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A common feature of many acute and chronic oral diseases is microbial-induced

inflammation. Innate immune responses are the first line of defense against pathogenic

microorganisms and are initiated by pattern recognition receptors (PRRs) that specifically

recognize pathogen-associated molecular patterns and danger-associated molecular

patterns. The activation of certain PRRs can lead to the assembly of macromolecular

oligomers termed inflammasomes, which are responsible for pro-inflammatory cytokine

maturation and secretion and thus activate host inflammatory responses. About 10 years

ago, the absent in melanoma 2 (AIM2) was independently discovered by four research

groups, and among the “canonical” inflammasomes [including AIM2, NLR family pyrin

domain (NLRP)1, NLRP3, NLR family apoptosis inhibitory protein (NAIP)/NLR family,

caspase activation and recruitment domain (CARD) containing (NLRC)4, and pyrin],

AIM2 so far is the only one that simultaneously acts as a cytosolic DNA sensor due

to its DNA-binding ability. Undoubtedly, such a double-faceted role gives AIM2 greater

mission and more potential in the mediation of innate immune responses. Therefore,

AIM2 has garnered much attention from the broad scientific community during its first 10

years of discovery (2009–2019). How the AIM2 inflammasome is related to oral diseases

has aroused debate over the past few years and is under active investigation. AIM2

inflammasomemay potentially be a key link between oral diseases and innate immunity. In

this review, we highlight the current knowledge of the AIM2 inflammasome and its critical

role in the pathogenesis of various oral diseases, which might offer future possibilities for

disease prevention and targeted therapy utilizing this continued understanding.
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INTRODUCTION

A common feature of many oral diseases is microbial-induced inflammation. For example,
periodontal disease, which is a disease characterized by a microbial dysbiosis-triggered
inflammatory response in a susceptible host, has been reported to afflict ∼50% of all US adults
(1). Underlying the oral inflammatory diseases are innate immune responses, which are the
first line of defense against pathogenic microorganisms and are initiated by pattern recognition
receptors (PRRs) that specifically recognize pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs) (2). PRRs are an important component of the
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innate immune system and are essential for the induction of
immune reactions against microbial infection. The activation
of certain PRRs can lead to the assembly of large multiprotein
complexes termed inflammasomes, which are responsible for
the release of pro-inflammatory cytokines that contribute to the
development of inflammatory diseases (3).

The understanding of how oral tissues activate inflammatory
pathways in response to environmental challenges is important
for precise therapies. In current oral and craniofacial disease
research, inflammasomes are being investigated in oral
inflammatory diseases, oral autoimmune diseases, and head
and neck squamous cell carcinoma. It has been 10 years since the
discovery of the absent in melanoma 2 (AIM2) inflammasome
(2009–2019). Thus, in this review, we highlight the current
knowledge on the AIM2 inflammasome and its critical role in
the pathogenesis of various oral diseases, which might offer
directions for the next 10 years.

CYTOSOLIC DNA SENSORS

In eukaryotes, DNA is confined to the nucleus and mitochondria
during homeostasis; however, the exposure of DNA in cytosol
usually suggests either an active infection (pathogen DNA) or
DNA damage. The discovery of Toll-like receptor 9 (TLR9)
first demonstrated the existence of innate immune receptors
that directly respond to DNA (4). DNA is now known to be
recognized by many innate immune receptors that reside in the
cytoplasm or endolysosomal compartment (Figure 1A). They
generally converge on adaptor protein stimulator of interferon
(IFN) genes (STING), leading to the transcription of type I IFN
via the STING–TANK binding kinase 1 (TBK1)–IFN regulatory
factor (IRF) 3/7 axis (5).

DNA recognition by innate immune receptors triggers the
activation of multiple pathways that collectively act as a “double-
edged sword” to the host: protective but also detrimental (6).
The best-characterized pathway activated by DNA recognition
is the expression of type I IFN via the STING–TBK1–IRF3/7
axis, which mainly contributes to host antiviral responses
(7). Other well-characterized DNA-stimulated pathways include
nuclear factor kappa light chain enhancer of activated B cells
(NF-κB) pathway that drives the expression of many pro-
inflammatory genes and the inflammasome pathways that lead
to the maturation of interleukin (IL)-1β/IL-18 (8).

AIM2 INFLAMMASOME

As one of the downstream effects of DNA sensing, the
assembly of a multi-protein complex termed inflammasome,
which generally consists of specific PRRs, apoptosis-associated
speck-like protein containing a CARD (ASC) and caspase-1,
was found in 2002 (9). Inflammasomes provide a molecular
platform for the activation of inflammatory caspases in
response to danger signals, which eventually causes the
secretion of pro-inflammatory cytokine IL-1β/IL-18 (3, 10).
To date, several well-characterized “canonical” inflammasome
complexes have been identified according to the specific PRR

involved: AIM2, NLR family pyrin domain (NLRP)1, NLRP3,
neuronal apoptosis inhibitory protein (NAIP)/NLR family,
caspase activation and recruitment domain (CARD) containing
(NLRC)4, and pyrin [(11); Figure 1A]. In addition, some other
sensors have also been proposed to form inflammasomes,
such as human IFN gamma-inducible protein 16 (IFI16),
NLRP2 and NLRP7, and murine NLRP6 and NLRP9b (12),
and it is likely that more inflammasome complexes are
coming out soon.

Among the “canonical” inflammasomes, what makes AIM2
distinct from others is its DNA recognition ability resulting from
a unique HIN domain (Figure 1B). This was first suspected from
a 2008 study that found that transfection of viral/bacterial DNA
can lead to inflammasome activation even in the absence of
NLRP3, but both ASC and caspase-1 are required for this process,
indicating the existence of a DNA-sensing inflammasome
distinct from the known NLR family (13). One year later,
in 2009, four research groups independently identified this
DNA-sensing inflammasome protein, AIM2, by using different
methods (14–17). Undoubtedly, the role of the DNA sensor plus
inflammasome determines the fate of AIM2: a crucial sentinel in
immune defense.

AIM2 INFLAMMASOME: INITIALIZATION,
ASSEMBLY, AND DOWNSTREAM EFFECT

AIM2 consists of one N-terminal PYD domain and one C-
terminal HIN domain (Figure 1B), which provides a structural
basis for its function as a DNA-sensing inflammasome. IFI16
and other PYD and HIN domain-containing proteins are
now identified as AIM2-like receptors (ALRs) family (18).
Biochemical studies have demonstrated that AIM2 can directly
bind DNA, and there are three major features of the AIM2–DNA
interaction (19): (1) the interaction is HIN domain-dependent,
as HIN domain has two oligonucleotide/oligosaccharide binding
folds that have high affinity to DNA; (2) it is independent of
DNA sequence, GC content, or origin but the DNA length must
be at least 80 base pairs; (3) a preference for double-stranded
DNA (dsDNA).

The PYD domain has a strong tendency to self-aggregate
and can interact with other PYD-containing proteins via PYD–
PYD interaction. cryo-EM structural analysis of the AIM2PYD

filament has suggested assembly plasticity in both AIM2PYD

and ASCPYD, which may explain the versatility in PYD–PYD
interactions (20). Classically, it has been suggested that AIM2HIN

sequesters AIM2PYD in resting state, whereas the binding of
dsDNA will disrupt this auto-inhibition and liberate the PYD
domain (21). This can be advantageous as the PYD–PYD
interaction contributes to both the oligomerization of AIM2 and
the subsequent recruitment of adaptor protein ASC. Soon after,
ASC further recruits procaspase-1 via CARD–CARD domain
interaction, leading to the final assembly of inflammasome
complex (22, 23). Intriguingly, this auto-inhibition model
has been challenged by a recent work that suggested that
the role of AIM2PYD is to oligomerize and drive filament
formation, rather than to maintain auto-inhibition (24). Thus,
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FIGURE 1 | (A) Common cytosolic DNA sensors and inflammasomes. AIM2 simultaneously acts as a cytosolic DNA sensor and an inflammasome. (B) Domain and

structural difference. Common domain PYD and CARD are essential for the assembly of inflammasome: PYD domain can recruit ASC via PYD–PYD interaction, and

CARD domain can recruit caspase-1 via CARD–CARD interaction. AIM2, absent in melanoma 2; cGAS, cyclic-GMP-AMP synthase; DAI, DNA-dependent activator of

interferon regulatory factor; DDX, DEAD-box helicase; DHX, DEAH-box helicase; DNA-PK, DNA-dependent protein kinase; MRE11, MRE11 homolog, double-strand

break repair nuclease; TLR9, Toll-like receptor 9; IFI16, IFN-γ inducible protein 16; RNA Pol III, RNA polymerase III; NLR, nucleotide-binding domain and leucine-rich

repeat containing; NAIP, NLR family apoptosis inhibitory protein; PYD, pyrin domain; NACHT, nucleotide-binding oligomerization domain; LRR, leucine-rich repeat;

CARD, caspase activation and recruitment domain; FIIND, function-to-find domain; BIR, baculovirus inhibitor of apoptosis repeat; BBOX, two B-box zinc finger.

the structural basis for the AIM2 inflammasome initialization
requires further elucidation.

Once assembled, the AIM2 inflammasome complex further
enables the proteolytic activity of caspase-1 on IL-1β, IL-18,
and gasdermin D (GSDMD), leading to the maturation of
these proteins. Of these, inflammatory cytokines IL-1β/IL-18 are
capable of initiating the inflammatory cascade in a variety of
tissues upon binding to its receptor, suggesting their important
role in the development of inflammatory diseases (25, 26).
GSDMD is typically involved in a pro-inflammatory type of

cell death termed pyroptosis (27). GSDMD disrupts the plasma
membrane upon the proteolytic activation by caspase-1, leading
to lytic cell death and the release of DAMPs (28, 29).

AIM2 RECOGNIZES HOST AND
PATHOGEN DNA

Host DNA (nuclear or mitochondrial) is released into the cytosol
following damage of the membrane integrity resulting from
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FIGURE 2 | Activation of the AIM2 inflammasome. Cytosolic DNA [DNA virus, poly(dA:dT)] is directly recognized by AIM2 and leads to the “canonical” activation of

AIM2 inflammasome. Cytosolic bacteria activate AIM2 inflammasome via a type I IFN-dependent “non-canonical” pathway. Intracellular bacteria escape the vacuole

and release small amounts of DNA, which is detected by cGAS and IFI204. Then type I IFN is synthesized and drives the expression of IRF1 in an autocrine manner.

Upon the expression of IRF1, GBP2/GBP5 and IRGB10 are produced and cause the rupture of bacterial/vacuolar membrane, exposing a mass of DNA for AIM2 to

recognize. Finally, assembly of the AIM2 inflammasome causes proteolytic activation of IL-1β/IL-18 and GSDMD. GSDMD forms pores on the cell membrane that

allow the secretion of IL-1β/IL-18. AIM2, absent in melanoma 2; GSDMD, gasdermin D; IFN, interferon; IFNAR, IFN α and β receptor; cGAS, cyclic-GMP-AMP

synthase; IFI204, IFN activated gene 204; IRF1, IFN regulatory factor 1; GBP, guanylate-binding protein; IRGB10, immunity-related GTPase family member b10.

pathological stimulations, which acts as a trigger in AIM2-
dependent innate immunity (6, 30). For example, during cellular
stress or carcinogenesis, the integrity of nuclear envelope is
transiently disrupted, leading to the cytosolic presence of host
DNA that is directly recognized by AIM2 (31). Mitochondrial
DNA released during mitochondrial stress resulting from
cholesterol overload has also been demonstrated to activate the
AIM2 inflammasome (32). Additionally, AIM2 is also capable of
sensing other types of host DNA, including DNA damage within
the nucleus and self-DNA secreted by exosomes [reviewed in
Lugrin and Martinon (22)].

During microbial infection of a host cell, PAMP andmicrobial
DNA are released into the cytoplasm and are detected by
specific PRRs. In addition to recognizing host DNA, AIM2
recognizes DNA from intracellular pathogens including viruses
and bacteria. Currently, there are two known activation pathways
for AIM2 inflammasome (Figure 2): the “canonical” and “non-
canonical” pathways (23). In cases of DNA virus infection or

transfection of synthetic DNA analog poly(dA:dT), exposed
dsDNA in the cytoplasm is directly recognized by AIM2 and
hence initiates inflammasome assembly. This process is defined
as the “canonical” activation, which is rapid and does not
require the activity of type I IFN (33). Many DNA viruses,
such as mouse cytomegalovirus, vaccinia virus, and human
papillomavirus (HPV), activate AIM2 inflammasome in this way
(34). Interestingly, not all DNA viruses can be recognized by
AIM2, such as herpes simplex virus 1 (HSV-1), possibly because
DNA–AIM2 interaction is inhibited during viral infection (35).

The “non-canonical” activation which requires type I IFN
activity occurs during most bacterial infections (11). To date,
several bacteria species, including Listeria monocytogenes,
Streptococcus pneumoniae, Porphyromonas gingivalis (P.
gingivalis), and Staphylococcus aureus, have been found to
activate AIM2 inflammasome [thoroughly reviewed in Man et al.
(23)]. Many groups are pursuing questions of how bacterial DNA
is eventually recognized by AIM2. A proposed mechanism is
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that intracellular bacteria escape the vacuole and expose small
amounts of DNA, leading to the activation of cyclic-GMP-AMP
synthase (cGAS) and IFI204 that cooperatively drives the
production of type I IFN (36). Interestingly, it is unknown why
the released bacterial DNA cannot be recognized by AIM2 at
this initial stage. Once activated, type I IFN is secreted outside
the cell, binds to the type I IFN receptor (IFNR) in an autocrine
fashion, and drives the expression of downstream guanylate-
binding proteins (GBPs) and immunity-related GTPase family
member b10 (IRGB10) via type I IFN/IRF1 axis. At this stage,
abundant amounts of bacterial DNA are released due to GBP2,
GBP5, and IRGB10-induced bacteriolysis and are eventually
recognized by AIM2 (37–39).

Regardless of the “canonical” or “non-canonical” activation,
the events downstream of AIM2 DNA sensing are the
same (Figure 2): the assembly of inflammasome complex, the
activation of caspase-1, and the maturation of IL-1β/IL-18 and
GSDMD (22, 23, 40). Therefore, AIM2 is essential for the
regulation of innate immune responses and plays a central role in
the pathogenesis of inflammatory diseases, autoimmune diseases,
and cancers.

AIM2 INFLAMMASOME AND ORAL
DISEASES

Periodontitis
Periodontitis is a common chronic inflammatory disease that
has a very high prevalence (30–50%) in adults (1). The onset
and progression of periodontitis is closely associated with gram-
negative anaerobic bacteria, such as P. gingivalis, Aggregatibacter
actinomycetemcomitans (A. actinomycetemcomitans), and
Tannerella forsythia (T. forsythia) (41, 42). Bacteria-triggered
inflammasome activity plays an important role in the
pathogenesis of periodontal diseases (43, 44). Recent research
has found early evidence for the AIM2 inflammasome in a
variety of periodontitis diagnoses. A genome-wide association
study (GWAS) found that AIM2 and IFI16 single-nucleotide
polymorphisms (SNPs) are associated with increased clinical
parameters of periodontal disease, increased levels of gingival
crevicular fluid IL-1β, and higher bacterial loads (45). Integrative
analysis of GWAS and expression quantitative trait loci data
further identified AIM2 as a susceptibility gene for periodontitis
(46). The expression of AIM2 in the gingival tissues of chronic
periodontitis patients has been confirmed (47, 48). Later, the
expression of AIM2 has been confirmed in broader types of
periodontitis gingival tissues, including chronic periodontitis,
aggressive periodontitis, and gingivitis (49, 50).

While P. gingivalis can induce IL-1β secretion, the underlying
mechanism is not clear: is it AIM2-dependent and what
periodontal pathogens can activate AIM2 inflammasome? These
questions are being pursued step by step: multi-species biofilm→

individual bacterial species→ virulence factors. Bostanci et al.
(51) found that six-species supragingival biofilm increased the
expression of AIM2, caspase-1, and IL-1β genes in gingival
fibroblasts, whereas 10-species subgingival biofilm enhanced
these gene expression at low concentrations but inhibited at

high concentrations. Interestingly, Belibasakis et al. (52) found
that neither complete 10-species subgingival biofilm nor the
nine-species variant (excluding P. gingivalis) significantly affected
the expression of AIM2 gene. A possible reason is that high
concentrations of biofilm supernatants elicited equivalent cell
responses to viable biofilms.

Later, Park et al. (48) found that an individual bacterial
species—P. gingivalis—induces IL-1β secretion and pyroptosis in
differentiated THP-1monocytic cells. They further demonstrated
that this phenomenon depends on both NLRP3 and AIM2
inflammasome activation and also requires the priming signal
via TLR2/TLR4. However, a recent contradiction is that
P. gingivalis exclusively activates NLRP3 rather than AIM2
inflammasome in bonemarrow-derivedmacrophages (BMDMs):
during P. gingivalis infection, NLRP3 deletion efficiently
blocked IL-1β production, whereas AIM2 deletion did not
suppress IL-1β production (53). In addition to P. gingivalis, A.
actinomycetemcomitans has also been reported to induce IL-1β
production in differentiated THP-1 cells via activating AIM2
inflammasome (54). A robust upregulation of AIM2 but not
NLRP3 was detected duringA. actinomycetemcomitans infection,
suggesting that AIM2 dominantly affects the defense against A.
actinomycetemcomitans infection that is also confirmed by AIM2
siRNA knockdown assay.

Porphyromonas gingivalis outer membrane vesicles (OMVs)
have been proposed to induce inflammasome activation (55).
Cecil et al. (56) found that in THP-1 cells, the OMVs of
P. gingivalis, T. denticola, and T. forsythia can trigger the
activation of NLRP3 and AIM2 inflammasomes and induce pro-
inflammatory cytokine production through the NF-κB pathway.
P. gingivalis OMVs even triggered inflammasome activation in
vivo, as proved by IL-1β secretion and ASC speck formation
(56). However, this is challenged by a recent report, which
suggested that P. gingivalis OMVs are unlikely to contribute
to the activation of inflammasomes (53). P. gingivalis mutant
strain KDP361, which has a reduced amount of OMVs,
did not affect IL-1β secretion in differentiated THP-1 cells
compared to P. gingivalis wild-type strain. They also proposed
that inflammasome activation upon P. gingivalis infection is
independent of gingipains but is associated with the heat-
labile components released from the bacteria (53). Collectively,
the mechanism by which periodontal pathogens induce AIM2
inflammasome activity appears to be very complicated and awaits
further elucidation.

Endodontic Infections
The nature of endodontic infections is polymicrobial infections
mostly comprised of gram-negative anaerobic bacteria (57).
Pulpal and periapical inflammatory responses triggered by
bacteria are responsible for a series of endodontic outcomes:
from a simple reversible pulpitis to pulp necrosis and the
eventual periapical lesion (58). During endodontic infections,
inflammasomes function as a versatile machine for detecting
pathogens and modulating inflammatory reactions in the root
canal microenvironment (59).

The expression of AIM2 in rat or human pulpitis tissue
has been reported separately but has a similar distribution
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pattern (60, 61): AIM2 was only expressed in the odontoblasts
of healthy pulp tissue, whereas AIM2 was robustly expressed
in the inflammatory cells and fibroblasts of pulpitis tissue. In
the population of apical periodontitis, the expressions of AIM2
and NLRP3 were mainly detected in the inflammatory cells
(neutrophils, macrophages, monocytes, and plasma cells) of
periapical tissues (62).

Regarding the mechanism, it has been reported that
cytoplasmic DNA activates AIM2 inflammasome and hence
induces IL-1β release in human dental pulp cells (HDPCs) in
a time- and dose-dependent manner (61). dsDNA plus IFN-γ
stimulation enhanced AIM2/ASC/caspase-1 expression and IL-
1β secretion, comparing to dsDNA only, which is a supportive
evidence for the involvement of type I IFN-dependent AIM2
activation pathway in dental pulpitis (61). The central role of
AIM2 in the modulation of dental pulp immune responses is
further confirmed by overexpression/knockdown assay: AIM2
overexpression significantly increased caspase-1 activity and IL-
1β secretion in HDPCs, whereas AIM2 knockdown decreased
caspase-1 activity and IL-1β secretion, which collectively
indicates that the AIM2 inflammasome pathway is required for
caspase-1-dependent IL-1β secretion in HDPCs (63).

Head and Neck Squamous Cell
Carcinoma/Oral Squamous Cell Carcinoma
Head and neck squamous cell carcinoma (HNSCC) is the most
common malignancy of the lip, oral cavity, and oropharynx.
Because of the high recurrence rate and frequent distant
metastases, the 5-year overall survival rate of oral squamous
cell carcinoma (OSCC) patients is only around 50%, and several
risk factors have been identified so far, such as smoking, alcohol
consumption, and chronic inflammation (64). A high-density
SNP array study on OSCC samples revealed high expression
of AIM2 and IFI16 with frequent amplification at chromosome
1q23 (65). Similarly, a whole-genome sequencing study in an
OSCC population with chewing-tobacco habit found significant
upregulation of AIM2 in oral cancer tissues comparing to normal
oral tissues (66). In HPV-positive or -negative HNSCC, IFI16
and AIM2 have been proposed as potential biomarkers for
prognosis (67).

The underlying question that remains is as to what the
underlying mechanism of AIM2 inflammasome OSCC initiation
actually is. AlthoughAIM2was thought to be a tumor suppressor,
overexpression of AIM2 and IFI16 synergistically promotes
OSCC cell growth and prevents apoptosis via activating NF-
κB pathway, which suggests the oncogenic potential of AIM2
and IFI16 in OSCC (65). Intriguingly, this co-expression
of AIM2 and IFI16 promotes tumor cell growth only in

the absence of p53, implying a possible cross-talk between
p53 and NF-κB signaling pathway. AIM2 also contributes
to OSCC progression, as overexpression of AIM2 in OSCC

cell lines enhanced in vitro cell migration, invasion capacity,
and epithelial–mesenchymal transition (68). When AIM2-

overexpressing OSCC cells were implanted into the tongues of
immunodeficient mice, enhanced tumor growth and lymphatic
invasion were observed, resulting in a decreased survival rate
(68). Collectively, AIM2 is implicated in both the development

and progression of OSCC and may be a novel therapeutic target
for OSCC.

Other Oral Diseases
Early evidence has also been shown in other oral diseases,
even though not much. The ductal salivary epithelia of primary
Sjögren’s syndrome patients display persistent AIM2 activation
due to cytoplasmic accumulations of damaged DNA (69). A
certain etiologic agent of dental caries, Streptococcus mutans,
is capable of activating AIM2 inflammasome in THP-1 cells
(70). HSV-1, which primarily causes oral herpes, inhibits AIM2
activation via tegument protein VP22 to enable immune evasion
and lifelong latency (35).

AIMING FOR THE NEXT 10 YEARS AND
BEYOND

As discussed above, current evidences regarding AIM2
inflammasome in oral diseases mainly focused on periodontal
diseases, dental pulpitis, and OSCC. Aiming for the next 10
years and beyond, several open questions would be valuable
to bear in mind. First, while previous studies detected the
activation of AIM2 inflammasome in the pathogenesis of
periodontitis and pulpitis, the molecular mechanism by which
oral pathogens activate AIM2 has not yet been fully elucidated.
Type I IFN-dependent “non-canonical” activation pathway,
which is so far the best working model by which bacteria activate
AIM2, may be a valuable reference for future studies. Second,
it will be necessary to dissect the inflammasome-downstream
effects (caspase-1 activation and IL-1β release) are actually due
to which inflammasome. In particular, open questions that
remain are what inflammatory reactions in oral diseases are
AIM2-dependent, NLRP3-dependent, or both. Third, given the
close relationship between inflammasome-mediated pyroptosis
and infectious diseases or cancer, exploring AIM2/caspase-
1/GSDMD axis in oral diseases will be of great importance to the
current knowledge. In short, although further work is needed,
delineating the pathological role of AIM2 inflammasome will
undoubtedly advance the development of oral disease therapy.
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