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The cytosolic sensor cGAS detects Mycobacterium tuberculosis
DNA to induce type | interferons and activate autophagy
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# These authors contributed equally to this work.

Summary

Type | interferons (IFNSs) are critical mediators of antiviral defense, but their elicitation by
bacterial pathogens can be detrimental to hosts. Many intracellular bacterial pathogens, including
Mycobacterium tuberculosis, induce type | IFNs following phagosomal membrane perturbations.
Cytosolic M. tuberculosis DNA has been implicated as a trigger for IFN production, but the
mechanisms remain obscure. We report that the cytosolic DNA sensor, cyclic GMP-AMP
synthase (CGAS), is required for activating IFN production via the STING/TBK1/IRF3 pathway
during M. tuberculosis and L. pneumophila infection of macrophages, whereas L. monocytogenes
short-circuits this pathway by producing the STING agonist, c-di-AMP. Upon sensing
cytosolicDNA, cGAS also activates cell-intrinsic antibacterial defenses, promoting autophagic
targeting of M. tuberculosis. Importantly, we show that cGAS binds M. tuberculosis DNA during

© 2015 Published by Elsevier Inc.

“Correspondence to: jeffery.cox@ucsf.edu..

Current address: Department of Microbial Pathogenesis and Immunology, Texas A&M Health Science Center, Bryan, Texas 77807.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions

R.O.W. and S.L.B. contributed equally to this work. Experiments were designed, performed and analyzed primarily by R.O.W.,
S.L.B., and J.S.C. with contributions from D.A.M., E.J.D., and J.O. Mouse infection was performed by J.M.K. The manuscript was
written by R.O.W., S.L.B., and J.S.C., and figures were prepared by R.O.W. and S.L.B. All authors read and commented on the
manuscript during preparation.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watson et al. Page 2

infection, providing direct evidence that this unique host-pathogen interaction occurs in vivo.
These data uncover a mechanism by which IFN is likely elicited during active human infections.

Introduction

Innate immune cells discriminate pathogens from non-pathogens at the earliest stages of
infection and tailor their responses to match the level of the threat (Vance et al., 2009). A
fundamental way this is achieved is through sensing membrane perturbations mediated by
bacterial virulence factors, either directly or via the recognition of specific bacterial
molecules in the cytosol (Manzanillo et al., 2012; Thurston et al., 2012; Vance et al., 2009).
Cytosolic detection leads to activation of three potent antimicrobial effector pathways — the
inflammasome (Lamkanfi and Dixit, 2011), autophagy (Watson et al., 2012), and the
cytosolic surveillance pathway (CSP) characterized by elicitation of type I interferons
(IFNs) (Monroe et al., 2010; O'Riordan et al., 2002). While type I IFNs (IFN-a, IFN-) are
potent antiviral signaling molecules, they inhibit antibacterial signaling pathways (Mayer-
Barber et al., 2011; Teles et al., 2013) and promote infection of many intracellular bacteria
including Mycobacterium tuberculosis (Manca et al., 2001; Manzanillo et al., 2012) and
Listeria monocytogenes (Auerbuch et al., 2004; Carrero et al., 2004; O'Connell et al., 2004),
suggesting that bacterial pathogens have evolved mechanisms to activate this antiviral
pathway for their benefit. Likewise, clinical studies have shown that elevated levels of type |
IFNs are a biomarker of active TB disease in humans (Berry et al., 2010), indicating that this
pathway is engaged during bacterial replication in vivo. Elicitation of IFN-f requires the
pore-forming toxin listeriolysin O during L. monocytogenes infection (O'Riordan et al.,
2002), and the membrane-disrupting activity of the ESX-1 secretion system during M.
tuberculosis infection (Manzanillo et al., 2012). L. monocytogenes actively secretes the
bacterial second messenger cyclic diadenylate monophosphate (c-di-AMP) that binds to the
host protein STING and activates the STING/TBK1/IRF3 signaling axis to promote a
signature transcriptional response that includes IFN-B (Burdette et al., 2011; Sauer et al.,
2011). In contrast to L. monocytogenes, M. tuberculosis and another intracellular bacterial
pathogen, Legionella pneumophila, appear to activate this same STING-dependent pathway
(Lippmann et al., 2008; Manzanillo et al., 2012; Monroe et al., 2010) via recognition of
pathogen-derived nucleic acids, although the evidence for this is indirect.

Surprisingly, the STING pathway also potently activates autophagy, a degradative pathway
implicated in resistance to intracellular pathogens (Birmingham et al., 2006; Deretic and
Levine, 2009; Zhao et al., 2008). Activation of STING and the kinase TBK1 leads to
targeting of bacteria and cytosolic DNA to the ubiquitin-mediated selective autophagy
pathway in macrophages (Watson et al., 2012), and ATG5, a core autophagy protein, is
crucial for limiting M. tuberculosis growth during infection. Despite our growing
understanding of the links between the CSP and selective autophagy, the nature of the
nucleic acid ligand and the host receptor proteins involved remain major unanswered
questions.

Recent studies have identified a DNA sensor, cyclic GMP-AMP synthase (cCGAS), as the
central cytoplasmic DNA sensor upstream of STING during viral infection (Gao et al., 2013;
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Schoggins et al., 2014; Sun et al., 2013). Upon binding dsDNA, cGAS synthesizes the
secondary messenger cGAMP, which in turn binds to and activates STING, leading to the
production of IFN-f through IRF3. Despite some controversy over the involvement of a
variety of other DNA receptors (Burdette and Vance, 2013), cGAS is absolutely required for
interferon induction upon both DNA transfection and viral infection, and is likely the major
cytosolic DNA receptor (Li et al., 2013). cGAS is required for IFN-f induction during
Chlamydia trachomatis, but its functional role during bacterial infections is largely unknown
(Zhang et al., 2014).

Here, we report two different mechanisms by which bacterial pathogens activate the CSP:
M. tuberculosis and L. pneumophila activate cGAS during infection, while L.
monocytogenes bypasses cGAS and directly activates STING via c-di-AMP. Furthermore,
we show that recognition of M. tuberculosis by cGAS is a critical host-pathogen interaction
as it promotes the delivery of bacilli to the ubiquitin-mediated selective autophagy pathway
during macrophage infection, and has an unexpected role in cell-autonomous bacterial
control. Importantly, we also show that cGAS binds M. tuberculosis genomic DNA during
macrophage infection, providing evidence of direct interactions between an M. tuberculosis
ligand and a host sensor in vivo.

cGAS is required to induce the CSP during intracellular bacterial infection

To test the role of cGAS during M. tuberculosis infection, primary murine bone marrow-
derived macrophages (BMDMs) were isolated from cGas™ and Sting”~ mice. These cells
were unresponsive to transfection with interferon-stimulatory DNA (ISD), a 45 bp dsDNA
sequence sufficient for activating cGAS (Stetson and Medzhitov, 2006), as measured by
quantitative PCR of IRF3 targets (IFN-f and IFIT1 mRNAs, Figure S1A), and by
monitoring IRF3 phosphorylation (Figure S1G). Delivery of the STING ligand cGAMP via
transfection bypassed the cGAS requirement (Figure S1B), in agreement with previous
reports in other cell types establishing that cGAS functions upstream of STING (Sun et al.,
2013).

Importantly, infection with the Erdman strain of M. tuberculosis led to robust CSP activation
in wild-type BMDMs as measured by both protein and transcript levels. This response was
completely blocked in cGas™ and Sting”~ macrophages (Figures 1A and 1B), similar to
infection of wild-type macrophages with an ESX-1 mutant, which fails to induce the CSP
(Manzanillo et al., 2012). We observed similar results using a clinical isolate of M.
tuberculosis (CDC1551) which, unlike the Erdman strain, has the capacity to produce the
STING agonist cdi-GMP (Figure 1C) (Manzanillo et al., 2012). This response is specific to
the STING/TBK1/IRF3 pathway as the mRNA level of TNFa, which is not regulated by
IRF3, was generally unaffected by these mutations (Figure 1D). Independent shRNA
knockdown of cGAS in the RAW 264.7 murine macrophage cell line (Figure S1C), and in
the U937 human macrophage cell line (Figure S1D) confirmed the key role of this receptor
in responding to cytosolic DNA (Figures S1E and S1F) and M. tuberculosis infection
(Figures 1E and S1H). These data demonstrate that cGAS is the major sensor that activates
the CSP during M. tuberculosis infection of macrophages. These results also provide strong
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evidence that CSP activation by wild-type M. tuberculosis is due to exposure of DNA in the
cytosol, and support previous findings that endogenous levels of bacterial-produced cyclic
dinucleotides are not a major contributor in triggering this response during macrophage
infection (Dey et al., 2015; Manzanillo et al., 2012).

We next tested the role of cGAS during infection with another intracellular bacterial
pathogen, L. pneumophila, which elicits type | IFNs by accessing the cytosol through its
type IV secretion system (T4SS) (Stetson and Medzhitov, 2006). L. pneumophila infection
failed to induce the CSP in cGas”" BMDMs (Figure 1F). In addition, sdhA mutant L.
pneumophila cells, which enter into the cytoplasm more readily than wild-type bacteria
(Creasey and Isberg, 2012), induced significantly higher levels of IFN-f mRNA (Monroe et
al., 2009; Vance et al., 2009), and this too was dependent on cGAS (Figure 1F). The
absolute requirement for cGAS is consistent with the notion that DNA is exposed to the
cytosol during L. pneumophila infection via vacuolar perforations from its T4SS (Monroe et
al., 2010; Stetson and Medzhitov, 2006).

In contrast with M. tuberculosis, CSP activation by L. monocytogenes infection was mostly
independent of cGAS (Figure 1G). In cGas”- BMDMs there was only a slight reduction in
IFN-B and no decrease in IFIT1 mRNA levels compared to infected wild-type BMDMs,
whereas the response was completely blocked in Sting”- BMDM s (Sauer et al., 2011). The
absolute requirement of STING but not cGAS indicates that L. monocytogenes successfully
short-circuits the CSP pathway by providing its own second messenger, whereas M.
tuberculosis and L. pneumophila generate the signal via DNA binding to cGAS.

Finally, infection with Salmonella enterica serovar Typhimurium led to normal levels of
IFN-B and IFIT1 mRNAs in both cGas™" and Sting”- BMDM:s, indicating that this pathogen
predominantly activates type | IFNs via a CSP-independent mechanism, likely via the
TLRA4/TRIF pathway (Figure 1H) (Kawai and Akira, 2010; Zughaier et al., 2005). Taken
together, these data suggest that intracellular bacterial pathogens have evolved the ability to
activate type | IFNs via different mechanisms.

CcGAS targets cytosolic DNA and M. tuberculosis to the selective autophagy pathway

Newly-recognized connections between DNA sensing and autophagy suggests that cGAS
activation may also promote bacterial clearance (Liang et al., 2014; Manca et al., 2001,
Manzanillo et al., 2012; Watson et al., 2012). To test the role of cGAS in autophagic
targeting, we transfected murine embryonic fibroblasts (MEFs) with Cy3-labeled dsDNA
and observed that a similar percentage of DNA puncta colocalized with cGAS as with the
selective autophagy markers LC3, ubiquitin, NDP52, and activated phospho-TBK1
(pTBK1) (Figures S2A and S2B). Multicolor fluorescence microscopy revealed that the
large majority of cGAS+ dsDNA structures contained all of these selective autophagy
markers in both transfected MEFs and RAW 264.7 cells (Figures 2A-2C). Importantly, in
cGas™- macrophages, colocalization of the autophagy targeting components, ubiquitin and
LC3, with transfected DNA was reduced by approximately 50% (Figure 2D). Curiously, we
consistently observed a stronger reduction in selective autophagy marker colocalization with
DNA in Sting”- macrophages compared to cGas”-cells, suggesting that other factors,
perhaps additional DNA sensors including IFI204 (Manzanillo et al., 2012), work upstream
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of STING to target cytosolic DNA to autophagy. The requirement for STING in selective
autophagic targeting is consistent with our previous finding that TBK1 is also required for
this effect, whereas IRF3 is only required for the transcriptional output of this pathway
(Watson et al., 2012). ShRNA-mediated knockdown of cGAS or STING in human or
murine macrophage cell lines also led to decreased recruitment of selective autophagy
markers to dsDNA 4 h post-transfection (Figures 2E and 2F), though we did not observe the
cGAS-independent contribution to this effect. As an additional method of testing the role of
cGAS in targeting dsDNA to the selective autophagy pathway, we measured the levels of
LC3-11, the lipidated form of LC3 generated during activation of autophagy, in wild-type,
cGas™, and Sting”- BMDM s after transfection with dsSDNA. Western blot analysis revealed
that while wild-type BMDM s had increased LC3-I1 levels after dsDNA transfection, cGas™
and Sting”- BMDM s failed to induce LC3-11 conversion (Figure 2G). Importantly, the effect
of cGAS on autophagy is not due to general defects in bulk autophagy as starvation of
macrophages led to LC3-11 conversion and degradation regardless of genotype (Figure S2C).

To begin to test the role of cGAS in autophagic targeting of M. tuberculosis, we infected
RAW 264.7 cells expressing epitope-tagged cGAS with mCherry-expressing M.
tuberculosis and monitored cGAS localization. Early in infection, cGAS colocalized with
approximately 20% of wild-type M. tuberculosis, and this colocalization decreased at later
time points (Figures 3A and 3B). Importantly, we observed significantly decreased
colocalization of cGAS with ESX-1 mutant bacteria at all time points, confirming that
recognition requires ESX-1-mediated cytosolic access. As observed with transfected DNA,
the majority of cGAS+ bacilli also colocalized with pTBK1 and LC3, suggesting that cGAS
is important for recruiting these selective autophagy markers to intracellular M. tuberculosis
(Figures 3C and 3D). Time course studies showed that the appearance of cGAS on bacilli
coincided with pTBKZ1 recruitment but preceded the recruitment of the terminal autophagy
marker LC3 (Figure 3E), which is consistent with the notion that cGAS is a proximal sensor
of bacteria that leads to subsequent targeting.

We next determined the requirement of cGAS for targeting M. tuberculosis to the selective
autophagy pathway. Consistent with our previous observations, Sting”- BMDMs were
defective in recruiting ubiquitin, LC3, NDP52, pTBK1, and Atgl12, giving rise to an
approximately 75-80% decrease in colocalization of any of these markers with bacteria
compared with wild-type (Figures 3F, 3G, and S3A-C) (Leber et al., 2008; Watson et al.,
2012; Woodward et al., 2010). Importantly, cGas”’- BMDMs were also defective for
autophagic targeting of M. tuberculosis, with a reduction in colocalization of ~50%, which
mirrors our observations with transfected cytosolic dSDNA. Stable shRNA knockdowns of
CGAS or STING in human and mouse macrophage cell lines led to similar results (Figures
3H and 3I). Consistent with the recruitment of selective autophagy markers to M.
tuberculosis, wild-type BMDMs had increased levels of LC3-11 conversion, while cGas™
and Sting”- BMDMs were partially defective for LC3-11 conversion after infection (Figure
3J). Together, these data indicate that DNA sensing by cGAS is required for full targeting of
M. tuberculosis to the ubiquitin-mediated selective autophagy pathway, and indicate that a
cGAS-independent pathway is also at play.

Cell Host Microbe. Author manuscript; available in PMC 2016 June 10.
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Previous work demonstrated that ATG5 is important for controlling intracellular M.
tuberculosis replication in vivo (Gutierrez et al., 2004; Watson et al., 2012). In contrast,
IRF3-driven type | IFNs appear to work in a cell extrinsic fashion promoting infection in
vivo (Manca et al., 2001; Manzanillo et al., 2012). Given the potential positive and negative
roles of these two outputs of STING/TBK1 activation during infection, we sought to
determine the overall role of cGAS in M. tuberculosis pathogenesis. Infection of cGas™-
mice led to partially decreased type I IFN levels when compared with wild-type mice,
indicating that while this pathway is activated by M. tuberculosis during infection, other
pathways can stimulate IFN in vivo (Figures 3L and 3M). Moreover, these animals had no
overt defect in overall resistance to M. tuberculosis as we observed similar bacterial burdens
in the tissues of these mice at both early and late time points after infection (Figures 3N and
30), and none of the cGas™~ succumbed to infection during the 100-day experiment (Figure
3P). Consistent with these observations, a parallel study by Collins et al. using the same M.
tuberculosis strain but different cGas”- mice (Li et al., 2013), also found that M.
tuberculosis-infected cGas™" mice have similar bacterial loads and cytokine levels compared
to wild-type mice through an extended time-course of infection. In these studies, Collins et
al. report a small increase in susceptibility of cGas”- mice to M. tuberculosis manifest after
the 100-day time point, a phenotype that was not observed in Sting”- mice. Although we do
not understand the basis for these small discrepancies, both studies support the overall
conclusion that removing cGAS from the context of an intact immune system is insufficient
to dramatically alter host resistance to M. tuberculosis. This is in stark contrast to both
IRF37- and myeloid-specific ATG57" mice (Manzanillo et al., 2012; Watson et al., 2012).
Since we observed a significant reduction in autophagic targeting in cGas’- macrophages,
we sought to determine the cell-intrinsic contribution of cGAS in controlling M. tuberculosis
replication in macrophages. Consistent with cGAS targeting M. tuberculosis to the selective
autophagy pathway for destruction by lysosomes, cGas”~ and Sting”- BMDMs were
permissive for M. tuberculosis growth, resulting in three-fold higher bacterial numbers
compared to wild-type macrophages five days post-infection (Figure 3K). Thus, while cGAS
appears to be dispensable for overt bacterial resistance in a mouse model, this receptor is
required for cell-intrinsic bacterial Killing in macrophages. While we do not understand why
the susceptibility of cGas”" macrophages does not translate to a similar phenotype during
infection of the entire mouse, we suspect that compensatory factors manifest only in vivo,
such as the involvement of additional host DNA sensors or functionally redundant
autophagic targeting pathways, may be at play. Alternatively, the decrease of pro-bacterial
type | IFNs in cGas™" mice during M. tuberculosis infection may be balanced by the reduced
antibacterial capacity of selective autophagy in the macrophages of cGas™ mice. Finally,
while cGAS activation leads to both interferon and autophagic targeting in macrophages,
specific functions of IRF3 and ATGS5 (Choi et al., 2014; Zhao et al., 2008) independent of
their roles in interferon production and autophagic targeting, respectively, may still be active
in cGas™ mice.

M. tuberculosis genomic DNA in vivo in an ESX-1 dependent manner

Our finding that cGAS is activated by M. tuberculosis supports an interaction between a
bacterial-derived molecule (DNA) and a host cytosolic sensor in vivo. However, surprisingly
few bona fide physical interactions have been identified between M. tuberculosis and
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macrophages in the context of infection. This prompted us to explore the molecular
mechanism by which M. tuberculosis activates cCGAS by detecting a physical association of
cGAS and DNA within macrophages. Consistent with previous findings, we were able to
efficiently co-precipitate cGAS following transfection with biotin-labeled ISD in
macrophages (Figure 4A) (Liang et al., 2014; Sun et al., 2013). To perform the reciprocal
experiment using unlabeled DNA, we adapted a chromatin-IP protocol to capture DNA
bound by cGAS in live cells. We first transfected macrophages with 1SD, and after
formaldehyde crosslinking and immunoprecipitating with a-FLAG beads (Figure S4A), we
measured the abundance of 1ISD by qPCR. Importantly, we identified an enrichment of ISD
only in immunoprecipitates from FLAG-cGAS-expressing cells transfected with ISD, but
not in untransfected cells or cells expressing cGAS with a different epitope tag (Strep-
CGAS, Figure S4B).

We next utilized this ChlIP-like methodology to determine if cGAS binds directly to M.
tuberculosis genomic DNA during infection. We infected cGAS-expressing macrophages
with M. tuberculosis, crosslinked and immunoprecipitated cGAS (Figure 4B), and measured
the abundance of several M. tuberculosis DNA sequences, including the 1S6110 transposon
and the CRISPR repeat, two repetitive elements in the M. tuberculosis genome (Figure 4C).
These M. tuberculosis-derived sequences were significantly enriched in FLAG-cGAS
immunoprecipitates as compared to controls (FLAG-GFP and Strep-cGAS). Importantly, we
observed an enrichment of mycobacterial DNA bound by cGAS in cells infected with wild-
type M. tuberculosis compared to cells infected with ESX-1 mutant bacteria, which cannot
actively access the cytosol (Figure 4C). The M. tuberculosis DNA sequences that were
detected in the ESX-1 mutant-infected cells likely arise from nonspecific phagosomal
rupture that can occur when macrophages undergo necrotic cell death during high MOI
infections (Lee et al., 2006). Furthermore, we did not observe any change in the abundance
of host-derived DNA sequences in the immunoprecipitates after M. tuberculosis infection
(Figure 4D), although the low levels of host sequences that were detected may be due to low
levels of nonspecific binding of cGAS to nuclear DNA during normal cell processes
(Schoggins et al., 2014). Together, these data show that bacterial-derived DNA exposed to
the cytosol is bound by cGAS during infection.

Discussion

Our data, as well as the work presented in the accompanying papers (Collins et al., 2015;
Wassermann et al., 2015), support a model in which M. tuberculosis triggers the STING/
TBK1 pathway using the ESX-1 secretion system to disrupt phagosomal membranes,
allowing bacterial DNA access to cGAS in the cytosol . Subsequent activation of TBK1
likely couples a number of cellular events, including the IRF3-dependent IFN response and,
as described here, antibacterial autophagic targeting. Although indirect evidence had
implicated the role of cytosolic bacterial DNA in triggering these pathways (Manzanillo et
al., 2012; Watson et al., 2012), here we provide direct evidence that bacterial DNA is a bona
fide “pathogen-associated molecular pattern” sensed by M. tuberculosis-infected cells. The
mechanism by which DNA is liberated from M. tuberculosis and how ESX-1 permeabilizes
phagosomal membranes to allow cytosolic access are currently unknown. However, we
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suspect that the nucleic acid may be sensed by cGAS at the bacterial cell surface, providing
important spatial cues for the selective recruitment of autophagic vesicles.

It is tempting to speculate that M. tuberculosis has evolved to use its own chromosomal
DNA to elicit type | IFNs, as these cytokines are produced throughout in vivo mouse
infections (Manzanillo et al., 2012) as well as in active human disease (Berry et al., 2010).
While the modest decreases in type | IFNs and similar CFU counts we observed during
cGas™" mouse infection implicate a role for other host sensor molecules, this work provides
a detailed view of one of the molecular interactions that occurs during M. tuberculosis
infection of macrophages. Indeed, the situation in vivo is certainly much more complicated,
and we cannot exclude the possible role of additional DNA sensors which may work in
concert with cGAS to coordinate an innate immune response, or the potentially crucial role
of signaling in other cell types at different stages of infection. Although these other factors
remain uncharacterized, we suspect that cGAS contributes to the robust type | IFN signature
associated with active disease in humans (Berry et al., 2010; Novikov et al., 2011).

The cGAS/STING/TBK1 pathway is a major pathway by which innate immune cells
recognize both viral and bacterial pathogens that access the cytosol, but different bacteria
have evolved diverse mechanisms to initiate this response. We suspect that this primarily
antiviral pathway has been co-opted by bacterial pathogens, perhaps primarily to elicit type |
IFNs. Indeed, this pathway may be an easy target for bacterial pathogens as the potential for
evolution of bacteria to elicit this response would, in theory, be relatively straightforward as
it simply requires exposure of existing metabolites such as nucleic acids or cyclic
dinucleotides to the inside of infected cells. However, activation also comes at a cost to
bacterial replication as cGAS/STING/TBK1 activation simultaneously induces autophagic
targeting. The ability of some pathogens, like L. pneumophila (Choy et al., 2012) and L.
monocytogenes (Gao et al., 2013; Sun et al., 2013; Tattoli et al., 2013), to inhibit autophagy
may be a common mechanism by which pathogens shift the balance of cytosolic detection to
promoting infection. Understanding how to shift this balance instead toward autophagic
targeting of bacterial pathogens represents an attractive host-directed therapeutic strategy to
combat infection in humans.

Experimental Procedures

Cell lines and cell culture

Bone marrow derived macrophages (BMDMs) were generated from wild-type C57BL/6
(The Jackson Laboratory), cGas™" (Schoggins et al., 2014) (or (Li et al., 2013) for
experiments with L. pneumophila), and Sting9/9t (referred to as Sting™") (Sauer et al., 2011)
mice that were 8-12 weeks old. All mice were housed and treated using procedures
described in animal care protocols approved by the Institutional Animal Care and Use
Committee of UC San Francisco and Washington University St. Louis.

Bacterial strains

The wild-type M. tuberculosis strain used in these studies was the Erdman strain except
when CDC1551 was used as mentioned. The 10403S strain of L. monocytogenes, the
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SL1344 strain S. enterica serovar Typhimurium, and the LPO2 AflaA strain of L.
pneumonphila were used as wild type strains.

Bacterial infections

For M. tuberculosis infections, cells were infected at a multiplicity of infection (MOI) of 10
for RNA and cytokine analysis and 1 for CFUs and microscopy studies. For L.
monocytogenes, S. Typhimurium, and L. pneumophila infections, BMDMs were infected at
an MOI of 10, 5, and 1, respectively. Cells were harvested 4 or 6 h post-infection.

RNA isolation and qPCR analysis

For RNA analysis, cells were harvested in Trizol 4 h post-treatment, and RNA was isolated
using PureLink RNA Mini Kits (Invitrogen). cDNA was synthesized with iScript cDNA
Synthesis Kit (Bio-Rad). gPCR was performed using Tag DNA Polymerase (NEB) and
SYBR Green | (Sigma). Both the averages and the standard deviations of the raw values
were normalized to the average of the treated wild-type sample, which was set at 100%.

Colocalization of markers with M. tuberculosis and cytosolic DNA

Cytosolic DNA puncta or bacterium-containing phagosomes were visualized directly by
fluorescence microscopy. A series of images were captured and analyzed by counting the
number of cell-associated DNA puncta or bacteria that colocalized with the corresponding
marker. At least one hundred events were analyzed per cover slip, and each condition was
performed with triplicate cover slips. For experiments in knockout or knockdown cells,
genotypes were blinded throughout.

Mouse infection

All procedures involving animals were conducted following NIH guidelines in accordance
with an approved IACUC protocol at Washington University in St. Louis School of
Medicine. cGas™* and cGas™" mice (Schoggins et al., 2014) (C57BL/6 background, male
and female littermates, approximately 8-10 weeks old; see Supplemental Experimental
Procedures) were infected with ~100 M. tuberculosis (Erdman strain) using an inhalation
exposure system (Glas-Col). Samples were collected for CFUs, RNA, or serum analysis at
the indicated time points.

CcGAS pulldown and DNA analysis

Statistics

RAW 267.4 cells were infected at an MOI of 20 or transfected with 25 g ISD and fixed in
4% PFA after 2 h. Tagged constructs were immunoprecipated using M2 FLAG Magnetic
Beads (Sigma) eluted with FLAG peptide (synthesized by Bioneer, Inc., Alameda, CA). IP
efficiency was confirmed by Western blot analysis. Samples were analyzed by gPCR to
measure the abundance of fragments from the M. tuberculosis or mouse genome.

Statistical analysis of data was performed using GraphPad Prism software (Graphpad, San
Diego, CA). Two-tailed unpaired Student's t-tests were used for statistical analyses, and
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unless otherwise noted, all results are representative of at least two independent biological
experiments and are reported as the mean + SD (n = 3 per group).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. cGAS is essential for induction of the cytosolic surveillence response during
intracellular bacterial infection

(A) BMDMs were infected with WT or AESX-1 M. tuberculosis (Erdman) for 4 h, and IFN-
B and IFIT1 transcripts were measured by RT-gPCR. mRNA levels are expressed as
percentages relative to infected WT cells.

(B) Same as (A) but IFN-B protein was measured by ELISA (left) or with ISRE-luciferase
cells (right) 24 h post-infection.

(C) Same as (A) but M. tuberculosis strain CDC1551.

(D) Same as (A) but TNFa.
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(E) Same as (A) but with U937 knockdown cell lines. mRNA levels are expressed as
percentage relative to infected scramble control cells.

(F-H) BMDMs were infected for 4 h and transcript levels were measured during infection
with L. pneumophila AflaA (L.p.) or AflaAAsdhA (L.p. AsdhA) (F), L. monocytogenes (L.m.)
(G), or S. Typhimurium (S. T.) (H). n.s., not significant; **p < 0.005 by two-tailed t-test
comparing to WT infected with WT bacteria. See also Figure S1.
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Figure 2. cGAS is required to target cytosolic DNA to the ubiquitin-mediated selective
autophagy pathway

(A) MEFs expressing 3XxFLAG-tagged cGAS transfected with Cy3-labeled plasmid DNA
for 4 h and immunostained for 3xFLAG or indicated markers.

(B) Quantification of cGAS+ Cy3-DNA co-stained with indicated marker from (A).
Differences are not statistically significant.

(C) RAW 264.7 cells stably expressing 3XxFLAG-cGAS transfected with Cy3-DNA for 4 h
and immunostained for 3XxFLAG and indicated markers.

(D) Quantification of ubiquitin and LC3 colocalization with Cy3-DNA 4 h post-transfection
in BMDMs.

(E) Same as (D) but RAW 264.7 knockdown cell lines.

(F) Same as (D) but U937 knockdown cell lines.

(G) BMDMs were transfected with interferon-stimulatory DNA (ISD) for 2 h, and LC3-II
conversion was analyzed by quantitative Western blot (left) and expressed as a fold-increase
in the ratio of LC3-11/Actin. Results are representative of at least three independent
experiments. *p < 0.05, **p < 0.005 by two-tailed t-test comparing to SCR unless otherwise
indicated. See also Figure S2.
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Figure 3. cGAS is required to target Mycobacterium tuberculosis to the ubiquitin-mediated

selective autophagy pathway

(A) RAW 264.7 cells stably expressing 3xFLAG-cGAS infected with mCherry M.
tuberculosis for 45 min and immunostained for 3xFLAG.
(B) Quantification of (A) during the indicated time course.
(C) RAW 264.7 cells stably expressing 3xFLAG-cGAS infected with mCherry M.
tuberculosis for 45 min and immunostained for 3xFLAG and indicated markers.

(D) Quantification of (C).

(E) Quantification of (C) during the indicated time course.
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(F) BMDMs infected with mCherry M. tuberculosis and immunostained for ubiquitin and
LC3 4 h post-infection.

(G) Quantification of (F).

(H) Quantification of ubiquitin- and LC3-positive M. tuberculosis in RAW 264.7
knockdown cell lines.

(1) Same as (H) but U937 knockdown cell lines.

(J) BMDMs were infected with M. tuberculosis for 2 h, and LC3-11 conversion was analyzed
by quantitative Western blot (left) and expressed as a fold-change in the ratio of LC3-I1/
Actin. Results are representative of at least three independent experiments.

(K) CFUs from BMDM s infected with M. tuberculosis at 6, 24, 72, and 120 h (left) and
normalized to CFUs at 0 h (right).

(L-P) WT and cGas™" mice were infected with ~100 aerosolized M. tuberculosis CFUs (n =
4 or 6 per group).

(L) IFITY transcripts in lungs of uninfected and infected mice.

(M) Serum IFN- levels 21 days post-infection as measured by ISRE-luciferase reporter
cells.

(N-O) CFUs in lungs (N) and spleens (O) 21 and 80 days post-infection.

(P) Survival of mice monitored for 102 days (n = 6 WT and 3 cGas™"). *p < 0.05, **p <
0.005, n.s. not significant by two-tailed t-test comparing to SCR or WT unless otherwise
indicated. See also Figure S3.
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Figure 4. cGAS binds to M. tuberculosis-derived DNA during infection
(A) Western blot of 3xFLAG-cGAS after streptavidin pulldown of cell lysates from

3xFLAG-cGAS RAW 264.7 cells transfected with interferon-stimulatory DNA (ISD) or
biotinylated-1SD.

(B) Western blot of inputs and FLAG IPs from WT or AESX-1 M. tuberculosis infected
RAW 264.7 cells stably expressing 3XxFLAG-GFP or 3xFLAG-cGAS (left panel), or Strep-
CGAS as a negative control (right panel). Whole cell lysates (Input) or IPs (Flag-1P) were
visualized by Western blot using anti-FLAG (left) or anti-Strep (right) antibodies.

(C) gPCR of M. tuberculosis-derived sequences from DNA isolated from IPs in (B).
Quantities were normalized to inputs.

(D) Same as (C) but mouse Actin. n.s., not significant, **p < 0.005 by two-tailed t-test. See
also Figure S4.

Cell Host Microbe. Author manuscript; available in PMC 2016 June 10.





