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ABSTRACT
Natural killer (NK) cells are now recognized to exhibit characteristics akin to cells of the adaptive immune
system. The generation of adaptive memory is linked to epigenetic reprogramming including alterations
in DNA methylation. The study herein found reproducible genome wide DNA methylation changes
associated with human NK cell activation. Activation led predominately to CpG hypomethylation (81% of
significant loci). Bioinformatics analysis confirmed that non-coding and gene-associated differentially
methylated sites (DMS) are enriched for immune related functions (i.e., immune cell activation). Known
DNA methylation-regulated immune loci were also identified in activated NK cells (e.g., TNFA, LTA, IL13,
CSF2). Twenty-one loci were designated high priority and further investigated as potential markers of NK
activation. BHLHE40 was identified as a viable candidate for which a droplet digital PCR assay for
demethylation was developed. The assay revealed high demethylation in activated NK cells and low
demethylation in na€ıve NK, T- and B-cells. We conclude the NK cell methylome is plastic with potential for
remodeling. The differentially methylated region signature of activated NKs revealed similarities with T cell
activation, but also provided unique biomarker candidates of NK activation, which could be useful in
epigenome-wide association studies to interrogate the role of NK subtypes in global methylation changes
associated with exposures and/or disease states.

Abbreviations: NK, natural killer cell; ddPCR, droplet digital polymerase chain reaction; DMR, differentially methyl-
ated region; DMS, differentially methylated site; EWAS, epigenome wide association study; TCR, T cell receptor;
CMV, cytomegalovirus; LCMV, lymphocytic choriomeningitis virus; CpG, cytosine guanine dinucleotide; T1D, type I
diabetes; NKT, natural killer T cell; NCR, natural killer cell receptor; MS, multiple sclerosis; MS-PCR, methylation spe-
cific polymerase chain reaction; GWAS, genome-wide association study; PMA, phorbol 12-myristate 13-acetate;
FACS, fluorescence-activated cell sorting; IL2, interleukin 2; CSF2, granulocyte-macrophage colony-stimulating fac-
tor; MALT, mucosa-associated lymphoid tissue.
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Introduction

Epigenetic modifications, including DNA methylation, dic-
tate programmed lineage differentiation within the immune
system.1 Remodeling the epigenome during development
leads to progressively restricted immune subtypes. DNA
methylation is thought to provide a chemically stable mark
that serves to initiate and reinforce these cell fate decisions.2

Large-scale methylation studies of specific lineage pathways
have been performed on differentiating erythroid,3,4 T lym-
phocyte,5,6 B lymphocyte,7 and myeloid4 cells. These impor-
tant developmental studies reveal insights into the regulation
of cell fate decisions but also serve as a potential source of
biomarkers that help characterize different immune com-
partments during the immune response. The best known
example of a single gene epigenetic marker of immune cell
lineage is demethylation within the FOXP3 gene that pro-
vides a marker of CD4 T regulatory cells (Treg).8 FOXP3

expression drives the transcriptional program of Tregs.5

Another example of lineage specific methylation, which
marks human natural killer cells (NK), is represented by
demethylated CpG sites within the NK cell activation recep-
tor NCR1/NKp46 gene locus that predicts the numbers and
proportions of NK cells in blood and tissue.9

Less understood is the extent to which stable and heritable
changes in DNAmethylation might be produced during immune
activation within cells of a common lineage identity. Although
transcriptomic studies implicate genome wide alterations in gene
expression during pathogen- and cytokine-induced immune acti-
vation in different cell types,10-14 the exact role of DNA methyla-
tion in the genesis of these effects is not known. However, a few
individual loci have been studied intensively. For example, the
production of interferon g (IFNG) in response to IL2 treatments
or T cell receptor (TCR) activation leads to the demethylation of
the IFNG locus in CD4 Th1 cells.15,16 Studies of CD8 T cell
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activation and memory generation point to a profound plasticity
in DNA methylation within the CD8A TCR co-receptor locus,17

which correlates with different cytokine exposures and conditions
of Th1/2 polarization. Studies using broader CpG scans showed
that CD4 helper T cells undergo dynamic and flexible methyla-
tion changes both in a genome-wide and a targeted manner dur-
ing T cell activation and differentiation.18 In addition, ex vivo
differentiation of human CD14 blood monocytes to immature
and mature dendritic cells led to significant remodeling of the
monocyte/macrophagemethylome.19

Although the NK cell methylome has not been extensively
studied during cytokine or NCR receptor activation, some
work has been done with cytomegalovirus (CMV) infected
mice and humans. A clonal expansion of NKG2C receptor pos-
itive NK cells has been shown to occur, and in some HCMV
infected individuals, subsets of memory-like NK cells deficient
in B-cell and myeloid signaling proteins, including the tyrosine
kinase SYK, have been identified. Furthermore, the downregu-
lation of SYK occurred in the context of DNA hypermethyla-
tion within a restricted segment of the SYK gene promoter.20

HCMV-associated NK cells also displayed deficiencies and
hypermethylation in signaling adaptors such as EAT-2 and
FCER1G as well as the ZBTB16/PLZF transcription factor.21

We predicted that remodeling of the NK methylome follow-
ing NKp46 engagement would be a feature of NK activation
based on the prior demonstration that NK cells display a type
of immunologic memory that shares many features with CD8
T effector and memory cells following antigen activation.22 The
work herein studied the DNA methylation profiles of resting
and activated NK cells; NK activation was achieved by ex vivo
antibody-ligation of the CD2 and NKp46 receptors and cell cul-
ture in the presence of rIL2. We note similarities in the induced
methylation alterations with those occurring in other antigen
and cytokine stimulated cell lineages.

A specific aim of the study was to identify promising single
gene candidates that might provide biomarkers of NK cell acti-
vation. We developed a single gene qPCR assay of demethyla-
tion within the BHLHE40 transcription factor using the highly
sensitive droplet digital PCR (ddPCR) technique23 and consider
its potential as a biomarker of NK activation within peripheral
whole blood.

Results

Characterization of na€ıve and activated NK cells

Untouched human NK cells were isolated from a total of 12
individuals over 2 phases of this study (Suppl Fig. 1). Isolated
na€ıve and activated NK cell populations were confirmed by
flow cytometric analyses (Suppl Fig. 2). On average, 96.1%
(§2.7%) of NK cells were activated at day 9 (n D 12; data not
shown) using CD54 as a measure of activation, compared with
no activation at T D 0. The killing phenotype of activated cells
was confirmed using a target cell lysis assay and the ability of
activated cells to demonstrate antibody-dependent cell cytotox-
icity measured in the presence and absence of the monoclonal
antibody therapeutic agent Rituximab (Fig. 1).

The experimental design of the study was based on a discov-
ery phase followed by a replication phase (Suppl Fig. 1). During

the discovery phase, isolated human NK cells were harvested at
3 time points: just after MACS isolation (T D 0), 16 h after ini-
tiation of activation (T D 16 h), and 9 d post-activation (T D
9 d). Cell viability, purity, and activation status were verified
using flow cytometric techniques (Suppl Fig. 2 and Suppl
Table 1). Hierarchical clustering analysis of the discovery phase
array data indicated there was no significant difference between
the methylation patterns at T D 0 and 16 h (data not shown).
Somewhat surprisingly, this included no indication of any
altered DNA methylation status for genes known to be involved
in cell cycle regulation. Hence, the replication studies focused
on TD0 and 9 d post-activation.

NK cells were isolated from 6 additional donors for the rep-
lication phase of the study. As with the discovery set, these
were analyzed by hierarchical clustering, which was able to
determine differential methylation patterns between na€ıve and
activated NK cells (Fig. 2). Additionally, the genomic location
of the top 1000 loci was conserved across the discovery and
replication data sets (data not shown). The discovery and repli-
cation datasets were compared in order to generate a list of the
top significant loci in common between these 2 sets (Suppl
Table 3). This analysis returned 385 loci containing 259 identi-
fied genes, microRNA, and coding regions. Fig. 3 shows the
genomic distribution characteristics and locations of the signifi-
cant probes within gene regions.

In an effort to more completely investigate the nature of
the altered loci observed in NK activation, we interrogated
the lineage of origin of the top 500 replicated loci by apply-
ing the algorithm of Houseman24 to a well-known library of
the DNA methylation profiles of the common cell types in
peripheral blood.25 This algorithm has been validated as a
tool to discern lineage of unknown peripheral blood mix-
tures, using known profiles from isolated cells of a single
lineage.26 This analysis revealed that there were 7 DMSs
that were found in activated NK cells that were not differ-
entially methylated in other cell types, including
cg11783497 (IL1RN), cg07996532 (ECE1), cg17566874
(CSF2), cg05550420 (DCHS1), cg06169746, cg26174398,
cg13157980 (EIF2C2). This implies some level of specificity

Figure 1. Phenotype confirmation of IL2/CD2/CD335 in vitro activated human NK
cells. Activated NK cells were challenged with target cells (the human B-lympho-
blast Daudi cell line), at a ratio of 5:1. These activated NK cells killed 29.8 %
(§8.6%) of target cells in an antibody-independent manner, and had significantly
enhanced killing [52.4% (§2.4%); P-value D 0.01] in the presence of Rituximab.
This increased Daudi cell lysis is likely through an ADCC-mediated mechanism as
the medium lacks functional complement.
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of DNA methylation in activated NK cells (although these
genes may be expressed in other immune cell types).

Pathway-based analyses

To identify the most phenotypically important loci, a series of
prioritizing criteria were developed (Suppl Fig. 1B) that
weighted effect size and regional coherence (multiple signifi-
cant probes). This identified several genes with considerable
differential methylation between na€ıve and activated NKs; these
genes were further analyzed for altered gene expression. These
included genes that: i) ranked highest on the priority list
(including BHLHE40, MYO1G, NCF4); ii) were reported by
others to have altered expression in NKs treated with CMV
(such as BHLHE40, KSR1, MAML2, TNFAIP3, ZBTB32);11 iii)
appear on our list of top 27 genes (e.g. BHLHE40, IL13,
MYO1G and NCF4); and/or iv) genes known to play a role in
activation of other immune cells (BHLHE40, KSR1, NCF4). All
of the candidates tested displayed significant hypomethylation
and significantly increased mRNA expression was observed for
6 of the tested genes while a small but significant decrease in
expression was found for one. The remaining 3 genes exhibited
no change in expression (Suppl Fig. 4).

Bioinformatics analyses of the 285 most significant coding
sequence-associated loci in common between the discovery
and replication data sets were assessed for functional annota-
tion enrichment and for pathway associations. Of these 285
coding sequence-associated loci, 278 were successfully mapped
by DAVID and generated 15 significant, functionally similar
clusters (enrichment score > 1), with the highest enrichment
for regulation of leukocyte/lymphocyte/cell activation (enrich-
ment score of 4.03; Table 1A). The functional annotation
chart module returned 164 significant (P < 0.05) overrepre-
sented terms (Table 1B). Approximately 50% of these are
directly immune function related (e.g., cytokine/cytokine
receptor interaction, regulation of leukocyte activation,
immune response) while many of the remaining are clearly
basic cellular functions, but likely require enhanced activity
during cell activation (e.g., regulation of phosphorylation, pro-
tein transport and protein secretion, etc.) Additionally, Inge-
nuity Pathway Analysis using the “canonical pathway”
module revealed significant enrichment of immune-related
signaling pathways (e.g., NF-kappa b, TNFR2 and IL-10
signaling pathways and cytokine production pathways), differ-
entiation pathways (e.g., T-helper and dendritic cell matura-
tion), as well as disease-related pathways with key immune
cell components (e.g., asthma and multiple sclerosis).

Figure 2. Hierarchical clustering of the most significant differentially methylated loci in in vitro activated human NK cells. [A] A heatmap of b-values illustrating the most
significant loci common to the discovery and replication phases were identified, yielding a data set of 385 overlapping loci. In an unsupervised analysis, na€ıve and acti-
vated NK populations were easily differentiated. The na€ıve group (T D 0) also contains 2 commercially prepared/purchased NK samples (T D 0�) which clustered among
the (experimental) isolated na€ıve NK cells. [B] The gene-associated loci from the 385 overlapping loci all had highly significant q-values (<10¡3), so loci were listed by pri-
ority category (Suppl Fig. 1B) and the top 27 genes (65 loci) of the list were selected for illustration. This includes all 21 gene-associated loci from Class I and all 44 loci
from Class II. Loci and gene names can be found in Suppl Table 3.
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Significant (Benjamini-Hochberg P-value < 0.05) immune
related pathways were observed as the top hits regardless of
whether the analysis was constrained by immune cell filters or
not (data not shown).

The frequency of differential methylation within the tran-
scription factor binding sites for 161 transcription factors was
assessed using bioinformatics techniques to mine the ENCODE
database (Suppl Table 6). We hypothesized there would be
enrichment for a limited number of transcription factors that
might suggest their importance in mediating the activation phe-
notype. Separate exploration of significant hypo- and hyperme-
thylated DMS revealed a surprisingly similar list of transcription
factor binding sites perturbed by changes in methylation. Signif-
icant associations involved EP300, CEBPB, FOS, MYC, GATA2,
STAT3, RUNX3 and others. EP300, STAT3, and RUNX3 play
well-known roles in NK differentiation; however, they are also
expressed in other immune cell lineages. A novel observation in
our data was the common occurrence of GATA2 among the
TFBSs; GATA2 has recently been shown essential in the termi-
nal maturation of CD56 dim NK cells that are most enabled for

cytotoxicity (Suppl Table 6). Two TFBS perturbations were
unique to the hypermethylated CpG: GRp20 (glucocorticoid
receptor) and ZKSCAN1. There were 16 TFBS that had hypo-
methylated DMS that were not altered by hypermethylation.

In other functional analyses, the 100 non-coding loci were
evaluated using the GREAT software application (Suppl
Table 7). Results of these analyses align with alterations in
immune activity, including iNKT development, T cell effector
and memory function and STAT3 signaling. This analysis also
revealed enrichment of targets of miR-155, including SOCS1.
Recent studies show that miR-155 is upregulated in NK cells by
activating receptor ligation and cytokines (IL-12, IL-15, IL-18)
and regulates INFG production. Interestingly miR-155 is
involved in the expansion of virus-specific NK cells, the latter
being mediated through specific inhibition of SOCS1.27 Taken
together, these annotation analyses confirm the importance of
the differentially methylated loci identified in our study as play-
ing an important role in NK cell activation.

Further analysis was made by comparison of the most signif-
icant 385 differentially methylated loci associated from this
study to a known activated NK model cell line, the genetically
altered NK-92 cells (Conkwest). Unlike the parental NK-92
strain, the CD16.176V.NK-92 line has been transfected to
express the high affinity variant of the CD16 Fc receptor, mak-
ing them optimized for ADCC. A hierarchical clustering analy-
sis of freshly isolated na€ıve NK, experimentally activated NK,
and genetically modified NK-92 strain showed, as expected, the
NK-92 to cluster more closely with the chemically activated
NKs than na€ıve cells (Fig. 4). To better understand the similar-
ity between these cells optimized for ADCC and the in vitro
activated NK cells, a comparison of significant differentially
methylated sites from both groups was performed. The analysis
revealed an overlap of 169 loci, 111 of which were associated
with gene/coding sequence and 78 loci (representing 58 coding
sequences) unique to NK-92 (Suppl Table 4). Based on the
DAVID functional enrichment analysis of this overlapping
dataset, the most significant enriched functional annotations
were biological processes of immune response, inflammatory
response, positive regulation of lymphocyte activation and reg-
ulation of lymphocyte activation (P-value range: 9.07 £ 10¡7 to
3.65 £ 10¡5; data not shown). The functional annotation clus-
tering identified the most important members were associated
with positive regulation of lymphocyte, leukocyte and cell acti-
vation (3 separate “GOTERM_BP_FAT” terms), with an
enrichment score of 4.34 (data not shown). Enrichment analy-
sis of the 58 sequence-associated DMSs for NK-92 revealed a
significant enrichment of genes for cell death/apoptosis
(enrichment score 1.75) and transcription regulation (enrich-
ment score 1.22; data not shown).

Development of a biomarker for active NK cells

A number of potential markers of activated NK cells were
tested for suitability for a digital PCR assay. In an effort to rank
order the changes in DNA methylation, the Illumina Human-
Methylation450 BeadChip DMS candidates were prioritized by
statistical significance (P- and q-values), extent of coverage
(multiple positive probes), effect size, known biological role,
and novelty (data not shown). Of the trial candidates,

Figure 3. Distribution of significant DMSs by genomic probes and locations. Geno-
mic distribution of Illumina 450K-annotated CpG probe classes (top pie chart) and
distinct gene group locations (bottom chart) from the top 385 significant DMSs
common to both study phases are illustrated. CpG probe classes were obtained
from the Illumina annotation file. Designations reflect the probe location relative
to the CpG island (based on UCSC criteria), where north and south shores (N_Shore
and S_Shore) reflect 2 kb up- and down-stream of an island, respectively, and
“shelf” refers to 2 kb up- and down-stream of the shores (N_Shelf and S_Shelf).
“Ocean” has been used to denote probes not assigned to any of the CpG catego-
ries by Illumina. The six gene group locations categorized are: TSS1500 (within
1500 bps of a transcription start site “TSS”), TSS200 (within 200 bps of a TSS), body
(within a gene), 1st exon, 50UTR (50 untranslated region) and 30UTR.
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BHLHE40 showed the greatest potential for assay design. A
region of exon 5 that included 3 CpGs interrogated by the array
and 25 other CpGs, was bisulfite sequenced (Fig. 5). A combi-
nation of differential methylation and sequence amenable to
assay design resulted in the use of 2 particular CpGs as the tar-
get region to assess the activation phenotype.

The newly developed BHLHE40 demethylation ddPCR
assay was applied to the na€ıve and activated NK cells from
3 donors (of the 12 used in the NK study; Fig. 6). Addition-
ally, 8 different isolated cell types were assessed to deter-
mine the specificity of BHLHE40 demethylation as a marker
for activated NK cells (not subjects from this study; Fig. 6).
The in vitro activated NK cells consistently measured »60%
demethylation as compared with »15–35% demethylation
from na€ıve NKs. Some demethylation was also detectable in
other isolated cell types, primarily from T- and B-cells. The
robustness of the assay was also assessed by measuring
BHLHE40 demethylation in whole blood samples from 6
individual donors (not subjects from this study; Fig. 6
inset). The assay demonstrated linear kinetics in a 3 log
dilution series (Rsquare > 0.98; data not shown).

Discussion

The Illumina HumanMethylation450 BeadChip arrays were
applied to paired donor primary na€ıve and in vitro activated
NK cells in an effort to characterize the profile of DNA altera-
tions associated with NK activation. This same methodology
can be utilized to investigate and develop additional biomarkers
of NK activation.

Long-term but not short-term activation leads to
methylome remodeling

A significant observation from these experiments is that NK
cells display no detectable changes in DNA methylation 16 h
following activation with antibody mediated receptor ligation
and IL2 stimulation. In addition, no DNA methylation changes
in genes associated with cell cycle regulation were observed.
The short-term kinetics of DNA methylation changes in stimu-
lated immune cells has been controversial. While rapid changes
in gene expression have been described in na€ıve T cells differ-
entiating to effector and memory cells, little consensus exists
on the methylation alterations that accompany these early
events.10,13 Our observations at 16 h are consistent with previ-
ously published data studying CD4 T cells undergoing in vitro
activation with CD3 and CD28 antibodies.6 Further studies are
necessary to determine if the lack of early kinetic change in
methylation is due to steps involving active TET-mediated
hydroxymethylation or a passive dilution and lack of methyla-
tion maintenance. In contrast to the lack of short-term changes,
NK cells at day 9 post-activation (this study) showed great
numbers of highly significant changes in DNA methylation,
reflecting a broad remodeling of the methylome.

A discovery and replication experimental design was
employed, applying strict false discovery rate thresholds,
that identified significant differential methylation (predomi-
nately hypomethylation) localizing to intragenic regions.
We identified several hypomethylated loci that are among
those previously shown to be differentially methylated in
the immune system, whereas, many other loci discovered
have never been associated with differential methylation in

Table 1A. DAVID functional annotation and enrichment analysis results. DAVID clustering analysis identified 15 significant functional groups ranging in enrichment from
4.03 to 1.65, using the “highest” stringency setting. Several of the highest ranking clusters are associated with cell activation, the expected physiological phenotype.

Cluster Description Enrich-ment score # genes P-value range Genes

Cluster 1 positive regulation of leukocyte/lymphocyte/
cell activation

4.03 9 5.38E-5 – 1.4E-4 CD38, IL2RA, CD80, CD3E, IL4R, IL13, RARA,
ITPKB, TNFRSF4

Cluster 2 regulation of leukocyte/lymphocyte/cell
activation

3.4 10 1.97E-4 -6.77E-4 CD38, IL2RA, CD80, ADORA2A, CD3E, IL4R,
IL13, RARA, ITPKB, TNFRSF4

Cluster 3 regulation of leukocyte/lymphocyte/
mononuclear cell proliferation

2.63 6 9.84E-4 – 0.006 CD38, IL2RA, CD80, CD3E, IL13, TNFRSF4

Cluster 4 tumor necrosis factor 2.56 4 0.001 – 0.003 TNF, TNFSF4, LTA, TNFSF8
Cluster 5 regulation of lymphocyte/Tcell differentiation 2.55 5 0.001 – 0.011 IL2RA, CD80, IL4R, RARA, ITPKB
Cluster 6 leukocyte/lymphocyte/mononuclear cell

proliferation
2.55 5 0.002– 0.003 SHB, ZBTB32, TNFSF4, CCND3, TNFRSF4

Cluster 7 phosphorylation-associated 2.42 7 0.001 – 0.043 CSF2, CARD14, TNF, CCND3, CD80, CD3E,
CD81

Cluster 8 protein transport and localization 2.15 7 0.005 – 0.012 TNF, TNFSF4, NFKBIE, ADORA2A, IL13,
TNFRSF4, LTA

Cluster 9 T-helper/CD4 a b T cell differentiation 2.12 3 0.003 – 0.017 CD80, IL4R, RARA
Cluster 10 C2 membrane targeting protein 2.11 7 0.002 – 0.018 PLCL2, HECW2, RGS3, SYT16, TC2N, RASA3,

PRKCB
Cluster 11 regulation of immunoglobulin/cytokine/

protein secretion
2.01 3 0.006 – 0.020 TNF, TNFSF4, TNFRSF4

Cluster 12 regulation of phosphorylation/phosphorous
metabolic process

1.84 14 0.012 – 0.016 CSF2, TNF, ADORA2A, CD3E, CCDC88C,
NPRL2, TNFRSF4, CISH, CARD14, CD80,
CCND3, RGS3, CD81, ZFYVE28

Cluster 13 cell death/apoptosis 1.8 13 0.015 – 0.016 CD38, PRUNE2, TNFRSF9, AHRR, TNF, IL2RA,
ADORA2A, CD3E, MMP9, LGALS12,
ARHGEF12, PDCD6, LTA, TNFSF8

Cluster 14 SANT family (DNA binding) 1.78 4 0.005–0.038 CRAMP1L, TRERF1, RERE, NCOR2
Cluster 15 calcium/metal ion homeostasis 1.65 8 0.013 – 0.046 S1PR3, CD38, CD55, CCR5, CCR1, TPT1,

LOC389787, LOC285741, CCL5, PRKCB
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activated immune cells, including NKs. The functional
annotation analyses confirmed the biological relevance of
the differentially methylated loci to NK cell activation. The
111 gene/coding sequence-associated loci found in common
between the in vitro activated human NK cells and the
genetically modified NK-92 cell line enhanced for ADCC
may represent candidate genes (and critical loci) that will
be useful in pharmacologic manipulation to enhance NK
activation.

Established gene regions regulated by differential DNA
methylation

A prominent focus of demethylation in NK cell activation
involved the chromosome 6p21.3 region that contains the lym-
photoxin a (LTA), tumor necrosis factor a (TNFA) and lym-

photoxin b (LTB) genes. This 10 kb region has been intensively
studied for epigenetic regulation of pivotal inflammatory medi-
ators.28 Both LTA and TNFA were demethylated in our acti-
vated NK cells. Previous work showed that the DNA
methylation status of the proximal promoter of the TNFA gene
is highly correlated with gene transcription.28 Three sites within
exon 1 of LTA in NK cells overlapped with loci demethylated
within na€ıve CD4 T cells in Sjogren’s syndrome.29

This study found additional members of the TNF family
outside the 6p21 locus were also differentially methylated in
activated NK cells. These include members of the TNF (ligand)
superfamily, members 4, 8, and 10, and TNF receptor super-
family members 4 and 9. All of these exhibited significantly
hypomethylated loci in activated NK cells except TNFSF8,
which showed a significant hypermethylated DMS upon activa-
tion. Changes in methylation status for TNFRSF4, 9 and TNFA

Table 1B. DAVID functional annotation and enrichment analysis results. The top 10 most significant (by p-value) out of 164 significant (P-value < 0.05) enriched/overrep-
resented terms returned by the functional annotation chart module.

Category Term Count % P-Value Benjamini Genes Fold Enrich-ment

GOTERM
_BP_FAT

GO:0051251~positive regulation
of lymphocyte activation

9 0.398 5.38E-05 0.077 CD38, IL2RA, CD80, CD3E, IL4R, IL13, RARA, ITPKB,
TNFRSF4

6.748

SP_PIR
_KEYWORDS

phosphoprotein 120 5.300 7.28E-05 0.023 KCNC4, LTBP2, ITPKB, TBC1D16, SHB, VPS13D,
TPT1, LOC389787, RARA, GNL1, SAMD4A,
KIF13B, CDH23, PTPRJ, PDXK, STMN3,
CSNK1G1, CD3E, NCF4, TC2N, TRERF1, CECR6,
RPTOR, CCDC6, TNS1, CCR5, LOC100128265,
TNFAIP3, SH3GL1, C9ORF25, TM4SF19, NFKBIE,
CRAMP1L, CAPZB, TAGLN3, PRUNE2, ECE1,
CNR2, BHLHE40, RAP1GAP2, IFT140, SREBF1,
ASPSCR1, DNMT3A, TRIP4, CPA6, OSBPL8, LPP,
PMF1, GAS7, ARMC2, NOP14, CD55, SYNE2,
RGS3, KIAA0922, CD59, GRK6, HIVEP3, SPTBN2,
BEGAIN, SLC5A10, NCOR2, RERE, E2F1, E2F2,
HECW2, FOXK1, LOC729799, PDIA6, C12ORF32,
MBP, SLC1A2, TRIM3, IL4R, CASP7, ANKRD11,
TNIP2, FAM83G, NSF, SLC43A2, CTBP2,
CCDC88C, ARHGEF12, LDLRAP1, RAD50, TTF2,
SIGIRR, PRKCB, TNFRSF9, CARD14, CCND3,
ZFYVE28, SRGAP3, SCN11A, KSR1, PPP1R15A,
WDR46, SEMA4A, TNF, CCR1, CREM, ZBTB12,
SEC14L1, PLCL2, RGS12, PLEKHG6, KRT7,
PIK3R6, LOC285741, RASA3, NFATC1, BGLAP,
IL2RA, NFASC, DPYSL3, DPYSL2, TAB2, DUSP4,
PDE2A, RPS6KA1, RASSF1, NFIC, SETD3, ARAP1

1.329

KEGG_PATHWAY hsa04060:Cytokine-cytokine
receptor interaction

15 0.663 9.22E-05 0.009 CSF2, TNFSF4, IL2RA, TNF, CCR1, IL21R, IL13, CCL5,
TNFRSF4, CCL17, TNFSF8, TNFRSF9, CCR5, IL4R,
LTA

3.385

GOTERM_BP_FAT GO:0002696~positive regulation
of leukocyte activation

9 0.398 1.01E-04 0.073 CD38, IL2RA, CD80, CD3E, IL4R, IL13, RARA, ITPKB,
TNFRSF4

6.175

GOTERM_BP_FAT GO:0046634~regulation of a-b T
cell activation

6 0.265 1.21E-04 0.058 CD80, ADORA2A, CD3E, IL4R, RARA, ITPKB 12.12

GOTERM_BP_FAT GO:0050867~positive regulation
of cell activation

9 0.398 1.40E-04 0.051 CD38, IL2RA, CD80, CD3E, IL4R, IL13, RARA, ITPKB,
TNFRSF4

5.897

GOTERM_BP_FAT GO:0006954~inflammatory
response

15 0.663 1.52E-04 0.044 TNFSF4, IL2RA, TNF, ADORA2A, CCR1, IL1RN, IL13,
CCL5, TNFRSF4, SIGIRR, CCL17, S1PR3, CD55,
CCR5, CNR2

3.357

GOTERM_BP_FAT GO:0001775~cell activation 14 0.618 1.61E-04 0.039 CSF2, ZBTB32, TNFSF4, TNF, ADORA2A, CD3E,
IL21R, ITPKB, TNFRSF4, SHB, CD80, CCND3, LTA,
KIF13B

3.548

GOTERM_BP_FAT GO:0006955~immune response 23 1.016 1.88E-04 0.039 CSF2, GALNT2, TNF, TNFSF4, IL2RA, NCF4, CCR1,
IL1RN, IL13, CCL5, TNFRSF4, SIGIRR, CCL17,
MBP, TNFSF8, CD96, CD55, CCR5, IL4R, CNR2,
TGFBR3, GNL1, LTA

2.424

GOTERM_BP_FAT GO:0051249~regulation of
lymphocyte activation

10 0.442 1.97E-04 0.036 CD38, IL2RA, CD80, ADORA2A, CD3E, IL4R, IL13,
RARA, ITPKB, TNFRSF4

4.914

All but one of these is significant using the conservative Benjamini-Hochberg multiple comparison correction for false discovery rate. Most terms are directly immune
function related, primarily associated with activation. Both this and the analysis shown in Table 1A confirm the importance of the gene-associated DMSs identified in our
analysis as playing an important role in NK cell activation.
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were observed during Treg differentiation, also exhibiting
demethylation.30 Table 2 illustrates more examples of differen-
tially methylated genes from other activated immune cells that
appear to be common with NK cell activation.30-39

The Th2 cytokine locus has been intensively studied as a
model of chromatin dynamics directing gene expression in the
immune system. The genes encoding the Th2 cytokines IL4, IL5
and IL13 are clustered in a 160 kb region of chromosome 5q31 in
humans. Significant methylation changes were observed in loci
associated with IL5 and IL13 (Suppl Fig. 3). One of the strongest
and most consistent differentially methylated gene loci in our
experiments was the demethylation of CpG sites within 1 kb of
the proximal promoter of the IL13 gene in activated NK cells.

Eight consecutive probes displayed highly consistent demethyla-
tion in activated compared to na€ıve NK cells, which was associ-
ated with marked upregulation of mRNA synthesis (Suppl Fig. 4).
Studies by others showed demethylation in this region was char-
acteristic of human Th2 polarized CD4/CD28 activated T cells
leading to increased IL13 synthesis.40

Our studies extend the association of immune activation with
demethylation of the proximal IL13 promoter to NK cells. This is
of interest as NK cells are typically thought of in relationship to
Th1 inflammatory cytokines, such as IFNG. Upregulation of
IFNGwas confirmed in our NK cells by flow cytometry, however,
NK cells also produce IL13 and other Th2 cytokines,41 a pheno-
type implicated in allergic disease.42 Additionally, there is

Figure 4. Hierarchical clustering of DMSs from fresh isolated na€ıve human NK, in vitro activated isolated human NK cells and genetically enhanced NK-92 cells. The 50
most significant differentially methylated loci were determined for the NK-92 cell line relative to na€ıve human NK cells (from the replication dataset). As expected, the
NK-92 cells, which are genetically primed for killing by expressing the high affinity variant of the CD16 Fc receptor, clustered more closely with the activated isolated NK
cells than with their na€ıve counterparts. (The list of loci can be obtained in Supplemental Table 5.)
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Figure 5. Bisulfite sequence for exon 5 of BHLHE40 and validation of the ddPCR methylation assay. Over nineteen separate clones were isolated and bisulfite sequenced
for na€ıve and activated NK cells for 3 individuals. A schematic diagram of the location of sequencing and the corresponding dot plot of results for the first 28 CpGs of
BHLHE40 exon 5, are shown in panel A. For reference, the CpGs interrogated by the Illumina HumanMethylation450 beadchip have boxes around the CpG position (CpGs
9, 15, and 24) and are shown as gray bars in panel B. [B] Summary bar graph of the differential methylation at each of the 28 CpGs sequenced, revealing a pattern of lower
methylation in activated NK cells compared to na€ıve cells. Data revealed an area within exon 5 to be an excellent target region for assessment of the NK activation pheno-
type; 2 loci (highlighted in dark gray, panel A) were incorporated into the final ddPCR assay, which demonstrated a close linear correspondence with DNA sequenced ref-
erence DNA [C].
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evidence of the existence and regulation of 2 distinct resting
peripheral NK cell subsets producing either Th1 or Th2 cytokines
exclusively.43 Our studies are unable to discern whether DNA
methylation states of the IFNG and IL13 genes are coordinated
within individual NK cells.

Also located at 5q31 is CSF2, the gene coding for the cyto-
kine that controls production, differentiation, and function of
granulocytes and macrophages. We found 3 CpGs sites repro-
ducibly demethylated at day 9 including a site (cg02325250)
previously identified as being rapidly demethylated in PMA/I
stimulated mouse CD4 cells and associated with enhanced
CSF2 expression.18 However, in our experiments at 16 h post-

stimulation, none of the probes in CSF2 were significantly dif-
ferent from those of na€ıve NK cells, suggesting different kinet-
ics in NK and T cells for this gene locus. By 9 d, NK cells
displayed consistently lower methylation. We note that
BHLHE40 activity is required for CSF2 production, and both
genes are targets of demethylation in activated NK cells.44

Common co-stimulatory and activation loci in NK
and T cells

Demethylation of numerous genes encoding established (for
other immune cell types) immune stimulatory and activation

Table 2. Examples of stimulatory or activating molecules common to NK and other immune cells.

Gene Role Ref

CD80 Primary co-stimulatory molecule in T-cell cytotoxicity Tatari-Calderone, Semnani et al., 200231

CD81 and CD82 Tetraspanin proteins involved in cytoskeletal rearrangement
associated with TCR activation

Levy S, 201433

CD96 Late phase T and NK cell immune response involving adhesive
interactions with CD155/poliovirus receptor

Chan, Martinet et al., 201434 Martinet
and Smyth, 201535

IL21R Binding of ligand (IL21) promotes growth and differentiation in T,
B and NK cells; ligand binding induces various signaling
pathways including JAK/STAT

Kratholm, Iverson, et al., 201336

KSR1 Scaffolding protein with role in MAPK signaling pathway (T-cell
activation); hypomethylation observed in Treg activation

Zhang, Maksimovic et al., 201330

RPTOR mTORC1 component; Coordinate regulation of immunological
activity and metabolic transition that accompanies cell
activation, effector differentiation and proliferation;
hypomethylation observed in Treg activation

Man and Kallies, 201537 ; Zhang,
Maksimovic et al., 201330

SEMA4A Among other functions, immunoregulatory; plays a role in DC
and T cell activation, cell-cell interaction, migration and
differentiation (Th1)

Vadasz and Toubi, 201432

TNFA, TNFSF4,
TNFRSF4, TNFRSF9

Survival and activation signaling; hypomethylation of TNF/TNFR
superfamily members with Treg activation

Hanna, Bechtel et al., 200438; Zhang,
Maksimovic et al., 201330

ZBED2 (antisense CD96) Function largely unknown, but expression array meta-analysis
indicates high enrichment in Th1 and 2 cells

Benita, Cao et al., 201039

This study identified differential methylation in a number of genes with known stimulatory or activation functions in other immune cells. The table provides several exam-
ples of such genes and their roles. The literature consistently reveals striking commonality between NK and T cells.

Figure 6. BHLHE40 ddPCR assay in isolated na€ıve and activated NK pairs, various leukocyte subtypes and in whole blood. The newly developed ddPCR assay for a BHLHE40
demethylation marker was tested on: a subset of the experimental na€ıve and activated NK cell pairs (far right graph); on isolated cell types (2 different donors per cell type); on
whole blood samples from 6 different individuals (inset). Activated NK cells show significant demethylation relative to na€ıve NKs, as well as in comparison to other immune cell
types. The ddPCR assay robustness was demonstrated by the ability to measure BHLHE40 hypomethylation in the complex mixture of whole blood DNA.
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loci in NK cells underscores the common epigenetic programs
that are shared between the innate and adaptive immune sys-
tems. This is particularly true with respect to NK and T cells,11

and is further supported by findings in this study. Table 2 pro-
vides several examples of stimulatory and activation-related
genes in T cells that also exhibit significant differential methyla-
tion during NK cell activation.

Discrete demethylation within the Interferon g (IFNG)
locus in activated NK cells

The IFNG gene was broadly demethylated in resting NK cells
with no statistically significant genome-wide differential meth-
ylation following activation, although a small increased IFNG
expression was observed by FACs analysis. Our DNA methyla-
tion result is consistent with previous studies showing that
IFNG production in peripheral NK cells does not require DNA
methylation remodeling. This aspect of the circulating blood
NK cell methylome before and after activation is in contrast to
the significant IFNG demethylation required by na€ıve CD4 cells
differentiating into IFNG competent Th1 polarized cells.45-47

The IFNG locus of na€ıve NK cells has thus been claimed to be
constitutively demethylated.48 However, a recent detailed bisul-
fite sequencing study of NK cell IFNG loci indicated that a
highly restricted region of IFNG becomes demethylated during
cell activation and that this alteration confers a higher IFNG
competence to fully differentiated NK cells.49 Our array experi-
ments contained 2 CpG probes (cg00848007, cg26227465)
located within this influential region in exon 1 and the immedi-
ate 50 sequence. Targeted analysis of these specific probes con-
firmed significant demethylation at these loci following NK
activation (data not shown), although the changes would not
meet genome-wide significance. These results speak to the fact
that subtle and highly localized epigenetic remodeling can be
obscured when using only genome wide discovery.

Transcription factors: BHLHE40, ZBTB32/FAZF, NFATC1,
BACH2

Reprograming of DNA methylation within regulatory regions
of transcription factor genes has been observed during immune

activation. In murine CD8 cells following infection with the
lymphocytic choriomeningitis virus (LCMV),50 methylation
changes were evident at day 8 post-infection in cells demon-
strating a fully differentiated effector CD8 cell phenotype. Our
NK cells at day 9 post-activation share important methylation
features with LCMV activated CD8 T cells including the
demethylation of BHLHE40 (also known as Dec1, Stra13,
Sharp2, or Bhlhb2). BHLHE40 belongs to a family of basic
helix-loop-helix transcriptional regulators that is an attractive
candidate for activation as it is induced in NK cells in response
to cytokines (IL-2, IL-12, IL-15, INFG, TNFa) that enhance
cytotoxic function.51 Additional roles of BHLHE40 and other
differentially methylated transcription factors can be found in
Table 3.13,52-57

Based on its role in T and NKT development and apparent
significance in NK cell activation, several ddPCR assays for
quantitating BHLHE40 demethylation were designed and eval-
uated. Cloning and bisulfite sequencing revealed broad and het-
erogeneous demethylation within the exon 5 region. Based on
results, 2 CpG sites upstream of the array CpG probes were tar-
geted for assay design. This upstream region contains a higher
CpG density making it more favorable for MS-PCR design.
This ddPCR assay accurately predicted the levels of unmethy-
lated CpG sites in the exon 5 region. Consistent with its role in
several lymphocyte lineages but not in myeloid cells, we
observed low levels of BHLHE40 methylation in T, B and NK
cells but high levels in granulocytes and monocytes. Among
non-activated cells the highest prevalence of unmethylated
BHLHE40 was found in na€ıve NK cells.

Among transcription factors, significant hypomethylation of
the proximal ZBTB32 gene (also known as the Fanconi anemia
zinc finger, or FAZF) and many fold induction of its expression
stand out as notable features of NK cell activation in our stud-
ies. ZBTB32 is a member of the BTB-ZF transcription factor
family, which can recruit chromatin-remodeling co-factors to
regulate gene expression,58 and plays an essential cell-intrinsic
and lineage-specific role in promoting NK cell expansion after
viral infection.55 Recent studies focused on BTB-ZF family
members as targets of epigenetic reprograming in CMV infec-
tion showed unmethylated CpGs in ZBTB32/FAPZ in HCMV
memory NK cells but its expression was not elevated compared

Table 3. Prominent transcription factors hypomethylated in activated NK cells. Large changes in methylation status of transcription factors were observed, with 4 promi-
nent examples shown here, with their putative functional role in activation.

Transcription Factor Immune-Related Roles/Functions Relevant Studies

BHLHE40 Key regulator of a pan-differentiation transcriptional module, involved in several
haematopoietic lineages

Regulates several physiological processes, including the cell cycle, apoptosis, and
circadian rhythms

Important roles in CD8 T cell memory development and function Hu and Chen et al., 201313

Involved in the development of natural killer T (NKT) cells and the differentiation
of murine dendritic cells and CD4 Tregs

Miller, Brown et al., 201253;
Miyazaki, Miyazaki et al., 201054

ZBTB32/FAZF Essential cell-intrinsic and lineage-specific role in promoting NK cell expansion
after viral infection

Beaulieu, Zawislak et al., 201455

NFATC1 (or NFAT2) Regulates T-cell cytokine gene expression by binding to the promoter/enhancer
regions of antigen-responsive genes, usually in cooperation with heterologous
DNA-binding partners

Macian, 200552

BACH2 “Master transcription factor” associated with super-enhancer in B-, T- and CD56
cells; important in determining and maintaining cell identity; disregulation
implicated in susceptibility to several autoimmune diseases

Roychoudhuri, Hirahara, et al.,
201357, Hnisz, Abraham et al.,
2013
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with na€ıve NK cells21 in contrast to our observed 600-fold
increase in mRNA expression.

Among other functions, the NFAT family of transcription
factors regulates cytokine gene expression by binding to the
promoter/enhancer regions of antigen-responsive genes, usu-
ally in cooperation with heterologous DNA-binding partners.
NFATC1 serves as regulator for many immune cell types such
as T cells and natural killer cells.56 This study identified a locus
in intron 9 that displayed significant, large demethylation
(Db D ¡0.4; P D1.3 £ 10¡12; q D 5.6 £ 10¡8). The demethyla-
tion of intron 9 in activated NK deserves further study to
understand what, if any, regulatory role it may have.

Activated NK cells contained a DMS in BACH2. BACH2 is a
transcriptional repressor expressed by mature lymphoid cells
that imposes regulation on humoral and cellular immunity.
BACH2 helps maintain the balance between immune-stimulat-
ing and immune-regulating cells, or self-tolerance. Variants of
BACH2 have been implicated in the susceptibility to several
autoimmune diseases and allergy.59,60 Although a role for
BACH2 in NK cells has not been determined, it plays an
important role in lineage stabilization of Tregs.57 Given the sig-
nificant commonalities between the cell types, BACH2 may
function similarly in NK cells.

Novel methylation sites in signaling pathways:MAML2,
TAGLN3, CISH, RPS6KA1/RSK1, PI3KR6

The CpG loci with the largest difference in DNA methylation
upon NK activation occurred within the Mastermind-like 2
(MAML2) gene. MAML2 is a transcriptional co-activator of
NOTCH,61 which is a highly conserved cell-cell
communication pathway involved in numerous processes dur-
ing embryogenesis, development, and hematopoiesis.62 Notch
signaling enhances NK cell maturation and increases cytolytic
effector capacity and cytokine secretion.63 Little information
exists on the epigenetic features of MAML2. One study found
the MAML2 promoter became hypermethylated in senescent
mesenchymal stem cells after long term culture.64 We found
another Notch related gene, the actin-binding protein involved
in cytoskeletal organization,65 TAGLN3, demethylated in acti-
vated NK cells.

Significant hypomethylation of loci within the CISH gene
was found in this study. CISH encodes a protein belonging to
the cytokine-induced STAT inhibitor (CIS), also known as sup-
pressor of cytokine signaling (SOCS) protein family. CIS family
members are known to be cytokine-inducible negative regula-
tors of cytokine signaling. Previous studies observed that DNA
methylation levels within the second exon DMS of CISH was
100% in na€ıve CD4C T cells, 52% in effector cells, and 13% in
memory cells; an additional 17% of DMRs were hypermethy-
lated in na€ıve cells, intermediately methylated in effector cells,
and hypomethylated in memory cells.66

Since hypermethylation was so uncommonly observed in
these activated NK cells, it is of interest to note RPS6KA1, ribo-
somal protein S6 kinase, polypeptide 1. Also known as p90RSK,
this is a member of the ribosomal S6 protein serine/threonine
kinases that regulate diverse cellular processes such as cell
growth and differentiation. Putative methylation-based regula-
tion of RPS6KA1 may result in modulation of the mTOR

pathway, which has recently been recognized as important in
the coordinate functioning of immune and metabolic activities
in T cells.37

Novel NK activation loci that co-localize with GWAS hits in
immune related disease: CLEC16A, NCF4 and TNFAIP3

It is interesting to note that genomic regions previously
identified in GWAS studies of immune related diseases co-
localize with novel CpG loci differentially methylated in
activated NK cells in the current study. The convergence of
GWAS with EWAS of NK activation is an indirect but sug-
gestive clue to the potential importance of DMRs in
immune regulation.

A robust association of CLEC16A demethylation with NK
activation points to another novel pathway previously unap-
preciated in NK biology. CpG site cg03995533 was signifi-
cantly unmethylated in activated NK cells. This site at
16p13.13 lies in intron 18 of CLEC16A, a region identified
in GWAS as a susceptibility locus for several autoimmune
diseases including T1D and multiple sclerosis.67 CLEC16A
function is largely unexplored but it is thought to play a
role in regulating mitophagy, a selective form of autophagy
necessary for mitochondrial quality control.68 CLEC16A is
expressed in NK cells67 but is also abundant in CNS white
matter and blood monocyte-derived dendritic cells from MS
patients, in which it strongly co-localized with human leu-
kocyte antigen class II. Alleles of the intron 18 GWAS SNP
rs12708716, are associated with CLEC16A expression in
pancreatic islet cells68 and thymic tissue. A very recent
GWAS of common variable immunodeficiency disorder
identified rs17806056, also in intron 18, as a significant sus-
ceptibility factor for that disease.69 This SNP lays 1,995 bp
upstream of the activated NK DMS. The convergence of
replicated GWAS signals with regions affected by differen-
tial DNA methylation during NK activation supports the
plausible regulatory importance of these epigenetic changes.

Multiple CpGs within intron 1 and the proximal promoter
regions of the NCF4 gene were hypomethylated in activated
NK cells. The NCF4 protein is a cytosolic regulatory compo-
nent of the superoxide-producing NADPH-oxidase whose
function is most strongly associated with the antibactericidal
action of reactive oxygen species produced by myeloid linage
cells. In other immune cells, NADPH oxidase plays an impor-
tant role at several levels in autophagy by regulating signaling,
antigen processing and phagosomal pH.70,71 NCF4 deficiency
leads to aberrant degradation and accumulation of the pro-
inflammatory cytokine IL1B, which contributes to granuloma-
tous colitis in inflammatory bowel disease.72 It is of interest
that GWAS SNPs implicated in Crohn’s disease include NCF4
with the most consistent associations (rs4821544) localizing to
intron 1 of the gene.73 Our strong hypomethylated signal at
cg02532700 of intron 1 is 849 bps downstream of rs4821544.
Other unmethylated loci occurred nearby and in the proximal
promoter region of the gene.

Tumor necrosis family a induced protein 3 (TNFAIP3) is a
well-known negative regulator of the NF-kB activation path-
way. TNFAIP3 can attenuate the NF-kB activity triggered by
signaling from TNF and Toll-like receptors,74 and is implicated
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in several autoimmune diseases. In activated NK cells, we found
the CpG 08919597 site consistently hypomethylated; this site
appears to be highly conserved, located within a TF binding
cluster and a very strong DNaseI site/enhancer in ENCODE
experiments. It also lays approximately 1200 bp from GWAS
SNP candidates for autoimmune disease. TNFAIP3 is consid-
ered a tumor suppressor inactivated in cancer through deletion,
mutation or alternatively by DNA hypermethylation. TNFAIP3
hypermethylation occurs in MALT lymphoma but not in
chronic lymphocytic leukemia nor in multiple myeloma.75 The
tumor related DNA methylation occurs within 18 CpGs sites of
the gene promoter in contrast to the intronic location that we
identified.

Contrasts between the in vitro activated NK methylome
and HCMV memory-like NK cells: FCERG1, SYK, EAT2 and
ZBTB16

Dramatic and stable epigenetic alterations within innate
immune cells after infection by human pathogens have been
documented. Long-lived “memory-like” NK cells have been
identified that have distinct cell surface phenotype and func-
tional properties. Recent studies implicate DNA methylation as
an important mechanism leading to the cardinal features of
these cells. Specifically, NK cells from HCMV-infected individ-
uals include distinct subsets of memory-like NK cells that are
deficient in multiple transcription factors (ZBTB16/PAZF) and
signaling proteins, the latter including the tyrosine kinase
SYK20 and the signaling adaptors FCERG1 and EAT2.21 These
insights led us to ask if these CMV activation features were also
present in our NKp46/CD2/IL2 activated NK cells. The analysis
included 2 of the SYK CpG sites that were reported to be hyper-
methylated in memory NK cells following CMV infection.20 B-
values for these 2 probes were both only sparsely methylated;
thus do not indicate significant differences in SYK methylation.
This suggests hypermethylation at these sites may be unique to
NK memory. Similarly FCERG1 and EAT2 loci implicated in
HCMV were broadly hypomethylated and unaffected by NK
activation. ZBTB16 was also hypomethylated and, in contrast,
the ZBTB12 member was hypermethylated. These contrasting
methylation features may help to distinguish NK cells activated
through disparate exposures.

Implications for population-based research and
therapeutics

Our data also have important implications for the proper inter-
pretation of epigenome-wide association studies carried out in
whole blood. As demonstrated convincingly by Bauer et al.
(2015),76 associations of small changes in DNA methylation of
specific loci associated with environmental exposures can be
explained by exposure-associated changes in the leukocyte
composition. The authors show that smoking-associated altera-
tions of a CD3 lymphocyte subtype explain the reports by
multiple authors of tobacco-associated DNA methylation alter-
ations at the GPR15 locus. Because it is possible that tobacco
smoking activates NK cells, we examined whether the long list
of loci reported to have altered methylation associated with
smoking77 might also be found as DMSs indicative of NK

activation. We observed that change in methylation of the
AHRR locus is both a marker of NK activation and smoking78

and that several other DMSs associated with NK activation that
we found here have been reported by others to be associated
with smoking, including: MYO1G (cg07826859), NCF4
(cg02532700), and GPR68 (cg05875421). This adds evidence to
support the need for cautious interpretation of EWAS data,
suggesting that the underlying leukocyte biology is responsive
to exposure and may represent the signal captured in the
EWAS data.

Detailed understanding of the methylome of activated
NK cells has implications for emerging therapeutics. NK
cells are seen as promising agents for cell-based cancer ther-
apies.79 However, there is a great need to develop more
effective protocols to activate and expand high numbers of
NK cells ex vivo to be able to infuse sufficient numbers of
functional NK cells to cancer patients. The methylation pro-
file established here provides an epigenetic template to eval-
uate such protocols. In addition, new classes of epigenetic
drugs that target important transcriptional mechanisms are
being developed that have high specificity and biological
activity.80 For example, EP300, which was identified in dif-
ferential methylated loci in both hyper- and hypo-methyl-
ated NK loci, is a bromodomain containing transactivator
that has been successfully targeted with small molecule
inhibitors.81 The methylation profile of activated NK cells
described here would predict that bromodomain inhibitors
targeting EP300 could modulate NK activation, which may
be beneficial or undesirable depending on the specific
application.

Limitations of the study

The Illumina 450K panel is extensive but only interrogates a
fraction of existing CpG sites in the genome. The activation
protocol we used is an artificial ex vivo approach that may
not represent physiologically relevant in vivo immune reac-
tions. Different activation protocols may lead to different
modifications of the methylome, thus our profile may be
one of many possible signatures. Also, the output of arrays
may reflect the average of subsets within the cell popula-
tion. Thus, the differential methylation signature of acti-
vated NK cells described here may be a composite reflecting
the sum of several subsets. Our aim here was to search for
potential markers that would faithfully reflect NK activation
status (not predict protein levels); additional functional
study of DMSs identified here will therefore be necessary to
reveal the relationship between differential methylation and
protein level and function.

Conclusions

Long-term culture and stimulation but not shorter-term activa-
tion times were associated with robust and reproducible
changes in DNA methylation within human NK cells. At day 9
post-activation, most methylation changes consisted of hypo-
methylation that occurred predominately outside of CpG
islands and instead featured gene bodies or CpG sparse regions.
Genes previously identified as induced in activated
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lymphocytes, especially T cells, and that are regulated in part
through DNA methylation, were prominently represented
among the most significant differentially methylated sites in
this study. Well-known immune activation loci included TNFA
family members, CD96, Th2 cytokines (IL13) and co-stimula-
tory loci. We observed other novel loci including transcription
factors previously identified in lymphocyte activation but not
implicated as targets of DNA methylation (BHLHE40, ZBTB32,
NFATC1). Genes implicated in specific haematopoietic motility
(e.g., MYO1G) and Notch signaling (MAML2, TGLN3) were
also identified for the first time. Also noteworthy were less well
characterized genes implicated through genetic studies in auto-
immune disease (CLEC16A, NCF4, BACH2) and for whom the
relevant genetic susceptibility loci co-localized with the regions
affected by DNA methylation changes in NK cells. Our ability
to target BHLHE40 demethylation using ddPCR provides a
potential new tool for NK studies. The detection of BHLHE40
demethylation in the whole blood of (healthy) individuals sug-
gests this marker could be investigated in clinical populations.
Potential applications include assessing immunomodulatory
therapies or monitoring the levels of ex vivo activated NK cells
in cell mediated therapies. Finally, the sum of many DMSs
identified here could be used in population EWAS studies to
identify and adjust for the contribution of activated NK cells as
a strategy to avoid confounding by the effects of immune acti-
vation on DNA methylation profiles.

Methods

Overview of activation and DMR discovery pipeline

A discovery-replication experimental design was applied to
guide our identification of valid CpG loci associated with NK
cell activation (Suppl Fig. 1A). A strict false discovery threshold
(q < 0.003) was applied to the 450K methylation data after fil-
tering out those CpG loci that may have been affected by gen-
der (X,Y chromosomes) or autosomal polymorphisms (SNP
>0.05). The discovery set consisted of 6 different blood donors
whose NK cells were studied at time 0 and day 9 post-activa-
tion, 4 of whom had additional samples taken at time 16 h. The
replication phase consisted of a second set of 6 subjects proc-
essed and arrayed independently at a later time. Only loci that
met the threshold criteria (q < 0.003) in both phases were
included in the final data set.

NK cell isolation and culture

Within 3–5 h of blood draw, freshly generated leukoreduction
filters were used to isolate NK cells; the filters were supported
on a clamp/ring-stand and back-flushed with »250 ml of room
temperature, sterile, PBS (without calcium or magnesium), pH
7.2, 2 mM EDTA (Miltenyi Rinsing Solution, cat. no.
130-091-222). Flushing was carried out with~50 ml at a rate of
approximately 2 min per syringe of PBS into a single use sterile
Erlenmeyer flask, while gently massaging the filter to enhance
cell release. Flushed cell suspensions were subjected to Ficoll
Paque gradients (GE cat. no. 17-1440-02, density 1.077 g/ml)
in 50 ml conical tubes. The resulting buffy coat layers were

collected and washed several times to remove platelets prior to
the NK cell enrichment procedure.

Untouched NK cells were obtained using the Miltenyi NK
Cell Isolation Kit (cat. no. 130-092-657) per manufacturer’s
instructions. Immediately following isolation, sub-samples
were removed for both flow cytometry sample preparation and
nucleic acids extraction. The remaining cells were activated
using the Miltenyi NK Cell Activation & Expansion Kit (cat.
no. 130-094-483), with beads prepared as directed by the man-
ufacturer. This activation is a combination of CD2 and CD335
(NKp46) coated microbeads and exposure to 500 IU/ml IL2
(Miltenyi 130-097-744). The NK cells were cultured at a density
of 1–1.5 £ 106 cells/ml for 9 d under standard conditions
(37�C, 5%CO2) in CellGenix SCGM (cat. no. 20802-0500) sup-
plemented with 10% heat inactivated FBS (Life Technologies
cat. no. 16000-044) and 1x L-glutamine/Pen/Strep mix (2 mM
L-glut, 100 U/ml penicillin, 100 mg/ml streptomycin; Life Tech-
nologies cat. no. 10378016).

Flow cytometry (FACS)

Fresh, magnetic-activated cell sorting (MACS) isolated and 9-day
cultured NK cells were characterized by flow cytometric techni-
ques. Samples were analyzed for viability, NK purity and activation
status using a 5-stain panel (Suppl Fig. 2 and Suppl Table 1). Com-
pensation controls were prepared using anti-mouse compensation
beads (Life technologies ABC Anti-mouse Bead kit, cat. no.
A10344). Heat killed cells (65�C, 1 min followed by 1 min on ice)
were used as compensation controls for viability dye. All cells were
washed twice and suspended in protein-free PBS. When IFN-g
was measured, an intracellular stain was employed. An aliquot of
cells for IFN-g staining were first incubated with a Golgi blocker,
brefeldin A (eBioscience cat. no. 00-4506), for 4 h. Cells were
stained for surface markers per manufacturer’s instructions, and
fixed in IC Fixation Buffer (eBioscience cat. no. 00-8222). Intracel-
lular stainingwas carried out after permeabilizing cells (Permeabili-
zation Buffer, eBioscience cat. no. 00-8333), as directed by the
manufacturer. All fixed flow cytometry samples were stored at 4�C
in the dark and analyzedwithin»36 h on a FACSAria (UCSF Lab-
oratory for Cell Analysis) or FACS AriaUII (Brown University
Flow Cytometry and Sorting Facility).

Killing assay

A killing assay was developed at Janssen Pharmaceutical and
employed at Brown University to assess the killing phenotype
of activated NK cells, using target Daudi cells. Killing was
determined by measuring free GAPDH in the media/superna-
tant. Daudi cells (ATCC CCL-213) were cultured in RPMI
1640 supplemented with L-glutamine, 1% Pen-Strep and 10%
heat inactivated FBS, and incubated at 37�C in a humidified
incubator with 5% CO2. Cultures were maintained at a density
between 3 £ 105–3 £ 106 cells/ml. Killing assay wells of U-bot-
tom tissue culture plates were set up as follows: medium only
(background control), Daudi cells only for target cell spontane-
ous lysis, NK cells only for effector cell spontaneous lysis,
Daudi cells only for maximum target cell lysis via chemical dis-
ruption, effector:target (5:1), and effector:target (5:1) in the
presence of 5 mg/ml Rituximab. Wells that included Rituximab
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were incubated with 40,000 viable Daudi cells in a final volume
of 75 mL medium at room temperature for 15 min for opsoni-
zation. Plates were centrifuged (300 x g, 5 min) and medium
removed. Washed, viable, day 9 activated NK cells (2 £ 105) in
complete medium were added to wells as described above. Cells
were gently pelleted (300 x g, 1 min) to promote cell contact,
and incubated at 37�C for 4 h for NK killing of Daudi cells. Fol-
lowing incubation, 10 mL of lysis buffer (Component 6, part
#3035 from aCellaTox kit, Cell Technologies) was added to the
subset of Daudi only wells designated for the maximum lysis
control and incubated 15 min at room temperature. All wells
were brought to a final volume of 200 mL with medium and
centrifuge 750 x g, 1 min. Detection of GAPDH in the medium/
supernatant was carried out using reagents from the eBio-
science GAPDH InstantOne ELISA kit (cat. no. 85-86131-11)
with some procedural modification. Fifty microliters of experi-
mental supernatant was added to 50 mL of 1:1 InstantOne
detection and capture antibodies in the wells of the provided
InstantOne ELISA assay plate. Plates were sealed and mixed
(140–300 RPM) for 1 h at room temperature. Following incu-
bation, the cell supernatant/antibody mixture was removed and
plate wells washed 3 times with 200 mL /well wash buffer. One
hundred microliters of detection reagent was added per well
and incubated at room temperature for 10–15 min on an
orbital shaker at 50 RPM. Reactions were stopped by the addi-
tion of 100 mL /well of kit stop reagent. Absorbance at 450 nm
was read on a Molecular Devices Spectromax M2.

Specific NK killing percentages were calculated as follows:

Experimental Cell Lysis¡ Spontaneous Lysisð Þ£100
Maximum Lysis¡ Spontaneous Lysis

Where experimental lysis is the signal from NK C Daudi
cells, spontaneous lysis is the sum of signal from NK-only and
Daudi-only wells, and maximum lysis is Daudi cells in the pres-
ence of chemical lysis solution.

Nucleic acid extraction, bisulfite conversion
and methylation array

NK cells were harvested at T D 0 (inactivated/na€ıve), T D 16 h
(activated; discovery phase only), and T D 9 d (activated), and
DNA extracted using the Norgen RNA/DNA Purification kit (cat.
no. 48600) for discovery phase samples, and ZymoUniversal Quick
DNA Miniprep kit (cat. no. D4068) for replication phase samples.
DNA was bisulfite treated and converted using the Zymo EZ DNA
Methylation kit (cat. no. D5001) per manufacturer’s instructions,
including the alternative incubation conditions recommended for
the Illumina InfiniumMethylation450 BeadChip array samples.
Bisulfite converted DNA was sent to the UCSF Center for Human
Genetics, Genomics Core facility for processing using Illumina
chemistry, instruments and protocols.

Gene expression

Total RNA was purified from NK cell pellets using ALLPrep
DNA/RNA Mini Kits (Qiagen cat. no. 80204) and cDNA cre-
ated with random primers and SuperScript II Reverse

Transcriptase (Invitrogen cat. no. 18604-022) based on ven-
dor’s instructions. Gene expression was assessed by compara-
tive CT method (DDCT) using IPO8, B2M, and GAPDH as the
endogenous references genes. All expression assays were inven-
tory Taqman Gene Expression Assays (LifeTechnologies; Suppl
Table 2). Assays were carried out per manufacturer’s instruc-
tions, using 2 ml of cDNA per 20 ml PCR. Reactions were run
in triplicate on an Applied Biosystems 7300. DDCT was calcu-
lated using 9 d activated samples as the “test” and T D 0
(freshly isolated NK cells) as the “calibrator.”

Cloning and bisulfite sequencing

Genomic DNA for bisulfite sequencing was extracted from NK
cells using ALLPrep DNA/RNA Mini Kits (Qiagen cat. no.
80204) and bisulfite treated with EZ DNA Methylation Kit
(Zymo cat. no. D5001).

Bisulfite converted DNA was amplified with bisulfite-spe-
cific and methylation insensitive primers. PCR products were
purified using either a Gel Extraction Kit (Qiagen cat. no.
28604) or PCR Purification Kit (Qiagen cat no 28104), and
PCR products ligated into plasmid vectors using the TOPO TA
Cloning system (Invitrogen cat. no. K4500-0). Plasmid-trans-
formed Escherichia coli were cultured overnight on Luria-
Bertani agar plates and the positive colonies were cultured
overnight in Luria-Bertani media. Plasmid DNA containing
PCR products were isolated with QuickLyse MiniPrep Kits
(Qiagen cat. no. 27405) and 20 colonies from each experiment
group were sequenced in both directions using an ABI 373
automated sequencer with dye primer chemistry and standard
M13 primers.

Droplet digital PCR (ddPCR)

As described in Suppl Fig. 1B, the most significant loci from the
analysis were further prioritized for PCR assay development
and ranked using 3 additional features: number of statistically
significant probes within a gene, effect size and CpG density.
Gene loci were scored based on the presence of multiple
probe hits within a gene and the effect size (>0.3 b-value differ-
ence between activated and non-activated conditions), as well
as the density of CpGs surrounding the top hit probe. Based on
these feasibility criteria, several candidate genes were selected
and tested for potential quantitative methylation assay develop-
ment (data not shown). BHLHE40 was chosen for further
exploration as a putative biomarker of NK activation.

Four methylation-specific PCR (MSP) designs were selected
for BHLHE40 and tested using the QX100 Droplet Digital PCR
system (Bio-Rad)(data not shown). The following assay was
selected: forward primer 50- TGGAGGTGGGTGATAAGTTG-
30, reverse primer 50- ACTCAAATTTCCAAACATATACCC-
30, and probe 6FAM-50- AAACACAAAAACACTCAAAACC-
TAA-30-NFQ. Master mixes for design testing included: Drop-
let PCR Supermix (Bio-Rad, cat. no. 186-3024), primers and
probe (Applied Biosystems), and EB buffer (Qiagen cat. no.
19086). The so-called “C-Less” reaction (forward primer 50-
TTGTATGTATGTGAGTGTGGGAGAGA-30, reverse primer
50- TTTCTTCCACCCCTTCTCTTCC-30 and probe 50- 6FAM-
CTCCCCCTCTAACTCTAT-NFQ-3)’ was used to quantify
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the total input of bisulfite converted DNA into each sample and
BHLHE40 copy number expressed as a ratio to the total num-
ber of copies.82

BHLHE40 and C-Less total input master mixes were aliquoted
into 96-well plates and PCR reactions performed in monoplex
using 80 ng of bisulfite converted DNA for all reactions. Samples
were transferred one column at a time to an 8 channel Droplet
Generator Cartridge (Bio-Rad, cat no 186-3008). QX100 Droplet
Generator Oil (Bio-Rad, cat no 186-3005) was added, and droplets
generated using theQX100Droplet Generator (Bio-Rad). Typically
10,000 to 14,000 droplets were generated for each sample and
transferred to an Eppendorf 96-well PCR plate (cat no 951020362),
foil heat sealed, and placed into a S1000 thermal cycler (Bio-Rad).
The PCR cycling conditions for gradient temperature testing were
as follows: 95�C for 10 min, 40 cycles of 94�C for 30 sec and 63�C-
56�C for 1 min, and ending with 98�C for 10 min and 4�C hold.
Following PCR, the plate was transferred to the QX100 Droplet
Reader (Bio-Rad) for droplet analysis/determination of either posi-
tive or negative for fluorescence/amplification. Data was analyzed
using the QuantaSoft software from BioRad.

BHLHE40 ddPCR assay performance was examined using
activated NK cells as a positive standard of demethylated exon
5, which was cloned and bisulfite sequenced. Samples of acti-
vated NK DNA were diluted with hypermethylated DNA from
granulocytes to simulate the detection of BHLHE40 within a
background of excess hypermethylated DNA. Dilution of acti-
vated NK DNA with the background copies observed in
completely hypermethylated DNA was used to estimate the
assay limit of quantification and dynamic range (data not
shown).

Gene enrichment and pathway analyses

Gene-associated hits from the overlapping loci (discovery and
replication data sets) were analyzed for functional enrichment
as well as pathway association. Functional enrichment was eval-
uated using the National Institute of Allergy and Infectious Dis-
ease DAVID Bioinformatics Database v6.7 http://david.abcc.
ncifcrf.gov/.83,84 P-value (or EASE score) was set at 0.05 (please
refer to https://david.ncifcrf.gov/helps/functional_annotation.
html#E3 for more detailed explanation). The lower the P-value
(or EASE score), the more enriched the gene terms in the data-
set compared with the representation of that gene-term in the
human genome. Reference data was limited to using only
human genes found in the selected (“Official Gene Symbol” set-
ting in DAVID) annotation databases. Pathway analyses
(“canonical pathway” module) were run on Ingenuity Pathway
Analysis software (Qiagen). Analyses were run using a stringent
filter for “human,” which returned results most relevant to
humans. Additionally, analyses were run using all tissue and
cell types, then repeated constraining the input/reference to
immune cell information only. Non-coding associated loci
were evaluated in a similar manner using the open access pro-
gram GREAT (version 3.0.0; Suppl table 7). This program was
designed to interrogate numerous annotation/ontology data-
bases to calculate enrichment for proximal and distal, non-cod-
ing genomic regions. Analysis was carried out using the
program default association rule parameters.

The significant differentially methylated loci (385) were also
assessed in the context of transcription factor binding site. The
TFBS for 161 transcription factors from the ENCODE database
was interrogated using the “Txn Factor ChIP” track and wgEn-
codeRegTfbsClusteredV3 table through the UCSC Genome
Browser (hg19 assembly) site.

Statistical analysis

Methylation signals from Illumina 450K methylation arrays
were preprocessed using the functional normalization method
“preprocessFunnorm” in the minfi package85 86 to control for
unwanted variation among plates and samples. To avoid inter-
ference from polymorphisms affecting probe hybridization, all
probes containing single nucleotide polymorphisms (SNPs)
were removed as were probes contained on the X- and
Y-chromosomes. Additionally, cross-reactive probes were
removed using criteria from Chen, et al. 2013.87 Models for
time 0 vs. 16 h activation, and 0 vs. 9 d activation found F sta-
tistics and P-values using an empirical Bayes method. These
calculations were made using the function “eBayes” in the
“limma” package.88 False discovery rate (FDR) was corrected
for using the Benjamini-Hochberg adjustment for multiple test-
ing.89 CpG loci were ordered by FDR-adjusted q-value, and the
top 1000 loci selected for further consideration. Subsequent
analyses focused on gene-associated CpG loci.
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