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Innate mechanism of mucosal barrier
erosion in the pathogenesis of acquired colitis

Won Ho Yang,1,2,* Peter V. Aziz,1 Douglas M. Heithoff,3 Yeolhoe Kim,2 Jeong Yeon Ko,2 Jin Won Cho,2

Michael J. Mahan,3 Markus Sperandio,4 and Jamey D. Marth1,5,*

SUMMARY

The colonic mucosal barrier protects against infection, inflammation, and tissue ulceration. Composed pri-
marily of Mucin-2, proteolytic erosion of this barrier is an invariant feature of colitis; however, the molec-
ular mechanisms are not well understood. We have applied a recurrent food poisoning model of acquired
inflammatory bowel disease using Salmonella enterica Typhimurium to investigate mucosal barrier
erosion. Our findings reveal an innate Toll-like receptor 4-dependent mechanism activated by previous
infection that induces Neu3 neuraminidase among colonic epithelial cells concurrent with increased
Cathepsin-G protease secretion by Paneth cells. These anatomically separated host responses merge
with the desialylation of nascent colonic Mucin-2 by Neu3 rendering the mucosal barrier susceptible to
increased proteolytic breakdown by Cathepsin-G. Depletion of Cathepsin-G or Neu3 function using phar-
macological inhibitors or genetic-null alleles protected againstMucin-2 proteolysis and barrier erosion and
reduced the frequency and severity of colitis, revealing approaches to preserve and potentially restore
the mucosal barrier.

INTRODUCTION

Themaintenance and renewal of biophysical barriers within the body are essential for maintaining health. Themucosal barrier of the colon for

example provides a physical separation between host cells and the microbes present in the intestinal lumen. This separation is essential to

prevent host cell infection and tissue ulceration; consequently, the degradative breakdown of this barrier is a pathological hallmark of colitis

and human inflammatory bowel disease (IBD).1 Composedprimarily of the sialylatedMucin-2 (Muc2) glycoprotein, the colonicmucosal barrier

is produced by goblet cells that secrete processedmatureMuc2monomers as a disulfide-linked net-like polymer that expands with hydration

at the lumenal surface of epithelial cells.2 In the absence of Muc2, bacteria are observed in physical contact with epithelial cells and signs of

inflammation and severe colitis develop early in life.3,4 NascentMuc2 polymers first contribute to the stratified (inner) mucin layer which forms

the physical barrier between host epithelial cells and bacteria in the lumen.5 As newMuc2 polymers are produced, previously secretedmucin

layers are displaced outward from the epithelial cell surface and eventually undergo a progressive breakdown by glycolytic and proteolytic

processes in the lumen becoming what is termed the loose (outer) mucin layer in which bacteria reside, forage, and thrive.6 To maintain the

mucosal barrier, the production and secretion kinetics of Muc2 polymers by goblet cells must closely match the rate of Muc2 polymer break-

down in the lumen.

As the major protein contributing to the colonic mucosal barrier, Muc2 is also a target of proteases that can be implicated in barrier

erosion and the onset of colitis. Proteases of bacterial and protozoan origin have been reported capable of cleaving Muc2 in cell culture

systems.7,8 Additionally, proteases produced by the colonic microbiome or perhaps by host cells in response to infection and inflam-

mation may participate in colonic mucosal barrier breakdown. We investigated among these possibilities using a recurrent food

poisoning model of human IBD involving repeated low dose and non-lethal gastric infections of mice with Salmonella enterica Typhi-

murium (ST), a prevalent human foodborne pathogen.9 Herein, we report the discovery of an innate host response induced by recurrent

ST infection that elevates the rate of Muc2 proteolysis in the absence of a compensatory increase in Muc2 protein production. This path-

ogenic mechanism involves the sequential action of host neuraminidase and protease enzymes induced in disparate cell types. Inhibi-

tion of this mechanism blocks the elevation of Muc2 proteolysis, preserves the structure and function of the mucosal barrier, and

reduces the frequency and severity of colitis.
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RESULTS

Muc2 sialylation and desialylation in mucin layer proteolysis

Recurrent monthly low dose gastric ST infection of adult laboratory mice results in the development and progression of an enduring colitis

(Figures S1A–S1E).9 Prior to the 4th gastric ST infection, the stratified inner mucin layer was significantly eroded with reduced Muc2 protein

levels coincident with bacterial invasion of the host epithelium and elevated permeability of themucosal barrier (Figures 1A–1D and S1F). The

induction ofMuc2 RNAhas been reported amonggoblet cells in response to various stimuli; however, goblet cell numbers were decreased as

was previously observed, and Muc2 RNA levels were not altered among colon tissue (Figure 1E).9 Extracellular Muc2 was isolated by immu-

noprecipitation separately from stratified and loose mucin layers and analyzed using reducing and non-reducing gel electrophoresis to mea-

sure the abundance and integrity of Muc2. Induced proteolysis of Muc2 was found in the stratified and loose mucin layers following recurrent

ST infection with the appearance of Muc2 fragments of approximately 100 and 200 kDa in reducing and non-reducing gel analyses, respec-

tively (Figures 1F and 1G).

The Muc2 mucin domain is heavily sialylated during its synthesis and this posttranslational modification plays a role in modulating Muc2

proteolysis. Multiple sialyltransferases modify Muc2 during its biosynthesis and trafficking to the cell surface. For example, sialylation by the

ST6GALNAC1 sialyltransferase produces a2-6 linkages of sialic acid that reduced Muc2 susceptibility to proteolytic degradation in the

context of colonic microbial dysbiosis.10 Other sialyltransferases produce a2-3 sialic acid linkages also found at high levels on Muc2. Glyco-

protein sialylation levels can be compared using analytical lectins such as the Sambucus nigra agglutinin lectin that binds a subset of a2-6 sialic

acid linkages, the Maackia amurensis lectin II that binds a subset of a2-3 sialic acid linkages, and the Erythrina cristagalli agglutinin, Ricinus

communis agglutinin, and peanut agglutinin lectins that bind subsets of galactose linkages exposed upon the removal of sialic acids by neur-

aminidases.9,11,12 Comparing lectin binding among mucin samples from healthy uninfected mice, Muc2 sialylation was significantly lower in

the outer loose mucin layer compared to the inner stratified mucin layer, consistent with a progressive desialylation duringMuc2 aging in the

lumen. Recurrent ST infection further reduced the presence of sialic acid linkages onMuc2 as was also noted by elevated galactose exposure

among Muc2 in both mucin layers (Figure 1H). Our results indicated that not all sialic acids were eliminated from Muc2 during this in vivo

response; instead, these findings suggested an increase in the normal rate of lumenal Muc2 proteolysis in the context of previous ST

infections.

We identified the mouse St3gal6-encoded ST3Gal6 sialyltransferase expressed among colon epithelial cells in the normal modification of

nascentMuc2 with a2-3 sialic acid linkages. ReducedMuc2 sialylation in the absence of ST3Gal6 and among uninfectedmice was linked to spon-

taneousMuc2proteolysisandmucinbarrierbreakdownwith theonsetof colitis (FigureS2).9 Thesefindings reveal that theSt3gal6 sialyltransferase

adds a2-3 sialic acid linkages that protect Muc2 from premature proteolysis, while elevated Muc2 desialylation observed following ST infection

among wild-type animals suggests the induction of one or more neuraminidases/sialidases. Because the ST pathogen used herein does not

encode a neuraminidase enzyme, these findings infer the involvement of a neuraminidase originating from the commensal microbiota and/or

the host.

Neu3 neuraminidase in Muc2 modification and proteolysis

Amongmammalian neuraminidases, Neu3 protein levels were significantly induced at the colon epithelial cell surface in response to recurrent

ST infection (Figure 2A). This induction quantitatively accounted for the majority of neuraminidase activity measured in colon tissue and was

linked to the reduction of glycoprotein sialylation with exposure of underlying galactose at the colonic epithelial cell surface (Figures 2B and

S3). In the absence of Neu3, Muc2 expression was not significantly altered, and erosion of the stratified layer was reduced, thereby maintain-

ing stratified layer integrity and separation of bacteria to the loosemucin layer with improved barrier function (Figures 2C–2G). These findings

were linked to the retention of Muc2 sialylation with reduced Muc2 proteolysis in both stratified and loose mucin layers (Figures 2H–2K). In

comparing the protective effect of Neu3 deficiency to oral treatment with the neuraminidase inhibitor zanamivir (Figure S4), we found that

both approaches similarly maintainedMuc2 sialylation, reducedMuc2 proteolysis, and preserved stratifiedmucin layer integrity and function.

Desialylation renders Muc2 susceptible to an increased rate of proteolysis

Nascent Muc2 desialylation by Neu3 hydrolyzes a subset of Muc2 sialic acid linkages in elevating Muc2 susceptibility to proteolysis. We tested

the proteolytic susceptibility of desialylatedMuc2 among non-proteolyzedMuc2 immunoprecipitates isolated from the colonic stratified layer of

wild-type uninfected mice. Isolated intact Muc2 was incubated with neuraminidase ex vivo either prior to or at the same time a protease source

was added to the assay. The protease source was provided using Muc2-depleted intestinal lumenal extracts obtained from uninfected or pre-

viously infected cohorts.Muc2proteolysiswasdetectable andmeasurable in this assay andwas significantly increasedamongMuc2preparations

that had been previously desialylated (Figure 3A). A time course using this assay revealed that the rate of Muc2 proteolysis was doubled with

desialylated Muc2 and was further elevated in the presence of lumenal extracts from previously infected animals (Figure 3B).

Serine protease activity with induction of Cathepsin-G in Muc2 proteolysis

To identify the protease(s) involved in increased Muc2 proteolysis, we similarly tested the effect of Muc2-depleted lumenal extracts in the

presence of various protease inhibitors. We found that a combination of protease inhibitors was able to block Muc2 proteolysis; therefore,

we separately applied selective inhibitors of different protease classes spanning cysteine proteases, serine proteases, and metalloproteases.

Only the serine protease inhibitor blocked Muc2 proteolysis (Figure 4). The investigation of serine proteases within the intestinal tract
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Figure 1. Recurrent ST infection is linked to colonic Muc2 desialylation, Muc2 proteolysis, and the erosion of the protective stratified mucin layer

Wild-type (WT) mice at 8 weeks of age were infected with ST (2 3 103 cfu) or uninfected (PBS) every 4 weeks for 6 consecutive months.

(A) Colon sections isolated fromWTmice were incubated with antibodies to Muc2 (red), and then FISH staining for bacteria (green) was performed with EUB-338

probe that detected intact bacteria (white arrows) and a negative control probe (non-EUB-338). DNA is stained with DAPI (blue). In lower panels, colon sections

were stained with Alcian blue and nuclear fast red, and separately, H&E. S, stratified inner mucin layer; L, loose outer mucin layer. Scale bars, 50 mm. The thickness

of the stratified inner mucin layer and FISH fluorescent (EUB-338+) cells in mucosa was quantified from 4 fields of view each from 6 wild-type mice including

littermates with each condition.

(B) Relative abundance of bacterial 16S rDNA detected in colon tissues by real-time PCR using 16S universal primers (n = 4 mice with each condition).

(C) Intestinal epithelial barrier function (n = 8 mice with each condition).

(D) Immunoblot analysis of Muc2 protein in the colonic stratified (S) and loose (L) mucin layer (n = 8 mice with each condition).

(E) Muc2 mRNA expression in colon tissue (n = 6 mice with each condition).

(F and G) Immunoblot analysis of reduced and non-reduced Muc2 protein samples analyzed by corresponding polyacrylamide gel electrophoresis from the

colonic stratified (S) and loose (L) mucin layers (n = 4 mice with each condition). Arrowheads to the right of the gels denote the positions of two major Muc2

protein bands detected by anti-Muc2 antibody.

(H) Lectin blot analysis from identical amount of Muc2 in the colonic stratified (S) and loose (L) mucin layer (n = 6 mice with each condition). Glycan linkages

attached to Muc2 were analyzed using lectins including Erythrina cristagalli agglutinin (ECA) and Ricinus communis agglutinin (RCA-I/RCA) that both bind

exposed galactose linkages, peanut agglutinin (PNA) that selectively binds the unsialylated Core 1 O-glycan, the Maackia amurensis lectin II (MAL-II) that

detects a subset of a2-3 sialic acid linkages, and the Sambucus nigra agglutinin (SNA) that detects a subset of a2-6 sialic acid linkages.

(A–H) All mice were analyzed at 20 weeks of age prior to the fourth ST infection. Muc2 was visualized following denaturing (D, F, H) or non-denaturing

(G) polyacrylamide gel electrophoresis. Plots are presented as means of biological replicates GSD (*p < 0.05; **p < 0.01; ***p < 0.001).
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included three from host sources, namely Cathepsin-G (CatG), neutrophil elastase (NE), and proteinase 3 (PR3). NE and PR3 are produced

mainly by neutrophils while CatG is also produced by Paneth cells of the small intestine.13,14 From comparative studies of lumenal contexts

of the total intestinal tract, we found that CatG was elevated 6-fold during recurrent ST infection, while NE and PR3 were elevated approx-

imately 2-fold (Figure 5A). RNA transcripts encoding these proteases were similarly induced in small intestine tissue; however, CatG RNAwas

very low in the colon andwas not elevated (Figure 5B). During the progression of disease in this colitis model, CatG protein levels in the lumen

tracked upward with repeated ST infection and remained elevated following the cessation of recurrent infection (Figure 5C).

Histological analyses of the intestinal tract revealed CatG protein induction among epithelial cells within the crypts of the duodenum,

jejunum, and ileum of the small intestine, with the noted absence of CatG protein in colon tissue (Figure 5D). The cell source of CatG was

further identified using the Paneth cell marker lysozyme that colocalizedwith inducedCatG (Figure 5E). Following secretion of CatGby Paneth

cells, CatG was elevated in the lumenal contents of the small intestine and colon (Figure 5F). CatG protein induction was further detected in

both the loose and stratifiedmucin layers of the colon, but not in tissue extracts of the colon (Figure 5G). The induction of CatGby Paneth cells

was dependent upon Toll-like receptor 4 (Tlr4) function. Tlr4 deficiency abolished Neu3 induction on the colonic epithelium and protected

against Muc2 proteolysis and erosion of the colonic mucosal barrier (Figure S5).

Cathepsin-G is required for induced Muc2 proteolysis and erosion of the mucosal barrier

The potential roles of CatG, NE, and PR3 in Muc2 proteolysis were investigated initially in our ex vivo assay using selective small-molecule

inhibitors of these proteases. Only the CatG inhibitor significantly reduced Muc2 proteolysis (Figure 6A). A more definitive assignment of

CatG as responsible for the induction of Muc2 proteolysis was sought by comparing mice lacking a functional CatG-encoding Ctsg gene.

Ctsg-null mice appear normal without reported developmental abnormalities or spontaneous disease.15 In our studies, the absence of

CatG in Ctsg-null mice protected against colonic mucosal barrier erosion caused by recurrent ST infection with preservation of Muc2 expres-

sion and abundance (Figures 6B–6G). Muc2 proteolysis was significantly reduced in the absence of CatG in both stratified and loose mucin

layers even though recurrent ST infection continued to desialylate Muc2 in the presence of elevated neuraminidase activity (Figures 6H, and

S6A–S6C). The previously recorded 50% elevation of commensal microbial load in the intestinal tract following recurrent ST infection

continued in CatG deficiency with increased abundance of gram-negative Enterobacteriaceae (Figure S6D).9 The overgrowth of gram-nega-

tive Enterobacteriaceae following recurrent ST infection was also detected in CatG deficiency, indicating that this microbial dysbiosis was not

responsible for significantly elevated Muc2 proteolysis or the severity of disease signs of acquired colitis in the presence of CatG further

including fecal blood, diarrhea, and inflammatory cytokine expression (Figures 6H–6K).

DISCUSSION

The pathogenesis of colitis includes the proteolytic erosion of the protective colonic mucosal barrier. This process has been difficult to study

and relatively little understanding exists of the mechanism(s) involved in barrier homeostasis. Using a repeated human food poisoningmodel

of IBD originating from recurrent gastric ST infections, and with disease signs similar to human Ulcerative Colitis, we have identified an innate

mechanism of colonic mucosal barrier erosion contributing to the onset and severity of acquired colitis. This sequential glycoproteolytic

mechanism encompasses Tlr4-dependent induction of host Neu3 neuraminidase at the colonic epithelial cell surface resulting in the partial

desialylation of nascent Muc2 glycoprotein produced by goblet cells. This desialylated Muc2 is more susceptible to proteolysis by lumenal

Figure 2. Colonic Neu3 neuraminidase induction in Muc2 desialylation and proteolysis

(A) In situ localization of Neu3 protein in colon sections of littermates of indicated genotypes and conditions. Neu3 protein is visualized using anti-Neu3

antibodies (green). Quantitation was analyzed from the average of 3–4 fields of view each from 6 independent mice each including littermates of each

genotype and condition. Scale bars, 100 mm.

(B) Neuraminidase (Neu) activity measured from total tissue homogenates of the colon at multiple time points prior and subsequent to recurrent ST infection

(n = 6 mice of each genotype and condition).

(C) Colon sections isolated from indicated genotypes were incubated with antibodies to Muc2 (red), and then FISH staining for bacteria (green) was performed

with the EUB-338 probe. White arrows denote bacterial penetration in the colonic mucosa. Colon sections were also stained with Alcian blue and nuclear fast red,

or H&E. S, stratified inner mucin layer; L, loose outer mucin layer. Scale bars, 50 mm. The thickness of the stratified inner mucin layer and FISH fluorescent (EUB-

338+) cells in mucosa were quantified from the average of 3–4 fields of view each from 6 independent mice including littermates of each genotype and condition.

(D) Relative abundance of bacterial 16S rDNA detected in colon tissues by real-time PCR using 16S universal primers (n = 4 mice per each genotype and

condition).

(E) Intestinal epithelial barrier function (n = 8 mice per each genotype and condition).

(F) Immunoblot analysis of Muc2 protein in the colonic stratified (S) and loose (L) mucin layer (n = 6 mice per each genotype and condition).

(G) Muc2 mRNA expression in colon tissue (n = 4 mice per each genotype and condition).

(H and I) Lectin-binding analyses of glycan linkages from identical amounts of Muc2 in the colonic stratified and loose mucin (n = 6 mice per each genotype and

condition).

(J and K) Immunoblot analyses of reduced and non-reduced Muc2 protein samples analyzed by corresponding polyacrylamide gel electrophoresis from the

colonic stratified (S) and loose (L) mucin layers (n = 4 mice per each genotype and condition). Arrowheads to the right of the gels indicate two major Muc2

protein bands detected.

(A and C–K) Neu3-deficient mice andWT littermates at 20 weeks of age prior to the fourth ST infection. Muc2 was visualized following denaturing (F, H–J) or non-

denaturing (K) polyacrylamide gel electrophoresis. Plots are presented as means of biological replicates GSD (*p < 0.05; **p < 0.01; ***p < 0.001).
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CatG. Neu3 absence or prolonged inhibition reduced Muc2 proteolysis preserving barrier maintenance with a pre-infection trend toward

increased barrier thickness at steady state that may contribute to protection. Concurrently, host Tlr4 was required for the induction of

CatG among Paneth cells of the small intestine, resulting in the secretion of CatG into the intestinal tract where it was found at elevated levels

throughout the lumen including the colon. The basal rate of extracellular Muc2 proteolysis measured in healthy animals was significantly

elevated in this model of acquired IBD. No compensatory increase in Muc2 protein level was detected likely because goblet cells were

reduced in number and function as typical in chronic intestinal inflammation.9,16 This contributes to a disequilibrium affecting Muc2 homeo-

stasis consisting of an increased rate of Muc2 degradation in the absence of a compensatory increase in production, causing the progressive

erosion of the colonic mucosal barrier.

Muc2 resistance to CatG proteolysis in the mouse colon is provided by the posttranslational modification of Muc2 by sialic acid linkages

during its biosynthetic trafficking through the Golgi and prior to secretion by goblet cells. The critical dependence of mucosal barrier pres-

ervation on Muc2 sialylation by multiple sialyltransferases is indicated from our studies and from those reported among human IBD patients

bearing an inherited deficiency of the ST6GalNAc1 sialyltransferase.10 Similarly, inborn deficiency of the ST3Gal6 sialyltransferase, which pro-

duces only a2-3 sialic acid linkages, resulted in elevatedMuc2 proteolysis, spontaneous barrier erosion, and colitis in themouse.9 The degree

of Muc2 sialylation deficiency in one or more peptide sequence contexts may modulate the rate of Muc2 proteolysis and barrier breakdown.

Compared with the absence of CatG, we found that oral treatment with the neuraminidase inhibitor zanamivir resulted in similar protection

from elevated Muc2 proteolysis and barrier erosion. CatG was observed in the lumen of the colon at basal levels in wild-type mice, and may

also operate as an antimicrobial factor. While CatG induction was themajor source of the increased proteolysis of Muc2, the absence of CatG

did not completely inhibit the induction of Muc2 proteolysis. Other host proteases including NE and PR3, or perhaps proteases originating

from commensal microbes, may contributemore prominently in other contexts. The increased number of gram-negative Enterobacteriaceae

observed has been linked to an acquired deficiency of host alkaline phosphatase.9 In contrast with the present studies, CatG deficiency did

not prevent the expansion of Enterobacteriaceae and was not as effective as alkaline phosphatase supplementation at blocking the induction

Figure 3. Prior Muc2 desialylation in altering the rate of Muc2 proteolysis

In vitro Muc2 proteolysis assay by pretreatment or posttreatment with Arthrobacter urefaciens sialidase (neuraminidase) (n = 4 mice of each condition).

(A and B) Muc2 immunoprecipitates isolated from the colonic stratified layer of WT mice at 12 weeks of age were treated with Arthrobacter urefaciens sialidase

before or after incubation for 24 h (A) or indicated times (B) withMuc2-depleted lumenal extracts prepared fromWTmice at 20 weeks of age prior to the fourth ST

infection or PBS treatment. Muc2 was visualized following denaturing polyacrylamide gel electrophoresis. Arrowheads represent major Muc2 protein bands

detected. Plots are presented as means of biological replicates GSD (*p < 0.05; **p < 0.01; ***p < 0.001).
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of inflammatory cytokine expression. Therefore, the colonic microbial dysbiosis that involves Enterobacteriaceae does not contribute sub-

stantially to Muc2 proteolysis and barrier erosion in our repeated food poisoning model of acquired IBD.

Sialic acid linkages are posttranslational protein modifications bearing a negative charge in physiological conditions. The structure of

Muc2 includes multiple domains including two ‘‘PTS’’ domains, often called mucin domains, rich in tripeptide repeats of proline, threonine,

and serine. The two PTS/mucin domains of Muc2 harbor the greatest degree of glycosylation, predominantly O-glycosylation on multiple

threonine and serine residues.17,18 The O-glycans of nascent Muc2 are sialylated and the resulting high density of negative charge in the

PTS domains is believed to contribute to the extended conformation of the Muc2 glycoprotein appearing as a ‘‘bottlebrush.’’19 Deficiency

in the formation of Core 1 and Core 3 O-glycans, which are mostly sialylated, resulted in a deficient and defective mucosal barrier with

the development of colitis.20,21 The partial elimination of sialic acid linkages and perhaps those normally residing on Core 1 and Core 3

O-glycans may occur at the cell surface where the majority of Neu3 induction is observed in proximity to nascent Muc2, andmay occur during

secretion. Deficient sialylation can occur from inherited genetic defects of sialyltransferases or the induction of neuraminidases, each

decreasing Muc2 sialylation and an increased rate of proteolysis.

The colon is a tissue under constant threat from environmental toxins and infection. Muc2 is a key component of the stratified mucin layer

protecting the colon from damage and disease. Recurrent ST infection induced Muc2 proteolysis resulting in mucosal barrier erosion in the

onset of an acquired colitis that appears similar to human Ulcerative Colitis. The pathogenic mechanism includes innate Tlr4-dependent in-

duction of colon epithelial cell Neu3 and Paneth cell CatG of the small intestine that act sequentially by removing Muc2 sialic acids that pro-

tect against increased Muc2 proteolysis and barrier degradation. Tlr4 has been shown essential also for the inflammation produced in this

food poisoning model of IBD by causing the acquired depletion of the anti-inflammatory intestinal alkaline phosphatase (IAP).9 CatG defi-

ciency has a lesser effect on inflammatory cytokine induction than does IAP deficiency comparing with previous studies, which may reflect

the efficacy of augmented IAP treatment in reducing LPS-P levels. Whether this mechanism operates in response to infection by other micro-

bial species and in the context of other changes in the colonic microbiome remains to be known. In humans, this mechanism of disease may

exist among some IBD patients with increased Neu3 neuraminidase and CatG serine protease levels reported.22–24 This glycoproteolytic

mechanism of colonic mucosal barrier erosion begins with the innate inflammatory response of the host to repeated gastric infection by

the common foodborne ST bacterial pathogen and identifies potential therapeutic targets for inhibition to maintain and possibly restore

the protective colonic mucosal barrier.

Limitations of this study

The structure of nascent secreted Muc-2 and its net-like polymeric organization in the stratified mucin layer under normal and pathogenic

conditions remains under intense investigation. The murine Muc2 protein translated (accession number NP_076055.4) is composed of

4576 amino acids. Our findings using polyacrylamide gel electrophoresis demonstrate that colonic murine Muc2 isolated from the stratified

mucin layer and visualized with commercially available antibody reagents migrates above the highest molecular weight marker used of

250 kDa in reducing polyacrylamide gel electrophoresis, and significantly larger in non-reducing conditions. Absent standard molecular

weightmarkers are above 250 kDa; we do not know the precisemolecular weight ofMuc2 in these gel migration analyses. Other studies using

polyacrylamide gel electrophoresis reported Muc2 migration at 200 kDa and above, or above 450 kDa.25,26 Studies using agarose gel elec-

trophoresis have reportedMuc2migration above the highest molecular weight markers used in each study, either 225, 250, or 460 kDa.20,27,28

Another study reports Muc2 molecular weight above 540 kDa although the gel system used was not indicated.29 There are multiple possible

reasons for these differences that we cannot distinguish at present. First, agarose gel electrophoresis may more closely represent Muc2

Figure 4. Selective inhibition of Muc2 proteolysis

Muc2 proteolysis was assayed in the absence or presence of various general protease inhibitors including a protease inhibitor cocktail (PIC), the cysteine protease

inhibitor (E�64), the serine protease inhibitor (PMSF), and the metalloprotease inhibitor (EDTA/EGTA). Muc2 immunoprecipitates isolated from the colonic

stratified layer of uninfected WT mice at 12 weeks of age were incubated with protease inhibitors in the presence of Muc2-depleted lumenal extracts

prepared from either uninfected WT mice (PBS) or from infected littermates (ST) prior to the fourth ST infection or PBS treatment. Representative result is

shown in left panel, while results from multiple animals is plotted on the right (n = 4 mice at 20 weeks of age with each condition). Muc2 was visualized

following denaturing polyacrylamide gel electrophoresis. Plots are presented as means of biological replicates GSD (**p < 0.01; ***p < 0.001).
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Figure 5. Serine protease expression is induced with Muc2 proteolysis

(A) Immunoblot analysis of different serine proteases including Cathepsin-G (CatG), neutrophil elastase (NE), and proteinase 3 (PR3) in the luminal content (n = 4

mice per each condition).

(B) mRNA expression of serine proteases in small intestine and colon tissue (n = 4 mice per each condition).

(C) Alterations in CatG protein abundance in the lumenal content of WT mice during ST reinfection (n = 4 mice per each condition).

(D) In situ localization of CatG protein in duodenum, jejunum, ileum, and colon sections stained with H&E or in fluorescent analyses with antibody to CatG (green)

and DAPI staining of cell nuclei (blue). Quantitation was analyzed from the average of 3–4 fields of view each from 6 independent mice including littermates of

each treatment condition. Scale bars, 100 mm.

(E) In situ localization of CatG and lysozyme in duodenum sections using antibodies to CatG (green) and lysozyme (red). Quantitation was analyzed from 3 to 4

fields of view each from 6 independent mice including littermates of each treatment condition. Scale bars, 100 mm.

(F) Immunoblot analyses of CatG protein levels present in intestinal contents isolated from indicated compartments of the intestine (n = 4 mice per each

condition).
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polymeric structure in the stratified layer, perhaps similar to our findings of Muc2 migration using non-reducing polyacrylamide electropho-

resis. Second, secreted Muc2 may be normally processed into smaller forms by removal of terminal domain(s) during oligomerization and

residence within in the stratified layer, rendering subsequent molecular weight analyses unrepresentative of primary amino acid sequence.

Third, protein sialylation with the attendant negative charge can affect electrophoretic determinations of molecular weight. Finally, our find-

ings as well as those of some others referenced may be detecting a processed fragment of the full-length translated Muc2 product that pri-

marily contributes to the normal structure and functioning of the mucin barrier. Nevertheless, using pharmacological inhibition and genetic-

null alleles, we have demonstrated that the induction ofMuc2 proteolysis and erosion of the colonicmucosal barrier are linked to the functions

of Neu3 and Cathepsin-G. Moreover, Neu3 and Cathepsin-G induction are further linked to an increased frequency of onset and severity of

colitis using this repeated food poisoning model of acquired colitis and IBD.
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Figure 5. Continued

(G) Immunoblot analysis of CatG in the colonic stratified (S) and loose (L) mucin layers, and in colon tissue preparations following the removal of bothmucin layers

(n = 4 mice per each condition).

(A, B, D–G) WT mice at 20 weeks of age prior to the fourth ST infection.

(A, F, G) Proteins were visualized following denaturing polyacrylamide gel electrophoresis. Plots are presented as means of biological replicatesGSD (*p < 0.05;

**p < 0.01; ***p < 0.001).
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Figure 6. Pharmacological and genetic inhibition of Cathepsin-G

(A) Muc2 proteolysis using Muc2-depleted lumenal extracts in the absence or presence of selective protease inhibitors of CatG, NE, and Trypsin. Left panel

provides a representative result (n = 4 mice per each condition). Arrowheads to the right of the gels denote positions of major Muc2 protein bands detected.

(B) Immunoblot analysis of CatG protein levels in the small intestine tissue and in the lumenal intestinal contents of WT and CatG-deficient Ctsg-null littermates

(n = 4 mice per each genotype and condition).
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Figure 6. Continued
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4 fields of view each from 6 independent mice including littermates of each genotype and condition.

(D) Relative abundance of bacterial 16S rDNA detected in colon tissues by real-time PCR using 16S universal primers (n = 4 mice per each genotype and

condition).

(E) Intestinal barrier function (n = 4 mice per each genotype and condition).

(F) Immunoblot analysis of Muc2 protein in the colonic stratified (S) and loose (L) mucin layer (n = 4 mice per each genotype and condition).

(G) Muc2 mRNA expression in colon tissue (n = 4 mice per each genotype and condition).

(H) Immunoblot analyses of Muc2 proteolysis in the colonic stratified (S) and loose (L) mucin layer (n = 4 mice per each genotype and condition).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal Muc2 antibody Santa Cruz Biotechnology Cat #: sc-15334; RRID: AB_2146667

Rabbit polyclonal Muc2 antibody GeneTex Cat #: GTX100664; RRID: AB_1950958

Goat polyclonal Muc2 antibody Santa Cruz Biotechnology Cat #: sc-13312; RRID: AB_2146672

Rabbit polyclonal Neu3 antibody Santa Cruz Biotechnology Cat #: sc-134931; RRID: AB_10609640

Rabbit polyclonal cathepsin G antibody, biotinylated Biorbyt Cat #: orb460740

Rabbit polyclonal cathepsin G antibody Abcam Cat #: ab197354

Rabbit monoclonal lysozyme antibody Abcam Cat #: ab108508; RRID: AB_10861277

Goat polyclonal aTubulin antibody Santa Cruz Biotechnology Cat #: sc-31779; RRID: AB_2210217

Rabbit polyclonal neutrophil elastase antibody Cell Signaling Technology Cat #: 44030

Rabbit polyclonal proteinase 3 antibody LSBio Cat #: LS-C296141

Erythrina cristagalli lectin, biotinylated Vector Laboratories Cat #: B-1145; RRID: AB_2336436

Ricinus Communis Agglutinin-I lectin, biotinylated Vector Laboratories Cat #: B-1085; RRID: AB_2336707

Peanut Agglutinin lectin, biotinylated Vector Laboratories Cat #: B-1075; RRID: AB_2313597

Maackia amurensis-II lectin, biotinylated Vector Laboratories Cat #: B-1265; RRID: AB_2336569

Sambucus nigra lectin, biotinylated Vector Laboratories Cat #: B-1305; RRID: AB_2336718

HRP-conjugated Erythrina cristagalli lectin EY Laboratories Cat #: H-5901-1

HRP-conjugated Ricinus Communis Agglutinin-I lectin EY Laboratories Cat #: H-2001-1

HRP-conjugated Peanut Agglutinin lectin EY Laboratories Cat #: H-2301-1

HRP-conjugated Maackia amurensis-II lectin EY Laboratories Cat #: H-7801-1

HRP-conjugated Sambucus nigra lectin EY Laboratories Cat #: H-6802-1

Texas Red-conjugated goat anti-rabbit IgG Santa Cruz Biotechnology Cat #: sc-2780; RRID: AB_ 649006

FITC-conjugated goat anti-rabbit IgG Santa Cruz Biotechnology Cat #: sc-2090; RRID: AB_ 641179

Texas Red-conjugated rabbit anti-goat IgG Santa Cruz Biotechnology Cat #: sc-3919; RRID: AB_ 654579

FITC-conjugated streptavidin Vector Laboratories Cat #: SA-5001; RRID: AB_ 2336462

HRP-conjugated streptavidin BD Biosciences Cat #: 550946

Bacterial and virus strains

Salmonella enterica serovar Typhimurium CDC 6516-60 ATCC 14028

Chemicals, peptides, and recombinant proteins

10% buffered formalin Sigma-Aldrich Cat #: HT5014

Methanol Sigma-Aldrich Cat #: 179337

Chloroform Sigma-Aldrich Cat #: 34854

Acetic acid Sigma-Aldrich Cat #: 695092

Sucrose Sigma-Aldrich Cat #: S0389

Tissue-Tek OCT compound, Sakura Finetek VWR Cat #: 25608-930

Mayer’s hematoxylin solution Sigma-Aldrich Cat #: MHS16

Eosin Y solution Sigma-Aldrich Cat #: HT110116

TRIzol Reagent Invitrogen Cat #: 15596026

Dextran-FITC Sigma-Aldrich Cat #: 68059

BD Microtainer Serum Separator Tube BD Biosciences Cat #: 365967

Protein A/G PLUS agarose Santa Cruz Biotechnology Cat #: sc-2003

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Amersham ECL Western Blotting Detection Reagent GE Healthcare Cat #: RPN2109

Coomassie brilliant blue G250 Bio-Rad Cat #: 1610406

Precision Plus Protein� Dual Color Standards Bio-Rad Cat #: 1610394

Bovine Serum Albumin (BSA) Jackson ImmunoResearch Cat #: 001-000-162

Sulfo-NHS-LC-LC-Biotin ThermoFIsher Scientific Cat #: 21335

3,30,5,50-Tetramethylbenzidine (TMB) Liquid Substrate Sigma-Aldrich Cat #: T0440

Zanamivir Sigma-Aldrich Cat #: SML0492

Complete protease inhibitor cocktail Roche Cat #: 11697498001

E�64 Sigma-Aldrich Cat #: E3132

PMSF Sigma-Aldrich Cat #: P7626

EDTA Sigma-Aldrich Cat #: E9884

EGTA Sigma-Aldrich Cat #: E3889

Cathepsin G inhibitor Sigma-Aldrich Cat #: 219372

Elastase inhibitor Sigma-Aldrich Cat #: M0398

Trypsin inhibitor Sigma-Aldrich Cat #: T7254

Neuraminidase (from Arthrobacter ureafaciens) EY Laboratories Cat #: EC-32118-5

Critical commercial assays

Hemoccult Fecal Blood Slide Test System Beckman Coulter Cat #: 60151

Alcian Blue Stain Kit Vector Laboratories Cat #: H-3501

Ulysis Alexa Fluor 488 Nucleic Acid Labeling Kit Molecular Probes Cat #: U21650

SuperScript III reverse transcriptase kit Invitrogen Cat #: 18080093

Brilliant SYBR green qPCR master mix kit Agilent Technologies Cat #: 600830

Amplex Red Neuraminidase Assay Kit Thermo Fisher Scientific Cat #: A22178

QIAamp DNA Mini Kit Qiagen Cat #: 51304

Experimental models: Organisms/strains

C57BL/6J mice The Jackson Laboratory N/A

Neu3–/– mice Yamaguchi et al.30 N/A

St3gal6D/D mice Yang et al.31 N/A

Ctsg –/– mice MacIvor et al.15 N/A

Tlr4–/– mice (B6(Cg)-Tlr4tm1.2Karp/J) The Jackson Laboratory Stock #: 029015

Oligonucleotides

EUB-338: GCTGCCTCCCGTAGGAGT Gerlach et al.33 N/A

Non-EUB-338: CGACGGAGGGCATCCTCA Gerlach et al.33 N/A

CCL5-forward: TCGTGTTTGTCACTCGAAGG Yang et al.9 N/A

CCL5-reverse: CTAGCTCATCTCCAAATAGT Yang et al.9 N/A

IL-1b-forward: GCCCATCCTCTGTGACTCAT Yang et al.9 N/A

IL-1b-reverse: AGGCCACAGGTATTTTGTCG Yang et al.9 N/A

TNFa-forward: CATCTTCTCAAAATTCGAGT Yang et al.9 N/A

TNFa-reverse: TTTGAGATCCATGCCGTTGG Yang et al.9 N/A

Muc2-forward: GCTGACGAGTGGTTGGTGAATG Man et al.37 N/A

Muc2-reverse: GATGAGGTGGCAGACAGGAGAC Man et al.37 N/A

CatG-forward: CAAGGAGATGAGGCAGGGAA This paper N/A

CatG-reverse: TGAGCTGCTGTTAGGACGAA This paper N/A

NE-forward: TGGCCTCAGAGATTGTTGGT This paper N/A

NE-reverse: TACCTGCACTGACCGGAAAT This paper N/A

(Continued on next page)

ll
OPEN ACCESS

14 iScience 26, 107883, October 20, 2023

iScience
Article



RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jamey D. Marth

(jmarth@sbpdiscovery.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

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

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PR3-forward: AATGACGTGCTTCTCCTCCA This paper N/A

PR3-reverse: GTGACGTTCAGTTCCTGCAG This paper N/A

GAPDH -forward: TGGTGAAGGTCGGTGTGAAC Yang et al.12 N/A

GAPDH -reverse: AGTGATGGCATGGACTGTGG Yang et al.12 N/A

Total bacteria-forward:

GTGCCAGCMGCCGCGGTAA

Fuhrer et al.36 N/A

Total bacteria-reverse:

GACTACCAGGGTATCTAAT

Fuhrer et al.36 N/A

Clostridiaceae-forward:

TTAACACAATAAGTWATCCACCTGG

Fuhrer et al.36 N/A

Clostridiaceae-reverse:

ACCTTCCTCCGTTTTGTCAAC

Fuhrer et al.36 N/A

Lactobacillaceae-forward:

AGCAGTAGGGAATCTTCC

Fuhrer et al.36 N/A

Lactobacillaceae-reverse:

CGCCACTGGTGTTCYTCCATATA

Fuhrer et al.36 N/A

Bacteroidaceae-forward:

CCAATGTGGGGGACCTTC

Fuhrer et al.36 N/A

Bacteroidaceae-reverse:

AACGCTAGCTACAGGCTT

Fuhrer et al.36 N/A

Enterobacteriaceae-forward:

CATTGACGTTACCCGCAGAAGAAGC

Fuhrer et al.36 N/A

Enterobacteriaceae-reverse:

CTCTACGAGACTCAAGCTTGC

Fuhrer et al.36 N/A

Software and algorithms

GraphPad Prism 7.0 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Microsoft Excel Microsoft https://products.office.com/en-us/excel

TissueFAXS imaging software 3.5 TissueGnostics imaging solution http://www.tissuegnostics.com/en/

products/imaging-software/

170-tissuefaxs-imaging-software

TissueQuest Analysis software 4.0 TissueGnostics imaging solution http://www.tissuegnostics.com/en/

products/analysing-software/tissuequest

HistoQuest Analysis software 4.0 TissueGnostics imaging solution http://www.tissuegnostics.com/en/

products/analysing-software/histoquest

LabWorks Image Acquisition and

Analysis Software

UVP https://www.uvp.com/

ImageJ NIH https://ImageJ.nih.gov
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� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Laboratory animals

Animal experiments were used equal numbers of male and female mice, unless otherwise indicated. Inbred C57BL/6J mice were used (Jack-

son Laboratory). Neu3-deficient, St3gal6-deficient, and Ctsg-deficient mice were backcrossed six or more generations into the C57BL/6J

background prior to study.15,30,31 Tlr4–/– mice (B6(Cg)-Tlr4tm1.2Karp/J) were purchased from the Jackson Laboratory. Littermates of the indi-

cated genotypes were used as controls. Adult mice 8 weeks of age or older as indicated were used in all studies. Mice of both sexes were

also used in approximately equal fractions. We found that the phenotypes and results obtained in our studies were not significantly different

among adult males and females. All mice analyzed were provided sterile pellet food and water ad libitum. Institutional Animal Care and Use

Committees of the University of California Santa Barbara and the Sanford-Burnham-Prebys Medical Discovery Institute approved the mouse

studies undertaken herein. All mice were housed with their littermates typically in groups of four or five animals per cage in a specific path-

ogen-free barrier facility at the University of California Santa Barbara and the Sanford-Burnham-Prebys Medical Discovery Institute. Every

effort was made to minimize and eliminate animal suffering and to reduce the number of animals needed.

Bacterial strains and culture conditions

MT2057, a kanamycin-resistant derivative of Salmonella enterica serovar Typhimurium (ST) reference strain ATCC 14028 (CDC 6516-60) was

used.9,32 ST was streaked from frozen stocks onto Luria-Bertani (LB) agar plates and incubated overnight at 37�C. Single colonies were inoc-

ulated into LB broth and incubated overnight with shaking at 37�C. STwas pelleted by centrifugation, washed, and suspended in sterile 0.2M

sodium phosphate buffer (pH 8.1).

METHOD DETAILS

Bacterial infections

For the induction of chronic colitis, Adult 8-week-old mice were infected with ST (2 3 103 cfu) via gastric intubation at 4-week intervals suc-

cessively up to five times during adult life after the initial infection.9 Mice were weighed bi-weekly and further assessed for overt signs

including the presence of diarrhea and fecal blood (Hemoccult Fecal Blood Slide Test System, Beckman Coulter).9,21

Histology

Mouse intestinal tissues were fixed in 10% buffered formalin (Sigma-Aldrich) or Methanol-Carnoy’s fixative, transferred to 30% sucrose/PBS,

and embedded in Tissue-Tek OCT compound (Sakura Finetek).5,21,33 Three-micron frozen sections were stained with hematoxylin and eosin

(H&E; Sigma-Aldrich) or incubated with 1 mg/ml of antibodies to one or more molecules including Muc2 (H-300, Santa Cruz Biotechnology),

Neu3 (M-50, Santa Cruz Biotechnology), cathepsin G (orb460740, Biorbyt), lysozyme (EPR2994(2), Abcam), or aTubulin (P-16, Santa Cruz

Biotechnology), or 5 mg/ml of biotinylated lectins including Erythrina cristagalli (ECA), Ricinus Communis Agglutinin-I (RCA), Peanut Agglu-

tinin (PNA),Maackia amurensis-II (MAL-II), or Sambucus nigra (SNA) (Vector Laboratories). Tissue sections were also stained with Alcian blue,

followed by counterstaining with nuclear fast red (Vector Laboratories). Muc2 or lysozyme was visualized with 0.4 mg/ml of Texas Red-conju-

gated goat anti-rabbit IgG secondary antibodies (Santa Cruz Biotechnology); Neu3 was visualized with 0.4 mg/ml of FITC-conjugated goat

anti-rabbit IgG secondary antibodies (Santa Cruz Biotechnology); aTubulin was visualized with 0.4 mg/ml of Texas Red-conjugated rabbit

anti-goat IgG secondary antibodies (Santa Cruz Biotechnology); and cathepsin G or biotinylated lectins were visualized with 1 mg/ml

of FITC-conjugated streptavidin (Vector Laboratories). These primary antibody or lectin incubations were performed at 4�C overnight and

secondary antibody or streptavidin incubations were performed at room temperature for 1 h. For fluorescence in situ hybridization (FISH),

colon sections fixed with Methanol-Carnoy’s fixative were incubated with of 250 mg of Alexa Fluor 488–conjugated EUB-338

(50-GCTGCCTCCCGTAGGAGT-30; bp 337–354 in bacteria EU622773) or a control nonspecific probe complementary to EUB-338 (Non-

EUB-338; 50-CGACGGAGGGCATCCTCA-30) in 100 ml hybridization buffer (20 mM Tris-HCl (pH 7.4), 0.9 M NaCl, and 0.1% SDS) at 50�C over-

night.33 The sections were rinsed in wash buffer (20 mM Tris-HCl (pH 7.4) and 0.9 M NaCl) at 50�C for 15 min and co-immunostained with

1 mg/ml of antibody to Muc2 (H-300, Santa Cruz Biotechnology) at 4�C. Analyses by microscopy was performed using a TissueGnostics work-

station equipped with Zeiss AxioImager Z1, Hamamatsu C13440-20C camera, PixeLINK PL-D673CU camera, and Lumen Dynamics X-Cite

XLED1 illuminator. Images collected were analyzed using TissueFAXS (Version 3.5), TissueQuest (Version 4.0), HistoQuest software (Version

4.0) (TissueGnostics USA Ltd.), and ImageJ software (Version 2.0.0) (NIH).

mRNA preparation and quantification by real-time PCR

Total RNA was isolated from tissues using Trizol (Invitrogen) and subjected to reverse transcription (RT) using SuperScript III (Invitrogen).

Quantitative real-time PCR was performed using Brilliant SYBR Green Reagents with the Mx3000P QPCR System (Stratagene). Primers

used for real-time PCR in the mouse were: CCL5-RT-F (50-TCGTGTTTGTCACTCGAAGG-30), CCL5-RT-R (50-CTAGCTCATCTCCAAATAGT-

30), IL-1b-RT-F (50-GCCCATCCTCTGTGACTCAT-30), IL-1b-RT-R (50-AGGCCACAGGTATTTTGTCG-30), TNFa-RT-F (50-CATCTTCTCAAAAT
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TCGAGT-30), TNFa-RT-R (50-TTTGAGATCCATGCCGTTGG-30), Muc2-RT-F (50-GCTGACGAGTGGTTGGTGAATG-30), Muc2-RT-R (50-GAT

GAGGTGGCAGACAGGAGAC-30), CatG-RT-F (50-CAAGGAGATGAGGCAGGGAA-30), CatG-RT-R (50-TGAGCTGCTGTTAGGACGAA-30),
NE-RT-F (50-TGGCCTCAGAGATTGTTGGT-30), NE-RT-R (50-TACCTGCACTGACCGGAAAT-30), PR3-RT-F (50-AATGACGTGCTTCTCCTC

CA-30), PR3-RT-R (50-GTGACGTTCAGTTCCTGCAG-30), GAPDH-RT-F (50-TGGTGAAGGTCGGTGTGAAC-30), and GAPDH-RT-R (50-AGT

GATGGCATGGACTGTGG-30). Relative mRNA levels were normalized to expression of Gapdh RNA.

In vivo intestinal barrier function

Dextran-FITC (Sigma-Aldrich) was administered via oral gavage (600 mg/kg), blood was collected from anesthetized animals intoMicrotainer

Serum Separator Tubes (BD Biosciences) at 4 h with no anticoagulant, and allowed to clot for 30 min at room temperature.34 Serum was

collected after centrifugation at 10,000 3 g for 10 min. The amount of FITC in each sample was measured by using a Spectra Max Gemini

EM fluorescent plate reader (Molecular Devices) at 490 and 530 nm for the excitation and emission wavelengths, respectively.

Separation of loose and stratified mucus layer Muc2

Mucus from the colonwas removed from an identically measured epithelial surface by suction (loosely adherent) or scraped (firmly adherent).5

The samples were homogenized in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1%

NP-40, 1% sodium deoxycholate, and 0.1% SDS) supplemented with complete protease inhibitor cocktail per instructions (Roche). Muc2 pro-

teins in loose and stratified mucus layer were analyzed by immunoblotting using 1 mg/ml of antibody to Muc2 (C3, GeneTex) or immunopre-

cipitated with 2 mg/ml of antibody to Muc2 (R-12, Santa Cruz Biotechnology).

Immunoprecipitation, immunoblotting, and lectin blotting

Tissue samples were homogenized in RIPA buffer supplemented with complete protease inhibitor cocktail per instructions (Roche) and incu-

bated overnight at 4�Con a rotatingwheel with 2 mg/ml of antibody toMuc2 (R-12, Santa Cruz Biotechnology), followedby 2 h of incubation in

the presence of protein A/G PLUS agarose (Santa Cruz Biotechnology). Immunoprecipitates were washed five times with RIPA buffer and

eluted with SDS sample buffer. Protein samples eluted or total tissue homogenates were subjected to SDS-PAGE, transferred to nitrocellu-

lose membranes, and incubated with 3% BSA in Tris-buffered saline (TBS). They were then analyzed by immunoblotting using 1 mg/ml of anti-

body to Muc2 (C3, GeneTex), cathepsin G (ab197354, Abcam), neutrophil elastase (44030, Cell Signaling Technology), or proteinase 3 (LS-

C296141, LSBio) or by lectin blotting with HRP-conjugated ECA (0.5 mg/ml), RCA (0.1 mg/ml), PNA (1 mg/ml), MAL-II (0.2 mg/ml), or SNA

(0.1 mg/ml) (EY Laboratories). Signals detected by chemiluminescence (GE Healthcare) were analyzed by integrated optical density using

LabWorks Image Acquisition and Analysis Software (UVP Bioimaging Systems). Parallel protein samples were visualized with Coomassie bril-

liant blue G250 staining (Bio-Rad). Protein standards prestained, broad range 250–10 kDa were used as molecular weight markers (1610394,

Bio-rad).

ELISA

ELISA plates (Nunc) were coated with 2 mg/ml of antibodies to Muc2 (R-12, Santa Cruz Biotechnology) and blocked by incubation at room

temperature for 1 h with 5%BSA in PBS (Jackson ImmunoResearch). To generate biotinylated antigens, 500 ml of total protein extracts isolated

frommouse tissue (1 mg/ml) were incubated with 500 ml of sulfo-NHS-LC-LC-biotin (1 mg/ml) (Thermo Fisher Scientific) on ice for 2 h and the

biotinylation reaction was stopped with the addition of 15 mM glycine (pH 8.0; final concentration). After washing the ELISA plates, 20 mg of

biotinylated protein extracts was added to each well and incubated at room temperature for 2 h. Antigens were detected following the addi-

tion of 1:5000 dilution of HRP-streptavidin (BD Biosciences) and 3,30,5,50 tetramethylbenzidine (TMB, Sigma-Aldrich). Lectin binding was

determined in parallel by the addition of HRP-conjugated ECA (0.5 mg/ml), RCA (0.1 mg/ml), PNA (1 mg/ml), MAL-II (0.2 mg/ml), or SNA

(0.1 mg/ml) (EY Laboratories), followed by TMB, and changes in glycan linkages were detected by comparing lectin binding among identical

amounts of biotinylated Muc2.35

Neuraminidase activity and inhibition

Neuraminidase activity was measured in tissue extracts in RIPA buffer supplemented with complete protease inhibitor cocktail per instruc-

tions (Roche) using the Amplex Red Neuraminidase Assay Kit according to the manufacturers’ instructions (Molecular Probes). For inhibition

of neuraminidase activity in the colon, Zanamivir (0.5 mg/ml; Sigma-Aldrich) was provided in the drinking water immediately following the

initial ST infection at 8 weeks of age and continued for the duration of study as indicated.

In vitro Muc2 proteolysis

For obtaining Muc2 immunoprecipitates, 1 mg of tissue lysates in RIPA buffer from the colonic stratified layer of indicated genotypes at

12 weeks of age was incubated overnight at 4�C with 2 mg/ml of antibody to Muc2 (R-12, Santa Cruz Biotechnology), followed by 2 h of in-

cubation in the presence of protein A/G PLUS agarose and washed five times with RIPA buffer. For producing the Muc2-depleted intestinal

content solution, 100 mg of intestinal content from wild-type mice at 20 weeks of age following ST re-infection or PBS administration was

diluted in 1 ml of TBS buffer and vortexed thoroughly to make an intestinal content solution. After centrifugation at 14,000 rpm, the super-

natants was incubated with 2 mg/ml of Muc2 antibody (R-12, Santa Cruz Biotechnology) and protein A/G PLUS agarose for 2 h at room
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temperature, centrifuged at 2,000 rpm to remove agarose beads, and then applied to Poly-Prep gravity-flow columns (Bio-rad). The flow-

through fractions were incubated with Muc2 antibody and protein A/G PLUS agarose, centrifuged at 2,000 rpm to remove agarose beads,

and then applied to Poly-Prep gravity-flow columns and these steps were repeatedly performed until Muc2 proteins were not detected in

the final flow-through fractions. For in vitroMuc2 proteolysis assay, Muc2 immunoprecipitates isolated from the colonic stratified layer of indi-

cated genotypes at 12 weeks of age were mixed with 1 ml of Muc2-depleted lumenal extract solution generated from 100 mg of lumenal

content of WT mice at 20 weeks of age prior to the fourth ST infection or PBS treatment. After incubation in a shaking incubator at 37�C
for the indicated times otherwise 24 h, Muc2 immunoprecipitates were washed five times with RIPA buffer, eluted with SDS sample buffer,

and subjected to immunoblotting. For protease activity inhibition, complete protease inhibitor cocktail per instructions (Roche), 1 mM

E-64 (Sigma-Aldrich), 1 mM PMSF (Sigma-Aldrich), 1 mM EDTA/EGTA (Sigma-Aldrich), 100 mM cathepsin G inhibitor (CAS 429676-93-7;

Sigma-Aldrich), 100 mM neutrophil elastase inhibitor (CAS 65144-34-5; Sigma-Aldrich), or 100 mM trypsin inhibitor (CAS 4272-74-6; Sigma-

Aldrich) was added to the in vitro Muc2 proteolysis assay.23 For in vitro sialidase treatment, Muc2 immunoprecipitates were incubated

with 0.3 U/ml of Arthrobacter urefaciens sialidase (EY lab) or PBS at 37�C for 2 h in the absence or presence of a sialidase inhibitor zanamivir

(0.5 mg/ml; Sigma-Aldrich) and washed with TBS buffer prior to or after in vitro Muc2 proteolysis assay.

Comparative studies of intestinal microbiota

Total DNA was extracted from 1 mg of intestinal content or colon tissue per individual mouse using QIAamp DNA Mini Kit according to the

manufacturer’s instructions (Qiagen). Total DNA was quantified and used as the template for quantitative real-time PCR (qPCR). A subset of

commensal microbial populations were analyzed with Brilliant SYBR Green Reagents and the Mx3000P QPCR System (Stratagene). Oligonu-

cleotide primers for total bacterial DNAwere (Total-F-50-GTGCCAGCMGCCGCGGTAA-30, Total-R-50-GACTACCAGGGTATCTAAT-30; while
those to measure individual populations included Clostridiaceae-F-50-TTAACACAATAAGTWATCCACCTGG-30, Clostridiaceae -R-50-
ACCTTCCTCCGTTTTGTCAAC-30; Lactobacillaceae-F-50-AGCAGTAGGGAATCTTCC-30, Lactobacillaceae-R-50-CGCCACTGGTGTTCYTC

CATATA-30; Bacteroidaceae-F-50-CCAATGTGGGGGACCTTC-30, Bacteroidaceae-R-50-AACGCTAGCTACAGGCTT-30; and Enterobacteri-

aceae-F-50-CATTGACGTTACCCGCAGAAGAAGC-30, Enterobacteriaceae-R-50-CTCTACGAGACTCAAGCTTGC-30).36 Serial dilutions of to-
tal DNAwere used to generate standard curves in acquiring eachmeasurement. Relative levels of bacterial DNAobtained permgof intestinal

content from each mouse were calculated in plotting comparisons to wild-type littermates.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed as meanG SD. unless otherwise indicated. Student’s unpaired t test was used to compare the means of two groups.

One-way Analysis of Variance (ANOVA) with Tukey’s multiple comparisons test was used to compute statistical significance betweenmultiple

groups. GraphPad Prism software (Version 7.0) was used to determine statistical significance amongmultiple studies. P values of less than 0.05

were considered significant. Statistical significance was denoted by *P < 0.05, **P < 0.01, or ***P < 0.001. The exact value of n, representing

the number of mice in the experiments depicted, was indicated in the figure legends.
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