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SUMMARY

Inflammation driven by DNA sensors is now understood to be important to dis-
ease pathogenesis. Here, we describe new inhibitors of DNA sensing, primarily
of the inflammasome forming sensor AIM2. Biochemistry andmolecularmodeling
has revealed 4-sulfonic calixarenes as potent inhibitors of AIM2 that likely work
by binding competitively to the DNA-binding HIN domain. Although less potent,
these AIM2 inhibitors also inhibit DNA sensors cGAS and TLR9 demonstrating a
broad utility against DNA-driven inflammatory responses. The 4-sulfonic calixar-
enes inhibited AIM2-dependent post-stroke T cell death, highlighting a proof of
concept that the 4-sulfonic calixarenes could be effective at combating post-
stroke immunosuppression. By extension, we propose a broad utility against
DNA-driven inflammation in disease. Finally, we reveal that the drug suramin,
by virtue of its structural similarities, is an inhibitor of DNA-dependent inflamma-
tion and propose that suramin could be rapidly repurposed to meet an increasing
clinical need.

INTRODUCTION

Inflammation is part of the host response to protect against invading pathogens and to clear and repair

tissue damage. Inflammation is strictly regulated by the host as inappropriate inflammation leads to the

development and worsening of disease.1 Inflammation is initiated when cells of the innate immune system

detect damage associated molecular patterns (DAMPs) or pathogen associated molecular patterns

(PAMPs) through activation of pattern recognition receptors (PRRs). Extranuclear double-stranded (ds)

DNA is an indicator of cellular damage or pathogen infection, and triggers a robust inflammatory response

driven by the release of pro-inflammatory cytokines following the activation of the DNA sensors absent in

melanoma 2 (AIM2), cyclic GMP-AMP synthase (cGAS), and toll-like receptor 9 (TLR9).2 Although dsDNA

sensing has evolved to protect and alert the host to invading pathogens and damaged tissue, aberrant acti-

vation of nucleic acid-sensing pathways can lead to autoinflammatory disease. Mutations in DNA-sensing

PRRs (e.g., cGAS) or regulators of DNA synthesis/degradation (e.g., DNase II), or excessive self-DNA

release in the pathology of disease (e.g., myocardial infarction, stroke) can drive unwanted systemic inflam-

matory responses.3

Inflammasomes are multiprotein complexes that drive inflammation in response to damage or infection.

Inflammasome complexes comprise a soluble PRR associated with the adaptor protein ASC (apoptosis-

associated speck-like protein containing a CARD), and the protease caspase 1. Inflammasome formation

results in the processing and release of the proinflammatory cytokines IL-1b and IL-18, and the induction

of lytic cell death by Gasdermin D (GSDMD)-mediated pyroptosis.4 Inflammasome complexes are defined

by their scaffolding PRR, with each one sensing particular PAMPs, DAMPs, or cellular disturbances, and

include NLRP3, NLRC4, and the dsDNA sensor AIM2.4 AIM2 is a bipartite protein consisting of an N-termi-

nal pyrin domain (PYD), which coordinates homotypic binding to ASC, and a C-terminal HIN domain,

responsible for dsDNA sensing through the two oligonucleotide/oligosaccharide-binding folds (OB1

and OB2).5 Under resting conditions, AIM2 exists in an autorepressed state through intramolecular inter-

actions between the PYD and HIN domains.6 Following detection of self, or non-self, cytosolic dsDNA by

the HIN domain, a conformational change occurs in AIM2, exposing the PYD and permitting ASC interac-

tion.5 dsDNA also acts as a scaffold providing a platform for multiple AIM2 to cluster facilitating
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oligomerization and inflammasome formation.7 Although AIM2 has beneficial roles in promoting host de-

fense responses, inappropriate activation of AIM2 is associated with worsening of diseases such as athero-

sclerosis,8 cancers such as melanoma,9 ischemic stroke,10,11 and post-stroke immunosuppression.12 We

currently lack effective tools to pharmacologically block AIM2 responses, hindering investigation in pre-

clinical research and clinical drug development.

Here, using in vitro cellular assays, in silicomolecular modeling, and in vivo disease models, we have iden-

tified that 4-sulfonic calixarenes are potent inhibitors of dsDNA-driven inflammation through the AIM2 in-

flammasome. Mechanistically, 4-sulfonic calixarenes reversibly bind to the dsDNA-binding site in the HIN

domain of AIM2, blocking dsDNA binding and preventing assembly of the AIM2 inflammasome. At higher

doses, the 4-sulfonic calixarenes also inhibited the dsDNA sensors cGAS and TLR9. We demonstrate that

4-sulfonic calixarenes are effective in vivo at preventing AIM2-dependent post-stroke immunosuppression,

providing the foundation for a new therapeutic approach to limit deadly infections after stroke and func-

tioning as a new investigative tool to study dsDNA-dependent inflammatory processes in pre-clinical dis-

ease models. Finally, using the structure activity relationship identified with 4-sulfonic calixarenes, we used

in silico approaches to identify clinically available analogues and established that the drug suramin is an

effective inhibitor of the AIM2 inflammasome, highlighting future translational opportunities to target

AIM2 in patients.

RESULTS

4-Sulfonic calix[6]arene is an inhibitor of the AIM2 inflammasome

We set out to test the hypothesis that the poly-anionic nature of 4-sulfonic calix[6]arene (Figure 1A) could

enable effective inhibition of the AIM2 inflammasome. In a previous study, 4-sulfonic calix[6]arene was inef-

fective at inhibiting the NLRP3 inflammasome.13 To activate the AIM2 inflammasome we transfected LPS-

primed murine bone marrow-derived macrophages (BMDMs) with the synthetic double stranded (ds)DNA

sequence poly dA:dT14 and measured cell death and IL-1b release. 4-Sulfonic calix[6]arene dose depen-

dently inhibited AIM2-dependent cell death and IL-1b release (Figures 1B and 1C). 4-Sulfonic calix[6]arene

had IC50 values of 2.20 mM and 3.00 mM for poly dA:dT-induced cell death and IL-1b release respectively

(Figures 1B and 1C). Pre-incubation of 4-sulfonic calix[6]arene, but not the NLRP3 inflammasome inhibitor

MCC950,15 also inhibited poly dA:dT-induced ASC oligomerization and cleavage of caspase-1, IL-1b, and

GSDMD in LPS-primed mouse BMDMs (Figure 1D). Furthermore, treatment with 4-sulfonic calix[6]arene

did not inhibit IL-1b release in response to treatment with the NLRP3 activator silica,16 or transfection

with flagellin to activate NLRC417 (Figures 1E and 1F), suggesting 4-sulfonic calix[6]arene did not inhibit

NLRP3 or NLRC4. 4-Sulfonic calix[6]arene did not inhibit transfection efficacy per se as 4-sulfonic calix[6]ar-

ene had no effect on NLRC4 activation by flagellin transfection (Figures 1E and 1F, Figure S1A), and had no

effect on transfection of rhodamine-tagged poly dA:dT at inflammasome inhibiting concentrations

(Figures S1B and S1C).

In human cells, the inflammasome response to dsDNA is reported to be dependent on a cGAS-STING-

NLRP3 pathway rather than AIM2.18 In this model, it is proposed that dsDNA binds to and activates

cGAS, resulting in synthesis of the cyclic messenger 20,30-cGAMP, which activates STING, leading to lyso-

somal rupture and activation of NLRP3.18 Therefore, we tested if 4-sulfonic calix[6]arene was effective at

blocking dsDNA-induced inflammasome activation in LPS-primed human bloodmonocyte-derived macro-

phages (hMDMs). Matching previous reports,18 the NLRP3 inhibitor MCC950, and the STING inhibitor

H151,19 partially inhibited IL-1b release from poly dA:dT transfected hMDMs (Figure 1G), and had no effect

on cell death (Figure 1H). However, 4-sulfonic calix[6]arene completely inhibited dA:dT-transfection-

induced IL-1b release and cell death (Figures 1G and 1H). These data indicate 4-sulfonic calix[6]arene in-

hibited dsDNA-induced inflammasome responses driven by both AIM2 and cGAS-STING.

4-Sulfonic calix[6]arene inhibits cGAS-STING and TLR9 signaling

We then examined the effect of 4-sulfonic calix[6]arene on the cGAS-STING pathway in more detail. Acti-

vation of cGAS-STING leads to a phosphorylation cascade, including STING, TBK1, and IRF3, resulting in

the transcription of type I interferons (IFNs).20 4-Sulfonic calix[6]arene caused a dose-dependent inhibition

in poly dA:dT-induced IFN-b release from murine BMDMs, with an IC50 of 10.72 mM (Figure 2A). 4-Sulfonic

calix[6]arene also reduced the phosphorylation of TBK1 and IRF-3 to a similar extent as the STING inhibitor

H151 (Figures 2B–2D). To test if 4-sulfonic calix[6]arene was acting via cGAS or STING, we used

10-carboxymethyl-9-acridanone (CMA), a small molecule that binds directly to, and activates murine
2 iScience 26, 106758, May 19, 2023
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Figure 1. 4-Sulfonic calix[6]arene inhibits double stranded (ds)DNA-induced inflammasome responses

(A) Chemical structure of 4-sulfonic calix[6]arene.

(B and C) (B) LDH and (C) IL-1b release in the supernatants of LPS-primed (1 mg mL�1, 4 h) bone marrow derived macrophages (BMDMs). BMDMs were pre-

treated with the indicated concentration of 4-sulfonic calix[6]arene (0.03–100 mM) before transfection with poly dA:dT (1 mg mL�1, 4 h) or lipofectamine 3000

alone (mock) (n = 3).

(D) Western blot of crosslinked ASC oligomers in Triton x100 (Tx100) insoluble BMDM cell lysates and corresponding ASC, IL-1b, Caspase-1 (Casp1) and

GSDMD in the Tx100 soluble BMDM cell fraction. LPS-primed BMDMs were pre-treated with 4-sulfonic calix[6]arene (Calix[6], 30 mM), the NLRP3 inhibitor

MCC950 (10 mM) or vehicle control (Veh, DMSO) before transfection with poly dA:dT (4 h) (n = 4).

(E) IL-1b release in the supernatant of LPS-primed BMDMs pre-treated with the indicated concentration of 4-sulfonic calix[6]arene (0.03–300 mM) before

stimulation with silica (300 mg mL�1), flagellin (1 mg mL�1) or poly dA:dT (1 mg mL�1) for 4 h (n = 4).

(F) IL-1b release from LPS-primed BMDMs pre-treated with 4-sulfonic calix[6]arene (100 mM), MCC950 (10 mM) or vehicle control (DMSO) before stimulation

with poly dA:dT (1 mg mL�1), silica (300 mg mL�1), or flagellin (1 mg mL�1) (n = 4).

(G and H) (G) IL-1b and (H) LDH release in the supernatant from LPS-primed (1 mg mL�1, 4 h) human monocyte-derived macrophages (hMDMs) pre-treated

with MCC950 (10 mM), 4-sulfonic calix[6]arene (30 mM), the STING inhibitor H151 (10 mM) or vehicle control (DMSO) before transfection with poly dA:dT

(1 mg mL�1, 18 h) or Viromer Green alone (mock) (n = 7).

Concentration-response curves were fitted using a four parameter logistical (4 PL) model. *p<0.05, **p<0.01, ***p<0.001 determined by a two-way ANOVA

with Dunnett’s post hoc analysis. Values shown are mean G the SEM.
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Figure 2. 4-Sulfonic calix[6]arene inhibits dsDNA-induced type I interferon release and CpG DNA-induced inflammation

(A) IFN-b release in the supernatants of bone marrow derived macrophages (BMDMs). BMDMs were treated with the indicated concentration of 4-sulfonic

calix[6]arene (0.03–100 mM) before transfection with poly dA:dT (1 mg mL�1, 6 h) (n = 4).

(B) Western blot of phosphorylated (p-) and total levels of IRF3 and TBK1 in BMDM lysates following treatment with 4-sulfonic calix[6]arene (calix[6], 30 mM) or

the STING inhibitor H151 (10 mM) and transfected with poly dA:dT (1 mg mL�1, 3 h) (n = 4).

(C and D) (C) The ratio of p-IRF3 (Ser396) to total IRF3 and (D) the ratio of p-TBK1 to total TBK1 determined by densitometry of experiments shown in (B) (n = 4).

(E) IFN-b release in the supernatants of BMDMs pre-treated with 4-sulfonic calix[6]arene (30 mM), H151 (10 mM) or vehicle control (DMSO) before stimulation

with CMA (250 mg mL�1, 6 h) (n = 4).

(F) IFN-b release in the supernatants of BMDMs pre-treated with 4-sulfonic calix[6]arene (30 mM), H151 (10 mM) or vehicle control (DMSO) before transfection

with 20,30-cGAMP (1.5 mg mL�1, 6 h) (n = 4).

(G and H) (G) IL-6 release in the supernatants of BMDMs pre-treated with the indicated concentration of 4-sulfonic calix[6]arene (0.03–100 mM) and stimulated

with CpG DNA (1 mM, 6 h) (n = 4), (H) or LPS (1 mg mL�1, 6 h) (n = 4).

(I) IFN-b release in the supernatants of BMDMs pre-treated with the indicated concentration of 4-sulfonic calix[6]arene (0.03–100 mM) and stimulated with

poly (I:C) (5 mg mL�1, 6h) (n = 4).

(J) Western blot of pro-IL-1b and NLRP3 in the lysates of BMDMs pre-treated with the indicated concentration of 4-sulfonic calix[6]arene, or vehicle control

(Veh, DMSO) and stimulated with CpG DNA (1 mM, 6 h) or LPS (1 mg mL�1, 6 h) (n = 4).

(K and L) Densitometry of pro-IL-1b (K) and NLRP3 (L) from experiments in (J).

Concentration-response curves were fitted using a four parameter logistical (4 PL) model. *p<0.05, **p<0.01, ***p<0.001 determined by a two-way ANOVA

with Dunnett’s post hoc analysis vs. vehicle control. Values shown are mean G the SEM.
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Figure 3. Inhibition of dsDNA inflammatory signaling by 4-sulfonic calixarenes is readily reversible and is

dependent on the sulfonic acid groups

(A) Chemical structure of 4-sulfonic calix[6]arene, 4-sulfonic calix[4]arene, 4-sulfonic calix[8]arene and 4-tert-butyl calix[6]

arene.

(B and C) (B) IL-1b release and (C) LDH release in the supernatants of LPS-primed (1 mg mL�1, 4 h) bone marrow derived

macrophages (BMDMs). BMDMs were pre-treated with the indicated concentration of 4-sulfonic calix[4]arene, 4-sulfonic

calix[6]arene, 4-sulfonic calix[8]arene or 4-tert-butyl calix[6]arene (0.03–100 mM) before transfection with poly dA:dT

(1 mg mL�1, 4 h) (n = 4).

(D) Western blot of crosslinked ASC oligomers in Triton x100 (Tx100) insoluble BMDM cell lysates and corresponding

ASC, IL-1b, Caspase-1 (Casp1) and GSDMD in the Tx100 soluble BMDM cell fraction. LPS-primed BMDMs were pre-

treated with indicated concentrations of 4-sulfonic calix[4]arene ([4]), 4-sulfonic calix[6]arene ([6]), 4-sulfonic calix[8]arene

([8]), 4-tert-butyl calix[6]arene (tb[6]), or vehicle control (Veh, DMSO) before transfection with poly dA:dT (4 h) (n = 4).

(E) IL-1b release in to the supernatants of LPS-primed (1 mg mL�1) BMDMs, treated with 30 mM 4-sulfonic calix[4]arene,

4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene, or vehicle control (DMSO) before transfection with poly dA:dT

(1 mg mL�1, 3.5 h) (n = 5). BMDMs were either stimulated in 4-sulfonic calixarene containing media (no wash), washed 3x

before stimulation (washout), or washed 3x with re-addition of each respective drug (washout + drug).

(F) IFN-b release into the supernatants of BMDMs. BMDMs were treated with the indicated concentration of 4-sulfonic

calix[4]arene, 4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene or 4-tert-butyl calix[6]arene (0.03–100 mM) before

transfection with poly dA:dT (1 mg mL�1, 6 h) (n = 4).

(G) Western blot of phosphorylated (p-) and total levels of IRF3 and TBK1 in BMDM lysates following treatment with

indicated concentrations of 4-sulfonic calix[4]arene ([4]), 4-sulfonic calix[6]arene ([6]), 4-sulfonic calix[8]arene ([8]), 4-tert-

butyl calix[6]arene (tb[6]), or vehicle control (Veh, DMSO) before transfection with poly dA:dT (3 h) (n = 4).

(H) IL-6 release in the supernatants of BMDMs pre-treated with the indicated concentration of 4-sulfonic calix[4]arene,

4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene or 4-tert-buyl calix[6]arene (0.03–100 mM) and stimulated with CpG DNA

(1 mM, 6 h) (n = 4).

(I) Western blot of pro-IL-1b and NLRP3 in the lysates of BMDMs pre-treated with indicated concentrations of 4-sulfonic

calix[4]arene ([4]), 4-sulfonic calix[6]arene ([6]), 4-sulfonic calix[8]arene ([8]), 4-tert-butyl calix[6]arene (tb[6]), or vehicle

control (Veh, DMSO) and stimulated with CpG DNA (1 mM, 6 h) (n = 4). See also Figure S2 for densitometry of (G) and (I).

Concentration-response curves were fitted using a four parameter logistical (4 PL) model, **p<0.01, ***p<0.001,

****p<0.0001 determined by a two-way ANOVA with Dunnett’s post hoc analysis vs. vehicle control. Values shown are

mean G the SEM.
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STING independent of cGAS,21 and 2’,30-cGAMP, the intracellular second messenger produced by cGAS

that activates STING. CMA-induced IFN-b production in BMDMs was not significantly altered by pre-treat-

ment with 4-sulfonic calix[6]arene, but was fully inhibited by H151 (Figure 2E). However, transfection of

2’,30-cGAMP into BMDMs induced IFN-b that was inhibited by both 4-sulfonic calix[6]arene and H151 (Fig-

ure 2F), suggesting that 4-sulfonic calix[6]arene may be effective at both the dsDNA-binding site on cGAS

and the 20,30-cGAMP, but not the CMA binding site on STING.

We also examined if 4-sulfonic calix[6]arene was an inhibitor of the dsDNA sensing TLR9, an endosomal TLR

that senses CpG-rich DNA.22 CpG-rich DNA is enriched in bacterial genomes and therefore TLR9 functions

as a sensor for bacterial infection rather than host cell damage.23 Activation of TLR9 with CpG-rich DNA

results in NF-kB signaling and pro-inflammatory gene expression, including IL-6, IL-1 and NLRP3.24,25

4-Sulfonic calix[6]arene reduced CpG-induced IL-6 release in BMDMs at 100 mM, but was ineffective at

lower concentrations (Figure 2G). 4-Sulfonic calix[6]arene was not effective up to 100 mM on LPS-induced

TLR4, or poly (I:C)-induced TLR3 responses (Figures 2H and 2I). 4-Sulfonic calix[6]arene pre-treatment also

dose-dependently inhibited CpG-induced pro-IL-1b expression, but not in response to LPS (Figures 2J and

2K). LPS- or CpG-induced expression of NLRP3 was not prevented by pre-treatment with 4-sulfonic calix[6]

arene (Figures 2J and 2L). These data suggest that 4-sulfonic calix[6]arene can inhibit TLR9 receptors, but at

much higher concentrations than is required for inhibition of AIM2 and cGAS.

Inhibition of dsDNA-driven inflammation is mediated by sulfonic acid groups

That 4-sulfonic calix[6]arene was effective at inhibiting a range of dsDNA sensors suggested that a poten-

tial mechanism of action could be through interacting with the dsDNA binding sites. 4-Sulfonic calix[6]ar-

ene is negatively charged, resulting from the six sulfonic acid groups, a property that is similar to the phos-

phate backbone of dsDNA. The negative charges of the DNAbackbone are essential for its binding to DNA

sensors such as AIM26 and cGAS.26 To investigate if the negatively charged sulfonic acid groups contrib-

uted to the inhibitory actions of 4-sulfonic calix[6]arene on dsDNA sensors, we tested the calixarene com-

pounds: 4-sulfonic calix[4]arene, 4-sulfonic calix[8]arene and 4-tert-butyl calix[6]arene (Figure 3A).

4-Sulfonic calix[4]arene and 4-sulfonic calix[8]arene contain two fewer and two extra sulfonic acid groups
6 iScience 26, 106758, May 19, 2023
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than 4-sulfonic calix[6]arene respectively, and exhibit corresponding differences in charge. 4-tert-Butyl

calix[6]arene exhibits the same number of phenolic units as 4-sulfonic calix[6]arene but contains neutral

tert-butyl groups on each phenolic unit instead of negative sulfonic acid groups. Comparisons between

4-sulfonic calix[6]arene and 4-tert-butyl calix[6]arene would therefore determine if the inhibitory action

of 4-sulfonic calix[6]arene required the sulfonic acid groups and negative charge. LPS-primed BMDMs

were treated with increasing concentrations of either 4-sulfonic calix[4]arene, 4-sulfonic calix[6]arene,

4-sulfonic calix[8]arene or 4-tert-butyl calix[6]arene before transfection with poly dA:dT to activate AIM2.

4-tert-Butyl calix[6]arene was unable to prevent poly dA:dT-induced cell death or IL-1b release when

used up to a concentration of 100 mM (Figures 3B and 3C). All 4-sulfonic calixarenes inhibited AIM2-depen-

dent IL-1b release, and the potency of inhibition correlated with the number of sulfonate groups, with

4-sulfonic calix[4]arene the least effective and 4-sulfonic calix[8]arene the most effective (Figure 3B).

4-Sulfonic calix[8]arene was highly potent at inhibiting IL-1b release (IC50:214 nM) (Figure 3B), cell death

(IC50:191 nM) (Figure 3C), ASC oligomerization, and cleavage of IL-1b, caspase-1 and GSDMD (Figure 3D).

Pre-treatment with 4-sulfonic calix[4]arene or 4-tert-butyl calix[6]arene did not inhibit the formation of AIM2

inflammasomes up to 100 mM (Figure 3D). We then sought to identify if 4-sulfonic calixarenes were revers-

ible inhibitors of the AIM2 inflammasome. LPS-primed BMDMs were incubated with a vehicle or 30 mM of

each 4-sulfonic calixarene for 1 h and then washed three times before transfection with poly dA:dT and

assessment of AIM2 activation by IL-1b release. Unwashed BMDMs and BMDMs treated with additional

4-sulfonic calixarenes after the washes were used in parallel as controls. Consistent with the concentra-

tion-response data, 4-sulfonic calix[6]arene and 4-sulfonic calix[8]arene were effective at inhibiting AIM2-

dependent IL-1b release in unwashed BMDMs, whereas 4-sulfonic calix[4]arene was inactive (Figure 3E).

The inhibition of AIM2 by 4-sulfonic calix[6]arene and 4-sulfonic calix[8]arene was completely lost following

washing, and was restored on re-addition of the respective compound (Figure 3E). These data indicate that

inhibition of AIM2 by 4-sulfonic calixarenes was reversible.

We next tested the additional calixarene compounds on preventing activation of cGAS-STING and TLR9.

Similar to AIM2 inhibition, 4-tert-butyl calix[6]arene was unable to prevent cGAS-STING-dependent IFN-b

release and 4-sulfonic calixarenes inhibited at a potency correlated with the number of sulfonates (Fig-

ure 3F). 4-Sulfonic calix[8]arene was the most potent (IC50: 901 nM) (Figure 3F) and also inhibited cGAS-

STING-dependent phosphorylation of TBK-1 and IRF-3 at 3 mM (Figures 3G, S2A, and S2B). Similarly,

CpG-induced TLR9 responses were not inhibited by 4-tert-butyl calix[6]arene or 4-sulfonic calix[4]arene,

but were inhibited by 4-sulfonic calix[6]arene and 4-sulfonic calix[8]arene. 4-Sulfonic calix[8]arene was

the most potent, inhibiting CpG-induced IL-6 release (IC50: 14.12 mM) (Figure 3H), and induction of IL-1b

and NLRP3 expression (Figures 3I, S2C, and S2D). In addition, 4-sulfonic calixarenes were not cytotoxic

as assessed by LDH release, YOPRO-1 uptake and an MTT assay in BMDMs (Figures S3 and S4). These

data suggest that reversible inhibition of AIM2, and inhibition of cGAS and TLR9, by 4-sulfonic calixarenes

is driven by the negatively charged sulfonic acid groups.
4-Sulfonic calixarenes bind to the dsDNA binding site on AIM2

Next, molecular modeling was used to assess if 4-sulfonic calixarenes would interact with the dsDNA bind-

ing site of the HIN domain of AIM2. The X-ray co-crystal structure of human AIM2 bound to dsDNA (PDB:

3RN56 resolution 2.50 Å) showed 4 identical HIN domains with bound dsDNA (Figures 4A and S5). To vali-

date the model, dsDNA was removed and the dsDNA phosphate backbone containing only the ribose

sugars (i.e., with bases replaced with H) was docked into the AIM2 HIN domain between the oligonucleo-

tide binding sites OB1 and OB2 using AutoDock Vina.27 This showed a good overlay between the docked

and co-crystallized dsDNA (Figure 4A). The electrostatics of the binding of docked dsDNA in AIM2 HIN

shows that the negatively charged phosphate groups are appropriately placed with respect to the posi-

tively charged lysine and arginine side chains of the HIN domain (Figures 4B and 4C).

Previous reports have shown that 4-sulfonic calixarenes are flexible with 4-sulfonic calix[4]arene, 4-sulfonic calix

[6]arene and 4-sulfonic calix[8]arene adopting 4, 8 and 16 conformations, respectively.28–32 A conformational

search was carried out for 4-sulfonic calixarenes using Molecular Operating Environment (MOE 2015.08,

Chemical Computing Group, Canada) (Table S1, Figure S6), with the lowest energy conformer for 4-sulfonic

calix[4]arene adopting the partial cone, for 4-sulfonic calix[6]arene the 1,2,4-alternate and for 4-sulfonic

calix[8]arene the 1,2,4,6,8-alternate. The top 49 conformers of each 4-sulfonic calixarene (Table S1) were

docked flexibly in the human AIM2 HIN domain (monomer) (PDB:3RN56) using MOE and the lowest energy

conformers were docked rigidly using AutoDock Vina.27 The predominant binding mode of 4-sulfonic calix
iScience 26, 106758, May 19, 2023 7
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Figure 4. Modeling of 4-sulfonic calixarenes on the X-ray crystal structure of dsDNA bound AIM2 HIN domains

(A–C) Docking validation in human AIM2 HIN domain (PDB:3RN5), (A) redocked dsDNA backbone and ribose sugar (blue) overlaid on co-crystallized dsDNA

(green) showing the major groove regions (red dashes) and the minor groove regions (brown dashes) of dsDNA, (B and C) electrostatic potential maps for

docked dsDNA showing interacting amino acid residues with negatively charged phosphate groups (red spheres), (B) side view (C) top view.

(D–F) Electrostatic potential maps for docked 4-sulfonic calix[x]arenes in the human AIM2 HIN domain showing interacting amino acid side chains with

negatively charged sulfonate oxygen atoms (red spheres) for (D) 4-sulfonic calix[4]arene, (E) 4-sulfonic calix[6]arene and (F) 4-sulfonic calix[8]arene. For

electrostatic potential maps: blue: positive region, red: negative region, white: neutral region, red spheres: negatively charged atoms for the phosphates of

dsDNA (A–C) or sulfonate oxygen atoms (D-E). Images created using Pymol.

(G) Electrophoretic mobility shift assay (EMSA) where increasing concentrations of 4-sulfonic calix[6]arene (0.01–1 mM) were added to recombinant human

AIM2-GST (rhAIM2, 4 mM) complexed with dsDNA (0.4 mg mL�1, 72 base pairs).

(H) EMSA where increasing concentrations of 4-sulfonic calix[4]arene ([4]), 4-sulfonic calix[6]arene ([6]), 4-sulfonic calix[8]arene ([8]) (0.1, 0.3 and 1 mM), or 4-

tert-butyl calix[6]arene (tb[6]) (1 mM) were added to rhAIM2 (4 mM) complexed with dsDNA (0.4 mg mL�1, 72 base pairs). Gels shown are representative of

three independent repeats.
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[4]arene in the AIM2HINdomain (monomer) is the 1,2-alternate conformation (docking score�5.0 kcal/mol) in

MOE,which showed the greatest number of interactions of the sulfonate groupswith theHINdomain residues

(Figure 4D,Tables S1 and S2). This finding is consistent with docking using AutoDock Vina (Table 1, Table S1).
8 iScience 26, 106758, May 19, 2023



Table 1. Distances for the ionic interactions and docking scores of the best conformers for 4-sulfonic calixarenes in the human AIM2 HIN domain

(monomer) (PDB:3RN5) using MOE and AutoDock Vina

Interacting

residue

Co-

crystallized

dsDNA

MOE (Å) Autodock Vina (Å)

4-Sulfonic

calix[4]arene

4-Sulfonic

calix[6]arene

4-Sulfonic

calix[8]arene

Redocked

dsDNA

4-Sulfonic

calix[4]arene

4-Sulfonic

calix[6]arene

4-Sulfonic

calix[8]arene

Docking score

(Kcal/mol)

– �5.0 �8.4 �9.9 – �11.7 �12.4 �13.3

Lys160 – 3.0 3.1 (OH) 3.2 – 3.2 2.9 (OH) 3.0

Lys162 3.4 – – 3.2 3.0 – – 3.8

Lys163 3.0 – 3.0 3.0 3.0 – 3.0 3.5

Lys198 3.3 – 3.4 3.3 3.0 – 3.4 3.1

Lys204 3.3 3.0 2.9 3.0 3.0 3.1 3.2 3.7

Arg311 2.8 3.7 3.1 3.3 4.0 3.1 3.3 3.8

Lys335 3.0 – 2.9 3.0a 3.8 – 3.1 3.3a

Distances are from the sulfonate oxygen to the positively charged nitrogen atoms in the HIN domain binding pocket, or from the negatively charge phosphate

oxygen in co-crystallized dsDNA.
aSulfonate oxygen atoms form a hydrogen bond with the amino acid NH/CH backbone.
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Low energy docking scores were also found for the binding of 4-sulfonic calix[6]arene to AIM2 usingMOE, with

the best conformation being the 1,3-alternate (docking score:�8.4 kcal/mol) showing docking interactions

similar to those observed with the DNA phosphate groups (Figure 4E, Tables S1 and S2). Docking with

AutoDock Vina also gave comparable results (Table 1, Table S3). Consistent with its lower experimental

IC50 value (and thus greater potency), 4-sulfonic calix[8]arene docking showed strong binding to AIM2 forming

six ionic interactions, compared to 3 and 5 for the calix[4] and calix[6] analogues, respectively (Table S1). The

preferred docked conformation of 4-sulfonic calix[8]arene using MOE was the 1,2,4,6,8-alternate with a dock-

ing score of�9.9 kcal/mol (Figure 4F, Table S2). Similar results were observed using AutoDock Vina (Table S3).

The docked structure shows that six of the eight sulfonate groups were involved in intermolecular interactions

(Table 1). Another possible explanation why 4-sulfonic calix[8]arene is the most active is the largest measured

distance between the two sulfonate oxygen atoms of 21.4 Å, this being similar to the distance between 2 ox-

ygen atoms of co-crystallized dsDNA in the minor groove (20.4 Å) (Figure S7A).6 This supports 4-sulfonic calix

[8]arene competing with DNA in the HIN domain interface (Figure S7B). Equivalent distances aremuch shorter

for 4-sulfonic calix[4]arene and 4-sulfonic calix[6]arene, being 13.5 Å and 15.9 Å, respectively (Figures S7C and

S7D). Summarizing this molecular modeling, the 4-sulfonic calixarenes showed excellent binding in the AIM2

HIN domain with the sulfonic acid groups binding in a similar way to the phosphate groups of dsDNA, sug-

gesting that they are convincing dsDNA mimetics.

To verify that 4-sulfonic calixarenes compete for the dsDNA binding site on AIM2, we used an electrophoretic

mobility shift assay (EMSA) which has been previously used to study DNA binding to AIM2.7 In this assay, DNA

not complexed with a protein (i.e., free DNA) migrates rapidly through a polyacrylamide gel. Addition of re-

combinant human AIM2 (rhAIM2) to dsDNA resulted in the slowing of DNA migration through the gel, indi-

cating that DNA has formed a complex with rhAIM2 (Figure 4G). When repeated in the presence of 4-sulfonic

calix[6]arene, the levels of free DNA increased in a dose dependent fashion with increasing concentrations of

4-sulfonic calix[6]arene, indicating a reduction in DNA complexed with AIM2 (Figure 4G). Furthermore, in

agreement with ourmolecular modeling, dsDNAdisplacement was least effective with 4-sulfonic calix[4]arene

and most effective with 4-sulfonic calix[8]arene (Figure 4H). These data provide additional evidence that

4-sulfonic calixarenes are binding to the DNA-binding HIN domain. Through blocking dsDNA binding, we

propose a mechanism where 4-sulfonic calixarenes could prevent AIM2 inflammasome activation by trapping

AIM2 in an autoinhibitory state,6 or through denying the clustering of AIM2 leading to oligomerisation,7 which

are required for ASC polymerization and inflammasome formation.

4-Sulfonic calix[6]arene prevents AIM2-dependent disease in mice

Dysregulation of extracellular and cytosolic dsDNA is implicated in the pathophysiology of various dis-

eases, including autoimmune disease, cancer, and stroke.33,34 We therefore hypothesized that 4-sulfonic
iScience 26, 106758, May 19, 2023 9



ll
OPEN ACCESS

iScience
Article
calixarenes could be used as therapeutic or research tools to investigate the consequences of dsDNA

signaling in disease. The AIM2 inflammasome mediates post-stroke immunosuppression, which predis-

poses individuals to systemic infections.12 Infections are a major cause of death after stroke,35 highlighting

the need to find therapeutic approaches to limit post-stroke immunosuppression. Brain injury results in an

increase in dsDNA in the blood, causing AIM2 inflammasome activation in blood monocytes and IL-1b

release, which subsequently induces FAS ligand (FASL)-FAS-dependent T cell apoptosis leading to immu-

nosuppression.12 We therefore tested if 4-sulfonic calix[6]arene prevented AIM2-dependent induction of

T cell death following stroke. Whole splenocytes were isolated from naive mice and treated with

4-sulfonic calix[6]arene before incubation with serum (25% v/v) from sham- or stroke-operated mice for

16 h. Treatment of splenocytes with serum from stroke-operated mice, which contains increased levels

of dsDNA, resulted in a loss of T cells determined by flow cytometry, and this was prevented by

4-sulfonic calix[6]arene (Figures 5A and 5B). We also used a co-culture of BMDMs and T cells, to test if

stroke serum-induced T cell death was blocked by co-treatment with 4-sulfonic calix[6]arene. LPS-primed

BMDMs were incubated with serum (25% v/v) from sham- or stroke-operated mice for 10 min, before the

serum was washed off and murine T cells were added to the culture for 4 h. In agreement with the whole

splenocyte culture, T cell death was increased following incubation with serum from stroke-operated

mice which was inhibited by pre-treatment with 4-sulfonic calix[6]arene for 1 h (Figures 5C and 5D). To

further examine the potential of 4-sulfonic calix[6]arene as a pharmacological tool to inhibit AIM2-depen-

dent responses in vivo, we assessed T cell loss after stroke in vehicle or 4-sulfonic calix[6]arene-treatedmice

(Figure 5E). The splenic T cell count was significantly increased in 4-sulfonic calix[6]arene treated animals

post-stroke compared to untreated (Figure 5F). Furthermore, in spleens of animals treated with

4-sulfonic calix[6]arene there was less caspase-1 activation post-stroke, determined by western blotting

for cleaved caspase-1 (Figures 5G and 5H) and by FLICA (Figure 5I), suggesting an inhibition of inflamma-

some activation. These results confirm that 4-sulfonic calix[6]arene is also efficient in vivo blocking stroke-

induced AIM2 inflammasome activation and thereby preventing post-stroke T cell death. This therapeutic

use of 4-sulfonic calix[6]arene to prevent injury-induced immunosuppression via AIM2 activation could also

be generalizable to other diseases of sterile tissue injury for which similar mechanisms have been demon-

strated such as skin burn injury.12
The polysulfonated drug suramin inhibits the AIM2 inflammasome

Inhibition of dsDNA sensors by 4-sulfonic calixarenes is mediated by the multiple negatively charged sulfonic

acid groups, leading us to examine whether any clinically available drugs exhibited similar properties and have

the potential to be effective inhibitors of dsDNA-induced inflammation. The polyanionic drug suramin,36 used

since the 1920s to treat African sleeping sickness and river blindness,36 also described as a purinergic receptor

antagonist,37,38 was identified as a potential compound with similar properties to 4-sulfonic calixarenes

because of the multiple sulfonic acid groups (Figure 6A). Suramin is already proposed to inhibit several

dsDNA-binding proteins, including cGAS,39 Mcm1040 and DNA topoisomerase II,41 but it is unknown whether

suramin could inhibit the AIM2 inflammasome. Suramin pre-treatment of LPS-primed BMDMs dose-depen-

dently inhibited AIM2 inflammasome activation, with an IC50 of 1.45 mM and 1.48 mM on AIM2-dependent

LDH and IL-1b release respectively (Figures 6B and 6C). Furthermore, suramin inhibited AIM2-dependent

ASC oligomerization, caspase-1 and IL-1b processing (Figure 6D). Suramin did not inhibit ASC-oligomeriza-

tion, caspase-1 or IL-1bprocessing in response to stimulation of theNLRP3 orNLRC4 inflammasomewith silica

or flagellin respectively (Figure 6D). The inhibitory effect of suramin on AIM2 was reversible, because IL-1b

release could be fully restored by repeated washing of suramin-treated BMDMs (Figure 6E). Similar to

4-sulfonic calix[6]arene and 4-sulfonic calix[8]arene, suramin was also effective at inhibiting cGAS-STING

and TLR9 mediated inflammatory responses (Figures S8A andS8B) and was not cytotoxic (Figures S3 and

S4). Suramin and 4-sulfonic calix[8]arene also inhibited the dsDNA-induced inflammasome response in human

macrophages blocking both pyroptosis (Figure 6F) and IL-1b release (Figure 6G). These data identify suramin

as a clinically available drug that reversibly inhibits the AIM2 inflammasome in human and mice.

Molecular modeling was used to assess if suramin could also interact with the dsDNA binding site of the

HIN domain of AIM2. The conformation of suramin that matched the pharmacophore obtained with

4-sulfonic calixarenes (Figure S9) was successfully docked into in the human AIM2 HIN domain (monomer,

PDB: 3RN56) and gave a docking pose with 5 ionic interactions between the sulfonate groups and the HIN

monomer domain residues (Figure 6H, Table S4). The largest distance measured between the sulfonates in

the docked pose of suramin in 1 HIN domain was 17.6 Å, close to that between the phosphates of dsDNA in

the co-crystallized structure with a distance of 20.4 Å in the minor groove (Figures S10A and S10B). Suramin
10 iScience 26, 106758, May 19, 2023
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Figure 5. 4-Sulfonic calix[6]arene inhibits AIM2 inflammasome-dependent T cell death in a murine model of

experimental stroke

(A) Schematic of the mixed splenocyte culture experiment: Whole splenocytes were pre-treated with 4-sulfonic calix[6]

arene (10 mM, 1 h) and then stimulated with serum (25% v/v) from sham- or stroke-operated mice for 16 h.

(B) CD3+T cell survival in mixed splenocyte culture assessed by flow cytometry, shown as survival of T cells normalized to

the sham serum-treated group (n = 9, 3 independent experiments).

(C) Schematic for the BMDM-T cell coculture experiment: BMDMs were LPS primed (100 ng mL�1, 4 h), treated with

4-sulfonic calix[6]arene (10 mM, 1 h) and stimulated with 25% (v/v) serum of sham- or stroke-operated mice. Afterward,

T cells were added for 4 h before T cell death was assessed by propidium iodide (PI) uptake.

(D) T cell death assessment by flow cytometry from BMDM-T cell co cultures. T cell death is shown as percentage of PI

uptake normalized to an untreated coculture (n = 6, 3 independent experiments).

(E) Schematic of murine filamentous middle cerebral artery occlusion (fMCAO) experiment: mice received an

intraperitoneal (i.p.) injection of 5, 25, 50 or 100 mg kg�1 4-sulfonic calix[6]arene 1 h before a stroke. After 18 h of

reperfusion time the mice were sacrificed and analyzed.

(F) T cell survival after experimental ischemic stroke. Splenic T cell counts were analyzed by flow cytometry, here shown as

percentage of T cells in the vehicle group (n = 5–9).

(G) Representative caspase-1 western blot (Pro and p20 subunit) of whole splenocyte lysates from post-stroke mice in (F).

(H) Quantification of caspase-1 p20 subunit normalized to b-actin from whole splenocyte lysates of vehicle (Veh, saline)

and 4-sulfonic calix[6]arene (50 or 100 mg kg�1)–treated mice (n = 4–6).

(I) Splenic caspase-1 activity post-stroke measured by FAM660 FLICA. Mice were administered 4-sulfonic calix[6]arene

(100 mg kg-1, i.p.), or vehicle (Veh, saline), 1 h before fMCAO (n = 5).

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 determined by a Kruskal-Wallis test with Dunnett’s post hoc analysis

(B,D,F,H), or a Mann-Whitney U test (I). Values shown are mean G the SEM.
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Figure 6. Suramin is an inhibitor of the AIM2 inflammasome

(A) Chemical structure for suramin.

(B and C) (B) LDH and (C) IL-1b release in the supernatants of LPS-primed (1 mg mL�1, 4 h) bone marrow derived macrophages (BMDMs). BMDMs were pre-

treated with the indicated concentration of suramin (0.03–100 mM) before transfection with poly dA:dT (1 mg mL�1, 4 h) (n = 4).

(D) Western blot of crosslinked ASC oligomers in Triton x100 (Tx100) insoluble BMDM cell lysates and corresponding ASC, IL-1b, Caspase-1 (Casp1) and

GSDMD in the Tx100 soluble BMDM cell fraction. LPS-primed BMDMs were pre-treated with Suramin (10 mM) or vehicle control (Veh, DMSO) before

transfection with poly dA:dT (1 mg mL�1), transfection of flagellin (1 mg mL�1), or treatment with silica (300 mg mL�1) for 4 h (n = 4).

(E) IL-1b release in the supernatants of LPS-primed (1 mgmL�1) BMDMs, treated with suramin (10 mM), or vehicle control (DMSO) before transfection with poly

dA:dT (1 mgmL�1, 3.5 h) (n = 4). BMDMs were either stimulated in suramin-containingmedia (no wash), washed 3x before stimulation (washout), or washed 3x

with re-addition of each respective drug (washout + drug).

(F and G) (F) LDH and (G) IL-1b release in the supernatant from LPS-primed (1 mg mL�1, 4 h) human monocyte-derived macrophages (hMDMs) pre-treated with

suramin (10 mM), 4-sulfonic calix[8]arene (Calix[8], 10 mM), MCC950 (10 mM) or vehicle control (DMSO) before transfection with poly dA:dT (1 mgmL�1, 18 h) (n = 4).

(H and I) Electrostatic potential maps for docked suramin in AIM2 HIN domain (PDB:3RN5) using Autodock Vina. (H) Suramin conformer (conf1) identified

from the pharmacophoremodel (docking of the 4-sulfonic calixarenes with AIM2) in the AIM2 HIN domain (monomer), (I) a possible alternative bindingmode

of co-crystal structure of suramin (gray) (from PDB:2NYR), (conf2, extended form), when docked between the 2 HIN domains of AIM2 (PDB:3RN5) (dimer). For

electrostatic potential maps: blue: positive region, red: negative region, white: neutral region, red spheres: negatively charged atoms for the sulfonates of

suramin.

Images created using Pymol. Dose-response curves were fitted using a four parameter logistical (4PL) model. *p<0.05, **p<0.01, ****p>0.0001 determined

by a two-way ANOVA with Sidak’s (E) or Dunnett’s (F,G) post hoc analysis. Values shown are mean G the SEM.
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was also docked across the two HIN domains of AIM2 (dimer, PDB: 3RN56) (Table S5), for potential binding

spanning the major and minor grooves (Figure 6I). Only 1 conformer of suramin reported (co-crystal struc-

ture PDB: 2NYR42) spanned the dimer (Figure 6I), forming interactions with both HIN domains with an O-O

distance of 34.6 Å, similar to that observed for dsDNAwith a distance of 34.7 Å (Figure S10C). A good dock-

ing score of �22.0 kcal/mol supported a strong binding interaction with suramin spanning across 2 HIN

domains.
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DISCUSSION

dsDNA-driven AIM2 inflammasome responses are emerging as critical responses in the worsening of multiple

diseases including atherosclerosis,8 cancer,9,43 ischemic stroke,10 and post-stroke immunosuppression.12

However, the tools to target and study AIM2 inflammasome responses are lacking, limited to knockdown/

knockout of AIM2, non-selective suppressive oligonucleotides (such as A15144), or removal of extracellular

dsDNA using DNases.9,12 Here we report the identification and characterization of 4-sulfonic calixarenes as

new and effective compounds at blocking dsDNA-driven inflammatory signaling, exhibiting high potency

at the AIM2 receptor. We propose that 4-sulfonic calixarenes reversibly interact with the dsDNA binding

site of AIM2 through exposed sulfonic acid groups, preventing binding of dsDNA and limiting AIM2 inflam-

masome formation.

The ability to limit AIM2-dependent inflammation could be beneficial in a range of disorders. Targeting

IL-1b signaling reduces cardiovascular risk in atherosclerotic patients45 and AIM2 has recently been iden-

tified as an essential mediator of atherosclerosis driven by clonal hematopoiesis induced by the common

Jak2V617F mutation.8,46 AIM2 impedes anti-tumor responses in melanoma by limiting immunogenic type I

IFN responses.9 AIM2 drives inflammation to worsen ischemic brain injury10,11,47 and mediates post-

stroke immunosuppression by induction of T cell death.12 AIM2 inflammasomes are also activated during

radiotherapy, exacerbating radiation-induced tissue damage, and contributing to post-radiation side ef-

fects including immunosuppression, multi-organ dysfunction, and hemorrhage,48–50 although recent

studies suggest AIM2 also contributes to the anti-tumor effects of radiotherapy.51 The discovery of sur-

amin, a pre-existing clinically used drug, as an AIM2 and cGAS inhibitor will provide new opportunities to

target diseases driven by dsDNA. Of interest, suramin reduces brain injury following ischemic stroke,52

melanoma growth,53,54 and atherosclerosis,55 in animal models, but because these studies pre-date

the identification of suramin as an inhibitor of dsDNA inflammatory signaling, it is unknown if suramin

is exerting protection from these diseases via AIM2 inhibition. One consideration of using 4-sulfonic cal-

ixarenes or suramin as molecules to inhibit AIM2 in vivo is that these compounds are unlikely to pass the

intact blood brain barrier because of the negative charge of the multiple sulfonate groups. Pharmacoki-

netic studies have shown that suramin is largely excluded from the brain.56 Furthermore, following intra-

venous administration of a single dose of 4-sulfonic calix[4]arene, it is distributed widely in most organs,

except the brain, is not metabolized, and is quickly cleared via the urine.57 However, as an approach to

target dsDNA-induced inflammation in the brain after stroke, these molecules could still be effective in

brain tissue because of the breakdown of the blood brain barrier following brain injury.58 Importantly,

suramin and 4-sulfonic calixarenes also do not need to enter the brain to limit DNA-induced inflamma-

some activation systemically, such as immunosuppression post-stroke.12

Although it is clear that 4-sulfonic calixarenes and suramin are targeting intracellular proteins, their polar

nature would suggest they are membrane impermeable, suggesting an active mechanism of cellular up-

take. Although literature of cellular uptake of 4-sulfonic calixarenes is limited, there is evidence of uptake

of an amphiphilic 4-sulfonic calix[8]arene by macropinocytosis in microglia cells,59 of water soluble tet-

raamino calix[4]arene,60 and there is evidence of radiolabeled suramin uptake into cells.61,62 Suramin

has been shown to bind to serum albumin and LDL, with LDL enhancing uptake of suramin into the para-

site T.brucei.63 Further investigation into the mechanisms of cellular uptake of 4-sulfonic calixarenes may

reveal approaches to increase delivery of 4-sulfonic calixarenes into the cytosol and enhance their

potency.

The inhibitory actions of 4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene, and suramin on dsDNA-driven

inflammation are not limited to AIM2 and these molecules are also effective at blocking cGAS- and TLR9-

dependent inflammation. However, 4-sulfonic calix[6]arene and 4-sulfonic calix[8]arene exhibit enhanced

potency for AIM2 compared to cGAS and TLR9 (IC50 values; 4-sulfonic calix[6]arene: AIM2 1.82 mM, cGAS

6.04 mM, TLR9 >100 mM; 4-sulfonic calix[8]arene: AIM2 0.21 mM, cGAS: 0.90 mM, TLR9: 14.26 mM) suggest-

ing an increased preference for targeting AIM2 receptors. This increased preference for AIM2 was absent

for suramin (IC50 values, AIM2: 1.48 mM, cGAS: 1.32 mM, TLR9: 31.2 mM), despite a similar proposed

mechanism of inhibition. This suggests that the structure and arrangement of the sulfonic acid groups

could be refined in future to produce molecules with enhanced specificity and potency for particular

dsDNA sensors. Further, the dsDNA binding pockets of dsDNA binding proteins, such as AIM2

(PDB:3RN5)6 and cGAS (PDB: 4LEZ),26 has been resolved using cryo-EM to a high resolution, assisting

with the generation of molecules highly specific to the dsDNA binding site of AIM2.
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On the other hand, the ability of 4-sulfonic calixarenes and suramin to target multiple dsDNA PRRs may be

advantageous in treating some diseases driven by dsDNA. The dsDNA inflammasome in humans is depen-

dent on, at least in part, a cGAS-STING-NLRP3 pathway,18 suggesting that inhibition of both cGAS and

AIM2 is required to fully prevent dsDNA-induced inflammasome responses in human. Several conditions

have been reported to be worsened by both AIM2 inflammasomes and type I IFN signaling, such as

ischemic stroke64 and atherosclerosis.8,65 Furthermore, genetic deletion of AIM2 leads to enhanced activa-

tion of the cGAS-STING pathway leading to increased type I IFN signaling.66–68 AIM2 depletion worsens

outcomes in murine models of experimental autoimmune encephalomyelitis driven by enhanced type I

IFN signaling.69,70 Of interest, increased cGAS-STING signaling is beneficial in certain pathologies, such

as cancer, where AIM2 depletion promotes anti-tumor responses by enhancing STING-dependent type I

IFN responses,9 suggesting specific AIM2 inhibitors are useful but require careful consideration.

In summary, we have identified 4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene, and suramin as inhibitors of

dsDNA-driven inflammatory responses, providing new tools for the understanding of AIM2 and dsDNA re-

sponses in the development of disease. We have identified the mechanism of inhibition of these com-

pounds, mediated by sulfonic acid groups that prevent dsDNA binding, assisting with the future drug

development for more potent and specific inhibitors of AIM2, cGAS and TLR9.
Limitations of the study

A limitation of this study is that the majority of the research was conducted in mouse tissues and using

mouse models. However, our findings did completely replicate in human cells when tested at 10 mM, sug-

gesting species differences are unlikely. Future studies developing more specific and potent analogues of

4-sulfonic calixarenes could examine if there are species differences between mice and humans at concen-

trations under 10 mM. Furthermore, although we have used established AIM2, cGAS and TLR9 activation

protocols, the lack of genetic deletion models does not rule out that 4-sulfonic calixarenes could limit

DNA-driven inflammation through off-target effects. In addition, although we provide extensive data high-

lighting the effectiveness, and mechanisms of action, of 4-sulfonic calixarenes on DNA-driven inflamma-

tion, further studies will be needed to assess the pharmacokinetics and toxicity profile of repeated or

chronic dosing of 4-sulfonic calixarenes.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse IL-1b Goat Polyclonal Antibody R&D Systems Cat# AF-401-NA; RRID: AB_416684

Anti-Caspase1 + p10 + p12 Rabbit Monoclonal

Antibody (EPR16883)

Abcam Cat# ab179515; RRID: AB_2884954

Recombinant anti-GSDMD antibody Abcam Cat# ab209845; RRID: AB_2783550

ASC/TMS1 (D2W8U) Rabbit mAb (Mouse

Specific)

Cell Signaling Technology Cat# 67824; RRID: AB_2799736

IRF-3 (D83B9) Rabbit mAb Cell Signaling Technology Cat# 4302; RRID: AB_1904036

Phospho-IRF-3 (Ser396) (4D4G) Rabbit mAb Cell Signaling Technology Cat# 4947; RRID: AB_823547

TBK1/NAK (D1B4) Rabbit mAb Cell Signaling Technology Cat# 3504; RRID: AB_2255663

Phospho-TBK1/NAK (Ser172) (D52C2) XP�
Rabbit mAb

Cell Signaling Technology Cat# 5483; RRID: AB_10693472

anti-NLRP3/NALP3, mAb (Cryo-2) Adipogen Cat# AG-20B-0014-C100; RRID: AB_2885199

Anti-mouse caspase-1 (p20; CASPER1; mouse) Adipogen Cat # AG-20B-0042-C100; RRID: AB_2755041

Monoclonal Anti-b-Actin�Peroxidase antibody Sigma Cat# A3854; RRID: AB_262011

Goat Anti-Rabbit Immunoglobulins HRP Agilent Cat# P044801-2; RRID: AB_2617138

Rabbit Anti-Mouse Immunoglobulins HRP Agilent Cat# P026002-2; RRID: AB_2636929

Rabbit Anti-Goat Immunoglobulins HRP Agilent Cat# P044901-2; RRID: AB_2617143

Purified NA/LE Hamster Anti-Mouse CD3e,

clone 145-2C11

BD Pharmingen Cat# 553057; RRID: AB_394590

anti-mouse CD28 (clone: 37.51, Invitrogen), Invitrogen Cat# 14-0281-82; RRID: AB_467190

Anti-mouse CD3e (FITC/APC; 17A2) Invitrogen Cat# 11-0032-82/ 17-0032-82; RRID:

AB_2572431

Anti-mouse CD11b (PerCP Cy5,5; M1/70) Invitrogen Cat# 45-0012-82

Anti-mouse CD45 (eFluor450; 30-F11) Invitrogen Cat# 48-0451-82; RRID: AB_1518806

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma Cat# D6429

RPMI-1640 Sigma Cat# R8758

Recombinant human M-CSF Peprotech Cat# 300-25-50

Fetal bovine serum (FBS) Thermo Fisher Cat# 10500064

Penicillin-Streptomycin (PenStrep) Thermo Fisher Cat# 15070063

Lipopolysaccharides from Escherichia coli

O26:B6 (in vitro)

Sigma Cat# L2654

Lipofectamine 3000 Thermo Fisher Cat# L3000008

Viromer Green Lipocalyx Cat# VG-01LB-01

Dimethyl sulfoxide (DMSO) Sigma Cat# D2650

poly(deoxyadenylic-thymidylic) (dA:dT) acid Sigma Cat# P0883

Flagellin from S.typhimurium Invivogen Cat# tlrl-stfla

Silica U.S. Silica Cat# MIN-U-SIL 15

10-carboxymethyl-9-acridanone (CMA) Tocris Cat# 6677

(Continued on next page)
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20,30-cGAMP Invivogen Cat# tlrl-nacga23

High molecular weight poly (I:C) Invivogen Cat# tlrl-pic

CpG-DNA (ODN 1826) Invivogen Cat# tlrl-1826

4-Sulfonic calix[4]arene Hydrate Thermo Fisher Cat# 10412831

4-Sulfonic calix[6]arene Hydrate Tokyo Chemical Industry Cat# S0470

4-Sulfonic calix[8]arene Hydrate Tokyo Chemical Industry Cat# S0471

4-tert Butyl calix[6]arene Tokyo Chemical Industry Cat# B5375

CP-456773 sodium salt (MCC950) Sigma Cat# PZ0280

H151 Invivogen Cat# inh-h151

Suramin Calbiochem Cat# 574625-50

Ac-YVAD-CMK Cambridge Bioscience Cat# 4018838.0005

Recombinant human AIM2-GST tag Elabscience Cat# PKSH031042

L-Leucyl-L-Leucine methyl ester (LLOME) Cayman Chemical Cat# CAY16008-1

Triton-X100 Sigma Cat# X100

Human CD14 MicroBeads Miltenyi Biotec Cat# 130-050-201

LS columns Miltenyi Biotec Cat# 130-042-401

Disuccinimidyl suberate (DSS) Thermo Fisher Cat# 21555

Protease inhibitor cocktail (set I) (PIC) Merck Millipore Cat# 539131

PhosSTOPTM (Phosphatase inhibitors) Sigma Cat# 4906845001

ECL� Western Blotting Detection Reagents GE Healthcare Cat# GERPN2209

Propidium Iodide eBiosciences Cat# 00-6990-42

YO-PRO�-1 Iodide Thermo Fisher Cat# Y3603

SYBR� Safe DNA Gel Stain Thermo Fisher Cat # S33102

Critical commercial assays

CytoTox 96� Non-Radioactive Cytotoxicity

(LDH) Assay

Promega Cat# G1780

Mouse IL-1b/IL-1F2 DuoSet ELISA R&D Cat# DY401

Human IL-1b/IL-1F2 DuoSet ELISA R&D Cat# DY201

Mouse IFN-b Duoset ELISA R&D Cat# DY8324

Mouse IL-6 Duoset ELISA R&D Cat# DY406

T cell enrichment MagniSort Thermo Fisher Cat# 8804-6820-74

FAM-YVAD-FMK (FAM FLICA, Caspase-1

activity)

BioRad Cat# ICT098

MTT assay Abcam Cat# ab211091

Experimental models: Cell lines

Mouse: Bone marrow derived macrophages

(primary BMDMs)

Generated in house from

C57BL/6J mice

Human: Blood monocyte-derived

macrophages (hMDMs)

Generated in house from isolated

CD14+ monocytes from donated blood.

Experimental models: Organisms/strains

C57BL/6 mice (Mus musculus, Wildtype) –

BMDMs

Charles River

C57BL/6 mice (Mus musculus, Wildtype) –

Stroke studies

Jackson Laboratory

(Continued on next page)
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Oligonucleotides

VACV72 Forward primer:

ATCCATCAGAAAGAGGTTTAAT

ATTTTTGTGAGACCATCGAAG

AGAGAAAGAGATAAA

ACTTTTTTACGACT

Thermo Fisher

VACV72 Reverse primer:

AGTCGTAAAAAAGTTTTATCTC

TTTCTCTCTTCGATGGTCTCAC

AAAAATATTAAACCTCTTTCTGATGGAT

Thermo Fisher

Software and algorithms

Prism 8.0 GraphPad

FIJI (ImageJ) NIH https://imagej.nih.gov/ij/

FlowJo BD https://www.flowjo.com/

Molecular Operating Environment

(MOE 2015.08)

Chemical Computing Group

Autodock Vina Designed and implemented by Dr.

Oleg Trott in the Centre for

Computational Structural Biology

at The Scripps Research Institute.

https://vina.scripps.edu/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jack Green (jack.green@manchester.ac.uk).
Materials availability

All reagents were purchased commercially. This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Primary bone marrow-derived macrophages (BMDMs) were isolated from male and female wild type

C57BL/6J mice. All procedures were performed with appropriate personal and project licenses in place,

in accordance with the Home Office (Animals) Scientific Procedures Act (1986) and approved by the

Home Office and the local Animal Ethical Review Group, University of Manchester. Bone marrow from

the femurs and tibias was collected, red blood cells were lysed by incubation in ACK lysis buffer, and

the resulting marrow was cultured in 70% DMEM (10% v/v Foetal bovine serum (FBS), 100 U mL�1 penicillin,

100 mg mL�1 streptomycin) supplemented with 30% L929 conditioned media for 6–7 days. BMDM cultures

were fed with media (containing 30% v/v L929 conditioned media) on day 3. Before experiments, BMDMs

were scraped and seeded out at a density of 1 x 106 mL�1 in DMEM (10% v/v FBS, 100 U mL�1 penicillin,

100 mg mL�1 streptomycin) overnight.
20 iScience 26, 106758, May 19, 2023
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Human monocyte-derived macrophages (hMDMs) were differentiated from isolated CD14+ monocytes.

Human peripheral blood mononuclear cells (PBMCs) were isolated from leucocyte cones obtained from

the National Blood Transfusion Service (Manchester, UK) with full ethical approval from the research gover-

nance, ethics, and integrity committee at the University of Manchester (ref. 2018-2696-5711). PBMCs were

collected by density centrifugation using a 30% Ficoll gradient and monocytes were positively selected

using magnetic CD14+ microbeads and LS columns (Miltenyi). hMDMs were generated by culturing

CD14+ monocytes in RPMI-1640 (10% v/v FBS, 100 U mL�1 penicillin, 100 mg mL�1 streptomycin, 2 mM

L-glutamine) supplemented with 50 ng mL�1 recombinant human M-CSF for 7 days hMDMs cultures

were fed with media (containing 50 ng mL�1M-CSF) on day 3. Before experiments hMDMs were scraped

and seeded at a density of 1 x 106 mL�1 in RPMI-1640 (10% v/v FBS, 100 U mL�1 penicillin, 100 mg mL�1

streptomycin, 2 mM L-glutamine) overnight.

Animal experiments

All animal experiments were performed in accordance with the guidelines for the use of experimental an-

imals and were approved by the governmental committees (Regierungspräsidum Oberbayern). Wildtype

C57BL/6J mice were obtained from Jackson Laboratory (Bar Harbor, USA). All mice were housed with free

access to food and water at a 12 h dark-light cycle. For this exploratory study, animal numbers were esti-

mated based on previous results from transient ischemia-reperfusion strokemodel on extent and variability

of T cell death after stroke. Data were excluded from all mice that died during surgery. Detailed exclusion

criteria are described below. Animals were randomly assigned to treatment groups and all analyses were

performed by investigators blinded to group allocation. All animal experiments were performed and

reported in the accordance with the ARRIVE guidelines.

METHOD DETAILS

Inflammasome activation assays

Murine BMDMs were LPS-primed (1 mg mL�1, 4 h) in DMEM (10% v/v FBS, 100 U mL�1 penicillin,

100 mg mL�1 streptomycin). After LPS-priming, BMDMs were incubated in serum free DMEM and the in-

flammasome was activated by lipofectamine 3000-mediated transfection of poly dA:dT (1 mg mL�1, 4 h)

for AIM2, or bacterial flagellin (1 mg mL�1, 4 h) for NLRC4, or by addition of silica crystals (300 mg mL�1)

to activate NLRP3. hMDMs were LPS-primed (1 mg mL�1, 4 h) in RPMI-1640 (10% v/v FBS, 100 U mL�1 peni-

cillin, 100 mg mL�1 streptomycin, 2 mM L-glutamine). After LPS-priming, hMDMs were incubated in RPMI

1640 (1% v/v FBS) and the inflammasome was activated by Viromer Green-mediated transfection of poly

dA:dT (1 mg mL�1, 18 h). Control experiments were performed using transfection reagent alone in all ex-

periments (mock). When used 4-sulfonic calixarenes, MCC950, H151 or suramin were incubated with the

BMDMs at the indicated concentrations in serum free DMEM for 15 min before stimulation with inflamma-

some activators. Cell supernatants were collected for analysis of IL-1b release and pyroptosis. IL-1b release

was determined by ELISA (R&D systems) and pyroptosis was determined by lactate dehydrogenase (LDH)

release (Promega) according to the manufacturer’s instructions.

cGAS-STING activation assays

For the detection of interferon (IFN)-b release in the supernatant, murine BMDMs were seeded into 96 well

plates, incubated in serum free DMEM and transfected using lipofectamine 3000 with poly dA:dT

(1 mg mL�1), 20,30-cGAMP (1.5 mg mL�1) or treated with CMA (250 mg mL�1) for 6 h. The supernatant was

collected and analyzed for IFN-b release by ELISA (R&D systems). For the detection of phosphorylated

IRF-3 (S396) and TBK-1 (S172), BMDMs were seeded into 24 well plates, incubated in serum free DMEM

and transfected using lipofectamine 3000 with poly dA:dT (1 mg mL�1) for 3 h. Following stimulation, the

supernatant was discarded and cells were lysed with Triton lysis buffer (50 mM Tris-HCl, 150 mM NaCl,

1% (v/v) Triton x-100, protease and phosphatase inhibitor cocktail) and analyzed by western blot. Control

experiments were performed using transfection reagent alone in all experiments (mock). When used

4-sulfonic calixarenes, H151 or suramin were incubated with the BMDMs at the indicated concentrations

in serum free DMEM for 15 min before stimulation with inflammasome activators.

TLR activation assays

Murine BMDMs in 96 well plates were incubated in serumDMEMwith the indicated concentration of 4-sulfonic

calixarene for 15 min, before stimulation with either the TLR9 agonist CpG-DNA (1 mM), the TLR4 agonist LPS

(1 mg mL�1) or the TLR3 agonist Poly I:C (5 mg mL�1) for 6 h. Supernatants were analyzed for cytokine release
iScience 26, 106758, May 19, 2023 21
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using IL-6 ELISA (R&D systems) for CpG-DNA and LPS or IFN-b ELISA (R&D systems) for Poly I:C, performed

according to the manufacturer’s instructions. Additionally, cells were lysed with Triton lysis buffer (50 mM

Tris-HCl, 150 mM NaCl, 1% (v/v) Triton x-100, protease inhibitor cocktail) and analyzed by western blot.

Washout experiments

Murine BMDMs were LPS-primed (1 mg mL�1, 4 h) in DMEM (10% v/v FBS, 100 U mL�1 penicillin,

100 mg mL�1 streptomycin). After LPS-priming, BMDMs were incubated in serum-free DMEM with

DMSO (0.5% v/v), 30 mM of 4-sulfonic calix[4]arene, 4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene or

10 mM of suramin for 1 h. BMDMs were washed 3x with warm SF DMEM (37�C) and incubated at 37�C
for 5 min between washes. Following washes, the AIM2 inflammasome was activated as described above.

In each experiment, controls were performed in parallel including BMDMs that were not washed, and

BMDMs that had fresh drug added after the washes before stimulation. Supernatants were collected

and analyzed for inflammasome activation by IL-1b release (determined by IL-1b ELISA) and pyroptosis

(determined by LDH release).

BMDM toxicity experiments

Murine BMDMs were incubated in DMEM (10% v/v FBS, 100 U mL�1 penicillin, 100 mg mL�1 streptomycin)

with vehicle (DMSO, 0.5% v/v) or the indicated concentration of 4-sulfonic calix[4]arene, 4-sulfonic calix[6]

arene, 4-sulfonic calix[8]arene or suramin (1–100 mM) for 24 h and viability was assessed using anMTT assay,

LDH release and YO-PROTM-1 staining. As a positive control for cytotoxicity, Leu-Leu O-methyl ester

(LLOME, 1 mM, added 1 h before the endpoint) was included. Supernatants were collected and analyzed

for LDH release (according to the manufacturer’s instructions), and the BMDMs were incubated with opti-

MEM containing YO-PROTM-1 (1 mM) to assess cell viability. As a positive control of 100% lysis, a well of

BMDMs was treated with Triton x100 (0.25% v/v). Phase contrast and YO-PROTM-1 images were captured

using a 203/0.61 S Plan Fluor objective using an IncuCyte ZOOM System and analyzed using Fiji (ImageJ).

YO-PROTM-1 positive particles were counted and normalised to the 100% lysis control. For the MTT assay,

experiments were performed according to the manufacturer’s instructions (Abcam, ab211091).

Western blot

Cell lysates were diluted with 5X Laemmli buffer and boiled (95�C, 5 min) before being resolved by tris-

glycine SDS-PAGE and transferred onto nitrocellulose or PVDF membranes at 25V using a semidry

Trans-Blot Turbo (BioRad). Membranes were blocked for 1 h with milk (5% w/v) in PBS-Tween (PBS-T,

0.1% v/v Tween 20) and overnight incubation with the indicated primary antibodies in BSA (5% w/v)

PBS-T. Membranes were then incubated with the corresponding HRP-tagged secondary antibodies in

BSA (5% w/v) PBS-T for 1 h before visualisation using Amersham ECL prime detection reagent (GE health-

care) and a G:Box Chemi XX6 system (Syngene). Western blots for phosphorylated proteins used Tris-buff-

ered saline (TBS) instead of PBS. Densitometry was performed using Fiji (ImageJ).

ASC oligomerisation

For western blotting of insoluble ASC oligomers and markers of inflammasome activation, 1 x 106 BMDMs

were seeded into 12 well plates and stimulated as described above to activate the inflammasomes. Total

cell lysates (combined supernatant and cell lysate) weremade by directly adding protease inhibitor cocktail

followed by Triton x-100 (Tx-100, 1% v/v) to the supernatant of each well. BMDM lysates were separated

into Tx-100 soluble and insoluble fractions by centrifugation at 6800xg for 20 min at 4�C. The resulting pel-

let (insoluble fraction) was resuspended in PBS with disuccinimidyl suberate (DSS, 2 mM, 30 min, RT) to

chemically crosslink ASC oligomers. Following crosslinking, the Tx-100 insoluble fraction was spun at

6800xg for 20 min at 4�C and the resulting pellet was resuspended in 1X Laemmli buffer and boiled

(95�C, 5 min). The Tx-100 soluble fraction was concentrated by trichloroacetic acid (TCA) precipitation. Pro-

teins were precipitated bymixing TCA (20% w/v in ddH2O) at a 1:1 ratio with the Tx-100 soluble fraction and

spun at 14000xg for 10 min. The precipitated protein pellet was washed in acetone, before an additional

spin at 14000xg and resuspension and boiling (95�C, 5 min) in 2X Laemmli buffer.

In vitro T-cell death assays

Whole splenocyte culture

Whole splenocyte culture was performed as previously described.12 Spleens from naı̈ve wild-type mice

(C57BL/6J) were dissected and single splenocyte suspension prepared by mincing and using a 40 mm
22 iScience 26, 106758, May 19, 2023
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cell strainer. Cells were washed with PBS, cell numbers and viability was assessed using an automated cell

counter (Biorad, Germany). The required viability threshold was R80%. Cells were then cultured (RPMI

1640, 10% (v/v) heat-inactivated FBS, 1% (v/v) penicillin/streptomycin, 10 mM b-mercaptoethanol) on a 96

well flat bottom plate at a density of 100,000 cells per well in a final volume of 200 mL. Prior to the stimula-

tion, cells were stimulated with serum from either stroke or sham operated mice at a concentration of 25 %

(v/v) total well volume for 16 h. After stimulation, cell numbers were analysed by flow cytometry using

antibodies against CD45, CD3 and CD11b.

T cell isolation and culture

Round-bottom96-well plateswere coatedwith 100 mL of PBS containing amixture of 0.5mgmL�1 purifiedNA/

LE hamster anti-mouse CD3e (clone: 145-2C11, BD Pharmingen) and 0.5 mg mL�1 anti-mouse CD28 (clone:

37.51, Invitrogen), and then incubated overnight. Spleens, isolated frommice (C57BL/6J), were homogenized

into single splenocyte suspensions by using a 40 mmcell strainer, erythrocyteswere lysed using isotonic ammo-

nium chloride buffer. T cells were purified from splenocytes using a negative selection kit (MagniSort T cell

enrichment, ThermoFisher) according to themanufacturer’s instructions. Purity was reliablyR90%as assessed

by flow cytometry. Cells were resuspended in complete RPMI 1640 (GIBCO) and supplemented with 10% (v/v)

FBS, 1% (v/v) penicillin/streptomycin and 10 mM b-mercaptoethanol. T cells were seeded into the anti-CD3/

CD28 coated plates at a density of 300,000 cells per well in a total volume of 200 mL.

BMDM T cell co-culture

BMDM T cell co-culture was performed as previously described.71 BMDMs were cultured for 7 days,

washed, harvested, counted, and seeded in flat bottom tissue culture-treated 96 well plate at a density

of 100,000 cells per well in a final volume of 200 mL. Cells were cultured overnight. BMDMs were then

primed for 4 h with LPS (100 ng mL�1). For the last hour of LPS priming 4-sulfonic calix[6]arene was added

in a final concentration of 10 mM to the BMDMs. Then BMDMs were carefully washed and afterward stim-

ulated for 10 min with serum from either stroke or sham-operated C57BL6/J mice at a concentration of 25%

(v/v) total volume. Control-treated BMDMs received only FBS-containing culture media. After stimulation,

the culture medium was removed, and the cells were washed with sterile PBS to ensure no leftover serum in

the medium. BMDM-T cell interaction via cell-cell contact was then assessed. T cells were added to the

serum-stimulated BMDMs at a density of 200,000 cells per well in a total volume of 200 mL complete

RPMI medium (10% (v/v) FBS, 1% (v/v) penicillin/streptomycin and 10 mM b-mercaptoethanol), and then

incubated for 4 hat 37�C with 5% CO2. T cell counts and survival rate were assessed by flow cytometry.

4 h after addition of T cells to the serum-stimulated BMDMs, cells were harvested and analyzed. For the

analysis of T cell death, we analyzed Propidium Iodide (PI) uptake by T cells after addition of PI in a final

concentration of 1 mg mL�1 to the co-culture medium via flow cytometry. The number of PI+T cells was

quantified and normalized to the corresponding control group (sham serum treated).
Induction of ischemic stroke and T-cell death in vivo

Transient ischemia-reperfusion stroke model. Mice were anesthetized with isoflurane delivered in a mixture of

30% O2 and 70% N2O. An incision was made between the ear and the eye in order to expose the temporal

bone. Mice were placed in supine position, and a laser Doppler probe was affixed to the skull above the middle

cerebral artery (MCA) territory. The common carotid artery and left external carotid artery were exposed via

midline incision and further isolated and ligated. A 2-mm silicon-coated filament (Doccol) was inserted into

the internal carotid artery, advanced gently to the MCA until resistance was felt, and occlusion was confirmed

by a corresponding decrease in blood flow (i.e., a decrease in the laser Doppler flow signal by R 80%. After

60 min of occlusion, the animals were re-anesthetized, and the filament was removed. After recovery, the mice

were kept in their home cage with ad libitum access to water and food. Sham-operated mice received the

same surgical procedure, but the filament was removed in lieuof being advanced to theMCA. Body temperature

wasmaintained at 37�C throughout surgery in all mice via feedback-controlled heating pad. The overall mortality

rate of animals subjected to MCA occlusion was approximately 20%. All animals in the sham group survived the

procedure. Exclusion criteria: 1. Insufficient MCA occlusion (a reduction in blood flow to >20% of the baseline

value). 2. Death during the surgery. 3. Lack of brain ischemia as quantified post-mortem by histological analysis.
Organ and tissue processing

Mice were deeply anesthetized with ketamine (120 mg kg�1) and xylazine (16 mg kg�1) and blood was

drawn intracardially into low-bind collection tubes. Blood was incubated for 10 min at room temperature,
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centrifuged for 10 min at 3,000xg, serum collected and stored at 80�C until further use. Spleen was trans-

ferred to tubes containing Hank’s balanced salt solution (HBSS), homogenized and filtered through 40 mm

cell strainers to obtain single cell suspensions. Homogenized spleens were subjected to erythrolysis using

isotonic ammonium chloride buffer.
Splenic T cell analysis via fluorescence-activated cell sorting (FACS)

The anti-mouse antibodies listed below were used for surface marker staining of CD45+ leukocytes,

CD45+CD11b+ monocytes and CD3+T cells. Fc blocking (Anti CD16/CD32, Invitrogen, US) was performed

on all samples prior to extracellular antibody staining. All stains were performed according to the

manufacturer’s protocols. Flow cytometric data were acquired using a Cytek Northern Light flow cytometer

(Cytek, US) and analyzed using FlowJo software (Treestar, US).
FAM660 caspase-1 staining for flow cytometry

To detect the active forms of caspase-1 in spleen, cell suspensions were stained with the fluorescent

inhibitor probe FAM-YVAD-FMK (FAM 660, BioRad, Germany) for 30 min at 37�C according to the manu-

facturer’s instructions. After washing, the cells were stained for CD45+CD3+T cells and CD45+CD11b+

monocytes. The flow cytometry data were acquired on a Cytek Northern Light flow cytometer (Cytek, US).
Conformational search

Conformational searches were carried out in Molecular Operating Environment (MOE 2015.08, Chemical

Computing Group, Canada) for the ionized forms of 4-sulfonic calix(X)arenes and suramin at physiological

pH (7.4) using the stochastic searchmethod. A rejection limit of 100 was chosen and iteration limit of 10,000.

RMS gradient was set to 0.01 kcal mol�1 with a MM iteration limit of 500. The RMSD limit was set to 0.15 Å

with a defined energy window of 7 kcal mol�1 and conformation limit of 10,000 conformers. Energy values in

Kcal mol�1 were ranked based on ascending order and the top 50, 75 and 100 were chosen for the 4, 6 and 8

membered calixarenes, respectively, with the top 49 conformations reported in Table S1. A stochastic

search was carried out for low energy conformers of the trans cis, trans trans and cis cis urea conformations

of suramin. The lowest energy conformers from each were chosen to undergo rigid docking using Auto-

dock Vina.27
Docking validation

The dsDNA was removed from the protein prior to docking. Polar hydrogens were added as well as

Gasteiger charges. dsDNA ribose and phosphate backbone were redocked rigidly in Autodock Vina27 be-

tween 2 adjacent HIN domains. For the AIM2 HIN domain (PDB:3RN5),6 a grid box was created with x, y, z

dimensions of 48 Å, 52 Å and 36 Å, and centered with x, y, z coordinates of 23.636 Å, 18.027 Å and 22.444 Å.

Two software packages were used for molecular validation of the docked inhibitors, which were MOE and

Autodock Vina for rigid docking.
Docking of 4-sulfocalixarenes and suramin with AIM2

The DNA was removed from the protein before docking the lowest energy conformer for each of the

different conformer types of 4-sulfonic calix[4]arene, 4-sulfonic calix[6]arene and 4-sulfonic calix[8]arene,

and the 28 generated conformers of suramin obtained from MOE. The AIM2 protein (PDB:3RN5)6 was

already solvated and the bound DNA was removed prior to docking. Protonation and protein structural

preparation, including tautomerization states of histidine residues, was carried out. 10–20 docking poses

were set for each using triangle matcher as the placement method (for 4-sulfonic calixarenes) and pharma-

cophore placement (for suramin docking in the HIN domain monomer) using London dG as a scoring

function and rescoring was carried out. Docking was carried out between two HIN domains for suramin us-

ing the same set of parameters as that used for the 4-sulfocalixarene docking, with amino acid residues

chosen spanning the interface of the major groove region of the dsDNA. Molecular docking of the

4-sulfocalixarenes and suramin conformers in AIM2 using AutoDock Vina (PDB:3RN5)6 was carried out in

the monomer. A grid box was created for docking in the monomeric HIN domain with x, y, z dimensions

of 52 Å, 46 Å and 30 Å, and centered with x, y, z coordinates of 17.893 Å, 6.281 Å and 9.642 Å. Rigid docking

for 20 GA runs was carried out for 4-sulfocalixarenes and suramin. Suramin was redocked also using the grid

box created for redocking of dsDNA between 2 HIN domains to provide a potential alternative binding

mode. 4-Sulfocalix[8]arene and suramin were docked using MOE.
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Electrophoretic mobility shift assay (EMSA)

Double stranded (ds)DNA for EMSAs was generated by annealing complementary primers (VACV72 FWD:

ATCCATCAGAAAGAGGTTTAATATTTTTGTGAGACCATCGAAGAGA GAAAGAGATAAAACTTTTTTAC

GACT, REV: AGTCGTAAAAAAGTTTTATCTCTTTC TCTCTTCGATGGTCTCACAAAAATATTAAACCTCTT

TCTGATGGAT). Primers were diluted to 20 mgmL�1 in Buffer A (40mMHEPES pH 7.4, 160mMKCl, glycerol

(5% v/v), triton x100 (0.1% v/v), 1 mM EDTA, 5 mM DTT) and heated to 95�C for 10 min. Annealed dsDNA

was allowed to cool and further diluted to 4 mg mL�1. Recombinant human AIM2-GST (200 nM) was mixed

with dsDNA (200 ngmL�1) in Buffer A and incubated at room temperature (RT) for 5 min before the addition

of 4-sulfonic calix[4]arene, 4-sulfonic calix[6]arene, 4-sulfonic calix[8]arene or 4-tert-buyl calix[6]arene (1:20

of stock concentration to indicated concentration, made up in Buffer A). Reaction was incubated at RT

for 30 min, before the addition of 5X DNA loading buffer and resolution by electrophoresis using 6%

Tris-borate-EDTA (TBE) gels. dsDNA was stained by incubation with SYBR safe in TBE for 10 min before

visualisation using UV transillumination on a G:Box Chemi XX6 system (Syngene).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented asmean values plus the SEM. Accepted levels of significance were *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Statistical analyses were carried out using GraphPad Prism (version 8). Equal

variance and normality were assessed with Levene’s test and the Shapiro–Wilk test, respectively, and

appropriate transformations were applied or analyzed using Mann-Whitney U test or Kruskal-Wallis

test with Dunn’s post hoc analysis. Groups containing normally distributed data were analyzed using

a two-way ANOVA with Dunnett’s post hoc analysis. n represents experiments performed on individual

animals or cells acquired from individual animals. Dose-response curves were fitted using a four parameter

logistical (4PL) model.
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