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Abstract

Invasion of microbial DNA into the cytoplasm of animal cells triggers a cascade of host immune
reactions that help clear the infection; however, self DNA in the cytoplasm can cause autoimmune
diseases. Biochemical approaches led to the identification of cyclic GMP-AMP (cGAMP)
synthase (cGAS) as a cytosolic DNA sensor that triggers innate immune responses. Here we show
that cells from cGAS-deficient (cGas™") mice, including fibroblasts, macrophages and dendritic
cells, failed to produce type-I interferons and other cytokines in response to DNA transfection or
DNA virus infection. cGas™~ mice were more susceptible to lethal infection with herpes simplex
virus-1 (HSV1) than wild type mice. We also show that cGAMP is an adjuvant that boosts
antigen-specific T cell activation and antibody production in mice.

The detection of foreign DNA invasion is a fundamental mechanism of host defense. In
mammalian cells, the presence of foreign or self DNA in the cytoplasm is a danger signal
that triggers the host innate immune responses(1). Through biochemical studies, we have
recently identified cyclic GMP-AMP (cGAMP) synthase (cGAS) as an innate immune
sensor of cytosolic DNA that triggers the production of type-I interferons and other
inflammatory cytokines(2, 3). cGAS binds to DNA independently of its sequence; this
binding activates cGAS to catalyze the synthesis of a unique cGAMP isomer, which
contains both 2’-5’ and 3°’-5’ phosphodiester linkages(4—7). This molecule, termed
2°3’cGAMP, functions as a second messenger that binds and activates the adaptor protein
STING(3, 7). STING then activates the protein kinases IKK and TBK1, which in turn
activate the transcription factors NF-xB and IRF3 to induce interferons and cytokines(8).

To investigate the function of cGAS in vivo, we generated a cGas knockout mouse strain, in
which the first exon is spliced into a LacZ cassette, thus abrogating the expression of the
endogenous locus (fig. S1A and S1B)(9). The cGas™~ mice were born at the Mendelian
ratio, and did not display any overt developmental abnormality (fig. S1C and S1D).
Quantitative reverse transcription PCR (q-RT-PCR) analyses of RNA from lung fibroblasts
and bone marrow derived macrophages (BMDM) confirmed that the cGas™~ cells were
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defective in producing cGas RNA, whereas cGas*/~ cells produced intermediate levels of
cGas RNA (fig. S1E and S1F).

We obtained lung fibroblasts from WT, cGast~ and cGAS~ mice as well as the
goldenticket (gt/gt) mouse, which has a point mutation that results in the loss of expression
of STING(10). Transfection of different types of DNA, including herring testis DNA (HT-
DNA), E. coli DNA and interferon stimulatory DNA (ISD; a 45bp double-stranded DNA)
(11), into the lung fibroblasts from WT and cGas*'~ mice led to robust production of IFNJ
protein, as measured by ELISA (Fig.1A). In contrast, the cGas™~ and Sti nggt/ 9t cells failed
to produce any detectable level of IFNp. Poly[I:C], a double-stranded RNA analogue known
to induce IFNP through the RIG-I like-receptor (RLR) pathway(12), induced IFNf normally
in the absence of cGas or Sting. Interestingly, poly[dA:dT], which was previously shown to
induce type-I interferons through the RNA polymerase III — RIG-I - MAVS pathway(13,
14), induced IENB normally in the cGas™~ and Sing%/%t cells. q-RT-PCR analyses further
confirmed that cGAS is essential for IFNJ} RNA induction by different types of synthetic or
bacterial DNA, except poly[dA:dT] (fig. S2A). Time course experiments show that IFNf
induction by ISD was completely abolished in cGas™~ lung fibroblasts even at early time
points (2-8 hr) after the DNA transfection (fig. S2B and S2C), indicating that cGAS is
indispensable for IFNf induction by cytosolic DNA.

To measure cGAMP production in WT and cGas ™~ cells, we performed a bioassay that
measures the cGAMP activity in cytoplasmic extracts from ISD-transfected cells. The
extracts were heated at 95°C to denature most proteins, which were removed by
centrifugation. The supernatants that might contain cGAMP were delivered to the human
monocytic cell line THP1, which had been permeabilized with the bacterial toxin
perfringolysin-O (PFO). Dimerization of IRF3, a hallmark of its activation, was then
measured by native gel electrophoresis (fig. S2D). This assay showed that the extracts of
ISD-transfected lung fibroblasts from WT but not cGas™~ mice contained the cGAMP
activity, demonstrating that cGAS has a non-redundant role in catalyzing cGAMP synthesis
in these cells in response to cytosolic DNA.

Next, we infected the lung fibroblasts with the DNA viruses herpes simplex virus-1 (HSV1),
vaccinia virus (VACV) and a mutant strain of HSV1 called d109, which has a deletion of
viral proteins such as ICPO that is known to antagonize immune responses(15). IFNf
induction by each of these viruses was largely abolished in cGas™~ and Si nggt/gt cells, and
partially inhibited in cGas*’~ cells (Fig. 1B). In contrast, IFNp induction by Sendai virus, an
RNA virus known to activate the RIG-I pathway, was not affected by the deficiency in cGas
or Sting. Delivery of cGAMP into the cytoplasm rescued IFNB induction in cGas™~ cells
but not Singd/% cells (Fig. 1B). Similarly, induction of the chemokine CXCL10 by the
DNA viruses was dependent on cGas and Sting (fig. S2E). Measurement of IRF3
dimerization showed that cGas™~ cells failed to activate IRF3 in response to transfection of
HT-DNA or infection by WT HSV1 or the HSV1 strain 7134, which also lacks the
interferon antagonist ICPO (Fig. 1C)(16). The cGas deficiency did not impair IRF3
activation by Sendai virus. Thus, cGAS is required for IRF3 activation and cytokine
induction by DNA viruses but not RNA viruses in mouse lung fibroblasts.

BMDM from cGas™~ and Sti nggt/gt mice were defective in producing IFNf in response to
transfection with HT-DNA or ISD (Fig. 1D). Similarly, IFNf induction by VACV and the
HSV1 strains d109 and 7134 was largely abolished in cGas™~ and Sing%V9t BMDM.
However, IFNf induction by WT HSV1 was severely but not completely blocked in either
cGas ™~ or Sing%/d BMDM, suggesting that these cells possess another pathway that could
partially compensate for the loss of the cGAS-STING pathway to detect WT HSV1
infection. The loss of cGAS or STING in BMDM did not affect IFN induction by Sendai
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virus. Kinetic experiments show that IFN induction by ISD and HSV1-d109 was abolished
in cGas”~ BMDM throughout the time course of stimulation (fig. S3A and S3B). Similarly
to IEN, the induction of TNFa by HT-DNA or ISD was abolished in cGas™~ or Stingd/dt
BMDM (fig. S3C). q-RT-PCR analyses showed that the induction of IFNp, interleukin-6
(IL6) and CXCL10 RNA by transfection of HT-DNA or ISD or infection with HSV1-d109
was completely dependent on cGas and Sting (fig. S3D-F). In contrast, the RNA levels of
these cytokines induced by poly[I:C] or Sendai virus were not affected by the deficiency in
cGas or Sting.

We obtained conventional dendritic cells (cDC) and plasmacytoid DCs (pDC) by culturing
bone marrows in conditioned media containing GM-CSF and Flt3 ligand (FIt3L),
respectively. The GM-CSF DCs, which contains largely cDC, from the cGas™~ and
Sing9Y9t mice failed to induce IFNa or IENP in response to transfection of HT-DNA or ISD
(Fig. 2A and 2B). The loss of cGAS or STING in GM-CSF DCs abolished IFNf induction
by HSV1-d109 and VACV, and partially inhibited IFNp induction by WT HSV1. In
contrast, the deficiency in cGAS or STING did not impair IFNa or IFNP induction by
Sendai virus. q-RT-PCR experiments further confirmed that cGAS and STING were
essential for the induction of IFNf, IL6 and CXCL10 RNA by transfection with HT-DNA or
ISD or infection with HSV1-d109, whereas the induction of these cytokines by poly[I:C] or
Sendai virus was independent of cGAS or STING (fig. S4A-C)

pDCs are known to express TLRO that is responsible for the induction of type-I interferons
by synthetic CpG DNA containing phosphorothioate bonds (17). When the CpG DNA was
used to stimulate FIt3L-DCs, which contains largely pDCs, in the presence or absence of
liposome (lipofectamine 2000), it induced robust production of IFNa and IFNJ even in the
cGas™~ and Si nggt/gt cells (Fig. 2C and fig. S4D). In contrast, other forms of DNA,
including ISD, poly[dA:dT] and genomic DNA from E. coli and Vibrio cholerae, induced
IFNa in FIt3L-DCs only in the presence of liposome, and this induction by each DNA was
abolished in the absence of cGAS or STING. The strong dependency of IFNa induction by
poly[dA:dT] on cGAS and STING in pDCs suggests that the cGAS-STING pathway, but
not the Pol-III — RIG-I pathway, plays a major role in sensing the DNA in these cells. The
FIt3L-DC from the cGas™~ and Sing9/% mice induced IFNa and IENB in response to
infection by Sendai virus, but not HSV1 (Fig. 2D and fig. S4D). Together, these results
demonstrate that cGAS is responsible for detecting natural DNA (e.g., bacterial DNA) and
DNA virus infections in dendritic cells.

To determine the role of cGAS in immune defense against DNA viruses in vivo, we infected
WT and cGas™~ mice with HSV1 via the intravenous (i.v) route (Fig. 3). ELISA analyses
showed that the sera of WT mice contained elevated levels of IFNa and IFNf, which peaked
at 8 and 4 hours, respectively, after HSV1 infection (1x107 pfu/mouse). The levels of IFNa,
and IFNP were severely attenuated in the cGas™~ mice infected with the same infectious
dose of HSV1 (Fig. 3A and 3B). In an independent experiment in which the mice were
monitored for their survival after infection with HSV1 at the infectious dose of 1x10° pfu/
mouse, four out of the five cGas™~ mice developed ataxia and paralysis in 3 days after the
virus infection and died a few hours after these symptoms appeared (Fig. 3C). The fifth
cGas™~ mouse died on day 4 after infection. Three out of five WT mice developed these
symptoms on day 6 and died shortly afterwards. When the brains of WT and cGas™~ mice
were extracted to measure viral titers on day 3 after infection, high levels of HSV1 were
detected in all five cGas™~ mice, whereas none of the WT mice had detectable levels of
HSV1 in the brains (Fig. 3D). Similar survival curves were observed and similar viral titers
in the brains were detected in independent experiments where the infectious dose of HSV1
was increased to 1x107 pfu per mouse (fig. SSA and S5B). The susceptibility of cGas™~
mice to HSV1 infection was similar to that of Singgt/gt mice, which also had marked
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reduction of IFNa and IFNB in the sera, and died within 3—4 days after HSV1 infection (fig.
S5C-S5E)(18).

Our results that cGAS is essential for the induction of type-I interferons by cytosolic DNA
in multiple cell types, including antigen presenting cells, suggest that the cGAS product,
2’3’cGAMP, may be used to substitute for the immune stimulatory effect of DNA, including
the adjuvant effect of DNA vaccines (19). To explore the potential adjuvant effect of
2’3’cGAMP, we injected the model protein antigen ovalbumin (OVA) in the absence or
presence of 2°3’cGAMP into WT or Sing?/9 mice via the intramuscular (i.m) route. The
mice were boosted once on day 10 with the same antigen formulation. ELISA analyses
showed that 2°3’cGAMP strongly enhanced the production of OV A-specific antibodies on
day 17 in the WT, but not St hggt/gt mice (Fig. 4A). This adjuvant effect of 2’3’cGAMP was
also not observed in type-I interferon receptor deficient mice (Ifnar~-; fig. S6). To
investigate the effect of 2’3’cGAMP on T cell activation, splenic leukocytes isolated from
the WT mice, which had been immunized with OVA or OVA + 2°3’cGAMP for 7 days,
were cultured with an OVA peptide known to stimulate CD4 T cells through the MHC class
IT molecule I-AP or another OVA peptide that stimulates CD8 T cells through the MHC
class I molecule H-2KP. Both CD4 and CD8 T cells from the mice immunized with OVA +
2’3’cGAMP, but not OVA alone, produced elevated levels of IFNy and IL-2 after
stimulation with the cognate peptides (Fig. 4B and 4C). Flow cytometry analysis using a
tetramer composed of an OVA peptide in complex with H-2KP showed a marked increase in
the percentage of the tetramer-positive CD8 T cells in the mice immunized with OVA +
2’3’cGAMP, indicating that 2°3’cGAMP stimulated the expansion of CD8 T cells bearing
the OV A-specific T cell receptor (Fig. 4D). Taken together, these results indicate that
2’3’cGAMP functions as an immune adjuvant to stimulate antigen-specific T cell and B cell
responses.

Here we provide genetic evidence that cGAS is essential for the induction of type-I
interferons and other inflammatory cytokines by DNA transfection and DNA virus infection.
With the exception of poly[dA:dT] and CpG DNA, most DNA molecules, especially those
found in nature (e.g, bacterial and viral DNA), stimulate type-I interferons exclusively
through the cGAScGAMP-STING pathway. In multiple cell types, including fibroblasts,
macrophages and dendritic cells, the induction of type-I interferons by vaccinia viruses and
several strains of HSV1 is completely dependent on cGAS and STING. Notably, however,
IFNB induction by wild type HSV1 is severely but not completely abolished in BMDM and
GM-CSF DCs from cGas ™~ or Sing?/9t mice. It is possible that other putative DNA
sensors, such as IFI16 or DDX41, may be involved in this residual induction of IFNf by WT
HSV1 (20, 21). However, the roles of these other putative DNA sensors in vivo have yet to
be investigated through genetic experiments. In the case of cGAS, the phenotypes of

cGas ™~ mice are strikingly similar to those of Sing™~ mice (this study and ref. 18). These
results, together with our biochemical data showing that cGAS is a cytosolic enzyme
activated by its binding to generic DNA (2, 3), formally demonstrate that cGAS is a non-
redundant and general cytosolic DNA sensor that activates STING.

We present evidence that 2’3’cGAMP is an effective adjuvant that boosts the production of
antigen-specific antibodies and T cell responses in mice. Although the bacterial second
messengers cyclic di-GMP and cyclic di-AMP are being developed as potential vaccine
adjuvants(22), 2’3’cGAMP is a much more potent ligand of STING than any of the bacterial
cyclic di-nucleotides(7). Thus, 2°3’cGAMP may be developed as an adjuvant for next
generation vaccines to prevent or treat human diseases, including infectious diseases and
cancer.
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Figure 1. cGAS s essential for IRF3 activation and IFN-B induction by DNA transfection and
DNA virusinfection in fibroblasts and macr ophages

(A) Mouse lung fibroblasts were transfected with different forms of DNA or poly[I:C] (2 pg/
ml) for 24 h followed by measurement of IFN-f protein by ELISA. Unless indicated
otherwise, lipofectamine 2000 was used in all transfection experiments. (B) Lung fibroblasts
were infected with the indicated viruses or stimulated with 2°3’cGAMP (200 nM) for 9 h
followed by measurement of IFN- RNA by q-RT-PCR. (C) Lung fibroblasts were
transfected with HT-DNA or infected with HSV1 or Sendai virus for the indicated times.
Cell extracts were analyzed for IRF3 dimerization by native gel electrophoresis. (D)
BMDMs were transfected with HT-DNA, ISD or infected with the indicated virus for 20 h,
then IFN- levels were measured by ELISA. For the q-RT-PCR results in this and other
figures, the error bars represent standard deviations of triplicate measurements. Unless
otherwise indicated, the ELISA results in this and other figures represent variation ranges of
duplicate measurements. ‘ND’ in this and other figures indicates ‘not detected’.
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Figure 2. cGASisessential for type-l interferon induction by DNA transfection and DNA virus

infection in dendritic cells

(A) GM-CSF-induced dendritic cells (GM-CSF DCs) were transfected with HT-DNA or
ISD or infected with Sendai virus for 20 h followed by measurement of IFN-a by ELISA.
(B) GM-CSF DCs were transfected with the indicated DNA or viruses for 20 h, and then
IFN-B was measured by ELISA. (C & D) Flt3L-induced dendritic cells (FIt3L-DCs) were
incubated with the indicated DNA for 16 h in the absence or presence of lipofectamine 2000
(C), or infected with HSV1 or Sendai virus (D) for 16 h, followed by measurement of IFN-a

by ELISA. Lipo: lipofectamine 2000.

Science. Author manuscript; available in PMC 2014 September 20.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

2000
—}— cGAS+/+
T 1600 — - cGAS-I-
E=)
2
%
=
L
0 | : i
0 4 8 12
HSV1 Infection (hour)
100 i
;\;‘ 80{ — CGAS+I+:
= (n=5) | P=0.0016
© 601 ——- cGAS-/- :
S 40 el
S
N 20/ L__I
|
0 — R —
0o 1 2 3 4 5 6 7

Time After Infection (day)

00

IFN-B (pg/ml)

250
200+
150 1
100 -

——

Page 9

—}— cGAS+/+
—-— cGAS-/-

-

HSV1 Titre (log[pfu/g])

’/
-
-
'....._-i
L]

4 8 12
HSV1 Infection (hour)

N W A O

ND
CGAS++ CGAS-/-

Figure 3. cGASisessential for immune defense against HSV1 infection in vivo

(A & B) WT and cGas ™~ mice (n=5 each) were infected i.v. with HSV1 at 1x 107 pfu per
mouse, and then sera were collected at different time points as indicated. The levels of IFNa
and IFNB were measured by ELISA. The error bars indicate standard deviations. (C) WT
and cGas™~ mice (n=5 each) were infected i.v. with HSV1 at 1x106 pfu per mouse. The
survival of each mouse was monitored for 7 days. (D) Brains of the HSV1 infected mice
were excised on day 3 to prepare homogenates, which were used to measure viral titers by
the plaque assay. The viral titer was recorded as pfu per gram brain (pfu/g). The experiments
shown in C and D were repeated in an independent set of experiments, except that the HSV1
infectious dose was increased to 1x107 pfu per mouse (fig. S5A and S5B).
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Figure4. cGAMP isan adjuvant that stimulates T cell activation and antibody production in a
STING-dependent manner

(A) WT and Sing%/9t mice were injected intramuscularly with OVA alone or OVA +
2’3’cGAMP on day 1 and day 10. Sera were collected at the indicated time points to
measure OV A-specific IgG1 by ELISA. The error bar indicates SEM. Data is representative
of three independent experiments, each with 5 mice per group. (B & C) WT mice were
immunized with OVA or OVA + 2°3’cGAMP as above. Spleen leukocytes were collected
on day 7, and stimulated with OVA peptides known to complex with MHC class I (H-2KP)
or class IT (I-AP). Secretion of IFNy (B) and IL-2 (C) by T cells was measured by ELISA.
*P <0.05, **P < 0.01, and ***P < 0.001; Student’s t-test. (D) Similar to (B), except that
FACS analysis was performed to measure the percentage of CD8 T cells bearing the T cell
receptor specific for an OVA-H-2KP tetramer. *P < 0.05, Student’s t-test. Data shown in
(B-D) are representative of two independent experiments, each with 3 mice per group.
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