its
potential involvement in immune-cell epigenetic regulation has received little
attention. The observation that ECE1 undergoes differential methylation specifically
in activated 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 locus, CSF2, encodes
granulocyte—macrophage colony-stimulating factor (GM-CSF), a multifunctional
cytokine involved in the development, activation, and survival of granulocytic
lineages, including neutrophils, eosinophils, and basophils [8]. CSF2 expression can
be induced in several immune cell types—among them NK cells and Th17 cells—
in response to inflammatory stimuli or cytokine stimulation [18]. Prior studies have
demonstrated that NK-cell-derived GM-CSF production typically occurs under
strong activating 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 activation-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 recruitment and activation of downstream myeloid effector

populations. The final locus identified, DCHSL1, encodes a cadherin-family adhesion
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protein containing numerous cadherin repeat domains and a distinctive cytoplasmic

tail that enables participation in diverse cell—cell and tissue-structural interactions.
DCHS1 has been implicated in mammalian tissue morphogenesis, maintenance of
progenitor cell populations, and regulation of cellular behaviours associated with
planar cell polarity and coordinated migration [20]. Most existing studies have
examined DCHS1 primarily in developmental or tissue-organization contexts rather
than in immune-cell function [20]. The differential methylation of the DCHSL1 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 DCHS1 may influence
their ability to detach, migrate, and reposition within inflamed tissues. Taken
together, these findings complement previous research demonstrating that NK cells
undergo epigenetic remodeling during 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
reprogramming, the present analysis identifies activation-specific CpG loci uniquely
altered in NK cells and associated with pathways regulating inflammatory
signalling, cytokine production, and cellular migration. The principal novelty of this
work therefore lies in the identification of a previously unrecognized set of NK-cell-
specific DMSs linked to IL1RN, ECE1, CSF2, and DCHSL1, which may represent
candidate epigenetic regulators or biomarkers of NK-cell activation. These findings
broaden the current understanding 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 stabilize functional NK-cell responses and maintain immune homeostasis.

All the above discussed data are summarized in Table 1.

4 Conclusions
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Building upon the results of our analysis, it is reasonable to propose that the

differentially methylated genes identified in activated NK cells—namely IL1RN,
ECE1, CSF2, and DCHS1—may undergo either complete or partial transcriptional
repression as part of a regulatory mechanism that limits excessive immune
activation. DNA methylation is widely recognized as a mechanism capable of
stabilizing 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 infection. For instance, epigenetic remodelling in CMV-associated NK
cells includes stable hypermethylation of genes such as SYK, FCER1G, and
ZBTB16, reflecting long-term functional reprogramming of NK-cell signalling
pathways. Similarly, other studies have shown that NK-cell lineage commitment is
accompanied by hypomethylation at loci such as NCR1/NKp46, which functions as
a stable epigenetic marker of NK-cell identity. In contrast to these earlier findings,
which primarily describe methylation signatures associated with differentiation or
infection-driven adaptive NK-cell subsets, the present study focuses specifically on
epigenetic changes occurring during NK-cell activation itself. Our results indicate
that activation of NK cells is accompanied by selective methylation changes at genes
involved in inflammatory regulation (IL1RN), enzymatic control of inflammatory
mediators (ECE1), cytokine signalling (CSF2), and adhesion-related cellular
behaviour (DCHS1). 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
changes in IL1RN 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 signalling and receptor interactions.
Similarly, the detection of differential methylation at the ECE1 locus extends earlier

research that has primarily associated endothelin-converting enzyme-1 with vascular
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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 demonstrating cytokine-induced transcriptional expression of this gene in NK
and T helper cells. Finally, the involvement of DCHSL1, 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
associated with targeted DNA methylation changes affecting genes that regulate
inflammatory signalling, cytokine production, and cellular motility. Whereas earlier
studies emphasized long-term epigenetic remodeling 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 significance of this study therefore lie in the identification of a
previously unrecognized set of activation-associated epigenetic markers—IL1RN,
ECEl1l, CSF2, and DCHSl1—that may contribute to controlling NK-cell
responsiveness. These loci may represent candidate regulatory nodes through which
NK cells fine-tune their activation threshold, thereby preserving immune
homeostasis while maintaining the capacity for rapid and effective cytotoxic

responses.
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TABJINLbBI

Table 1. Activation-Specific Differentially Methylated Sites (DMSs) in NK Cells

and Their Functional Roles

Interpretation of
CpG ID / _ Biological Role in | NK-Cell-Specific
Gene Function _ _ )
Gene Immunity Differential
Methylation
Likely represents
an  epigenetically
o _ encoded negative-
Limits IL-1-driven
_ feedback
Encodes IL-1 | inflammatory _
_ - mechanism to
receptor antagonist | amplification; expressed
cg11783497 ) ~ | prevent  runaway
(IL-1Ra), an | mainly in _
(ILIRN) o IL-1-mediated
inhibitor of IL- | monocytes/macrophages o
- | NK-cell activation,
lo/p signaling but also detectable in o
maintaining
NK cells _
proportional
cytotoxic and
cytokine responses
Methylation-linked
Encodes _
_ repression may
endothelin- ET-1 promotes |
_ _ limit ET-1
converting proinflammatory o
cg07996532 _ _ activation,
enzyme-1 (ECE- | signaling (NF-xB _
(ECE1) _ _ o _ _ preventing
1), which activates | activation; induction of |
_ inadvertent
endothelin-1 (ET- | TNF-q, IL-1, IL-6) o
N initiation of broad
inflammatory
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cascades and

preserving  tissue
homeostasis during

NK-cell activation

Encodes GM-CSF,

GM-CSF production by

NK cells occurs mainly

Activation-specific
methylation likely
prevents premature

GM-CSF secretion,

a cytokine that o _
under strong | avoiding excessive
cgl17566874 | promotes _ )
inflammatory cues (e.g., | myeloid cell
(CSF2) development and ] )
o IL-18); shapes myeloid | recruitment  and
activation of _ o
_ recruitment and | maintaining control
myeloid cells o _
activation over inflammatory
microenvironment
restructuring
Differential
methylation  may
enable adaptive
Encodes a _
] ] remodeling of
cadherin-family _
_ adhesion and
adhesion molecule | Regulates cellular |
_ _ _ - migration
cg05550420 | involved in cell-|adhesion, motility, and
. . .| pathways,
(DCHS1) cell  interaction, | structural organization _
) o enhancing NK-cell
tissue in tissues o _
) trafficking, tissue
morphogenesis, o
o repositioning, and
and migration o _
efficient immune

surveillance during

activation
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