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Abstract 

Nucleic acid detection by pattern recognition receptors (PPRs) allows innate immune cells 
to sense microbial infections. Innate immune cells can detect bacterial DNA due to 
differences in post-transcriptional modifications, such as in the methylation status 
between microbial and mammalian DNA. One of these differences is represented by N6-
methylation of adenine (m6A) within GATC motifs (G(m6A)TC), which is methylated by 
specific Dam methyltransferases that are exclusively present in bacteria. Whether these 
G(m6A)TC motifs exert an immunomodulatory function in mammals and if so, which 
cells respond to these motifs remains still unresolved. Here we assessed whether 
macrophages and dendritic cells (DCs) respond to synthetic double stranded (ds)DNA 
containing G(m6A)TC sequences. We found that transfection of murine macrophages and 
DCs with G(m6A)TC methylated dsDNA resulted in increased expression of the 
activation markers CD69 and CD86, as compared to unmethylated dsDNA. Furthermore, 

m6A methylated dsDNA led to higher production of IFN-β, iNOS and IL-1 mRNA in 

macrophages. Finally, we show that the recognition of GATC and G(m6A)TC sequences 
is independent of TLR signaling and the adaptor molecule IPS-1, but requires STING, a 
key mediator of cytosolic DNA sensing. Overall, these data suggest that the recognition of 
N6-methylation of adenine constitutes a novel means for immune cells to detect and 
respond towards invading pathogens.  
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1. Introduction 

The recognition of infective agents and the response of the innate immune system relies 
on the presence of pattern recognition receptors (PRRs). PRRs recognize pathogen-
associated molecular patterns (PAMPs), specific carbohydrates, lipid, protein and nucleic 
acid structures that are exclusively expressed by pathogens (1,2). Under physiological 
conditions, PAMPs are not present in the host cells. Under pathological conditions, 
however, PAMPs of invading pathogens are exposed to PRR recognition.  
The endosome and cytosol of innate immune cells contain a wide range or PRRs that 
allow the detection of bacterial and viral nucleic acid structures (3,4). Single-stranded (ss) 
or double-stranded RNA (dsRNA) and dsDNA, typical of viral genomes and their 
replication intermediates, are primarily sensed in the endosome by TLR3, TLR7 and 
TLR9 (5). Triggering of these receptors mainly leads to NF-kB dependent induction of 

proinflammatory cytokines such as IL-6, IL-10 and TNF-, and to type I IFN production 

through the adaptor molecules MYD88 or TRIF and the downstream activation of TBK1 
and IRF3 or IRF7 (6-8). Microbial RNA and DNA can also be recognized by specific 
PRRs within the cytosol. Cytosolic RNA is detected by the RIG-I-like family of receptors 
(RLRs). RLRs are coupled to the adaptor protein IPS-1, and like TLRs lead to 
TBK1/IRF3-dependent activation and type I IFN proinflammatory cytokine production 
(9,10). Cytosolic dsDNA is recognized by additional and not yet fully characterized 
receptors that lead to TBK1/IRF3 activation. Recent studies could identify STING and the 
inflammasome pathway mediator ASC as being the downstream signaling molecules of 
dsDNA receptors (4,11-15). Engagement of these receptors culminates in the induction of 

type I IFN and other cytokines such as IL-1and expression of surface activation 

molecules(1,4).  

The features of microbial dsDNA that are recognized by innate immune cell are still not 
well defined. Recent data have shown that both nucleotide length and the conformational 
structure are determinants for dsDNA recognition (12,14). In addition, differences in post-
replicative modifications account for the ability of immune cells to discriminate between 
self and non-self nucleic acids. Unmethylated CpG motifs within the microbial DNA 
(16,17) - motifs that are methylated within the mammalian genome - represent a well-
studied example of post-replicative modifications. CpG motifs are recognized by the 

endoplasmic receptor TLR9 (18) and lead to MYD88-mediated production of IFN-, IL-6 

and TNF- by innate immune cells. Another, less studied, post-replicative modification is 

the N6-adenine methylation (m6A) within GATC nucleotide motifs in bacteria. 
Interestingly, the genomes of several bacterial strains such as Escherichia (E.) coli, 
Salmonella enterica and Legionella pneumophila contain a high frequency of this 
modification (19-22). N6-adenine methylation of GATC motifs is mediated by the DNA 
adenine methyltransferase (Dam), a microbial methyltransferase originally described in E. 
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Coli, which transfers a methyl group from adenosyl-methionine to the adenine embedded 
in GATC motifs (19). Dam has not been found in mammals, while it is an essential 
methyltransferase in bacteria. Like its homologous methyltransferases coupled to the 
Restriction-Modification (R-M) system of bacterial defense towards viral infections (20), 
Dam is pivotal for host-pathogen interaction. Through N6-adenine methylation, Dam 
confers bacterial DNA resistant to endonucleases that recognize and degrade infective 
unmethylated genomes (19). In addition, N6-adenine methylation is required for optimal 
chromosomal replication and DNA repair as well as nucleoid segregation. Furthermore, it 
is involved in gene regulation and mediates control of transposition (19,21-23). Dam-
mediated N6-adenine methylation is also linked to bacterial virulence, as shown by Dam 
mutant Salmonella strains that have an impaired survival and ability to infect host cells 
(24,25). Whether N6-methyl-adenine GATC motifs (G(m6A)TC) are recognized by PRRs 
in innate immune cells is still debated. Early studies have shown that methylated 
(G(m6A)TC) motifs injected intraperitoneally into Balb/c mice could significantly 

enhance the production of IL-6, IL-12 and TNF- when compared to unmethylated 

sequences (26). In contrast, other studies did not observe any effect of N6-adenine 
methylation of E. coli DNA on NO production in murine macrophages (27). Provided that 
inconsistent findings have been reported, we aimed to unravel whether G(m6A)TC motifs 
have an effect on innate immune cell activation. Here we show that a 34bp long dsDNA 
containing three N6-adenine-methylated GATC motifs derived from a conserved origin of 
replication (ori) region of vectors employed for DNA vaccines (pcDNA3.1 and its 
derivatives) enhances the immune response in murine macrophages and dendritic cells. 
Transfection of these methylated sequences into macrophages led to increased expression 

of CD69 and higher mRNA levels of IFN-, IL-1 and iNOS as compared to their 

unmethylated counterpart. Furthermore, N6-adenine-methylated sequences also enhance 
the activation of peritoneal mononuclear cells and dendritic cells (DCs). Finally, our data 
indicate that the recognition of double stranded nucleotide sequences is dependent on 
STING. This work provides the basis for further studies aimed at dissecting the impact of 
DNA methylation on innate immune responses. 
 

2. Materials and Methods 

2.1. Generation  of  bone marrow  derived macrophages  and  dendritic 
cells  

Bone marrow (BM) cells were obtained from tibias and femurs of C57BL/6J mice (bred at 
the animal department of the Netherlands Cancer Institute, Amsterdam, The Netherlands), 
or of MYD88-/- TRIF-/- double knock-out (dko), IPS-1-/- or STING-/- mice (kindly 
provided by E. Janssen, all C57BL/6J background). BM cells were incubated with red cell 
lysis buffer containing 0.168 M NH4Cl, and washed once with PBS (28). To generate 
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bone marrow-derived macrophages (BMDMs), cells were cultured for 8 days in 100mm 
non-tissue culture treated dishes at a density of 2 x 105 cell/ml in culture medium (RPMI 
1640 supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL 
streptomycin and 10% FCS) containing 15% L-929 conditioned medium containing 
recombinant M-CSF. Bone marrow-derived DCs were generated with recombinant Flt3L 
(Flt3L-DCs) as previously described (28). Briefly, BM cells were cultured at 1.5 x 106 
cell/ml for 9-10 days in complete DC medium (RPMI 1640 supplemented with 2 mM L-
glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 5% FCS and b-
Mercaptoethanol) containing purified Flt3L or 30% CHO conditioned medium containing 
recombinant Flt3L. Macrophage and DC cultures were between 95 and 99% F4-80+ and 
CD11c+, respectively. Peritoneal mononuclear cells (PMC) were obtained post-mortem 
from C57BL/6 mice by injection and retrieval of 5 ml ice-cold PBS in the peritoneal 
cavity. Cells were plated on 24- or 48-well non-tissue culture treated plates (Becton 
Dickinson) at a density of 1-2 x 105 cell/ml. After 1 h of incubation in medium at 37°C in 
5% CO2, supernatant was removed and attached cells were used for experiments. 
 

2.2. Generation of double stranded GATC and G(m6A)TC sequences and 
transfection 

34bp double stranded unmethylated (GATC) and methylated (G(m6A)TC) sequences 
were generated with the following primers that were either unmethylated or contained N6-
methyl-adenine in the three GATC motifs (synthesized by Sigma-Aldrich): Forward (5’-
AAGGATCTCAAGAAGATCCTTTGATCTTTTCTAC-3’) and Reverse (5’-GTAGAAA 
AGATCAAAGGATCTTCTTGAGATCCTT-3’). To generate double stranded sequences, 
equimolar amounts of the single stranded complementary methylated or unmethylated 
oligonucleotides were dissolved in sterile, endotoxin free LAL water (Invivogen), 
annealed at 75°C for 5 min, and slowly cooled down to room temperature. Double 
stranded sequences were aliquoted and stored at -20°C. The 19bp-G(m6A)TC and 19bp-
GATC dsDNA was generated by annealing the following primers: Forward (5’- 
GGGGGAGGATCCTGGGGGC-3’) and Reverse (5’-GCCCCCAGGATCCTCCCC-3’) 
primers with one methylated or unmethylated GATC site (Eurogentec). 
 

2.3. Stimulation and nucleic acids transfection 

BMDMs and FLt3L DCs were seeded overnight in 24- or 48-well non-tissue culture 
treated plates (Becton Dickinson) at a density of 1-2 x 105 cell/ml before cultured for 
indicated time points in FCS-free medium containing 1 µg/ml LPS (Invivogen), 1ug/ml 
Poly(dA:dT) (Invivogen) or 400 nM GATC or G(m6A)TC sequences. LPS was added 
directly to the medium. Poly(dA:dT) and the GATC or G(m6A)TC sequences were pre-
incubated for 20 min at room temperature with Lipofectamine2000 (Invitrogen) according 
to the manufacturer’s protocol. Cells in medium alone (untransfected, Ctrl) or in medium 



Chapter 6 

118 

containing Lipofectamin2000 (mock transfected, MT) were used as controls. After 
indicated time points, cells were harvested for analysis by scraping.  
 

2.4. Antibodies and Flow cytometry 

Macrophages and PMCs were stained with anti-F4\80-APC and anti-CD69-FITC, and 
DCs with anti-CD11c-APC, and anti-CD86-FITC antibodies (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 FlowJo software (Tristar). 
  

2.5. Real time PCR 
Total RNA was extracted using Trizol reagent (Invitrogen) and reversely transcribed to 
cDNA using SuperScript III reverse transcriptase (Invitrogen), dNTPs (Fermentas) and 
Random Primer (Promega), according to manufacturers’ protocol. Semi-quantitative RT-
PCR was performed using SYBR Green mix (Applied Biosystem) on the Step-OnePlus™ 
Real-Time PCR System (Applied Biosystems). The following primers were used for 

analysis: TNF- (5’-AGGGTCTGGGCCATAGAACT-3’; 5’-CCACCACGCTCTTCTGT 

CTAC-3’),  iNOS  (5’-CAGCTGGGCTGACAAACCTT-3’; 5’-CATTGGAAGTGAAGC 

GTTTCG-3’),  IL-1  (5’-ACGGACCCCAAAAGATGAAG-3’; 5’-TTCTCCACAGCCA 

CAATGAG-3’),  IFN- (5’-ATGGTGGTCCGAGCAGAGAT-3’; 5’-CCACCACTCATT 

 CTGAGGCA-3’),  IL-6 (5’-GTTCTCTGGGAAATCGTGGA-3’;    5’-CCATAGCTACT 
GGAGTACA-3’), and  IL-10 (5’-AGCATGGCCCAGAAATCAAG-3’;  5’-TGAAGACC 
CTCAGGATGCG-3’). Each sample was analyzed in triplicate and expression was 
normalized to the housekeeping gene L32 (5’-GAAACTGGCGGAAACCCA-3’; 5’-
GGATCTGGCCCTTGAACCTT-3’). 
 

2.6. Statistical analysis 
Data were analyzed for statistical significance with 2-tailed unpaired Student’s t-test. 
Results are expressed as mean ± SD and were considered statistically significant with p 
values  < 0.05.  
 

3. Results 

3.1. G(m6A)TC  motifs  within  double  stranded  nucleotide  sequences 
enhances activation of macrophages 

The genomes of several bacterial strains contain N6-methyl-adenine (m6A) GATC motifs, 
while mammalian cells lack the Dam methylase that generates this epigenetic modulation. 
We initially asked whether these motifs had an impact on the immunostimulatory capacity 
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of dsDNA. To address this question, we selected a 34bp long nucleotide sequence derived 
from the conserved origin of replication (ori) region of several plasmids, including 
pcDNA3.1 and pSUPER. This region is characterized by a cluster of three GATC motifs 
(Supplemental Fig. 1). To mimick DNA derived from bacteria, we generated dsDNA with 
the unmethylated GATC or fully methylated G(m6A)TC motifs.  
We first assessed the ability of the GATC and G(m6A)TC sequences to activate bone 
marrow-derived macrophages (BMDMs). Because dsDNA is recognized within the 
cytosol (12,14), the GATC or G(m6A)TC sequences were complexed with Lipofectamine 
prior to transfection in BMDMs. The activation of macrophages was assessed by 
measuring the expression levels of the early activation marker for murine macrophages, 
CD69 (29). As a positive control, we used the synthetic B-form DNA 
poly(deoxyadenylic-deoxythymidylic) acid (Poly(dA:dT)), originally described as a 
potent activator of mouse and human stromal cells and DCs that requires transfection 
agents to enter the cytosol and induce cell activation (12). Interestingly, while both 
unmethylated and methylated dsDNA transfection increased the expression levels of 
CD69 in BMDMs after 6 h compared to the mock transfected (MT) cells (Fig. 1A and B), 
G(m6A)TC dsDNA induced significantly higher levels of CD69 compared to the 
unmethylated GATC sequences (Fig. 1B, p = 0.032). After 24 h of stimulation, CD69 
levels were still higher upon G(m6A)TC stimulation compared to transfection with 
unmethylated dsDNA (Fig. 1C). Importantly, intracellular delivery of the DNA was 
essential to induce macrophage activation as evidenced by lack of CD69 induction when 
BMDMs were stimulated with GATC and G(m6A)TC in the absence of Lipofectamine. In 
contrast, BMDMs responded vigorously to the TLR4 ligand LPS that is recognized at the 
cell surface (Fig. 1C). We also tested the effect of m6A methylation in mononuclear cells 
obtained from the peritoneal cavity (PMCs) of wild type C57BL/6 mice, a source of naive 
macrophages in addition to other immune cells such as B1 and B2 resident B cells. We 
found that after 6 h transfection with the 34bp GATC and G(m6A)TC sequences, CD69 
expression of PMCs was increased by the presence of adenine methylation (CD69 
GeoMFI = 1878 and 2254 for GATC and G(m6A)TC, respectively).  
Furthermore, the increased CD69 expression was observed independently of nucleotide 
length and the number of G(m6A)TC motifs present, as we could also find increased 
CD69 expression in macrophages stimulated with methylated 19bp sequences. In fact, 
G(m6A)TC-methylation in 19bp dsDNA bearing a single GATC motif was able to induce 
higher levels of CD69 compared to unmethylated motifs (Supplemental Fig. 2, GeoMFI = 
1987 and 2590 for GATC and G(m6A)TC, respectively). Overall, these data show that 
m6A in GATC motifs results in increased response to dsDNA, independently of DNA 
length and numbers of G(m6A)TC motifs.  
We next investigated whether the recognition of G(m6A)TC sequences by macrophages 
had an impact on the expression levels of effector molecules. To this aim, we compared 

the mRNA levels of IFN-, iNOS, IL-1, IL-6, IL-10 and TNF- between BMDMs that 
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were mock-transfected or transfected with Poly(dA:dT), GATC or G(m6A)TC. Strikingly, 
when cells were transfected with the G(m6A)TC dsDNA, the mRNA levels of these 
cytokines were significantly higher compared to transfection with unmethylated dsDNA 
(Fig. 2A, p = 0.005, p < 0.0001 and p = 0.0002, respectively). The mRNA levels of IL-6, 

IL-10 and TNF- were increased in GATC and G(m6A)TC transfected BMDMs as 

compared to mock-transfected cells, but did not differ between GATC and G(m6A)TC 
transfected cells (Fig. 2B, p = 0.158, p = 0.065 and p = 0,602, respectively), indicating 
that the methylation of GATC at this time point did not provide additional signals for the 
transcription of these effector molecules. 

 
Figure 1. Adenine‐methylated GATC motifs enhance macrophage activation, which is dependent 
on  intracellular  sequence  delivery.  BMDMs  were  mock  transfected  (MT)  or  transfected  with 

1g/ml  Poly(dA:dT)  or  400  nM  of  34bp  dsDNA GATC  or G(m6A)TC  sequences. After  6  h,  CD69 
expression  levels were assessed by  flow cytometry  (A). Histogram plots are  representative  for 4 
independent experiments that are compiled in (B) (* p < 0.05). (C) BMDMs were mock transfected 
or  transfected  with  lipofectamine‐complexed  Poly(dA:dT),  GATC  or  G(m6A)TC  (top  panel). 
Alternatively,  BMDM  were  left  untreated  (Ctrl),  or  treated  with  LPS,  and  GATC  or  G(m6A)TC 
sequences that lacked Lipofectamine during pre‐incubation for complex formation (bottom panel). 
CD69  expression  levels were measured  after  24  h  of  stimulation  by  flow  cytometry. Histogram 
plots are representative for 2 replicates that are compiled in the right graph. 



m6A modulates macrophage and DC activation 

121 

 6 

 
 

 
Figure  2.  G(m6A)TC  stimulation  enhances  IFN‐,  iNOS  and  IL‐1  cytokine  transcription  in 
macrophages compared to unmethylated GATC stimulation. (A) BMDMs were mock transfected 
(MT), or  transfected with Poly(dA:dT), dsDNA GATC or G(m6A)TC  sequences  for 6 h  and mRNA 

levels of (A) IFN‐, iNOS, IL‐1‐, and (B) IL‐6, IL‐10 and TNF‐ were assessed by RT‐PCR. (* p < 0.05, 
** p < 0.01, *** p < 0.001). 
 
 

3.2. G(m6A)TC motifs within dsDNA enhance the CD86 levels of DCs  

We next asked whether the recognition of m6A motifs was specific to macrophages, or 
whether m6A motifs were also able to enhance the activation of other innate immune 
cells. To this aim, we measured the response to GATC and G(m6A)TC sequences in DCs, 
which were previously shown to respond to intracellular delivery of nucleic acids (11,12). 
We found that stimulation of Fl3tL-derived DCs with G(m6A)TC dsDNA resulted in 
significantly higher surface levels of the costimulatory molecule CD86 compared to 
stimulation with umethylated dsDNA (Fig. 3A-B, p = 0.012). Again, cytosolic delivery of 
dsDNA was required for DC activation as evidenced by lack of CD86 induction upon 
stimulation with G(m6A)TC or GATC sequences without Lipofectemine (Fig. 3C). Of 
note, also in GM-CSF derived DCs CD86 levels were increased when cells were 
transfected with dsDNA containing G(m6A)TC sequences compared to unmethylated 
sequences (data not shown). Overall, these data suggest m6A in dsDNA enhances the 
activation of multiple cell compartments.  
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3.3. STING  is  responsible  for  the  recognition  of  GATC  sequences  in 
murine BMDMs and DCs 

Because m6A methylation resulted in superior recognition of dsDNA by macrophages and 
by DCs, we next set out to determine which receptors were involved in the recognition of 
these dsDNA modulations. Nucleic acids can be recognized by TLR3, TLR7/8, and TLR9 
(5). MYD88 and TRIF are the essential mediators of these TLR signaling (7,8). To assess 
the role of TLRs in the recognition of the modulated dsDNA sequences employed here, 
we generated BMDMs from MYD88-/- TRIF-/- dko mice and compared their response to 
cytosolic methylated and unmethylated dsDNA with that of wild type (WT) BMDMs. As 
expected, MYB88-/-TRIF-/- dko BMDMs completely failed to respond to LPS, whose 
recognition is dependent on TLR4, MYD88 and TRIF (Fig. 4A and 4B). In contrast, the 
recognition of Poly(dA:dT), GATC and G(m6A)TC dsDNA delivered to the cytosol 
resulted in comparable CD69 levels between WT and MYD88-/- TRIF-/- dko BMDMs 
after 6 h of stimulation (Fig 4A and 4B). This indicates that TLRs are not involved in the 
recognition of cytosolic GATC and G(m6A)TC sequences.  
 

 
Figure 3. Adenosine‐methylated GATC motifs enhance dendritic cell activation.  (A, B) Flt3L‐DCs 
were mock transfected (MT) or transfected overnight with Poly(dA:dT), dsDNA GATC or G(m6A)TC 
sequences, and CD86 expression (of CD11c+ cells) was measured by flow cytometry. (C) Flt3L DCs 
were left untreated, or were stimulated overnight with LPS, or with GATC or G(m6A)TC sequences 
in  Lipofectemin‐free medium,  and  CD86  expression  levels were measured.  Displayed  data  are 
representative for 3 independent experiments. 
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Figure  4.  STING  is  required  for macrophage  activation with  GATC  and  G(m6A)TC  sequences. 
BMDMs generated  from  (A) WT,  (B) MYD88‐/‐TRIF‐/‐ dko,  (C)  IPS‐1‐/‐ or  (D) STING‐/‐ mice were 

left untreated or were treated with 1g/ml LPS (left panel), mock transfected (MT) or transfected 

with  1  g/ml  Poly(dA:dT)  (middle  panel),  or with  400  nM  of  34bp  dsDNA  GATC  or  G(m6A)TC 
sequences (right panel). After 6 h, CD69 expression levels were assessed by flow cytometry. 
 
 

We next assessed whether RIG-I-like receptors were involved in the recognition of 
G(m6A)TC dsDNA sequences. RIG-I-like family members are found in the cytosol and 
are mainly responsible for the recognition of dsRNA from dsRNA viruses or that are 
generated by Polymerase III from dsDNA (4,9,10). Because RIG-I molecules signal 
through the adaptor molecule IPS-1 (30,31), we generated BMDMs derived from IPS-1-/- 
mice. We found that also in IPS-1-/- BMDMs, G(m6A)TC sequences induced higher 
CD69 levels compared to the unmethylated GATC sequences (Fig. 4C), suggesting that 
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the IPS-1-mediated signaling pathways are not involved in the recognition of the 
G(m6A)TC and GATC sequences. 
Finally, we determined if the cytosolic mediator of dsDNA recognition, STING, was 
involved in the recognition of G(m6A)TC and GATC sequences. STING is a 
transmembrane protein associated with the endoplasmic reticulum. STING has been 
shown to mediate immune response to cytosolic DNA, either by direct recognition of 
dsDNA, or as part of the signaling pathway downstream of DNA receptors (11-15,32). 
Strikingly, we found that CD69 induction  both upon GATC and G(m6A)TC stimulation 
was completely abolished in STING-/- BMDMs, similar to stimulation with Poly(dA:dT) 
that requires STING for recognition ((Fig. 4D); (12)). In contrast, no effect was observed 
on LPS stimulation, which was comparable to stimulation of WT BMDMs (Fig. 4A and 
4D). Similar results were obtained in STING-/- Flt3L-DC that also completely failed to 
increase CD86 expression after overnight stimulation with GATC and G(m6A)TC dsDNA 
(Fig. 5A and 5B). These data demonstrate that cytosolic m6A methylated dsDNA 
recognition induce higher activation of macrophages and DCs, in a process which is 
primarily dependent on STING. Overall, this indicates that N6-methyl-adenine in GATC 
motifs constitute a novel molecular pattern which confers higher immunogenic properties 
to microbial dsDNA. 

 

Figure 5. GATC and G(m6A)TC motifs activate DCs in a STING‐dependent manner. Flt3L‐DC from 

(A) WT  or  (B)  STING‐/‐ mice, were  left  untreated  or  treated  overnight with  1g/ml  LPS, mock 

transfected  (MT)  or  transfected with  1  g/ml  Poly(dA:dT)  or  400  nM  of  34bp  dsDNA GATC  or 
G(m6A)TC sequences, and CD86 expression levels were assessed by flow cytometry.  
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4. Discussion 

In this study we show that cytosolic dsDNA containing N6-adenine methylation of GATC 
motifs induces enhanced activation of murine macrophages and DCs as compared to 
unmethylated dsDNA, in a process which is fully dependent on STING.  
Recognition of intracellular dsDNA is an important process that can occur during 
microbial infection or after cell damage. dsDNA transfection mimics this process, 
allowing to study the features that characterize immunogenic dsDNA, and the intracellular 
pathway involved in its recognition. Our work confirms that, in order to be immunogenic, 
dsDNA has to be delivered intracellularly, highlighting that dsDNA location is essential 
for provoking an immune response. The minimum dsDNA length required to initiate 
immune activation, as mainly defined by profound type I IFN induction in macrophages 
and DCs, was described to be 45bp (11,14). Our study shows that dsDNA of shorter 
sequence length (34 and 19bp) can also generate an immune response when delivered 
intracellularly. Together with the observation that N6-methyl-adenine can enhance the 
response of dsDNA sequences, this information might be helpful to optimize the delivery 
of therapeutic oligonucleotide during immunization programs.  
Importantly, N6-methyl-adenine enhances innate immune cell activation of dsDNA 
sequences, independent of the nucleotide length. Our results obtained from MYD88/TRIF, 
IPS-1 and STING knock-out BMDMs and DCs exclude the possibility that the recognition 
of GATC and G(m6A)TC sequences is mediated by the TLRs or by the RIG-I-like family 
of receptors, and restrict our search to cytoplasmic dsDNA recognition mediated by 
STING. GATC and G(m6A)TC sequences could be directly sensed by STING, which in 
addition to the classical description as adaptor signaling molecule, has been recently 
described as direct nucleic acid sensor (15,32). The enhanced response to methylated 
sequences could derive from an increased stability of the dsDNA or strength of dsDNA-
STING receptor interaction due to the presence of N6-methyl-adenine. A similar process 
has been recently suggested for the response to bacteria-derived messengers cyclic di-
GMP and di-AMP by the receptor DDX41/STING (33).Alternatively, GATC and 
G(m6A)TC sequences could be recognized by cytoplasmic dsDNA receptors whose 
signaling upon recognition of dsDNA and N6-methyl-adenine is mediated by STING 
adaptor molecule. The best characterized nucleic acid sensors of dsDNA that act 
independently of TLRs and RIG-I receptors are DAI (34), p204 (11) and AIM2 (35). The 
DAI signaling pathway is coupled to TBK1 and IRF3 but not to STING. Therefore, 
together with our results that STING is required for inducing an immune response to 
dsDNA (Fig. 4 and 5), these observations suggest that DAI receptor is unlikely to be 
involved in m6A recognition. In contrast, p204 and AIM2, could be involved in the 
recognition of N6-methyl-adenine sequences. p204 and AIM2 belong to the same AIM2-
like family of receptors (ALRs) and have been shown to recognizes specific dsDNA 
sequences derived from poxviral genomes. While p204 leads to type I IFN production in a 
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STING-, TBK1- and IRF3-dependent way (11), AIM2 activates the inflammosome 

through the adaptor ASC leading to IL-1 production (4). Our data might hint to the 

involvement of p204 and/or AIM2 receptors in the recognition of G(m6A)TC. The 

transcription levels of IFN- and IL-1key cytokines produced upon p204 and AIM2 

engagement are indeed enhanced by m6A in BMDMs (Fig. 2). Furthermore, AIM2 has 
recently been suggested to recognize Legionella pneumophila cytosolic DNA (36), which 
is also characterized by N6-methyl-adenine modifications. This suggests that a closer look 
at AIM2 and ASC-mediated response to G(m6A)TC and GATC sequences might help to 
reveal the mechanism of recognition of these sequences. 

In contrast to IFN- and IL-1, our data indicate that the transcription of IL-6, IL-10 and 

TNF- is not altered by N6-methyl-adenine (Fig. 2), suggesting that the pathways 

responsible for the induction of these cytokines, including NF-kB, do not distinguish  N6-
methyl-adenine within cytosolic dsDNA.  Alternatively, the observation that IL-6 mRNA 
is detectable 3 h after transfection of dsDNA sequences in mouse macrophages, and drops 
after 6 h (14), might indicate that more extensive kinetic studies are required. 
Finally, it cannot be excluded that the augmented response to G(m6A)TC motifs results 
from an increased stability or uptake of the dsDNA-lipid carrier during the transfection 
process, as suggested for bacterial DNA recognition (27). Further studies need to be 
performed to clarify the mechanisms through which N6-methyl-adenine enhances the 
activation of macrophages and DCs.  
Differences in the methylation status between host and pathogen-derived genomic DNA 
represent a key for detection of non-self material, as clearly demonstrated by the ability of 
mammalian immune cells to recognize unmethylated CpG oligonucleotides through TLR9 
(16,18). The importance of methylation as a molecular tag to distinguish between self and 
non-self has also been shown by the fact that several viruses evolved 2’-O-
methyltransferase to mimic eukaryotic mRNA and escape the recognition by the cytosolic 
RNA receptor MDA5 (10). Our study suggests that also GATC N6-methyl-adenine could 
represent a molecular signature of non-self genomes.  
Interestingly, in artificial selection systems GATC motifs are subject to a high rate of 
mutation (37). This might suggest that under natural adaptation of bacteria to the host, 
GATC motifs could have been mutated in alternative motifs, which could potentially be 
recognized by the host immune system. A wider screening of other N6-methyl-adenine 
motifs (i.e. CATC, GTAC) might therefore identify additional motifs that maintain 
immunogenic properties and give rise to innate immune responses in mammals. 
Overall, our study suggests that N6-methyl-adenine in conserved GATC motifs enhances 
the immunogenicity of dsDNA. Defining the mechanisms responsible for this effect will 
help to further characterize the immune response towards pathogens that bear DNA 
methylated motifs, and to optimize the therapeutic strategies towards these pathogens.  
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Supplemental Information 

 
Supplemental Figure 1. Design of the 34bp dsDNA sequences GATC and G(m6A)TC motifs.  The ori 
of  several  plasmid  DNA,  including  pcDNA  3.1,  contains  a  cluster  of  three  GATC motifs.  GATC 
sequences are  indicated by the cutting sides of MboI, a restriction enzyme that cuts GATC. 34bp 
forward and reverse oligonicleotides derived from this region (see magnification) were synthesized 
and annealed to generate methylated and unmethylated dsDNA sequences used for this study (see 
Material and Methods for a detailed description).  
 
 

 
Supplemental Figure 2. Macrophages express higher CD69  levels when 19bp dsDNA contains a 
G(m6A)TC.  (A)  BMDMs were mock  transfected  or  transfected with  Poly(dA:dT),  19bp‐GATC  or 
19bp‐G(m6A)TC,  and  CD69  expression  levels  were measured  after  6  h  of  stimulation  by  flow 
cytometry. 


