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SUMMARY

Lung inflammation induced by silica impairs host
control of tuberculosis, yet the underlying mecha-
nism remains unclear. Here, we show that silica-
driven exacerbation of M. tuberculosis infection
associates with raised type 2 immunity. Silica in-
creases pulmonary Th2 cell and M2 macrophage
responses, while reducing type 1 immunity after
M. tuberculosis infection. Silicainduces lung damage
that prompts extracellular self-DNA release and
activates STING. This STING priming potentiates
M. tuberculosis DNA sensing by and activation of
cGAS/STING, which triggers enhanced type | inter-
feron (IFNI) response and type 2 immunity. cGAS-,
STING-, and IFNAR-deficient mice are resistant
to silica-induced exacerbation of M. tuberculosis
infection. Thus, silica-induced self-DNA primes the
host response to M. tuberculosis-derived nucleic
acids, which increases type 2 immunity while
reducing type 1 immunity, crucial for controlling
M. tuberculosis infection. These data show how
cGAS/STING pathway activation, at the crossroads
of sterile inflammation and infection, may affect
the host response to pathogens such as
M. tuberculosis.

INTRODUCTION

Occupational and environmental exposures to silica affect lung
function with a significant, yet underappreciated, influence on
global respiratory health (Quail, 2017). Silica exposure also exac-
erbates comorbidities, including an up to 40-fold increased risk

Cell Reports 27, 2649-2664, May 28, 2019 © 2019 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

for pulmonary tuberculosis (Barboza et al., 2008; Calvert et al.,
2003; Marcy, 1950; Melo et al., 2016). Fine particulate air pollut-
ants have been associated with tuberculosis incidence and
outcome (Popovic et al., 2019). However, the underlying mecha-
nisms by which patients exposed to silica become predisposed
to the development of severe tuberculosis are poorly understood
(Konecny et al., 2019). Inhaled crystalline silica affects immune
and non-immune cell types, resulting in responses ranging from
inflammation to oxidative stress and cell death (Joshiand Knecht,
2013; Porter et al., 2004, 2006). In particular, silica induces nucle-
otide-binding oligomerization domain (NOD)-like receptor family,
pyrin domain containing 3 (NLRP3) inflammasome activation and
interleukin-1 (IL-1)-dependent inflammation (Hornung et al.,
2008), but also type | interferons (IFNIs) that contribute to silica-
induced chronic lung inflammation (Giordano et al., 2010).

Silica-induced inflammation may either enhance or antagonize
canonical immune protective responses against Mycobacterium
tuberculosis infection mediated by tumor necrosis factor (TNF),
interferon (IFN)y, IL-1, IL-12, and nitric oxide (Cliff et al., 2015;
Cooper et al.,, 1997; Flynn et al., 1993; O’Garra et al., 2013).
This protective anti-mycobacterial type 1 immune response is
counteracted by the bacilli, which elicit deleterious IFNI- and
IL-10-mediated responses, promoting permissive macrophages
(Cambier et al., 2014; McNab et al., 2015; Moreira-Teixeira et al.,
2018; O’Garra et al., 2013; Orme et al., 2015; Schreiber et al.,
2009; Srivastava et al., 2014). M. tuberculosis residing in the
macrophage release DNA, which is detected by the cytosolic
surveillance system through cyclic guanosine monophosphate
(cGMP)-AMP synthase (cGAS), triggering activation of the stim-
ulator of IFN genes (STING) adaptor molecule and inducing IFNI
responses (Collins et al., 2015; Manzanillo et al., 2012; Wasser-
mann et al., 2015; Watson et al., 2015). While the STING pathway
contributes to the host response to infection, including bacterial
infections (Marinho et al., 2017), it does not seem essential to
control in vivo M. tuberculosis infection (Collins et al., 2015;
Marinho et al., 2018).
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Figure 1. Silica Exacerbates Type 2 Immune Response after M. tuberculosis Infection
(A) Silica microparticles (1 mg/mouse, intratracheally [i.t.]) or saline vehicle was administered to WT mice 7 days before infection with M. tuberculosis H37Rv
(1,000 CFU/mouse, intranasally [i.n.]). The parameters were analyzed in the lung on day 28 post-infection, unless otherwise stated.

(B) Flow cytometry analysis of bronchoalveolar cell death 7 days after silica exposure with a quantification of annexin V*/PI* cells.
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In the present study, we explore how silica pre-exposure com-
promises the host control of M. tuberculosis infection. We
hypothesized that silica-induced cell damage, raising self-DNA-
mediated release of IFNI through the STING pathway, may impair
the host control of infection. Furthermore, we proposed that pro-
moting pulmonary immunity to detect and respond to host nucleic
acids may also increase the ability of the host to respond to path-
ogen-derived nucleic acids. This was the case, as silica pre-expo-
sure upregulated the cGAS/STING DNA-sensing pathway. This
potentiated the STING-dependent response to M. tuberculosis,
leading to IFNI overexpression and raised type 2 immune re-
sponses, while decreasing type 1 immune response. DNA was
central to this response, as it was recapitulated by M. tuberculosis
DNA (M.tb DNA) administration in silica-pre-exposed mice. Thus,
silica exposure through self-double-stranded DNA (dsDNA)
release primes the host cytosolic surveillance system and condi-
tions the host to fully respond to M.tb DNA, driving a cGAS/
STING-dependent type 2 immunity that antagonizes the type 1
immunity, crucial for host control of M. tuberculosis. These data
provide an underlying mechanism for silica exacerbation of
M. tuberculosis infection and show the implication of nucleic acids
in mycobacterial infection. The duality of the STING adaptor mole-
cule, sensing nucleic acids from both the host and the pathogen, is
central to explain silica-induced exacerbation of M. tuberculosis
infection and shows how the activation of cGAS/STING by self-
DNA may affect the host response to infection.

RESULTS

Silica Pre-exposure Exacerbates M. tuberculosis
Infection and Type 2 Immune Response

Type 1 immunity is essential for the control of M. tuberculosis
infection (O’Garra et al., 2013), and we asked whether silica
pre-exposure could affect the immunological balance between
type 1 and type 2 immune responses. Mice were pre-exposed in-
tratracheally to silica microparticles 7 days before intranasal
infection with M. tuberculosis H37Rv (Figure 1A). Silica exposure
induced bronchoalveolar cell death (Figure 1B), with dsDNA
release in the bronchoalveolar lavage fluid (BALF), which was
more prominent after silica and M. tuberculosis infection (Fig-
ure 1C). Silica pre-exposure increased the mycobacterial burden
inthe lung 4 weeks post-infection (Figure 1D). IFNy and IL-12p40,

two major cytokines involved in the host control of M. tubercu-
losis infection, and inducible nitric oxide system (iNOS)-coding
gene Nos2, leading to mycobactericidal nitric oxide (NO) produc-
tion, were significantly decreased after silica exposure in
M. tuberculosis-infected mice (Figures 1E-1G). Conversely, IL-
10, mannose receptor (MR), and the arginase 1-coding genes
Mrc1 and Arg1 were overexpressed after silica exposure in
M. tuberculosis-infected mice (Figures 1H-1J), which is indica-
tive of an alternative M2 response. Moreover, T helper 2 (Th2)-
induced cytokine genes such as //4, /5, and Il13 were upregulated
in the lung upon silica exposure plus M. tuberculosis infection
(Figures 1TK-=1M). We report here a positive correlation between
1113 expression in the lungs and lung bacterial burden after
M. tuberculosis infection, indicating that IL-13 may be detri-
mental to the host (Figure 1N). Silica exposure induced more
severe tissue damage and cell infiltration in the lungs of
M. tuberculosis-infected mice (Figure 10), with raised MR
expression, a hallmark of M2 macrophages, as compared with
silica-exposed or M. tuberculosis-infected mice (Figures 1P
and 1Q). We then asked whether the Th1/Th2 balance was
affected by silica. After silica exposure, the proportion of
IL-13*CD4* Th2 cells was increased and, conversely, IFNy*CD4*
Th1 cells were decreased in the lungs of M. tuberculosis-infected
mice (Figures 1R-1U). Thus, silica exposure modified the balance
of immune responses induced by M. tuberculosis infection, with
increased type 2 immunity and reduced type 1 immunity, leading
to impaired control of the infection.

IFNI and STING Pathways Are Overexpressed in Silica-
Pre-exposed M. tuberculosis-Infected Mice

IFNI is associated with a defective control of M. tuberculosis
infection (Mayer-Barber et al., 2014; O’Garra et al., 2013), and
we next asked whether the IFNI pathway contributes to the
silica-induced exacerbation of M. tuberculosis infection. Ifna
and Ifn( gene expression was increased after silica exposure
and M. tuberculosis infection (Figures 2A and 2B), and this corre-
lated with raised bacterial burden in the lung on day 28 post-
infection (Figures 2C and 2D). There was a strong positive
correlation between Ifng and //13 expression in the lungs of these
mice (Figure 2E). Silica pre-exposure also exacerbated the pro-
duction of IFN-stimulated gene CXCL10 after M. tuberculosis
infection (Figure 2F).

D) Bacterial burden.
E, F, and H) ELISA measurement of IFNy (E), IL-12p40 (F), and IL-10 (H).

N) Correlation between //13 expression and lung bacterial load.

C) Quantification of extracellular dsDNA in the acellular fractions of bronchoalveolar lavage fluid (BALF).

G and I-M) mRNA levels of Nos2 (G), Mrc1 (l), Arg1 (J), 114 (K), 115 (L), and /|13 (M) assessed by qRT-PCR.

0) Lung tissue histology H&E staining, with pathology scoring of the presence of inflammatory cell infiltration and granuloma. Bars, 200um.
P) Confocal images of DNA dye Drag5 (blue) and mannose receptor (MR; green) staining. Bars, 50 um.

(
(
(
(
(
(
(
(

Q) Flow cytometry analysis of MR CD206 expression in CD45* F4/80" cells: histograms from individual mice and CD206 mean fluorescence intensity (MFI).
(Rand S) Gating strategy for flow cytometry analysis of Th1 and Th2 cells: CD11b~F4/80 singlet cells are selected for double-positive CD45 and T cell receptor 3
(TCRB) cells (R). Then, Th2 cells are defined as CD4*IL-13* cells and Th1 cells as CD4*IFNy* cells (S).

(T and U) Proportion of Th2 (T) and Th1 cells (U) in the lungs of mice exposed or not exposed to silica microparticles and infected by M. tuberculosis H37Rv.
Representative of two independent experiments with similar results. Data are presented as means + SEMs. In (B) n =5 (—) and n = 4 (+ silica); (C)-(N) and (Q) n=5
(=), n=5(+silica), n=4 (— H37Rv), and n = 5 (silica + H37Rv); (O) n =3 (—), n =5 (+ silica), n = 3 (— H37Rv) and n = 4 (silica + H37Rv); (T) and (U) n =4 (— H37Rv) and
n =5 (silica + H37Rv) mice per group. Images are representative of four fields per mouse. Each point represents an individual mouse. *p < 0.05, **p < 0.01, **p <
0.001, and ***p < 0.0001 (Student’s t test for B, D, T, and U, or one-way ANOVA with Tukey’s post hoc test). The correlation analyses were nonparametric
(Spearman’s correlation).
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Figure 2. IFNI and STING Pathways Are Overexpressed in Silica Pre-exposed M. tuberculosis-Infected Mice

Silica microparticles (1 mg/mouse, i.t.) or saline vehicle was administered in WT mice 7 days before M. tuberculosis infection, as in Figure 1A. The parameters
were analyzed in the lung on day 28 post-infection, unless otherwise indicated.

(A and B) mRNA levels of Ifna (A) and Ifng3 (B) assessed by gRT-PCR.

(legend continued on next page)
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Responses driven by the nucleic acid sensor cGAS/STING
pathway are important for the induction of IFNI (Ablasser
et al., 2013; Ishikawa and Barber, 2008; Ishikawa et al., 2009;
Sun et al., 2013), and we next questioned the involvement of
the cGAS/STING axis in silica-induced exacerbation of
M. tuberculosis infection. Silica exposure triggered cell death
and dsDNA release (Figures 1B and 1C), inducing the upregu-
lation of STING-coding gene Tmem173 (Figure 2G) and
cGAS-coding gene Mb21d1 (Figure 2H), which were also ex-
pressed after M. tuberculosis infection and further upregulated
in the lungs of silica-pre-exposed M. tuberculosis-infected
mice. Confocal microscopy revealed STING aggregates in
the perinuclear region of silica-pre-exposed mice, less so in
M. tuberculosis-infected mice, while STING aggregates were
more prominent in the lungs of silica-pre-exposed M. tubercu-
losis-infected mice (Figure 2l). The STING-coding Tmem173
gene was already strongly upregulated 7 days after silica expo-
sure (Figure 2J), indicating that silica pre-exposure primed the
host nucleic acid-sensing pathway, conditioning the host
response to subsequent infection. IFN regulatory factor 3
(IRF3) speck formation was also increased in the lungs of
mice co-challenged with silica pre-exposure and M. tubercu-
losis infection (Figures 2K and 2L). We present raised type 2 im-
munity and activation of cGAS/STING/IFNI pathways as a
signature of silica-induced exacerbation of M. tuberculosis
infection.

Extracellular DNA Induces Deleterious Type 2 Immunity
after M. tuberculosis Infection

As DNA was released in the airways after silica exposure and/or
M. tuberculosis infection, and the cGAS/STING pathway sensed
dsDNA, we next tested the involvement of DNA in the host
response to M. tuberculosis infection. To appreciate the contri-
bution of extracellular DNA on the host immune response to
M. tuberculosis, infected mice were treated with DNase | in con-
ditions effectively degrading extracellular DNA (Figure 3A) (Ben-
merzoug et al., 2018; Toussaint et al., 2017). Both lung bacterial
burden and M. tuberculosis-induced overall lung inflammation
were reduced after systemic DNase | treatment (Figures 3B
and 3C). We next questioned whether degrading extracellular
dsDNA could affect the balance between type 1 and type 2
immunity. DNase | treatment increased IFNy and IL-12p40 pro-
duction after M. tuberculosis infection (Figures 3D and 3E).
Conversely, M. tuberculosis-induced /4, /13, and to a lesser
extent //5 genes were downregulated after DNase | treatment,
demonstrating the crucial role of extracellular DNA in eliciting
type 2 immunity after M. tuberculosis infection (Figures 3F-3H).

Moreover, DNase | treatment reduced the proportion of Th2 cells
seen in the lung after M. tuberculosis infection (Figures 31-3K),
while it increased the proportion of Th1 cells, as compared
with M. tuberculosis-infected mice (Figures 3l, 3J, and 3L).
Thus, extracellular DNA is key to promoting type 2 immunity
favoring M. tuberculosis persistence, a response that can be
abrogated by DNase I.

cGAS/STING Pathway Is Essential for Type 2 Immune
Response in Silica-Induced Exacerbation of

M. tuberculosis Infection

We next investigated the role of STING and cGAS in inducing
type 2 immune responses after in vivo silica exposure
plus M. tuberculosis infection, by co-challenging STING- and
cGAS-deficient mice. The increased lung M. tuberculosis bacte-
rial load, lung inflammation and inflammatory cell infiltration seen
at 4 weeks of infection after silica pre-exposure in wild-type (WT)
mice were absent in STING™~ and cGAS™~ mice (Figures 4A-
4C), with no significant effect on bacterial dissemination to
the spleen (Figure 4D). Furthermore, the reduction in IFNy,
IL-12p40 release, and Nos2 gene expression seen after silica
pre-exposure in M. tuberculosis-infected WT mice was abolished
in STING™~ or cGAS™~ mice (Figures 4E-4G). Conversely, the
exacerbation of type 2 immune response seen in the lung after sil-
ica exposure in M. tuberculosis-infected WT mice was abrogated
in the absence of STING or cGAS, in terms of Mrc1, Arg1, I14, 115,
and //13 gene expression (Figures 4H-4L) or MR staining (Figures
4M and 4N). Furthermore, the increase in Th2 cells induced by
silica exposure in M. tuberculosis-infected WT mice was reduced
in STING ™~ and cGAS ™~ mice (Figures 40 and 4P). However,
the reduction in IFNy-expressing Th1 cells in the co-challenged
WT mice was prevented in the absence of STING or cGAS (Fig-
ures 40 and 4Q). The overexpression of Ifna and Ifn8 and higher
production of CXCL10 observed after silica exposure and
4-week M. tuberculosis infection was significantly reduced in
STING ™~ and cGAS ™~ mice, as was the formation of IRF3 punc-
tate (Figure S1). Silica-induced type 2 immune response was
persistent. At 8 weeks post-infection (Figure S2), silica pre-expo-
sure yielded increased lung bacterial load and dissemination to
the spleen, decreased type 1 marker Nos2 but increased type
2 markers 114, 15, 1113, Mrc1, and Chil3, increased Th2 but
decreased Th1 populations, and more prominent lung inflamma-
tion. These silica-induced parameters were prevented in
STING ™/~ and cGAS ™/~ mice (Figure S2). These data provide
direct evidence that the cGAS/STING pathway is essential for
silica-induced exacerbation of M. tuberculosis infection by
eliciting a deleterious type 2 immunity.

(
(F) ELISA measurement of CXCL10.
(
(

C-E) Correlations between Ifna and bacterial burden (C), Ifn3 and bacterial burden (D), and //73 and I/fng (E).

G and H) mRNA levels of STING-related gene Tmem173 (G) and cGAS-related gene Mb21d1 (H).
1) Confocal images of DNA dye Drag5 (blue) and STING specific antibody (red) staining. Bars, 50 um; at higher magnification, 5um.

(J) mRNA levels of STING-related gene Tmem173 in the lung day 7 post-silica pre-exposure.

(
(L) Quantification of IRF3 specks per 100 cells.

K) Confocal images of DNA dye Drag5 (blue) and IRF3 (red) staining. Bars, 10 um.

Representative of two independent experiments with similar results are depicted. Data are presented as means + SEMs. In (A)-(E) and (F)~(H)n=3-5(-),n=4
(+ silica), n =4 (— H37Rv), and n = 5 (silica + H37Rv); J, n =5 (—) and n =5 (+ silica); L, n =4 (=), n =4 (+ silica), n = 4 (— H37Rv), and n = 4 (silica + H37Rv) mice per
group. Images are representative of four fields per mouse. Each point represents an individual mouse. *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001
(Student’s t test for J, or one-way ANOVA with Tukey’s post hoc test). The correlation analyses were nonparametric (Spearman’s correlation).
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Figure 3. Extracellular DNA Is Central to Type 2 Immunity after M. tuberculosis Infection

(A) WT mice infected with M. tuberculosis H37Rv (1,000 CFUs/mouse, i.n.) received either DNase | (200 ng/mouse, i.p.) or vehicle control. The parameters were
analyzed in the lung on day 28 post-infection.

(B) Bacterial burden.

(legend continued on next page)
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Type 2 Immune Response in Silica-Induced
Exacerbation of M. tuberculosis Infection Is Mediated by
IFNI Signaling

To verify the contribution of IFNI signaling in inducing the
type 2 immunity elicited after co-challenge by silica and
M. tuberculosis infection, IFNa/B receptor (IFNAR)-deficient
mice were exposed to silica and infected by M. tuberculosis (Fig-
ure S3). The overall lung inflammation evaluated by relative lung
weight was increased in co-challenged WT mice, but not in
IFNAR™~ mice (Figure S3A). The reduction in IL-12p40 and
Nos2 seen after silica exposure in M. tuberculosis-infected WT
mice was absent in IFNAR™~ mice (Figures S3B and S3C). How-
ever, the overexpression of type 2-related genes Mrc1, Arg1, 114,
115, and 1113 seen after silica exposure in M. tuberculosis-infected
WT mice was abolished in IFNAR™~ mice (Figures S3D-S3H).
Finally, the decrease in CD4*IFNy* Th1 cells induced in co-chal-
lenged WT mice was absent in IFNAR™~ mice (Figures S3I and
S3K), while the increase in CD4*ST2*ICOS™ Th2 cells after silica
exposure of M. tuberculosis-infected WT mice was reduced in
IFNAR™~ mice (Figures S3J and S3L). The increase in bacterial
burden seen in WT mice pre-exposed to silica was absent in
IFNAR™~ mice (Figure S3M), demonstrating the role of IFN
in silica-induced M. tuberculosis infection exacerbation. Thus,
silica-driven type 2 immunity after M. tuberculosis infection is
induced through IFNI signaling.

Silica Pre-exposure Potentiates the Host Response

to M.tb DNA to Induce Deleterious Type 2 Immune
Responses

To address the mechanism by which silica pre-exposure exac-
erbates M. tuberculosis infection, we hypothesized that silica
pre-exposure, inducing cell death and self-dsDNA release,
may promote host cGAS/STING DNA sensing to respond to
M.tb DNA. We thus questioned the role of M.tb DNA in the
silica-induced exacerbation of M. tuberculosis infection. We
investigated whether silica pre-exposure could potentiate the
host response to M.tb DNA and recapitulate the features of
silica-driven exacerbation of type 2 immune response seen
after M. tuberculosis infection (Figure 5A). Silica exposure
induced self-dsDNA release in the bronchoalveolar space,
further raised after M.tb DNA administration (Figure 5B). M.tb
DNA itself poorly influenced the type 1 immune response,
even after silica pre-exposure, as seen with unaffected
IL-12p40 and Nos2 expression (Figures 5C and 5D). While
M.tb DNA promoted some type 2 immune responses, they
were exacerbated after silica pre-exposure, with a further 7-
to 20-fold overexpression of Arg? and Mrc1 genes (Figures
5E and 5F) and a further 5- to 10-fold upregulation of Th2-asso-

ciated //4-, II5-, and //13-coding genes in the lungs after silica
pre-exposure plus M.tb DNA co-challenge (Figures 5G-5l).
Silica exposure, or M.tb DNA alone, induced MR and IL-13 pro-
tein expression, which were overexpressed after silica pre-
exposure plus M.tb DNA co-challenge (Figure 5J). However,
iINOS protein expression was unaffected (Figure 5J). We next
sought to identify whether M2 macrophages or Th2 cell popu-
lations were recruited to the lungs. Silica exposure plus M.tb
DNA induced the pulmonary recruitment of F4/80*CD206*
anti-inflammatory M2 macrophages and ICOS*ST2* Th2 cells
(Figures 5K-5N). M.tb DNA administration after silica exposure
also led to dendritic cell (DC) activation and eosinophilia (Fig-
ure S4). Thus, silica pre-exposure induces self-dsDNA release
that upregulated the host DNA-sensing pathway to exacerbate
host response to M.tb DNA, triggering a type 2 immune
response with M2 and Th2 cell recruitment.

Silica Exposure Exacerbates the Activation of STING
Pathway by M.tb DNA

We next examined the involvement of the STING pathway in
silica pre-exposure-increased DNA-driven type 2 immunity.
Silica pre-exposure induced the expression of STING (Figures
50 and 5P) and amplified the host response to M.tb DNA, lead-
ing to the aggregation of STING in the perinuclear region (Fig-
ure 50). This recapitulated the raised STING expression seen
in the lungs of mice infected with M. tuberculosis after silica
exposure (Figure 2I). The downstream expression of /fna and
Ifn@ genes and IFNI-induced CXCL10 was exacerbated after
silica pre-exposure combined with M.tb DNA challenge (Figures
5Q-58). Silica pre-exposure potentiated STING pathway activa-
tion by M.tb DNA, as seen by STING phosphorylation, dimeriza-
tion, and phosphorylation of the TANK-binding kinase 1 (TBK-1)
(Figure 5T). Thus, silica pre-exposure primed the host DNA-
sensing STING pathway to full-blown activation and IFNI induc-
tion in response to M.tb DNA.

M.tb DNA Induces IFNI Response-Driven Type 2
Immunity

To address further the role of M.tb DNA in immune polarization
in vivo in the absence of infection, heat-killed M. tuberculosis
H37Rv (HKM.tb) was treated with DNase | (Figure S5A) and
administered in the airways. We verified that DNase | effectively
degraded M.tb DNA (Figure S5B). Administration of HKM.tb
induced pulmonary /fna and CXCL10, which were reduced after
DNase | treatment of HKM.tb, showing that M. tuberculosis-
derived nucleic acids are essential to induce IFNI response in vivo
(Figures S5C-S5E). HKM.tb induced IFNy and IL-12p40 produc-
tion, which was further increased by the DNase | treatment

(C) Relative lung weight.
(D and E) ELISA measurement of IFNvy (D) and IL-12p40 (E).
(F-H) mRNA levels of //4 (F), II5 (G), and 13 (H).

(I) Gating strategy for flow cytometry analysis in the lungs. Th1 and Th2 cells are pre-selected using CD11b~F4/80" singlet cells, followed by a selection of double-

positive CD45 and TCRB cells.

(J) Dot plots showing Th2 cells defined as ICOS*ST2" cells and Th1 cells as CD4*IFNy™ cells.

(K and L) Proportion of Th2 (K) and Th1 cells (L) in the lungs of infected WT mice receiving either DNase | or vehicle control.

Data are presented as means + SEMs. In (B) n =5 (H37Rv) and n =5 (H37Rv + DNase I); (C)—(L) n = 3-5 (), n =5 (H37Rv), and n = 10 (H37Rv + DNase |) mice per
group. Each point represents an individual mouse. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 (Student’s t test for B, or one-way ANOVA with Tukey’s

post hoc test).
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Figure 4. Silica-Induced Exacerbation of M. tuberculosis Infection Mediated by Type 2 Immune Response in a cGAS/STING-Dependent

Manner
Silica microparticles (1 mg/mouse, i.t.) or saline vehicle was administered in WT, STING/~, and cGAS ™~ mice until day 7 and then infected with M. tuberculosis

H37Rv (1,000 CFU/mouse, i.n.), as shown in Figure 1A. The parameters were analyzed in the lung on day 28 post-infection, unless otherwise indicated.

(A) Lung bacterial burden.
(legend continued on next page)
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(Figures S4G and S5F ). Nos2 expression was also upregulated
by DNase I-treated HKM.tb (Figure S5H). Conversely, DNase |
treatment reduced the expression of type 2-related Mrc1, I/5,
and //13 genes induced by HKM.tb (Figures S5I-S5K). Further-
more, DNase | treatment of HKM.tb increased the proportion
of Th1 cells (Figures S5L-S5N), while it decreased the proportion
of Th2 cells recruited to the lung after HKM.tb exposure
(Figures S5L, S5M, and S50). Administration of M.tb DNA itself
in the airways induced an IFNI inflammatory response, which
was reduced by DNase |, while DNase | treatment alone had
no effect (Figure S6). Thus, M.tb DNA plays a key role in damp-
ening type 1 immune response and in polarizing type 2 immune
response.

Silica Exposure and M.tb DNA Promote M2 Macrophage
Polarization In Vitro

To further explore the mechanism underlying silica- and M.tb
DNA-driven type 2 immunity, we investigated whether silica
and M.tb DNA affect macrophage polarization in vitro (Figure 6A).
Transfection of M.tb DNA had little influence on M1 macrophage
markers such as IL-12p40 release and Nos2 expression, as
compared to controls stimulated with cyclic di-nucleotide AMP
(cDN; Figures 6B and 6C). In contrast, pre-exposure to silica of
macrophages transfected with M.tb DNA induced large amounts
of IL-10 and overexpression of the M2 macrophage markers MR
and arginase 1 coding genes (Figures 6D-6F). cDN alone did not
induce the transcription of M2 markers Mrc1 or Arg1 (Figures 6E
and 6F). The proportion of MR expressing CD11c CD11b*F4/
80"CD206™ macrophages was increased after silica exposure
plus M.tb DNA transfection (Figures 6G-6l), with increased
membrane MR expression as compared to either silica exposure
or M.tb DNA transfection alone (Figures 6J and 6K). CD206
membrane expression was also exacerbated by silica plus
cDN co-exposure, as compared to either cDN or silica alone
(Figure S7), as was the expression of Ym1 or Ifn8, indicating
that triggering STING through cDN, independently of cGAS, is
enough to drive silica-induced type 2 reprogramming. The
expression of MR was in line with STING activation, which was
induced after silica exposure, and further increased after silica
priming plus M.tb DNA transfection (Figure 6K). Silica pre-expo-
sure induced macrophage cell death, and the co-challenge of
silica plus M.tb DNA drastically increased cell death, as

compared with M.tb DNA alone (Figures S8A and S8B). Cell
death correlated with dsDNA release (Figures S8C and S8D)
and with the overexpression of Tmem173 and Mb21d1 genes
(Figures S8E and S8F). Thus, silica exposure triggers STING
priming, which increases M.tb DNA-induced STING activation
and macrophage switch toward an anti-inflammatory M2 pheno-
type in vitro.

STING Mediates the Switch toward M2 Macrophages in
Response to Silica Plus M.tb DNA

As STING is activated in vivo and in vitro after silica priming and
M.tb DNA challenge, we further examined the role of the cGAS/
STING pathway in M2 macrophage polarization in vitro. We
documented STING overexpression and aggregate formation
in response to silica pre-exposure in WT and cGAS ™~ macro-
phages, which was further increased after silica plus M.tb DNA
in WT macrophages, but less so in cGAS™~ macrophages (Fig-
ure S9). The strong overexpression of CD206 and increased
number of CD11c"CD11b*F4/80*CD206"* seen in WT macro-
phages after silica pre-exposure plus M.tb DNA transfection
were abolished in the absence of STING in STING™~ macro-
phages (Figures 7A-7E). As STING activation in response to
DNA requires an upstream DNA sensor, we addressed the
involvement of cGAS as a DNA sensor. cGAS™~ macrophages
displayed a reduced expression of CD206 and proportion of
CD11c~CD11b*F4/80*CD206"* macrophages in response to sil-
ica pre-exposure plus M.tb DNA transfection, although this was
less pronounced than for STING ™~ macrophages (Figures 7A-
7E). Silica pre-exposure abolished the induction of IL-12p40 or
Nos2 expression induced by M.tb DNA (Figures 7F and 7G). By
contrast, silica pre-exposure primed macrophages to M.tb
DNA, inducing an increase of IL-10 production and Mrc1 expres-
sion in WT macrophages that was absent in STING- and cGAS-
deficient macrophages (Figures 7H and 7I). Furthermore,
confocal microscopy showed the overexpression of the MR
CD206 in silica-exposed M.tb DNA transfected WT macro-
phages that was abrogated in STING™~ macrophages and
less so in cGAS™~ macrophages (Figure 7J). This was accom-
panied by the activation of the IFNI response through STING
and IRF3 pathways (Figure S10). Therefore, silica priming condi-
tions macrophages to M.tb DNA-induced M2 polarization in a
cGAS/STING-dependent manner.

B) Relative lung weight.

C) Lung tissue histology H&E staining, with pathology scoring of the presence of inflammatory cell infiltration and granuloma. Bars, 200 um.

(
(
(D) Spleen bacterial burden.

(E and F) ELISA measurement of IFNy (E) and IL-12p40 (F).

(G-L) mRNA levels of Nos2 (G), Mrc1 (H), Arg1 (), l14 (J), II5 (K), and //13 (L).
(M) MFI of MR CD206 expression in CD45*CD4~ F4/80* cells.

(

N) Confocal images of DNA dye Drag5 (blue) and MR (green) staining. Bars, 50 um.

(O) Flow cytometry analysis of lung Th1 and Th2 cells pre-gated using CD11b~F4/80" singlet cells, followed by a selection of double-positive CD45 and TCRf3
cells, as in Figure 1R. Th2 is defined as ICOS*ST2* cells and Th1 as CD4*IFNy* cells.

(P and Q) Proportion of Th2 (P) and Th1 cells (Q) in the lungs of WT, STING™~, and cGAS™~ mice.

Representative of two independent experiments with similar results. Data are presented as means + SEMs. In (A) n = 9-11 mice in all groups, except for 7
cGAS ™/~ H37Rv; (B) n = 10-14; (C) n = 3 (WT H37Rv), n = 4 (WT silica + H37Rv, STING /" silica + H37Rv), and n = 5 (cGAS '~ silica + H37Rv); (D) n=5; (E)-(L)n=9
(WT H37Rv, WT silica + H37Rv), n =4 (STING /= H37Rv), n = 11 (STING /" silica + H37Rv), n = 3 (¢cGAS " H37Rv), and n = 10 (¢cGAS "~ silica + H37Rv); (M)n=5
(WT H37Rv, WT silica + H37Rv), n = 4 (STING™'~ H37Rv), n = 6 (STING ™~ silica + H37Rv), n = 3 (¢GAS ™~ H37Rv), and n = 5 (cGAS ™~ silica + H37Rv); (P and Q)
mice per group: n = 5 mice in all groups, except for 4 WT H37Rv. Images are representative of four fields per mouse. Each point represents an individual mouse.
*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 (one-way ANOVA with Tukey’s post hoc test).

See also Figures S1, S2, and S3.
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Figure 5. Silica Pre-exposure Plus M.tb DNA Induce Pulmonary Type 2 Inmune Response

(A) Silica microparticles (1 mg/mouse, i.t.), DNA from M. tuberculosis H37Rv (M.tb DNA, 2,5 ung/mouse, i.t.), or saline vehicle was administered in WT mice. The
parameters were analyzed on day 5 post-silica exposure.

(B) Concentration of extracellular dsDNA in the acellular fraction of BALF.

(legend continued on next page)
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DISCUSSION

Silicosis is associated with an increased risk of developing
pulmonary tuberculosis (Melo et al., 2016). The signals
compromising the host response to M. tuberculosis infection
in situations such as silica exposure remain poorly defined.
Here, we investigated the mechanism underlying silica-induced
exacerbation of M. tuberculosis infection. We show that pre-
exposure to silica microparticles induces a dysregulation of
type 1 versus type 2 immunity balance in favor of type 2 immune
response after M. tuberculosis infection. Silica pre-exposure
impairs the control of bacterial burden in the lungs of
M. tuberculosis-infected mice. This is accompanied by an exac-
erbation of type 2 cytokines and cell recruitment, while type 1
immunity is reduced in terms of IFNy, IL-12, NOS2, and Th1
recruitment to the lung. We hypothesized that by causing cell
death and DNA release, silica pre-exposure primes the host im-
mune response by triggering the cytosolic nucleic acid sensing
pathway. DNA sensing is central to this response, as administra-
tion of M.tb DNA recapitulates the type 2/type 1 imbalance
induced by silica pre-exposure, driving STING pathway activa-
tion and IFNI response. Conversely, DNase | treatment reversed
the type 2 immune response induced by M. tuberculosis. STING
and cGAS pathways are essential mediators of silica-induced
type 2/type 1 imbalance after M. tuberculosis infection, as there
was no exacerbation of infection in STING- or cGAS-deficient
mice. Thus, our data show that silica pre-exposure triggers the
cGAS/STING nucleic acid-sensing pathway that potentiates
IFNI and type 2 immune responses to M.tb DNA, hampering
the host control of M. tuberculosis infection.

M. tuberculosis has multiple ways to manipulate the host im-
mune responses, and among these, induction of IFNI and IL-10
has been well documented (Moreira-Teixeira etal.,2018; O’Garra
et al., 2013). STING and cGAS contribute to the M. tuberculosis
induction of IFNI, detecting and binding to intracellular M.tb
DNA (Collins et al., 2015; Manzanillo et al., 2012; Wassermann
et al., 2015; Watson et al., 2015; Wiens and Ernst, 2016), a
response that is further increased by M.tb RNA activation of the
retinoic acid inducible gene-1 and mitochondrial antiviral-
signaling protein (RIG-1 and MAVS)-dependent pathway (Cheng
and Schorey, 2018). Here, we identified M.tb DNA as a signal for
eliciting type 2 immunity, polarizing Th2 cells and anti-inflamma-

tory M2 macrophages. M.tb DNA escapes from the bacilli and the
phagosome through the ESAT-6 secretion system 1 (ESX-1) for
inducing STING-driven IFNI response (Manzanillo et al., 2012;
Wassermann et al., 2015). After internalization, M. tuberculosis
induces programmed cell death, mainly through the production
of the eicosanoids prostaglandin E, (PGEy) and lipoxin A4
(LXA,) (Chen et al., 2008), leading to intracellular content spilling
into the extracellular milieu, including host and M.tb DNA. To
evaluate the impact of extracellular DNA from host or bacilli
origin, a systemic treatment with DNase | was administered to
M. tuberculosis-infected mice. Our results show that extracellular
DNA plays animportant role in the modulation of the immune sys-
tem after M. tuberculosis infection, promoting type 2 immunity,
which is detrimental to the host. The model used here, including
silica pre-exposure for 7 days followed by 28 or 56 days of
M. tuberculosis infection, may represent a smoldering, chronic
exposure, as inflammatory parameters are usually reduced
5 weeks after silica, as compared to 1 or 7 days post-silica (Ben-
merzoug et al., 2018). Exposure to persistent microparticles such
as silica, which induce cell death and release of extracellular
DNA, primes the host nucleic acid sensing pathway, while further
host DNA release may act as an adjuvant to amplify M.tb
DNA-induced response.

The duality of the STING adaptor molecule, sensing nucleic
acids from both the host and the pathogen, is central to explain-
ing the exacerbated response to silica pre-exposure plus
M. tuberculosis infection. STING is activated after M. tuberculosis
infection in vivo (Collins et al., 2015; Marinho et al., 2018); how-
ever, silica pre-exposure induces STING expression and leads
to the exacerbation of STING aggregation in the perinuclear re-
gion of host cells after M. tuberculosis infection. Administration
of M.tb DNA in vivo leads to STING activation and recapitulates
STING aggregation after silica pre-conditioning. /n vitro in macro-
phages, silica exposure induced self-dsDNA release and STING
aggregation, which was exacerbated by M.tb DNA. We show an
interplay between the host response to silica, with self-dsDNA
release, and the trigger of the STING pathway, which potentiates
M.tb DNA sensing by STING and downstream responses.

How DNA can get access to the cytosol of host cells to
activate STING is still a matter of debate. Cargo proteins can
facilitate the transport of DNA into immune cells—among
them, the antimicrobial peptide LL37, facilitating the transport

(C) ELISA measurement of IL-12p40 in the lungs.
(

D-1) mRNA levels of Nos2 (D), Arg1 (E), Mrc1 (F), 114 (G), II5 (H), and /13 (I) in the lungs.

(J) Immunoblots of MR, IL-13, iNOS, and B-actin as a reference in the lung homogenates.

(K and L) Gating strategy for flow cytometry analysis in the lungs. M2 macrophages and Th2 cell singlets are pre-selected using forward scatter area and
forward scatter height (FSC-A/FSC-H), side scatter area and side scatter height (SSC-A/SSC-H), and forward scatter signal width and forward scatter area
(FSC-W/FSC-A). For M2 macrophages, CD11b* cells are pre-gated, followed by a selection of double-positive F4/80 and CD206 cells (K). For Th2 cells, CD45
and TCRp double-positive cells are pre-gated, followed by a selection of double-positive ICOS and ST2 cells (L).

(M and N) Proportion of M2 macrophages (M) and Th2 cells (N) in the lungs.

(O) Confocal images of DNA dye Drag5 (blue) and STING-specific antibody (red) staining in the lungs. Bars, 50 um; at higher magnification, 5 um.

(P-R) mRNA levels of Tmem173 (P), Ifna (Q), and Ifn3 (R) in the lungs.

(S) ELISA measurement of CXCL10 in the lungs.

(T) Immunoblots of phospho-STING, STING, phospho-TBK1, TBK1, and B-actin as a reference in the lung homogenates.

Data are presented as means + SEMs, with n = 3 (=), n = 4-5 (silica), n = 4-5 (— H37Rv DNA), and n = 5 (silica + H37Rv DNA) mice per group. Images are
representative of four fields per mouse. Each point represents an individual mouse. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 (one-way ANOVA with
Tukey’s post hoc test).

See also Figures S4, S5, and S6.
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Figure 6. Silica and M.tb DNA Promote Anti-inflammatory M2 Macrophage Polarization In Vitro

(A-F) Bone marrow-derived macrophages from WT mice were stimulated with silica (50 pg/mL) for 16 h and then transfected with M. tuberculosis H37Rv
DNA (1 pg/mL) for 4 h, as shown in (A). As a control for STING pathway activation, macrophages were transfected with the cyclic di-nucleotide AMP (cDN) for 4 h
(6 ng/mL).

(legend continued on next page)
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of self-dsDNA into antigen-presenting cells (Chamilos et al.,
2012). Alternatively, after phagocytosis of apoptotic cells, DNA
is normally degraded within lysosomes by DNase I, but undi-
gested apoptotic cell-derived DNA could activate the cGAS/
STING pathway (Blander, 2017). Membrane rupture of micronu-
clei formed in cells after mechanical or genotoxic stress also rep-
resents a way for the cGAS/STING pathway to access DNA
(Mackenzie et al., 2017; Motwani and Fitzgerald, 2017).

Beyond the role of STING in nucleic acid sensing and induction
of IFNI, we show here that the STING pathway can modulate the
type 1 versus type 2 immune balance. The in vivo cytokine envi-
ronment is crucial for inducing protective type 1 immunity after
M. tuberculosis infection (O’Garra et al., 2013), elicited by macro-
phages, DCs, neutrophils and innate lymphoid cells (ILCs). In this
study, we show that silica microparticles and M.tb DNA act
in concert to polarize mature macrophages toward anti-
inflammatory M2 macrophages. M2 macrophages are delete-
rious to the host, as they fail to eradicate M. tuberculosis bacilli
(Huang et al., 2015, 2018). Overexpression of IL-1R-associated
kinase M (IRAK-M), a negative regulator of Toll-like receptor
(TLR) pathways, has been reported in the lungs of tuberculosis
patients, and in vitro IRAK-M modulation is associated with the
M2 phenotype and reduced M. tuberculosis control (Shen et al.,
2017). M2 macrophages also secrete most type 2 cytokines
such as IL-10, which inhibit type 1 cytokines TNFa, IFNy, and
IL-12. Here, we show that M.tb DNA drives M2 macrophages
in vitro in a cGAS/STING-dependent manner. Self-dsDNA
released after silica exposure in vitro induced STING and cGAS
expression and activation, leading to the exacerbation of M2 po-
larization in M.tb DNA transfected macrophages via cGAS and
STING. cDN recapitulated M2 polarization in silica-primed mac-
rophages, indicating that triggering STING independently of
cGAS drives silica-induced type 2 macrophage reprogramming.

IL-10 regulates innate and adaptive Th1 and Th2 responses
(Huang et al., 2018). Released self-dsDNA from dying cells can
directly stimulate CD4 T cells to induce Th2 cell differentiation
and activation (Imanishi et al., 2014), but the role of M.tb DNA
in this response was not investigated. Our in vivo studies also
show that the cGAS/STING pathway contributes to generating
Th2 cells and inhibiting Th1 cell expansion. This type 2 cytokine
environment induced by self-dsDNA released after silica expo-
sure plus M.tb DNA sensed by cGAS/STING reduces host resis-
tance, which is beneficial for M. tuberculosis bacilli.

STING activation leads to IFNI response, and several studies
reported a negative role for IFNI in host control after M. tubercu-

losis infection (Donovan et al., 2017; Dorhoi et al., 2014; Manca
et al., 2001, 2005; Moreira-Teixeira et al., 2018). Our data are in
line with these observations, since IFNI response was increased
and correlated with higher bacterial burden in the lungs of silica
pre-exposed M. tuberculosis-infected mice. Furthermore, sil-
ica-induced exacerbation of M. tuberculosis infection was absent
in IFNAR-deficient mice, indicating that IFNI is an integral part of
this response. Type 2 immunity was reduced in the absence of
IFNI signaling, whereas type 1 immunity was preserved. Thus,
IFNI pathway activation in response to DNA sensing and STING
activation is deleterious for the host by inducing type 2 immunity
in silica-exposed M. tuberculosis-infected mice.

In conclusion, silica induced self-dsDNA release and trigger of
STING pathway, which potentiated the cGAS/STING sensing of
M.tb DNA, exacerbating downstream IFNI and type 2 immune
response while dampening type 1 response to M. tuberculosis
infection. Our findings identify an important role for nucleic acids
derived from both the host and M. tuberculosis in a silica-induced
exacerbation of M. tuberculosis infection. Controlling nucleic
acid release or nucleic acid sensor activation may represent po-
tential therapeutic options for the treatment of the silica-induced
exacerbation of tuberculosis. This role for the STING pathway, at
the crossroads of sterile inflammation and infection, goes beyond
the implications of STING recognized in infection, cancer, auto-
immunity, and, more recently, aging (Gluck and Ablasser,
2019), indicating that the physiological activation of cGAS/STING
pathway may condition the host response to infection.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
o CONTACT FOR REAGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Mice
O Bone marrow macrophages differentiation and stimu-
lation
e METHOD DETAILS
O In vivo animal experiments
O Infection
O In vivo DNase | treatment
O Determination of cytokines and mediators
O M. tuberculosis H37Rv DNA extraction and purification

(B and D) ELISA measurement of IL-12p40 (B) and IL-10 (D) in the cell supernatants.

(C, E, and F) mRNA levels of Nos2 (C), Mrc1 (E), and Arg1 (F) were assessed by qRT-PCR on cell fraction.

(G-l) Macrophages were stimulated as in (A) or with lipopolysaccharide (LPS) (100 ng/mL) for 20 h, as a control of M1 macrophage polarization.

(G) Gating strategy for flow cytometry analysis. Macrophages singlets are pre-selected using FSC-A/FSC-H followed by a selection of CD11b* cells. Double
positive F4/80 and CD206 M2 macrophages are gated. (H) Proportion of M2 macrophages.

(I) MFI of CD206™ cells.
(J and K) Macrophages from WT mice were stimulated as in (A).
(J) Confocal images of DNA dye Drag5 (blue) and MR (green). Bars, 5 um.

(K) Immunoblots of phospho-STING, STING, MR, and B-actin as a reference on macrophage cell fraction.

Representative of four independent experiments with similar results (A-I; n = 7 independent cultures for all conditions) or two independent experiments with
similar results (J and K; n = 3 independent cultures for all conditions). Data are presented as means + SEMs. Images are representative of four fields per in-
dependent culture and condition. *p < 0.05, **p < 0.01, and ***p < 0.0001 (one-way ANOVA with Tukey’s post hoc test).

See also Figure S7.
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Figure 7. STING Pathway Plays a Key Role in M2 Macrophage Polarization in Response to Silica and M.tb DNA In Vitro

Bone marrow-derived macrophages from WT, STING ™/~ and cGAS ™/~ mice were stimulated with silica (50 ug/mL) for 16 h and then transfected with
M. tuberculosis H37Rv DNA (1 pg/mL) for 4 h, as shown in Figure 6A. As a control of STING pathway activation, macrophages were transfected with the cDN for
4 h (6 ng/mL).

(A) Gating strategy for flow cytometry analysis. Macrophages singlets were pre-gated using FSC-A/FSC-H, followed by a selection of CD11b* cells.

(B) Dot plots showing M2 macrophages defined as F4/80*CD206" cells.

(C) Dot plots showing macrophage-positive selection through CD11b* and F4/80" double staining, followed by histogram showing MFI of CD206.
(1) Unstimulated WT macrophages, (2) WT macrophages exposed to silica and transfected with M.tb DNA, (3) STING™'~ macrophages exposed to silica and
transfected with M.tb DNA, and (4) cGAS '~ macrophages exposed to silica and transfected with M.tb DNA.

(D and E) Proportion of M2 macrophages (D) and MFI of CD206" cells (E).

(legend continued on next page)
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FITC Annexin V Apoptosis Detection Kit | BD biosciences 556547
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Anti-IL-13 antibody Abcam ab109815
Anti-alpha smooth muscle Actin Abcam ab21027
Bacterial and Virus Strains
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Chemicals, Peptides, and Recombinant Proteins
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Trizol Sigma 15596026
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Lipofectamine 2000 Thermofisher 11 668 027
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GoScript Reverse Transcription System Promega A5001
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Mouse IL-10 DuoSet ELISA R&D systems DY417
Mouse IFN-gamma DuoSet ELISA R&D systems DY485

DC Protein assay kit Bio-Rad 5000111
Experimental Models: Cell Lines

Bone marrow derived macrophages This manuscript N/A
Experimental Models: Organisms/Strains

Mouse C57BL/6 STING ™/~ Ahn et al., 2012 N/A

Mouse C57BL/6 cGAS '~ Li et al., 2013 N/A

Mouse C57BL/6 IFNAR ™/~ Muller et al., 1994 N/A
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M. tuberculosis H37Rv DNA This manuscript N/A
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See also Table S1 N/A

Software and Algorithms

Graphpad Prism 6

Bio-Plex Manager software
FlowJo software

Carl Zeiss Vision Viewer 4.8
Zeiss LSM Image Browser

Graphpad Software, San Diego, USA
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TreeStar, Mountain View, CA

Carl Zeiss

Carl Zeiss
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Bio-rad, Bio-Plex Manager
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Wild-type (WT) C57BL/6 mice and mice deficient for STING (STING ") (Ahn et al., 2012), cGAS (cGAS™") (Li et al., 2013), IFNAR
(IFNAR™7) (Miiller et al., 1994), or IRF3 (IRF3—/—, RIKEN RBRC00858) were bred in our specific pathogen free animal facility