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Abstract

Nucleic acid sensing is a critical mechanism by which the immune system monitors for pathogen
invasion. A set of germline-encoded innate immune receptors detect microbial DNA in various
compartments of the cell, such as endosomes, the cytosol, and the nucleus. Sensing of microbial
DNA through these receptors stimulates, in most cases, interferon regulatory factor-dependent
type | IFN synthesis followed by JAK/STAT-dependent interferon-stimulated gene expression. In
contrast, the detection of DNA in the cytosol by AIM2 assembles a macromolecular complex
called the inflammasome, which unleashes the proteolytic activity of a cysteine protease
caspase-1. Caspase-1 cleaves and activates the proinflammatory cytokines such as IL-1p and 1L18
and a pore-forming protein, gasdermin D, which triggers pyroptosis, an inflammatory form of cell
death. Research over the past decade has revealed that AIM2 plays essential roles not only in host
defense against pathogens but also in inflammatory diseases, autoimmunity, and cancer in
inflammasome-dependent as well as -independent manners. This review discusses the latest
advancements in our understanding of AIM2 biology and its functions in health and disease.
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1. Introduction: AIM2 inflammasome as a cytosolic DNA sensor

The innate immune system is the first line of defense against infections and is critical for
detecting and clearing pathogens. A broad repertoire of germline-encoded pattern
recognition receptors (PRRS) enables the host to sense microbial infection by recognizing
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) generated during infection.(1) Intracellular signaling triggered by these receptors
converge on common transcription factors, such as nuclear factor kappa B (NF-xB) and
interferon regulatory factors (IRFs), resulting in the production of proinflammatory
cytokines, chemokines, and type I interferons (IFNs) that control the infection. The strategic
subcellular distribution of PRRs ensures surveillance for both extracellular and intracellular
infections. Transmembrane PRRs on the surface of cells detect extracellular PAMPs and
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DAMPs and include Toll-like receptors (TLRs) and C-type lectin receptors (CLRS).(2, 3)
Cytosolic PRRs detect intracellular PAMPs and DAMPs and include the retinoic acid-
inducible gene- (RIG)-I- like receptors (RLRS), nucleotide-binding domain and leucine-rich-
repeat-containing [NLR] receptors (NLRs), and absent in melanoma 2 (AIM2)-like receptor
(ALRs).(4-6)

Inflammasomes are multiprotein complexes that detect a broad range of PAMPs and
DAMPs, including nucleic acids, bacterial toxins, flagellin, microbial cell wall components,
ATP, alum, and uric acid.(7) Canonical inflammasomes consist of a sensor protein that
recognizes PAMPs, the adaptor molecule, apoptosis-associated speck-like protein containing
CARD (ASC), and the effector protein caspase-1.(8) The receptor in the inflammasome
complex belongs to the NLR and ALR families in most cases. Assembly of the
inflammasome complex results in the activation of caspase-1 through an autoproteolysis
process. Active caspase-1 then cleaves the precursor cytokines IL-1f and IL-18 into their
mature active forms.(9) Additionally, active caspase-1 can induce an inflammatory form of
cell death called pyroptosis by cleaving gasdermin D (GSDMD).(10) Cleavage of GSDMD
results in the liberation of its N-terminal domain that forms pores in the plasma membrane,
leading to osmotic imbalances, cell swelling, loss of membrane integrity, and terminal cell
rupture.(11) In addition to the canonical inflammasomes, there is a noncanonical
inflammasome pathway, in which caspase-11 and caspase-4 directly sense cytosolic
lipopolysaccharide (LPS) from Gram-negative bacteria and their outer membrane vesicles.
(12-15) Active caspase-11 and caspase-4, like caspase-1, cleave GSDMD to induce
pyroptosis. During pyroptosis, IL-1p and 1L-18 cytokines are released from the cell into the
extracellular space, and they elicit a strong inflammatory response by activating the IL-1R/
IL-18R-MyD88-NF«xB axis. The DAMPs and alarmins, such as HMGB1 and IL-1a,
released during pyroptosis also function to amplify the inflammatory response.(16, 17)

The AIM2 inflammasome is responsible for sensing DNA in the cytosol and is a critical host
defense mechanism against bacterial and viral infections.(18) AIM2 sensing of cytosolic
DNA is an important innate immune strategy since the presence of DNA in the cytosol can
be indicative of pathogen invasion.(19) AIM2 was first identified as a gene that was lacking
in melanoma cell lines using subtractive cDNA hybridization.(20) The function of AIM2
remained unknown for over a decade until independent laboratories discovered it as a
cytosolic receptor for double-stranded DNA (dsDNA).(18, 21-23) AIM2 became the first
member of the ALR family proteins to be characterized in terms of innate immune sensing.
AIM2 is expressed in the cytosol, where it can directly bind to microbial as well as self-
dsDNA in a sequence-independent manner.(18, 21-23). The binding of DNA to AIM2 the
assembly of the AIM2 inflammasome complex (24); this results in ASC oligomerization and
the subsequent recruitment of pro-caspase-1 to the inflammasome complex leading to the
processing of caspase-1, pro-1L-1, pro-1L-18, and GSDMD. Thus, the activation of this
DNA sensing pathway during infection results in a strong innate immune response mediated
by the release of IL-1p and IL-18 cytokines in combination with pyroptotic cell death. The
AIM2-ASC platform has also been shown to activate caspase-8 leading to apoptosis.(25-27)
While the ability of AIM2 to recognize DNA from multiple species of pathogens is
beneficial for the host, the lack of sequence-specificity does not allow for the distinction
between microbial DNA and self-DNA. Therefore, activation of AIM2 in response to self-
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DNA has important implications in autoimmunity. In this review, we summarize the recent
advances in understanding the activation, functions, and regulations of the AIM2
inflammasome and its impact on health and disease.

2. Biochemical and structural basis of DNA sensing and inflammasome
assembly by AIM2

Although AIM2 sensing of dsDNA is sequence-independent, the ability of dsDNA to
effectively activate the AIM2 inflammasome is dependent on its length. Biochemical studies
have shown that 70-base pairs (bp) of dSDNA is the minimum length necessary to activate
the AIM2 inflammasome, but 200-bp of dsDNA allows for optimal AIM2 activation.(28) It
has recently been reported that the AIM2 inflammasome assembly occurs more rapidly in
the presence of longer dsDNA molecules; 300-bp dsDNA induced AIM2 polymerization
into filaments significantly faster than 72-bp dsDNA.(29) Therefore, the length of dSDNA in
the cytosol govern the activation of the AIM2 inflammasome and its kinetics and magnitude.

The structure of the AIM2 inflammasome has been extensively studied and is well
characterized. AIM2 is a member of the ALR family of proteins, characterized by an N-
terminal PYD (pyrin) domain and a C-terminal HIN (hematopoietic, interferon-inducible,
and nuclear localization) domain.(30) The HIN domain is directly responsible for binding to
dsDNA in the cytosol. Structural studies have revealed that the HIN domain is comprised of
two OB (oligonucleotide/oligosaccharide binding) folds, which have been shown to bind to
both strands of DNA.(28, 31) This explains why the AIM2 inflammasome is able to
recognize dsDNA, rather than ssSDNA.(22, 23, 28) Mechanistically, DNA binds to the HIN
domain primarily through electrostatic interactions.(23) The OB folds contain positively
charged arginine and lysine residues that associate with the negatively charged phosphates
on the ribose backbone of DNA molecules.(30, 32) Additionally, minimal polar and
hydrophobic interactions between the HIN domain and DNA have also been shown to
contribute to AIM2 binding of DNA. Interestingly, structural analysis of the HIN domain
and DNA interaction have revealed negligible contact of the HIN domain with the bases of
DNA, potentially explaining sequence independent-sensing of DNA by AIM2.(30)
Furthermore, multiple AIM2 molecules can bind to the same molecule of dsDNA allowing
for the clustering of AIM2 molecules to initiate inflammasome formation.(33)

The PYD domain of AIM2 is responsible for recruiting the adapter protein ASC during
inflammasome assembly. PYD belongs to the DD (death domain) superfamily and is distinct
from CARD (caspase recruitment domain) subfamily.(34) Structural studies have revealed
that the PYD domain contains a six-helix bundle and has a high affinity to associate with
other PYD domains.(30, 32, 35) It was found that the AIM2 PYD domain contains a loop
connecting a2 and a3 that is critical for self-association.(36) The PYD domain of AIM2
directly binds to the PYD domain of ASC. The interaction between the PYD domains of
these two proteins results in the assembly of helical filaments, allowing for oligomerization
of the AIM2 inflammasome.(30) In the ASC filaments, AIM2 PYD exists at only one end,
while ASC PYD polymerizes to make up the remaining filament structure.(37) It is
considered that AIM2 PYD functions as a nucleating platform for ASC PYD molecules to
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assemble and polymerize into filaments, similar to how actin nucleation factors drive actin
polymerization. Currently, the exact mechanism of how DNA binding to the HIN domain
leads to the recruitment of ASC via the PYD domain is unclear. According to one model,
AIM2 exists in an autoinhibitory conformation during homeostatic conditions.(30) In this
model, the HIN domain and PYD domain interact with each other to form an inhibitory
state, in which the PYD domain is not available to recruit ASC. Once dsDNA binds to the
HIN domain, a conformational change is thought to occur as a result of which the PYD
domain gets displaced from the HIN domain and becomes accessible to the PYD domain of
ASC.(28) A second model suggests an AIM2 concentration-dependent and oligomerization-
driven mechanism for the AIM2-ASC assembly.(38)

ASC functions as a vital adaptor molecule to recruit the effector protein, caspase-1, to the
inflammasome complex. In addition to the PYD domain, ASC contains a CARD domain
that directly interacts with the CARD domain of caspase-1.(30) Electron micrographs have
revealed that the AIM2 inflammasome forms a star-shaped ternary complex, in which ASC
molecules were found to localize at the center, and caspase-1 CARD molecules were found
along the arms of the stars.(32, 37) The formation of the AIM2 inflammasome allows
caspase-1 molecules to be in close proximity to each other, resulting in the autocatalytic
generation of active caspase-1 molecules.

3. AIM2 sensing of microbial DNA and its role in host defense

Anti-bacterial host defense

The AIM2 inflammasome sensing of microbial DNA alarms the innate immune system
against pathogen invasion, and the antimicrobial host defense is a key function of the AIM2
inflammasome. AIM2 plays a protective role against various intracellular as well as
extracellular bacterial infections. Listeriaand Francisella are intracellular bacteria that
successfully replicate in the cytosol of macrophages and dendritic cells (DCs), and AIM2
senses their DNAS released into the cytosol upon bacterial lysis (Figure 1). Correspondingly,
mice deficient in A/imZ2fail to mount inflammasome responses, clear bacteria, and survive £
noviciaga infection. However, despite detecting Listeria DNA in the cytosol, AIM2
inflammasome is only partially involved in inducing inflammasome response against this
cytosolic bacterium.(39) The AIM2 inflammasome also plays a role in Mycobacterial
infection; Aim2~~ mice were more susceptible to Mycobacteria tuberculosis (Mtb) infection
compared to WT mice.(40) Interestingly, Mtb inhibits the inflammasome activation by M.
smegmatis in DCs suggesting a dual effect of Mtb on the AIM2 inflammasome®. Along with
the NLRP3 inflammasome, the AIM2 inflammasome plays a role in the control of bacterial
replication during Brucella abortus infection.(41, 42) However, B. abortus-induced liver
granuloma formation was not affected by the absence of ASC-inflammasome pathways.(42)
AIM2 also mediates inflammasome activation by M. bovis, Porphyromonas gingivalis,
Legionella pneumophila ASAhA, Chlamydia muridarum, and C. trachomatis in macrophages
in vitro.(43-45). Furthermore, the AIM2 inflammasome prevents dysbiosis and intestinal
inflammation through the regulation of the IL-18/IL-22BP/IL-22 and STAT3 pathway and
the expression of antimicrobial peptides Reg3p and Reg3y15.(46, 47)
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Besides sensing intracellular bacteria, AIM2 also senses infections with certain extracellular
bacteria such as Staphylococcus aureus and Streptococcus pneumoniae.(48-50) AIM2
protects mice against acute central nervous system (CNS) infection with S. aureus, Aim2™'=
mice have decreased levels of IL-1p and other key inflammatory mediators, including IL-6,
CXCL1, CXCL10, and CCL2 in the CNS and were more susceptible to S. aureus infection.
(50) This phenotype was similar to that of Asc~ mice. Unlike AimZ~/~ and Asc™/~ mice,
NiIrp3 '~ mice were comparable to WT mice in their resistance to S. aureus CNS infection.
During S. pneumoniae infection, AIM2 inflammasome is necessary for caspase-1 and IL-18
maturation in macrophages.(49) Similarly, the secretion of IL-1p, but not IL-12, TNF, and
IL-6 into broncho-alveolar lavage (BAL) fluid was reduced in Aim2~ mice infected
intranasally with S. pneumoniae. In correspondence with this, S. pneumoniae load,
pulmonary pathology, and lethality were higher in Aim27'~ mice. As S. pneumoniae and S.
aureus are primarily extracellular bacteria, it is not yet clear how their DNA accesses the
cytosol.

Anti-fungal and -protozoan host defense

AIM2 cooperates with NLRP3 to protect the host against infection with Aspergillus
fumigatus. Whereas Aim2™'~ Nirn3 "=, Asc™~, and Casp2~'~ mice were significantly more
susceptible to A. fumigatus infection-mediated tissue damage and -lethality, Aim2~ and
NIrn3 '~ were comparatively less susceptible, and their mortality rates were similar to WT
mice.(51) Though the cooperative function of AIM2 and NLRP3 inflammasomes during A.
fumigatus infection is clear, the underlying mechanisms remain to be elucidated. A similar
dual requirement for AIM2 and NLRP3 has been observed for the inflammasome activation
by Plasmodium berghei. It has been shown that the stimulation of macrophages with A2
berghel-infected RBCs induces the activation of AIM2 and NLRP3 inflammasomes in
macrophages.(52) Particularly, Plasmodium DNA-hemazoin (Hz) complexes were
immunostimulatory for AIM2 and NLRP3 inflammasomes in macrophages. Hz-mediated
phagolysosomal destabilization is considered to activate the NIrp3 inflammasome as well as
facilitate the release of 2 berghef DNA into the cytosol for AIM2 sensing. Aim2 and Nirp3
inflammasomes have been shown to impair anti-malarial host defense as mice deficient in
Aim2, NIrp3, and caspase-1 have lower parasitemia and lethality during 2. yoelii infection.
(53) Increased expression of AIM2 has been reported in localized cutaneous leishmaniasis
(LCL) biopsies. In a murine model of leishmaniasis, Aim2 has been shown to suppress
pathogen control and promote tissue inflammation.(54) 7oxoplasma gondiihas also been
reported to activate the AIM2 inflammasome, interestingly the outcome of which is an
atypical caspase-8-dependent apoptosis rather than caspase-1-dependent pyroptosis.(27)

Antiviral host defense

AIM2 inflammasome plays a vital role during DNA viral infections. Murine
cytomegalovirus (MCMV), a herpesvirus of the subfamily beta-Herpesviridae, is sensed by
AIM2 in macrophages and DCs leading to caspase-1-dependent IL-1 responses (Figure 1).
AimZ'~ mice infected with MCMV contain reduced amounts of 1L-18 in serum compared
to WT mice, and consistent with that, 1L-18-dependent NK cell activation in the spleen was
also reduced in AimZ~/~ mice. Importantly, Aim2~/~ mice were more susceptible to MCMV
infection and failed to control viral replication.(39) Similarly, UV-inactivated human
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cytomegalovirus (HCMV) infection induces AIM2- and caspase-1-dependent IL-1p
secretion in THP1 cells.(55) However, UV-inactivated HCMV activation of the AIM2
inflammasome is suppressed by live HCMV infection. (55) Furthermore, AIM2 senses
vaccinia virus, a double-stranded DNA virus, and AIM2 deficiency abrogates
inflammasome-mediated response to vaccinia viral infection in macrophages and DCs in
vitro.(39) Hepatitis B virus (HBV) is an enveloped virus but contains a smaller genome (~3
kb). Detailed profiling of AIM2 expression and inflammasome responses in patients with
acute and chronic HBV infections revealed that AIM2 expression was higher in acute HBV
patients and that AIM2 expression positively correlated with serum level of IL-1f and IL-18,
but negatively correlated with serum HBV titer.(56) Similarly, higher AIM2 expression was
observed in the kidney of patients with HBV-induced chronic glomerulonephritis (HBV-GN)
than with HBV negative chronic glomerulonephritis. Here also, AIM2 expression positively
correlated with caspase-1 and IL-1pB levels and negatively correlated with the viral load.(57)
Although these studies implicate a role for AIM2 in HBV infection, whether AIM2 senses
HBYV DNA and its precise role during HBV infection are not yet known. Human Papilloma
Virus (HPV) is a dsDNA virus with a small genome (~8 kb). HPV16 and 18 are the high-
risk type strains that commonly cause genital, anal, or skin cancers. HPV-positive skin
cancer lesions contain high amounts of cytosolic AIM2 as well as HPV16 DNA. Further
immunohistochemical analysis revealed the presence of cleaved caspase-1 and IL-1p in
HPV-infected lesions, but not in healthy control skin.(58) The transfection of HPVV16 DNA
induced the secretion of IL-1p from keratinocytes in an AIM2 inflammasome-dependent
manner.(58) However, whether HPV directly activates the AIM2 inflammasome and its
functional relevance during HPV infection in the skin are unclear. AIM2 has also been
shown to mediate inflammasome activation by Epstein-Barr virus and modified vaccinia
virus Ankara in primary human monocytes and keratinocytes, respectively.(59, 60)
Interestingly, AIM2 has been documented to play roles during infections with RNA viruses,
such as influenza, Enterovirus 71 (EV 71), Chikungunya virus, and West Nile virus.(61, 62)
How AIM?2 is engaged during RNA viral infections and whether self-DNA is the ligand for
AIM2 in these scenarios are not clear.

4. AIM2 sensing of self-DNA and its functional implications

The lack of sequence specificity for AIM2 binding of DNA makes self-DNA a potential
ligand for AIM2. Though the spatial separation of AIM2 in the cytosol and self-DNA in the
nucleus and mitochondria prevents AIM2 sensing of self-DNA, there are several scenarios
where self-DNA mislocalizes in the cytosol and is sensed by AIM2 with pathological
consequences (Figure 2). The nuclear envelope (NE) serves as a physical barrier shielding
the nuclear DNA from the innate immune surveillance pathways in the cytosol. Thus, NE
plays a vital role in preventing self-DNA mediated aberrant innate immune activation.
Impaired maturation of NE proteins could compromise NE integrity and thereby facilitate
DNA leakage into the cytosol. Nelfinavir, an anti-HIV drug that limits viral replication by
inhibiting aspartyl protease, prevents maturation of lamin A and facilitates the disintegration
of NE. Following NE disintegration, genomic DNA leaks into the cytosol and is recognized
by AIM2, leading to the activation of caspase-1 and IL-1p in THP1 cells and BMDMs.(63)
Similarly, the impairment of mitochondrial structure and function results in the spilling of
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mitochondrial DNA into the cytosol; for example, the excessive accumulation of cholesterol
owing to the inadequate cellular levels of 25-hydroxycholesterol leads to the impaired
mitochondrial respiration and membrane polarization. As a result of which, mitochondrial
DNA is released into the cytosol leading to AIM2 inflammasome activation.(64)
Importantly, self-DNA serves as an AIM2 agonist in neurons during development and injury.
(65) Previous studies indicated that AIM2 deficiency altered neuronal morphology and
influenced behavior in mice.(66) A recent study shows the activation of AIM2
inflammasome in the developing brain in response to double-stranded DNA damage. AIM2
inflammasome activation in response to genotoxic stress during neurodevelopment
contributes to normal brain development by purging unfit neurons via GSDMD-mediated
pyroptosis. As a result, AIM2 deficiency leads to the retention of more cells (damaged as
well as normal) in the brain and the development of anxiety-related behaviors in mice.(67)

In addition to cell-intrinsic DNA, cell-extrinsic DNA can also become mislocalized in the
cytosol, thus becoming a ligand for AIM2. Phagocytic cells, such as macrophages,
internalize cell-free DNA released upon cellular damage, self-DNA-immune complexes, and
apoptotic bodies containing DNA. This DNA cargo is routed to lysosomes, where it
undergoes degradation by DNase I1. However, defects in lysosome maturation and Dnase //
deficiency lead to defective clearance of apoptotic bodies and accumulation of self-DNA in
the lysosomes, which eventually leaks into the cytosol.(68) Aberrant AIM2 activation
resulting from defective clearance of DNA-containing cargoes has been implicated in
autoimmune disorders such as systemic lupus erythematosus and arthritis, as discussed later.
Cellular damage caused by flu infection has been reported to trigger the release of DNA in
the lungs, which is sensed by AIM2.(69) The self-DNA sensing by AIM2 plays critical roles
in cytokine responses, immune cell recruitment, and mortality during flu infection
depending upon the dose of the viral infection.(70)

Surprisingly, self-DNA is recognized by the AIM2 inflammasome in the nucleus also (71,
72). AIM2 has been shown to sense DNA in the nucleus upon radiation or chemotherapy
induced-double-strand DNA breaks. The resulting inflammasome activation triggers
pyroptosis in intestinal epithelial cells and bone marrow cells and contributes to the
radiation-induced intestinal toxicity as well as hematopoietic failure.(71) Additionally, the
pharmacological blockade of the translocation and assembly of AIM2 inflammasome in the
nucleus by andrographolide alleviates pyroptosis and organ damage during radiotherapy.(72)
Furthermore, chemotherapy induces the release of massive amounts of DNA from the
damaged gastrointestinal lining through exosomes. These DNA-containing exosomes are
taken up by immune cells and activate the AIM2 inflammasome leading to the release of
IL-1B and IL-18.(73) During the early phase of chemotherapy, these proinflammatory
cytokines could trigger the anti-tumor immunity by inducing the infiltration of immune cells
into the tumor. However, uncontrolled inflammasome activation leads to gastrointestinal
toxicity and diarrhea. The genetic deficiency of AIM2 and the pharmacological inhibition of
AIM2 by thalidomide significantly reduced chemotherapy-induced diarrhea in mice.(73)
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Autoimmune and Sterile inflammatory diseases.

The differential expression of AIM2 has been observed in several autoimmune diseases such
as arthritis, psoriasis, atopic dermatitis, venous ulcer, contact dermatitis, colitis, Sjogren’s
syndrome (SS), and systemic lupus erythematosus (SLE) in humans.(74, 75) Accumulation
of extranuclear DNA, high expression of AIM2, and ASC specks have been observed in the
ductal epithelia in SS patients.(76) Additionally, damaged genomic DNA co-localized with
AIM2 in the specimens of SS patients but not controls. The low Dnase | expression in the
salivary gland epithelial cell-line (SGEC) lines and the ductal tissues of SS patients implied
that the defective cytosolic DNA degradation underlies AIM2 activation in SS. Similarly,
increased expression of AIM2 and the cytosolic presence of DNA were observed in
keratinocytes in psoriatic lesions but not in healthy skin. Cytosolic DNA is capable of
activating the AIM2 inflammasome in keratinocytes. The antimicrobial peptide LL37, which
is highly expressed in the psoriatic lesions, sequesters DNA and restricts AIM2 activation in
keratinocytes. It can be inferred from these observations that AIM2 senses self-DNA during
psoriasis, and that this surveillance process is suppressed by LL-37(77). Dnase I/ deficiency
leads to lethal accumulation of self-DNA during embryonic stages and type | IFN-driven
embryonic lethality.(78) The deletion of type | IFN receptor in Dnase ///~ mice rescues
embryonic lethality, but /fnar”~ Dnase 17~ adult mice develop polyarthritis.(78-80) AlIM2
inflammasome appears to play a critical role in the induction of polyarthritis. Increased
accumulation of cleaved caspase-1 and IL-1p were observed in the joints of /frar”~ Dnase
/"~ animals.(79) Importantly, AIM2 deficiency ameliorated arthritis characterized by
reduced macrophage infiltration, joint inflammation, bone and cartilage destruction, and
enhanced proliferation of synovial cells.(79) Furthermore, high expression of AIM2 is
noticed in the kidney biopsy samples of diabetic and non-diabetic chronic kidney disease
(CKD) patients. Proinflammatory actions of inflammasome-activated macrophages in
kidney tubules cause local inflammation and tissue damage.(81) Similarly, AimZ2 deficiency
ameliorated renal injury in the unilateral ureteral obstruction model.(81) The AIM2
inflammasome also plays detrimental roles in several types of brain injury such as ischemic
brain injury, cerebral ischemic reperfusion injury, subarachnoid hemorrhagia, and traumatic
brain injury.(82-85)

Additional inflammatory roles of AIM2 have been reported in vascular diseases such as
atherosclerosis and cardiomyopathy.(86) Atherosclerosis-prone ApoE~~ mice fed a high fat
diet showed enhanced expression of AIM2 in vascular smooth muscle cells (VSMCs), which
correlated with high ICAM-1 expression in these cells. AIM2 expression in VSMCs
gradually increases with the increasing concentration of oxidized-LDL. Increased
extracellular accumulation of dsDNA was observed during the advanced stages of
atherosclerosis.(87) AIM2 silencing reduces cell death, macrophage accumulation in
atherosclerotic plagues, and the size of atherosclerotic lesions in high fat diet-fed ApoE/~
mice.(86) AIM2 colocalizes with DNA in macrophages in the atherosclerotic plaques, and
the atherosclerotic plaques in Aim2™'~ ApoE~'~ have decreased IL-1p and 1L-18.(87) The
deletion of Aim2 or inhibition of Aim2 with synthetic oligonucleotide A151 in high fat diet-
fed ApoE'~ mice improved atherosclerotic lesion stability.(87) Similarly, the silencing of
Aim2with siRNA in a diabetic rat model ameliorated diabetes associated cardiomyopathy.
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(88) The AIM2 inflammasome has also been suggested to play a role in post-operative ileus.
(89)

AIM2 plays critical roles in oncogenesis in inflammasome-dependent as well as
inflammasome-independent manners. The inflammasome-independent function of AIM2 in
colorectal carcinoma is described elsewhere in the review. Depending upon the type of
cancer, AIM2 plays pro- or anti-cancerous roles; for example, AIM2 plays a pro-oncogenic
role in skin carcinomas, however, anti-cancerous role in colonic sarcomas. High expression
of AIM2 is observed in non-small cell lung cancer (NSCLC), and AIM2 plays both
inflammasome-dependent and independent roles in NSCLC.(90-92) In an /n vitro study
with lung cancer epithelial cell-lines A549 and H460, depletion of AIM2 and ASC with
shRNA and siRNA, respectively, as well as inhibition of caspase-1 with VX765, inhibited
cell-growth and metastasis. Furthermore, the depletion of AIM2 and ASC and the inhibition
of caspase-1 promoted cell-cycle arrest at G2/M phase, which paralleled with cyclin B1
reduction in these cell lines.(90) Similarly, luteolin (a natural flavonoid) treatment reduced
the expression of AIM2, and the activation of caspase-1 and IL-1p in A549 and H460 cell
lines as well as in their xenografts in mice. Furthermore, luteolin depleted cyclin B1 and
promoted growth arrest at the G2/M phase in these cell-lines.(92) These observations
suggest a likely involvement of the AIM2 inflammasome in NSCLC. In HBV-infected
hepatocellular carcinoma (HCC) patients, low AIM2 expression was associated with a
shorter overall and disease-free survival.(93) Diminished expression of AIM2 was observed
in liver cancer tissue, but not in normal tissue of HCC patients and AIM2 expression
negatively correlated with tumor progression in HCC patients.(93, 94) AIM2 deficiency
enhanced Fibronectin-1 expression and epithelial-mesenchymal transition (EMT), which
may have implications for HCC metastasis.(93) In HCC cells, the AIM2 inflammasome
suppresses the HCC growth by inhibiting the mTOR/S6K1 pathway.(94) The high
expression of AIM2 and its inflammasome components correlated with improved patient
survival in EBV induced nasopharyngeal carcinoma (NPC).(95) The AIM2 function in NPC
likely involves IL-1B and the recruitment of immunostimulatory neutrophils into tumor mass
that could mediate the anti-tumor activities. Although, differential expression of AIM2 and
AIM2-inflammasome components are seen in additional cancers such as glioblastoma
multiforme and prostate cancer in comparison to healthy tissue, its physiological relevance is
not yet known (96, 97).

5. Crosstalk between the AIM2 inflammasome and other DNA sensing

pathways

Additional to AIM2, cyclic GMP-AMP synthase (CGAS) senses intracellular DNA. In
contrast to AIM2, cGAS is a nucleotidyl transferase that synthesizes the second messenger,
cyclic GMP-AMP (cGAMP), which triggers the STING-TBK1 signaling cascade to activate
type | IFN expression. A surprising observation that emerged from the earlier loss-of-
function studies on AIM2 was that while the DNA-induced secretion of IL-1f was
diminished, the production of IFN-B was enhanced.(18, 39, 98-102) The negative effect of
AIM2 on cGAS pathway was inflammasome-dependent, and recently, GSDMD activated by
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the AIM2 inflammasome has been shown to suppress the cGAS-STING pathway by altering
the intracellular ionic milieu optimal for cGAS activation (Figure 1).(103) This is
reminiscent of GSDMD-activation of the NLRP3 inflammasome during noncanonical
inflammasome signaling elicited by cytosolic LPS.(104) It has been shown by previous
studies that type | IFNs play a detrimental role during infections with intracellular bacteria
including £ novicida. By suppressing cGAS-mediated IFN response to £~ novicida, the
AIM2 inflammasome limits the detrimental activation of apoptotic caspases and enhances
the host survival. Thus, the suppression of IFN-p via GSDMD is integral to the role of
AIM2 in anti-bacterial host defense.

Furthermore, caspase-1 activated by the AIM2 inflammasome has also been shown to cleave
and inactivate cGAS leading to the downregulation of type I IFN expression during DNA
virus infections (Figure 1).(102) Similarly, inflammasome-activated GSDMD inhibits
cGAS-dependent IFN response during Rickettsia infection as well.(105) However, as ISGs
are important for the restriction of Rickettsia and viruses, the inflammasome antagonism of
IFN is beneficial for the pathogen rather than the host.(102, 105) The inflammasome
activation during Plasmodium infection also negatively regulates type I interferon signaling
via IL-1p, which impairs parasite control and host survival. (53) The cross-talk between
inflammasome and cGAS occurs not only during infections but sterile inflammation as well;
GSDMD deficiency augments cGAS-dependent type | IFN response and worsens intestinal
inflammation in a DSS colitis model.(106) Overall, these studies clearly establish a crosstalk
between the inflammasome and type | interferon pathways and its critical role in a broad
range of host-pathogen interactions as well as sterile inflammation.

Regulation of AIM2 inflammasome

Positive regulation by interferon inducible factors—Type | IFNs are key cytokines
induced upon cytosolic sensing of DNA by cGAS. Interferons play critical roles in AIM2
inflammasome signaling via two mechanisms. First, type | IFN signaling upregulates AIM2
expression; AIM2 is expressed at basal levels during homeostatic conditions particularly in
human cells, but can be upregulated by type I IFN signaling.(6) Secondly, type | IFN
signaling has been shown to promote bacterial lysis and ligand availability during bacterial
infections.(39, 99) For AIM2 inflammasome activation during bacterial infections, it is
imperative that bacterial DNA becomes accessible to AIM2, and published reports indicate
that this process is coordinated by a number of interferon-inducible host proteins including
guanylate-binding proteins (GBP).(107, 108) GBPs induced by type I IFN signaling and
IRF1 are targeted to cytosolic ~ novicidaand cause bacterial lysis leading to the release of
bacterial DNA into the cytosol and AIM2 activation. Similarly, interferon response gene B10
(IRGB10) was found to associate with GBP2 and GBP5 and disrupt membrane integrity of
cytosolic ~ novicidaand mediate liberation of bacterial DNA for AIM2 recognition.(109)
Correspondingly, mice lacking GBPs or IRGB10 fail to mount adequate AIM2-dependent
inflammasome responses to £, novicida and succumb to the infection. Thus, interferon
inducible factors such as GBPs and IRGB10 enable AIM2 detection of bacterial DNA by
enhancing ligand accessibility (Figure 1). Surprisingly, type I IFN signaling is dispensable
for the activation of AIM2 inflammasome by viruses, such as MCMV,(39) perhaps due to
DNA being more readily accessible than during bacterial infections.
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Negative Regulatory mechanisms controlling the AIM2 inflammasome—AIM2
is not a sequence specific DNA sensor and in fact, AIM2 detection of self-DNA has been
reported in several autoimmune disorders.(74) Therefore, strict regulatory mechanisms are
required to avoid inadvertent activation of the AIM2 inflammasome by the self-DNA as well
as to avoid its excessive activation by microbial DNA, which could also be harmful to the
host. Cytoplasmic localization of AIM2 versus the nuclear and mitochondrial localization of
self-DNA ensures the spatial separation of the sensor from the endogenous ligand. Further,
in resting cells, AIM2 is believed to exist in an auto-inhibitory conformation with
intramolecular interactions between the PYD and HIN domains preventing auto-
oligomerization.(28, 110) The presence of dsDNA possibly reduces the threshold required
for AIM2 oligomerization and liberates the PYD domain to interact with ASC and initiate
inflammasome activation.

Negative regulation of the AIM2 inflammasome by POP, COP, and other ALR
proteins.—A new mechanism of inflammasome regulation involving decoy proteins
encoding PYRIN only domains has been elucidated.(111, 112) Pyrin only proteins (POPS)
are believed to act as decoys and sequester key inflammasome components like NLRs,
ALRs, and ASC from undergoing productive inflammasome assembly. Interestingly, their
expression is undetectable basally and induced by IL-1f and IFN-p suggesting a feedback
mechanism that likely functions to attenuate excessive inflammasome activation. Three
cellular POPs have been identified in humans including POP1, POP2, and POP3.(113-115)
Although the mouse genome is predicted to encode two POPs, Pydc3, and Pydc4, POPs are
poorly conserved in mammals and share weak homology with each other. POP1 and POP2
share a high degree of similarity with the PYD domain of ASC and are believed to generally
inhibit inflammasome activation through their ability to sequester ASC from associating
with NLRs and ALRs.(116, 117) Interestingly, POP2 regulates inflammasome pathway in a
dual way, directly as well as indirectly via the NF-xB pathway to interfere with the priming
phase of inflammasome activation.(116, 118) Transgenic mouse models expressing these
POP proteins validate their function as inflammasome inhibitors; POP1 and POP2
transgenic mice have reduced systemic IL-1p and 1L-18, inflammatory cell recruitment, and
lethality during endotoxin shock.

Unlike POP1 and POP2, POP3 is reported to be a specific regulator for AIM2
inflammasome. (115, 119) POP3 is located on the same IFN-B inducible genomic cluster as
AIMZ. Moreover, it shares 61% identity with AIM2 and is believed to have arisen from the
duplication of the gene segment encoding the PYD domain of AIM2. POP3 co-localizes
with AIM2 upon viral infection and is considered to abrogate AIM2-ASC interaction by
binding to the PYD of AIM2. Consistently, silencing of POP3 in human macrophages
enhanced IL-1p and IL-18 secretion upon AIM2 activation. Macrophages from transgenic
mice expressing human POP3 display impaired AIM2 activation in response to dsDNA and
DNA viral infection. The AIM2 inflammasome is a critical mediator of the protection
against MCMYV infection. In accordance with this, POP3-transgenic mice displayed
heightened susceptibility to MCMV infection and harbored higher viral load in the spleen,
further corroborating POP3 as AIM2 inflammasome inhibitor.(115)
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In addition to POPs, there is another set of decoy proteins expressing only the CARD
domain called COPs. Three COPs have been identified so far, COP (pseudo-ICE), INCA,
and ICEBERG, which are all homologs of caspase-1 and predicted to have arisen from
caspase-1 gene duplication.(120-123) Like POPs, the expression of COPs is upregulated by
proinflammatory stimuli like IFN-y and TNF, and COPs are widely expressed in most
tissues like placenta, spleen, bone marrow, and lymph nodes. As in the case of POPs, the
mouse genome does not encode for any orthologues of COPs. The function of COPs has
been explored only in over-expression systems; COPs interact with the CARD of pro-
caspase-1 to block its interaction with upstream inflammasome components and activation.
As a general inhibitor of caspase-1 activation, COPs are likely to negatively regulate AIM2-
dependent inflammasome responses to DNA.

The mouse genome harbors additional PYHIN genes, of which, IFI202/p202 acts as a
suppressor of AIM2 inflammasome signaling. It was initially identified as a disease locus for
lupus susceptibility.(124) p202 encodes two tandem HIN domains homologous to those of
IFI116, but no PYD domain. The HIN A domain of p202 binds to dsDNA with high affinity,
thus sequestering DNA, and its HIN B domain binds to AIM2 HIN domain, making it
unavailable for DNA binding.(125, 126) Recently, Wang et a/,, identified IF116-f, an
isoform of IFI16, which has a similar domain structure as mouse p202.(127) IF116-B is
shown to similarly sequester cytoplasmic dsDNA and inhibit AIM2 inflammasome
activation.

Additional mechanisms.—Autophagy is a highly conserved basic cellular process that
recycles organelles, proteins, and macromolecules during starvation to maintain homeostasis
and cell survival. Apart from its role during nutrient deprivation, emerging evidence shows
that autophagy makes critical contributions to immune responses, such as antigen
presentation, clearance of intracellular pathogens, and cytokine release.(128) Autophagy has
been shown to be a key negative regulator of inflammasome signaling via several means
including the removal of the inflammasome complex and recycling of damaged organelles,
such as mitochondria, that otherwise activate inflammasome signaling.(129) In the case of
the AIM2 inflammasome, E3 ubiquitin ligase tripartite motif 11 (TRIM11) has been
reported to be a specific negative regulator.(130) Upon infection with DNA viruses, TRIM11
binds to AIM2 and undergoes auto-polyubiquitination, which promotes association between
TRIM11 and the autophagic cargo receptor p62 to mediate AIM2 degradation via selective
autophagy. Interestingly, several TRIM proteins have been implicated in the regulation of
other inflammasomes via selective autophagy.(131) Recently a mitochondrial protease
HtrA2 has been identified as an NLRP3 and AIM2 inflammasome regulator.(132) HtrA2 has
been shown to regulate autophagic recycling of inflammasome adaptor ASC in a protease
activity-dependent manner to modulate inflammasome signaling.

Microbial antagonism of AIM2 inflammasome.—In addition to the host mechanisms,
pathogens have also evolved diverse strategies to control AIM2 inflammasome activation. £~
tularensis, L. monocytogenes, and L. pneumophila restrict ligand availability to prevent
AIM2 activation(133); Legionella Dot/Icm type VB secretion system effector, SdhA,
regulates trafficking of Legionella containing vacuoles (LCV) and augments its integrity to
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prevent release of bacterial DNA into the cytosol and AIM2 activation.(45) Similarly, several
proteins expressed by £ tularensis, such as mviN, FTL_0325 and ripA, prevent AIM2
activation either by maintaining bacterial membrane integrity and limiting DNA release or
by suppressing the priming signals (134-137). Mutation in L. monocytogenes Imo2473
enhances bacterial lysis in the cytosol thus leading to increased AIM2 activation.(138) Mtb
has been reported to inhibit AIM2 inflammasome activation via its type V11 secretion system
ESX-1-mediated secretion of virulence factors.(139) This inhibition does not involve
changes in AIM2 mRNA or protein expression, but may involve inhibition of upstream IFN-
B production and signaling. However, the exact mechanism underlying ESX-1-dependent
inhibition of AIM2 by Mtb is yet to be established. DNA viruses have also been shown to
interfere with AIM2 inflammasome activation. Herpes simplex virus-1 (HSV-1) tegument
protein VP22 directly interacts with AIM2 HIN domain and inhibits its oligomerization, an
initial step in AIM2 inflammasome activation.(140) Consistently, the VP22 mutant of
HSV-1 robustly activates the AIM2 inflammasome /n vitro and is efficiently cleared /n vivo.
Likewise, human HCMV tegument protein pUL83 interacts with human AIM2 and disrupts
the activation of the AIM2 inflammasome.(141) In contrast, HBV has been shown to
modulate AIM2 expression transcriptionally to evade detection.(142) Mechanistically, HBV
surface antigen HBs reduces the stability of upstream transcription factor IRF7 mRNA to
decrease AIM2 transcription in Kupffer cells. Overall, the microbes have several
mechanisms to evade the immune surveillance by the AIM2 inflammasome.

6. Inflammasome-independent functions of AIM2

In addition to its function as an innate immune sensor for DNA, AIM2 has inflammasome-
independent functions. Interestingly, AIM2 was identified as a tumor suppressor gene in
melanoma cancer cells.(20) Lack of AIM2 expression has also been detected in many other
types of cancers e.g. breast cancer, prostate cancer and colorectal cancer.(97, 143, 144)
Mutation in the AIM2 gene has been correlated with tumorigenesis and poor prognosis in
colorectal cancer.(143) Two independent studies investigating the role of AIM2 in colorectal
cancer show that AIM2 acts in an inflammasome-independent manner to regulate tumor
development.(145, 146) AIM2 has been shown to interact with and inhibit the activation of
DNA-dependent protein kinase DNA-PK (a phosphoinositide-3 kinase-related family
kinase).(145) Inhibition of DNA-PK by AIM2 attenuates Akt phosphorylation, and as a
result, the proliferation of tumor cells. Furthermore, AIM2 has been shown to restrict the
proliferation of intestinal stem cells and gut microbiota dysbiosis to regulate tumor onset and
progression.(146) AIM2 has also been reported to participate in the preservation of epithelial
barrier integrity in an inflammasome-independent manner; AIM2-mediated AKT activation
regulates expression of tight junction proteins such as claudin 3 and occludins in the
intestinal epithelium, thereby promoting barrier integrity and averting mucosal invasion by
enteric pathogens such as Sa/monella.(147). Unlike in colorectal cancers, AIM2 has been
found to function as an oncogene that promotes growth and proliferation in an
inflammasome-dependent manner in lung carcinoma cell lines such as A549 and H460.(90)
In line with this, high expression of AIM2 has been observed in NSCLC tissue and cell
lines.(148) Furthermore, it has been recently reported that AIM2 expression positively
correlates with the growth and proliferation of NSCLC cells /n vitroand in vivo and that
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AIM2 expression in NSCLC tumors is associated with poor prognosis in patient.(91) AIM2
promotion of cell proliferation was independent of its inflammasome function; AIM2 has
been found to colocalize with mitochondria in NSCLC cells and modulate mitochondrial
fission and fusion dynamics to facilitate growth and proliferation of cancer cells. Overall, the
inflammasome-independent function of AIM2 is critical in tumor development.

7. Conclusions and future directions

The AIM2 inflammasome plays a critical role in alarming the innate immune system during
pathogen invasion and cellular perturbations. AIM2-mediated maturation of IL-1f and IL-18
and/or pyroptotic cell death contribute to host defense, autoimmunity, and
neurodevelopment. While the inflammasome-mediated effects of AIM2 are relatively well
understood, the inflammasome-independent arm of AIM2 remains poorly understood. The
cell type-specific functions of AIM2, both inflammasome-dependent and inflammasome-
independent, in various disease contexts is also largely unknown. Genotoxic stress and cell
cycle dysregulation trigger the formation of micronuclei, the secondary nuclei. Emerging
work in the past few years have demonstrated that cGAS senses DNA contained within the
micronuclei to stimulate type | IFN expression.(149, 150) It would be of interest to
determine if AIM2 gains access to the micronuclei and senses the micronuclear DNA to
trigger inflammasome responses. Recent studies show the existence of a parallel DNA-PK-
dependent, but cGAS-STING-independent DNA sensing pathway in humans but not in
mice.(151) Whether the AIM2 inflammasome has any regulatory effect on this new DNA
sensing pathway is not known. Although the differential expression of AIM2 is associated
with various sterile inflammatory diseases and cancers, the roles of AIM2 in these disease
conditions remain largely unknown. Furthermore, the biological relevance of AIM2
inflammasome activation in cancers associated with infections with oncogenic DNA viruses,
such as HPV and HCMV, should be explored. Considering that AIM2 has been shown to
negatively regulate the synthesis of IFN-B and that type | IFN promotes anti-tumor
immunity, (152, 153) whether the IFN-suppressive role of AIM2 impacts anti-tumor
immunity should be determined. A comprehensive understanding of inflammasome-
dependent and -independent functions of AIM2 will provide novel insights into the
pathogenesis of infectious and inflammatory diseases and cancer.
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Figure 1. AIM2 sensing of microbial DNA.

During infection with bacterial, viral, fungal, and protozoan pathogens, microbial DNA
gains access to the cytosol, where AIM2 senses it. Interferon inducible proteins such as
GBPs and IRGB10 target and permeabilize the bacterial membrane leading to the release of

DNA into the cytosol. Upon sensing DNA in the cytosol, AIM2 assembles an ASC-

caspase-1-inflammasome, which activates IL-1, IL18, as well as GSDMD. The N terminal
fragment of GSDMD (GSDMD-N) forms pores on the plasma membrane, causing a lytic
form of cell death. cGAS also detects viral and bacterial DNA in the cytosol leading to the
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activation of the STING-IRF3 signaling to stimulate type | IFN synthesis. Caspase-1 and
GSDMD activated by the AIM2 inflammasome inhibit cGAS, thereby suppress type | IFN
responses to cytosolic DNA (For the sake of simplicity, the lines depicting inhibition are
drawn from caspase-1 and GSDMD-N to type | IFN instead of cGAS). AIM2 inflammasome
activation is negatively regulated by several mechanisms involving POPs, COPs, and
autophagy.
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Figure 2. AIM2 sensing of self-DNA.
The compartmentalization of cell-intrinsic DNA in the nucleus and mitochondria and cell-

extrinsic DNA (derived from apoptotic cells) in lysosomes prevents cytosolic AIM2 from
sensing self-DNA. Nonetheless, irradiation- and chemotherapy-induced nuclear DNA
damage leads to the sensing of the nuclear DNA of AIM2. DNase Il and 25-
hydroxycholesterol (25-HC) deficiencies enable cytosolic mislocalization of self-DNA from
lysosomes and mitochondria, respectively, triggering AIM2 activation. AIM2 sensing of
self-DNA and the resulting inflammasome responses play critical roles in autoimmunity,
chemotherapy-induced toxicity, as well as in neurodevelopment.
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