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Nucleic acid sensing through pattern recognition receptors is critical for
immune recognition of microbial infections. Microbial DNA is frequently
methylated at the N° position of adenines (m6A), a modification that is
rare in mammalian host DNA. We show here how that m6A methylation
of 5-GATC-3' motifs augments the immunogenicity of synthetic double-
stranded (ds)DNA in murine macrophages and dendritic cells. Transfection
with m6A-methylated DNA increased the expression of the activation
markers CD69 and CD86, and of Ifnf, iNos and Cxcl10 mRNA. Similar to
unmethylated cytosolic dsSDNA, recognition of m6A DNA occurs indepen-
dently of TLR and RIG-I signalling, but requires the two key mediators
of cytosolic DNA sensing, STING and c¢GAS. Intriguingly, the response
to m6A DNA is sequence-specific. m6A is immunostimulatory in some
motifs, but immunosuppressive in others, a feature that is conserved
between mouse and human macrophages. In conclusion, epigenetic altera-
tions of DNA depend on the context of the sequence and are differentially
perceived by innate cells, a feature that could potentially be used for the
design of immune-modulating therapeutics.

1. Introduction

Innate immune cells can recognize invading pathogens through pattern
recognition receptors (PRRs) [1]. This feature allows for rapid recognition of
invading pathogens and for a swift onset of immune responses. De-regulation
of PRR sensing signalling is associated with pathogenic and autoimmune
conditions [2,3].

A wide range of PRRs localize in the endosomes and in the cytosol,
where they detect bacterial and viral nucleic acids [3-5]. In the endosome,
Toll-like receptors (TLRs) sense single-stranded (ss) and double-stranded
(ds)RNA (TLR7 and TLR3, respectively), as well as conserved pathogen-
derived ssDNA structures (TLR9) [3,6]. Engaging these TLRs leads to the
induction of proinflammatory cytokines like Interleukin (IL)-6, Tumour necro-
sis factor (TNF)-a and type I Interferons (IFNs) in an NF-kB- and MYD88/
TRIF-dependent manner [6-9]. In the cytosol, viral dsSRNA is recognized by
the RIG-I-like family of receptors (RLRs) and MDAS5 [5]. Through the adaptor
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protein IPS1/MAVS, proinflammatory cytokines and type I
IFNs are produced [5,10]. dsDNA present in the cytosol is
primarily recognized by c¢GAS and AIM2, which promote
the production of type I IFNs and IL-1p through STING
and ASC, respectively [11,12]. Other DNA sensors include
RNA polymerase III, IFI16 and DAI [4,5].

Recognition of pathogenic cytosolic DNA is influenced
by sequence length, secondary structures and nucleotide
overhangs [3,5]. For instance, the right-handed (B) form
of DNA is well recognized by cytosolic DNA sensors
[11,13,14]. Furthermore, guanosine overhangs in conserved
Y-form DNA of retroviruses such as the human immunodefi-
ciency virus type 1 (HIV-1) potentiate type I IFN production
in human macrophages [15].

Eukaryotic and microbial DNA also differ in their epige-
netic landscape, in particular methylation of adenines and
cytosines. These modifications are catalyzed by DNA methyl-
transferases (MTases). Adenine and cytosine methylations are
found in DNA of most prokaryotes [16] and are involved in
bacterial defence, virulence, chromosomal replication and
gene regulation [16,17]. The best-studied prokaryotic MTase
is DNA adenine methyltransferase (Dam). Dam was orig-
inally described in Escherichia coli and methylates adenine
in position N® (m6A) in 5'-GATC-3' DNA motifs, generating
a GMATC DNA motif [18]. Other sequence motifs in a
variety of prokaryotes can also carry m6A [16].

Differences in the methylation status are used by the
innate immune system to discriminate pathogen-derived
DNA from host DNA. For example, CpG motifs are mostly
unmethylated in microbial genomes [16], but frequently
methylated in DNA across a variety of human and mouse tis-
sues [19,20]. This difference is recognized by the PRR TLR9
[16,17], leading to the production of inflammatory cytokines.
Thus, recognition of CpG motifs forms a prime example for
immune cells to discriminate host DNA from the microbial
genome. Much less is known about a putative immunogenic
role of ubiquitous m6A modification in DNA, which is
therefore the topic of this study.

M6A modification is present in human and mouse
DNA, but it appears to be extremely rare (in the range of
0.0005-0.05% of all adenines) [21,22] compared to the perva-
sive presence in prokaryotic DNA [16]. This could thus be
another basis for discrimination of host and pathogen
DNA. Indeed, a previous study showed that systemic injec-
tion of DNA containing one G™ATC motif resulted in
increased blood levels on the proinflammatory cytokines
TNF-a, IL-6 and IL-12 in mice [23]. However, which cells
respond to m6A-methylated DNA and through which
innate immune sensors is not well understood [24]. Further-
more, it is not known whether m6A recognition is restricted
to G™ATC motifs or whether it is also observed in another
sequence context.

Here, we interrogated whether the cytosolic delivery of
G™®ATC DNA provokes immune cell response in innate
immune cells, and if so, through which mechanism. We
found that synthetic dsDNA containing G™®ATC motifs
potentiates the response of murine macrophages and dendritic
cells. Irrespective of the motif, recognition of dSDNA requires
stimulator of interferon gene (STING)- and cyclic GMP-AMP
synthase (cGAS). Importantly, m6A methylation does not
boost immune responses per se, but depends on the nucleotide
sequence context, a feature that is conserved in mouse and in
human macrophages.

2. Material and methods

2.1. Mice

C57BL/6] mice (bred at the animal department of the
Netherlands Cancer Institute, Amsterdam, The Netherlands),
or mice deficient for MYDS8SXTRIF [8,25] (hereafter
Myd88~/~Trif/7), for IPS-1 [25] (Ips~/7), for STING [26]
(Sting™’™) or for cGAS [27] (cGas™'~) were used.

2.2. Generation of murine bone-marrow-derived
macrophages and dendritic cells

Bone marrow (BM) cells were obtained from mouse tibias
and femurs. Briefly, after BM was flushed from the bones, red
blood cells were lysed with red blood cell lysis buffer contain-
ing 0.168 M NH,4C], and washed once with PBS [28]. Bone-
marrow-derived macrophages (BMMs) were generated by
seeding 2 x 10° BM cells in a 100 mm non-tissue culture treated
dish in RPMI 1640 (Lonza) supplemented with 10% FCS, 2 mM
L-glutamine, 100 U ml™" penicillin, 100 pg ml™" streptomycin
and B-mercaptoethanol together with 15% L-929 conditioned
medium containing recombinant M-CSF for 8 days at 37°C
and 5% CO,. The medium was refreshed after 4 days.

Bone marrow-derived dendritic cells were generated with
recombinant Flt3 L (F1t3 L-DCs) as previously described [28].
Briefly, BM cells were cultured at 1.5 x 10°cells ml™" for 9-10
days at 37°C and 5% CO, in complete DC medium (RPMI 1640
supplemented with 5% FCS, 2mM L-glutamine, 100 U ml™"
penicillin, 100 pg ml™" streptomycin and B-mercaptoethanol)
supplemented with 30% conditioned medium from CHO cells
producing murine recombinant Flt3 L [29]. BMMs and Flt3 L-DC
cultures were 95-99% F4/80" or CD11c", respectively.

2.3. Generation of human monocyte-derived
macrophages

Peripheral mononuclear blood cells were isolated from periph-
eral blood or buffy coats of healthy individuals collected by
Sanquin Blood Supply (Amsterdam, The Netherlands). The
study was performed according to the Declaration of Helsinki
(seventh revision, 2013). Written informed consent was
obtained (Sanquin, Amsterdam, The Netherlands). Monocyte
isolation was performed by gradient centrifugation on Percoll
(Pharmacia, Uppsala, Sweden) following by magnetic-acti-
vated cell separation sorting using human CD14 Microbeads
(Miltenyi Biotec). Freshly isolated CD14" monocytes were
cultured for 7-8 days to differentiate into macrophages in
IMDM medium supplemented with 10% FCS, 100 U ml™
penicillin, 100 pg ml™" streptomycin, 2 mM L-glutamine and
20ng ml~' human macrophage colony-stimulating factor
(M-CSF) (eBioscience).

2.4. Generation of double-stranded GATC and G™CATC
sequences

HPLC-grade DNA oligos (Sigma-Aldrich) were dissolved in
sterile endotoxin-free water, aliquoted and stored at —20°C.
To generate dsDNA, equimolar amounts of m6A-methylated
or unmethylated complementary oligos were linearized at
95°C, annealed at 75°C for 5 min, and slowly cooled down
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Table 1. Oligos and melting temperature (Ty,) of corresponding dsDNA used in this study. Also depicted are the motifs recognized by prokaryotic [JJEJ}
methyltransferases (MTses), and examples of bacterial strains expressing the MTses.

recognition
DNA sequence motif
AAGGATCTCAAGAAGATCCTTTGATCTTTTCTAC 687 GATC
AAGG™ATCTCAAGAAG™ATCCTTTG™ATCTTTTCTAC 63.4
AAGCATGTCAAGAACATGCTTTCATGTTTTCTAC 60 6
AAGC™ATGTCAAGAAC™ATGCTTTC™ATGTTTTCTAC 65.4
AAGGTACTCAAGAAGTACCTTTGTACTTTTCTAC 634 GTAC

AAGGT™ACTCAAGAAGT™ ACCTTTGT™ACTTTTCTAC

to room temperature. Double-stranded sequences were
aliquoted and stored at —20°C. dsDNA of GATC DNA was
generated from multiple batches. For T, analysis of each
batch, 1pg dsDNA was incubated with Sybr Green mix
(Applied Biosystems) for 5min at room temperature. The
melting curve was determined on the Step-OnePlus Real-
Time PCR System (Applied Biosystems) with the standard
temperature gradient from 40 to 95°C.

2.5. Stimulation and nudeic acid transfection

After generation, murine BMMs and Flt3 L-DCs, and human
monocyte-derived macrophages were seeded for 1 h at 37°C
and 5% CO, in 24- or 48-well non-tissue culture treated
plates (BD) at a density of 1-2 x 10° cells ml™", before being
cultured for indicated time points in FCS-free medium con-
taining 1pgml™' LPS (Invivogen), 1pgml™ synthetic (B)
form DNA analog poly(deoxyadenylic-deoxythymidylic)
acid (poly(dA:dT)) (Invivogen) or 400 nM dsDNA containing
GATC or G™°ATC sequences, or variants thereof. Cells were
transfected with poly(dA:dT), m6A methylated or unmethy-
lated dsDNA with 0.1% Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Cells in medium
alone (untransfected, ctrl) or in medium containing Lipofec-
tamine 2000 (mock) served as controls for DNA stimulation
and DNA transfection, respectively. After indicated time
points, cells were harvested by scraping from culture plates
for analysis.

2.6. Antibodies and flow cytometry

BMMs and Flt3 L-DCs were stained with antibodies directed
against murine F4/80-APC (clone BM8), CD69-FITC (clone
H1.2F3), CD11c-APC (clone N418) and CD86-FITC (clone
GL1) (eBioscience). Stainings were performed in the presence
of anti-CD16/CD32 block (2.4G2; kind gift from Louis Boon,
Bioceros). Flow cytometry was performed with LSRII (BD
Biosciences), and data were analysed with Flow]Jo software
v.7.6.5 and v.10 (Tree Star, Inc).

bacterial strains references
numerous Escherichia coli 16,18,35
DNA Klebsiella sp.
adenine Salmonella enterica
MTses Mycoplasma mycoides

Legionella pneumaphila
Yersinia

pseudotuberculosis
Vibrio cholerae

M Tvol - v Thermoblasmata ' o v16
M. ThalV
M. HpyAXil Helicobacter pylori 36

2.7. Quantitative reverse transcriptase-P(R

Total RNA was extracted using TRIzol reagent (Invitrogen).
cDNA was generated with SuperScript III reverse transcrip-
tase (Invitrogen), dNTPs (Fermentas) and Random Primer
(Promega) according to the manufacturer’s protocol. Quanti-
tative reverse transcriptase-PCR (RT-qPCR) was performed
using SYBR Green mix on the Step-OnePlus System (Applied
Biosystems). Primers used for gene expression analysis (elec-
tronic supplementary material, table S1) were validated by
serial dilutions. Gene expression was normalized to L32
(mouse genes) or 18s (human genes).

2.8. Statistical analysis

Data were analysed for statistical significance with two-tailed
unpaired or paired Student’s t-test, as indicated (Prism v.5,
GraphPad Software). Results are expressed as mean + standard
deviation (s.d.) and were considered statistically significant
with p-values < 0.05.

3. Results

3.1. Cytosolic delivery of m6A-methylated dsDNA
enhances macrophage and DC activation

We first examined whether N°®-methyl-adenine (m6A) modifi-
cations in GATC motifs alters the immunogenicity of dsDNA
for macrophages and dendritic cells. To specifically study the
role of m6A methylation and to prevent the engagement of
any other pathways of the intricate microbial sensing machin-
ery of mammalian cells, we made use of synthetic dsDNA. The
sequence we selected for analysis is present in the genome of
several bacterial strains, such as E. coli, Salmonella enterica and
Klebsiella pneumoniae. The 34 bp long sequence contains a clus-
ter of three GATC motifs but lacks CpG motifs (table 1).
To exclude other immune stimulants in the preparations, we
used HPLC-purified oligos that were dissolved in endotoxin-
free H,O. m6A modifications are abundant in bacteria on
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both DNA strands, which prompted us to study the response
to double-stranded DNA (dsDNA). We determined the integ-
rity of the generated dsDNA by measuring the melting
temperature (T,,) of the m6A-methylated (GATC DNA) or
unmethylated (G™ATC DNA) dsDNA. As expected, m6A
modifications reduced the T, of the dsDNA by approxima-
tely 5°C, as a consequence of altering the structure and by
destabilizing double-stranded bonds (table 1).

Recognition of dsDNA by PRRs occurs primarily in the
cytosol [3,4]. Therefore, to determine whether m6A modifi-
cations alter the immunogenicity of dsDNA, we delivered the
dsDNA to BMMs from C57B1/6 ] mice through transfection
with Lipofectamine 2000. As a control, we transfected
poly(dA:dT), a well-studied (B) form dsDNA that elicits
potent type I IFN response in both mouse and human cells
[4]. Within 6h of stimulation BMMs transfected with
poly(dA:dT) showed increased expression of CD69 (figure 1a),
an early macrophage activation marker [8,30]. Transfection
with the 34 bp synthetic DNA sequences also resulted in
increased CD69 expression (figure 1a). CD69 protein
expression was even higher when cells were transfected
G™°ATC DNA compared to unmethylated DNA (figure 1a).
CD69 expression was also increased at later time points, i.e.
24 h after transfection with G™®ATC DNA (figure 1b). The
induction of CD69 expression depended on intracellular deliv-
ery of the dsDNA, because the delivery of GATC or G™°ATC
DNA without Lipofectamine 2000 did not induce expression
of CD69 (figure 1b).

Macrophage activation with dsDNA leads to rapid
transcription of inflammatory molecules [31]. To determine
whether m6A methylation alters the inflaimmatory gene
expression profile of macrophages, we measured the mRNA
levels of Il6, 1110, Tnfe, Ifnp and iNos. Il6, 1110 and Tnfe
mRNA levels were increased upon transfection with both
DNA variants, and it occurred irrespective of the methylation
status of the dsDNA (figure 1c). We also observed increased
mRNA levels of the early inflammatory genes Ifnf and iNos,
and both transcripts were more potently induced upon
transfection with G™ATC DNA (figure 1c; p=0.005 and
p <0.0001, respectively). Similarly, bone-marrow-derived DCs
generated with Flt3 L showed increased levels of the costimu-
latory molecule CD86 upon transfection with G™®ATC DNA
when compared to transfection with GATC DNA (figure 1d).
Thus, m6A modification in GATC motifs promotes the gene
expression of several key inflammatory molecules.

3.2. STING and ¢GAS drive immune activation for both
m6A-modified and unmodified DNA

We next interrogated which PRR mediates the recognition of
the m6A-methylated dsDNA. TLR3, TLR7/8 and TLR9 which
detect nucleic acids [32] signal through MYD88 and TRIE the
key adaptor molecules downstream of TLR signalling [8,9].
To determine whether TLRs can sense methylated dsDNA,
we generated BMMs from Myd88~/~Trif/~ mice. As expected,
Myd88~/~Trif~/~ BMMs failed to respond to the TLR4 ligand
LPS after 6 h of stimulation, but maintained their ability to
respond to poly(dA:dT), which is sensed in an TLR-indepen-
dent manner [13] (figure 24,b). Transfection with GATC and
G™®ATC DNA resulted in identical effects in Myd88~/~Trif /=
and wt BMMs, with higher CD69 expression upon transfection
with G™®ATC DNA (figure 2a,b). This finding indicated that

TLRs are dispensable for dsDNA recognition. The adaptor
protein IPS-1 that acts downstream of the dsRNA recognizing
RIG-I-like receptors [25,33] was also not required for either
GATC, or G™ATC DNA recognition (figure 2c).

STING was identified as a key adaptor molecule of cyto-
solic DNA sensing [26]. In line with this, we did not detect
any upregulation of CD69 protein expression in Sting™/~
BMMs upon transfection with poly(dA:dT), or with synthetic
dsDNA (figure 2d). Intriguingly, the lack of recognition
occurred independently of the m6A modification (figure 2d).
We then questioned how ¢GAS, the sensor for cytosolic DNA
upstream of STING [3,14,34] responded to cytosolic GATC, or
G™°ATC DNA. BMMs generated from mice that constitu-
tively lack the cytosolic DNA sensor cGAS [27] failed
to induce CD69 upon transfection with GATC, or with
G™ATC (electronic supplementary material, figure S1).
Thus, the cGAS-STING axis is required to recognize cytosolic
synthetic dsDNA, and this recognition is permissive to
epigenetic modifications within the DNA.

3.3. Enhanced BMM-activation by m6A-methylated
DNA is sequence-specific

We then interrogated whether the increased immunogenicity of
G™ATC DNA was a general feature of m6A-methylated DNA.
In fact, in addition to the GATC sequence-specific Dam methyl-
transferase (MTse), a number of other m6A DNA MTses have
been described [16,18,35]. For instance, Thermoplasmata express
a m6A MTse that recognizes CATG sequences [16]. Another
m6A MTse found in Helicobacter pylori recognizes adenine
within GTAC motifs [36]. To determine whether m6A methyla-
tions within these motifs also increased the immunogenicity of
DNA, we generated dsDNA with the identical 34 bp core
sequence, but with the GATC motifs exchanged to m6A-methyl-
ated or unmethylated CATG and GTAC motifs (table 1). Similar
to the GATC containing DNA, C™°ATG and GT™AC DNA dis-
played a reduced T, compared to the respective unmethylated
dsDNA (table 1), indicating that m6A methylation also affects
the strength of dsDNA bonds in these sequences.

Comparable to G™ATC DNA, transfecting BMMs with
DNA containing GT™°AC also induced higher CD69
expression levels than its unmethylated counterpart (figure 3a).
However, this was not the case for C"°ATG DNA. Transfecting
BMMs with DNA containing C™®ATG resulted in lower CD69
expression than transfection with the unmethylated DNA
(figure 3a). Furthermore, whereas G™°ATC and GT™AC
were also superior in increasing Ifnf, iNos and Cxcl10 tran-
script levels compared to the respective unmethylated DNA,
C™®ATG-containing DNA rather hampered the induction
of these key inflammatory genes (figure 3b—d). Thus, the
observed enhanced immunogenicity of m6A methylation in
DNA sequences is sequence-specific.

3.4. Sequence-specific recognition of m6A-methylated
DNA is conserved in human macrophages

To determine whether the observed differences in sequence-
specific immunogenicity were also found in humans, we
generated M-CSF derived macrophages from peripheral
blood-derived monocytes and compared the gene expres-
sion levels of effector molecules upon DNA transfection.
Comparable to murine macrophages, transfecting human
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Figure 1. Cytosolic recognition of m6A-methylated dsDNA potentiates macrophage and dendritic cell activation. (a) Representative histogram of (D69 expression of
bone-marrow-derived macrophages (BMMs) 6 h after transfection with 0.1% Lipofectemine 2000 and 1 pg mI™" poly(dA:dT) (left panel), 400 nM unmethylated
(GATC) or 400 nM methylated (G™ATC) DNA (middle panel). Transfection with 0.1% Lipofectamine 2000 alone served as control (mock). Right panel: (D69
expression levels (Geometric mean fluorescence intensity, geoMFI) compiled from five independently performed experiments. (b) (D69 expression of BMMs stimu-
lated for 24 h with 1 g mI™" poly(dA:dT), or with GATC or G™ATC DNA in the presence (middle panel) or absence (right panel) of Lipofectemine. Lipofectamine
mock treated or untreated BMMs (ctrl) served as controls. (c) /16, 1110, Tnfer, Ifn3 and iNos mRNA levels of BMMs activated for 6 h with indicated reagents. (b,c) are
representative of two independently performed experiments. (d) Representative histograms (left) of (D86 expression and compiled data from 2 independently
performed experiments (right) of BM-derived dendritic cells (FIt3 L-DCs) that were mock transfected or transfected overnight with poly(dA:dT), GATC or G™ATC
DNA. Paired (a—e) or unpaired (¢) Student’s t-test. (*p < 0.05, **p < 0.01, ***p < 0.001).

macrophages with G™®ATC-containing DNA resulted in DNA was also conserved for GT™®AC DNA (figure 4a). By con-
higher induction of CXCL10 mRNA compared to unmethy- trast, transfecting macrophages with C™®ATG DNA again
lated DNA (figure 4a). The increased immunogenicity of lowered the induction of CXCL10 mRNA (figure 4a).
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Figure 2. STING is required for macrophage activation by dsDNA irrespective of methylation status. (D69 expression levels determined by flow cytometry of BMMs
from (a) wt, (b) Myd88_/ “Tif =, (o) Ip57_/ “or(d) Sting_/ ~ mice activated for 6 h with 1 g ml~" LPS, or left untreated (Ctrl; left panels). Alternatively, BMMs
were transfected with poly(dA:dT) or mock transfected (middle panels), or were transfected with GATC and G™ATC DNA, respectively (right panels). Data are repre-

sentative of two independently performed experiments.

Because the C™®ATG sequence in transfected DNA blocked
the induction of proinflammatory molecules in macrophages,
we investigated whether this sequence instead induced the
expression of a prototypic anti-inflammatory cytokine, IL-10.
However, we did not detect increased IL10 mRNA levels
with any of the m6A-methylated DNA sequences when com-
pared to mock-transfected cells (figure 4b). In conclusion, the
sequence-specific immunogenicity by m6A-methylated DNA
motifs is conserved between mouse and human.

4. Discussion

Recognition of intracellular dsDNA is an important process
that can occur during microbial infection and after cell
damage [3]. Whereas length and structure was shown to
modulate the immunogenicity of DNA [5], we show here
that m6A methylation also alters the immunogenicity of

cytosolic DNA. The response to m6A-methylated DNA is iden-
tical to unmethylated DNA: it is independent of MyD88/TRIF
and IPS-1 signalling but requires the cGAS-STING axis. How
m6A methylation influences the immunogenicity of cytosolic
DNA is yet to be determined. dsDNA binds to cGAS by inter-
acting with its two DNA-binding sites and zinc ribbon domain
[37-39], and this interaction is mediated via the sugar-phos-
phate backbone of the DNA [37,39]. DNA binding leads to
dimerization of ¢cGAS and conformational changes, which
spark the enzymatic activity of cGAS for the synthesis of the
intermediate messenger cGAMP(2'-5) [37-41]. m6A methyl-
ation affects the secondary structure of DNA, as observed by
different Ty, of methylated and unmethylated DNA. This
may alter the local flexibility of DNA structures, and affect
the DNA geometry and stiffness, as was recently reported
for CpG motifs [42]. Whether and how these alterations in
dsDNA structure and stiffness influence the binding affinity
or avidity to cGAS, or its dimerization, is yet to be determined.
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Figure 3. BMMs recognize m6A-methylated dsDNA in a sequence-dependent manner. (a) BMMs were mock transfected or transfected for 6 h with poly(dA:dT), (left
panel), with GATC or G™ATC DNA (second panel), CATG or (™ATG (third panel), or GTAC or GT™AC DNA (right panel). For sequences see table 1. Top row:
Representative histograms of (D69 expression measured by flow cytometry. Bottom row: Compiled data from BMM cultures of four mice from two independently
performed experiments. (b—d) mRNA levels of /fnj3 (b) iNos (c) and Cxc/10 (d) in BMMs after 6 h stimulation with indicated reagents, normalized to the expression
of [32. Paired Student’s t-test. (*p < 0.05, **p < 0.01, ***p < 0.001. n.s. = not significant).
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Figure 4. Sequence-specific recognition of m6A-methylated dsDNA is conserved in human macrophages. (a,b) M-CSF induced macrophages from human peripheral
blood-derived monocytes were transfected with poly(dA:dT) (left panel), GATC or G™ATC DNA (second panel), CATG or C™ATG (third panel), or GTAC or GT mSAC DNA
(right panel). mRNA levels of C(XCL70 (a) and IL70 (b) were measured and normalized to the expression of 78S. n =7 independent donors, measured in four
independently performed experiments. Paired Student’s t-test. (*p < 0.05, **p < 0.01. n.s. = not significant).

Interestingly, m6A methylation in conserved GATC motifs in E.
coli origin of replication enhances DNA-intrinsic and protein-
dependent bending, and—as a consequence—binding to the
DNA-binding protein IHF and other pre-replication complex
proteins [43,44]. It is, therefore, tempting to speculate that
such increased structural bending by m6A methylation could
also influence the binding affinity of dSDNA to cGAS, promote
c¢GAS dimerization or its enzymatic activity. Intriguingly,
during Listeria monocytogenes infection, also bystander cells
can be activated via the cGAS-STING pathway. In fact, bac-
terial DNA can be transferred to neighbouring cells through
extracellular vesicles [45]. As L. monocytogenes contains ubiqui-
tous m6A methylation [46], m6A methylation may not only be
involved in effective recognition of bacterial DNA within
infected cells, but also in engaging bystander cells.

However, m6A methylation of dsDNA does not increase
its recognition per se, but rather depends on the sequence
context. The nucleotides flanking the m6A methylation
could possibly alter the DNA bending, as was previously
suggested [43]. It is therefore conceivable that the poorly
recognized C™ATG motif provokes structural changes in
DNA that reduces its bending and therefore its immunogeni-
city. This sequence specificity of ¢cGAS may also be a
safeguard for recognizing self-DNA, as low levels of m6A
methylation has been observed in mammalians, albeit in
different motifs [21,22].

Lastly, it would be interesting to assess whether m6A can
modulate innate immune responses to dsDNA. In fact, syn-
thetic oligonucleotides derived from telomeric DNA can
compete with endogenous DNA for ¢GAS activation, by
binding to cGAS without eliciting conformational changes
[47]. Similar effects could arise by pretreating BMMs with
C™ATG sequences. Such approaches could thus help the

design and development of novel therapeutic DNA-based
inhibitors of cGAS-mediated signalling.

In conclusion, our study identifies a new role for m6A-
DNA methylation in regulating innate immune responses to
cytosolic DNA. Whether the observed sequence-specific
recognition of m6A-methylated DNA is a specific feature of
synthetic DNA or stems from different immune responses
to various bacterial strains is yet to be determined. Our
findings may help to increase the immunogenicity of DNA
vaccines while preventing unwanted cytosolic DNA-
mediated responses, and could potentially pave the way to
unravel novel mechanisms of pathogen recognition and
evasion in innate immune cells.

All animal experiments were performed in accordance with
institutional and national guidelines and approved by the Exper-
imental Animal Committee of the Netherlands Cancer Institute,
and of the Cincinnati Children’s Hospital.

Data supporting the findings of the study are available
from the corresponding author upon request.

M.B. and M.C.W. designed research, performed
experiments, analysed data and wrote the manuscript; S.E. and
AlJ.d]. performed experiments and analysed data; K.F.,, TK.v.d.B,,
MEG., A A. and EM.]. provided material; B.v.S. designed research
and provided intellectual input; S.E., AJ.d.J., KF, TK.v.d.B.,, EM.J.
and B.v.S. critically revised the manuscript.

We declare we have no competing interests.

This study was supported by the intramural funding of San-
quin Research.

We thank J. P. Medema (UMC, Amsterdam) for dis-
cussion, A. Popovski for technical help, S. Naik for providing murine
Flt3 L to generate BM-derived dendritic cells and J. Freen-van Heeren
for critical reading of the manuscript. The 2.4G2 antibody was kindly
provided by Louis Boon (Bioceros, Utrecht).



Akira S, Uematsu S, Takeuchi 0. 2006 Pathogen
recognition and innate immunity. Cell 124,
783-801. (doi:10.1016/j.cell.2006.02.015)

Takeuchi 0, Akira S. 2010 Pattern recognition
receptors and inflammation. Cell 140, 805—820.
(doi:10.1016/j.cell.2010.01.022)

Roers A, Hiller B, Hornung V. 2016 Recognition of
endogenous nucleic acids by the innate immune
system. Immunity 44, 739-754. (doi:10.1016/j.
immuni.2016.04.002)

Hornung V, Latz E. 2010 Intracellular DNA
recognition. Nat. Rev. Immunol. 10, 123-130.
(d0i:10.1038/nri2690)

Luecke S, Paludan SR. 2017 Molecular requirements
for sensing of intracellular microbial nucleic acids by
the innate immune system. Cytokine 98, 4-14.
(doi:10.1016/j.cyt0.2016.10.003)

Akira S, Takeda K. 2004 Toll-like receptor signalling.
Nat. Rev. Immunol. 4, 499-511. (doi:10.1038/
nri1391)

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA.
2001 Recognition of double-stranded RNA

and activation of NF-kappaB by Toll-like

receptor 3. Nature 413, 732-738. (doi:10.1038/
35099560)

Yamamoto M et al. 2003 Role of adaptor TRIF in
the MyD88-independent toll-like receptor signaling
pathway. Science 301, 640-643. (doi:10.1126/
science.1087262)

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e
Sousa C. 2004 Innate antiviral responses by means
of TLR7-mediated recognition of single-stranded
RNA. Science 303, 1529—1531. (doi:10.1126/science.
1093616)

Takeuchi 0, Akira S. 2009 Innate immunity to virus
infection. Immunol. Rev. 227, 75-86. (doi:10.1111/
j-1600-065X.2008.00737.x)

. Sun L, Wu J, Du F, Chen X, Chen ZJ. 2013 Cydlic

GMP-AMP synthase is a cytosolic DNA sensor that
activates the type | interferon pathway. Science 339,
786—791. (doi:10.1126/science.1232458)

Hornung V, Ablasser A, Charrel-Dennis M,
Bauernfeind F, Horvath G, Caffrey DR, Latz E,
Fitzgerald KA. 2009 AIM2 recognizes cytosolic
dsDNA and forms a caspase-1-activating
inflammasome with ASC. Nature 458, 514-518.
(doi:10.1038/nature07725)

Ishii KJ et al. 2006 A Toll-like receptor-independent
antiviral response induced by double-stranded B-
form DNA. Nat. Immunol. 7, 40-48. (doi:10.1038/
ni1282)

Wu J, Sun L, Chen X, Du F, Shi H, Chen C, Chen ZJ.
2013 Cyclic GMP-AMP is an endogenous second
messenger in innate immune signaling by cytosolic
DNA. Science 339, 826-830. (doi:10.1126/science.
1229963)

Herzner AM et al. 2015 Sequence-specific activation
of the DNA sensor ¢GAS by Y-form DNA structures
as found in primary HIV-1 cDNA. Nat. Immunol. 16,
1025-1033. (doi:10.1038/ni.3267)

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2].

28.

29.

30.

Blow MJ et al. 2016 The epigenomic landscape of
prokaryotes. PLoS Genet. 12, e1005854. (doi:10.
1371/journal.pgen.1005854)

Clark TA, Murray IA, Morgan RD, Kislyuk AO, Spittle
KE, Boitano M, Fomenkov A, Roberts RJ, Korlach J.
2012 Characterization of DNA methyltransferase
specificities using single-molecule, real-time DNA
sequencing. Nucleic Acids Res. 40, €29. (doi:10.
1093/nar/gkr1146)

Wion D, Casadesus J. 2006 N6-methyl-adenine: an
epigenetic signal for DNA—protein interactions. Nat.
Rev. Microbiol. 4, 183—-192. (doi:10.1038/
nrmicro1350)

Lister R et al. 2009 Human DNA methylomes at
base resolution show widespread epigenomic
differences. Nature 462, 315-322. (doi:10.1038/
nature08514)

Stubbs TM, Bonder MJ, Stark AK, Krueger F, Team
BIAC, von Meyenn F, Stegle O, Reik W. 2017 Multi-
tissue DNA methylation age predictor in mouse.
Genome Biol. 18, 68. (doi:10.1186/513059-017-
1203-5)

Xiao CL et al. 2018 N(6)-Methyladenine DNA
modification in the human genome. Mol. Cell 71,
306318 e307. (doi:10.1016/j.molcel.2018.06.015)
Wu TP et al. 2016 DNA methylation on N(6)-
adenine in mammalian embryonic stem cells.
Nature 532, 329-333. (doi:10.1038/nature17640)
Tsuchiya H, Matsuda T, Harashima H, Kamiya H.
2005 Cytokine induction by a bacterial DNA-specific
modified base. Biochem. Biophys. Res. Commun.
326, 777-781. (doi:10.1016/j.bbrc.2004.11.115)
Roberts TL, Dunn JA, Terry D, Jennings MP, Hume
DA, Sweet MJ, Stacey KJ. 2005 Differences in
macrophage activation by bacterial DNA and CpG-
containing oligonucleotides. J. Immunol. 175,
3569—-3576. (doi:10.4049/jimmunol.175.6.3569)
Kumar H et al. 2006 Essential role of IPS-1 in innate
immune responses against RNA viruses. J. Exp. Med.
203, 1795-1803. (doi:10.1084/jem.20060792)
Ishikawa H, Barber GN. 2008 STING is an
endoplasmic reticulum adaptor that facilitates
innate immune signalling. Nature 455, 674-678.
(doi:10.1038/nature07317)

Bridgeman A et al. 2015 Viruses transfer the
antiviral second messenger cGAMP between cells.
Science 349, 1228-1232. (doi:10.1126/science.
aab3632)

Naik SH, O'Keeffe M, Proietto A, Shortman HH, Wu
L. 2010 CD**, CD®~, and plasmacytoid dendritic cell
generation in vitro using fIt3 ligand. Methods Mol.
Biol. 595, 167—176. (doi:10.1007/978-1-60761-421-
0_10)

Naik SH et al. 2005 Cutting edge: generation of
splenic (D®* and (D~ dendritic cell equivalents in
Fms-like tyrosine kinase 3 ligand bone marrow
cultures. J. Immunol. 174, 6592-6597. (doi:10.
4049/jimmunol.174.11.6592)

Marzio R, Jirillo E, Ransijn A, Mauel J, Corradin SB.
1997 Expression and function of the early activation

3N

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

4.

antigen (D69 in murine macrophages. J. Leukoc.
Biol. 62, 349-355. (d0i:10.1002/j1b.62.3.349)
Stetson DB, Medzhitov R. 2006 Recognition of
cytosolic DNA activates an IRF3-dependent innate
immune response. Immunity 24, 93—103. (doi:10.
1016/j.immuni.2005.12.003)

Li X, Jiang S, Tapping RI. 2010 Toll-like receptor
signaling in cell proliferation and survival. Cytokine
49, 1-9. (doi:10.1016/j.cyt0.2009.08.010)

Kawai T, Takahashi K, Sato S, Coban C, Kumar H,
Kato H, Ishii KJ, Takeuchi 0, Akira S. 2005 IPS-1, an
adaptor triggering RIG—I— and Mda5-mediated
type | interferon induction. Nat. Immunol. 6,
981-988. (doi:10.1038/ni1243)

Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte
G, Rohl 1, Hopfner KP, Ludwig J, Hornung V. 2013
CGAS produces a 2’-5'-linked cyclic dinucleotide
second messenger that activates STING. Nature 498,
380-384. (doi:10.1038/nature12306)

Julio SM, Heithoff DM, Provenzano D, Klose KE,
Sinsheimer RL, Low DA, Mahan MJ. 2001 DNA
adenine methylase is essential for viability and
plays a role in the pathogenesis of Yersinia
pseudotuberculosis and Vibrio cholerae. Infect.
Immun. 69, 7610-7615. (doi:10.1128/1A1.69.12.
7610-7615.2001)

Humbert 0, Salama NR. 2008 The Helicobacter
pylori HpyAXIl restriction-modification system limits
exogenous DNA uptake by targeting GTAC sites but
shows asymmetric conservation of the DNA
methyltransferase and restriction endonuclease
components. Nucleic Acids Res. 36, 6893—6906.
(doi:10.1093/nar/gkn718)

Gao P et al. 2013 Cydic [G(2,5")pA(3’,5")p] is the
metazoan second messenger produced by DNA-
activated cyclic GMP-AMP synthase. Cell 153,
1094-1107. (doi:10.1016/j.cell.2013.04.046)
Kranzusch PJ, Lee AS, Berger JM, Doudna JA. 2013
Structure of human cGAS reveals a conserved family
of second-messenger enzymes in innate immunity.
Cell Rep. 3, 1362—1368. (doi:10.1016/j.celrep.2013.
05.008)

Civril F, Deimling T, de Oliveira Mann CC, Ablasser A,
Moldt M, Witte G, Hornung V, Hopfner KP. 2013
Structural mechanism of cytosolic DNA sensing by
CGAS. Nature 498, 332-337. (doi:10.1038/
nature12305)

Li X et al. 2013 Cyclic GMP-AMP synthase is
activated by double-stranded DNA-induced
oligomerization. /mmunity 39, 1019-1031. (doi:10.
1016/j.immuni.2013.10.019)

Zhang X, Wu J, Du F, Xu H, Sun L, Chen Z,
Brautigam CA, Zhang X, Chen ZJ. 2014 The
cytosolic DNA sensor ¢GAS forms an oligomeric
complex with DNA and undergoes switch-like
conformational changes in the activation loop.
Cell Rep. 6, 421-430. (doi:10.1016/j.celrep.2014.
01.003)

Kameda T, Suzuki MM, Awazu A, Togashi Y. 2020
Structural dynamics of DNA depending on


http://dx.doi.org/10.1016/j.cell.2006.02.015
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://dx.doi.org/10.1016/j.immuni.2016.04.002
http://dx.doi.org/10.1016/j.immuni.2016.04.002
http://dx.doi.org/10.1038/nri2690
http://dx.doi.org/10.1016/j.cyto.2016.10.003
http://dx.doi.org/10.1038/nri1391
http://dx.doi.org/10.1038/nri1391
http://dx.doi.org/10.1038/35099560
http://dx.doi.org/10.1038/35099560
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1126/science.1093616
http://dx.doi.org/10.1126/science.1093616
http://dx.doi.org/10.1111/j.1600-065X.2008.00737.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00737.x
http://dx.doi.org/10.1126/science.1232458
http://dx.doi.org/10.1038/nature07725
http://dx.doi.org/10.1038/ni1282
http://dx.doi.org/10.1038/ni1282
http://dx.doi.org/10.1126/science.1229963
http://dx.doi.org/10.1126/science.1229963
http://dx.doi.org/10.1038/ni.3267
http://dx.doi.org/10.1371/journal.pgen.1005854
http://dx.doi.org/10.1371/journal.pgen.1005854
http://dx.doi.org/10.1093/nar/gkr1146
http://dx.doi.org/10.1093/nar/gkr1146
http://dx.doi.org/10.1038/nrmicro1350
http://dx.doi.org/10.1038/nrmicro1350
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1186/s13059-017-1203-5
http://dx.doi.org/10.1186/s13059-017-1203-5
http://dx.doi.org/10.1016/j.molcel.2018.06.015
http://dx.doi.org/10.1038/nature17640
http://dx.doi.org/10.1016/j.bbrc.2004.11.115
http://dx.doi.org/10.4049/jimmunol.175.6.3569
http://dx.doi.org/10.1084/jem.20060792
http://dx.doi.org/10.1038/nature07317
http://dx.doi.org/10.1126/science.aab3632
http://dx.doi.org/10.1126/science.aab3632
http://dx.doi.org/10.1007/978-1-60761-421-0_10
http://dx.doi.org/10.1007/978-1-60761-421-0_10
http://dx.doi.org/10.4049/jimmunol.174.11.6592
http://dx.doi.org/10.4049/jimmunol.174.11.6592
http://dx.doi.org/10.1002/jlb.62.3.349
http://dx.doi.org/10.1016/j.immuni.2005.12.003
http://dx.doi.org/10.1016/j.immuni.2005.12.003
http://dx.doi.org/10.1016/j.cyto.2009.08.010
http://dx.doi.org/10.1038/ni1243
http://dx.doi.org/10.1038/nature12306
http://dx.doi.org/10.1128/IAI.69.12.7610-7615.2001
http://dx.doi.org/10.1128/IAI.69.12.7610-7615.2001
http://dx.doi.org/10.1093/nar/gkn718
http://dx.doi.org/10.1016/j.cell.2013.04.046
http://dx.doi.org/10.1016/j.celrep.2013.05.008
http://dx.doi.org/10.1016/j.celrep.2013.05.008
http://dx.doi.org/10.1038/nature12305
http://dx.doi.org/10.1038/nature12305
http://dx.doi.org/10.1016/j.immuni.2013.10.019
http://dx.doi.org/10.1016/j.immuni.2013.10.019
http://dx.doi.org/10.1016/j.celrep.2014.01.003
http://dx.doi.org/10.1016/j.celrep.2014.01.003

43.

4,

methylation pattern. Phys. Rev. £ 103, 012404.
(doi:10.1103/PhysRevE.103.012404)

Polaczek P, Kwan K, Campbell JL. 1998 GATC motifs
may alter the conformation of DNA depending on
sequence context and N6-adenine methylation
status: possible implications for DNA-protein
recognition. Mol. Gen. Genet. 258, 488-493.
(doi:10.1007/5004380050759)

Polaczek P, Kwan K, Liberies DA, Campbell JL. 1997
Role of architectural elements in combinatorial

45.

46.

regulation of initiation of DNA replication in
Escherichia coli. Mol. Microbiol. 26, 261-275.
(doi:10.1046/j.1365-2958.1997.5701931.x)
Nandakumar R et al. 2019 Intracellular bacteria
engage a STING-TBK1-MVB12b pathway to enable
paracrine ¢GAS-STING signalling. Nat. Microbiol. 4,
701-713. (doi:10.1038/541564-019-0367-2)
Kuenne C, Billion A, Mraheil MA, Strittmatter A,
Daniel R, Goesmann A, Barbuddhe S, Hain T,
Chakraborty T. 2013 Reassessment of the Listeria

47.

monocytogenes pan-genome reveals dynamic
integration hotspots and mobile genetic elements
as major components of the accessory genome.
BMC Genomics 14, 47. (doi:10.1186/1471-2164-
14-47)

Steinhagen F et al. 2018 Suppressive
oligodeoxynucleotides containing TTAGGG motifs
inhibit cGAS activation in human monocytes.

Eur. J. Immunol. 48, 605-611. (doi:10.1002/eji.
201747338)

qosi/[euinof/bio-buiysijgndAranosjefos

0£00LZ :LL Jorg uadp


http://dx.doi.org/10.1103/PhysRevE.103.012404
http://dx.doi.org/10.1007/s004380050759
http://dx.doi.org/10.1046/j.1365-2958.1997.5701931.x
http://dx.doi.org/10.1038/s41564-019-0367-z
http://dx.doi.org/10.1186/1471-2164-14-47
http://dx.doi.org/10.1186/1471-2164-14-47
http://dx.doi.org/10.1002/eji.201747338
http://dx.doi.org/10.1002/eji.201747338

	m6A methylation potentiates cytosolic dsDNA recognition in a sequence-specific manner
	Introduction
	Material and methods
	Mice
	Generation of murine bone-marrow-derived macrophages and dendritic cells
	Generation of human monocyte-derived macrophages
	Generation of double-stranded GATC and Gm6ATC sequences
	Stimulation and nucleic acid transfection
	Antibodies and flow cytometry
	Quantitative reverse transcriptase-PCR
	Statistical analysis

	Results
	Cytosolic delivery of m6A-methylated dsDNA enhances macrophage and DC activation
	STING and cGAS drive immune activation for both m6A-modified and unmodified DNA
	Enhanced BMM-activation by m6A-methylated DNA is sequence-specific
	Sequence-specific recognition of m6A-methylated DNA is conserved in human macrophages

	Discussion
	Ethics
	Data accessibility
	Author's contribution
	Competing interests
	Funding
	Acknowledgements
	References


