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Abstract
Background: This study evaluated the activation and functional relevance of 

inflammasome pathways in AS patients and rodent models and their relationship to 

dysbiosis.

Methods: Inflammasome pathway was evaluated in the gut and peripheral blood of 40 

AS patients by RT-qPCR, IHC, flow cytometry and confocal microscopy and compared to 

20 healthy controls (20) and 10 Crohn’s disease patients. Silver stain visualized bacteria 

in human samples and antibiotics were administered to HLA-B27 transgenic rats. The 

NLRP3 inhibitor MCC950 was administered to SKG mice and ileal and joint tissues 

assessed by IHC and qRT-PCR. The role of inflammasome in modulating IL-23/IL-17 

axis was studied ex-vivo. 

Results: NLRP3, NLRC4 and AIM2 expression were increased in the gut of HLA-B27 TG 

rats and reduced by antibiotics (p<0.05). In curdlan-treated SKG mice, NLRP3 blockade 

prevented ileitis and delayed arthritis onset (p<0.05). Compared to HC,in the ileum of AS 

patients, NLRP3 (2.33 vs 22.2, p<0.001), NLRC4 (1.90 vs 6.47, p<0.001), AIM2 (2.40 vs 

20.8, p<0.001), Caspase-1 (2.53 vs 24.8, p<0.001), IL-1β (1.07 vs 10.93, p<0.001) and 

IL-18 (2.56 vs 15.67, p<0.001) were over-expressed and Caspase-1 activity was 

increased (p<0.01). The score of adherent and invasive mucosa-associated bacteria was 

higher in AS (p<0.01) and correlated with the expression of inflammasome components 

in PBMC (p<0.001). NLRP3 expression associated with disease activity (ASDAS-CRP) A
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(r2=0.28, p<0.01) and IL23A (r2=0.34, p<0.001). In vitro, inflammasome activation in AS 

monocytes was paralleled by increased serum levels of IL-1β and IL18. The induction of 

IL-23p19, IL-17A, and IL-22 was IL-1β-dependent.

Conclusions: Inflammasome activation occurs in rodent models and AS patients, is 

associated with dysbiosis, and is involved in triggering ileitis in SKG mice. Inflammasome 

drives type 3 cytokine production with an IL-1β-dependent mechanism in AS patients.

Funding: This work was unconditionally supported in part by a grant from MIUR, Italy. 
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Introduction
Ankylosing spondylitis (AS) is a chronic inflammatory disease of unknown origin, mainly 

affecting the axial skeleton (1). A growing body of evidence indicates that the aberrant 

activation of the innate immune systems drives inflammatory processes in AS (1). 

IL-23 and IL-17, both regulators of both innate and adaptive immunity, have been 

demonstrated to be critical cytokines in AS pathogenesis (2,3), although mechanisms 

underlying their over-expression in AS are not entirely understood. 

Recently, activation of the inflammasome has been demonstrated to induce the release 

of IL-23 and IL-17 in human mononuclear cells (4). The inflammasomes are innate 

immune system receptors and sensors that control the inflammatory response and 

coordinate antimicrobial host defenses (5). Inflammasome is activated by pathogen-

associated molecular (PAMPs) and danger-associated molecular patterns (DAMPs) 

following the detection of pathogenic microorganisms and danger signals in host cells' 

cytosol. Once activated, inflammasomes trigger inflammatory caspase-1, thus inducing 

pro-inflammatory cytokines such as IL-1 and IL-18 and pyroptotic cell death. 

Dysregulated inflammasome activity has been implicated in hereditary and acquired 

inflammatory disorders (6). Variations in genes encoding proteins directly or indirectly 

involved in regulating inflammasome activity are associated with AS, including MEFV, 

CARD9, CARD15, IRGM, IL1R1 and IL1R2 [reviewed in (7)].  Studies on the role of the 

inflammasome in the pathogenesis of AS have been mainly limited to peripheral blood 

monocytes (8). 

In this study, we aimed to investigate the expression of inflammasome components in 

inflamed tissues of AS patients and two well-documented rodent models of 

spondyloarthritis – HLA-B27 rats and curdlan-treated SKG mice [reviewed in (9)]; finally, 

we looked at the effect of intestinal bacteria in modulating inflammasome and the 

inflammasome role in modulating type III cytokine.

Methods
Patients

Thirty-five HLA-B27 AS patients fulfilling the New York AS diagnostic criteria (10) and 

with active disease defined as an AS Disease Activity Score (ASDAS) (11) ≥2 were 

enrolled at the University of Palermo (IT).  Baseline characteristics of patients and A
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controls are shown in Supplementary Table 1. All the patients underwent ileocolonoscopy 

and multiple adjacent ileal mucosal biopsies independently of the presence of 

gastrointestinal symptoms. Additional ten patients affected by Crohn’s disease (CD) with 

active disease were considered as positive controls. Thirty gender and age-matched 

healthy controls undergoing ileocolonoscopy for diagnostic purposes without evidence of 

intestinal disease were considered as controls. Paired formalin-fixed paraffin-embedded 

(FFPE) tissue and tissue RNA were prepared from all patients to allow cross-referencing 

between histological assessments and qPCR gene expression analysis. As previously 

described ileal samples obtained from patients with AS were histologically classified into 

three phenotypes, normal gut histology, acute and chronic inflammation (12). Histological 

scoring is further detailed in Supplementary Methods. 

Immunohistochemistry

After heat-induced antigen retrieval, immunohistochemistry (IHC) for AIM2, NLRP3, 

NLRC4, IL1 and IL-18 was performed on 5-μm-thick paraffin-embedded sections from 

ileal samples as previously described (13). Primary and secondary antibodies are shown 

in Supplementary Table 2.

Confocal microscopy analysis for GSDMD-NT

The accumulation of the N-terminal cleavage product of gasdermin D (GSDMD-NT) was 

used as a read-out for the occurrence of pyroptosis in tissue, as previously described 

(14). Double immunostaining was performed using an antibody against the N-terminal 

cleavage product of Gasdermin-D (GSDMD-NT) and DAPI, and the images were 

evaluated by confocal microscopy. The membrane localization of GSDMD-NT was 

assessed by counting the positively stained cells on photomicrographs obtained from 3 

random high-power microscopic fields (400X magnification).

Transcriptomic analysis

Sixty-six AS cases (defined by the modified New York Criteria) and 78 healthy controls 

with no diagnosed inflammatory disease were recruited for the transcriptomic analysis 

(see supplementary table 3). Human ethics approval was granted by the Princess 

Alexandra Hospital and The University of Queensland Ethics Committees (ethic no. 

Metro South HREC/05/QPAH/221 and UQ 2006000102), and written informed consent 

was received from all participants before inclusion in the study.  RNA was extracted from 

peripheral blood mononuclear cells, reverse transcribed, prepared for sequencing using A
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Illumina TruSeq Standard Total RNA Library Prep Kit. Total RNA-sequencing was 

performed using an Illumina HiSeq 2000 with a mean of 56M reads per sample. 

Transcripts were quantified using Salmon (version 0.11.2) (15) using the Ensembl 94 

transcript model. Gene level differential expression analysis was performed using 

DESeq2 (version 1.22.1) (20), correcting for patient sex.

RNA extraction and quantitative TaqMan real-time PCR (RT-PCR) 

Gut samples were stored in RNA-later at −80° until extraction. Total RNA was extracted 

using the Qiagen RNeasy Mini kit, with on-column DNase I digestion as previously 

described (13). Gene expression was quantified by quantitative PCR using TaqMan 

probes and run on a 7900HT Fast Real-Time PCR System (Life Technologies). Gene 

expression was normalized against housekeeping genes, namely 18S and GAPDH. 

Flow cytometry analysis of surface and intracellular antigens

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from ten AS patients and ten 

healthy controls by Ficoll-Paque density gradient centrifugation, as previously described 

(13). PBMCs were stored in liquid nitrogen, then thawed, immunostained, and analyzed 

on a BD LSR Fortessa cytometer.  The antibody panel is provided in Supplementary 

Methods. 

ELISA for circulating IL-1, LPS and IL-18

IL-1, LPS and IL-18 were quantified by ELISA (Thermofisher) in serum isolated 

immediately after collection, flash-frozen, and stored at -80°C until analysis. All results 

were analyzed using a five parameter-logistic (5PL) function for fitting standard curves 

obtained from recombinant protein standards.

Isolation and culture of bacteria

Bioptic specimens of the ileum were analyzed for the bacteriological study. According to 

Conte et al., the samples were immediately processed to isolate and culture adherent 

bacteria (17); for further details, see Supplementary Methods. 

Cell cultures

Isolated monocytes from 7 AS patients and 7 controls were incubated with LPS (0.1 

g/ml). The expression of inflammasome components and the cytokines IL-23, IL-18, and 

IL-1 were quantified by RT-PCR, and the levels of IL-1 and IL-18 in the supernatants 

measured by ELISA (Thermofisher). 

Fluorometric detection of active cellular Caspase 1 A
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A fluorescence-labeled inhibitor specific for Caspase-1 (FLICA) (Sigma Aldrich) was used 

according to the manufacturer’s instructions to determine the Caspase-1 activity in 

isolated lamina propria mononuclear cells (LPMC), PBMC, and peripheral monocytes. 

LPMCs were obtained as described by van Damme N et al. (18). Further details are 

provided in Supplementary Methods.

HLA-B27 TG rats

HLA-B*2705 transgenic rats of line 33-3 (B27-TG) on a Fischer background (F344/NTac-

Tg (HLA-B*2705, β2M) (Taconic, Hudson, NY) were backcrossed with PVG rats 

(PVG/OlaHsd) (Harlan, UK) for a minimum of ten generations before their use in 

experiments. Wild type PVG rats (PVG/OlaHsd) were purchased from Harlan and bred 

in-house. Animals were screened for expression of HLA-B27 by flow cytometry. Age-

matched non-transgenic littermates were used as controls. 

All procedures were approved by the University of Glasgow Ethical Review Panel and 

performed under licenses from the UK Home Office under the Animal [Scientific 

Procedures Act 1986]. Details on animal treatments are reported in Supplementary 

Methods.

SKG mice 

Female BALB/c and SKG mice (ZAP-70w163c-mutant BALB/c mice) (n=5/group), originally 

obtained from S. Sakaguchi (University of Kyoto) were bred and housed under SPF or 

germ-free conditions at The University of Queensland Translational Research Institute 

(TRI) Animal Facility under the guidelines of University of Queensland (UQBR). Mice 

were under a 12-hours light/dark cycle, with food and water provided ad libitum.  Mice 

were used 8-12 weeks of age. Approval for all experiments was obtained from The 

University of Queensland animal ethics committee. 

Where indicated, female SKG mice (n=5 per group based on effect size and variance 

from previous experiments) were randomized to receive inflammasome inhibitor MCC950 

(0.3 mg/kg, a gift of A/Prof Avril Robertson, UQ IMB)  or vehicle in the drinking water 

starting one day before or seven days after i.p. administration of 15mg/ml 1,3-β- glucan 

(curdlan) in saline . For further details see Supplementary methods.

Isolation of murine intestinal cells, RNA extraction and qPCR

The intraepithelial lymphocytes (IEL) were isolated from naïve and 7 days curdlan-treated 

BALB/c and SKG small intestine (SI) after dissecting Peyer's patches and fat removal. A
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For further details see Supplementary Methods. Briefly, small intestines were collected 

and cut open longitudinally after removing Peyer’s patches (PP), washed in cold PBS, 

dissected into 1-2 cm pieces and then shaken in HBSS containing 5 mM EDTA for 20 

minutes at 37°C. Intraepithelial mononuclear cells were collected after passing through a 

70 μm strainer. IEL cells were then harvested from the interphase of a 40% Percoll 

gradient after centrifugation at 20°C. Total RNA was isolated using RNeasy mini kit 

(Qiagen) and cDNA was prepared using Tetro cDNa synthesis kit (Bioline). Quantitative 

real-time PCR for Nlrp3, Nlrc4, Nlrp6, Aim2, Nlrp12, Il18 and hprt  was performed using 

SYBR green technique (Primer sequences shown in Supplementary Methods). All data 

are reported as relative fold change compared to hprt.   

Study approval

The study was conducted according to the Declaration of Helsinki. Consent was obtained 

from all enrolled subjects after the nature of the investigation was explained and in 

accordance with the approved protocol from the institutional review board at the 

Universities of Palermo, Gent, and Brisbane. The appropriate institutional review boards 

at the University of Glasgow and Brisbane approved animal studies.

Statistical analysis

The non-parametric Mann–Whitney test was used to calculate the statistical significance 

between groups. Spearman’s rank correlation was used to calculate the correlation 

between different variables in AS. p values <0.05 were considered significant.

Results
Inflammasome is activated in the gut of HLA-B27 rats and SKG mice
We first examined the expression of inflammasome related genes in the gut of two 

models of AS. In the gut of HLA-B27 TG rats, NLRP3, NLRC4 and AIM2 expression was 

increased and significantly reduced after antibiotics treatments (Figure 1), indicating that 

dysbiosis upregulates the expression of inflammasome components, namely NLRP3, 

NLRC4 and AIM2 in the ileum.

In the SKG model, among the inflammasome components tested (Supplementary Figure 

1) the upregulation of NLRP3 and IL18 mRNA (Figure 2A-B) was observed in the 

intraepithelial cells of curdlan-treated SKG but not BALB/c mice. Interestingly, blocking 

NLRP3 activation with the MCC950 inhibitor just before curdlan in SKG mice suppressed 

gut disease and prevented weight loss (Figure 2C), but not after (data not shown). A
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Conversely, in the same of curdlan-treated SKG mice the prophylactic blockade of 

NLRP3 by MCC950 delayed the onset of the articular manifestations, but the difference 

in arthritic score was lost by day 26 (Figure 2D). Interestingly, mesenteric lymph node 

NKp46+ ILC expanded in mice treated with MCC950 while NKp46- ILC decreased, 

without any changes in monocytes or T cells (Figure 2F).

Inflammasome in AS gut 
Next, inflammasome activation was assessed in AS gut. A significant increase in 

expression levels of NLRP3 (Figure 3 A-B), NLRC4 (Figure 3C-D) and AIM2 (Figure 3E-

F) at both mRNA and protein levels was observed in the inflamed gut of AS patients, 

especially in those with chronic gut inflammation compared to HCs and CD patients. 

NLRP3, NLRC4 and AIM2 protein expression was mainly observed among inflammatory 

infiltrating mononuclear cells and epithelial cells. Increased expression of other 

inflammasome-related genes such as NLRP6 (Supplemental Figure 2A), NLRP12 

(Supplemental Figure 2B) and NLRC3 (Supplementary Figure 2C) was also observed in 

AS ileal samples. Over-expression of inflammasome components in AS gut was 

associated with the significantly increased expression of Casp1 mRNA (Figure 4 A).  

Consistently, the use of a fluorochrome-labeled inhibitor peptide that binds specifically 

the active site of the Caspase-1 demonstrated the increased activation of Caspase-1, 

and in turn inflammasome, in the frozen section of AS gut and isolated LPMC (Figure 4 

B-C).

Similarly, in AS associated chronic gut inflammation IL-1 and IL-18 expression was 

increased at both mRNA and protein level (Figure 4 D-E). 

Inflammasome-related pyroptosis in AS gut
Activation of caspase 1 induces human gasdermin D's cleavage to generate an N-

terminal cleavage product (GSDMD-NT) that causes pyroptosis by forming membrane 

pores and stimulate the release of inflammatory cytokines (14). The cellular distribution of 

GSDMD-NT was assessed by confocal microscopy in paraffin-embedded ileal sections, 

using an anti-GSDMD-NT monoclonal antibody: a predominant GSDMD-NT membrane 

localization in AS patients compared to controls where it was mainly cytosolic (Figure 4 

F).

Dysbiosis drives inflammasome activation in ASA
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As previously demonstrated (19), AS ileal biopsies featured the presence of adherent and 

invading bacteria that were scored (data not shown). A significant positive correlation was 

observed between the intestinal bacterial score and the expression levels of NLRP3, 

NLRC4 and AIM2 (Supplementary Figure 3A-C). The concentration of mucosa-

associated bacteria after the fourth wash and hypotonic lysis from the ileum, caecum, 

and rectum biopsy specimens of patients with AS and CD was compared with controls. In 

the ileum, total aerobe and facultative-anaerobe counts and total Gram-negative bacterial 

counts were significantly higher in patients with AS, especially in those with chronic gut 

inflammation (Supplemental Table 3). Only isolated bacteria from the gut of AS patients, 

but not from controls, significantly increased the expression of NLRP3 (Supplemental 

Figure 3D) and AIM2 (Supplemental Figure 3E), but not of NLRC4 (Supplemental Figure 

3F) in PBMC isolated from HCs. 

Inflammasome components are over-expressed in AS PBMC and associated with 

increased IL-1 and IL-18 serum levels

We have previously demonstrated an increased concentration of gut-derived bacterial 

products and immune cells in the systemic circulation of AS patients as a consequence of 

the leaky gut (19,20). In this study, we confirm the increased concentration of LPS in the 

serum of AS patients previously described (Figure 5A). We hypothesized that increased 

LPS concentration could be responsible for an inflammasome up-regulation in AS PBMC. 

For this purpose, we performed the analysis of gene expression by RNA-Seq of PBMC 

obtained from 66 AS patients demonstrating the over-expression of inflammasome 

related genes as highlighted by the significantly increased expression of NLRP3 (p=6x10-

8), Caspase-1 (p=0.006), IL1 (p=5x10-12) and IL18 (p=0.00017) and the increased 

expression of NLRC4 although not statistically significant (p=0.06) (data not shown). RT-

PCR next confirmed inflammasome over-expression in isolated circulating monocytes 

obtained from further 30 AS patients. In isolated unstimulated monocyte, the expression 

levels of NLRP3, NLRC4 and AIM2 was higher in AS compared with controls (Figure 5B). 

The increased expression of NLRP3, NLRC4 and AIM2 was accompanied by the over-

expression of caspase-1, IL-1, IL-18 and IL-23p19 (Figure 2 B). The staining with 

FLICA, binding the active caspase-1, also confirmed the exaggerated inflammasome 

activation in AS monocytes (Figure 5C). Activation of the inflammasome in AS monocytes 

was independent of medications (data not shown). Analysis of IL-1 and IL-18 serum A
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concentrations in AS patients demonstrated that IL-1 serum levels and IL-18 (Figure 5D) 

were higher in patients with AS than in normal controls.

Interestingly, a significant correlation was found between NLRP3 (Figure 5 E), AIM2 

(r2=0.3466, p=0.0018, data not shown) and NLRC4 (r2=0.4432, p=0.0011, data not 

shown) expression and the disease activity as assessed by ASDAS-CRP and between 

NLRP3 and IL23A (Figure 5 F).

We next studied the in vitro effect of LPS on monocytes isolated from AS and controls. In 

vitro, the stimulation of isolated AS monocytes with LPS induced a significant up-

regulation of NLRP3, NLRC4, and AIM2, as expected. However, AS monocyte showed 

hyper-responsiveness to LPS compared to HC (Figure 6 A-C).

Inflammasome modulates IL-23, IL-17 and IL-22 expression through IL-1 induction

Inflammasome has been recently demonstrated to modulate the release of IL-23 and IL-

17 in human monocytes (4). In consideration of the key role of IL-23 and IL-17 in the 

pathogenesis of AS (1,3), we next evaluated the role of inflammasome in modulating IL-

23 and IL-17 production. The administration of LPS (Figure 6 D) significantly increased 

IL-23 expression. To test whether the LPS induced IL-23 expression was partially 

mediated by inflammasome activation, KCl, known to block inflammasome activation, 

was administered. The addition of KCl was able to suppress IL-23 expression, inhibition 

reverted by the co-incubation with IL-1  (Figure 6 D). Similarly, the inflammasome 

inhibition significantly reduced the expression of IL-17 and IL-22 in isolated PBMC that 

was rescued by IL-1 addition (Figure 6 E-F). 
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Discussion
AS is a chronic inflammatory condition characterized by the genetic association with the 

MHC class I molecule, HLA-B27 (1). This association has previously suggested a 

predominant adaptive immune activation in the pathogenesis of AS. Although a direct 

role of IL-1 and IL-18 in the pathogenesis of AS is still not clear, both ILR1 and IL1R2 

are definitively associated with AS (21). 

Clinical studies on the IL-1 receptor antagonist anakinra in AS patients demonstrated 

contrasting results, suggesting that this agent may not be highly effective in AS (22,23). 

The present study shows that: (1) inflammasome signaling is up-regulated and activated 

in the inflamed gut of AS patients; (2) dysbiosis drives inflammasome activation in AS; (3) 

inflammasome activation occurs in AS monocytes and is associated with increased 

serum levels of IL-1; (4) inflammasome modulates IL-23, IL-17 and IL-22 expression 

through IL-1 induction.

The inflammasome is a cellular multiprotein complex mainly associated with innate 

immune system signaling that through the activation of caspase-1 induces the maturation 

of IL-1- and IL-18 in the active forms (5). NLRs and AIM2, the most important 

inflammasome cytosolic sensors responding to a great variety of endogenous and 

exogenous ligands (5), were over-expressed in the inflamed gut of HLA-B27 transgenic 

rats and small intestinal lymphocytes after curdlan-treatment of SKG mice and in AS and 

CD patients. 

Interestingly, the level of expression of the inflammasomes components was higher in the 

intestine of patients with AS, especially in those with chronic gut inflammation where 

higher bacterial loads was observed, than in CD. This observation may support the 

hypothesis of a disease-specific (possibly bacterial-dependent) activation of the 

inflammasome in AS, rather than an unspecific effect linked to the presence of an 

intestinal inflammation. AS patients and CD patients have been demonstrated to have a 

different microbiome composition and this might be, at least in part, responsible for the 

different degrees of inflammasome activation. We cannot exclude that disease-related 

factors might also be responsible for the differences observed. Beyond the over-

expression of the inflammasome components, inflammasome activation is known to 

trigger cleavage, activation and secretion of pro-inflammatory IL-1β and IL-18, which in A
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turn activate multiple cells aiming to increase the antimicrobial program and initiate the 

Th1 and Th17 responses (24). 

The functional relevance of inflammasome over-expression in the AS gut is supported by 

the demonstration of the activation of caspase-1 in the inflamed gut of AS associated with 

the increased expression IL-1 and IL-18. Activation of caspase 1 also induces human 

gasdermin D cleavage to generate a pore-forming N-terminal cleavage product (GSDMD-

NT) that triggers pyroptosis, a highly inflammatory form of programmed cell death. 

Pyroptosis amplifies the inflammatory process, initiating the secretion of inflammatory 

cytokines and releasing the intracellular content providing a high load of damage-

associated molecular patterns (DAMPs) (25). Tissue analysis of GSDMD-NT, assessed 

by confocal microscopy in paraffin-embedded ileal sections, showed a significant shift 

GSDMD-NT from a cytosolic to a membrane localization, confirming the occurrence of 

pyroptosis in AS patients (14). 

The results of the present study do not clarify the causes of activation of the 

inflammasome pathway. It cannot be ruled out that, in an auto-inflammatory fashion, 

genetic factors predisposing to the disease may be per se associated with a greater 

expression and activation of this pathway. On the other hand, it is plausible that genetic 

predisposition may significantly influence the host's immune responses to environmental 

factors, particularly the capacity of pathogenic and non-pathogenic microorganisms to 

trigger inflammasome activation after breaching the epithelial barrier. 

In this regard, intestinal dysbiosis observed in AS, and rodent models (26) is relevant to 

innate immune responses' modulation. Although a direct pharmacological action on 

innate intestinal immune mechanisms cannot be excluded, the effect of the antibiotics on 

the expression of the inflammasome components in the gut of HLA-B27 TG rats may 

suggest that an altered composition of the intestinal flora can be responsible for the 

innate immune activation present in the intestine of patients with AS. 

Consistently, isolated ileal bacteria from AS ileum significantly increased the expression 

levels of NLRP3 and AIM2 in isolated PBMC. Interestingly, no significant modulation of 

NLRC4 was observed in in vitro studies. The NLRC4 inflammasome relies on NLR family 

apoptosis inhibitory proteins (NAIPs) for sensing bacterial components in the cytosol  

(27).  The difficulty in activating NLRC4 in vitro studies has been demonstrated in other 

works such as that of Karki et al. (28), in which there was no significant induction of Nalps A
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in vitro in response to infection. The demonstration of the strong positive correlation 

between the bacterial scores and the expression levels of NLRP3, NLRC4 and AIM2 

further supports this hypothesis together with inflammasome expression induced by 

isolated bacteria from the gut of AS.

While in human AS or B27 rats, it is not clear whether the activation of the inflammasome 

is a consequence or a cause of the intestinal inflammation, we demonstrate that the 

NLRP3 inflammasome inhibitor MCC950 suppresses the onset of intestinal inflammation 

in SKG mice when introduced before but not after the Curdlan administration. These data 

strongly suggest that curdlan stimulates NLRP3 inflammasome activation by enhancing 

host-bacterial interaction (29), which is required to trigger intestinal inflammation (30). 

The delayed arthritis onset further suggests its initial dependence on inflammasome 

activation. Once triggered, intestinal inflammation is no longer susceptible to 

inflammasome inhibition due to reliance on other mediators, such as IL-17 (31). 

Interestingly, MCC950 expanded NCR+ but not NCR- ILC3 cells. In this regard, NCR+ 

ILC3s have been demonstrated to be important in controlling mouse colonic infection with 

Citrobacter rodentium in the presence of T cells and are essential for cecal homeostasis 

in mice (32). 

Their expansion by MCC950 may contribute to intestinal protection due to improved 

bacterial control in curdlan-treated SKG mice. Studies of dysbiosis in MCC950-treated 

naïve SKG mice would be of interest.  

As a consequence of gut inflammation, alteration of gut-epithelial and gut-vascular 

barriers occurs in AS and contributes to the translocation of bacterial products such as 

LPS, iFABP and LPS-BP into the bloodstream (19).  The increased level of LPS in AS 

serum seems to be relevant in modulating the systemic innate immune response. In AS, 

the chronic circulating monocyte exposure to serum LPS induced an anergic phenotype 

by downregulating the expression of CD14 and reduced the expression of HLA-antigen D 

Related (HLA-DR) (19). LPS has been demonstrated to prime the inflammasome 

pathway (33) and in line with this evidence, LPS could be one of the key determinants of 

inflammasome upregulation in AS monocytes. Accordingly, inflammasome priming was 

observed in circulating unstimulated PBMC from AS patients by RNAseq and confirmed 

in isolated AS monocytes, where a significant correlation between NLRP3 expression 

and disease activity as assessed by ASDAS-CRP was found. The functional relevance of A
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the increased expression of the inflammasome in AS monocytes was further supported 

by demonstrating Caspase 1 activation in circulating monocyte of AS and increased 

serum levels of IL-1 and IL-18. 

Innate immune activation has been demonstrated to predominate in AS patients with IL-

23-dependent production of IL-22 and IL-17 by innate immune cells (13,34,35). Here we 

demonstrated that inflammasome activation might be responsible for the production of IL-

23 in AS monocytes and IL-17 and IL-22 in PBMC in an IL-1 dependent IL-23-

independent way. The possibility that innate immune mechanisms independent of IL-23 

operate in modulating type 3 immunity in AS, could suggest a relatively important role of 

IL-23 in maintaining the inflammatory process in AS, as also indicated by murine studies 

in which IL-23 is fundamental for the initiation but not for the maintenance of the disease 

(36). In in-vitro experiments, we demonstrated that blocking inflammasome by incubating 

PBMC with KCl, a known to inhibits inflammasome activation (37), significantly reduced 

the expression of IL-23 induced by LPS and of IL-17 and IL-22 induced by PMA and 

ionomycin. This effect seems to be specifically mediated by IL-1 since the addition of 

recombinant IL-1 to isolated monocytes was able to restore the production despite the 

inflammasome blockade.

In conclusion, in this study, we provide the first demonstration that inflammasome 

activation occurs in the gut of AS patients, potentially being a critical inflammatory 

pathway involved in the pathogenesis of gut inflammation and pro-inflammatory type 3 

cytokines production. 
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Legend to Figures 

Figure 1. Inflammasome is upregulated in the ileum of HLA-B27 TG rats 
Representative images of IHC staining performed on wild type rats (WT), HLA-B27 

transgenic untreated and treated with vancomycin and meropenem for three weeks 

(HLA-B27+Abx) to detect NLRP3 (A), NLRC4 (B) and AIM2 (C). Quantitative analysis of 

NLRP3+ (B), NLRC4+ (D) AIM2+ (F) is shown in histograms. n=5 animal/group; *p<0.05

Figure 2. Effect of inflammasome inhibition in SKG mice
Expression of Nlrp3 (A), and Il18 (B) in intestinal intraepithelial cells of BALB/c mice and 

SGK mice treated or not with curdlan.  C: Gut inflammatory histological score and weight 

loss. D: mean arthritis visual score, ankle joint histological score and ear histological 

score of curdlan-treated SKG mice treated with the NLRP3 inhibitor MCC950 or vehicle 

(CTRL). E: flow cytometry quantification ofmesenteric lymph node NKp46+ ILC, NKp46- 

ILC, monocytes and T cells. N=5 animal/group; *p<0.05 **p<0.001

Figure 3. Expression of NLRP3, NLRC4 and AIM 2 in human AS patients’ ileal 
tissue and healthy controls (HC). A-B: mRNA levels of NLRP3 (A), representative IHC 

for NLRP3 and quantification expressed as number of NLRP3+ cells/infiltrating cells in gut 

biopsies of AS and healthy control (B). C-D: : mRNA levels of NLRC4 (C), representative 

IHC for NLRC4 and quantification expressed as number of NLRC4+ cells/infiltrating cells  

in gut biopsies of AS and healthy control (D). E-F: mRNA levels of AIM2 (E), 

representative IHC for AIM2 and quantification expressed as number of AIM2+ 

cells/infiltrating cells in gut biopsies of AS and healthy control (F). n= 35 AS and 20 HC; 

*p<0.05 versus HC.

Figure 4. Inflammasome activation in AS intestinal tissue. 
A: Relative mRNA levels of CASP1 assessed by RT-PCR in the ileal samples obtained 

from the AS patients and HC. B: Representative fluorescence histogram of FAM-FLICA in 

isolated LPMCs of HC (Red) and AS (Blue) analyzed by flow cytometry. C: A
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Representative confocal image of frozen AS ileum sample stained for Caspase-1 by 

FAM-FLICA. D: relative mRNA levels of IL1 in AS and HC ileum and protein expression 

visualized by IHC and quantified as IL-1 positive cells in the gut of AS patients and 

controls. E: relative m-RNA levels of IL18 in AS and HC ileum and protein expression 

visualized by IHC and quantified as IL-18 positive cells in the gut of AS patients and 

controls.

F:  gasdermin in the gut of AS patients observed by confocal microscopy showing a 

predominant membrane expression and quantification of the number of cells expressing 

gasdermin in the membrane and cytoplasm. n= 35 AS and 20 HC; *p<0.05 **p<0.01.

Figure 5: Systemic activation of inflammasome in AS patients. 
Concentration of LPS in AS and HC serum measured by ELISA is shown in (A). B: RT-

qPCR data showing the expression of NLRP3, NLRC4, AIM2, CASP1, IL1B, IL18, IL23A 

plotted as fold induction on the mean of HC; n=35 AS and 20 HC.  The caspase activity 

in circulating AS (blue) and HC (red) monocytes was assessed by FAM-FLICA staining 

and flow cytometry: representative florescence histogram and plot of mean fluorescence 

intensity are shown (C); n=5. D: serum levels of IL-1β and IL-18 in AS and HC measured 

by ELISA. E-F: correlation between NLRP3 expression, IL23A (E) and disease activity 

(ASDAS-CRP) (F). n=35 AS and 20 HC.

Figure 6: Role of inflammasome in mediating IL-23, IL-17 and IL-22 production in 
AS monocyte.
A-C: LPS induced expression of NLRP3 (A), AIM2 (B) and NLRC4 (C) in isolated 

monocytes from AS patients and controls. (D) Effect of the inflammasome blocking by the 

addition of KCl on IL23A expression in human monocyte from AS patients. PMA and 

ionomycin induced IL17A (E) and IL22 (F) expression in KCl treated AS monocyte in the 

presence or absence of exogenous IL-1.  n=5, *p<0.05

Supplementary Figure 1A
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 Expression of Aim2 (A), Nlrc4 (B), Nlrp6 (C) and Nlrp12 (D) in intestinal intraepithelial 

cells of BALB/c mice and SGK mice treated or not with curdlan. N=5 animal/group.

Supplementary Figure 2
 mRNA expression of NLRC3 (A), NLRP6 (B), and NLRP12 (C) in ileum biopsy of AS 

patients and HC.  n= 35 AS and 20 HC; *p<0.05 versus HC.

Supplementary Figure 3 
Correlation between bacterial score and mRNA expression of NLRP3 (A), AIM2 (B), and 

NLRC4 (C) in AS ileal biopsies; n=35. In D-F mRNA expression of NLRP3 (D), AIM2 (E), 

and NLRC4 (F) in PMBC exposed to culture media only (RPMI) or to isolated bacteria 

from the gut of AS patients or HC; n=5/group. 
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