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Abstract

Inflammatory bowel diseases (IBD) are characterized for dysregulated intestinal inflammation.
Conflicting reports have shown that activation of inflammasome could promote or decrease
intestinal inflammation in an acute colitis model, whereas the involvement of inflammasome
activation in chronic colitis is poorly understood. In this study, we investigated the role of
inflammasome activation in the development of chronic intestinal inflammation by utilizing 1L-10
knockout (KO) mouse as an animal model, which develops chronic colitis resembling human IBD.
We demonstrate the causative link between inflammasome activation and the development of
chronic intestinal inflammation. Our results show that mature IL-1p protein levels were
significantly increased in all colon sections from IL-10 deficient mice compared with that of wild
type mice. We found that inhibition of inflammasome activities with IL-1 receptor antagonist or
caspase 1 inhibitors suppressed IL-1p and IL-17 production from inflamed colon explants.
Furthermore, blocking inflammasome activation with caspase-1 inhibitor in vivo significantly
ameliorated the spontaneous colitis in IL-10 KO mice. Together, these observations demonstrate
that inflammasome activation promotes the development of chronic intestinal inflammation.
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INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and Ulcerative colitis
(UC), is a chronic disease that results from dysregulated immune response to commensal
microflora 172, It has been estimated that 1 to 2 million individuals in North American suffer
from I1BD with the peak of onset occurring between 15 and 30 years of age. Furthermore, the
number of individuals diagnosed with Crohn’s disease has been increasing steadily during
the past several decades. Although the etiology for IBD is unknown, it is believed that
genetic and environmental factors as well as the immune system contribute to the
development of intestinal inflammation.

Genetic studies have identified many loci in the genome associated with intestinal
inflammation. Most of IBD-associated genes are involved in inflammation and immunity,
which include IL-10, NOD-like receptors (NLRs), Toll-like receptors (TLRs), IL-1R, and
IL-23. In addition, pathways related to stress response and autophagy, such as XBP1 and
ATG16L1, are involved in IBD pathogenesis 1:5~7. Recent studies have demonstrated that
IL-17, produced by Th17 cells and innate lymphoid cells, contributes to the pathogenesis of
intestinal inflammation. In contrast, 1L-10, produced by regulatory T cells and innate
immune cells, plays a critical role in controlling intestinal inflammation and maintaining
intestinal homeostasis, inasmuch IL-10 deficient mice spontaneously develop colitis,
resembling the pathogenesis of human Crohn’s disease 8-1°.

The members of the cytosolic NLR family have been identified as the critical regulators of
inflammation and cytokine production. Remarkably, the NLR protein CARD15/NOD?2 has
been identified to be associated with Crohn’s disease 11712, Recently, Mutation NLRP3 has
been reported to be associated with Crohn’s disease 13. In addition, caspase-1, which
regulates the secretion of biologically active IL-1f and IL-18, has been identified as a
central mediator in DSS-induced colitis 14. The proinflammatory cytokines such as I1L-1
play a critical role in the pathogenesis of IBD. A number of clinical studies show increased
IL-1f secretion from colonic tissues and macrophages of IBD patients. The IL-1f levels are
also correlated with the diseases severity of IBD 91518, Furthermore, the clinical efficacy
with therapies targeting IL-1p has demonstrated a critical role of IL-1 in certain autoimmune
diseases. Because of its potential in inducing proinflammatory response and to cause
damage to the host, IL-1f production is tightly controlled at multiple levels. Production of
mature IL-1p requires at least two signals: the first signal is initiated by TLR ligands or
endogenous molecules that induce pro-IL-1 gene expression; the second signal includes
very diverse stimuli that activate inflammasome, leading to I1L-1p maturation 19-21,
Inflammasome is a multimolecular complex, composed of a NLR protein, the adaptor
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and
caspase-1, which controls processing of proinflammatory cytokine IL-1$ and I1L-18. In
addition to NLRP3, other NLRs such as NLRC4 and NLRP6 can form inflammasome with
ASC and caspase-1 in response to different stimuli 2022, While functioning as an
intracellular defense system against microbe infection, inflammasomes play a critical role in
complex diseases including autoimmune diseases, metabolic syndrome and cancer 2325,
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However, the role of inflammasomes in acute intestinal inflammation remains controversial,
and the involvement of inflammasomes and inflammasome-mediated IL-1f in chronic colitis
is poorly understood. While several studies show that mice deficient for inflammasome
components including NLRP3, ASC, and caspase 1 are highly susceptible to acute colitis
induced by dextran sodium sulfate (DSS), one study demonstrates the opposite results
showing that defective in NLRP3 inflammasome protect mice from DSS-induced acute
colitis 23:26-28On the other hand, clinical studies show increased levels of IL-1p in
inflamed mucosal tissues from IBD patients compared to normal tissues %1518 |n this
study, we examined the role of inflammasome activation in the development of chronic
colitis. Our results show that inflammasome activation promotes the development of chronic
intestinal inflammation in IL-10 KO mice. We further demonstrated that inhibition of
inflammasome activities with IL-1 receptor antagonist or caspase-1 inhibitors suppressed
intestinal inflammation.

Spontaneous Colitis is Associated with Increased Inflammasome Activation and IL-1p

Production

To investigate the role of inflammasome activation in the development of chronic colitis, we
utilized IL-10 KO mouse (B6.129P2-1110™1C9/J) as an animal model of chronic intestinal
inflammation. IL-10 KO mice spontaneously develop chronic intestinal inflammation under
specific pathogen free (SPF) conditions in our animal facility. The phenotypes of chronic
colitis were more evident when 1L-10 KO mice were 12 weeks or older. IL-10 deficient
mice generally displayed the phenotype of significant weight loss and diarrhea. Some
animals also showed rectal prolapse and severe sign of illness. As shown in Figure 1a,
hematoxyllin and eosin (H&E) staining showed that IL-10 KO mice at age of 16 weeks
developed intestinal inflammation in both small intestine and colon tissues. Accordingly,
IL-10 KO mice displayed significant weight loss (Figure 1b) and markedly increased
pathology score in colon, mesenteric lymph nodes (MLN) and small intestine (Figure 1c).

Next, we performed immune staining to determine if intestinal tissues with chronic colitis
have increased levels of IL-1f. Immunohistochemical analysis revealed a significant
increase in IL-1f staining in colon and small intestinal sections from IL-10 KO mice, as
compared with that from WT mice (Figure 1d). Interestingly, our staining results show that
both innate immune cells in the lamina propria and submucosal sections and epithelial cells
were potential sources of IL-1 production. IL-1p is first generated as cytosolic precursors
that require cleavage by the protease caspase-1 in order to become the biologically active
cytokine 1921, To distinguish between mature and premature IL-1p in colon tissues, we
performed Western blot (WB) analysis on colon tissues from WT and IL-10 KO mice. We
found that there were significantly more mature IL-1f3 and caspase-1 proteins in
homogenized colon tissues of 1L-10 KO mice (Figure 1e).

To further determine that chronic colitis is associated with increased production of IL-1f
protein, small and large intestinal tissues were homogenized and assayed by IL-1f specific
ELISA. We found that IL-1p protein levels were significantly increased in all colon sections
including proximal, middle and distal colons from IL-10 KO mice. Particularly, small
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intestinal tissues from IL-10 KO mice also secreted significantly high levels of IL-1p protein
(Figure 1f-i). In contrast, intestinal tissues from WT mice had very low or below detection
levels of IL-1P. Collectively, these data suggest that inflammasome activity and IL-1f3
production were enhanced in colitic intestinal tissues of IL-10 KO mice, prompting us to
examine closely the roles of IL-10 in modulating the activation of inflammasomes.

IL-10 Inhibits Inflammasome Activation and IL-1p production

Because of the high levels of IL-1p protein in colitic tissues of 1L-10 KO mice, we
hypothesized that enhanced or prolonged inflammasome activation contributes to the
development of chronic colitis in IL-10 KO mice. To test this hypothesis, we first examined
inflammasome activation and IL-1f3 processing in IL-10 deficient macrophages in vitro.
While several types of cells including macrophages, dendritic cells and epithelial cells are
potential sources of IL-1p, this study focused on the inflammasome activation and IL-13
production in macrophages because intestinal inflammation is associated with infiltration of
myeleoid cells, including macrophages, which produce a variety of inflammatory cytokines
in response to intestinal microbes. Another reason is that inflammasome was initially
identified in macrophages, and this type of cells can have robust inflammasome activation
and 1L-1B production 29-30, Bone marrow-derived macrophages (BMDMSs) from WT or
IL-10 KO mice were respectively primed with LPS to induce the expression of pro-I1L-1f,
and then stimulated with ATP for 1 hour to activate NLRP3 inflammasome. As shown in
Figure 2a, LPS/ATP-induced secretion of IL-1f was significantly increased in IL-10
deficient BMDMs. To determine if increased IL-1f production was due to enhanced
activation of inflammasome, we examined caspase-1 and IL-1f processing in WT and IL-10
deficient macrophages. When supernatants from BMDM culture were analyzed by Western
Blot (WB), we found that IL-10 deficient BMDMs released significantly more mature IL-13
and caspase-1 upon LPS/ATP stimulation than WT cells (Figure 2b). This result indicates
that IL-10 can regulate IL-1f production through modulation of inflammasome activities.

We also noticed that pro-casepase-1 protein levels were significantly increased in cells from
IL-10 KO mice. To determine whether caspase-1 gene expression and activation are affected
by IL-10, we analyzed caspase-1 mRNA expression in BMDMs by gPCR. As shown in
Figure 2c, the caspase-1 mRNA expression level was significantly increased in IL-10
deficient macrophages activated by LPS and ATP, indicating that the ability of IL-10 to
inhibit caspase-1 gene expression in activated macrophages. Taken together, our results
suggest that IL-10 can regulate 1L-1p production through multiple mechanisms.

In addition to ATP, NLRP3 can be activated by a number of different stimuli. We found that
defects in 1L-10 production also led to increased IL-1f production in macrophages treated
with LPS plus Alum or MSU crystal (Figure 2d and 2e). These results demonstrate that
IL-10 functions as a negative regulator of NLRP3 inflammasome activity triggered by
different stimuli. Next, we examined effects of exogenous IL-10 on NLRP3 inflammasome
activation. Recombinant 1L-10 was added at different time points during or before LPS and
ATP stimulation. Our data show that adding just 1 hour before ATP treatment, IL-10 was
able to inhibit IL-1f processing (Figure 3a and 3b), indicating that early signaling events
induced by IL-10 suppressed inflammasome activation directly. Similarly, we found that
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IL-10 inhibited LPS and Alum-induced IL-1p production (Figure 3c). As an alternative
approach to examine the direct effect of IL-10 on inflammasome activation, we performed
an inflammasome-reconstitution assay in 293T cells. In this system, 293T cells were
transfected with NLRP3/ASC/caspase-1 and IL-1f plasmids, thus any effects of a molecule
on caspase-1 and IL-1f processing could be tested. As shown in Figure 3d, pre-treatment
with IL-10 for 1 to 8 hours significantly inhibited IL-1f8 production in our reconstitution
system. Together, these results suggest that IL-10 directly downregulates inflammasome
activity.

Inflammasome-mediated IL-18 Promotes IL-17 Production in IL-10 KO mice

Recent studies indicate that IL-17, produced either by Th17 cells or innate lymphoid cells,
contributes to the pathogenesis of chronic colitis in animal models and in human 1BD
patients 31-33 While IL-1 has been shown to promote the differentiation of naive T cells
into Th17 cells 934, results from other labs and ours have demonstrated that 1L-10 produced
from innate immune cells and T cells can limit 1L-17 production from Th17 cells 35-36,
Since our results mentioned above indicate chronic colitis is associated with enhanced
inflammasome activation and IL-1f production, we investigated whether inflammasome-
derived IL-18 modulates IL-17 production during intestinal inflammation. We observed that
IL-10 KO mice have significantly enlarged MLNSs, which contain increased number of
immune cells as compared to WT mice. As intestinal tissues from IL-10 deficient mice have
increased inflammasome activity, we reasoned that LPS stimulation could further boost pro-
IL-1p levels, consequently IL-1p production, which may induce more IL-17 production.
Therefore, when stimulated with anti-CD3 ex vivo, IL-10 deficient MLN cells are capable of
producing more IL-17. In contrast, most WT MLN T cells are under resting state or navie T
cells, which may need co-stimulation of CD3 and CD28 as well as cytokines (TGFp and
IL-6) to induce the production of IL-17. When MLN cells from IL-10 deficient mice were
treated with both anti-CD3 antibody and LPS, IL-17 production was strongly enhanced
(Figure 4a). To further prove that inflammasome-derived IL-1 promotes IL-17 production,
we used IL-1f in combination with anti-CD3 antibody to stimulate MLN cells, Figure 4b
shows that IL-1p induced significant amount of IL-17 from anti-CD3 stimulated I1L-10
deficient MLN cells. In contrast, WT MLN cells produced much less IL-17.

Our results suggest that increased inflammasome activation and IL-1 production contribute
to increased IL-17 production in chronic colitis. We therefore tested if blocking
inflammasome activation and IL-1f pathways inhibit IL-17 production and intestinal
inflammation. We utilized two independently blocking agents to evaluate the consequences
of suppressing IL-1f production and signaling. These agents included IL-1Ra, which
inhibits IL-1p activity, and a caspase inhibitor Z-VAD-FMK (ZVAD), which inhibits IL-1f
processing. As shown in Figure 4c and 4d, treatment with IL-1Ra or ZVAD each led to
reduced IL-17 production from IL-10 deficient MLN cells stimulated with LPS and anti-
CD3 antibody ex vivo. These results indicate that IL-10 and inflammasome-processed IL-1p
reciprocally regulate IL-17 production.
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Blocking Inflammasome Activation and IL-1B pathways Inhibits IL-17 Production in
Intestinal Tissues of Chronic Colitis

The effects of caspase inhibitors on MLN cells promoted us to determine whether blocking
inflammasome activation inhibits IL-18 and IL-17 production from inflamed intestinal
tissues. To address this question, we evaluated the effects of IL-1Ra on IL-1f and IL-17
production from colon explants. As shown in Figure 5a and 5b, when organ explants of
colon and small intestine were cultured for 24 hours in the medium without any treatment,
colon and small intestinal tissues from 1L-10 KO mice secreted substantial amount of I1L-1
compared to that from WT mice. Due to increased inflammasome activation in intestinal
organs of 1L-10 deficient mice, we found that adding LPS to organ explants significantly
enhanced IL-1f production. Furthermore, our results show that IL-1Ra inhibited LPS-
induced IL-1 production from organ explants. Those results indicate that inflammasome-
induced IL-1p may form a positive feedback forward loop to induce more IL-1f production
in intestinal tissues.

Next, we determined if blocking inflammasome-mediated IL-1f release could suppress
IL-17 production from intestinal tissues. Colon and small intestinal explants from WT and
IL-10 KO mice were treated with IL-1Ra, and assayed for the concentration of 1L-17 by
ELISA. We found that colon tissues with chronic inflammation from 1L-10 KO mice
produced more IL-17. Furthermore, LPS treatment increased IL-17 production from colon
explants. Notably, when the function of inflammasome-derived IL-1 was blocked with
IL-1Ra, LPS-induced IL-17 secretion was significantly suppressed (Figure 5¢ and 5d).
Taken together, our data suggest that inflammasome-derived IL-1p promotes IL-17
production from intestinal tissues.

Inhibition of Inflammasome Activation Decreases Chronic Colitis

To test our hypothesis that blocking inflammasome activation could suppress the
spontaneous colitis in vivo, we treated IL-10 KO mice at age of 16 weeks with Ac-YVAD-
cmk, a caspase 1 specific inhibitor. At week 18, intestinal tissues from treated or untreated
mice were examined histologically for signs of inflammation. As shown in Figure 6a, the
colon from untreated IL-10 KO mice was edematous, thickened and shortened by
inflammation. In contrast, inflammasome blockade significantly ameliorated the
spontaneous colitis. Histological examination revealed infiltration of inflammatory cells into
the mucosa and submucosa in the colon of saline-treated 1L-10 KO mice, while the Ac-
YVAD-cmk-treated mice showed much less inflammation in the colon tissues, and
significantly improved pathology scores. (Figure 6b and 6¢). Immunohistochemistry staining
also demonstrated decreased IL-1p protein expression in the colons of the Ac-YVAD-cmk-
treated mice (Figure 6d). Moreover, Ac-YVAD-cmk treatment significantly decreased IL-17
production from IL-10 deficient MLN cells (Figure 6€). These results indicate that inhibition
of inflammasome activation decreases the spontaneous colitis in IL-10 KO mice.

IL-1B-induced Th17 cells Contributes to Colitis in IL-10 KO Mice

To further confirm that IL-1B-induced pathogenic T cells contribute to the development of
chronic colitis in IL-10 KO mice, we would like to determine whether transferring of IL-17-
producing cells from IL-10 KO mice into caspase-1 inhibitor-treated 1L-10 KO mice would
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increase the colitis severity. In transfer experiments, we utilized MLN cells, which contain
IL-17-producing T cells, and possibly other colitic cells, from untreated IL-10 KO mice.
IL-10 KO mice at age of 16 weeks were pretreated with caspase-1 specific inhibitor Ac-
YVAD-cmk for 2 weeks, which led to ameliorated colitis. Then Ac-YVAD-cmk-treated
IL-10 KO mice were injected intraperitoneally with MLN cells from untreated 1L-10 KO
mice. The receipt mice were examined for clinical signs of colitis again. At week 20, mice
were euthanized, intestinal tissues and MLN from transferred and untrasnfered mice were
examined histologically for intestinal inflammation. In this reciprocal set of experiments,
transfer of pathogenic MLN cells led to a significant enhancement of colitis in mice pre-
treated with the caspase-1 specific inhibitor as indicated by increased intestinal pathology
macroscopically, and more severe pathology scores (Figure 7a—c). H&E staining revealed
that Ac-YVAD-cmk-treated 1L-10 KO mice receiving pathogenic MLN cells had similar
inflammatory symptom in the colon and small intestine with IL-10 KO mice, while the Ac-
YVAD-cmk-treated mice showed much less inflammation in the intestinal tissues (Figure 7c¢
and 7d). Furthermore, immunohistochemistry staining also demonstrated increased IL-13
protein expression in the colons and small intestines of the Ac-YVAD-cmk-treated mice
transferred with pathogenic MLN cells (Figure 7¢). These results indicate that
inflammasome/IL-1B-induced T cells contribute to colitis in IL-10 KO mice.

Discussion

In this report, we have demonstrated that chronic colitis is associated with enhanced
inflammasome activation and IL-1f production. We further demonstrate the direct inhibitory
role of IL-10 in inflammasome activation in macrophages and in intestinal tissues. Our
results indicate that without inhibitory molecule I1L-10, inflammasomes in the intestinal
tissues undergo prolonged activation, due to constant stimulation from microbes, leading to
the chronic colitis. Finally, our results show that caspase-1 specific inhibitor could suppress
the chronic colitis in IL-10 KO mice.

The pathogenic roles of NLRP3 inflammasome we described in the IL-10 KO mice are
different from protective roles for inflammasome activation in acute intestinal inflammation
of DSS-treated mice reported recently. Several studies reported that mice deficient for
inflammasome components including NLRP3 exhibit enhanced DSS-induced colitis
compared with WT mice 22:26-28.37 However, one study suggests that DSS-induced
intestinal inflammation is mediated by NLRP3 inflammasome. Bauer et al. reported that
NLRP3 KO mice treated with DSS had attenuated colitis and lower mortality 23, The
reasons for this discrepancy is unclear, it may result from variations in mouse genetic
backgrounds and intestinal microflora. Importantly, our results are consistent with several
studies using chronic colitis models. For instance, an early study by Siegmund et al.
demonstrated that IL-1-converting enzyme (ICE; caspase-1) deficiency led to protection
from acute and chronic DSS-induced colitis 14. They found that ICE/caspase-1 KO mice
displayed a more than 50% decrease in the clinical scores as assessed by weight loss,
diarrhea, rectal bleeding, and colon length. In another study, Carvalho et al. suggested that
IL-1B promoted susceptibility of Toll-like receptor 5 (TLR5) deficient mice to colitis 38-39,
The susceptibility of TLR5 KO mice to colitis depends on gut microbiota. Interestingly,
Carvalho et al. found that administration of anti-1L-10 receptor blocking antibody led to
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severe uniform intestinal inflammation in both colitis susceptible and resistant strains of
TLR5 KO mice. The authors further showed that IL-1p was crucial for this colitis model,
because IL-1R and TLR5 double KO mice were completely protected from colitis occurred
in TLR5 KO mice upon IL-10 signaling blockade. The contradicting observations imply that
inflammasomes may have colitis-promoting or suppressing roles in different conditions.

The difference between these results may results from choice of colitis models and variation
in commensal microflora. In addition, the mechanisms responsible for DSS-induced acute
colitis and 1L-10 deficiency-mediated chronic colitis may be different. In acute colitis
model, DSS in drinking water causes direct damage to the epithelial barrier, which allow
microflora to stimulate innate cells, leading to infiltration of myeloid cells and massive
inflammation. During this chemically induced inflammation, the IL-1f and IL-18 produced
by macrophages and DCs in the intestinal tissues are essential for tissue repair and the
homeostasis of epithelial barrier 40. Therefore, inflammasomes protect the intestinal system
from tissue injury caused by pathogens. In this context, mice deficient for inflammasome
components such as caspase-1 and NLRP3 develop more severe colitis in response to acute
damage mediated by DSS. In contrast, in chronic colitis as occurred in IL-10 KO mice,
inflammasome and IL-18 may induce prolonged intestinal inflammation and the
development of pathogenic Th17 cells. We found that intestinal tissues with chronic
inflammation from IL-10 KO mice produced more IL-17. Furthermore, when inflammasome
activation was blocked with caspase-1 specific inhibitors, or the function of inflammasome-
derived IL-1p was blocked with IL-1Ra, IL-17 production from intestinal tissues was
significantly reduced. Our data suggest that inflammasome-derived IL-153 promotes IL-17
production in intestinal tissues and the development of colitis.

Based on studies by other and our groups, we propose that IL-10 may influence IL-1
production through both gene transcription and direct regulating inflammasome activation.
IL-10 has been shown as an important anti-inflammatory cytokine in maintaining
homeostasis of immune system. Our previous studies have shown that IL-10 inhibits
expression of inflammatory cytokines including pro-1L-1p induced by LPS 41. Interestingly,
type | interferon, which has been shown to inhibit inflammasome activation via IL-10-
dependent or —independent mechanisms 42-43, can also limit intestinal inflammation 44-45.
In this study, we found that transcriptional induction of the caspase-1 gene was also
inhibited by I1L-10. These results suggest that one of mechanisms by which 1L-10 regulates
inflammasome activities and IL-1p production is via suppressing gene expression of
inflammasome components. Importantly, results from this study also indicate that IL-10 can
directly inhibit NLRP3 inflammasome activation and IL-1j processing, suggesting that
IL-10 signaling molecules interact directly or indirectly with inflammasome pathways. At
present, the molecular mechanisms of 1L-10-mediated inhibition of inflammasomes remain
unknown. We think our in vivo and in vitro systems described in this study will help to
unravel the mechanisms responsible for negative regulation of inflammasome activation by
IL-10.

While this study focused on the roe of NLRP3 inflammasome and IL-1 in the chronic
colitis in 1L-10 KO mice, other inflammasomes such as NLRC4 or inflammasome-processed
cytokine IL-18 may affect intestinal inflammation as well. In addition to innate immune
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cells, intestinal epithelial cells have been shown to express inflammasome components and
have inflammasome activation in response to intestinal microbes 22:37:46_ Given the
contrasting data regarding the role of inflammasomes in intestinal inflammation and
homeostasis, cell type-specific mutations may shed light on the function of inflammasome in
epithelial cells and innate cells. Emerging evidence has demonstrated that the commensal
microflora play an important role in the broad aspects of immunity including the intestinal
immune system 12147 The apparent contradiction about the role of inflammasomes in
mucosal immunity may be heavily influenced by gut microflora, though further studies are
needed to resolve this issue. Since IBD is a heterogeneous disease, it is possible that in some
IBD patients, genetic mutations or environmental factors may cause reduced inflammasome
activation and IL-1p production, which compromise the integrity of the epithelial cell barrier
against microflora, leading to intestinal inflammation. While in other IBD patients, genetic
factors and commensal microflora may cause prolonged or unregulated inflammasome
activation and increased IL-1p production, generating uncontrolled inflammation in the
intestine system.

METHODS

Reagents

Mouse

All chemicals used in the present study were purchased from Sigma (St. Louis, MO), unless
otherwise noted. Ultrapure LPS, Pm3C, ATP, MSU crystal, Caspase inhibitors Z-VAD-
FMK, Ac-YVAD-cmk and puno-NLRP3 were purchased from Invivogen (San Diego, CA).
Murine or human IL-1p, IL-10 from PeproTech (Rocky Hill, NJ); Anti-CD3 antibody from
BD Biosciences (San Diego, CA); Human or murine IL-1p ELISA Kits were from R&D
system (Minneapolis, MN) or eBioscience (San Diego, California); Alum (Imject-alum) was
purchased from Pierce Biochemicals. Antibodies to human IL-1f, human caspase 1, mouse
IL-1P and mouse caspase 1 were from R&D Systems or Santa Cruz Biotechnology (Santa
Cruz, CA).

Both WT C57BL/6 and IL-10 KO (B6.129P2-1110'1C3"/3) mice were purchased from the
Jackson Laboratories (Bar Harbor, Maine), and bred at our Hollings Cancer Center animal
facility for the past 2 years. All mice were maintained at MUSC Hollings animal facility
under specific pathogen-free conditions. In all experiments, IL-10 KO mice and WT mice
are kept at the same rack of an animal room, but not in the same cage. IL-10 KO mice
spontaneously develop a chronic inflammatory bowel disease under specific pathogen free
(SPF) conditions in our animal facility. The phenotypes of chronic enterocolitis were more
evident when IL-10 KO mice were 12 weeks or older. Animal experiments were approved
by the Institutional Animal Care & Use Committee (IACUC) at MUSC, and were conducted
in accordance with federal regulations as well as institutional guidelines and regulations on
animal studies.

For caspase-1 inhibition, IL-10 KO mice at 16 weeks were injected intraperitoneally with
caspase-1 inhibitor Ac-YVAD-cmk at 1.25 mg/kg for 2 weeks. For MLN cell transfer
experiments 48, cells were isolated from the MLNSs of 1L-10 KO mice at age of 16 weeks,
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and washed. A single-cell suspension of 5x108 MLN cells were injected intraperitoneally
into IL-10 KO mice pre-treated with a caspase-1 inhibitor. Mice will be monitored for
clinical signal of colitis. Two weeks after cell transfer, mice were euthanized and intestinal
inflammation was analyzed.

BMDMs were differentiated as previously described 4149, Briefly, murine bone marrow
cells were cultured for 7 days in DMEM containing 10% fetal bovine serum, penicillin,
streptomycin, and 20% conditioned media from L929 cells overexpressing macrophage
colony-stimulating factor (M-CSF). To induce IL-1p processing and production,
differentiated BMDMSs were primed with 100-250 ng/ml ultrapure LPS for the 4-6 hr, then
cells were stimulated with ATP (1 mM) for 1 hour, or MSU crystals (200 ug/ml) and alum
(40 pg/ml) for 4 hours.

Intestinal Tissues and Culture

Colons and small intestines were dissected from mice and flushed with cold PBS containing
penicillin/streptomycin to remove fecal contents, then opened lengthwise and washed
extensively. Equivalent amounts of tissue were distributed into wells of a 24-well tissue
culture plate in RPMI-1640 supplemented with 10% FCS, penicillin (100 U/ml) and
streptomycin (100 U/ml). Organ explants were incubated at 37°C for 24 or 48 hours.
Supernatants were collected and assayed for cytokine levels by ELISA, and concentrations
were normalized to the weight of the explants.

For tissue homogenates, small intestinal or colonic segments were placed in PBS with a
protease inhibitor cocktail, and minced with dissection scissors. Tissues were then
homogenized by a tissue homogenizer, and centrifuged at 13,000 rpm for 15 minutes. The
levels of IL-1f in tissue homogenates were determined by ELISA, and concentrations were
normalized to the weight of the tissues.

Mesenteric lymph nodes (MLN) cells were cultured in the presence of plate-bound anti-
CD3¢ antibody for 48 h. In some experiments, MLN cells were treated with LPS, IL-1Ra or
caspase inhibitor ZVAD. IL-15 and IL-17A levels in the culture supernatants were measured
by ELISA.

Inflammasome Reconstitution in 293T cells

Briefly, 293T cells were transfected with expression plasmids for human NLRP3
(Invivogen), ASC (Origene), caspase-1 (Addgene) and I1L-1f. 24 hours after transfection,
cells were stimulated with ATP for 1 hour, then supernatants were assayed for 1L-1f
production, and cell lysates were analyzed by immunoblot with antibody to IL-1f and
caspase 1.

Histology and immunohistochemistry

Colons and small intestines were dissected from mice and flushed with cold PBS to remove
fecal contents, and quickly frozened. Sections were stained with hematoxylin and eosin for
routine histological analysis, and were immunostained with anti-1L-1f for IL-1f protein

Mucosal Immunol. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 11

levels in intestinal tissues. Positive immunostaining was detected with a streptavidin-biotin
immunoperoxidase system (Vector Laboratories) according to manufacture protocols. For
histopathologic analysis, gut pathology score is defined by summation of two parameter
scores to achieve a range of 0-6: inflammation (0, no inflammation; 1, neutrophil rarely
discernible; 2, presence of neutrophils in every high power field; 3, collection of >10
neutrophils in any given area); tissue destruction (0, normal structure; 1, villus length
shortened by 50%; 2, flattened mucosa with loss of villi; 3, evidence of submucosa
ulceration) 59.

Western Blot and ELISA

Cell lysates, cell culture supernatants, or intestinal homogenates were analyzed by SDS-
PAGE and Western Blot with specific antibodies as described 41. Cytokine concentration in
culture supernatants was determined by cytokine specific ELISA kit (eBioscience or R&D
system) per the manufacturer’s instructions.

Statistical analysis

All data were analyzed via the Student t test to determine differences among experimental
groups. A treatment difference was considered significant when the P value was less than
0.05.
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Figure 1. Spontaneous colitisis associated with increased levelsof IL-18 protein in theintestinal
system
(a) H&E staining of colon and small intestine sections from 16 weeks old WT and IL-10 KO

mice. The marked colitis (mucosal ulceration, loss of villi, and decreased crypts) was
observed in IL-10 KO mice. (b) Body weight and (c) pathologic inflammation scores in
colon, small intestine and MLN from WT and I1L-10 KO at 16 weeks of age. (b)
Immunostaining of IL-1f in colon and small intestine sections from 16 weeks old WT and
IL-10 KO mice. (€) Colon tissues from WT and I1L-10 KO mice at age of 16 weeks were
homogenized, and analyzed by Western Blot for pro-caspase-1, mature caspase-1 as well as
pro-1L-1f and mature IL-1f proteins. Levels of IL-1f protein in homogenates of proximal
(f), middle (g) and distal colon (h), as well as small intestinal (i) from 16 weeks old WT and
IL-10 KO mice were analyzed by ELISA. Data represent mean of the pool of two
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independent experiments (n=12 for WT and I1L-10 KO mice), and results for individual
mouse are illustrated. Statistical significance is indicated, **P<0.01 (Student’s t test). Scale
bar = 100um.
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Figure 2. IL-10 deficiency leadsto increased NL RP3 inflammasome activation and I1L-18
production
(&) WT and IL-10 deficient bone marrow-derived macrophages (BMDMSs) were primed with

LPS for 4 hours, and then were treated with ATP for 1 hour to induce inflammasome
activation. The concentration of IL-1p in culture supernatants was assayed by ELISA. (b)
WT and IL-10 deficient BMDMs were stimulated with LPS and ATP as in (a).
Inflammasome activation was determined by Western Blot analysis of activated caspase-1
and processed IL-1p in the culture supernatants of BMDMs stimulated with LPS plus ATP.
(c) Caspase-1 mRNA levels in BMDMs from WT and 1L-10 KO mice treated as described
in (a) were analyzed by RT-PCR. (d) and (e) WT and IL-10 deficient BMDMs were primed
with LPS for 4 hours, then cells were treated with Alum or MSU crystal for 4 hours. The
concentration of IL-1f in culture supernatants was assayed by ELISA. Representative data
from one of at least three independent experiments are shown. **P<0.01 (Student’s t test).
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Figure 3. IL-10 inhibitsinflammasome activation and | L-18 production
(a) and (b) WT BMDMs were primed with LPS for 4 hours, then treated with ATP for

inflammasome induction. 1 hour before adding ATP, cells were treated with 25 ng/ml of
recombinant murine IL-10. The concentration of IL-1f in culture supernatants was assayed
by ELISA. Caspase 1 and IL-13 processing and releasing were analyzed by Western Blot.
(c) WT BMDMs were primed with LPS for 4 hours, then treated with Alum for 4 hours. 1
hour before adding Alum, cells were treated with 25 ng/ml of recombinant murine I1L-10.
The concentration of IL-1p in culture supernatants was assayed by ELISA. (d) 293T cells
were reconstituted with inflammasome components (NLRP3, ASC, caspase 1 and pro-IL-1
plasmids). 36 hours after transfection, cells were pretreated with IL-10 for different time as
indicated, and then with ATP for 1 hour. The IL-1p level in the supernatants was determined
by ELISA. Results are reported as mean=SD of triplicate samples from one representative
experiment of 3 independent experiments. Statistical significance is indicated, * p<0.05; **
p<0.01 (Student’s t test).
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Figure4. Inhibition of inflammasome activities leadsto reduced IL-17 production from MLN
cellsof IL-10 KO mice

(a) and (b) MLN cells from WT and IL-10 KO mice were stimulated with anti-CD3

antibody in combination with LPS (100 ng/ml) or recombinant IL-1f (25 ng/ml) as indicated
for 48 hours. The production of IL-17 was measured by ELISA. (c) and (d) MLN cells from
IL-10 deficient mice were treated with anti-CD3 antibody or LPS in the presence of IL-1R
antagonist (IL-1Ra) or caspase 1 inhibitor Z-VAD-FMK (ZVAD), and IL-17 production was
measured 48 hours after treatment. Results are reported as mean + SD of the pool of two
experiments (5-6 mice per group). ** p<0.01 (Student’s t test).
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Figure5. Blocking IL-1R function inhibitsIL-18 and IL-17 production from inflamed intestinal
tissues of IL-10 KO mice
(a) and (b) Colon and small intestine isolated from WT and IL-10 KO mice were stimulated

with LPS in the presence or absence of IL-1Ra. After 24 hours, IL-1f production was
determined by ELISA. (c) and (d) Colon and small intestinal explants were treated with LPS
or IL-1Ra, and IL-17 production was measured. Results are reported as mean + SD of the
pool of two experiments (5-6 mice per group). * p<0.05; ** p<0.01 (Student’s t test).
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Figure 6. Inflammasome blockade amelior ates the spontaneous colitisin IL-10 deficient mice
(a) IL-10 KO mice at 16 weeks old were injected intraperitoneally with caspase-1specific

inhibitor Ac-YVAD-cmk for 2 weeks. Macroscopic colon pathology and colon length from
IL-10 KO mice treated with or without caspase 1 inhibitor were determined. (b) H&E-
stained sections and (c) pathology scores of colon and small intestine sections from 16
weeks old IL-10 KO mice or IL-10 KO mice treated with Ac-YVAD-cmk for two weeks.
(d) IL-1p immunostaining of colon and small intestine sections from 16 weeks old IL-10 KO
mice treated with caspase-1 inhibitor as in (a). (€) MLN cells from 1L-10 KO mice treated
with or without caspase 1 inhibitor Ac-YVAD-cmk were stimulated with anti-CD3 antibody
for 48 hours. The production of IL-17 was measured by ELISA. Data represent mean of the
pool of two independent experiments (n=5-6 for treated or untreated IL-10 KO mice).
Statistical significance is indicated, *P<0.05 (Student’s t test). Scale bar = 100um.

Mucosal Immunol. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 21

IL-10 KO IL-10 KO+Ac-

+AC-YVAD YVAD+MLN cells GG Sy
— < IL-10 KO+Ac-
. IL-10 KO +Ac-YVAD YVAD+MLN cells

uoj0d

w
g
b =
141 g
o
§12 z
=10 - o
2
8 81
5§87
84
2
0 4 IL-1B staining
IL-10 KO+Ac-  IL-10 KO+Ac- IL-10 KO+Ac-
YVAD YVAD+ MLN IL-10 KO +Ac-YVAD YVAD+MLN cells
cells 3 =
c 0IL-10 KO+Ac-YVAD ~
o
6 1 WIL-10 KO+Ac-YVAD+MLN cells §
* -
® 5§41 — X
>
3 4 w
g :
.‘g.. 2 =
- 43
2
0 - 3
Colon MLN  Small

intestine

Figure 7. IL-1B-induced IL-17 production enhanced colitisin IL-10 KO mice
(a) and (b) Macroscopic colon pathology and colon length from Ac-YVAD-cmk-treated

IL-10 KO mice transferred with MLN cells from IL-10KO mice. (c) Pathologic
inflammation scores in colon, small intestine and MLN from Ac-YVAD-cmk-injected I1L-10
KO mice treated with or without IL-10 deficient MLN cells. (d) H&E staining and (e) IL-1p
immunostaining of colon and small intestine sections from Ac-YVAD-cmk-treated IL-10
KO mice transferred with or without MLN cells of IL-10 KO mice. Data represent mean of
the pool of two independent experiments (n=5 for MLN cells treated or untreated Ac-
YVAD-cmk-injected 1L-10 KO mice). Statistical significance is indicated, *P<0.05
(Student’s t test).
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