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Abstract: Knee osteoarthritis (KOA), whose prevalence keeps rising, is still unsolved pathobiological/therapeutical problem.
Historically, knee osteoarthritis was thought to be a “wear and tear” disease, while recent etiology hypotheses stressed it as
a chronic, low-grade inflammatory disease. Inflammasomes mediated by the innate immunity systems have an important role in
inflammatory diseases including KOA. A deluge of recent studies focused on the NLRP3 inflammasome with suggestions that its
pharmacologic block would hinder degeneration. However, known inflammasomes are numerous and can also trigger IL-13/IL-18
production and cells’ pyroptotic death. Among them, AIM2 inflammasome is involved in key aspects of various acute and chronic
inflammatory diseases. Therefore, while presently leaving out little-studied inflammasomes in KOA, this review focuses on the AIM2
inflammasomes that participate in KOA’s complex mechanisms in conjunction with the activation of AIM2 inflammasomes in other
diseases combined with the current studies on KOA mechanisms. Although human-specific data about it are relatively scant, we stress
that only a holistic view including several inflammasomes including AIM2 inflammasome and other potential pathogenetic drivers will
lead to successful therapy for knee osteoarthritis.
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Introduction

Knee osteoarthritis (KOA) is a progressive joint disease that primarily affects the middle-aged and elderly population,
with progressive disease progression gradually affecting the patient’s mobility and quality of life.! Its main pathological
feature is the destruction and loss of articular cartilage, but all joint tissues are involved in some form, including
subchondral bone remodeling, meniscal degeneration, ligament degeneration and laxity, inflammation and fibrosis of
infrapatellar fat pad, synovial inflammation, and periarticular muscle atrophy.>® And in the advanced stages of the
disease, eventually leads to the destruction of the entire joint, indicating that KOA is more of a disease that arises from
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the joint as an organ. Historically, KOA was thought to be a “wear and tear” disease, but it is now considered
a multifactorial disease that is not only related to local biomechanical factors of the knee joint, but also involves
biochemical factors, including obesity, aging, and gender.*® Among them, the infiltration of a number of proinflamma-
tory cytokines in the joint microenvironment especially the synovial tissues, play an important role in the clinical and
pathological progress of KOA.”® Along with the introduction of the concept of osteoimmunology in 2000,'® increasing
studies have shown that immunological mechanisms play a crucial role in the pathogenesis of KOA, especially the innate
immune system.'' Nowadays, KOA is considered a chronic, low-grade inflammatory disease.'> Anti-inflammatories
(NSAIDs and corticosteroids) are typically used to reduce ongoing inflammation and relieve the pain induced by KOA.
However, the current treatments can not prevent the sustained release of proinflammatory cytokines.'**'*

The innate immune system is the first line of defense in the body. It can recognize various endogenous and exogenous
stimuli in the body through Pattern Recognition receptors (PRRs), including Pathogen-Associated Molecular Patterns (PAMP)

and Danger-Associated Molecular Patterns (DAMP), to activate further immune responses.'> Among them, NOD-like
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receptors (NLRs) and absent in melanoma 2 (AIM2-like receptors, ALRs) can form a multiprotein structure of the
inflammasome in response to various stimuli.'® The inflammasome converts caspase-1 precursors into active caspase-1,
which promotes the maturation and secretion of inflammatory factors: interleukin-1 beta (IL-1f) and interleukin-18 (IL-18),
while the activated substances are also involved in cleavage formation and cleavage Gasdermin D (GSDMD), which directly
mediates cell death (pyroptosis).'”'® Under normal conditions, the immune system-mediated inflammatory response is an
important function to clear pathogens and maintain homeostasis, but when it is sustained, excessive accumulation and
activation can lead to tissue damage in the body. A variety of inflammasomes has been shown to play a role in a variety of
diseases, including various autoimmune diseases (rheumatoid arthritis, systemic lupus erythematosus, psoriasis, etc.), chronic
inflammatory diseases (chronic hepatitis, neuroinflammation, atherosclerosis, etc.), and various cancers.'* ! Understanding
how uncontrolled inflammation is triggered and continues to progress is a key aspect of treatment in KOA. Currently, the most
studied inflammasome in KOA is NLRP?),22 but few studies have been conducted on AIM2 inflammasome.

Although a small number of studies have pointed out the presence of several different inflammasomes, including
AIM?2 inflammasome, can be detected in KOA. Chen et al found that AIM2 expression existed in synovial tissue of KOA
knees, but the specific mechanisms involved have not been elucidated.”® They also found that AIM2 was upregulated in
fibroblast-like synoviocytes of rheumatoid arthritis (RA), and suppressing its expression leads to inhibiting effect on
fibroblast-like synoviocytes proliferation. As we know, there exist many similarities between the synovial tissue of OA
and RA. However, it has not been reported whether the AIM2 has the same effect in OA as in RA. This may be related to
the fact that the activation of AIM2 inflammasome is different from other inflammasomes. In the NLR family
inflammasome, they can be regulated by a variety of PAMP and DAMP, including potassium efflux, mitochondrial
dysfunction, and ROS production, altered intracellular calcium ion concentration, and other stimuli to assemble into
inflammasome.** While the activation of AIM2 inflammasome can only be activated by binding itself to the double-
stranded DNA fragments. However, as a multifactorial disease, studying the effect of one inflammatory vesicle alone is
not comprehensive in KOA. Simultaneously, AIM2 inflammasome is involved in key aspects of various acute and
chronic inflammatory diseases such as atherosclerosis, fatty liver, and cerebral ischemia.'**%*> Therefore, the purpose of
this review is to propose several potential mechanisms for the involvement of AIM2 inflammasome in KOA and to stress
the need to focus the experts’ attention on its multiple roles of it.

Composition and Activation of AIM2 Inflammasome

AIM2 inflammasomes consist of AIM2, apoptosis-associated speck-like protein containing a CARD (ASC), and cystatin
protease 1 precursor (pro-caspase-1). One of the interferon-inducible proteins, AIM2, is a protein encoded by the AIM2
gene.'® It consists of two structural domains linked by long junctions: an N-terminal pyrin domain (PYD) and
a C-terminal HIN (Hematopoietic, interferon-inducible, nuclear localization) domain. The PYD structural domain
mediates homotypic protein-protein interactions, while the HIN structural domain binds to DNA through its two tandem
oligonucleotide/oligosaccharide binding folds. DNA binding is the first step in a series of events in AIM2 inflammasome
formation. The AIM2 HIN structural domain binds to both strands of a certain length of double-stranded DNA (viral,
bacterial, or host) in a sequence-independent manner. The binding of the double-stranded DNA displaces the PYD
structural domain, which then binds via homotypic PYD-PYD interactions to the downstream inflammatory vesicle
bridging protein ASC, a dichotomous PYD-CARD containing protein. In turn, ASC interacts with no mature form of pro-
caspase-1 through the CARD domain (CARD-CARD interaction) of the complex, thereby creating the basic structural
element of the AIM2 inflammasome.”®*” Two main events occur after AIM2 inflammasome activation: the secretion of
proinflammatory cytokines, IL-1f and IL-18, and the activation of pyroptosis (Figure 1). And these two events both are

associated with the onset and development of KOA.**>28

Probable Mechanisms for the Involvement of AIM2 Inflammasome in KOA
To study how AIM2 inflammasomes are involved in KOA pathogenesis, the primary question is how AIM2 inflamma-
somes are initiated in KOA, and it is this question that has limited the number of studies in this area. However, some
endogenous or exogenous stimuli which have been shown to stimulate NLRP3 inflammasome can also activate the
assembly of AIM2 inflammasome at the same time. The intensive study of AIM2 inflammasome in KOA may have been

6454  "tes Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang and Liu

<CARD>—PYD)

ASC

\

<

D

\

ED—am— ) Asc e
AIM2 dsDNA <N

oligomerisation

) meicts G- \

’ pre-IL-28 pro-Caspase-1 ADM:
- G —— CO—GmD>—CArD>— V)67 @
Caspase-1 pro-Caspase-1 AM2 &
——  GSDMD OO~ CARD—CARD YD~ F¥D—TID,
pro-Caspase-1 ASC AIM2

IL-1 IL-18 Pyroptosis

Figure | Composition and activation of AIM2 inflammasome.
Abbreviations: AIM2, absent in melanoma 2; dsDNA, double stranded DNA; PYD, N-terminal pyrin domain; HIN, hematopoietic, interferon-inducible, nuclear localization;
ASC, apoptosis-associated speck-like protein containing a CARD; GSDMD, gasdermin D; IL, interleukin. Created by Figdraw.

overlooked due to the fervor of NLRP3 inflammasome. Therefore, we propose the following possible ways of AIM2
inflammasome involvement in KOA in conjunction with the activation of AIM2 inflammasome in other diseases

combined with the current studies on KOA mechanisms (Table 1, Figure 2).

Gut Microbiota -Knee-AlM2

Generally speaking, the presence of bacteria would not be detected in KOA knees, and a positive bacterial test usually
implies the occurrence of an infection. However, with the current advances in detection technology and related theories,
especially the gut microbiota theory, this concept is gradually changing.?**° The gut microbiota is considered as
a “microbial organ” whose functions are closely intertwined with host physiology and pathology, and which has an

Table | Potential Mechanisms for the Involvement of AIM2 Inflammasome in KOA

Factors Related to the KOA The Activation of the AIM2 Inflammasome

Gut microbiota The disorder of gut microbiota would invalidate intestinal barrier which lead to the leakage of intestinal
contents including the gut microbiota into the circulatory system. The dsDNA of the bacterium can activate the

AIM2 inflammasome.

Mitochondria Mitochondria generate ROS radicals which can damage themselves. The release of the mtDNA activates AIM2
inflammasome.
Extracellular vesicles EVs mediate intercellular communication via the contained biologically active molecules, including DNA which

can be recognized by the AIM2.

EVs can also expell damaged DNA from cells, and when this process is impaired, the DNA which are damaged
and carried by EVs can activate the AIM2 inflammasome.

Metabolic factors Elevated cholesterol causes impaired mitochondrial metabolism and mtDNA release, which in turn activate the
AIM2 inflammasome.

The glycolysis can promote the regulation of AIM2 inflammasome activation. Glycolysis regulates the
oligomerisation of ASC, which is required for AIM2 inflammasome formation.

The glycolysis changes can also cause mitochondria dysfunction. The increased mitochondrial membrane
potential loss and ROS production lead to the release of the mtDNA.

Crosstalk between different Pyroptosis caused by other inflammasomes could release the dsDNA of dead cells which in turn activate the

inflammasomes AIM2 inflammasome in normal cells, and eventually lead to the uncontrolled cytokine storm.

Abbreviations: KOA, knee osteoarthritis; AIM2, absent in melanoma 2; dsDNA, double stranded DNA; mtDNA, mitochondrial DNA; mROS, mitochondrial reactive
oxygen species; EVs, extracellular vesicles.
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Figure 2 Potential mechanisms for the involvement of AIM2 inflammasome in KOA.
Abbreviations: AIM2, absent in melanoma 2; dsDNA, double stranded DNA; ASC, apoptosis-associated speck-like protein containinga CARD; GSDMD, release of dsDNA
caused by gasdermin D; IL, interleukin; EVs, extracellular vesicles; mtDNA, mitochondrial DNA; mROS, mitochondrial reactive oxygen species. Created by Figdraw.

important role in nutrient absorption, intestinal mucosal barrier, hormone levels in the body, and regulation of immune/
inflammatory responses.>'~? Among them, gut microbiota can influence intestinal barrier function, allowing intestinal
metabolites, bacteria, and other substances to enter the human circulation.®® Numerous studies have shown that
lipopolysaccharide, a major component of the cell wall of Gram-negative bacteria in the gut, can enter the human
circulation and colonize the knee joint as PAMP to trigger the inflammatory response within the knee joint, and is a key
factor in the current study of gut microbiota affecting KOA.** ¢ As the lipopolysaccharide can pass through the
intestinal mucosal barrier, bacterial DNA can also be present in the knee joint. In 2012, Témoin et al had already
reported that bacterial DNA was found in the joint fluid of patients undergoing arthroplasty for KOA, and hip OA. They
also found the same bacteria were detected in the periodontal tissue of some patients, and hypothesized that pathogenic
bacteria could colonize the knee joint elsewhere in the body.>” More recently, in the study of Dunn et al, 16S ribosomal
RNA gene sequencing detected a variety of bacterial DNA in all samples of human cartilage (hip and knee), with
a predominance of gram-negative bacteria.>® None of the patients in these studies showed signs of knee infection,
suggesting that bacterial DNA can be present in the KOA without causing infection. Jiang et al also found the gene
expression of the bacteria in the synovial fluid of KOA.?® The presence of those bacteria in the joint may not be random
and could play a physiological role. From the perspective of AIM2 inflammasome, these bacterial DNAs could then serve
as a source of their activation and thus secrete downstream inflammatory factors to influence the occurrence and
development of KOA, but further validation is still needed.

Mitochondria - AIM2

Mitochondria are important organelles of human cells that contain their own genetic material, mitochondrial DNA
(mtDNA), and as the main energy supplier of cells, they have been closely associated with various diseases.*’ In KOA,
in vitro studies have demonstrated the presence of mitochondrial dysfunction in chondrocytes due to mtDNA mutations,
which may affect several pathways related to cartilage degradation.*’ ** In addition, mtDNA can also be involved in the
activation of AIM2 inflammasome.** While mitochondria generate ATP to meet the energy needs of the body, they also
generate reactive oxygen species (ROS) radicals to damage themselves. When mitochondrial autophagy is impaired,
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damaged mitochondria accumulate in the cytoplasm and promote intracellular inflammatory responses, which may be
due to the inability to remove mtDNA from damaged mitochondria in a timely manner, which in turn activates AIM2
inflammasome.*’ In a study of a mouse model of nonalcoholic fatty liver, Xu et al found that the activation of AIM2
inflammasome was closely related to the damage of mtDNA, while the extracted mtDNA could activate the assembly of
AIM2 inflammasome and trigger the pyroptosis of hepatocytes.*® On the other hand, ROS in human is mainly produced
by mitochondria, and in addition to activating NLRP3 inflammasome,*’ ROS are also closely linked to the activation of
AIM?2 inflammasome through the release of mtDNA.****4° In the study of Wang et al, in the streptozotocin-induced
diabetic rat model, AIM2 expression was significantly increased in heart tissue compared with the control. While the
ROS inhibition reduced the level of AIM2.>® In Fibrotic Interstitial lung disease, Trachalaki et al also found that mtROS
was significantly associated with heightened NLRP3 and AIM2 activation, and mitochondrial antioxidant treatment
limited inflammasome activation.”' Therefore, activation of AIM2 inflammasome may also be a manner in which
mitochondria influences KOA.

Extracellular Vesicles - AIM2

Extracellular vesicles (EVs) are a collective term for a variety of vesicular structures with membrane structures released
by cells, which can be naturally released from almost all types of cells.>® These vesicles can be classified into endosomal
types such as exosomes, microvesicles, and apoptotic vesicles according to their size and synthesis pathways. They carry
a variety of biologically active molecules, including proteins, RNA, lipids, and DNA. EVs are nanoscale intercellular
messengers that are secreted by cells to transmit biological signals.>® Current studies have shown that they can regulate
host-pathogen interactions and participate in the pathological processes of many diseases such as infectious and
inflammatory diseases, neurological diseases, and cancer, and play an important function in mediating intercellular
communication in normal physiological processes.”* KOA is an inflammatory disease and the outer vesicles are
important for its pathogenesis as well as for its treatment.’> Chondrocytes, synovial fibroblasts, osteoblasts, and
tenocytes, can produce and secrete exosomes that influence the biological effects of targeted cells.’®>’ In addition,
exosomes from stem cells can protect the OA joint from damage by promoting cartilage repair, inhibiting synovitis, and
mediating subchondral bone remodeling.’®*° However, most studies have focused on the RNA and protein content of
EVs, while little has been reported on the DNA carried within them.®®"®* Takahashi et al showed that EVs maintain
cellular homeostasis and prevent aberrant activation of the innate immune response by expelling damaged DNA from
cells, and when this process is impaired, the DNA they carry can activate inflammatory factors including the cGAS-
STING pathway and the AIM2 inflammasome.®* In the study of the gastrointestinal response to the chemotherapeutic
agent irinotecan, Lian et al found that chemotherapy-induced the release of large amounts of double-stranded DNA from
exosomes in the gastrointestinal tract, and this “auto-DNA” entered the cytoplasm of innate immune cells and activated
AIM2 inflammasome.®® This stimulated the secretion of mature IL-1B and IL-18 secretion and induced intestinal
mucositis and delayed diarrhea. Whereas elimination of AIM2 signaling in AIM2-deficient mice or by pharmacological
inhibitors significantly reduces the incidence of drug-induced diarrhea and does not affect the anticancer efficacy of the
drugs. While in the KOA, the effects of DNA carried by EVs have not been studied.

Metabolic Phenotypes of KOA

Metabolic factors are associated with a variety of systemic diseases, including obesity, atherosclerosis, and type 2
diabetes. The dysfunction of these metabolic factors can cause a low-grade systemic inflammatory state, such as the
systemic complications of diabetes.®®*” In OA, the most obvious one is obesity. Especially for weight-bearing joints such
as knee and hip joints, obesity is one of the most likely risk factors for the development and progression of OA.°*
Although obesity most notably changes physical factors such as increased joint loading, reduced muscle strength, and
altered biomechanics, there is growing evidence that metabolic factors are also involved.”® For example, the relationship
between obesity and hand OA and why not all obese individuals develop knee or hip OA.”" Although the mechanisms
involved are unclear, other metabolic factors such as glucose and lipids have been shown to influence disease develop-
ment through activation of AIM2 inflammasome.”*’*> Wang et al found in a streptozotocin-induced diabetic rat model
that diabetic rats exhibited severe left ventricular dysfunction, and AIM2 expression was significantly increased in heart
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tissue compared with the controls.”® While gene silencing of AIM2 alleviated cardiac dysfunction. Cho et al found that
glucose transporter 1-dependent glycolysis could promote AIM2 inflammasome activation by regulating the oligomer-
isation of ASC, which is required for AIM2 inflammasome formation.”* Furthermore, the glycolysis changes can also
cause mitochondria dysfunction, the increased mitochondrial membrane potential loss and ROS production lead to the
release of the mtDNA which in turn activates the AIM2.”® As to the lipids, Pan et al found significantly increased
expression of AIM2 in vascular smooth muscle cells and larger plaque lesion areas in mice fed a high-fat diet model of
atherosclerosis compared with normally fed mice.”* Dang et al reported that the elevated cholesterol would cause
impaired mitochondrial metabolism and mtDNA release, which in turn activate the AIM2 inflammasome.”> Although
metabolic phenotype is one of the most common types of KOA in the clinic, no studies have reported the role of AIM2
inflammasome in it to date.

Crosstalk Between Different Inflammasomes

Although different inflammasomes have different initiation mechanisms, they share common downstream pathways.'®
The presence of different inflammasomes can be detected in the same disease, and there must be an interconnection
between them. In the study of Cunha et al, Legionella pneumophila infection first activated the formation of AIM2
inflammasome, after which activated caspase-1 induced cell membrane pore formation, which in turn caused K+
efflux-mediated NLRP3 activation, suggesting that different inflammasomes can regulate each other’s activities to
ensure an effective immune response to infection.”® Witzenrath et al also found that in NLRP3 knockout mice, IL-1p
secretion levels were not suppressed after Streptococcus pneumoniae infection, suggesting the activation of other NLR
family or AIM2 inflammasome pathways.”” Heinisch et al found no effect on IL-1p levels after pharmacological
inhibition of NLRP3 in microglia BV-2 cells in an acute ischemic stroke mouse model, where NLRC4 and AIM2
protein levels were increased, indicating the compensatory activity among inflammasomes, but the exact mechanism is
unclear.”® The presence of a reciprocal regulatory relationship between inflammasomes in KOA has not been reported.
However, based on the above studies, it appears that the factors that activate NLRP3 inflammasome can also activate
AIM2 inflammasome, and when NLRP3 is blocked or silenced, various stimuli can further activate AIM2 inflamma-
some. In KOA, there should exist an interaction between different inflammasomes. However, it is curious that in the
published articles, blocking the formation of NLRP3 inflammasome alone can also lead to a decrease in IL-B levels in
KOA, it is possible that these drugs also block the activation of other inflammasomes at the same time,”® while the
specific mechanism deserves further in-depth study for a comprehensive understanding of the therapeutic effects of
these drugs.

Conclusion and Future Perspective

AIM2 inflammasome plays an important role in inflammatory diseases, but the role in KOA has not yet received
attention. In this review, we have identified several possible mechanisms of action of AIM2 inflammasome by combining
the action of AIM2 inflammasome in other inflammatory diseases with the latest research progress in KOA, to provide
new perspectives on the role of AIM2 inflammasome in KOA. However, the expression of different inflammasomes is
not the same in different organs, tissues, and cells, so the role of AIM2 inflammasome in KOA could be different in other
diseases, while further in-depth study of the mechanism in key cells such as chondrocytes and synoviocytes in KOA will
be more helpful to our understanding of the pathogenesis of KOA and the development of new therapeutic approaches.
More importantly, as a multifactorial disease, it is not comprehensive to focus on only a single inflammasome in KOA,
but should be studied as a whole. We should also note that although current animal studies have shown that silencing or
inhibiting the formation of the inflammasome can reduce the severity of KOA, whether the immune capacity of other
organs and tissues in the human body would be affected has not yet received attention, and focusing on local inhibition of
excessive and sustained activation of various inflammasome may be the future direction of treatment.

Disclosure
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