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Abstract

The nucleic acids of Mycobacterium tuberculosis can be detected by intracellular DNA sensors,
such as cyclic GMP-AMP synthase and absent in melanoma 2 (AlM2), which results in the release
of type I IFN and the proinflammatory cytokine IL-1p. However, whether cross-talk occurs
between AIM2-IL-1p and cyclic GMP-AMP synthase—type | IFN signaling upon M. tuberculosis
infection in vivo is unclear. In this article, we demonstrate that mycobacterial infection of AIM27/~
mice reciprocally induces overreactive IFN-y and depressive IFN-y responses, leading to higher
infection burdens and more severe pathology. We also describe the underlying mechanism
whereby activated apoptosis-associated speck-like protein interacts with a key adaptor, known as
stimulator of IFN genes (STING), and inhibits the interaction between STING and downstream
TANK-binding kinase 1 in bone marrow—-derived macrophages and bone marrow—derived
dendritic cells, consequently reducing the induction of type | IFN. Of note, apoptosis-associated
speck-like protein expression is inversely correlated with IFN-p levels in PBMCs from
tuberculosis patients. These data demonstrate that the AIM2-IL-1p signaling pathway negatively
regulates the STING-type | IFN signaling pathway by impeding the association between STING
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and TANK-binding kinase 1, which protects the host from M. tuberculosis infection. This finding
has potential clinical significance. The Journal of Immunology, 2018, 200: 1016-1026.

Tuberculosis (TB) has existed for millennia and remains a major global health problem that
now ranks above HIVV/AIDS as a leading cause of death from infectious disease. One third
of the world’s population has been infected with TB. Of these infected people, 1.4 million
died in 2015 (1). The lack of effective vaccines and sensitive diagnostic methods has
affected global control of the TB epidemic. The immune system plays critical roles in
controlling TB infection (2). Therefore, the incompletely characterized immune responses of
TB patients must be explored to enable the establishment of new vaccines, diagnostics, and
treatments.

The innate immune system recognizes pathogen signatures, known as pathogen-associated
molecular patterns (PAMPS), to sense pathogenic invasion by using germline-encoded
pattern recognition receptors; the detection of foreign nucleic acids acting as classical
PAMPs has evolved as a fundamental mechanism of host defense (3). Mycobacterium
tuberculosis can activate the DNA-dependent cytosolic surveillance pathway (4). When the
immune system of the host senses the invasion of M. tuberculosis, the DNA sensor cyclic
GMP-AMP synthase (cGAS) binds to the genomic DNA (GD) of the pathogen and catalyzes
the production of cyclic GMP-AMP (cGAMP). cGAMP then activates a downstream
adaptor molecule known as stimulator of IFN genes (STING), which promotes the
translocation of STING from the endoplasmic reticulum to the perinuclear microsomal
compartments. After STING activation, downstream molecules, TANK-binding kinase 1
(TBK1) and IFN regulatory factor 3 (IRF3), are activated, which ultimately results in the
release of type I IFN (5-7).

Although type I IFN plays an important role in the antiviral immune response, studies of
patients and mice have highlighted the detrimental role of IFN-a/B during M. tuberculosis
infection (8). Many reports have demonstrated that patients with active TB exhibit a
prominent IFN-a/p-inducible transcription signature that correlates with the extent of
radiographic disease and diminishes with successful treatment (9-11). Furthermore,
disruption of the IFN-a/p receptor gene or Ab-mediated neutralization of IFN-a/p increases
the survival rate of infected mice relative to wild-type (WT) control mice (12). Increased
infection severity has also been demonstrated through direct instillation of IFN-a/p into the
lungs and through administration of a TLR3 ligand that induces IFN-a/p (13, 14).

In addition to detection by the STING-type | IFN signaling pathway, GD of M. tuberculosis
can be detected by absent in melanoma 2 (AIM2), another important DNA sensor. When
AIM2 senses abnormal cytoplasmic DNA, it associates with adaptor molecules known as
apoptosis-associated speck-like protein (ASC) and inactivated procaspase-1, forming a
complex called the AIM2 inflammasome, which induces the production of proinflammatory
cytokines, such as IL-1p and 1L-18 (15-17). Unlike type I IFN, proinflammatory cytokines
are conducive to the antibacterial immune response. For example, IL-1a/p-knockout mice
develop significantly larger granulomatous lesions than WT mice postinfection with H37Rv
(18). Furthermore, IL-1R™~ mice show increased mortality and enhanced mycobacterial
outgrowth in their lungs and distant organs compared with normal mice (19). Additionally,
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the low production of IL-1f and IL-18 in AIM2~/~ mice increases susceptibility to M.
tuberculosis infection (20).

Because the balance between AIM2-1L-1p and cGAS-type | IFN signaling governs the
outcome of M. tuberculosis infection, it is important to address whether there is a cross-talk
between these two signaling pathways during M. tuberculosis infection in vivo. In this study,
we demonstrated that the overreactive IFN-p and less protective IFN-y responses were
induced in AIM2~/~ mice upon mycobacterial infection, leading to higher infection burdens
and more severe pathology. Furthermore, our mechanistic study indicated that activated ASC
interacted with STING and blocked the association between TBK1 and STING, thereby
inhibiting the induction of type | IFN. Our study reveals a novel mechanism that is involved
in the cross-talk between the AIM2-IL-1p and STING-type I IFN pathways during
mycobacterial infection. This mechanism may have potential applications in the clinic.

Materials and Methods

Mice

Reagents

AIM2~/~ and Caspase-1~/~ mice were obtained from The Jackson Laboratory. ASC™~ mice
have been described previously (21). C57BL/6 WT mice were purchased from the Shanghai
Laboratory Animal Center. All mice were housed in specific pathogen—free conditions.

Polyinosinic-polycytidylic acid [poly(I:C)] and IFN stimulatory DNA (1SD) were purchased
from Invitrogen. Poly(deoxyadenylic-thymidylic) acid [poly(dA:dT)], cGAMP, and LPS
were purchased from Sigma. Genomic DNA from the spleens of C57BL/6 mice was
obtained in-house using a DNeasy Blood & Tissue Kit (69504; QIAGEN). 150mer dsDNA
was amplified by PCR from the B-actin gene and purified using a Plus DNA Clean/
Extraction Kit (DP034P-300; GeneMark). The following Abs were used for the
immunoblotting analysis or immunoprecipitation: anti-HA (CO-MMS-101R; Covance),
anti-Flag (F3165; Sigma), anti—-c-Myc (A02060; AmyJet Scientific), anti-STING (3337; Cell
Signaling Technology), anti-TBK1 (3013S; Cell Signaling Technology), anti-phosphorylated
TBK1 (5483S; Cell Signaling Technology), anti-IRF3 (sc-9082; Santa Cruz Biotechnology),
and anti-phosphorylated IRF3 (4947s; Cell Signaling Technology). Anti-ASC Ab was
produced by immunization of rabbits with ASC expressed by Escherichia coli. The
following Abs were used for confocal microscopy: Alexa Fluor 488 goat anti-mouse 1gG
(A11034; Molecule Probes) and Cy3 goat anti-rabbit 1gG (115-165-146; Jackson
ImmunoResearch). Lipofectamine 2000 was obtained from Invitrogen. X-tremeGENE DNA
transfection reagent was purchased from Roche. TurboFect Transfection Reagent was
purchased from Thermo Fisher. A Dual-Luciferase Reporter Assay System was obtained
from Promega. Protein A/G PLUS-Agarose Immunoprecipitation Reagent was purchased
from Santa Cruz Biotechnology. Anti-HA and anti-FLAG beads were purchased from
Sigma. Murine IFN-B (439408; BioLegend) and mouse IFN-r (P105796; R&D Systems)
ELISA kits were used. All ASC truncations were generated by PCR and subcloned into a
pcDNAS vector. The other plasmids were generated or obtained as we described previously
(22).
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Mycobacteria strain and culture conditions

Mycobacterium bovis bacillus Calmette-Guérin (BCG) Danish strain (ATCC 35733) was
grown at 37°C in Middlebrook 7H9 broth or on Middlebrook 7H10 agar (both from Difco)
supplemented with 10% oleic acid—albumin—dextrose—catalase—enriched Middlebrook (BD),
0.2% glycerol, and 0.05% Tween-80 for 3-4 wk. CFU of bacteria were counted.

Mouse infection

WT, AIM27/~, and Caspase-1~/~ mice were challenged by tail vein injection with 4 x 107
CFU attenuated M. bovis (BCG) in 200 pl of PBS per mouse (4-6 wk of age) at 0, 20, 30,
and 40 d. Fifty days after the first injection, mice were sacrificed, and samples were
harvested. The amounts of IFN-B and IFN-v in the serum were detected as soon as possible.
The lungs were homogenized in PBS and plated on 7H11 agar to determine the bacterial
burden.

Histopathology analysis

Cell culture,

The lungs of each mouse were excised and cut into two pieces: one was subjected to CFU
counting, and one was fixed in a 4% neutral-buffered paraformaldehyde solution for 24 h.
After paraffin embedding, a series of sections with a thickness of 4-7 um were cut and
stained with H&E using standard methods, and images were obtained using a microscope
(BX51WI; Olympus).

transfection, and stimulation

Generation of bone marrow—derived macrophages (BMDMs) and bone marrow—derived
dendritic cells (BMDCs) has been described previously (22). Briefly, bone marrow cells
were flushed from the femurs and tibias of mice and subsequently depleted of RBCs with
RBC lysing buffer. BMDCs were cultured at 1.5 x 106 cells per well in 24-well plates in
RPMI 1640 supplemented with 10% (v/v) FBS, 20 ng/ml murine GM-CSF, and 2 mM L-
glutamine. BMDMs were cultured at 3 x 10 cells per well in 12-well plates in DMEM
supplemented with 10% (v/v) FBS and 20 ng/ml murine M-CSF. Fresh medium was added
every 2 d. BMDCs and BMDMs were collected for further experiments on days 7 and 5,
respectively. MEFs (American Type Culture Collection), RAW?264.7 cells (Cell Bank of
Chinese Academy of Sciences), and HEK293T cells (Cell Bank of Chinese Academy of
Sciences) were cultured in humidified 5% CO, at 37°C in DMEM supplemented with 10%
(v/v) FBS, 0.5% penicillin (100 U/ml), and streptomycin (100 U/ml). X-tremeGENE was
used for transient transfections of plasmid DNA into MEFs. Transfections of HEK293T cells
were performed using TurboFect. Poly(dA:dT), ISD, cGAMP, GD, 150mer dsDNA, and
poly(1:C) were transfected using Lipofectamine 2000, according to the manufacturer’s
recommendations.

Generation of RAW-GFP and RAW-ASC cells

ASC was cloned into MSCV-IRES-GFP and transfected with pCMV/VSV-G and pKF3-
RSV/Gag-Pol into HEK293T cells by calcium phosphate transfection. After 6 and 24 h, the
medium was replaced with fresh DMEM containing 10% FBS. Forty-eight hours after the
transfections, the retroviral supernatants were harvested, supplemented with 16 pg/mi
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Polybrene, and used to infect RAW264.7 cells. The cell culture plates were centrifuged at
1800 x g for 90 min at room temperature. After 12 h of incubation at 37°C, the retroviruses
were removed, and the cells were cultured in fresh medium for another 12 h. Finally, the
cells were collected to sort GFP* cells using a FACSAtria Il (BD Biosciences) for culture and
further experiments.

Real-time PCR

RNA that was extracted from the cells was reverse transcribed using a Prime Script RT
Master Mix Kit (Takara), and quantitative PCR analysis was performed on an ABI Q6. All
gene expression data are relative to HPRT. The following primers were used for PCR: IFN-B
sp 5'-CCTGGAGCAGCTGAATGGAA-3’, as 5'-TTGAAGTCCGCCCTGTAGGT-3" and
HPRT sp 5'-TGCTCGAGATGTCATGAAGGAG-3’,as 5'-
CAGAGGGCCACAATGTGATG-3".

Immunoprecipitation and immunoblotting analysis

Immunoprecipitation and immunoblotting procedures have been described (22). Briefly, for
exogenous coimmunoprecipitation experiments, HEK293T cells were transfected with
various combinations of plasmids. Twenty-four hours after the transfections, cell lysates
were prepared in lysis buffer and incubated with hemagglutinin (HA) beads overnight at
4°C. Complexes were washed three times with lysis buffer and analyzed by immunoblotting.
For the endogenous coimmunoprecipitation experiments, BMDCs were stimulated with
poly(dA:dT) for 6 h. Lysates were incubated with anti-ASC Ab or rabbit IgG Ab and
analyzed by immunoblotting with anti-STING Ab.

Confocal microscopy

MEFs were transfected with the HA-ASC and Flag—STING plasmids. After 24 h, the cells
were collected and seeded onto glass coverslips in 24-well plates overnight before
stimulation with 1 pg/ml poly(dA:dT) or were left unstimulated for 4 h. After stimulation,
cells were fixed with 4% paraformaldehyde in PBS, permeabilized with Triton X-100, and
blocked with 1% BSA in PBS. Cells were stained with anti-HA mouse Ab and anti-FLAG
rabbit Ab, followed by Cy3-conjugated anti-rabbit Ab and Alexa Fluor 488—conjugated anti-
mouse IgG Ab, and counterstained for nucleic acids with DAPI. Finally, fluorescence
images were captured with a Leica TCS SP5 MP laser confocal microscope.

Luciferase reporter gene assay

Patients

MEFs were cotransfected with an IFN-B, ISRE, or IFN-a4 luciferase reporter plasmid, a
Renillaluciferase plasmid as an internal control, and the indicated expression plasmids. An
empty control vector was added to equalize the amount of DNA added to each well of cells.
Twenty-four hours after the transfection, cells were lysed, and the reporter activity was
measured using a Dual-Luciferase Reporter Assay System (Promega).

PBMCs were isolated from EDTA-treated blood by Ficoll-Paque Plus density gradient
centrifugation. TB patients were enrolled from the Shanghai Pulmonary Hospital (Shanghai,
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China). Age- and gender-matched healthy volunteers were recruited into this study who had
no history or evidence of TB (negative T-SPOT for TB). None of the participants showed
evidence of acute infection with hepatitis B virus, hepatitis C virus, HIV, or other infectious
agent or of cancers. Informed consent was obtained from all participants.

Ethics statement

All experiments were carried out according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals with the approval of the Institutional Animal Care and
Use Committee of the Institute Pasteur of Shanghai and the Institutional Animal Care and
Use Committee of the Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (approval number SIBCB-S303-1608-025). Protocols for the use of
human blood samples for in vitro experimental procedures were evaluated and approved by
the Institutional Review Board for Human Subjects Research and the Institutional Biosafety
Committee at the Institute Pasteur of Shanghai, Shanghai Pulmonary Hospital. All studies
were conducted in accordance with the amended Declaration of Helsinki (International
Conference on Harmonisation-Good Clinical Practice) and consistent with the guidelines of
the Office for Human Research Protections. All subjects were adults and signed written
informed consent forms.

Statistical analysis

Results

Statistical comparisons between the different treatments were performed using the unpaired
Student ¢test. Correlations were performed using the Pearson test. Statistically significant p
values are noted in the figures.

Mycobacterial infection of AIM2~~ mice reciprocally induces overreactive IFN-g and
depressive IFN-y responses, leading to higher infection burdens and more severe

pathology

To explore whether the AIM2-IL-1p signaling pathway affected the STING-type | IFN
signaling pathway during mycobacterial infection in vivo, AIM2~/~ (Supplemental Fig. 1A,
1B) and WT mice were infected with attenuated M. bovis (BCG) (Fig. 1A), and their levels
of protective IFN-vy, bacilli-enhancing IFN-B, and BCG infection burdens, as well as the
severity of tissue pathology, were assessed. Caspase-1~/~ mice (Supplemental Fig. 1D) were
used as the control for AIM2-deficient mice in the context of BCG infection based on the
involvement of the AIM2/ASC/caspase-1 inflammasome complex that is capable of
regulating TB infection (20). We used BCG infection for two reasons: 1) BCG infection and
vaccination reportedly induce a strong IFN-y response and immunity (23), and potential
overproduction of IFN-B in infected AIM2~/~ mice may antagonize IFN-v, leading to a loss
of immunity or a different outcome and 2) high levels of mycobacterial DNA can be
generated by repeated BCG infections, making it possible to optimally uncover the DNA
sensor—driven IFN- function and mechanisms in vivo during repeated BCG infections.
Moreover, BCG could readily allow us to conduct proof-of-concept and mechanistic studies
at Animal Biosafety Level 2, without the need for expensive or highly regulated Animal
Biosafety Level 3 facilities. Interestingly, serum IFN-B levels were significantly higher in
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AIM27/~ mice than in WT control mice (Fig. 1B), suggesting that AIM2 deficiency might
enhance the induction of type I IFN during mycobacterial infection in vivo. Surprisingly,
BCG infection of AIM2~/~ mice with overreactive IFN-B almost shut down the protective
IFN-+y response, whereas WT mice exhibited robust IFN-y production in the serum (Fig.
1B). The strong inverse correlation between IFN- and IFN-y in WT and AIM27/~ mice
suggested that IFN-p overproduction might help to antagonize the protective IFN-y response
in mycobacterial infection (24). In contrast to AIM2~/~ mice, Caspase-1~/~ controls did not
exhibit significantly higher serum IFN-B levels than WT mice after BCG infection, whereas
AIM27/~ and Caspase-1~/~ mice produced less IL-1@ than WT animals (Supplemental Fig.
2). Notably, BCG-infected AIM2~~ mice showed significantly higher levels of
mycobacterial burdens in their lung tissues compared with WT and Caspase-17/~ controls
(Fig. 1C). Moreover, BCG infection of AIM2~/~ mice caused a more striking splenomegaly
compared with that of WT and Caspase-1~/~ mice (Fig. 1D). Consistently, BCG-infected
AIM27/~ mice showed more severe lung pathology, which was characterized by apparent
infiltration of inflammatory exudates/cells in the lung tissues, compared with WT and
Caspase-1~/~ controls (Fig. 1E). Taken together, these results demonstrated that BCG
infection of AIM2~/~ mice reciprocally induced overreactive IFN-B and depressive IFN-y
responses, leading to higher infection burdens and more severe pathology compared with
WT and Caspase-1~/~ controls.

AIM2 deficiency enhances STING-driven type | IFN signaling upon BCG infection or
stimulation with various DNA forms in BMDCs and BMDMs

We aimed to dissect the signaling cascade whereby AIM2 deficiency during BCG infection
led to an overreactive IFN-P response and exacerbated pathology. Because macrophages and
dendritic cells in the lungs are major target cells for M. tuberculosis and BCG during the
early stage of infection (2), we used BMDMs and BMDCs for the mycobacterial DNA-
mediated signaling studies. We first examined whether BCG, similar to M. tuberculosis
bacilli, could induce IFN-B production through activation of the cGAS-STING-TBK1
signaling pathway. Indeed, BCG behaved like M. tuberculosis in terms of cGAS-driven
production of IFN-B, which was reflected by a significant reduction in BCG-stimulated
production of IFN-B after cGAS was knocked down in BMDCs or BMDMs (Fig. 2A). The
in vivo data led us to speculate that the AIM2 inflammasome signaling pathway might
inhibit the production of IFN-B upon BCG infection. To test this speculation, BMDCs and
BMDMs from WT and AIM2~/~ mice were stimulated with BCG in culture and assessed for
an IFN-B response. We found that BCG infection of AIM2-deficient BMDCs and BMDMs
also upregulated IFN-p (Fig. 2B), thus recapitulating the in vivo finding in BCG-infected
AIM27/~ mice (Fig. 1B). To examine this further, we determined whether other common
forms of DNA, such as poly(dA:dT) and murine-derived GD, promoted IFN- production
based on a similar effect that was previously reported with tumor-derived DNA (25). We
observed that stimulation of AIM2-deficient BMDCs and BMDMs with GD and
poly(dA:dT), but not with the RNA sensor ligand poly(l:C), similarly enhanced the
production of IFN-p and related cytokines (i.e., IFN-a.1 and IP-10) (Fig. 2C, Supplemental
Fig. 3A, 3B). Moreover, the enhancing effect in the absence of AIM2 was dependent on the
DNA concentration at the IFN-p mRNA and protein levels (Fig. 2D). These data suggested
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that the AIM2 inflammasome signaling pathway negatively regulated STING-driven
production of type I IFN upon stimulation with BCG infection or various DNA forms.

Activated ASC negatively regulates the production of IFN-$

We examined whether AIM2-related inhibition of IFN- induction in response to
stimulation with BCG and various DNA forms was dependent on the AIM2 sensor itself or
on the downstream inflammasome signaling of AIM2 in the context of the STING pathway.
Interestingly, when STING-activating ISD (a 45-bp DNA) and cGAMP (the catalytic
product of cGAS) were used to stimulate WT and AIM2~/~ BMDCs and BMDMs, no
difference in the induction of IFN-B was observed (Fig. 3A, 3B). Given that ISD and
cGAMP activate only STING signaling and that poly(dA:dT) stimulates STING signaling
and AIM2 inflammasome signaling (Supplemental Fig. 4A) (26), we speculated that the
AIM2 inflammasome signaling pathway might be involved in the negative regulation of
IFN-pB. To identify potential regulatory molecules in the AIM2 inflammasome signaling
pathway, we used B-form DNA, poly(dA:dT), or GD to activate downstream molecules in
BMDCs and BMDMs from WT, AIM2~/~, ASC~/~ (Supplemental Fig. 1C), and
Caspase-1~/~ mice. We found that IFN-B was increased only 2-fold in caspase-1-deficient
cells compared with WT cells. In contrast, >10-fold increases in IFN-f were similarly
observed in AIM2-deficient and ASC-deficient cells at the mRNA and protein levels (Fig.
3C-F). Notably, these results were consistent with previous reports (25). To confirm the role
of caspase-1 in IFN-B production, we incubated WT and AIM2~/~ BMDCs with Z-VAD-
FAM, a caspase inhibitor, and then stimulated them with DNA. A concentration of 50 uM
was chosen as the final working concentration based on its inhibitory efficiency of IL-1p
(Fig. 3G). Although Z-VAD-FAM-mediated inhibition in WT BMDMs moderately
upregulated IFN-B, it did not have a significant impact on the remarkably high levels of IFN-
B in AIM27/~ BMDM s (Fig. 3H), suggesting that caspase-1/IL-1f or IL-18 might not be the
major negative-regulatory molecules of IFN-B. This prompted the hypothesis that ASC, the
upstream molecule, might be responsible for the negative regulation. To test this hypothesis,
we overexpressed ASC in RAW264.7 cells and stimulated them with B-form DNA (Fig. 3lI,
Supplemental Fig. 3C). We found that overexpression of ASC led to marked decreases in
IFN-B and a related cytokine, IP-10, compared with RAW264.7 control cells without ASC
overexpression (Fig. 3J, Supplemental Fig. 3D). Similar to the setting of AIM2 deficiency,
stimulation of the cGAS-STING pathway with ISD or cGAMP in ASC™/~ BMDCs did not
alter IFN-B production, whereas poly(dA:dT) stimulation in the absence of ASC led to
remarkable increases in IFN-B (Fig. 3K, 3L). Taken together, these results suggest that the
activated form of ASC may inhibit the production of IFN-f upon DNA stimulation.

Activated ASC targets STING to inhibit the induction of IFN-B

Several DNA sensors, including cGAS, DDX41, and IFI16 (27-29), have been discovered.
To examine whether the DNA sensors were the target molecules that were negatively
regulated, we stimulated WTand AIM2~/~ BMDCs with poly(dA:dT) and synthetic 150mer
dsDNA, with recognition of the former being independent of cGAS but recognition of the
latter being dependent on cGAS in BMDCs (Fig. 4A, 4B). Induction of IFN-p was strongly
increased in AIM2-deficient cells (Fig. 4A, 4B), suggesting that the target was not at the
DNA sensor level but was likely downstream of the DNA sensors. To identify the potential
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target, we performed Western blots to assess activation of two downstream molecules: TBK1
and IRF3. Higher levels of phosphorylated TBK1 and IRF3, which are the activated forms of
both molecules, were promoted by AIM2 deficiency relative to control (Fig. 4C). Consistent
with the results from BMDCs, overexpression of ASC in RAW264.7 cells inhibited
phosphorylation of TBK1 and IRF3 after stimulation with B-form DNA (Fig. 4D),

indicating that the target might be upstream of TBK1 and IRF3. Thus, we hypothesized that
ASC might target STING to inhibit the production of IFN- upon DNA stimulation. As
shown in Fig. 4E, exogenous expression of ASC indeed inhibited STING-induced IFN-B,
ISRE, and IFN-a4 activation in a dose-dependent manner. Taken together, these data
showed that activated ASC targeted STING to inhibit DNA-triggered IFN-f induction.

ASC interacts with STING

To investigate how ASC targeting of STING resulted in the DNA-mediated inhibition of
IFN-B, coimmunoprecipitation assays were performed. The results showed that ASC
interacted with STING when cotransfected into HEK293T cells (Fig. 5A). Trim30a
interaction with STING, which we reported previously (22), was used as a positive control.
We then verified that endogenous ASC could indeed interact with STING in BMDCs upon
poly(dA:dT) stimulation or BCG infection (Fig. 5B). After 3"HA-ASC and 5'Flag-STING
were expressed in HEK293T cells, confocal microscopy revealed that the two proteins
colocalized without stimulation and that the colocalization tended to accumulate after
poly(dA:dT) stimulation (Fig. 5C). To explore the domains that governed the association
between ASC and STING, Flag-tagged full-length STING and two ASC truncations were
expressed in HEK293T cells. Coimmunoprecipitation assays showed that only the ASC—
CARD domain, which might not affect the activation of ASC, bound to STING (Fig. 5D).
This is consistent with findings that activated ASC played the negative-regulatory role.
Unlike ASC, STING is a membrane protein that contains four transmembrane domains.
After expressing an HA-tagged full-length ASC protein and various STING truncations in
HEK?293T cells, we found that the N-terminal transmembrane domains (1-136) or the CTT
domain (338-378) of STING were required for ASC-STING interaction (Fig. 5E). Because
the C terminus (341-379) of STING binds to and activates TBK1 to phosphorylate IRF3
upon DNA ligand stimulation (30), we asked whether the interaction between ASC and
STING impeded the interaction between STING and TBK1. To test this supposition, we co-
overexpressed STING and TBK1 in HEK293T cells without ASC expression or with
gradient ASC expression. The results showed that addition of ASC decreased the association
between STING and TBK1 and that the inhibitory effect of ASC on the STING-TBK1
association was gradient dependent (Fig. 5F). Further evidence that ASC could also interact
with TBK1 was found for this phenomenon (Fig. 5G). These results indicated that ASC
might interfere with the STING-TBK?1 association, thus inhibiting the production of IFN-p.

ASC expression is inversely correlated with IFN-B levels in PBMCs of TB

Previous studies have shown that active TB patients exhibit a prominent IFN-a/B-inducible
transcription signature. Consistent with these findings, we observed higher IFN-B expression
in PBMCs of TB patients compared with healthy donors (Fig. 6A). To identify whether the
inhibitory role of ASC on the induction of IFN-B was involved in this phenomenon, we
simultaneously measured the expression of ASC. Interestingly, lower expression of ASC
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was detected in TB patients than in healthy donors (Fig. 6B). Additionally, an inverse
correlation was detected between IFN-B levels and ASC levels in TB patients (Fig. 6C),
indicating that downregulated expression of ASC might contribute, in part, to the detrimental
IFN-a/p—-inducible transcriptional signature of TB patients.

Discussion

Although the AIM2-IL-1p and STING-type | IFN signaling pathways are activated by the
GD of M. tuberculosis, the roles of these pathways are protective (AIM2-1L-1p) and
detrimental (STING-type I IFN) to the host against infection. We found that AIM2
deficiency reciprocally induced overreactive IFN-f and depressive IFN-y responses in vivo,
leading to higher infection burdens and more severe pathology. While exploring the potential
mechanism behind this phenomenon, we discovered that the interaction between activated
ASC and STING impeded the association of STING with its downstream molecule, TBK1,
which ultimately inhibited the induction of type I IFN. IL-1p and type | IFN represent two
major counterregulatory classes of inflammatory cytokines that control the outcome of M.
tuberculosis infection (31). Therefore, it is physiologically significant that the IL-1p
signaling pathway negatively regulates the type I IFN signaling pathway during M.
tuberculosis infection. Based on our data, we believe that activation of the AIM2
inflammasome protects the host from M. tuberculosis infection on one hand due to the
induction of IL-1p and on the other hand due to downregulation of the type I IFN induction
via cross-talk through ASC and STING interaction. Importantly, ASC expression is
inversely correlated with the levels of IFN-f in PBMCs from TB patients, which emphasizes
the clinical significance of the inhibitory role of ASC on IFN- production.

Our results suggest that overproduction of type | IFNs leads to a reduced IFN-y response
during M. tuberculosis infection. The reciprocal IFN-B overproduction and IFN-y
depression during mycobacterial infection of AIM2~/~ mice are consistent with the recent
observation that IFN-p counterregulates the IFN-y response upon infection with various M.
tuberculosis strains (32). Our data also support recent reports implicating that type I IFNs
impair the Th1 response and inhibit IFN-y—induced antimicrobial responses in
macrophages/monocytes in virulent M. tuberculosis infection (13, 33).

In addition to the involvement of the AIM2 inflammasome and type | IFN signaling
pathways in M. tuberculosis detection, another pathway is relevant: autophagy. Although
one report suggested that AIM2-inhibited autophagy increases M. bovis survival in vitro
(34), it is conceivable that activated ASC-mediated inhibition of IFN-B promotes resistance
to M. tuberculosis in vivo. Therefore, additional studies are needed to elucidate the
relationship among these three pathways. It will also be interesting to determine whether
single nucleotide polymorphisms of ASC in TB patients correlate with changes in type |
IFN. In addition to M. tuberculosis, another intracellular bacterium, Listeria monocytogenes,
can induce the production of type I IFN and IL-1p in a DNA-dependent manner. Type | IFN
is detrimental, and I1L-1 is beneficial (35-37). Therefore, it would be helpful to determine
whether the mechanism in our study applies to L. monocytogenes infection in vivo.

J Immunol. Author manuscript; available in PMC 2018 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yan et al.

Page 11

Intracellular DNAs that behave like classical PAMPs are involved in various innate immune
response to viruses and intracellular bacteria and function during conditions of sterile
inflammation, autoimmunity, and cancers (38). Because immune sensing of DNA plays
critical roles in the early resistance to infections and subsequent bridge toward activation of
adaptive immune responses, searching for DNA sensors that are involved in this process is
especially important. Multiple DNA sensors, including DAI, AIM2, RNA Pollll, LRRFIP1,
DHX9/DHX36, IF116, Ku70, DDX41, DNA-PK, MRE11, cGAS, and Rad50, have been
identified, and their functions have been studied (39). However, how these DNA sensors act
and influence each other remain unclear. The relationship that exists between the STING-
type I IFN and AIM2 inflammasome signaling pathways, which are the two major pathways
that are activated by DNA ligands, might be the most important to elucidate. A recently
published article reported that inflammasome activation regulates type I IFN responses to
DNA virus infection, which is presumably due to caspase-1-mediated cleavage of cGAS
(40). Although our data showed that the production of IFN-B increased in Caspase-1~/~ mice
compared with WT mice, the extent of the increase was far below that of AIM2~/~ and ASC
I~ mice, which was consistent with previous studies (25). Therefore, it is likely that more
than one mechanism is involved in the cross-talk between these two pathways. Given the
different stimuli, cell types, and animal models that we used, it is possible that the dominant
mechanisms underlying the regulatory effect of the AIM2 inflammasome on the type | IFN
response differed based on the specific conditions used. And further studies are needed.
Additionally, the blocked induction of downstream IFN-B by ASC interaction with STING
prompts us to ask whether the STING pathway affects ASC-associated pathways, such as
the AIM2 inflammasome and NLRP3 inflammasome signaling pathways. If so, exploring
whether the effect is negative or positive and the pathological conditions in which this
mechanism functions is meaningful.
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FIGURE 1.
AlM2-mediated inhibition of IFN-f production is necessary for controlling M. bovis (BCG)

infection in vivo. WT, AIM2~/~, and Caspase-1~/~ mice were infected with 4x10” CFU BCG
four times. (A) Schematic diagram of the infection with BCG. (B) Levels of IFN-B and IFN-
vy in the sera of WT and AIM2~/~ mice, with or without BCG infection. (C) Bacterial CFU
counts in the homogenates of lungs from BCG-infected WT, AIM2~/~, and Caspase-17/~
mice in a representative of two independent experiments. Five to six mice per group were
used in the experiments, and two AIM2~/~ mice died with extremely high CFU counts
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(outlier not included). Similar significance trends for comparisons between AIM27/~ and
control groups were seen in the other experiment. (D) Gross pathology features of the
spleens of two representative mice from each group infected with BCG. (E) Histopathology
of the lungs from mice infected with BCG. Sections were stained with H&E and assessed.
Scale bars, 100 pm. Data are representative of at least two independent experiments. The
results are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student #test.
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FIGURE 2.

AIM2 deficiency enhances the induction of IFN-f upon BCG infection or stimulation with
various DNA forms in BMDCs and BMDMs. BMDCs and BMDMs from WT, cGAS ™~
(A), and AIM2~/~ mice (B) were infected with BCG (multiplicity of infection = 10) for 6 h,
and IFN-p transcripts were measured by quantitative real-time PCR (qRT-PCR). (C)
BMDCs and BMDMs from WT and AIM2~/~ mice were stimulated with GD (1.5 pg/ml),
poly(dA:dT) (1.5 pg/ml), and poly(l:C) (2 ug/ml), and IFN-p was measured by gRT-PCR 8 h
after transfections. (D) BMDCs from WTand AIM2~/~ mice were stimulated with 0.5, 1, or
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2 pg/ml DNA for 10 h, and IFN-B was measured by gRT-PCR and ELISA. Data are
representative of at least three independent experiments. The results are shown as mean +
SEM. ***p < 0.001, Student ¢test. ns, not significant.
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FIGURE 3.

The activated form of ASC performs an inhibitory role on IFN-B upon DNA ligand
stimulation. (A and B) BMDCs and BMDMs isolated from WT and AIM2~/~ mice were
stimulated with ISD (1.5 pg/ml) and cGAMP (4 pg/ml), and IFN-B was measured by
quantitative real-time PCR (qRT-PCR) 8 h after transfection. (C and D) BMDCs and
BMDM s isolated from WT, AIM2~/~, ASC™/~, and Caspase-1~/~ mice were stimulated with
GD (1.5 pg/ml) and poly(dA:dT) (1.5 pg/ml), and IFN-B was measured by gRT-PCR 10 h
after transfection. (E and F) BMDCs and BMDM s isolated from WT, AIM2~=, ASC™/~, and
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Caspase-1~/~ mice were stimulated with GD (1.5 pg/ml) and poly(dA:dT) (1.5 pg/ml), and
IFN-p was measured by ELISA 10 h after transfection. (G) BMDMs isolated from WT mice
were stimulated with different concentrations of a caspase inhibitor (Z-VAD-FAM) for 1 h
and then stimulated with LPS for 2 h before being stimulated with poly(dA:dT) (1.5 pg/ml);
IL-1pB was measured by ELISA 6 h after transfection. (H) BMDMs isolated from WT and
AIM2~~ mice were stimulated with DMSO or a caspase inhibitor (Z-VAD-FAM) for 1 h
and then stimulated with GD (1.5 pg/ml) and poly(dA:dT) (1.5 pg/ml). IFN- was measured
by gRT-PCR 8 h after transfection. (I) Immunoblot of ASC and B-actin in RAW-GFP and
RAW-ASC cell lysates. (J) RAW-GFP and RAW-ASC cells were stimulated with GD (1.5
pg/ml) and poly(dA:dT) (1.5 pg/ml), and IFN-B was measured by qRT-PCR 8 h after
transfection. (K and L) BMDCs and BMDM s isolated from WT and ASC™/~ mice were
stimulated with ISD (1.5 ug/ml), cGAMP (4 pg/ml), and poly(dA:dT) (1.5 pg/ml), and IFN-
B was measured by qRT-PCR 8 h after transfection. Data are representative of at least two
independent experiments. The results are shown as mean = SEM. **p < 0.01, ***p < 0.001,
Student ftest. ns, not significant.
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FIGURE 4.

ASC negatively regulates IFN-B production by affecting STING function. (A and B)
BMDCs isolated from WT, cGAS™~, and AIM2~/~ mice were stimulated with poly(dA:dT)
(1.5 pg/ml) and 150mer dsDNA (1.5 pg/ml), and IFN-p was measured by quantitative real-
time PCR (gRT-PCR) 8 h after transfection. Immunoblot of p-TBK1, total TBK1, p-IRF3,
total IRF3, and b-actin in WT and AIM2~/~ BMDC lysates (C) or RAW-GFP and RAW-
ASC cell lysates (D) that were stimulated with poly(dA:dT) (1.5 pg/ml) for the indicated
times. (E) Luciferase activity of MEFs that were cotransfected with the IFN-B luciferase
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reporter (0.4 ug/ml), ISRE luciferase reporter (0.4 ug/ml), or IFN-a4 luciferase reporter (0.4
ug/ml) and Flag-STING (0.4 ug/ml) and the empty vector or increasing amounts of HA-
ASC. Data are representative of at least two independent experiments. The results are shown
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student #test. ns, not significant.
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FIGURE 5.
ASC interacts with STING. (A) Immunoblot analysis of lysates from HEK293T cells that

were cotransfected with the Flag vector or the Flag-STING vector and the HA-tagged vector,
HA-ASC vector, or HA-Trim30a vector, followed by immunoprecipitation (IP) with anti-HA
Ab and immunoblotting with anti-Flag Ab. (B) Immunoblot analysis of lysates of BMDCs
that were mock treated or stimulated with poly(dA:dT) (1 ug/ml) or infected with BCG
(multiplicity of infection = 10) for 6 h, followed by immunoprecipitation with anti-IgG Ab
or anti-ASC Ab and immunoblotting with anti-STING Ab. (C) Confocal microscopy of
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MEFs that were transfected for 4 h with Flag-tagged STING and HA-tagged ASC and then
mock treated or stimulated for 4 h with poly(dA:dT) (2 ug/ml). Immunofluorescence was
performed using anti-HA Ab (red), anti-Flag Ab (green), and DAPI. (D) Immunoblot
analysis of lysates from HEK293T cells that were cotransfected with Flag-STING and HA-
tagged ASC or HA-tagged ASC truncations, followed by immunoprecipitation (IP) with
anti-HA Ab and immunoblot analysis with anti-Flag Ab. (E) Immunoblot analysis of lysates
from HEK293T cells cotransfected with HA-tagged ASC and Flag-STING or Flag-STING
truncations, followed by immunoprecipitation (IP) with anti-HA Ab and immunoblot
analysis with anti-Flag Ab. (F) Immunoblot analysis of lysates from HEK293T cells
cotransfected with Myc-STING and Flag-TBK1 plus the HA vector or HA-ASC in gradient
concentrations, followed by immunoprecipitation (IP) with anti-Flag Ab and immunoblot
(1B) analysis with anti-Myc Ab. (G) Immunoblot analysis of lysates from HEK293T cells
cotransfected with the Flag vector or Flag-TBK1 and HA-ASC, followed by
immunoprecipitation (IP) with anti-HA Ab and immunoblot (IB) analysis with anti-Flag Ab.
Data are representative of at least two independent experiments.
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FIGURE 6.
ASC expression is inversely correlated with IFN-B levels in PBMCs from TB patients. IFN-

B and ASC expression in PBMCs from healthy donors (/7= 5) and TB patients (7= 10) was
examined by quantitative real-time PCR (qRT-PCR) (A and B), and their correlation was
assessed with the Pearson test (C). (D) GD of M. tuberculosis can be recognized by the
AIM2-IL-1p signaling pathway and the STING-type | IFN signaling pathway. Activated
ASC interacts with STING and blocks the activation of downstream molecules TBK1 and
IRF3, thus inhibiting the induction of IFN-B. The results are shown as mean + SEM. *p <
0.05, Student ¢test.
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