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The recognition of pathogen-associated molecular patterns
(PAMPs) by host’s pattern recognition receptors (PRRs) is

Absent in melanoma 2 (AIM2) is a cytosolic DNA sensor which upon activation assembles a multiprotein
complex called the inflaimmasome. Previous studies have shown that several inflammasome-forming pattern
recognition receptors exhibit a protective function against inflammatory bowel disease and colorectal cancer.
However, the role of AIM2 in sensing intestinal microbial DNA and regulating inflammatory responses therein
was unknown. In a recent study published in Cell Reports, we demonstrated that Aim2” mice are highly
susceptible to experimental colitis which was associated with a defect in the inflammasome activation as
indicated by reduced caspase-1 cleavage and decreased production of IL-18 and IL-18. We also studied the
underlying mechanism of AIM2 inflammasome-mediated protection against intestinal injury and inflammation.
We found that the inflammasome downstream cytokine IL-18 contributes to intestinal homeostasis via induction
of antimicrobial peptides, such as Reg3p, Reg3y, Len2, S100A8, and S100A9 in intestinal epithelial cells. As a
consequence of the defective production of antimicrobial peptides, Aim2” and other inflammasome-deficient
mice harbor altered microbiota in the intestine as characterized by significantly higher burden of Escherichia
coli. This research highlight will provide an overview of our findings and discuss how sensing of microbial DNA
by AIM2 maintains intestinal homeostasis.
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(RLRs) " and HIN200 family receptors or AIM2-like
receptors (ALRs) . While TLRs and CLRs recognize
PAMPs at the cell surface and endosomal compartment,

the first key step in host defense responses against pathogens.
The participation of PRR in host-pathogen interaction is not
only necessary for an effective immune response to infection,
but also for immune homeostasis in healthy individuals.
There are many evolutionary conserved PRRs in our immune
system, such as Toll-like receptors (TLRs) " % C-type
lectin-like receptors (CLRs) **!, NOD-like receptors (NLRs)
[ 9 Retinoic acid-inducible gene (RIG)-I-like receptors

NLRs, RLRs, and ALRs sense their respective ligands in the
cytoplasm ). Increasing evidence points to the critical roles
of several PRRs in immune homeostasis of healthy intestines
where trillions of microbes reside without any harmful
pathological consequence. Perturbation in pathogen sensing
due to defects in PRRs, therefore, leads to intestinal
inflammatory disorders such as inflammatory bowel disease
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and colorectal cancer. Despite major progress in research on
the role of several TLRs and NLRs in intestinal disorders,
our understanding of other cytosolic sensors in the regulation
of intestinal homeostasis and inflammation is poor.

We recently investigated the role of cytosolic dsDNA
sensor AIM2 in intestinal homeostasis using a mouse model
of inflammatory bowel disease or colitis induced by dextran
sulfate sodium (DSS). Our study demonstrated that Aim2"
mice are highly susceptible to DSS-induced colitis with
increased loss of body weight and higher scores for diarrhea
and rectal bleeding "”. Histopathological analyses also
revealed an increased loss of epithelial crypt, ulceration,
edema, and infiltration of inflammatory cells in the lamina
propria of Aim2” mice as compared to wild-type mice.
Activation of inflammatory signaling pathways, such as
NF-kB and ERK, leading to the production of cytokines,
chemokines, and inflammatory mediators, precedes
destructive inflammatory responses in the colon M ',
Consistently, we observed a significantly higher production
of inflammatory cytokines and chemokines, such as IL-1a,
IL-6, KC, CXCL10, and CCL2, as well as higher activation
of ERK in the colons of Aim2” mice at day 5 and 8

following DSS administration ',

AIM2 is a member of IFN inducible HIN200 family
receptors (IF116, AIM2, IFIX, and MNDA), which contains
an N-terminal pyrin domain (PYD) and a C-terminal
oligonucleotide binding HIN domain """ Upon binding of
dsDNA to its HIN domain, AIM2 oligomerizes the apoptosis
speck-like protein containing a caspase recruitment domain
(ASC) by homotypic interaction with its N-terminal PYD
domain. The adapter ASC subsequently recruits caspase-1 by
the homotypic interaction of its caspase recruitment domain
(CARD) with the CARD domain of caspase-1, leading to the
formation of a large multi-protein complex called the
inflammasome *"'®!. Inflammasome-mediated activation of
caspase-1 is required for pyroptotic cell death and maturation
of the proinflammatory cytokines IL-1p and IL-18 from their
precursors. In agreement with the inflammasome function,
there was reduced caspase-1 activation, and IL-13 and IL-18
production in Aim2”" mouse colons at homeostasis (day 0)
and during the early stage of colitis (day 3) "%\ Previous
studies have demonstrated that dsDNA from bacteria such as
Francisella tularensis "™ ™ and subspecies novicida (F.
novicida) [ Streptococcus  pneumonia RO Listeria
monocytogenes "' *'1, or viruses such as vaccinia virus and
mouse cytomegalovirus "7 can activate AIM2. However, the
activation of the AIM2 inflammasome by microorganisms in
the intestine has not been shown before. In our study, we
found that caspase-1 activation and production of IL-1p and
IL-18 in 4im2”" mouse colons at homeostasis and initiation
of colitis were remarkably attenuated "®. To confirm

whether AIM2 can be activated by DNA of gut microbiota,
we transfected genomic DNA isolated from mouse feces into
wild-type or Aim2” macrophages in vitro. Transfection of
fecal DNA led to caspase-1 activation in wild-type, but not in
Aim2”" macrophages "". Overall, our study suggests that gut
microbial DNA activates the inflammasome via AIM2 which
then elicits a protective immune response to intestinal injury
and inflammation.

In addition to AIM2, three NLR family members
including NLRP1, NLRP3, and NLRC4 can activate the
inflammasome. Also, NLRP6, NLRP7, and NLRP12 were
recently described as inflammasome activating NLRs,
although the precise PAMPs that activate these NLRs are yet
to be identified “***. Previous studies have shown that
NLRP3, NLRP6, and NLRP1 protect mice from colitis and
colorectal tumorigenesis in an inflammasome-dependent
manner "', Questions remain as to why our intestinal
immune system requires multiple inflammasome activating
pathways and what their relative contribution is to intestinal
homeostasis. Our study demonstrated that activation of the
inflammasome in A4im2” mice is defective at homeostasis
and early onset of the colitis (day 0 and day 3), but not
during acute colitis (day 8) ' While this observation
indicates that AIM2 is an important
inflammasome-activating sensor in the gut, it also suggests
that multiple inflammasome activating pathways exist and
play a compensatory role during acute and chronic colitis.
Notably, two recent studies have shown that Aim2”" mice are
susceptible to colorectal tumorigenesis induced by the
carcinogen azoxymethane plus multiple cycles of DSS %+,
However, both of these studies failed to find defective
inflammasome activation in A4im2”" mouse colon during
tumorigenesis. A possible reason could be the time points
when caspase-1 activation was measured in those studies.
Since they measured caspase-1 activation in the tumors or in
the colons during acute colitis, it is not surprising that other
inflammasomes pathways, such as the NLRP3, NLRC4, and
NLRP6 inflammasomes, were activated at those stages of the
disease in Aim2”" mice. Breaching of the intestinal epithelial
barrier during acute and chronic colitis allows epithelial and
lamina propria cells to be exposed to diverse microbiota and
their PAMPs, resulting in the activation of multiple
inflammasome pathways. Considering the fact that different
inflammasome pathways are activated by pathogen- or
PAMP-specific manner, a difference in the microbiota of the
animals in our laboratory and others may also be the reason
of inconsistent role of AIM2 in activating the inflammasome
in the gut. Taken together, AIM2 is one of the major sensors
in the intestine that participates in the inflammasome
activation at homeostasis and during colitis.

Multiple mechanisms, such as epithelial cell proliferation,
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goblet cell function, and the regulation of gut microbiota,
have been proposed to describe the protective functions of
the inflammasome against intestinal injury and inflammation
(11, 29.30.341 - Oy study made an interesting observation that
defects in AIM2 and other inflammasome components lead
to an overgrowth of Escherichia coli (E. coli), which is
widely considered the most important bacteria associated
with IBD pathogenesis """, The observation of higher level of
E. coli in Aim2”" mice may not be just an example of altered
microbiota in the gut, but also an underlying cause of colitis
susceptibility. This notion was supported by experimental
results showing similar colitis pathogenesis in littermate
control wild-type and 4im2”" mice. Notably, E. coli counts in
littermate wild-type and Aim2” mice were comparable.
Similarly, colonization of germ-free (GF) mice with
microbiota either from conventionally raised wild-type mice
(GF-WT) or Aim2”" mice (GF-4im2™") resulted in higher E.
coli burden and colitis pathogenesis in GF-Aim2”" mice as
compared to GF-WT mice. However, since these approaches
allow other gut microbiota of 4im2”" mice to transfer to the
littermate or GF wild-type mice, the possibility of other
unknown microbiota in colitis pathogenesis of Aim2”" mice
can not be excluded.

A critical concern that was investigated in this study is
how inflammasome signaling maintains healthy microbiota
while suppressing the growth of harmful bacteria such as .
coli in the gut. The intestinal epithelial cells contribute to the
shaping of intestinal microbiota by producing antimicrobial
peptides (AMPs) L In our study, the significantly
reduced production of AMPs such as Reg3y, Reg3f, SI00AS,
and S100A9 in 4im2”" mouse colons as compared to those of
WT mice suggests a possible mechanism for the regulation
of E. coli and Enterobacteriaceac by the AIM2
inflammasome. The higher colonic burden of E. coli was also
observed in other inflammasome defective mice including
Nlrp3", caspase-1"", 111§ and 1118 mice. Consistently, the
expression of Reg3y, Reg3p, S100A8, and S100A9 was also
significantly reduced in caspase-1"" mice, reminiscent of the
role of the AIM2 inflammasome in the induction of AMPs.
Moreover, these AMPs were seen to be induced by in vitro
stimulation of intestinal epithelial cells with IL-18 %
Recently, Levy et al. also have shown that the NLRP6
inflammasome regulates intestinal homeostasis via the
regulation of AMPs in intestinal epithelial cells °*. We and
others previously demonstrated that caspase-1-deficient mice
were rescued from exacerbated colitis by the treatment with
recombinant IL-18 7% In agreement, here we observed
that IL-18 infusion causes a dramatic reduction of colonic E.
coli burden and DSS- induced colitis in 4im2”" mice !'".

In conclusion, this study demonstrated that the AIM2
inflammasome regulates intestinal microbial ecology,

particularly E. coli growth, via the production of IL-18,
which triggers induction of AMPs upon binding to the IL-18
receptor on the intestinal epithelial cells. Although
inflammasome-mediated induction of AMPs provides a
possible mechanism for suppression of E. coli growth, why E.
coli is selectively inhibited by AMPs which are primarily
non-selective in nature is less clear. Future studies should
investigate further mechanistic insight of the regulation of E.
coli by the inflammasome/IL-18 signaling axis.

Conflicting interests

The authors have declared that no conflict of interests
exists.

Acknowledgements

This work was supported by Crohn’s and Colitis
Foundation of America (CCFA) Career Development Award
(3711), Cancer Prevention Research Institute of Texas
(CPRIT) Individual Investigator Award (RP160169), and UT
Southwestern startup funding given to MHZ.

Abbreviations:

AIM2: Absent in melanoma 2; ALR: AIM2-like receptor;
ASC: Apoptosis speck-like protein containing a caspase
recruitment domain; CARD: caspase recruitment domain;
CLR: C-type lectine-like receptor; DSS: Dextran sulfate
sodium; GF: Germ-free; IBD: Inflammatory bowel diseases;
NLR: Nod-like receptor; PAMPs: Pathogen-associated
molecular patterns; PRR: Pattern recognition receptors; PYD:
Pyrin domain; RLR: Retinoic acid-inducible gene
(RIG)-I-like receptor; TLR: Toll-like receptor.

References

1. Takeda K, Akira S. Toll-like receptors in innate immunity. Int
Immunol 2005; 17:1-14.

2. Kawasaki T, Kawai T. Toll-like receptor signaling pathways.
Front Immunol 2014; 5:461.

3. Zelensky AN, Gready JE. The C-type lectin-like domain
superfamily. FEBS J 2005; 272:6179-6217.

4. Huysamen C, Brown GD. The fungal pattern recognition receptor,
Dectin-1, and the associated cluster of C-type lectin-like receptors.
FEMS Microbiol Lett 2009; 290:121-128.

5. Martinon F, Mayor A, Tschopp J. The inflammasomes: guardians
of the body. 2009; Annu Rev Immunol 27:229-265.

6. Kanneganti TD, Lamkanfi M, Nunez G. Intracellular NOD-like
receptors in host defense and disease. Immunity 2007,
27:549-559.

7.  Yoneyama M, Fujita T. RIG-I family RNA helicases: cytoplasmic
sensor for antiviral innate immunity. Cytokine Growth Factor Rev
2007; 18:545-551.

Page 3 of 4



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Receptors & Clinical Investigation 2016; 3: e1268. doi: 10.14800/rci.1268; © 2016 by Sumyya Waliullah, et al.
http://www.smartscitech.com/index.php/rci

Schattgen SA, Fitzgerald KA. The PYHIN protein family as
mediators of host defenses. Immunol Rev 2011; 243:109-118.

Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in
pathogen recognition. Int Immunol 2009; 21:317-337.

Hu S, Peng L, Kwak YT, Tekippe EM, Pasare C, Malter JS, et al.
The DNA Sensor AIM2 Maintains Intestinal Homeostasis via
Regulation of Epithelial Antimicrobial Host Defense. Cell Rep
2015; 13:1922-1936.

Zaki MH, Lamkanfi M, Kanneganti TD. The Nlrp3 inflammasome:

contributions to intestinal homeostasis. Trends Immunol 2011;
32:171-179.

Neurath MF. Cytokines in inflammatory bowel disease. Nat Rev
Immunol 2014; 14:329-342.

Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. AIM2
activates the inflammasome and cell death in response to
cytoplasmic DNA. Nature 2009; 458:509-513.

Roberts TL, Idris A, Dunn JA, Kelly GM, Burnton CM, Hodgson
S, et al. HIN-200 proteins regulate caspase activation in response
to foreign cytoplasmic DNA. Science 2009; 323:1057-1060.

Burckstummer T, Baumann C, Bluml S, Dixit E, Durnberger G,
Jahn H, et al. An orthogonal proteomic-genomic screen identifies
AIM2 as a cytoplasmic DNA sensor for the inflammasome. Nat
Immunol 2009; 10:266-272.

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F,
Horvath G, Caffrey DR, et al. AIM2 recognizes cytosolic dsSDNA
and forms a caspase-1-activating inflammasome with ASC. Nature
2009; 458:514-518.

Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE,
Waggoner L, ef al. The AIM2 inflammasome is essential for host
defense against cytosolic bacteria and DNA viruses. Nat Immunol
2010; 11:395-402.

Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O'Rourke K,
et al. Absent in melanoma 2 is required for innate immune
recognition of Francisella tularensis. Proc Natl Acad Sci U S A
2010; 107:9771-9776.

Meunier E, Wallet P, Dreier RF, Costanzo S, Anton L, Ruhl S, et
al. Guanylate-binding proteins promote activation of the AIM2
inflammasome during infection with Francisella novicida. Nat
Immunol 2015; 16:476-484.

Fang R, Hara H, Sakai S, Hernandez-Cuellar E, Mitsuyama M,
Kawamura I, et al. Type I interferon signaling regulates activation
of the absent in melanoma 2 inflammasome during Streptococcus
pneumoniae infection. Infect Immun 2014; 82:2310-2317.

Kim S, Bauernfeind F, Ablasser A, Hartmann G, Fitzgerald KA,
Latz E, Hornung V. Listeria monocytogenes is sensed by the
NLRP3 and AIM2 inflammasome. Eur J Immunol 2010;
40:1545-1551.

Vanaja SK, Rathinam VA, Fitzgerald KA. Mechanisms of
inflammasome activation: recent advances and novel insights.
Trends Cell Biol 2015; 25:308-315.

Wen H, Miao EA, Ting JP. Mechanisms of NOD-like

Page 4 of 4

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

receptor-associated inflammasome activation. Immunity 2013;
39:432-441.

Lamkanfi M, Dixit VM. Mechanisms and functions of

inflammasomes. Cell 2014; 157:1013-1022.

Martinon F, Burns K, Tschopp J. The inflammasome: a molecular
platform triggering activation of inflammatory caspases and
processing of prolL-beta. Mol Cell 2002; 10:417-426.

Lamkanfi M, Dixit VM. Inflammasomes: guardians of cytosolic
sanctity. Immunol 2009; Rev 227:95-105.

Dupaul-Chicoine J, Yeretssian G, Doiron K, Bergstrom KS,
Mclntire CR, LeBlanc PM, et al. Control of intestinal homeostasis,
colitis, and colitis-associated colorectal cancer by the
inflammatory caspases. Immunity 2010; 32:367-378.

Allen IC, TeKippe EM, Woodford RM, Uronis JM, Holl EK,
Rogers AB, ef al. The NLRP3 inflammasome functions as a
negative regulator of tumorigenesis during colitis-associated
cancer. J Exp Med 2010; 207:1045-1056.

Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA, Booth
CJ, et al. NLRP6 inflammasome regulates colonic microbial
ecology and risk for colitis. Cell 2011; 145:745-757.

Zaki MH, Boyd KL, Vogel P, Kastan MB, Lamkanfi M,
Kanneganti TD. The NLRP3 inflammasome protects against loss
of epithelial integrity and mortality during experimental colitis.
Immunity 2010; 32:379-391.

Williams TM, Leeth RA, Rothschild DE, Coutermarsh-Ott SL,
McDaniel DK, Simmons AE, Heid B, et al. The NLRPI1
inflammasome  attenuates  colitis and  colitis-associated
tumorigenesis. J Immunol 2015; 194:3369-3380.

Wilson JE, Petrucelli AS, Chen L, Koblansky AA, Truax AD,
Oyama Y, et al. Inflammasome-independent role of AIM2 in
suppressing colon tumorigenesis via DNA-PK and Akt. Nat Med
2015;21:906-913.

Man SM, Zhu Q, Zhu L, Liu Z, Karki R, Malik A, et al. Critical
Role for the DNA Sensor AIM2 in Stem Cell Proliferation and
Cancer. Cell 2015; 162:45-58.

Nowarski R, Jackson R, Gagliani N, de Zoete MR, Palm NW,
Bailis W, et al. Epithelial IL-18 Equilibrium Controls Barrier
Function in Colitis. Cell 2015; 163:1444-1456.

Ostaff MJ, Stange EF, Wehkamp J. Antimicrobial peptides and
gut microbiota in homeostasis and pathology. EMBO Mol Med
2013; 5:1465-1483.

Lai Y, Gallo RL. AMPed up immunity: how antimicrobial
peptides have multiple roles in immune defense. Trends Immunol
2009; 30:131-141.

Gallo RL, Hooper LV. Epithelial antimicrobial defence of the skin
and intestine. Nat Rev Immunol 2012; 12:503-516.

Levy M, Thaiss CA, Zeevi D, Dohnalova L, Zilberman-Schapira
G, Mahdi JA, et al. Microbiota-Modulated Metabolites Shape the
Intestinal Microenvironment by Regulating ~ NLRP6
Inflammasome Signaling. Cell 2015; 163:1428-1443.



