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Abstract

Cytosolic DNA stimulates innate immune responses, including

type I interferons (IFN), which have antiviral and immunomodu-

latory activities. Cyclic GMP-AMP synthase (cGAS) recognizes

cytoplasmic DNA and signals via STING to induce IFN production.

Despite the importance of DNA in innate immunity, the nature

of the DNA that stimulates IFN production is not well described.

Using low DNA concentrations, we show that dsDNA induces IFN

in a length-dependent manner. This is observed over a wide

length-span of DNA, ranging from the minimal stimulatory

length to several kilobases, and is fully dependent on cGAS irre-

spective of DNA length. Importantly, in vitro studies reveal that

long DNA activates recombinant human cGAS more efficiently

than short DNA, showing that length-dependent DNA recognition

is an intrinsic property of cGAS independent of accessory

proteins. Collectively, this work identifies long DNA as the

molecular entity stimulating the cGAS pathway upon cytosolic

DNA challenge such as viral infections.
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Introduction

Efficient activation of anti-microbial activity upon exposure to

pathogens, while avoiding improper immune activation under

homeostatic conditions, is one of the main functions of the

innate immune system. Nucleic acids in the cytosol, both DNA

and RNA, are potent activators of the IFN (interferon) response

[1–3]. Pathogen-derived RNA is sensed by RIG-I (retinoic

acid-inducible gene 1) and MDA5 (melanoma differentiation-

associated protein 5), while the main cytosolic DNA sensor is

cyclic GMP-AMP (cGAMP) synthase (cGAS) [4,5]. Upon DNA

binding, cGAS synthesizes the cyclic dinucleotide 2030-cGAMP,

which acts as a secondary messenger binding to the signaling

adaptor STING (stimulator of interferon genes) [6,7]. cGAMP-

binding to STING leads to activation of the kinase TBK1 (TANK

binding kinase 1), which uses STING as a scaffold to phosphory-

late and activate the transcription factor IRF3 (interferon regula-

tory factor 3), thus eventually inducing IFN expression [8]. Other

intracellular proteins have been suggested to act as innate DNA

receptors, such as IFI16, which is now thought to be a co-factor

for STING-dependent DNA sensing in human cells [9,10].

Clearly defining the molecular nature of the immunostimulatory

nucleic acids is essential for understanding how cells identify

danger signals. RIG-I recognizes short dsRNAs (> 19 bp) with

50-triphosphorylated blunt ends, while MDA5 shows a strong

length-dependency of signaling, requiring dsRNAs larger than

1,000 bp for efficient signaling [11]. Recognition of dsDNA by cGAS

is largely sequence-independent, and cGAS has a preference for

B-form DNA [5,12]. The IFN response to cytosolic DNA was shown

to be length-dependent at short DNA lengths. Minimally, 20–40 bp

are needed for immune activation, depending on the species and cell

type, although this length requirement can be lowered to 12 bp

through the presence of G-overhangs [13–16]. Previous studies

concluded that the optimum length for an efficient innate response

to cytosolic DNA is reached already at 45–70 bp [2,13,14]. However,

these studies typically used DNA concentrations of at or above

1 lg/ml, which is in sharp contrast to the much lower amounts of

DNA reaching the cytosol during an infection. For example, infec-

tion with herpes simplex virus 1 (HSV-1), which has a genome of

152 kilobases, in a typical experimental setup would only lead to

delivery of 17 ng viral DNA/1 million cells. In addition, microbial

genomes are much longer than the DNA used in these studies.

Therefore, we systematically investigate the length-dependency

of DNA-induced type I IFN expression for longer DNA, using low

DNA concentrations in order to model an infection in a physiologi-

cal context more closely.
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Results and Discussion

The type I IFN response to dsDNA is length-dependent at low

DNA concentration

In order to investigate the length-dependency of the innate immune

response to dsDNA, we first generated dsDNA molecules ranging

from 88 to 4,003 bp by PCR amplification. The absence of contami-

nating nucleic acid species outside the intended size ranges was

confirmed by high-sensitivity automated gel electrophoresis

(Fig EV1A). DNA concentrations of the stocks were determined by

spectrophotometric concentration determination and confirmed by

visual examination of agarose gels (Fig EV1B). When the DNA was

delivered to human macrophage-like cells (PMA-differentiated THP-

1 cells) by Lipofectamine 2000 transfection at high DNA concentra-

tion (1.67 lg/ml), no difference in the amount of secreted type I

IFN was visible across the range of DNA sizes from 88 to 4,003 bp

(Fig 1A). However, using lower DNA concentration (0.167 lg/ml),

we saw striking length-dependency of the type I IFN response, with

the longer the DNA stimulating more strongly (Fig 1A). By lowering

the DNA concentration even further, we observed that long DNA

molecules (2,027 bp, 4,003 bp) are stimulatory at concentrations as

low as 0.0167 lg/ml (Fig 1B). We confirmed this by measuring

IFNb mRNA levels by RT-qPCR (Fig EV1C and D). The DNA length-

dependent type I IFN response was not limited to the THP-1 cell

line, but was also seen in human foreskin fibroblasts (HFF) and in

primary human peripheral blood mononuclear cells (PBMCs)

(Fig 1C and D). Transfection of THP-1 cells using other lipofec-

tamine reagents such as Lipofectamine LTX or Lipofectamine

RNAiMAX (the latter optimized for the transfection of short nucleic

acids) resulted in similarly DNA length-dependent stimulation

(Figs 1E and EV1E). To confirm that this effect is not specific to

PCR-generated DNA and independent of sequence, we generated

two sets of restriction fragments from the pOET1-OAS3 plasmid, a

set from the plasmid backbone ranging from 108 to 4,570 bp

(Fig EV2A and C) and a set from the human gene insert (OAS3)

ranging from 196 to 3,317 bp (Fig EV2B and C). As these restriction

fragments stimulated the IFN response in THP-1 cells more strongly

than the PCR products, we chose a low DNA concentration of

0.033 lg/ml for transfection. Both sets of restriction fragments stim-

ulated the IFN response in a length-dependent manner upon

transfection (Fig 1F and G). Thus, type I IFN production induced by

cytosolic dsDNA is dependent on the length of the DNA at low DNA

concentrations in human cells.

Signaling via the cGAS-STING pathway is DNA length-dependent

In recent years, cGAS has been established as the main IFN-inducing

cytosolic DNA sensor [17]. To confirm that the IFN production seen

here is indeed due to activation of the cGAS-STING pathway, we

tested the response to dsDNA of various length in both STING- and

cGAS-deficient PMA-differentiated THP-1 cells (Fig EV3A, [18]).

While type I IFN expression was induced in control cells in the

expected length-dependent manner, none of the DNA lengths could

stimulate any response in STING- or cGAS-deficient cells (Fig 2A

and B). These results from the type I IFN bioassay were confirmed

on IFNb mRNA level by RT-qPCR (Fig EV3B and C). Therefore, the

length-dependent DNA sensing studied here is strictly cGAS-STING

dependent.

Next, we investigated at which step in the signaling pathway

upstream of IFN expression the length-dependent activation was

detectable. First, we analyzed levels of phosphorylated TBK1. As

seen by Western blotting, transfection with short, medium, and

long DNA led to phosphorylation of TBK1 in a length-dependent

manner, with the long DNA inducing the strongest TBK1 phos-

phorylation, while total TBK1 protein levels were equal between

transfected and untransfected cells (Fig 2C). We next investigated

levels of dimerization and S366 phosphorylation of STING,

which both indicate STING activation [8,18]. Similar to pTBK1,

levels of dimerization and S366 phosphorylation of STING

increased with the length of the transfected DNA (Fig 2D and

E). Finally, we evaluated the accumulation of cGAMP in DNA-

transfected cells using LC-MS/MS (liquid chromatography tandem

mass spectrometry). Cells stimulated with long DNA (4,003 bp)

produced more cGAMP than cells transfected with short DNA

(94 bp), while mock-transfected cells did not produce any

measurable cGAMP (Fig 2F). Thus, the length-dependency of

DNA-induced IFN production must occur at the level of DNA

binding, cGAS activation, or cGAMP stability.

The above experiments were repeated using the high DNA

concentration (1.67 lg/ml). Under these conditions, cGAMP

production, STING dimerization, and TBK1 phosphorylation

▸
Figure 1. The cytokine response to dsDNA is length-dependent at low DNA concentration in human cells.

A Type I IFN levels in supernatants from PMA-differentiated THP-1 cells transfected with Lipofectamine 2000 with PCR-derived dsDNA of indicated lengths at

1.67 lg/ml or 0.167 lg/ml for 12 h, measured by bioassay.

B Type I IFN levels in supernatants from PMA-differentiated THP-1 cells transfected with PCR-derived dsDNA of indicated lengths at 0.0167 lg/ml for 12 h, measured

by bioassay.

C Type I IFN levels in supernatants from HFFs transfected with PCR-derived dsDNA of indicated lengths at 0.167 lg/ml for 12 h, measured by bioassay.

D Type I IFN levels in supernatants from PBMCs transfected with PCR-derived dsDNA of indicated lengths at 0.167 lg/ml for 12 h, measured by bioassay.

E Type I IFN levels in supernatants from PMA-differentiated THP-1 cells transfected with Lipofectamine LTX with PCR-derived dsDNA of indicated lengths at

0.167 lg/ml for 12 h, measured by bioassay.

F Type I IFN levels in supernatants from PMA-differentiated THP-1 cells transfected with plasmid backbone-derived restriction fragments of indicated lengths at

0.033 lg/ml for 12 h, measured by bioassay.

G Type I IFN levels in supernatants from PMA-differentiated THP-1 cells transfected with human gene insert-derived restriction fragments of indicated lengths at

0.033 lg/ml for 12 h, measured by bioassay.

Data information: Data are represented as mean � SD of biological triplicates from one experiment. Statistical significance was analyzed using one-way ANOVA. ns non-

significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The experiments were performed three times (A–C, E–G) or one time each with cells from two donors (D).

Broken horizontal lines indicate detection limit of assays. See also Figs EV1 and EV2.
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remained length-dependent (Fig EV3D–F), indicating that the satu-

ration of the IFN-inducing pathway, which results in the lack of

length-dependency at the level of IFN production at high DNA

concentration, must occur downstream of TBK1 phosphorylation,

for example, at the level of IRF3 activity or IFN-receptor feedback

signaling.

A B

C D E

F G

Figure 1.
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Length-dependent IFN induction is not due to differential

transfection efficiency or TREX1 sensitivity, nor due to

involvement of IFI16 as co-factor

To test the influence of transfection efficiency on the length-depen-

dency, we quantified the amount of DNA recovered from lysates of

PMA-differentiated THP-1 cells transfected with short (94 bp) or

long DNA (4,003 bp) at 30 min and 3 h after transfection using

quantitative real-time PCR. The long DNA was not transfected with

a higher efficiency than the short one; rather, there was a trend for

the short DNA being transfected better than the long DNAs (Fig 3A).

Differences in transfection efficiency are therefore highly unlikely to

be responsible for the stronger IFN response induced by long DNA.

TREX1 is a cytosolic exonuclease essential for keeping the

cytoplasm clear of DNA and defective TREX1 leads to IFN-driven

pathology [19,20]. Another possible explanation for the length-

dependency could be that TREX1 digests short DNA species more

efficiently, since they offer more ends per weight unit for the exonu-

clease to start degradation. To investigate this, we transfected

control or TREX1-deficient cells (Fig EV3A) with short, medium, or

long DNA. However, both TREX1-deficient cells and control

cells show length-dependency of the type I IFN response, with

A B C

D E F

Figure 2. Signaling via the cGAS-STING pathway is DNA length-dependent.

A, B Type I IFN levels in supernatants from PMA-differentiated THP-1 cells deficient in STING (A) or cGAS (B) transfected with PCR-derived dsDNA of indicated lengths at

0.167 lg/ml for 12 h, measured by bioassay.

C–E Levels of phosphorylated TBK1 (p-TBK1) (C), phosphorylated STING (D), and dimerized STING protein (E) in PMA-differentiated THP-1 transfected with PCR-derived

dsDNA of indicated lengths at 0.167 lg/ml for 2 h. Proteins in cell lysate were separated by SDS–PAGE under reducing (C, D) or non-reducing (E) conditions. After

Western blotting, membranes were probed with anti-TBK1, anti-pTBK1 (C), anti-p-STING (S366) (D), anti-STING (E), and anti-vinculin as a loading control.

F cGAMP levels in PMA-differentiated THP-1 cells transfected with PCR-derived dsDNA of indicated lengths at 0.167 lg/ml for 8 h, determined by semi-quantitative

LC-MS/MS analysis.

Data information: Data are represented as mean � SD of biological triplicates from one experiment. Statistical significance was using one-way ANOVA. ns non-

significant, *P < 0.05, **P < 0.01, ****P < 0.0001. Broken horizontal lines indicate detection limit of assay (A, B). The experiments were performed three times (A–E) or

two times (F). See also Fig EV3.

Source data are available online for this figure.
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TREX1-deficient cells showing an overall increased level of IFN

production in response to DNA transfection (Fig 3B). These data

from the IFN bioassay were confirmed on the level of IFNb mRNA by

qPCR (Fig EV4A), thus eliminating differential sensitivity to TREX1

as the explanation for the length-dependent IFN induction by DNA.

IFI16 (interferon-inducible protein 16), originally suggested as an

IFN-stimulating intracellular DNA sensor of its own accord [14], is

now considered a co-factor for STING-dependent DNA sensing in

specific human cell types [9,10]. DNA binding by IFI16 has been

shown to be cooperatively length-dependent [21]. Therefore, we

A B C

D E F

Figure 3. The length-dependent stimulation of cGAMP production by DNA is explained by cGAS alone.

A Transfection efficiency of short and long DNA measured as DNA recovered from cell lysates. PMA-differentiated THP-1 cells were transfected with 0.167 lg/ml PCR-

derived DNA of 94 and 4,003 bp. Cells were lysed 0.5 and 3 h later, and the DNA copy number in diluted lysate was determined by qPCR using primers for an 88-bp

amplicon common to both fragments. The weight of recovered DNA was calculated and expressed as percentage of input DNA.

B, C Type I IFN levels in supernatants from PMA-differentiated THP-1 cells deficient in TREX1 (B) or IFI16 (C) transfected with PCR-derived dsDNA of indicated lengths at

0.033 lg/ml (B) or 0.167 lg/ml (C) for 12 h, measured by bioassay. A lower DNA concentration was used for experiments with TREX1-deficient cells than for the

other transfection experiments since these commercial cells are stimulated very strongly by DNA.

D In vitro cGAMP production by h-cGAS. 100 nM recombinant human cGAS (DN-ter) was incubated with PCR-derived dsDNA of indicated lengths at 1 ng/ll in the

presence of ATP and GTP for 2 h. Resulting cGAMP was detected on an anion exchange chromatogram obtained at 254 nm. Absorbance values from one

representative experiment are shown.

E Area under curves for in vitro cGAMP production assay using PCR-derived dsDNA (as in D), representative of amount of cGAMP generated in vitro.

F Area under curves for in vitro cGAMP production assay using plasmid backbone-derived restriction fragments (1 ng/ll), representative of amount of cGAMP

generated in vitro.

Data information: Data are represented as mean � SD of biological triplicates in one experiment (A–C) or as mean � SD of three independent experiments (E, F).

Statistical significance was analyzed using one-way ANOVA. ns non-significant, *P < 0.05, **P < 0.01, ****P < 0.0001. The experiments were performed three times.

Broken horizontal lines indicate detection limit of assay (B, C). See also Fig EV4.
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hypothesized that the involvement of IFI16 in cGAS-dependent DNA

sensing might play a role in the observed length-dependency of the

resulting IFN response. In order to test this, cells deficient for IFI16

(Fig EV3A, [9]) were transfected with short, medium, and long

DNA at a concentration of 0.167 lg/ml. Although the type I IFN

response to DNA was impaired in IFI16-deficient cells, the length

dependency of the IFN response was still clearly visible in IFI16-

deficient cells (Figs 3C and EV4B). This indicates that IFI16 is not

responsible for the length-dependency of the IFN response to DNA

stimulation.

cGAMP production by recombinant h-cGAS is

DNA length-dependent

To test whether cGAS produces cGAMP in a DNA length-dependent

manner in the absence of cellular factors, we performed an in vitro

cGAS activity assay. We chose to perform the in vitro assay at the

lowest DNA concentration yielding a reliable measurement of cGAS

activity in order to model the cellular situation. 100 nM recombi-

nant human cGAS (DN-ter) was incubated with 1 ng/ll DNA of

varying lengths, and resulting cGAMP levels were quantified by ion

exchange chromatography measuring area under peak (absorbance

measurement at 254 nm) (Fig 3D and E). While short PCR-derived

DNA activated cGAS to synthesize a measurable, but very low

amount of cGAMP, incubation with medium DNA resulted in inter-

mediate cGAMP levels, while long DNA induced synthesis of a

higher amount of cGAMP. The plasmid backbone-derived restric-

tion fragments activated cGAS in a similarly length-dependent

manner (Fig 3F). For full chromatograms, see Fig EV4C and D, and

for control elutions of commercial ATP, GTP, and cGAMP, see

Fig EV4E. These experiments demonstrate that the DNA length-

dependent accumulation of cGAMP upon DNA stimulation is due

to intrinsic properties of cGAS and independent of cellular co-

factors.

Here, we show that cGAS is activated to produce cGAMP by

DNA in a length-dependent manner that is especially visible at low

DNA concentrations. cGAS is essential for the immune response to

many intracellular bacteria and viruses [22–26]. Common to these

microbes is that their genomes are much longer than the short DNA

species that accumulate in the cytoplasm in the absence of infection

[27]. For instance, Listeria monocytogenes has a genome of 2.94 Mb

and HSV-1 has a genome of 152 kb [28,29]. Thus, during infection

with an intracellular DNA pathogen, cGAS is challenged with the

task of reliably and rapidly detecting long DNA species present at

low abundance, without reacting to self-DNA. Our study suggests

that cGAS may achieve this distinction by length-dependent recogni-

tion of DNA. Long DNA molecules overcome a requirement for high

DNA concentrations, meaning that long DNA molecules can effi-

ciently induce IFN expression at very low concentrations, whereas

short DNA species need to be present at high concentrations to

induce a strong response. The length threshold for an effective

immune response increases from 45 to 70 bp at or above 1 lg/ml

[2,13,14] to 300–500 bp at 0.167 lg/ml to 800–2,000 bp at

0.017 lg/ml. The use of high concentrations of cGAS and DNA,

resulting in substrate exhaustion, may explain why previous in vitro

studies have concluded that 20-bp DNA can stimulate recombinant

cGAS to produce cGAMP as efficiently as salmon sperm DNA

(~1,000 bp in lengths) [30].

The mechanism of length-dependent DNA sensing by cGAS

remains to be determined. For other cytosolic DNA sensing proteins

such as AIM2 and IFI16, length-dependent DNA binding is based on

cooperative oligomerization and filament formation on the DNA

[21,31]. Likewise, the length-dependent dsRNA sensor MDA5 forms

dimers that oligomerize as helical filaments cooperatively on RNA

[32–34]. Murine cGAS is known to interact with DNA as a DNA

binding-induced 2:2 dimer, which is important for the activation of

cGAS, but it has also been suggested that higher order oligomers

may occur [30,35]. It should be noted that our data argue against

the previous suggestions that cGAS is activated primarily by the

ends of dsDNA [30,36]. In our experiments, there are clearly more

dsDNA ends available in the experiments with 94-bp DNA than the

experiments with 4,003-bp DNA. Nevertheless, the 4,003-bp DNA

is a much more potent activator of cGAS. Moreover, undigested

circular plasmid DNA can potently activate cGAS to synthesize

cGAMP in vitro (Fig EV4F), arguing against a mandatory role for

DNA ends in cGAS activation.

In conclusion, we show that DNA-stimulated production of type I

IFN occurs in a DNA length-dependent manner at low concentra-

tions, and this is explained by cGAS being activated by long DNA

species under these conditions. In this way, cells are able to stimu-

late protective immune responses to even low levels of incoming

microbial DNA material, without allowing shorter DNAs that may

accumulate as a by-product of cell division and DNA repair to evoke

pathological immune responses.

Materials and Methods

Cell culture and transfection

The human monocyte-like THP-1 cells were obtained from ATCC

(TIB-202). THP-1 cGAS�/�, STING�/�, B2M�/� (used as control for

cGAS�/�, STING�/�, and IFI16�/� cells), and IFI16�/� cells were

previously generated using CRISPR-Cas9 technology [9,18]. THP-1

Dual KO-TREX1 cells and THP-1 Dual cells (used as control for KO-

TREX1 cells) were obtained from InvivoGen. THP-1 cells were main-

tained in RPMI 1640 medium (Lonza) supplemented with 10% fetal

calf serum (Sigma), 2 mM L-glutamine (Sigma-Aldrich) 100 U/ml

penicillin, 100 lg/ml streptomycin (Gibco). Additionally, the

medium of the Dual cells was supplemented with 100 lg/ml

Normocin, 10 lg/ml blasiticidin, and 100 lg/ml Zeocin (Invivo-

gen). Before experiments, THP-1 cells were differentiated into

macrophage-like cells with 150 nM phorbol 12-myristate 13-acetate

(PMA) (Sigma).

PBMCs were isolated from healthy blood donors (Blood Bank,

Aarhus University Hospital) by Ficoll–Paque density gradient and

seeded in RPMI 1640 supplemented with 10% fetal calf serum.

Human foreskin fibroblasts (HFFs, ATCC-SCRC-1041) were main-

tained in DMEM (Lonza), supplemented with 15% fetal calf serum,

2 mM L-glutamine, 100 U/ml penicillin, and 100 lg/ml strepto-

mycin.

HEK-Blue IFNa/b cells (Invivogen) were maintained in DMEM

(Lonza), supplemented with 10% fetal calf serum, 2 mM L-glutamine,

100 U/ml penicillin, 100 lg/ml streptomycin, 100 lg/ml Normocin,

30 lg/ml blasiticidin, and 100 lg/ml Zeocin. Cells were cultured at

37°C in a humidified atmosphere with 5% CO2.
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Cells were transfected with dsDNA of indicated lengths and

concentrations using Lipofectamine 2000, Lipofectamine LTX, or

Lipofectamine RNAiMAX (invitrogen) according to the manufac-

turer’s instruction with 30 ll lipofectamine/ml transfection

mixture. Lipofectamine 2000 was used unless indicated other-

wise. “Mock” transfection indicates lipofectamine treatment with-

out DNA.

Preparation of PCR-derived dsDNA

Double-stranded DNA molecules were generated by PCR amplifi-

cation with DreamTaq polymerase (Thermo Scientific) using

pcDNA3.1 as a template. One forward primer was used for all PCRs

and varying reverse primers resulted in different length amplicons.

The PCR products were purified using GeneJET PCR purification kit

(Thermo Scientific). The size specificity of the PCR products was

verified by automated gel electrophoresis on the Fragment Analyzer

(AATI) using the High Sensitivity NGS Fragment Analysis kit (DNF-

474, AATI) according to the manufacturer’s instructions. The DNA

stocks (100 ng/ll) used for transfection of cells were additionally

visualized by agarose gel electrophoresis (1.5%).

The following primers were used for generation of dsDNA mole-

cules from the pcDNA3.1 vector template:

Forward primer: 50-CGATGTACGGGCCAGATATACG-30

Reverse primer 88 bp: 50-TGGGCTATGAACTAATGACCCC-30

Reverse primer 94 bp: 50-CATATATGGGCTATGAACTAATGACC-30

Reverse primer 300 bp: 50-TCAATAGGGGGCGTACTTGGCA-30

Reverse primer 500 bp: 50-AACTCCCATTGACGTCAATGGGG-30

Reverse primer 836 bp: 50-GCAACTAGAAGGCACAGTCG-30

Reverse primer 2,027 bp: 50-CATCAGAGCAGCCGATTGTC-30

Reverse primer 4,003 bp: 50-CGCTACCAGCGGTGGTTTGT-30

Preparation of restriction digestion-derived dsDNA

Restriction fragments were generated by restriction digestion of the

pOET1-OAS3 plasmid [37]. The set of human gene insert (OAS3)-

derived fragments was generated by digestion with NcoI (3,317 bp)

and by double digestion with NcoI and XhoI (196, 515, 826,

1,777 bp). The set of plasmid backbone-derived fragments was

generated by digestion with VspI (108, 568, 1,383 bp) and with NcoI

(4,570 bp). After restriction digestion, fragments were gel-isolated.

The size specificity of the restriction fragments was verified by auto-

mated gel electrophoresis on the Fragment Analyzer (AATI) using

the High Sensitivity NGS Fragment Analysis kit (DNF-474, AATI)

(OAS3-derived) or using the High Sensitivity Large Fragment 50 kb

Analysis kit (DNF-464, AATI) according to the manufacturer’s

instructions. For experiments using circular DNA, the undigested

pOET1-OAS3 plasmid was used. The DNA stocks (30 ng/ll) used

for transfection of cells were additionally visualized by agarose gel

electrophoresis (1.5%).

Type I IFN bioassay

For determination of type I IFN activity in cell supernatant,

1.5 × 105 THP-1 cells, 3 × 104 HFFs, or 1.5 × 106 PBMCs were

transfected in 300 ll culture medium in 48-well plates. 12 h after

transfection, the supernatant was harvested. Levels of type I IFN

were determined using HEK-Blue IFN a/b reporter cells, which

express SEAP enzyme under the control of ISG54 promoter upon

stimulation of the IFNAR, according to the manufacturer’s instruc-

tion. SEAP levels were quantified by detecting color change of the

QUANTI-Blue substrate (Invivogen) at 620 nm on ELx808 (BioTek).

Human IFNa (PBL assay science) was used to generate a standard

curve.

RT-qPCR

For determination of IFNb mRNA levels, 1.5 × 105 THP-1 cells were

transfected in 300 ll culture medium in 48-well plates. 6 h after

transfection, the cells were lysed for total RNA isolation using the

High Pure RNA Isolation kit (Roche). IFNb and b-actin (for normal-

ization) levels were measured with the TaqMan RNA-to-Ct 1-step

kit (Applied Biosystems) using TaqMan gene expression assays

Hs01077958_s1 (IFNB1) and Hs00357333_g1 (ACTB) on the Aria

Mx Real Time PCR System.

SYBR qPCR for determination of transfection efficiency

For determination of differences in transfection efficiency between

short and long DNA, 1.5 × 105 THP-1 cells were transfected with

50 ng/well DNA of 94 and 4,003 bp in 300 ll cell culture medium

in a 48-well plate. Cells were lysed 0.5 and 3 h after transfection

in RNA lysis buffer (Roche). The lysate was diluted 1:100, and

the DNA copy number in 2 ll diluted lysate was determined by

qPCR (Brilliant III SYBR Master Mix, Agilent) using primers for

the 88-bp amplicon common to both fragments. The weight of

recovered DNA was calculated and expressed as percentage of

input DNA.

Western blotting

For Western blotting experiments, 3 × 105 THP-1 cells were trans-

fected with 0.167 lg/ml or 1.67 lg/ml DNA in 600 ll cell culture

medium in 24-well plates. 2 h after transfection, cells were lysed in

200 ll RIPA buffer (ThermoScientific) complemented with protease

inhibitor (Roche), phosphatase inhibitor, and benzonase (Sigma).

Lysates were cleared of nuclei by centrifugation for 10 min at

14,000 g. Samples were prepared by addition of XT sample buffer

(Bio-Rad) and, only when using reducing conditions, by addition of

XT reducing agent (Bio-Rad) and boiling at 95°C. Proteins were

separated by SDS–PAGE (Criterion TGX 4–20%, Bio-Rad) and trans-

ferred to PVDF membranes using the Trans-Blot Turbo Transfer

System (Bio-Rad). Blocking of membranes was carried out in 5%

milk for 1 h at room temperature, before incubation with primary

antibodies at 4°C for 16 h. Membranes were incubated with HRP-

conjugated secondary antibodies (Jackson ImmunoResearch) for

1 h at room temperature and developed using Super Signal West

Dura extended duration substrate (ThermoScientific). The following

primary antibodies were used: p-TBK1 (CST D52C2), TBK1 (CST

D1B4), p-STING (S366) (CST #85735S), STING (CST D2P2F), and

vinculin (Sigma V9131). For determination of expression levels of

cGAS, STING, IFI16, and TREX1 in deficient PMA-differentiated

THP-1 cells, the following primary antibodies were used: cGAS (CST

D1D3G), STING (RnD AF6516), IFI16 (sc-8023), and TREX1 (sc-

271870).
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Quantification of cellular cGAMP levels by LC-MS/MS

3 × 106 THP-1 cells were transfected with 0.167 lg/ml DNA or

1.67 lg/ml in 2 ml medium in 6-well plates. 8 h after transfection,

cells were lysed in a lysis buffer of 80% methanol, 2% acetic acid,

and 18% ddH2O. cGAMP purification and liquid chromatography

tandem mass spectrometry (LC-MS/MS) detection were performed

as described previously [9]. To achieve semi-quantitative results,

blank samples were spiked with cGAMP to concentrations of 0, 1,

and 10 nM and used as external calibrators.

Protein purification

A truncated form of human cGAS was expressed in E. coli BL21

(DE3) as a 6xN-His MBP-cGAS [155–522] fusion protein. The

expression was induced with 1 mM of isopropyl-b-D-thiogalacto-

side for 18 h at 18°C. The cells were harvested and lysed by

sonication in a buffer containing 300 mM NaCl, 50 mM NaPO4,

25 mM imidazole, 5 mM b-mercaptoethanol, 10% (v/v) glycerol,

0.1% (v/v) NP-40, pH 8.0. Cleared lysate was incubated with Ni

Sepharose TM 6 Fast Flow (GE Healthcare) for 2.5 h at 4°C. The

resin was transferred to a gravity flow column and washed

twice with 1 M NaCl, 20 mM Tris, 25 mM imidazole, 5 mM

b-mercaptoethanol, 10% (v/v) glycerol, pH 7.5. The protein was

eluted with 300 mM NaCl, 20 mM Tris, 350 mM imidazole,

5 mM b-mercaptoethanol, 10% (v/v) glycerol, pH 7.5. The eluate

was diluted six times with a buffer containing 300 mM NaCl,

20 mM HEPES, 1 mM DTT, 10% (v/v) glycerol, pH 7.5 and

incubated with 1 lg of TEV protease per 50 lg of protein. cGAS

[155–522] was further purified using a 5 ml HiTrapTM Heparin

HP column (GE Healthcare) and eluted with a gradient going

from 100% buffer A (50 mM NaCl, 10% glycerol, 20 mM HEPES

pH 7.5) to 100% buffer B (2 M NaCl, 10% glycerol, 20 mM

HEPES pH 7.5). The eluted cGAS [155–522] was diluted four

times to a concentration of 0.66 mg/ml with buffer A, flash-

frozen, and stored at �80°C.

In vitro cGAMP synthesis and detection

100 nM recombinant cGAS was incubated with 1 ng/ll DNA of

indicated lengths and indicated origin in a buffer containing

80 mM Tris–HCl, pH 7.5, 200 mM NaCl, 20 lM ZnCl2, and 20 mM

MgCl2 in the presence of 0.5 mM ATP and 0.5 mM GTP in a total

volume of 200 ll for 2 h at 37°C, followed by heat inactivation at

95°C for 10 min. Two independent PCR-derived DNA preparations

and one restriction fragment preparation were used for the in vitro

experiments. The samples were diluted five times in 20 mM Tris

pH 7.5. 800 ll of the sample was loaded onto a 1 ml RESOURCETM

Q column (GE Healthcare). The nucleotides were eluted with a

gradient starting with 20 mM Tris pH 7.5 reaching 375 mM

NaCl (PCR-derived DNA and control elutions) or 300 mM NaCl

(restriction-derived DNA) and 20 mM Tris pH 7.5 over 25

column volumes (PCR-derived DNA and control elutions) or 18

column volumes (restriction-derived DNA). The flow was set to

0.5 ml/min. A chromatogram was obtained for absorbance at

254 nm. To quantify the cGAMP peak, the chromatogram peaks

were integrated using the software Unicorn 5.10 (GE Healthcare)

with default settings.

Statistical analysis

The data are shown as mean � SD, either from biological triplicates

in one experiment or from three independent experiments, as indi-

cated. The experiments were repeated as indicated. Statistical analy-

sis was performed using the GraphPad Prism 7.02 software. For

comparison of multiple groups, statistical significance between

experimental groups was determined using ordinary one-way

ANOVA. When performing ANOVA, the Brown–Forsythe test was

used to exclude significant differences in standard deviations.

Tukey’s method was used to correct for multiple comparisons when

comparing the mean of all the samples with each other and Sidak’s

method was used when comparing the mean of preselected pairs of

samples (e.g., for comparison of control cells with deficient cells).

Expanded View for this article is available online.
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