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Summary. Natural killer (NK) cells are the promoters in
graft-versus-host disease (GVHD) after allogeneic
hematopoietic stem cell transplantation (allo-HSCT),
while demethylation can regulate NK cell function. We
explored the mechanism of demethylation regulating NK
cell function to affect GVHD after allo-HSCT. BALB/c
mice were transfused with C57BL/6 mouse-derived NK
and bone marrow cells to establish GVHD models,
followed by isolation and in vitro expansion of NK cells.
NK cell purity, cytokine levels, proliferation, and
cytokine-producing NK cell levels were measured via
flow cytometry. KIR2DL1/2/3 methylation was tested by
Methylation-specific polymerase chain reaction (MSP),
with determination of mouse survival and GVHD scores.
KIR2DL1/2/3 and DNMT1 expression was detected
through qRT-PCR and/or western blot. Methylation
levels were upregulated and KIR2DL1/2/3 expression
was downregulated in GVHD mouse model-derived NK
cells following IL-2 stimulation. DNMT]1 silencing
promoted KIR2DL1/2/3 expression, proliferation, and
the secretion of Granzyme, Perforin, and Interferon-y
(IFN-y) in C57BL/6 mouse-derived NK cells. DNMT1
silencing also enhanced mouse survival, reduced GVHD
scores, promoted KIR2DL1/2/3 expression on the NK
cell surface, and increased the secretion of Granzyme,
Perforin, IFN-y, and the number of cytokine-producing
NK cells in the spleen, liver, and lung tissues of the
models. Collectively, DNMT1 silencing induced
KIR2DL1/2/3 expression in NK cells through reducing
methylation to alleviate GVHD after allo-HSCT.
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Introduction

Allogeneic hematopoietic stem cell transplantation
(allo-HSCT) plays an irreplaceable role in the treatment
of hematologic diseases as a curative therapeutic option
(Williamson et al., 2016; Saha and Blazar, 2022).
However, some complications may occur, with graft-
versus-host disease (GVHD) being a major one (Liu et
al., 2017; Barzin et al., 2022). GVHD has been the major
obstacle of allo-HSCT, the occurrence and severity of
which directly affect the efficacy of allo-HSCT and
patients’ quality of survival (Zeiser and Blazar, 2017).
Hence, given the poorly understood mechanism of
GVHD, further investigations are imperative.

The role of natural killer (NK) cells in post-
transplant immune reconstitution and the impact of their
surface receptor killer immunoglobulin-like receptors
(KIR) genotyping on the prognosis of allo-HSCT have
drawn much attention in recent years. NK cells are
cytotoxic granular lymphocytes (Kim et al., 2022),
which have been regarded as important players in the
natural immune system (Shi et al., 2016). Their
cytotoxic activity has been proven to be regulated by
KIRs (Debska-Zielkowska et al., 2021). Importantly, NK
cells have been perceived as the promoters in the
progression of GVHD after allo-HSCT (Blazar et al.,
2018). In other words, the occurrence of GVHD, to
different degrees, may be stimulated by an increase in
NK cells (Zhang et al., 2019). The KIR gene family is
located on human chromosome 19q13.4, and its
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expression on the surface of NK cells is highly random
and diverse. NK cells are therefore able to recognize the
ever-changing class I molecules of leukocyte antigens,
thereby specifically clearing abnormal cells (Rascle et
al., 2023). As an important means of epigenetic
regulation of gene expression, methylation is involved in
the silencing of multiple genes (Meng et al., 2015). The
promoter region of the K/R gene is rich in CpG
dinucleotides and is a potential target for methylation
regulation; NK cells can maintain a clonally restricted
expression of highly homologous K/R genes via DNA
methylation (Chan et al., 2003). Further, it has been
acknowledged that demethylation leads to upregulation
of KIRs in NK cells (Li et al., 2019). However, whether
demethylation can participate in the effects of NK cells
on GVHD after allo-HSCT via regulating KIR
expression is still incompletely illuminated.

To date, demethylation as a treatment strategy has
aroused widespread interest (Yang et al., 2024). For
instance, demethylation has been proven to activate
corresponding receptor genes to promote the expression
of NK-cell receptors (Costello et al., 2015). High
methylation of histones suppresses NK-cell activation by
inhibiting NK-cell receptor (NKG2D) activity (Shi et al.,
2016). Prior studies elucidated that in vitro culture of the
NK92MI cell line with demethylation treatment causes
an elevated expression of KIR in NK cells (Gao et al.,
2009). As a vital methyltransferase, DNA methyl-
transferase-1 (DNMT1) is the mediator of DNA
methylation, which is responsible for copying DNA
methylation onto the newly synthesized DNA strand
following the replication of relative DNAs (Tao et al.,
2022). More importantly, DNMT1 inhibitors have been
reported to relieve GVHD (Choi et al., 2014).
Collectively, the present study aimed to investigate the
underlying mechanism by which demethylation affects
NK cells and thus attenuates GVHD after allo-HSCT.

Materials and methods
Ethics statement and animals

In the present study, all animal experiments were
conducted in accordance with the guidelines of the
China Council on Animal Care and Use, and the
experimental protocol was approved by the Ethics
Committee of Zhejiang Baiyue Biotech Co., Ltd for
Experimental Animals Welfare (approval number:
ZJBYLA-TACUC-20221020).

C57BL/6 mice (18-22 g; male; n=24) were obtained
as the donors, and BALB/c mice (18-22 g; male; n=30)
were procured as recipients. All mice were maintained in
an environmentally controlled animal laboratory with a
standard day-night cycle at 20-26°C and humidity of 40-
70%.

NK cell isolation, in vitro expansion, and transfection

The experimental processes referred to a previous

study (Wang et al., 2020). C57BL/6 mice (n=24) were
sacrificed via cervical dislocation after anesthesia with
0.3% pentobarbital sodium (50mg/kg, P3761, Haoran
Biological Technology, Shanghai, China). The collected
mouse spleens were milled, and filtered to obtain
splenocytes. The splenocytes were incubated with
CD90.1 MicroBeads (130-121-273, Miltenyi Biotec, San
Diego, CA, USA) and DX5 MicroBeads (130-052-501,
Miltenyi Biotec, USA), respectively, to produce CD3-
DX5+ NK cells with high purity. Then the cells were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, M012-500, VectorBuilder, Guangzhou, China)
with 10% fetal bovine serum (FBS, S9030, Solarbio,
Beijing, China) in a 5% CO, environment at 37°C, and
flow cytometry was used to identify the cell purity.

For in vitro expansion of CD3"-DX5" NK cells, cells
(1x10* cells/well) were cultured in a 96-well plate, and
treated with 100 U/ml interleukin 2 (IL-2, 10523, Sigma-
Aldrich, Darmstadt, Germany) in each well for 24h
(37°C) (Becker et al., 2016).

For transfection, the short hairpin RNA (pGPU60
vector, C01001) targeting DNMT1 (shDNMTI, sense:
5’-GGTAGAGAGTTACGACGAA-3’; antisense, 5’-
TTCGTCGTAACTCTCTACC-3’) and its negative
control SuperSilencing™ shRNA (shNC) were
customized by GenePharma (Shanghai, China).
Transfection of sShDNMT1/shNC into NK cells was
achieved by Lipofectamine 3000 transfection reagent
(L3000015, Thermo Fisher Scientific, Waltham, MA,
USA). In short, NK cells (1x10* cells/well) were seeded
in each well of a 96-well plate until a 90% confluent
monolayer was formed. Opti-MEM medium (31985062,
Thermo Fisher Scientific, USA) and P3000™ reagent
were used to dilute Lipofectamine™ 3000 reagent and
shRNA, followed by a 15-minute incubation at 37°C.
Finally, the gene-lipid complexes were added to each
well and incubated for another 48h at 37°C.

Mouse models of GVHD and isolation of NK cells

Prior to the establishment of GVHD mouse models,
femurs and shin bones from C57BL/6 mice were
collected and washed in phosphate-buffered saline (PBS,
abs961, Absin, China) to obtain bone marrow cells,
followed by centrifugation at 300xg for 10 min and PBS
washing again. Later, bone marrow cells were also
purified following the processes mentioned above, and
were prepared at a final concentration of 1x107 cells/ml
for subsequent analyses.

To induce allo-HSCT, the recipient BALB/c mice
were firstly irradiated (8.5 GY) using an X-ray irradiator
(WBK-01, 350 kV, 11.4 mA, a Thoraeus filter [0.75 mm
Tin (Sn), 0.25 mm Copper (Cu), and 1.5 mm Aluminum
(Al), Dandong Tongda Science&Technology Co., Ltd,
China), and then transfused with 1x107 bone marrow
cells and 1x10° NK cells via the tail vein. The recipient
mice in the Control, GVHD, GVHD+NK,
GVHD+NK(shNC), and GVHD+NK(shDNMT1)
groups (six mice per group) were measured weekly for



1063

Mechanism of DNMT1 silencing in GVHD

body weight and observed daily for survival and clinical
signs of GVHD. The clinical indicators of GVHD
included skin changes (hair loss, erythema, etc.),
diarrhea, and hunchback syndrome. If the mice were in a
near-death state (for example, loss of more than 20% of
their body weight for two consecutive weeks), they were
humanely euthanized according to the relevant
regulations (Wang et al., 2020). After 40 days, all mice
used in this study were sacrificed by cervical dislocation
after anesthesia with 0.3% pentobarbital sodium (50
mg/kg). The spleen, liver, and lung tissues of the mice
were collected and stored at -80°C for subsequent
analyses (Snyder et al., 2020).

NK cells were also isolated from the spleens of mice
in the GVHD-+NK, GVHD+NK(shNC), and GVHD+
NK(shDNMTT1) groups (six mice per group), purified,
and activated in vitro in line with the above processes,
and then the collected cells were used in the following
analysis.

Methylation-specific polymerase chain reaction (MSP)

KIR2DL1, KIR2DL2, and KIR2DL3 methylation
levels in GVHD mouse model-derived NK cells were
evaluated by MSP assay. Briefly, 500 ng total DNA was
extracted from NK cells with the help of DNAzol®
Reagent (10503027, Thermo Fisher Scientific, USA),
and then exposed to sodium bisulfite from the EpiTect
fast bisulfite kit (59826, Qiagen, Hilden, Germany).
Later, CpG islands around the promoter regions of
KIR2DL1, KIR2DL2, and KIR2DL3 were tested
through the UCSC genome browser (http://genome.
ucsc.edu/index.html), and SYBR green-based gMSP was
employed to analyze KIR2DL1, KIR2DL2, and
KIR2DL3 methylation levels in NK cells. Thereafter,
methPrimer (http://www.urogene.org/methprimer/) was
utilized to design two sets of gMSP primers. The DNA
sample was mixed with a pair of primers and the KAPA
SYBR Fast qPCR kit (07959362001, Roche, Basel,
Switzerland), and polymerase chain reaction (PCR) was
carried out using the following amplification profile: 5
min at 94°C; 30 s at 94°C, 30 s at 55°C and 30 s at 72°C
for 40 cycles; 4 min at 72°C. Finally, the PCR product
was electrophoresed on 2% agarose gels and visualized
under a gel imager (Chemi Doc XRS, BIO-RAD, Irvine,
CA, USA) with the help of ethidium bromide
(15585011, Thermo Fisher Scientific, USA) staining
(Zhao et al., 2019).

Primers were displayed as follows: KIR2DL1
(methylated): forward, 5’-TATAGATTTTAGGTAT
TTCGTGTTCG-3’; reverse, 5’-ACATAAAACCCAAT
AAATACTCGCT-3’; KIR2DL1 (unmethylated):
forward, 5’-TATAGATTTTAGGTATTTTGTGTTTGG-
3’; reverse, 5’-TTACATAAAACCCAATAAATA
CTCACT-3’. KIR2DL2 (methylated): forward, 5°-
TTAGTTTTTTAAAGTGTTGGGATTAC-3’; reverse,
5’-ACACAAAACCATAAAATTACACGTA-3’;
KIR2DL2 (unmethylated): forward, 5’-TTTTTTAAA
GTGTTGGGATTATGG-3’; reverse, 5S’-ACACAAAA

CCATAAAATTACACATA-3’; KIR2DL3 (methylated):
forward, 5’-TTTTATGTAAGGTAGAAAGAGTTTGC-
3’; reverse, 5’-ACAACGCACAAAATATTATTTAACG-
3’; KIR2DL3 (unmethylated): 5’-GGTTTTATGTAA
GGTAGAAAGAGTTTGT-3’; reverse, 5’- CAACACA
CAAAATATTATTTAACACC-3".

Mouse survival and GVHD score determination

The GVHD score was measured following a
previous study (Li et al., 2014). In short, five GVHD
parameters to assess the degree of GVHD were assigned
a score from 0 to 2, including weight loss, kyphosis, skin
lesions, activity, and fur-ruffling. The clinical symptoms
of GVHD included hunched posture, 40% weight loss,
fur loss, decreased mobility, as well as tachypnea. The
animals with the above symptoms were sacrificed by
cervical dislocation after anesthesia with 0.3%
pentobarbital sodium (50mg/kg), during which the end
point of survival was recorded.

Quantitative real-time reverse transcription PCR (qRT-
PCR)

The total RNA in transplant donor C57BL/6 mouse-
derived NK cells was first isolated with the TRIeasy
total RNA extraction kit (10606ES60, Yeason, Shanghai,
China) as per the instructions, and the concentration was
determined via a spectrophotometer (Mettler Toledo,
Columbus, OH, USA). Afterward, a one-step qRT-PCR
assay kit (T2210, Solarbio, China) was used to carry out
the PCR with the following conditions: reverse-
transcription (50°C for 20 min), pre-denaturation (95°C
for 3 min), and 40 cycles of denaturation (95°C for 20 s),
annealing (60°C for 30 s), and extension (72°C for 30 s).
Relative mRNA expression levels were analyzed using
the 2-4ACT method (Li et al., 2018).

The primer sequences used in this assay were:
DNMTI1: forward, 5’-CAGGAGAAGCAAGTCGGA
CA-37; reverse, 5’-TCCTGGTCTCTCTCCTCTGC-3".
KIR2DL1: forward, 5’-ATGTCGCTCTTGGTCG
TCAG-3’; reverse, 5’-AGAAGTTGGCCTTGGAGA
CC-3’. KIR2DL2: forward, 5’-TTCTCCTTCATCG
CTGGTGC-3’; reverse, 5’-TGGGCAGGAGAC
AACTTTGG-3". KIR2DL3: forward, 5’-ACCATCTA
TCCAGGGAGGGG-3’; reverse, 5’-CATGCAGGT
GTCTGGGGTTA-3’. GAPDH (internal controls):
forward, 5’-CCCATCTATGAGGGTTACGC-3’; reverse,
5’- TTTAATGTCACGCACGATTTC-3".

Western blot

Total protein was isolated from C57BL/6 mouse-
derived NK cells with the RIPA Lysis Buffer (E-BC-
R327, Elabscience, Wuhan, China), and the BCA protein
assay kit (C503021, Sangon Biotech, Shanghai, China)
was applied to determine protein concentration. Later,
the protein samples were separated via 6% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE) gels (P0672, Beyotime, China), and
transferred onto polyvinylidene fluoride (PVDF)
membranes (F619536, Sangon Biotech, China). The
membranes were blocked with 5% non-fat skim milk
(D8340, Solarbio, China) diluted in Tris Buffered Saline
with Tween-20 (TBST, T1085, Solarbio, China) for 2h at
room temperature, and incubated at 4°C overnight with
primary antibodies DNMT1 (1:1000, ab188453, 183
kDa, Abcam, Cambridge, UK) and GAPDH (1:1000,
ab8245, 36 kDa, Abcam, UK), followed by 1-h culture
with horseradish peroxidase (HRP)-labeled anti-Rabbit
IgG (1:1000, ab99697, Abcam, UK) and anti-Mouse 1gG
(1:2000, ab6728, Abcam, UK) secondary antibodies at
room temperature.

Finally, the band signals were analyzed by ECL
reagent kits (FP300, ABP Biosciences, Rockville, MD,
USA) on the Tanon 5200 imaging system (Shanghai,
China). Quantitative analysis was performed using
Imagel software (1.52s version, National Institutes of
Health, Bethesda, MD, USA).

Flow cytometry

Transplant donor C57BL/6 mouse-derived NK cell
purity was determined following staining with 0.25 pg/5
ul CD56 antibody (ab220360, Abcam, UK) and 0.25
pg/20 pl CD3 antibody (ab16669, Abcam, UK) at room
temperature for 20 min. A flow cytometer (1026,
Beamdiag, Changzhou, China) was adopted to detect the
cells, which was analyzed by Cell Quest software (BD
Biosciences, San Diego, CA, USA) (Eaton et al., 2018).

The levels of Granzyme, Perforin, and Interferon-y
(IFN-y) in GVHD mouse model/C57BL/6 mouse-
derived NK cells were tested following the above
processes using IFN-y (#62675, Cell Signaling
Technology, Danvers, MA, USA), Granzyme B
(ab255599, Abcam, UK), and Perforin antibodies (17-
9392-80, Thermo Fisher Scientific, USA).

As for C57BL/6 mouse-derived NK cell prolifera-
tion, the fluorescent dye carboxyfluorescein succinimi-
dyl ester (CFSE) was used. In detail, NK cells were
stained with 5 pumol/L CFSE (ab113853, Abcam, UK)
for 15 min at room temperature. An equal volume of
culture medium was added, with cells standing for
another 5 min. Following culture medium washing, these
cells were immediately examined via flow cytometry to
evaluate the percentage of cells with lost or decreased
CFSE fluorescence, and were quantified using ImagelJ
software (Kust et al., 2021).

Statistical analyses

GraphPad Prism 8.0 statistical software (GraphPad
Software Inc., San Diego, CA, USA) was employed to
analyze all data. Measurement data are expressed as
mean + standard deviation. The data in Fig. 1C-E were
compared using an independent samples ¢-test, and
comparison among multiple groups was conducted with
a one-way analysis of variance. The data were

statistically significant when the p-value was <0.05.
Results

Methylation of KIR2DL1/2/3 was increased, and
KIR2DL1/2/3 expression was decreased in GVHD
mouse model-derived NK cells

Mouse NK cells are widely defined as CD3-DX5+
lymphocytes (Li et al., 2015). After recipient BALB/c
mice were transfused with NK and bone marrow cells
via the tail vein to establish GVHD mouse models and
NK cells were isolated from the models and purified, we
measured NK-cell purity, and obtaining a high purity of
97.95% (Fig. 1A). IL-2 is often used to induce the
expansion of NK cells purified from allogeneic donors
(Becker et al., 2016). Here, we also employed IL-2 to
activate the purified NK cells from the GVHD mouse
models. According to the MSP results, the KIR2DL1/2/3
methylation levels were elevated following stimulation
with IL-2 in GVHD mouse model-derived NK cells (Fig.
1B). Also, as shown in Fig. 1C-E, decreased expression
of KIR2DL1/2/3 on the surface of GVHD mouse model-
derived NK cells was observed after IL-2 induction
(»p<0.01).

DNMTT1 silencing increased KIR2DL1/2/3 expression and
enhanced secretion of Granzyme B, Perforin, and IFN-y
in C57BL/6 mouse-derived NK cells

Next, this study focused on probing the roles of
DNMTT1 in NK cells. After NK cells were isolated from
C57BL/6 mice and purified, we successfully transfected
shDNMTT1 into these cells, which was verified by the
reduced mRNA or protein expression of DNMT]1 (Fig.
2A-C, p<0.05). Following transfection, we measured the
expression of KIR2DL.1/2/3 in C57BL/6 mouse-derived
NK cells by dint of qRT-PCR. In accordance with the
results, KIR2DL1/2/3 expression was upregulated in
shDNMT 1-transfected NK cells from C57BL/6 mice
following IL-2 activation (Fig. 2D-F, p<0.01). More
importantly, ShDNMTI1 led to increased KIR2DL1/2/3
expression in IL-2-activated NK cells from C57BL/6
mice (Fig. 2D-F, p<0.001). Besides, it has been
documented that NK cells have cytotoxic effects on
virus-infected cells, and kill target cells by secreting
cytokines such as granulysin, perforin, IFN-y and
Granzymes (Feehan et al., 2022; Wu et al., 2022). Based
on the results in Fig. 2G-1, an elevated positive ratio of
Granzyme B or IFN-y was detected in C57BL/6 mouse-
derived NK cells transfected with/without shDNMT1
following IL-2 treatment (Fig. 2G,J, p<0.01), and
shDNMT1 increased both the positive ratios of
Granzyme B and IFN-y in IL-2-activated NK cells (Fig.
2G,J, p<0.05). The positive ratio of Perforin in C57BL/6
mouse-derived NK cells was reduced following IL-2
stimulation (Fig. 2H, p<0.05), which was later
augmented after transfection with shDNMT1 (Fig. 2H,
p<0.001). Also, shDNMT]1 increased the positive ratio
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of Perforin in IL-2-activated NK cells from C57BL/6
mice (Fig. 2H, p<0.001). Taken together, we confirmed
that shDNMT1 could promote the secretion of
Granzyme B, Perforin, and IFN-y in C57BL/6 mouse-
derived NK cells. Moreover, as exhibited in Fig. 2J-K,
the number of CFSE-low cells was increased in
C57BL/6 mouse-derived NK cells transfected
with/without shDNMT1 after IL-2 stimulation
(p<0.001), and shDNMT1 increased the number of
CFSE-low cells post IL-2 induction (p<0.001),
suggesting that ShADNMT1 boosted the proliferation of
C57BL/6 mouse-derived NK cells.

DNMTT1 silencing enhanced mouse survival, decreased
GVHD score, and increased expression of KIR2DL1/2/3
in GVHD mouse models

The data in Fig. 3A showed that survival was
enhanced in GVHD mouse models transfused with
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enhanced cytokine secretion and
proliferation of C57BL/6 mouse-
derived NK cells. A-C. We
successfully transfected shDNMT1
into C57BL/6 mouse-derived NK
cells, and transfection efficiency was
measured via qRT-PCR and western
blot, with GAPDH as the
housekeeping control. D-1. Following
transfection and IL-2 stimulation in
C57BL/6 mouse-derived NK cells,
expression of KIR2DL1/2/3 (D-F) in
these cells was measured by qRT-
PCR (GAPDH as the housekeeping
control), cytokine levels (G-I) and NK
cell proliferation (J-K) were assessed
via flow cytometry. *p<0.05, **p<0.01,
***p<0.001. shDNMT1, short hairpin
RNA targeting DNA
methyltransferase-1; IFN-y,
Interferon-y; CFSE,
carboxyfluorescein succinimidyl ester;
shNC, short hairpin RNA of negative
control.
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models (Fig. 4A-F, p<0.01). Also, satDNMTT1 increased
IFN-y levels, decreased Granzyme B and Perforin levels,
and elevated the absolute value of IFN-y, Granzyme B,
and Perforin in lung tissues of GVHD mouse models
(Fig. 4AM-R, p<0.01).

Discussion

GVHD is considered a vital cause of transplant
failure (Xu et al., 2018). NK cells act as promoters in the
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progression of GVHD, and demethylation has a GVHD-
promoting effect by enhancing the activation of NK cells
(Shi et al., 2016). The research on NK-cell receptors
revealed that demethylation can activate receptor genes,
thereby promoting the expression of NK-cell receptors
(Costello et al., 2015). Demethylation therapy can
induce changes in cellular immune function (Tsirogianni
et al., 2019), and high methylation of histones can inhibit
NKG2D activity, thus repressing the activation of NK
cells (Shi et al., 2016). More importantly, a prior study
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Fig. 3. DNMT1 silencing enhanced mouse survival, decreased GVHD score, and increased expression of KIR2DL1/2/3 in GVHD mouse models. A.
After BALB/c recipient mice were transfused with C57BL/6 donor mouse-derived NK cells (1x10%), with/without shDNMT1, and bone marrow cells
(1x107) via the tail vein to establish GVHD mouse models, these mice were observed daily for survival (A) and clinical signs for GVHD scores (B-C),
along with the detection of (D-F) KIR2DL1/2/3 expression on the surface of GVHD mouse model-derived NK cells via gqRT-PCR (GAPDH as the

housekeeping control). **p<0.01, ***p<0.001.
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**n<0.001.
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demonstrated that demethylation causes an increase in
KIR expression in NK cells (Wu et al., 2020). KIR is
involved in regulating NK cell function, and KIR
discordance between donors and recipients improves
transplantation success and reduces transplantation-
related mortality by reducing the incidence of
recurrence, implantation failure, and GVHD (Ruggeri et
al., 2002; Lanier, 2005). In this study, we further
revealed that DNMTT1 silencing induces KIR expression
in NK cells through reducing methylation to alleviate
GVHD after allo-HSCT.

NK cells are not B/T lymphocytes; however, they
have been proven to share some phenotypic features
with T lymphocytes (Kim et al., 2022). Following the
isolation of NK cells from GVHD mouse models, a
97.95% NK cell purity was detected in this study. In
light of the published research, short-term in vitro
culture with cell growth-promoting cytokine media may
enhance the killing activity and the numbers of NK cells.
IL-2 is frequently used to induce the expansion of NK
cells purified from allogeneic donors (Becker et al.,
2016). In this study, we also adopted IL-2 to achieve the
in vitro expansion of NK cells. Considering the effects of
demethylation and KIR expression in NK cells on
GVHD, we investigated the mechanism of de-
methylation on NK cells after transplantation by
analyzing the change in KIR expression on the surface
of NK cells and its roles in GVHD in C57BL/6-BALB/c
mice. As expected, the results revealed that methylation
levels of KIR2DL1, KIR2DL2, and KIR2DL3 in GVHD
mouse model-derived NK cells were elevated after IL-
2stimulation, along with the downregulated expressions
of KIR2DL1, KIR2DL2, and KIR2DL3 on the surface of
these NK cells. Therefore, we had reason to infer that
GVHD induced methylation of KIR2DL1/2/3 in NK
cells.

Methylation is one of the modes of epigenetic
modification of genes (Skvortsova et al., 2019).
Demethylation therapy has received much attention.
Recently, it was found that the post-transplant
administration of demethylation drugs in transplanted
patients with relapsed myelodysplastic syndromes
(MDS)/acute myeloid leukemia (AML), or high-risk
AML, reduces the occurrence and severity of GVHD
(Cao et al., 2020), prolongs survival, and decreases the
recurrence rate (Koyama et al., 2022). NK cells play an
important role in the development of GVHD in post-
transplantation immune regulation, and KIR expression
in NK cells is increased after demethylation (Li et al.,
2019). Also, particular attention has been paid to the
mechanism of demethylation in the KIR promoter (Wu
et al., 2020). The present work explored the relationship
between NK cells and GVHD by fathoming the
mechanism of demethylation affecting NK cells and thus
attenuating GVHD after allo-HSCT. Given this, we took
an interest in DNMT1, considered the key enzyme
responsible for intracellular DNA methylation (Ren,
2022). Accordingly, whether DNMT1 affects NK cell
functional activity by regulating KIR methylation was

investigated in the present study. By employing
shDNMT1, we verified that DNMT]1 silencing promoted
the expression of KIR2DL1/2/3 on the surface of NK
cells. Besides, existing findings unveiled that NK cells
have cytotoxic effects on virally infected cells and
cancers, and can kill target cells by secreting cytokines,
such as granulysin, perforin, IFN-y, and Granzymes
(Feehan et al., 2022; Wu et al., 2022). We thus measured
the secretion of cytokines in NK cells. As expected,
shDNMT1 promoted the secretion of Granzyme B,
Perforin, and IFN-y in NK cells, as evidenced by their
elevated levels. These findings provided strong evidence
that DNMTT1 silencing affected NK cell function by
regulating the methylation of KIR2DL1/2/3.

Furthermore, the effects of shDNMT1 on GVDH
mouse models were explored in this study, and we
demonstrated that DNMT]1 silencing enhanced mouse
survival, decreased the GVHD score, upregulated
KIR2DL1/2/3 expression, and increased corresponding
cytokine levels and cytokine-producing NK cells in the
models. Hence, we conjectured that DNMT1 silencing
can induce KIR expression in NK cells by reducing
methylation to alleviate GVHD after allo-HSCT.
Nevertheless, the correlation between changes in KIR
expression on the surface of NK cells and the occurrence
of GVHD needs further research.

In conclusion, we corroborate that DNMT1 silencing
induces KIR expression in NK cells by reducing
methylation to alleviate GVHD after allo-HSCT.
Considering the findings in this study, the development
of GVHD can be predicted according to KIR expression
on the surface of NK cells, and the early intervention of
GVHD can be achieved based on changes in cytokines.
All findings in the present study, we hope, can lay the
foundation for the application of NK cells in
immunotherapy towards GVHD after allo-HSCT.

Funding. This work was supported by the Zhejiang Medical Health
Science and Technology Project [Grant Number 2021KY282 &
2022KY316].

Conflict of Interest. The authors have no conflicting financial interests.

References

Barzin A., Geurten C., Willems E., Baron F., Beguin Y. and Servais S.
(2022). Acute and chronic graft-versus-host disease after allogeneic
hematopoietic stem cell transplantation. Rev. Med. Liege 77, 345-
353 (in French).

Becker P.S., Suck G., Nowakowska P., Ullrich E., Seifried E., Bader P.,
Tonn T. and Seidl C. (2016). Selection and expansion of natural
killer cells for nk cell-based immunotherapy. Cancer Immunol.
Immunother. 65, 477-484.

Blazar B.R., MacDonald K.P.A. and Hill G.R. (2018). Immune regulatory
cell infusion for graft-versus-host disease prevention and therapy.
Blood 131, 2651-2660.

Cao Y-G., Zhang S-D., Liu Z-X. Zhai W-H-. Ma Q-L., Pang A-M-. Wei J-
L-. Yang D-L., Huang Y., Feng S-Z., Jiang E-L. and Han M-Z.
(2020). Conditioning regimen of 5-day decitabine administration for



1070

Mechanism of DNMTT1 silencing in GVHD

allogeneic stem cell transplantation in patients with myelodysplastic
syndrome and myeloproliferative neoplasms. Biol. Blood Marrow
Transplant. 26, 285-291.

Chan H.W., Kurago Z.B., Stewart C.A., Wilson M.J., Martin M.P., Mace
B.E., Carrington M., Trowsdale J. and Lutz C.T. (2003). DNA
methylation maintains allele-specific kir gene expression in human
natural killer cells. J. Exp. Med. 197, 245-255.

Choi J., Cooper M.L., Ziga E.D., Ritchey J. and DiPersio J.F. (2014).
Effect of epigallocatechin-3-gallate on graft-versus-host disease.
Cell Transplant. 23, 1163-1166.

Costello R.T., Leclercq A., Treut T.L., Sanchez C., Mercier D. and
Sébahoun G. (2015). Effects of 5-azacytidine on natural killer cell
activating receptor expression in patients with refractory anemia with
excess of blasts. Leuk. Res. Rep 4, 15-17.

Debska-Zielkowska J., Moszkowska G., Zielinski M., Zielinska H.,
Dukat-Mazurek A., Trzonkowski P. and Stefanska K. (2021). Kir
receptors as key regulators of nk cells activity in health and disease.
Cells 10, 1777.

Eaton N., Cabanas H., Balinas C., Klein A., Staines D. and Marshall-
Gradisnik S. (2018). Rituximab impedes natural killer cell function in
chronic fatigue syndrome/myalgic encephalomyelitis patients: A pilot
in vitro investigation. BMC Pharmacol. Toxicol. 19, 12.

Feehan D.D., Jamil K., Polyak M.J., Ogbomo H., Hasell M., Li S.S.,
Xiang R.F., Parkins M., Trapani J.A., Harrison J.J. and Mody C.H.
(2022). Natural killer cells Kill extracellular pseudomonas aeruginosa
using contact-dependent release of granzymes B and H. PLoS
Pathog. 18, e1010325.

Gao X.N., Lin J., Wang L.L. and Yu L. (2009). Demethylating treatment
suppresses natural killer cell cytolytic activity. Mol. Immunol. 46,
2064-2070.

Kim C.J., Park S.C., Lee S.H., Lim Y.J., Yoon M., Park J.G., Baek Y.B.,
Cho K.O., Hong J.W., Shin D.J. and Kim S.K. (2022). Safety
analysis of ex vivo-expanded canine natural killer cells in a
xenogeneic mouse model of graft-versus-host disease. J. Leukoc.
Biol. 111, 439-450.

Koyama M., Osada E., Akiyama N., Eto K. and Manome Y. (2022).
Effect of thymidine phosphorylase gene demethylation on sensitivity
to 5-fluorouracil in colorectal cancer cells. Anticancer Res. 42, 837-
844.

Kust S.A., Streltsova M.A., Panteleev A.V., Karpina N.L., Lyadova I.V.,
Sapozhnikov A.M. and Kovalenko E.l. (2021). HLA-DR-positive NK
cells expand in response to mycobacterium tuberculosis antigens
and mediate mycobacteria-induced T cell activation. Front. Immunol.
12, 662128.

Lanier L.L. (2005). NK cell recognition. Ann. Rev. Immunol. 23, 225-274.

Li H., Jiang Y.M., Sun Y.F,, Li P., Dang R.J., Ning H.M,, Li Y.H., Zhang
Y.J., Jiang X.X., Guo X.M., Wen N., Han Y., Mao N., Chen H. and
Zhang Y. (2014). CCR7 expressing mesenchymal stem cells
potently inhibit graft-versus-host disease by spoiling the fourth
supplemental billingham's tenet. PLoS One 9, e115720.

Li Q., Sato A., Shimozato O., Shingyoji M., Tada Y., Tatsumi K.,
Shimada H., Hiroshima K. and Tagawa M. (2015). Administration of
DNA encoding the interleukin-27 gene augments antitumour
responses through non-adaptive immunity. Scand. J. Immunol. 82,
320-327.

Li N., Wu H., Geng R. and Tang Q. (2018). Identification of core gene
biomarkers in patients with diabetic cardiomyopathy. Dis. Markers
2018, 6025061.

Li Y., Yang M., Wu F., Cheng K., Chen H., Shen X. and Lao L. (2019).

Mechanism of electroacupuncture on inflammatory pain: Neural-
immune-endocrine interactions. J. Tradit. Chin. Med. 39, 740-749.

Liu X.L., Zhao X., Wang C., Gao S.J. and Tan Y.H. (2017). Decitabine
treatment for acute myeloid leukemia relapse after allogeneic
hematopoietic stem cell transplantation. J. Biol. Regul. Homeost.
Agents 31, 171-175.

Meng H., Cao Y., Qin J., Song X., Zhang Q., Shi Y. and Cao L. (2015).
DNA methylation, its mediators and genome integrity. Int. J. Biol.
Sci. 11, 604-617.

Rascle P., Woolley G., Jost S., Manickam C. and Reeves R.K. (2023).
NK cell education: Physiological and pathological influences. Front.
Immunol. 14, 1087155.

Ren Y. (2022). Regulatory mechanism and biological function of
UHRF1-DNMT1-mediated DNA methylation. Funct. Integr.
Genomics 22, 1113-1126.

Ruggeri L., Capanni M., Urbani E., Perruccio K., Schlomchik W.D., Tost
A., Posati S., Rogaia D., Frassoni F., Aversa F., Martelli M.F. and
Velardi A. (2002). Effectiveness of donor natural killer cell
alloreactivity in mismatched hematopoietic transplants. Science 295,
2097-2100.

Saha A. and Blazar B.R. (2022). Antibody based conditioning for
allogeneic hematopoietic stem cell transplantation. Front. Immunol.
13, 1031334.

Shi X., Li M., Cui M., Niu C., Xu J., Zhou L., Li W., Gao Y., Kong W., Cui
J., Hu J. and Jin H. (2016). Epigenetic suppression of the antitumor
cytotoxicity of nk cells by histone deacetylase inhibitor valproic acid.
Am. J. Cancer Res. 6, 600-614.

Skvortsova K., Stirzaker C. and Taberlay P. (2019). The DNA
methylation landscape in cancer. Essays Biochem. 63, 797-811.
Snyder K.J., Zitzer N.C., Gao Y., Choe H.K., Sell N.E., Neidemire-Colley
L., Ignaci A., Kale C., Devine R.D., Abad M.G., Pietrzak M., Wang
M., Lin H., Zhang Y.W., Behbehani G.K., Jackman J.E., Garzon R.,
Vaddi K., Baiocchi R.A. and Ranganathan P. (2020). PRMT5
regulates T cell interferon response and is a target for acute graft-

versus-host disease. JCI Insight 5, €131099.

Tao C., Liu J., Li Z, Lai P., Zhang S., Qu J., Tang Y., Liu A., Zou Z., Bai
X. and Li J. (2022). DNMT1 is a negative regulator of osteogenesis.
Biol Open 11, bio058534.

Tsirogianni M., Grigoriou E., Kapsimalli V., Dagla K., Stamouli M.,
Gkirkas K., Konsta E., Karagiannidou A., Gkodopoulos K.,
Stavroulaki G., Pappa V., Angelopoulou M. Lowdell M. and Tsirigotis
P. (2019). Natural killer cell cytotoxicity is a predictor of outcome for
patients with high risk myelodysplastic syndrome and oligoblastic
acute myeloid leukemia treated with azacytidine. Leuk. lymphoma
60, 2457-2463.

Wang F., Zhao S., Gu Z., Zhao X., Yang N., Guan L., Liu T., Wang L.,
Fang S., Zhu C., Luo L., Li M., Wang L. and Gao C. (2020). S1PR5
regulates NK cell responses in preventing graft-versus-host disease
while preserving graft-versus-tumour activity in a murine allogeneic
haematopoietic stem cell transplantation model. Hematol. Oncol. 38,
89-102.

Williamson S.C., Metcalf R.L., Trapani F., Mohan S., Antonello J.,
Abbott B., Leong H.S., Chester C.P., Simms N., Polanski R.,
Nonaka D., Priest L., Fusi A., Carlsson F., Carlsson A., Hendrix
M.J., Seftor R.E., Seftor E.A., Rothwell D.G., Hughes A., Hicks J.,
Miller C., Kuhn P., Brady G., Simpson K.L., Blackhall F.H. and Dive
C. (2016). Vasculogenic mimicry in small cell lung cancer. Nat.
Commun. 7, 13322,

Wu C.Y., Zhang B., Kim H., Anderson S.K., Miller J.S. and Cichocki F.



1071

Mechanism of DNMT1 silencing in GVHD

(2020). Ascorbic acid promotes KIR demethylation during early NK
cell differentiation. J. Immunol. 205, 1513-1523.

Wu H.Y., Li K.X., Pan W.Y., Guo M.Q., Qiu D.Z., He Y.J., Li Y.H. and
Huang Y.X. (2022). Venetoclax enhances NK cell killing sensitivity of
AML cells through the NKG2D/NKG2DL activation pathway. Int.
Immunopharmacol. 104, 108497.

Xu Y., Yang J., Zhang Y., Liu E., Peng J., Chen X., Chen F. and Peng
M. (2018). Regulation of DNA demethylation of STAT3 promoter in
CD4+ T cells from agvhd patients by HMGB1/GADDS5A. Zhong Nan
Da Xue Xue Bao Yi Xue Ban 43, 937-944 (in Chinese).

Yang Y., Huang F., Wu X., Huang C. and Li Y. (2024). Demethylation of
TIMP2 and TIMP3 inhibits cell proliferation, migration, and invasion
in pituitary adenomas. Discov. Med. 36, 971-980.

Zeiser R. and Blazar B.R. (2017). Acute graft-versus-host disease -

biologic process, prevention, and therapy. N. Engl. J. Med. 377,
2167-2179.

Zhang P., Yang S., Zou Y., Yan X., Wu H., Zhou M., Sun Y.C., Zhang
Y., Zhu H., Xu K., Wang Y., Sheng L.X., Mu Q., Sun L. and Ouyang
G. (2019). NK cell predicts the severity of acute graft-versus-host
disease in patients after allogeneic stem cell transplantation using
antithymocyte globulin (ATG) in pretreatment scheme. BMC
Immunol. 20, 46.

Zhao N.H., Qian Y., Wu C.S., Wang J.W., Fang Y., Fan X.P.,, Gao S.,
Fan Y.C. and Wang K. (2019). Diagnostic value of NKG2D promoter
methylation in hepatitis B virus-associated hepatocellular carcinoma.
Biomark. Med. 13, 1093-1105.

Accepted September 20, 2024



