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SUMMARY

Mucosal barrier immunity is essential for the maintenance of the commensal microflora and 

combating invasive bacterial infection. Although immune and epithelial cells are thought to be the 

canonical orchestrators of this complex equilibrium, here, we show that the enteric nervous system 

(ENS) plays an essential and non-redundant role in governing the antimicrobial protein (AMP) 

response. Using confocal microscopy and single-molecule fluorescence in situ mRNA 

hybridization (smFISH) studies, we observed that intestinal neurons produce the pleiotropic 

cytokine IL-18. Strikingly, deletion of IL-18 from the enteric neurons alone, but not immune or 
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epithelial cells, rendered mice susceptible to invasive Salmonella typhimurium (S.t.) infection. 

Mechanistically, unbiased RNA sequencing and single-cell sequencing revealed that enteric 

neuronal IL-18 is specifically required for homeostatic goblet cell AMP production. Together, we 

show that neuron-derived IL-18 signaling controls tissue-wide intestinal immunity and has 

profound consequences on the mucosal barrier and invasive bacterial killing.

In Brief

IL-18 produced by the enteric nervous system (ENS) is crucial for host protection against 

Salmonella infection via goblet cell antimicrobial peptide production, highlighting the ENS as a 

crucial immune mediator in bacterial defense.

Graphical Abstract

INTRODUCTION

The intestinal mucosal barrier provides essential protection from pathogenic microbial 

invasion while also facilitating a non-inflammatory, symbiotic relationship with the 

commensal microflora (Hooper and Macpherson, 2010). Although it is well understood how 

immune and epithelial cell crosstalk arbitrates this balance (Clark and Coopersmith, 2007), 

little is known of how intestinal neurons influence this critical axis during homeostasis or 

upon bacterial infection. Intriguingly, although the enteric nervous system (ENS) permeates 

the entirety of the intestinal tissue and has the capacity to rapidly relay sensory information 

to a vast network of both autologous and non-autologous cell types (Furness et al., 2014), its 
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ability to act as a major immunological sensory platform is only beginning to emerge (Lai et 

al., 2019; Matheis et al., 2020; Talbot et al., 2019; Yoo and Mazmanian, 2017).

Patients born with Hirschsprung disease are characterized by an absence of distal bowel 

ganglia resulting in loss of colonic motility. These patients are at risk of developing 

Hirschsprung-associated enterocolitis (HAEC), a serious and life-threatening complication 

(Austin, 2012; Hirschsprung, 1887; Okamoto and Ueda, 1967). Although the pathogenesis 

of HAEC is currently unknown, it correlates with major mucus dysregulation and microbial 

dysbiosis (Thiagarajah et al., 2014), suggesting an intimate connection between the ENS and 

the mucosal barrier. Concordantly, exogenous administration of neuro-modulatory 

compounds targeting neurotransmitter receptors have been shown to trigger widespread 

effects on mucus and antimicrobial protein (AMP) secretion by intestinal epithelial cells 

(Birchenough et al., 2016; Satoh et al., 1992). Numerous observational studies have 

concluded that the cells of the ENS have the capacity to respond to pathogen-associated 

molecular patterns inferred by their expression of classical pattern recognition receptors 

(Barajon et al., 2009). This work was followed by studies showing that the ENS can 

physiologically contribute to the inflammatory response through intrinsic expression of not 

only immunomodulatory neuropeptides and neurotransmitters, but also known inflammatory 

cytokines (Coquenlorge et al., 2014). Taken together, these observations are highly 

suggestive that the ENS may play a key role in regulating mucosal barrier immunity.

Intense research efforts using reverse genetics have greatly aided our collective mechanistic 

understanding of how the immune and epithelial cell compartments control the mucosal 

barrier. Interleukin 18 (IL-18) has emerged as a key pleiotropic cytokine in intestinal 

homeostasis and host defense (Nowarski et al., 2015). In immune cells, IL-18 is a 

proinflammatory cytokine and required to combat invasive bacterial infections such as 

Salmonella typhimurium (S.t.) (Broz et al., 2012; Lara-Tejero et al., 2006; Raupach et al., 

2006). Under homeostatic conditions, IL-18-deficent mice display dysbiosis (Elinav et al., 

2011) and a major defect in epithelial AMP production, a process thought to occur through 

an autocrine epithelial IL-18 signaling axis (Levy et al., 2015). Indeed, the individual 

importance of both immune and epithelial IL-18 in the intestine was recently demonstrated 

in models of autoinflammatory colitis using conditional IL-18- and IL-18R1-deficient mice 

(Nowarski et al., 2015). Specific ablation of IL-18 from either immune or epithelial 

compartments was sufficient to protect mice from chemically induced colitis, indicating that 

both sources can act in concert to drive pathogenic inflammation (Nowarski et al., 2015). 

Although IL-18 is clearly critical to immunity and maintenance of the mucosal barrier, our 

understanding of this cytokine outside of immune and epithelial cells remains largely 

unknown. In this present study, we discovered that canonical sources of IL-18 were 

redundant in combating invasive S.t. infection. We identified enteric neurons as the essential 

source of IL-18 that drives goblet cell AMP production and S.t. protection. This study 

demonstrates that the ENS is a critical arm of the innate immune response and is essential 

for coordinating not only mucosal barrier homeostasis but also combatting invasive bacterial 

infection.
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RESULTS

Epithelial Cell- and Immune Cell-Derived IL-18 Does Not Protect against Enteric S.t. 
Infection

Becasue epithelial cells produce the majority of IL-18 in the intestine at homeostasis and 

myeloid cells rapidly upregulate IL-18 during inflammation, both cell types are thought to 

be the major contributors to IL-18-mediated host defense. To test this, we crossed Il18f/f 

mice with Flk1-Cre (Il18f/fFlk1+), which enables genetic IL-18 deletion in hematopoietic 

and endothelial cell lineages (Motoike et al., 2003; Nowarski et al., 2015). Il18f/f and 

Il18f/fFlk1+ mice were subjected to the streptomycin pretreatment S.t. model of colonic 

infection (Barthel et al., 2003). Interestingly, contrary to the phenotype observed in IL-18-

deficient animals, absence of IL-18 in hematopoietic cells did not result in increased 

susceptibly to S.t. induced weight loss (Figure 1A), cecal bacterial abundance (Figure 1B), 

or dissemination to the spleen or liver (Figure 1C). We next crossed Il18f/f mice with mice 

expressing Villin1-Cre (Il18f/fVil1+) for targeted deletion of IL-18 in intestinal epithelial 

cells (Madison et al., 2002). Similarly, loss of epithelial-derived IL-18 had no effect on S.t.-

induced weight loss (Figure 1D), cecal colonization (Figure 1E), or peripheral tissue 

infection (Figure 1F). Thus, neither immune- nor epithelial-derived IL-18 is required to drive 

anti-bacterial defense, leaving open the possibility that there is an unidentified source of 

IL-18 that confers protection against S.t. infection.

Enteric Neurons Express IL-18

We were particularly interested in the possibility that enteric neurons could produce IL-18, 

because neurons in the brain are reported to produce the cytokine (Kuwahara-Otani et al., 

2017; Sugama et al., 2002). To investigate this, we conducted whole-mount confocal 

microscopy of the myenteric plexus isolated from rat tissue for IL-18 reactivity. Strikingly, 

we uncovered a large subset of neuronal ganglia, assessed by the pan-neuronal marker beta 

tubulin 3 class III (Tubb3) (Caccamo et al., 1989; Drokhlyansky et al., 2019), that were 

expressing IL-18 in the myenteric plexus (Figure 2A). Orthogonal x,y,z plane analysis 

confirmed IL-18 immunoreactivity was within the neuronal ganglia itself (Figure S1A). In 

addition, we observed IL-18-positive staining in a population of neurons located near the 

base of crypts and innervating villi (Figures 2B and 2C), suggesting that neuronal IL-18 may 

function in both the myenteric plexus and submucosa. To determine if IL-18+ neurons were 

nitrergic or cholinergic in nature, we co-stained for neuronal nitric oxide synthase (nNOS) 

and choline acetyltransferase (ChAT) (Qu et al., 2008). We observed a population of IL-18+ 

nNOS+ neurons but did not observe IL-18+ ChAT+ neurons (Figures 2D and S1F; data not 

shown). In order to confirm this observation, we performed single-molecule fluorescence in 
situ mRNA hybridization (smFISH) using Il18 mRNA probes in mice (Table S1). We 

verified the specificity of our Il18 mRNA probes using colon sections from Il18−/− mice 

(Figure S1B). We observed co-localization of Il18 mRNA probes with neuron-specific 

Tubb3 mRNA probes (Figure 2E). Together, these data demonstrate that enteric neurons are 

novel producers of IL-18 in the colon.

We next mined two published single-cell RNA sequencing (scRNA-seq) datasets for 

expression of IL-18 in neurons. scRNA-seq conducted on enteric sensory neurons showed 
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high expression of IL-18 in all neuron subtypes (Figure S1C) (Hockley et al., 2019). 

Expression of IL-18 in these cells was comparable with neuronal marker genes (Figure 

S1D). We next investigated a scRNA-seq dataset that examined central, peripheral, and 

enteric neurons (Zeisel et al., 2018). IL-18 is highly expressed in several neuron populations, 

including enteric neurons (Figure S1G). Interestingly, we did not observe expression of the 

closely related cytokine IL-1β in any neuron population (Figures S1E and S1G). The distinct 

presence of IL-18 and lack of IL-1β expression in neurons suggests there is a potential 

specific, yet unknown role for enteric neuronal IL-18.

Enteric Neuronal IL-18 Is Protective against S.t. Infection

To investigate the impact of ENS-derived IL-18 on intestinal immunity, we initially interbred 

Il18f/f mice to Nestin-Ert2-Cre (Il18f/f NesERT+) mice (Lagace et al., 2007). This allows 

Tamoxifen (TMX)-inducible deletion of IL-18 in a broad array of Nestin-expressing cells 

that include ENS cells, neuronal and glial precursor cells, mesenchymal stem cells, and 

vascular and lymphatic endothelial cells (Belkind-Gerson et al., 2013; Joseph et al., 2011; 

Koning et al., 2016; Kulkarni et al., 2017; Mendez-Ferrer et al., 2010; Zeisel et al., 2018). 

Because of coprophagy behavior, Il18f/fNesERT+ littermate mice were separated and 

administered TMX or vehicle daily for 5 days following 7 days of rest. We conducted 16S 

bacterial sequencing of feces and observed no significant difference between groups, 

indicating that loss of IL-18 did not introduce detectable confounding alterations to the 

luminal microbiota (Figure S2A). We next infected Il18f/fNesERT+ mice with S.t. and 

observed that TMX-treated mice had exaggerated weight loss and became moribund 

significantly quicker than vehicle-treated mice (Figures 3A and 3B). TMX-treated 

Il18f/fNesERT+ mice also exhibited increased bacterial abundance in the cecum (Figure 3C), 

liver, and spleen (Figure 3D) compared with vehicle control mice. To determine whether 

TMX administration itself could be a contributing factor to the observed S.t. susceptibility, 

we treated wild-type mice with TMX or vehicle and subjected them to S.t. infection. No 

differences were observed in terms of infection-induced weight loss or survival (Figures S2B 

and S2C). Therefore, we concluded that IL-18 from Nestin-expressing cells protects mice 

from invasive bacterial infection. As Nestin is highly expressed in ENS glial precursor cells 

(Shah et al., 1994; Wiese et al., 2004), we crossed Plp1-Ert-Cre mice with Il18f/f mice to 

conditionally delete IL-18 in enteric glial cells (Il18f/fPlp1+) (Doerflinger et al., 2003; Rao et 

al., 2015). Using TMX or vehicle treatment followed by S.t. infection, we demonstrated that 

deficiency of enteric glial IL-18 does not contribute to bacterial-induced weight loss (Figure 

3E), cecal colonization (Figure 3F), or dissemination to the spleen and liver (Figure 3G). 

Due to Nestin’s broad expression pattern, to address if IL-18 specifically from enteric 

neurons provides protection against S.t. infection, we interbred Il18f/f mice with an animal 

harboring an enteric-neuron-specific Cre recombinase. The Hand2 transcription factor is 

essential for enteric neuron differentiation (D’Autréaux et al., 2007; Hendershot et al., 

2007), and Hand2-Cre mice have proven to be an invaluable tool for conditional ablation and 

labeling of enteric neurons (Gabanyi et al., 2016; Ruest et al., 2003). Interbreeding Hand2-

Cre mice with ROSA26loxStoploxTdTomato reporter mice (Madisen et al., 2010) confirmed 

highly specific and widespread enteric neuron recombination in the colon myenteric plexus 

(Figure S2D). Furthermore, scRNA-seq studies have recently confirmed that Hand2 is 

highly expressed in intestinal neurons (Zeisel et al., 2018) (Figure S1G). Therefore, we next 
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generated Il18f/fHand2+ mice to conditionally delete IL-18 from enteric neurons. When 

infected with S.t., Il18f/fHand2+ mice displayed more severe weight loss and became 

moribund significantly quicker than their Il18f/f littermates (Figures 3H and 3I). 

Il18f/fHand2+ mice also had higher bacterial burden in their cecum (Figure 3J) and 

peripheral tissues (Figure 3K) than wild-type mice. Finally, we tested if enteric neuronal 

lL-18 is protective against oral S.t. infection in the absence of antibiotic pretreatment. We 

observed that Il18f/f Hand2+ mice were again more susceptible than their wild-type 

littermates in this model of infection (Figure S2E). Taken together, these results indicate that 

neuron-derived IL-18 is essential for host immunity to invasive bacterial infection.

Intrinsic IL-18 Signaling to Epithelial, Immune, or Neuronal Cells Does Not Mediate 
Protection against S.t. Infection

To address mechanistically how enteric neuronal IL-18 facilitates defense against S.t. 

infection, we first investigated whether deficiency in IL-18 affected intestinal motility as 

nNOS+ neurons are important regulators of peristalsis and bacterial clearance from the 

intestinal lumen. We measured both intestinal transit time and colonic expulsion time but 

observed no differences in motility between 1118f/f and Il18f/fHand2+ mice (Figures S3A 

and S3B). Therefore, we next sought to identify if a single cell type expressing the IL-18 

receptor was required to mediate protection. Because of the surprising finding that immune 

and epithelial IL-18 production was dispensable for anti-S.t. defense, we hypothesized that 

neuron-derived IL-18 may function through an intrinsic ENS signaling mechanism. To test 

this, we interbred Hand2+ mice with Il18r1f/f mice (Il18r1f/fHand2+). Maintaining Il18r1f/f 

and Il18r1f/fHand2+ animals as cohoused littermates prevented alterations to the luminal 

microbiota between groups (Figure S3C). When challenged with S.t., Il18r1f/f and 

Il18r1f/fHand2+ mice displayed similar weight loss (Figure 4A) and bacterial colonization in 

their cecum (Figure 4B) and peripheral tissues (Figure 4C). Because Il18r1f/fNesERT+ mice 

treated with TMX were also no more susceptible to S.t. induced weight loss, bacterial 

colonization, or dissemination than vehicle control mice (Figures S3D–S3F), we conclude 

that IL-18 signaling to neurons does not mediate an intrinsic mechanism of protection to 

infection.

These findings prompted us to investigate whether IL-18 signaling to immune cells was 

required for neuronal IL-18 protection from S.t. because IL-18 is a potent driver of T cell- 

and natural killer (NK) cell-mediated anti-bacterial immunity (Dinarello, 2009). To address 

whether IL-18 mediated immune or endothelial cell activation was responsible for the 

protective effect of neuronal IL-18, we crossed Il18r1f/f to Flk1-Cre mice (Il18r1f/f Flk1+). 

We infected Il18r1f/f and Il18r1f/fFlk1+ mice with S.t. and observed that both genotypes 

displayed comparable weight loss (Figure 4D), cecal colonization (Figure 4E), and 

dissemination into peripheral tissues (Figure 4F), suggesting that IL-18 signaling to immune 

cells is also dispensable for neuronal IL-18-mediated protection. Epithelial cells also express 

the IL-18R1 and contribute to mucosal barrier immunity through their production of mucus 

and AMPs (Hansson, 2012; Levy et al., 2015; McDonald et al., 2006). To address whether 

epithelial IL-18 signaling conferred protection to S.t., we interbred Il18r1f/f with Vil1 Cre 

mice (Il18r1f/fVil1+) and infected the littermate progeny with S.t. Interestingly, epithelial 

cell deficiency in IL-18R1 did not alter host susceptibility to S.t. infection (Figures 4G–4I). 
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Taken together, these data indicate that neuronal-derived IL-18 does not facilitate its 

protective effects during S.t. infection by signaling directly to neuronal, glial, immune, 

endothelial, or epithelial cells in the intestine.

Enteric Neuronal IL-18 Is a Specific Driver of Goblet Cell Antimicrobial Protein Expression

Because it was not obvious from our IL-18R1 loss-of-function studies how neuronal IL-18 

signaling protects against S.t., we next sought to understand whether unique signaling events 

occur in neuronal IL-18-deficient mice compared with loss of the cytokine in immune and 

epithelial cell compartments. We conducted RNA-seq on proximal colon tissue from Il18f/f 

and Il18f/fHand2+ cohoused littermates and compared it with RNA-seq of Il18f/fFlk1+ and 

Il18f/fVil1+ mice and their wild-type littermates. Surprisingly, RNA-seq analysis revealed 

distinct and predominantly non-overlapping gene signatures specifically regulated by 

neuronal-, epithelial-, or hematopoietic-derived IL-18. By comparing genes reduced in 

Il18f/fHand2+ mice with those reduced in Il18f/fVil1+ and Il18f/fFlk1+, we identified that 

bactericidal and antimicrobial genes were exclusively reduced in neuronal but not 

hematopoietic or epithelial IL-18-deficient animals (Figures 5A and 5B). This was the major 

dysregulated pathway in ll18f/fHand2+ mice with no major effects on other known 

immunologically important pathways. Conversely, in Il18f/fVil1+ colons, major alterations in 

genes associated with hematopoietic cells known to be IL-18 responsive were observed 

(Figure 5A; Table S2). Therefore, we conclude that epithelial-derived IL-18 is essential in 

maintaining the immunologic tone of the intestine during homeostasis. Finally, 

transcriptomic analysis of Il18f/fFlk1+ colons revealed no major defects in immune or 

antimicrobial gene signatures, suggesting that this source of IL-18 may be more important 

during an inflammatory response (Figure 5B; Table S2). Together, these data reveal that the 

cellular source of IL-18 has profound and diverse effects on the expression landscape of the 

intestine and indicates each compartment has unique regulatory roles that we are only now 

beginning to understand.

Comparative RNA-seq analysis revealed that neuronal IL-18 was specifically promoting 

AMP production in the colon. To investigate how this was occurring at a single-cell level of 

resolution, we conducted scRNA-seq of colonocytes from Il18f/f and Il18f/fHand2+ mice. 

Using microfluidic scRNA Drop-seq and employing Adaptively-thresholded Low-Rank 

Approximation (ALRA) analysis (Linderman et al., 2018; Macosko et al., 2015), we 

identified 13 individual clusters of cell types that we confirmed with expression of cell 

lineage marker genes (Figures 5C and 5D). We next analyzed our data to identify the most 

differentially regulated genes from all clusters. In line with our RNA-seq data, the AMPs 

Ang4, Retnlb, and Itln1 were among the most significantly reduced genes in Il18f/fHand2+ 

mice compared with wild-type littermates (Figure 5E). In order to ascertain which cell types 

were most affected by loss of neuronal IL-18 in an unbiased manner, we analyzed the 

correlation of average gene expression between genotypes for each cluster. Epithelial cell 

population 1 and goblet cells exhibited the lowest correlation scores, indicating the largest 

divergence in gene expression between genotypes compared with all other clusters (Figures 

S4A–S4D). Indeed, these clusters showed the greatest number of genes differentially 

regulated between Il18f/f and Il18f/fHand2+ groups with the most significant genes again 

being antimicrobial in nature. This indicates that the major defect in colons lacking neuronal 
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IL-18 are epithelial and goblet cells transcription of important antimicrobial genes. As 

goblet cells were the highest expressing cell type for AMPs identified, we visualized the 

expression of known goblet cell developmental markers to identify if there was a general 

dysregulation of goblet cell maturation. While the AMPs Ang4, Retnlb, and Itln1 displayed 

significant reduction in both average expression and number of expressing cells per cluster 

(Figure 5F), known transcriptional regulators of goblet cell differentiation Klf4 and mucus 

producing genes such as Muc2 were unaffected (Figure 5G). These findings suggest that 

deficiency of neuronal-IL-18 leads to a specific loss of AMP production rather than a global 

dysregulation of goblet cell development. We next sought to investigate if neuronal IL-18 

directly signals to epithelial cells to drive AMP expression. To address this, we measured 

AMP expression in the distal and proximal colons of Il18f/fHand2+ and Il18r1f/fVil1+ mice 

and their wild-type counterparts by qPCR. We identified a significant loss of Retnlb in the 

distal and proximal colons of Il18f/fHand2+ mice, recapitulating the findings from the RNA-

seq experiments (Figure 5H). AMP levels could also be rescued in Il18f/fHand2+ mice by 

injection with recombinant IL-18 (Figure S4E). Interestingly, although we also observed a 

significant loss of Retnlb in the distal colon of Il18r1f/fVil1+ mice, we observed no robust 

difference in AMPs in the proximal colon (Figure 5I). This discordant defect in AMP 

production in the proximal and distal colon of Il18r1f/fVil1+ strongly indicates that both 

direct neuronal IL-18 to epithelial cell signaling and indirect signaling mechanisms must 

contribute to AMP expression patterns in the intestine during homeostasis.

We next endeavored to understand whether canonical inflammasome processing of IL-18 

through caspase-1 was required for neuronal IL-18 driven AMP production. To test this, we 

interbred Casp1f/f mice with Hand2+ mice (Casp1f/fHand2+). Strikingly, neuronal-intrinsic 

expression of caspase-1 was not required for goblet cell expression of Retlnb, Ang4, or Itln1 
(Figure S4F). Taken together, our results indicate that neuronal IL-18 is a major driver of the 

intestinal AMP landscape by a process that does not require neuronal intrinsic classical 

inflammasome processing.

Neuronal IL-18-Driven AMP Expression Prevents Bacterial Infiltration and Infection

To investigate whether deficiency of neuronal IL-18 leads to targeted loss of AMPs or 

whether more fundamental perturbations of the intestine that may not score in transcriptional 

analysis were present, we conducted histological examination of wild-type and 

Il18f/fHand2+ colons. H/E, AB/Pas staining, and confocal immunofluorescence studies 

revealed no major defects in intestinal architecture or goblet cell number, development, 

maturation, and mucus production (Figures 6A, S6A, and S6B). To characterize the 

immunological tone of the intestine, we conducted flow cytometry of all major immune cell 

populations in the intestine and the capacity of lymphocytes to produce IL-18-dependent 

molecules, including interferon-γ and granzyme B. We observed no difference in cell 

number, frequency, or activation capacity of cells from Il18f/f or Il18f/fHand2+ mice at 

steady state or 48 h post S.t. infection (Figure S5). Recent studies have also highlighted that 

the neurotransmitter norepinephrine is essential to intestinal immunity (Gabanyi et al., 2016; 

Straub et al., 2006). To address if norepinephrine was altered by IL-18, we measured 

norepinephrine in the cecal contents from wild-type and Il18f/f Hand2+ mice and observed 

no difference between littermates (Figure S6C). Taken together, these data demonstrated that 
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loss of neuronal IL-18 had no effect on goblet cell development, immunological tone, 

intestinal motility, or catecholamine production. These findings prompted us to further 

investigate whether the differences we observed in AMPs were the operative mechanism 

governing neuronal IL-18 protection against bacterial infection.

AMPs are secreted into the mucus layer of the intestine to limit bacterial association with the 

apical surface of epithelial cells. Studies using whole-body knockout mice of AMPs have 

demonstrated that these proteins shape the commensal mucosal bacterial communities in the 

intestine. To investigate the impact of neuronal IL-18 on the microbiota, we ran 16S 

sequencing on fecal samples from Il18f/f and Il18f/fHand2+ mice. We observed no 

significant alteration to the luminal bacterial microbiota (Figure S6D). We next investigated 

whether loss of AMP expression in Il18f/fHand2+ resulted in increased bacterial infiltration 

into the inner mucus layer as previously reported in Retn/b-deficient mice (Propheter et al., 

2017). Analysis of bacterial localization by 16S FISH revealed widespread infiltration of 

bacteria into the inner mucus layer of Il18f/fHand2+ intestine but not of their wild-type 

littermates (Figure 6B). To confirm this, we quantified the abundance and viability of 

mucosal-associated bacteria using anaerobic culturing conditions and observed that 

Il18f/fHand2+ mice had significantly more viable mucosal-associated bacteria than their 

wild-type littermates (Figure 6C). Furthermore, 16S sequencing of mucosal-associated and 

luminal bacteria from the same animal showed that in the absence of neuronal IL-18, the 

composition of mucosal-associated bacteria changed to a composition more similar to the 

luminal microbiota than in wild-type animals (Figure 6D; Table S3). Together, these data 

reveal that neuronal IL-18-driven AMP production is necessary to exclude microbes from 

the epithelium and maintain a quasisterile inner mucus layer.

To test if dysregulated AMP production could explain the increased susceptibility to S.t. 

colonization exhibited in neuronal IL-18-deficient mice, we used a reductionist ex vivo 
colon explant assay that allowed us to measure the effectiveness of antimicrobial killing 

(Udden et al., 2017). AMP-containing supernatants were collected from Il18f/f and 

Il18f/fHand2+ colon explants and incubated with S.t. or Yersinia enteroco/itica for 1 h to 

allow for bacterial killing. Surviving bacteria was plated and enumerated. These experiments 

revealed that bacterial killing was significantly reduced for both pathogens in Il18f/f Hand2+-

derived explants compared with wild-type counterparts (Figures 6E and 6F). These data 

demonstrate that the reduction in AMPs observed in Il18f/fHand2+ mice results in an 

inability to kill pathogenic bacteria and limit pathogenesis. Taken together, we have 

identified that IL-18 produced from enteric neurons promotes goblet cell AMP production, 

mediates direct bactericidal activity against the indigenous microbiota, and is required for 

protection against invasive microbial species to maintain mucosal barrier immunity.

DISCUSSION

In this study, we discovered that IL-18 produced by enteric neurons is necessary for 

protection against invasive bacterial infection. Unlike immune cell- and epithelial cell-

derived sources, neuronal expression of IL-18 non-redundantly directs a program of AMP 

production in goblet cells, which, during homeostasis, enforces a sterile inner-mucus barrier 

and, during infection, facilitates killing of enteric pathogens. Previously, bone marrow 
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chimera studies have identified non-hematopoietic IL-18 sources to be required for epithelial 

cell AMP production, and because epithelial cells are the major producers of the cytokine, 

the epithelium was attributed as the source (Levy et al., 2015; Nowarski et al., 2015). 

However, by pairing conditional genetic studies with transcriptomic analysis, we uncover 

that epithelial IL-18 is completely dispensable for AMP expression, which is facilitated by 

neuronal IL-18. IL-18 has also been reported to promote proliferation of intraepithelial T 

lymphocytes and NK cells (Kanai et al., 2000). RNA-seq of whole colon revealed genes 

such as Gzmb, Cd8a, Klrc2, and Cd103 are specifically reduced in epithelial IL-18-deficient 

mice, supporting a specific non-redundant role for epithelial IL-18 in maintaining 

intraepithelial lymphocytes. Furthermore, RNA-seq of hematopoietic IL-18-deficient colons 

revealed that there is no dramatic change in the immunological tone of the tissue, suggesting 

that immune-derived IL-18 may function primarily during an inflammatory response. Thus, 

our data demonstrate that the cellular source and likely location of IL-18 greatly influences 

its downstream effects and help explain the previously puzzling divergent observations that 

IL-18 drives colonic inflammation and maintains microbial homeostasis.

Although we have identified that neuronal IL-18 expression is essential for mucosal barrier 

homeostasis and response to infection, unresolved questions remain and are the focus of our 

ongoing research efforts pertaining to the direct and indirect mechanism of signaling and 

neuronal IL-18 activation and release.

Expression of IL-18 in neurons in the submucosal layer is suggestive of a direct ability of 

these cells to signal to epithelial cells and drive AMP production. In support of this model, 

we observed that in the distal colon of mice, IL-18R1 on the epithelium is essential for 

expression of goblet cell-expressed AMPs. Interestingly, in the proximal colon, there was no 

requirement for direct IL-18 to epithelial cell signaling, indicating that indirect neuronal 

IL-18 signaling mechanisms exist to regulate AMP production. This seemingly incongruent 

finding could be because of the diversity among IL-18-expressing neurons throughout the 

intestine. Additionally, factors such as pH, neuronal pattering, and composition of the 

microbiota differ dramatically in the proximal and distal regions of the colon and may 

influence the effects of neuronal IL-18. While further studies are necessary to address this 

observation specifically, our data indicate that IL-18 is essential for colonic AMP production 

and S.t. defense and that direct IL-18 signaling to the epithelium of the proximal colon is 

insufficient in providing robust protection against infection and indirect signaling 

mechanisms are also required.

In our studies, we identified that a population of IL-18+ neurons in the myenteric plexus also 

express nNOS. Nitrergic neurons are a heterogenous population of cells comprised mainly 

of inhibitory interneurons and inhibitory motor neurons, which regulate intestinal motility 

and fluid secretion (Bódi et al., 2019). In our studies, we did not observe that neuronal IL-18 

regulates intestinal motility, suggesting that the effect of neuronal IL-18 in nNOS+ neurons 

is independent of their functions in regulating gastric motility. A unique feature of nNOS+ 

neurons is their production of nitric oxide. In macrophages, nitric oxide production promotes 

NF-κB signaling, which is known to drive production of pro-IL-18 (Baig et al., 2015). Thus, 

it is interesting to consider whether IL-18 expression in nNOS+ neurons is tied to their 

unique ability to produce nitric oxide. In addition to IL-18+ nNOS+ neurons, we also 
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observe IL-18 expression in nNOS-cells, suggesting that multiple populations of neurons 

may express IL-18; therefore, we cannot rule out the expression of IL-18 in neurons that 

express other important immune-modulatory factors such as vasoactive intestinal peptide 

and substance P. Further studies will address what population of neurons express IL-18 and 

whether the unique properties or location of these neurons influence the expression and 

function of the cytokine.

Our findings also raise the intriguing question of how IL-18 is activated and released from 

enteric neurons. In epithelial and immune cells, mature IL-18 release is understood to occur 

via a NOD-like receptor (NLR) inflammasome that triggers caspase-1 activity to cleave 

cytoplasmic IL-18 into a bioactive cytokine (Gu et al., 1997; Martinon et al., 2002; Strowig 

et al., 2012). In turn, caspase-1 and/or caspase-11 cleaves and activates the pore-forming 

protein, gasdermin D, to facilitate IL-18 release (He et al., 2015; Kayagaki et al., 2015; Shi 

et al., 2015). However, here, we observe that loss of caspase-1 in enteric neurons has no 

effect on intestinal epithelial AMP production, indicating that IL-18 release and activation 

must occur through a distinct mechanism in neurons. Indeed, release of IL-18 from neurons 

could be achieved through a variety of mechanisms, which will require new tools and 

genetic models to interrogate. For instance, caspase-11 can also cause pore formation and 

release of IL-1 family members during pyroptosis, potentially facilitating IL-18 release in a 

caspase-1-independent manner (Kayagaki et al., 2011). However, as steady-state neuronal 

IL-18 is required for AMP expression, it seems unlikely that a pyroptotic mechanism of 

neuronal cell death is required for steady-state IL-18 release. Instead, it may be possible that 

caspase-11 contributes to neuronal IL-18 release specifically during invasive bacterial 

infection to directly limit bacterial invasion. In support of this, as demonstrated by Matheis 

and colleagues in this issue of Cell, caspase-11 is essential for neural cell death after S.t. 

infection (Matheis et al., 2020). Recent studies have uncovered other examples and 

mechanisms for IL-1 family member release independent of cell death and pro-inflammatory 

caspases. In the CNS, IL-33 is released through an elusive mechanism thought to occur 

independent of cell death in order to regulate neuronal synapse formation (Vainchtein et al., 

2018). Mechanistically, mature IL-1 b can be released from immune cells independently of 

gasdermin D pore formation by interaction with PIP-2 membrane microdomains and 

subsequent exocytosis (Monteleone et al., 2018). In neurons, it is exciting to speculate that 

IL-18 could be released from neuronal synaptic vesicles. While we have not seen evidence 

for this in our preliminary studies (data not shown), IL-18 is a similar size as some 

neuropeptides, suggesting that it could be exported via neuronal synaptic vesicles. 

Identifying whether IL-18 can be exported this route and what signals mediate its release are 

of the upmost interest. In the intestinal epithelium, NLRP6-mediated release of IL-18 is 

dependent on microbial-derived polyamine metabolites that activate the inflammasome and 

trigger IL-18 release (Levy et al., 2015). It is possible that these or other unidentified 

molecules can trigger release of IL-18 from neurons. Regardless of how IL-18 is released 

from neurons, the finding that its function in regulating AMPs is independent of intrinsic 

neuronal caspase-1 is both surprising and thought provoking. It is possible that neuronal 

IL-18 can be processed by non-autologous sources of caspase-1 either through extracellular 

interaction or by neuronal uptake and internalization of active caspase-1 inflammasome 

complexes (Franklin et al., 2014). Alternatively, although caspase-1 is the archetypical 
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protease for IL-18 processing, other enzymes can cleave the N-terminal domain of IL-18 to 

trigger its bioreactivity. For example, CD8 T cell and NK cell release of granzyme B has 

been demonstrated to cleave pro-IL-18 into its active form (Omoto et al., 2010). In addition, 

Mast cells, which are known to form neuro-immunological like synapses, produce chymases 

with the capacity to cleave and activate IL-18 (Omoto et al., 2006; Schemann and Camilleri, 

2013). Taken together, these studies highlight a multitude of possible mechanisms that may 

facilitate neuron IL-18 activation and signaling potential. Therefore, further investigations 

are focused on identifying the mechanism and signals that regulate IL-18 processing and 

release.

Our understanding of how the nervous system influences intestinal immunity has grown 

rapidly in the last half decade. Here, we show for the first time that neurons can produce an 

immunomodulatory cytokine, IL-18, that drives an antimicrobial program necessary to 

prevent pathogenic bacterial infection. This axis is mediated exclusively by neuron-produced 

IL-18, not IL-18 from epithelial or immune cell sources. Based on these unexpected 

findings, we propose that targeting neurons to enhance epithelial AMP production could be 

used to limit pathogenicity in patients suffering from dysregulated barrier immunity.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

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

fulfilled by the Lead Contact, Richard A. Flavell (richard.flavell@yale.edu). All unique/

stable reagents generated in this study are available from the Lead Contact with a completed 

Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—For conditional deletion of Caspase-1, IL-18 and IL-18R1, Casp1f/f, Il18f/f and 

Il18r1f/f animals previously generated in our laboratory (Case et al., 2013; Nowarski et al., 

2015), were crossed to Cre expressing lines obtained from Jackson Laboratories: Nestin-

Cre-ERT2 (Jax #016261) to target nestin-expressing cells, PLP-Cre-ER (Jax #005975) to 

target glial cells, oligodendrocytes and Schwann cells, Flk1 Cre (Jax #018976) to target 

hematopoietic, endothelial and some muscle cells, and Villin1 Cre (Jax #021504) to target 

intestinal epithelial cells. For conditional deletion in enteric neurons mice with loxP-floxed 

alleles were crossed to Hand2-Cre mice generated and generously gifted to us by Dr. David 

E. Clouthier (Ruest et al., 2003). To validate Cre recombinase expression in Hand2-Cre 

animals, Cre expressing mice were crossed to ROSA26loxStoploxTdTomato mice (Jax 

#007914). All experiments were performed using cohoused littermate control mice. Both 

male and female mice 7–12 weeks old were used for all experiments. Animal 

experimentation was conducted in compliance with Yale Institutional Animal Care and Use 

Committee protocols, and Harvard Institutional Animal Care and Use Committee protocols.

Rats—Female naive adult rat colon tissue was used for confocal immunofluorescence 

studies investigating IL-18 localization. Rat tissue was a generous gift from Dr. Justus 

Verhagen who obtained Sprague Dawley animals from Charles Rivers. All procedures were 
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performed in accordance with protocols approved by the Pierce Animal Care and Use 

Committee (PACUC). These procedures are in agreement with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals (8th edition).

METHOD DETAILS

Tamoxifen treatment—Mice were administered 75 mg tamoxifen / kg body weight via 

intraperitoneal injection daily for five days, then rested for 7 days before experimental use. 

Tamoxifen treated mice were separated from vehicle (sunflower oil) treated animals during 

and following tamoxifen treatment to inhibit tamoxifen ingestion due to coprophagic 

behavior.

In vivo S. typhimurium infection—In vivo infections were performed as previously 

described (Jackson et al., 2018). Briefly, mice were gavaged with streptomycin (20mg), then 

24 h later infected with streptomycin-resistant S. enterica subsp. enterica serovar 

typhimurium (SL1344 strain, generously provided by Dr. Jorge E. Galán). Before infection, 

bacteria were propagated overnight in LB containing streptomycin (100 μg ml−1), then 

subcultured the next day in antibiotic-free LB containing 0.3 M NaCl (Chen et al., 1996). 

Mice were infected with 1 × 103 CFUs. To calculate bacterial CFU from the cecum, liver 

and spleen of infected mice, organs were isolated and added to 2 mL of PBS. Tissue was 

then dissociated with GentleMacs C Tubes (Miltenyi Biotech) as per manufacturer’s 

instructions, and tissue slurries were clarified at 50 g for 10 min, and bacteria-containing 

supernatants serially diluted and plated in triplicate on LB agar streptomycin plates. CFU 

counts were performed blinded. In experiments without streptomycin pretreated (Figure 

S2E), bacteria were cultured as above. Mice were infected with 1 × 106 CFUs by oral 

gavage and monitored twice daily.

Ex vivo S. typhimurium killing assay—Ex vivo bacterial killing assays were 

performed as previously described (Udden et al., 2017), with minor modifications pertaining 

to S. Typhimurium conditions. Briefly, colons were removed and washed thoroughly with 

ice-cold PBS. Colons were then cut into 1cm pieces, weighed, and incubated in DMEM/F12 

medium containing 5% FBS, penicillin-streptomycin, and gentamycin (20ug/mL) for 2 h at 

37°C with 5% CO2. After 2 h, tissue segments were washed 3 times in antibiotic-free 

DMEM/F12 medium containing 5% FBS to remove all antibiotics. Tissue was then 

incubated for 12 h at 37°C with 5% CO2 in DMEM/F12 medium containing 5% FBS 

(without any antibiotics) at 100mg tissue / 1 mL medium. After 12 h incubation, 

supernatants were collected, clarified, and diluted 1:10 with antibiotic free DMEM/F12 with 

5% serum. For S. typhimurium, bacteria was propagated and subcultured as described above 

then 1×104 CFU S. typhimurium was added to 250ul diluted supernatant and mixtures were 

incubated at 37 degrees for 1 h. After 1 h samples were serially diluted, plated on LB agar 

streptomycin plates and grown overnight at 37 degrees. CFU counts were performed 

blinded. For Y. enterocolitica the same protocol was followed with the minor adjustment that 

the bacteria were grown and subcultured in antibiotic-free LB, then plated on antibiotic-free 

LB agar plates.
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Intestinal motility and expulsion assay—To measure intestinal motility mice were 

fasted for 4 h then gavaged with 200ul of 6% (w/v) carmine red dye in methylcellulose. 

Mice were observed until the dye could be seen in the feces.

To measure colonic motility, a 2mm glass bead was inserted 2cm into the colon of mice 

using a glass rod and bead expulsion time was recorded.

Colon immune cell isolation and flow cytometry—Colons were removed and 

luminal contents flushed with ice cold HBSS. The tissue was then cut into 0.5 cm pieces and 

incubated in HBSS with 5mM EDTA and 1mM DTT in a bacterial shaker at 200 RPM, 37°C 

for 15 min. Tissue was then removed and placed into new HBSS/EDTA/DTT solution and 

this cycle was repeated for a total of three washes. Each epithelial wash was collected, spun 

down and then intraepithelial immune cells were purified using a 40% / 80% percoll 

gradient. The remaining tissue was washed in PBS then digested in DMEM with 10% FBS, 

300 U/mL Collagenase XI (Sigma C7657), 0.1 mg/mL Dispase and 50 u/mL DNase II type 

V (Sigma, 1100 u/mg) for 1 h at 37 degrees with gentle horizontal shaking. After 1 h of 

gentle shaking tissue was then shaken quickly to release the majority of cells. Following 

this, the tissue slury was strained to remove any undigested material and washed in DMEM 

with 10% FBS before processing for flow cytometry.

Single-cell suspensions were stained with a cocktail of antibodies (See Star Methods) to 

identify specific subsets of immune cells. For intracellular staining of transcription factors, 

cells were stained for surface markers then fixed and permeablized using the Foxp3 

Transcription Factor Staining Buffer Set (eBioscience), followed by intracellular antibody 

staining overnight (Sefik et al., 2015). For intracellular cytokine staining, cells were 

stimulated with PMA (20ng/mL) and ionomycin (20ng/mL) for 4 h, with the addition of 

brefeldin A1 h into the stimulation. Cells were then fixed using Fixation/Permeabilization 

Solution kit (BD) and stained with antibodies overnight.

Isolation and growth of mucosal-associated bacteria—To isolate mucosal-

associated bacteria, 1cm of proximal colon was removed of fat, opened longitudinally and 

gently washed through 4 Petri dishes with 20 mL of PBS per dish. A 5mm punch biopsy was 

collected from this piece of tissue then weighed and put into a Lysing Matrix D tube (MP 

Biomedicals) with PBS at 50mg/mL. Tissue pieces were homogenized using a bead beater 

and spun for 1 min at 50 g in a 4 degree centrifuge. A fraction of the sample was then 

serially diluted, plated on 5% Sheep Blood Agar plates (BD 221734), and grown in 

anaerobic conditions at 37 degrees for 24 h.

Whole mount microscopy—Rat or mouse tissue segments from the colon were 

harvested and the lumen was flushed of debris with ice cold HBSS plus magnesium and 

calcium. Longitudinal muscle and the adjoining myenteric plexus (LMPP) was removed by 

placing the tissue on a glass rod and peeling the LMPP from the circular muscle and 

adjoining submucosal plexus (SMP) as previously described (Smith et al., 2013). The LMPP 

was then pinned to sylagard discs and fixed in 2% PFAin PBS for 20 min at room 

temperature (RT). Samples were washed 3x in PBS and permeabilized in 0.3% Triton, 5% 

BSA and 5% donkey serum for 2 h at RT. Samples were washed 2x in PBS and incubated 
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with unconjugated primary antibodies diluted in 1% BSA, 3% donkey serum and 0.1% 

Tween overnight at 4°C. The next day samples were washed 3x with PBS + 0.1% tween and 

incubated with secondary antibodies and directly conjugated antibodies for 2 h at RT. 

Samples were then washed 3x with PBS + 0.1% tween, incubated for 10 min with PBS

+DAPI, then washed again in PBS. Samples were mounted on slides using ProLong 

Diamond Antifade (ThermoFisher Scientific), cured overnight, and sealed. Confocal 

imaging was conducted with a Nikon-Ti microscope combined with UltraVox spinning disk 

(PerkinElmer) and data was analyzed using the Volocity software (PerkinElmer).

Immunohistochemistry—Rat or mouse intestinal tissue segments were harvested, and 

the lumen was flushed of debris with ice cold HBSS containing magnesium and calcium. 

Samples were fixed in 2% PFA diluted in PBS for 20 min at room temperature, then 

dehydrated for 1 h each in 10%, 20% and 30% sucrose containing PBS. Dehydrated tissue 

was frozen in OCT and cut 8–10uM thick using a Leica cryostat. For staining, tissue 

sections were permeabilized with 0.1% triton in 2% BSA diluted in PBS for 15 min at RT 

then washed 2x in PBS and incubated for 5 min with Serum-Free Protein Block (Agilent 

Dako). Primary antibody was diluted in 1% BSA and 0.1% tween and incubated overnight at 

4°C. The next day slides were washed 3x with PBS, incubated with secondary antibodies 

and directly conjugated antibodies for 1 h at RT, then washed 3x with PBS and mounted 

with ProLong Diamond Antifade (ThermoFisher Scientific).

Histology—Tissue was fixed in Carnoy’s solution for 2 h on ice. Post-fixation samples 

were moved to 70% ethanol then sent to HistoWiz Inc. (Histowiz.com) for processing. 

Samples were embedded in paraffin and sectioned at 5 mm prior to AB/PAS staining. Whole 

slide scanning (40x) was performed on an Aperio AT2 (Leica Biosystems).

16S Fluorescence In situ hybridization—16S rRNA FISH was performed as 

previously described (Canny et al., 2006) with minor adjustments. Briefly, colon tissue 

sections were dissected and immediately placed in ice-cold Carnoy’s solution 

(Ethanol:Chloroform:Glacial acetic acid at 6:3:1) for 1–2 h. The tissue was then washed 

twice in 100% ethanol for 15 min followed by two washes in xylenes for 15 min then 

embedded in paraffin and cut to 5 mm. Slides were allowed to sit in sunlight for at least 24 h 

to reduce background autofluorescence. Following this, slides were deparaffinized by 

heating to 50°C for 1 h followed by 5 min incubations with xylene (2x) then 100% ethanol 

(2x) at room temperature. Slides were next incubated with a universal bacterial 16S-DNA 

probe (EUB-338: [Cy3]-5’-GCTGCCTCCCGTAGGAGT-3’-[Cy5]) at 0.5ng/uL in 

hybridization buffer (0.9M NaCl, 0.02M Tris pH 7.5, 20% Formamide, 0.05% SDS) for 2 h 

at 46°C. Following this incubation slides were washed in post-hybridization buffer (0.215M 

NaCl, 0.02 Tris pH 7.5, 0.025M EDTA, 0.05% SDS) 2x for 5 min at 46°C then rinsed with 

deionized water and allowed to air dry before coverslips were mounted using Antifade 

Mounting media with DAPI (ThermoFisher Scientific).

Single-molecule fluorescence in situ hybridization (smFISH)—Mice were 

sacrificed and the colon was removed and flushed with cold PBS. Colonic tissue was opened 

longitudinally and spread on whatman filter paper. Flat tissue was then fixed in 4% 
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paraformaldehyde (PFA, Santa Cruz Biotechnology, sc-281692) in PBS for 3 h and 

subsequently incubated in a 30% sucrose, 4% PFA in PBS solution at 4°C overnight with 

gentle agitation. Fixed tissues were then embedded in Tissue-Tek OCT Compund (Sakura, 

4583). 7mm thick sections of fixed colon were sectioned onto poly L-lysine coated 

coverslips and used for smFISH staining. Probe libraries were designed using the Stellaris 

FISH Probe Design Software (Biosearch Technologies) (Table S1). Probe libraries were 

coupled to Cy5 (Il-18) orTMR (Tubb3). Colonic sections were hybridized with smFISH 

probe sets based on a previously published protocol (Mooret al., 2018). Before mounting the 

samples on slides, colonic tissue samples were treated with 1XTrueBlack Lipofuscin 

Autofluorescence Quencher (Biotium, 23007) to remove signal from autofluorescent 

granules within mesenteric neurons. smFISH imaging was performed on a Leica 

THUNDER 3D Live Cell Imaging system using the following THUNDER Computational 

Clearing Settings, Feature Scale (nm): 383, Strength (%): 97.75, Deconvolution settings: 

Auto and Optimization: High.

Norepinephrine ELISA—Cecal contents from Il18f/f or Il18f/fHand2+ mice were 

resuspended in norepinephrine stabilization buffer (10 mM HCl, 1 mM EDTA, 4mM 

Na2S2O5) to 200mg/mL and vortexed for 1 min to homogenize the sample. Homogenized 

samples were spun for 5 min at 2300 RCF at 4°C and 100ul of clarified supernatant was 

used as input for a norepinephrine ELISA which was conducted according to the 

manufacturer’s protocol (Labor Diagnostika Nord: BA E-5200 Noradrenaline Research 

ELISA).

RNA sequencing—Proximal tissue was flushed of fecal debris, snap frozen and then 

homogenized in TRIzol reagent (Invitrogen) before being purified following the 

manufacturer’s instructions. RNA was further purified using a RNAeasy Plus Mini Kit as 

per manufactures instructions. Purified RNA was processed by the Yale Center for Genome 

Analysis using standard methodology and sequenced on a HiSeq2000 with 75-bp paired-

ended reads. Raw RNA sequencing reads were aligned to the mouse mm10, GRCm38 

genome with Tophat. Gene expression levels and differential analysis were performed with 

Cufflinks and Cuffdiff respectively. Genes with a Log2FoldChange of ± 1 and < 0.05 p value 

were considered significantly differentially expressed. Volcano plots were constructed using 

Origin lab graphical software.

Intestinal cell isolation for single-cell RNA sequencing—Whole colon was 

dissected from euthanized mice and luminal contents were removed by vigorous flushing 

with ice cold HBSS containing 2% FBS and 1x HEPES. Clean colons were cut into 0.5cm 

pieces and incubated shaking for 15 min at 37 degrees in 10mLof HBSS, 5mM EDTA, 1mM 

DTT. After 15 min of shaking, HBSS wash was collected, diluted with 10% FBS containing 

DMEM and placed on ice. New HBSS/EDTA/DTT solution was added to the tissue sections 

and this step was repeated for a total of 3 wash, with the epithelial fraction collected at the 

end of each wash. In order to retain intraepithelial lymphocytes, the epithelial wash 

containing cells were subjected to Percol separation using an 80% and 40% gradient. 

Immune cells were isolated and later combined with tissue digestion liberated cells from the 

remaining colon tissue. The remaining colon tissue was then washed in PBS without calcium 
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or magnesium and digested in 10mL of DMEM containing 10% FBS, Collagenase XI 

(Sigma C7657), Dispase, and DNase 1 type V (Sigma) for approximately 60 min at 37 

degrees and shaking. When tissue appeared “stringy,” it was shaken vigorously, and the 

digested tissue was passed through a 40 mm strainer and spun at 200 g for 5 min at 4°C. 

Samples are then washed 3–5 times with 10mL DMEM containing 2% sorbitol in 15 mL 

tube to remove digestion associated cellular debris. Cells were counted and resuspended in 

PBS containing 0.01% BSA(Ambion #AM2616) at a concentration of 100,000 cells per ml 

for further downstream single cell sequencing.

Single-cell RNA sequencing and data analysis—Intestinal cells from Il18f/f and 

Il18f/fHand2+ mice were diluted to a concentration of 100 cells/ml and 1 μL aliquots were 

used as input to the Drop-seq protocol which was performed as described previously 

(Macosko et al., 2015; Shekhar et al., 2016) with minor modifications. The beads were 

purchased from ChemGenes Corporation, Wilmington MA (catalog number 

Macosko201110) and the PDMS co-flow microfluidic droplet generation device was 

generated by Nanoshift, Emeryville CA. For both conditions the 1ml Drop-Seq collection 

was performed. Samples were processed for cDNA amplification within 15 min of 

collection. Populations of 5000 beads (150 cells) were separately amplified for 15 cycles of 

PCR (conditions identical to those previously described) and pairs of PCR products were co-

purified by the addition of 0.6x AMPure XP beads (Agencourt). The cDNA from an 

estimated 1500 cells was prepared and fragmented by Nextera XT using 1000 pg of cDNA 

input, and the custom primers P5_TSO_Hybrid (Macosko et al., 2015) and Nextera XT 

primers - N701 and N702 (Illumina). Both libraries were sequenced on the Illumina 

NextSeq 500 using 2.0 pM in a volume of 1.3 mL HT1, and 2 mL of 0.3 μM 

Read1CustomSeqB (Macosko et al., 2015) for priming of read 1. Read 1 was 20 bp; read 2 

(paired end) was 60 bp. Single cell RNA-seq data was processed as described in in 

(Linderman et al., 2018; Macosko et al., 2015). After the generation of the digital expression 

matrix, data was first filtered to include only cells with more than 100 genes and less than 

10% mitochondria transcripts, and genes expressed in more than 10 cells; then normalized in 

terms of log (CPM/100 + 1), where CPM stands for counts per million (meaning that the 

sum of all gene-levels is equal 1,000,000). After normalization, we used ALRA (Adaptively-

thresholded Low Rank Approximation) (Linderman et al., 2018) to impute the matrix and 

fill in the technical drop-ped-out values. Subsequently, to visualize the cell subpopulations in 

two dimensions, principal component analysis (PCA) followed by t-Distributed Stochastic 

Neighbor Embedding (t-SNE) (Maaten and Hinton, 2008), a non-linear dimensional 

reduction method, were applied to the log transformed data. Graph-based clustering (Butler 

et al., 2018) were then used to generate clusters that were overlaid on the t-SNE coordinates 

to investigate cell subpopulations. Marker genes for each cluster of cells were identified 

using the Wilcoxon test with Seurat. To investigate the differences between Il18f/f and 

Il18f/fHand2 then conducted differential expression analysis on each cluster.

4-way plot analysis—Cre+ genotypes were compared to their wild type (Cre−) controls. 

Analysis focused on genes with a coefficient of variation ≤ 0.5 to generate lists of 

significantly induced or repressed genes (Log2FC ± 2, P Value ≤ 0.05). These lists were 

compared between genotypes (Il18f/f/Il18f/fHand2+ versus Il18f/f/Il18f/fFlk1+ or Il18f/f/
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Il18f/fHand2+ versus Il18f/f/Il18f/fVil1+) to identify genes that were preferentially over-

represented in each Cre+ genotype or in both Cre+ genotypes compared with wild type 

counterparts. Scatter analysis of foldchanges across two different genotypes each compared 

to wild type was presented as 4-way plots generated using Multiplot Studio (Scott P. Davis 

and Christophe Benoist).

Production of recombinant IL-18—The coding sequence of the mature form of murine 

IL-18 (amino acids 37–193) was subcloned into the pE-SUMO vector (LifeSensors) with an 

N-terminal SUMO tag and C-terminal hexa-histidine tag. The resulting plasmid was 

transformed into BL21(DE3) cells and protein expression was induced by addition of 0.5 

mM IPTG once the culture reached an optical density of 1.2. The induced culture was 

incubated at 16°C and the cells were harvested by centrifugation after 20 h. Harvested cells 

were resuspended in lysis buffer (10 mM Tris pH 7.5,150 mM NaCl, 1 mM TCEP) and 

disrupted with a french press. The soluble fraction was clarified by centrifugation at 24,000 

RCF for 20 min and the supernatant applied to a Ni-NTA column. The SUMO tag was 

removed by addition of the SUMO protease Ulp1 (produced in-house) to a 1:1000 dilution at 

4°C for 16 h, then buffered exchanged with a spin concentrator into lysis buffer and re-

applied to a second Ni-NTA column to remove the free SUMO tag. The cleaved IL-18 

protein was then applied to an ENrich SEC70 gel-filtration column (Bio-Rad) to remove 

aggregates. The mono-disperse fractions were pooled and applied to a final Ni-NTA column 

for endotoxin removal by washing with 0.2% Triton X-114 at 4°C. The eluted protein was 

buffered exchanged into endotoxin-free phosphate buffered saline using a sterile PD-10 

column (GE Healthcare). Endotoxin levels were quantified using an EndoSafe nexgen-PTS 

device (Charles River) and found to be < 5 endotoxin units/mg protein.

Bacterial DNA isolation—For fecal DNA isolation, fecal pellets were collected in 2mL 

screw cap cryo-storage vials with 250ul of 20% SDS. 500ul of PB Buffer (QIAGEN PCR 

Purifcation Kit #28104) and 100ul of 0.1mm diameter Zirconia/silica beads (Biospec# 

11079101z) were then added to each sample followed by 550ul of phenol:chloroform:IAA. 

Samples were bead beated for 4 min then centrifuged at 8000 RCF for min at room 

temperature. 500ul of the clarified aqueous phase was then run through a QIAGEN PCR 

purification column and processed following the manufacture’s protocol. Isolated DNA was 

used for 16 s sequencing.

For mucosal associated DNA isolation, samples were prepared as previously reported 

(Zoetendal et al., 2006). Briefly, colons were dissected, removed of fat and opened 

longitudinally. Tissue was then washed through 4 dishes full of PBS until no fecal matter 

was observed. The colon was then flayed open and a 5mm biopsy was collected from the 

proximal colon. This tissue was either processed immediately or flash frozen until 

processing. To process the tissue, 1 mL of TE buffer was added to each tissue biopsy 

followed by 50ul of 10% SDS and 10ul of Protease K (20 mg ml-1). Samples were then 

incubated at 55°C for 1 h. After incubation samples were pipetted to resuspend the tissue 

and then 0.5g of 0.1 mm zirconia beads and 4 glass beads were added to each tube. Samples 

were then vortexed until the sample was homogenized followed by 2 min bead beatings at 

room temperature. Following homogenization samples were heated to 95°C for 15 min and 
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DNA was isolated by proceeding to Step 4 of the protocol “Isolation of DNA from Stool and 

Pathogen Detection (Qiagen).”

16 s sequencing—16 s rRNA sequencing was performed on an Illumina miSeq (Paired-

end 2×250) using barcoded primers(Kozich et al., 2013). Microbial diversity and tactical 

analysis were performed with QIIME as previously described (Geva-Zatorsky et al., 2017; 

Nowarski et al., 2015; Palm etal., 2014)

RNA isolation and RT-PCR—For whole tissue RNA extraction, intestinal tissue was 

washed of fecal debris then snap frozen. RNA processing and cDNA synthesis was 

conducted as previously described Jarret et al., 2016, with minor modifications. TRIzol 

reagent (Invitrogen) was added to frozen tissue segments, homogenized, and then processed 

as per manufacturer’s instructions. RNA was further purified using the QIAGEN RNeasy 

Plus Mini kit. Maxima H Minus (ThermoFisher Scientific) was used for cDNA synthesis 

and real time PCR was carried out using the Biorad CFX384 system with Universal SYBR 

Green Supermix (Biorad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis details of each individual experiments, including number of replicates is 

reported either in the figure legends or relevant method section. Data are presented as means 

with error bars indicating SE unless otherwise stated. The calculations were performed 

either with Microsoft Excel or with GraphPad Prism.

DATA AND CODE AVAILABILITY

The transcriptome datasets generated during this study are available at Gene Expression 

Omnibus (GEO) under the superseries number GSE141810. The bulk RNaseq is available 

under the accession number: GSE141808. The DropSeq data is available under the accession 

number: GSE141809. The 16S sequencing datasets generated during this study are available 

at NCBI BioProject under the number: PRJNA594999.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Epithelial and immune cell IL-18 are not required to combat S. typhimurium

• Enteric neurons express IL-18

• Enteric neuronal IL-18 controls goblet cell antimicrobial protein expression

• Neuronal IL-18 directs killing of enteric bacterial pathogens
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Figure 1. Epithelial Cell- and Immune Cell-Derived IL-18 Does Not Protect against Enteric S.t. 
Infection
(A) Weight loss of Il18f/f (n = 15) or Il18f/fFlk1+ (n = 7) mice infected with S.t. Data 

represent mean ± SEM; unpaired t test was used for statistical analysis. Data represent two 

independent experiments combined.

(B and C) S.t. colony-forming unit (CFU)/g of (B) cecum, (C) spleen, and liver from Il18f/f 

or Il18f/fFlk1+ mice 4 days post-infection. Data represent mean ± SEM; Mann-Whitney test 

was used for statistical analysis. Each dot represents one mouse. Data represent two 

independent experiments combined.

(D) Weight loss of Il18f/f (n = 7) or Il18f/fVil1+ (n = 8) mice infected with S.t. Data represent 

mean ± SEM; unpaired t test was used for statistical analysis. Data represent two 

independent experiments combined from three total independent experiments.

(E and F) S.t. CFU/g of (E) cecum, (F) spleen, and liver from Il18f/f or Il18f/fVil1+ mice 4 

days post-infection. Data represent mean ± SEM; Mann-Whitney test was used for statistical 

analysis. Each dot represents one mouse. Data represent two independent experiments 

combined from three total independent experiments.
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Figure 2. Enteric Neurons Express IL-18
(A) Confocal immunofluorescence (IF) image of the myenteric plexus (MP) isolated from 

rat colon stained for IL-18 (red), the neuronal marker Tubulin beta 3 (Tubb3; green), and 

DAPI (blue).

(B and C) Confocal IF images of rat colon cross-sections stained for IL-18 (red), Tubb3 

(green), and DAPI (blue). Arrows highlight IL-18+ Tubb3+ neurons, which can be seen near 

the base of crypts and in villi.
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(D) Confocal IF image of the MP isolated from rat colon stained for IL-18 (red), nNOS 

(green), and DAPI (blue). White arrow highlights an IL-18+ nNOS+ cell body, blue arrow 

highlights an IL-18+ nNOS− cell body.

(E) Visualization of Il18 (red) and Tubb3 (white) transcripts and DAPI (blue) in mouse 

colon cross-sections detected by single-molecule fluorescence in situ mRNA hybridization.
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Figure 3. Enteric Neuronal IL-18 Is Protective against S.t. Infection
(A) Weight loss of Il18f/fNesERT+ mice pretreated with tamoxifen (TMX) (n = 20) or 

vehicle (n = 18) then infected with S.t. Data represent mean ± SEM; unpaired t test was used 

for statistical analysis. Data represent two independent experiments combined from three 

total independent experiments.

(B) Survival curve for S.t.-infected Il18f/fNesERT+ mice pretreated with TMX (n = 5) or 

vehicle (n = 7). Log rank test was used for analysis. Data represent two independent 

experiments combined.

(C and D) S.t. CFU/g of (C) cecum, (D) spleen, and liver from Il18f/fNesERT+ mice, 

pretreated with vehicle or TMX, 5 days post-infection. Data represent mean ± SEM; Mann-

Whitney test was used for statistical analysis. Each dot represents one mouse. Data represent 

two independent experiments combined from three total independent experiments.

(E) Weight loss of Il18f/f (n = 7) or Il18f/fPlp1+ (n = 7) mice pretreated with TMX then 

infected with S.t. Data represent mean ± SEM; unpaired t test was used for statistical 

analysis. Data represent two independent experiments combined.

(F and G) S.t. CFU/g of (F) cecum, (G) spleen, and liver from Il18f/f (n = 7) or Il18f/fPlp1+ 

(n = 7) pretreated with TMX, 4 days post-infection. Data represent mean ± SEM; Mann-

Whitney test was used for statistical analysis. Each dot represents one mouse. Data represent 

two independent experiments combined.

(H) Weight loss of Il18f/f (n = 20) or Il18f/fHand2+ (n = 17) mice infected S.t. Data represent 

mean ± SEM; unpaired t test was used for statistical analysis. Data represent two 

independent experiments combined from three total independent experiments.
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(I) Survival curve for S.t.-infected Il18f/f (n = 6) or Il18f/fHand2+ (n = 7) mice. Log rank test 

was used for analysis. Data represent two independent experiments combined.

(J and K) S.t. CFU/g of (J) cecum, (K) spleen, and liver from Il18f/f or Il18f/fHand2+ mice 5 

days post-infection. Data represent mean ± SEM; Mann-Whitney test was used for statistical 

analysis. Each dot represents one mouse. Data represent two independent experiments 

combined from three total independent experiments.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Figure 4. Intrinsic IL-18 Signaling to Epithelial, Immune, or Neuronal Cells Does Not Mediate 
Protection against S.t. Infection
(A) Weight loss of II18r1f/f (n = 14)or Il18r1 f/fHand2+ (n = 25) infected with S.t. Data 

represent mean ± SEM; unpaired t test was used for statistical analysis. Data represent two 

independent experiments combined.

(B and C) S.t. CFU/g of (B) cecum, (C) spleen, and liverfrom Il18r1f/f (n = 5) or 

Il18r1f/fHand2+ (n = 11) mice 5 days post-infection. Data represent mean ± SEM; Mann-

Whitney test was used for statistical analysis. Each dot represents one mouse. Data represent 

one independent experiment of two total independent experiments.

(D) Weight lossof Il18r1f/f(n = 8) or Il18r1f/fFlk1+ (n = 10) mice infected with S.t. Data 

represent mean ± SEM; unpaired t testwas used forstatistical analysis. Data represent two 

independent experiments combined.

(E and F)S.t. CFU/g of(E) cecum, (F) spleen, and liverfrom Il18r1f/f(n = 8) or Il18r1f/fFlk1+ 

(n = 10) mice 5 days post-infection. Data represent mean ± SEM; Mann-Whitney test was 
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used for statistical analysis. Each dot represents one mouse. Data represent two independent 

experiments combined.

(G) Weight loss of Il18r1f/f (n = 14) or Il18r1f/fVil1+ (n = 14) mice infected S.t. Data 

represent mean ± SEM; unpaired t test was used for statistical analysis. Data represent two 

independent experiments combined.

(H and I) S.t. CFU/g of(H) cecum, (I) spleen, and liverfrom Il18r1f/f(n = 14)or Il18r1f/fVil1+ 

(n = 14) mice 5 days post-infection. Data represent mean ± SEM; Mann-Whitney test was 

used for statistical analysis. Each dot represents one mouse. Data represent two independent 

experiments combined.
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Figure 5. Enteric Neuronal IL-18 Is a Specific Driver of Goblet Cell Derived-AMP Expression
(A and B) Matched proximal colons (n = 2 per genotype) from cohoused llttermatesot the 

Indicated genotypes were collected, RNA Isolated, and RNA sequencing analysis conducted.

(A) Comparison of wild-type/knockout fold-change between Il18f/f and Il18f/fHand2+ or 

Il18f/f and Il18f/fVil1+. Gene sets with fold-change ≥ 2 that are unique to Il18f/fHand2+ (red) 

or Il18f/fVil1+ (green) or shared by both genotypes (blue) are highlighted. AMPs are labeled.

(B) Comparison of wild-type/knockout fold-change between Il18f/f and Il18f/fHand2+ or 

Il18f/f and Il18f/fFlk1+. Gene sets with fold-change ≥ 2 that are unique to Il18f/fHand2+ (red) 

or Il18f/fFlk1+ (yellow) or shared by both genotypes (blue) are highlighted. AMPs are 

labeled.

(C–G). Single-cell RNA sequencing was performed on colonic cells isolated from Il18f/f (n 

= 2) and Il18f/fHand2+ (n = 2) mice then analyzed by ALRA (Adaptively-thresholded Low-

Rank Approximation).

(C) Integrative analysis reveals marker genes for each cluster.

(D) Clustering and labeling of these cells visualized on a t-SNE plot.

(E) Analysis of the top 10 differentially regulated genes between Il18f/f and Il18f/fHand2+ in 

all clusters.

(F and G) Violin plots illustrate expression distribution of (F) the AMPs Retnlb, Ang4, and 

Itln1 or (G) goblet cell genes Klf4, Muc2, and Tff3 in the annotated goblet cell cluster 

(cluster 6) of Il18f/f or Il18f/fHand2+ samples.
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(H) Gene expression of Retnlb in tissue from the proximal or distal colon of Il18f/f and 

Il18f/fHand2+ mice, results are presented as relative to an Il18f/f sample. Data represent 

mean ± SEM; each dot represents one mouse; unpaired t test was used for statistical 

analysis.

(I) Gene expression of Retnlb in tissue from the proximal or distal colon of Il18r1f/f and 

Il18r1f/fVil1+ mice, results are presented as relative to an Il18f/f sample. Data represent mean 

± SEM; each dot represents one mouse; unpaired t test was used for statistical analysis.

*p < 0.05, **p < 0.01, ****p < 0.0001
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Figure 6. Neuronal IL-18-Driven AMP Expression Prevents Bacterial Infiltration and Infection
(A) Confocal IF images of colon cross-sections from Il18f/f or Il18f/fHand2+ stained for 

Muc2 (red) and with UEA I (green) and DAPI (blue). Scale bar represents 70 μm.

(B) Visualization of bacteria in relation to the epithelial brush border by 16S rRNA 

fluorescence in situ hybridization (green) and DAPI (blue). The brush boarder is demarked 

by a dotted line. Scale bar represents 18μm.

(C) Quantification of viable mucosal-associated anaerobic bacteria in proximal colon 

biopsies from Il18f/f or Il18f/fHand2+ mice. Each dot represents a biopsy from an individual 

mouse colon. Data represent two independent experiments combined from three total 

independent experiments. Data represent mean ± SEM; Mann-Whitney test was used for 

statistical analysis.

(D) Principal component analysis based on the relative abundance (>0.001) of bacterial 

operational taxonomic units from mucosa-associated or luminal microbiota. Luminal and 

mucosa-associated samples were collected from the same animals housed in Yale animal 

facilities.

(E and F) Media or colonic explant supernatants from Il18f/f or Il18,f/fHand2+ mice were 

generated and incubated with (E) 104 CFU S.t. or (F) 105 CFU Y. enterocolitica for 1 h. 

Surviving bacterial CFUs were enumerated. Each dot represents a control media sample or 
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explant supernatant from an individual mouse colon. Data represent mean ± SEM; Mann-

Whitney test was used for statistical analysis.

(E) Data represent two independent experiments combined from three total independent 

experiments.

(F) Data represent one independent experiment.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3e Biolegend RRID: AB_312670

CD4 Biolegend RRID: AB_312690

CD8a Biolegend RRID: AB_312750

CD11b Biolegend RRID: AB_10897942

CD11c Biolegend RRID: AB_313778

CD45 Biolegend RRID: AB_312976

CD103 Biolegend RRID: AB_10709438

CD326 Biolegend RRID: AB_1501158

F4/80 Biolegend RRID: AB_893500

Ly6c Biolegend RRID: AB_1186134

IA/IE Biolegend RRID: AB_313328

Gzmb Biolegend RRID: AB_2294995

TCRgd Biolegend RRID: AB_313829

TCRB Biolegend RRID: AB_313428

NK1.1 Biolegend RRID: AB_313396

Nkp46 Biolegend RRID: AB_10612749

Gata3 Biolegend RRID: AB_2562722

Foxp3 eBioscience RRID: AB_465936

tbet eBioscience RRID: AB_925761

Ifng Biolegend RRID: AB_315403

Rorg eBioscience RRID: AB_10807092

Rat IL-18/IL-1F4 R&D RRID: AB_2248910

nNOS Genetex GTX133403

Choline Acetyltransferase/ChAT Novus Biologicals NBP2-46620

Muc2 Novus Biologicals RRID: AB_10003763

Alexa Fluor 647 anti-Tubulin β 3 (TUBB3) Biolegend RRID: AB_2686930

Alexa Fluor 488 anti-Tubulin β 3 (TUBB3) Antibody Biolegend RRID: AB_2564757

Alexa Fluor 594 anti-Tubulin β 3 (TUBB3) Antibody Biolegend RRID: AB_2650635

RFP Rockland RRID: AB_2209751

Bacterial and Virus Strains

Yersinia enterocolitica subsp. enterocolitica (Schleifstein and Coleman) ATCC 9610

Salmonella enterica subsp. enterica serovar Typhimurium Jorge Galan (Yale) SL1344 strain

Chemicals, Peptides, and Recombinant Proteins

Collagenase XI Sigma C7657

Dispase II Sigma D4693

Dnase II type V Sigma D8764
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lectin from Ulex europaeus Sigma L9006

1XTrueBlack Lipofuscin Autofluorescence Quencher Biotium 23007

Critical Commercial Assays

Noradrenaline ELISA LDN BA E-5200

Foxp3 Transcription Factor Staining Buffer Set eBioscience 00-5523-00

Fixation/Permeabilization Solution kit with BD GolgiPlug BD 555028

QIAamp DNA Stool Mini Kit QIAGEN 51504

Deposited Data

Bulk RNaSeq Data Gene Expression Omnibus (Geo) GSE141808

Single-cell DropSeq Data Gene Expression Omnibus (Geo) GSE141809

16S Sequencing BioProject PRJNA594999

Experimental Models: Organisms/Strains

C57BL/6-Tg(Nes-cre/ERT2)KEisc/J Jackson Laboratory 016261

B6.Cg-Tg(Plp1-cre/ERT)3Pop/J Jackson Laboratory 005975

Kdrtm1(cre)Sato/J Jackson Laboratory 018976

B6.Cg-Tg(Vil1-cre)1000Gum/J Jackson Laboratory 021504

B6.Cg-Gt(ROSA)26Sortm14(CAG -tdTomato)Hze/J Jackson Laboratory 007914

dHAND-Cre (Hand2Cre C57BL/6 x SJL backcrossed to Il18f/f C57BL/6) Dr. David E. Clouthier N/A

SAS Sprague Dawley Rat Charles River 400

Oligonucleotides

Universal 16S-DNA Probe [Cy3]-5’-GCTGCCTCCCGTAGGAGT-3’-[Cy5]) IDT EUB-338

Software and Algorithms

Adaptively-thresholded Low Rank Approximation Linderman et al., 2018 N/A
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