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SUMMARY

We show that MUC13 limits Salmonella typhimurium infec-
tion. MUC13 maintains barrier integrity by acting as a

releasable decoy to limit bacterial invasion and by reducing
pathogen-induced cell death. This finding may lead to a
novel therapy to treat S Tm infection.

BACKGROUND & AIMS: MUC13 cell surface mucin is
highly expressed on the mucosal surface throughout the
intestine, yet its role against bacterial infection is unknown.
We investigated how MUC13 impacts Salmonella typhimu-
rium (S Tm) infection and elucidated its mechanisms of
action.

METHODS: Muc13”" and wild-type littermate mice were gav-
aged with 2 isogenic strains of S Tm after pre-conditioning with
streptomycin. We assessed clinical parameters, cecal histology,
local and systemic bacterial load, and proinflammatory cyto-
kines after infection. Cecal enteroids and epithelial cell lines
were used to evaluate the mechanism of MUC13 activity after
infection. The interaction between bacterial SiiE and MUC13
was assessed by using siiE-deficient Salmonella.

RESULTS: S Tm-infected Muc13”" mice had increased disease
activity, histologic damage, and higher local and systemic bac-
terial loads. Mechanistically, we found that S Tm binds to
MUC13 through its giant SiiE adhesin and that MUC13 acts as a
pathogen-binding decoy shed from the epithelial cell surface
after pathogen engagement, limiting bacterial invasion. In
addition, MUC13 reduces epithelial cell death and intestinal
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barrier breakdown by enhancing nuclear factor kappa B
signaling during infection, independent of its decoy function.

CONCLUSIONS: We show for the first time that MUC13 plays a
critical role in antimicrobial defense against pathogenic S Tm at
the intestinal mucosal surface by both acting as a releasable
decoy limiting bacterial invasion and reducing pathogen-
induced cell death. This further implicates the cell surface
mucin family in mucosal defense from bacterial infection. (Cell
Mol Gastroenterol Hepatol 2023;16:985-1009; https://doi.org/
10.1016/j.jcmgh.2023.08.011)

Keywords: Salmonella; Bacterial Invasion; Intestinal Barrier;
Epithelial Cell; Mucin; MUC13; Adhesion; Cell Death.

almonella enterica subspecies I serovar typhimurium

(S Tm) is a leading cause of foodborne illness. Esti-
mated cases exceed 93 million, with 155,000 deaths re-
ported worldwide annually.' At the early infection stage, the
intestinal barrier is breached primarily through direct
infection of barrier-forming epithelial cells. Understanding
how the cellular and molecular interaction between the
pathogen and epithelial cells influences disease outcomes
may lead to the design of new therapies to prevent or treat
Salmonella infection.

S Tm is a facultative intracellular Gram-negative path-
ogen that has developed powerful strategies to infect the
gastrointestinal tract. A key feature of this bacterium is the
ability to invade non-phagocytic cells. Entry of S Tm into the
brush border of intestinal epithelial cells (IECs) is an
important virulence trait that precipitates intestinal
inflammation and systemic dissemination. S Tm invasive-
ness is mediated by its type 3 secretion system (T3SS)
including T3SS-1 and T3SS-2, encoded by pathogenicity is-
land 1 (SPI1) and SPI2, respectively.” > T3SS is a molecular
syringe that injects virulence effector proteins directly into
the cytosol of host cells. These effectors (such as SipA, SipC,
SopE/SopE2, and SopB) cooperatively manipulate multiple
host signaling pathways to induce rapid actin polymeriza-
tion and membrane ruffing, further facilitating bacterial
internalization.®™”

S Tm not only relies on these injected effectors but also
uses several other T3SS-independent mechanisms to enter
host cells.'®*' They are equipped with many adhesion
proteins that can be subdivided into fimbrial adhesins (eg,
Fim fimbriae, Curli), autotransporter adhesins (eg, MisL,
SadA), and type 1 secretion system (T1SS) substrates (eg,
BapA, SiiE)."* The Salmonella giant adhesin SiiE is a key
factor in the apical invasion of polarized epithelial cells."***
SiiE is encoded by pathogenicity island 4 (SPI4) and medi-
ates Salmonella binding to the apical surface of polarized
epithelial cells."® § Tm uses the cooperative activity of T3SS
and T1SS substrate adhesin SiiE to invade polarized
epithelial cells."®"”

S Tm infection causes substantial epithelial cell death
during early infection."®?° Whether cell death is a host-
driven defensive strategy to limit bacterial replication or a
bacterial strategy driving its systemic dissemination re-
mains to be elucidated.”’
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Intestinal mucosal epithelial cells form a contiguous
physical barrier reinforced by a surface layer of glycocalyx
and a secreted layer of mucus to physically exclude most
bacteria from cell surface contact.”>** Secreted and cell-
surface mucins are large glycoproteins covered with a
dense array of complex O-linked oligosaccharides and are
the major constituent of the mucus barrier and the glyco-
calyx, respectively.”” In addition to protection, membrane-
anchored cell-surface mucins participate in intracellular
signal transduction and play an important role in the sur-
vival and regeneration of mucosal epithelial cells.”**®
Although the MUC1 cell surface mucin can play a protec-
tive role against some gastrointestinal pathogens, such as
Campylobacter jejuni*® and H. pylori,””*® it can facilitate
Salmonella invasion by acting as a receptor for the Salmo-
nella SiiE adhesin,”” which is in contrast to its protective
role. However, the role of other cell surface mucins in
infection has not been empirically studied.

The MUC13 cell surface mucin is highly induced by
bacterial and malaria parasite infections.?%>! Normally, the
MUC13 protein is found on the apical surface of intestinal
enterocytes and goblet cells, but it can also be shed from the
surface.”” During infection and inflammation, MUC13 cyto-
plasmic expression is increased, likely reflecting immune-
driven enhanced biosynthesis to compensate for shedding
from the cell surface.”>**** We have previously shown that
MUC13 plays a critical role in protecting intestinal epithelial
cells from death in response to a range of triggers, rendering
Muc13-deficient mice more susceptible to chemically
induced colitis.”® The increased susceptibility to DSS-
induced colitis in Muc13-deficient mice could suggest that
MUC13 has a role in intestinal barrier function during attack
by pathogens.

MUC13 contains a mucin extracellular domain consisting
of a tandem repeat region rich in proline, threonine, and
serine that is O-glycosylated. Although MUC13 lacks the
canonical sea urchin sperm protein enterokinase and agrin
(SEA) domain cleavage site GSVV motif,*” it does have other
essential structural features of the SEA domain.*?
Biochemical analysis from 2 independent laboratories sup-
ports the notion that MUC13 undergoes cleavage within the
SEA domain.***® Furthermore, multiple proteomic analyses
have confirmed that MUC13 is a significant component of
secreted mucus,®”*® indicating that MUC13 is likely

Abbreviations used in this paper: BME, Basement Membrane Matrix;
CFU, colony-forming unit; DAI, disease activity index scores; d.p.i, day
post-infection; FITC, fluorescein isothiocyanate; h.p.i, hours post-
infection; IEC, intestinal epithelial cell; MLN, mesenteric lymph node;
NF-«B, nuclear factor kappa B; PBS, phosphate-buffered saline; SEA,
sea urchin sperm protein enterokinase and agrin; SEM, standard error
of the mean; T3SS, type 3 secretion system; TUNEL, terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling; WT, wild-
type.
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autocatalytically cleaved at an unknown sequence during
protein folding in the endoplasmic reticulum.

It also has a 69 amino acid cytoplasmic domain that in-
cludes 8 serine and 2 tyrosine residues for potential phos-
phorylation and a protein kinase C consensus
phosphorylation motif likely to be involved in signaling
pathways regulating cell death and proliferation.””***? The
extracellular domain of MUC13 expresses diverse and
complex O-linked oligosaccharides including terminal sia-
lylated and sulfated glycans.***° This is a common feature
of mucins; they often present diverse oligosaccharide
structures in the glycocalyx that pathogens have evolved to
bind. Because MUC13 is highly expressed on the apical
surface of intestine epithelial cells in both humans and mice,
it may mediate direct contact between the host and invading
pathogens attempting to bind to the glycocalyx. MUC13
polymorphisms are also significantly associated with sus-
ceptibility to enterotoxigenic Escherichia coli infection in
pigs.** However, there is some uncertainty, and it has been
suggested that rather than MUC13, it is a neighboring gene
that is involved in the reported E coli susceptibility.**
Further analysis also suggests that piglet susceptibility to
enterotoxigenic E coli is not related to the expression level
of MUC13, with polymorphisms affecting the function rather
than the level of expression.43'44 Thus, the role of MUC13
during gastrointestinal bacterial infection remains unclear.

Here we report that MUC13 inhibits S Tm infection by
acting as a pathogen-binding releasable decoy molecule and
prevents tissue damage by inhibiting excessive cell death
and barrier breakdown. Thus, MUC13 plays a crucial role in
host defense against S Tm infection.

Results
Intestinal Expression of MUC13 Is Rapidly Up-
regulated in Response to Salmonella Infection
MUC2 is a secreted mucin and the major constituent of
the intestinal mucus layer that functions as a physical bar-
rier to pathogens like § Tm,*>*® and its expression is
increased after infection.*® In comparison, little is known of
the function and regulation of cell surface mucins in
response to S Tm. Therefore, we determined the expression
of MUC13 in response to S Tm infection in vivo by using the
streptomycin pretreated mouse model.*’ The streptomycin-
pretreatment mouse model of Salmonella infection provides
a robust means to study pathogen-host interplay during
enteric disease in genetically tractable animals.”” In the
uninfected cecum and colon, strong MUC13 staining was
identified on the apical surface of epithelium with weak
cytoplasmic staining (Figure 14 and B). Within 24 hours of
infection, there was a strong induction of MUC13 expression
in the cecum, with an intense expression on the cell surface
and in the cytoplasm that was maintained for 3 days
(Figure 1A4). A similar expression pattern to the cecum was
observed in the colon (Figure 1B). The follicle-associated
epithelium cells in cecal patches were also strongly posi-
tive for Muc13 staining (Figure 1C). Strong MUC13 expres-
sion was also present in the cecal patch epithelium
(Figure 1C). This site has a role in antigen sampling from the
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luminal content, similar to Peyer’s patches, and is a major
site of § Tm infection.*® Strongly positive MUC13 cells shed
into the cecal lumen were observed in infected mice
(Figure 1C). We confirmed that the staining of the anti-
MUC13 antibody is specific because we did not detect
staining with Muc13”" mice or with the secondary antibody
(Figure 1D). There was a significant and progressive in-
crease in the level of Muc13 gene expression over the course
of infection in both the cecum and colon (Figure 1E),
although the larger increase in protein relative to mRNA at
day 1 is suggestive of a rapid post-transcriptional
regulation.

Muc13”~ Mice Are More Susceptible to

Salmonella Infection

The increased expression level of MUC13 in response
to § Tm suggests that MUC13 is a part of the early
epithelial response to infection. To investigate the signif-
icance of MUC13 for host defense in vivo, we infected
wild-type (WT) and Mucl3”/" littermate mice as in
Figure 1. Mucl3-deficient mice exhibited more severe
clinical signs of infection than WT littermates at 1 day
post-infection (d.p.i.) as reflected by a greater loss of body
weight and higher disease activity index scores (DAI)
(combined scores for loss of body weight, diarrhea, and
behavior/activity) (Figure 24 and B). Ex vivo assessment
of the infected colons demonstrated a significantly
reduced colon length in Mucl3”" compared with WT
littermate mice at both day 1 and day 3 of the infection
(Figure 2C). Infected Muc13”" mice also had significantly
greater (2.1-fold at day 1 and 3.8-fold at day 3) intestinal
permeability as determined by fluorescein isothiocyanate
(FITC)-dextran uptake (Figure 2D). Similar results were
obtained with the S Tm NCTC strain (Figure 2E-H).

In agreement with the clinical observations, Muc13”"
mice showed more severe histologic damage and inflam-
mation in the cecum in response to S Tm than WT litter-
mates (Figure 3). By 1 d.pi, Muc13”" mice exhibited
significantly increased epithelial damage and a trend of a
higher level of inflammation compared with WT mice
(Figure 34). By 3 d.p.i, these mice demonstrated a signifi-
cant increase in epithelial damage and a significant elevation
in inflammation when compared with WT mice (Figure 3B).
These data indicate that MUC13 protects against epithelial
damage and the associated inflammatory response during
Salmonella infection.

MUC13 Limits S Tm Expansion and Penetration
of the Intestinal Barrier

Next, we examined the S Tm distribution within the in-
testinal tract and counted live bacteria within gastrointes-
tinal and systemic tissues. We observed that stool S Tm
burden was significantly higher in Muc13”" mice throughout
the infection period (Figure 4A4). Detection of biolumines-
cent bacteria showed the highest density in the cecum in
both WT and Muc13”" mice at 1 d.p.i. (Figure 4B and C),
consistent with previous findings that the cecum is the
major site of § Tm infection.”” Limiting dilution culture
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Figure 1. Intestinal MUC13 expression is rapidly induced by S Tm infection. Muc13* *(WT) C57BL/6 littermate mice were
administered streptomycin (20 mg/mouse, orally gavaged [0.9.]) 24 hours before being uninfected (PBS) or infected by o0.g. with
4 x 107 CFU of S Tm SL1344. The mice were killed and sampled at 1 d.p.i. (n = 6) or 3 d.p.i. (n = 6). (A-C) Immunofluorescence
staining for MUC13 (green) and nuclei (DAPI, blue) in the cecum (A) or colon (B) of WT mice. Left panel: representative immu-
nofluorescence images; 20 um scale bars shown. Right panel: fluorescence intensity of MUC13 was determined by ImageJ
software in at least 25 individual epithelial cells per mouse. The average intensity was plotted. (C) Immunofluorescence staining for
MUC13 (green) and nuclei (DAPI, blue) in the cecal patches. 20 um scale bars are shown. (D) Immunofluorescence staining for
second Ab (green) and nuclei (DAPI, biue) in the cecum or colon of WT mice, or MUC13 (green) and nuclei (DAPI, blue) in Muc13™
mice. 20 um scale bars are shown. (E) Muc13™ or WT littermates were treated as in A and B. Muc13 mRNA expression in the
cecum (left) or colon (right) was determined by quantitative real-time polymerase chain reaction (n = 6). Statistics: (A, B, and E)
individual data points, mean + standard error of the mean (SEM), Mann Whitney U test, WT mice, *1 or 3 d.p.i. vs uninfected, #3
d.p.i. vs 1 d.p.i.,*P < .05, *P < .01, ¥P < .01. Data are representative of 2 independent experiments.
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Figure 2. Muc13™~ mice are more susceptible to S Tm infection. Muc13” and Muc13**(WT) C57BL/6 littermate mice were
infected as described in Figure 1 with S Tm SL1344 strain (A-D, n = 6) or S Tm NCTC strain (E-H, n = 6). (A and E) Body weight
from 0 to 3 d.p.i. expressed as percentage of pre-infected body weight. (B and F) Clinical DAI scores (aggregate scores for loss
of body weight, diarrhea, inactivity, shivering, and hunched posture) were assessed daily for 3 days. (C and G) Colon length at
indicated d.p.i. (D and H) FITC-dextran intestinal permeability assay at indicated d.p.i. Statistics: (A, B, E, and F) Two-way
analysis of variance with Geisser Greenhouse correction; (C, D, G, and H) individual data points, mean + SEM, Mann-
Whitney U test, Muc13”~ vs WT mice; *P < .05, **P < .01. Data are representative of 3 independent experiments.

confirmed the cecum had the highest density of bacteria at 1
d.p.i. and revealed ~ 10-fold higher S Tm burden in the ceca,
small intestine, and colon of Mucl13”" mice compared
with WT mice (Figure 4D). Rapid translocation of S Tm
through the intestine was also observed at 1 d.p.i.,, with
bacteria reaching the mesenteric lymph nodes (MLNs),
spleen, and liver in all Muc13”" mice, compared with only
2 of 6 WT mice (Figure 4D). As infection progressed to 3
d.p.i., Muc13”" mice maintained ~10-fold greater levels
of S Tm burden in the ceca, small intestine, and colon
(Figure 4E). Similarly, we observed ~10-fold higher S Tm
burden in the MLNs, spleen, and liver of Muc13”" mice
(Figure 4E). Similar results were obtained with the S Tm
NCTC strain (Figure 4F). These data suggest that there is
an increase in bacteria in both the lumen and mucosal
tissue of Mucl3-deficient mice. In the cecum of Muc13”~

mice, S Tm proliferates more rapidly and penetrates the
intestinal barrier, which is consistent with the histologic
findings of greater epithelial damage and widespread
inflammation.

MUC13 Acts as a Physical Barrier to Protect
Intestinal Epithelium During S Tm Infection

On the basis of both the strong induction of MUC13 in
the cecum in response to S Tm infection and the enhanced
epithelial damage and bacterial penetration in Mucl3-
deficient mice, we hypothesized that MUC13 acts as a pro-
tective physical barrier limiting S Tm interaction with and
penetration of the epithelium. Cell surface epithelial barrier
function would be particularly important in the cecum,
which lacks a continuous thick mucus layer, leaving the



990 McGuckin et al

A —

1d.p.i.

3 d.p.i.

Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 6

Muc13" ® WT
) /
o . Muc13
o
o o
(7]
g 4 ofe
.&é L]
E 2
©
E o
o 87 %k
59 .
g §4- oo
a8,
wE 2]
o°
0-

Inflammation score
o N H o
L
‘ .

-
=3
T
*
*

Epithelial
damage score
b

st 3o % 0-

Figure 3. Muc13”~ mice showed more severe histologic damage and inflammation. Muc13”" (n = 6) or WT littermate (n =
6) mice were infected with S Tm SL1344 as described in Figure 1. H&E-stained cecal sections from representative mice, scale
bars as indicated (left). Histologic scores grading severity of inflammation and tissue damage at 1 (A) and 3 (B) d.p.i. (right).
Statistics: individual data points, mean + SEM, Mann-Whitney U test, Muc13”" vs WT mice; *P < .05, **P < .01. Data are

representative of 3 independent experiments.

epithelial surface of crypts more exposed than in the co-
lon.*® Therefore, we investigated whether the increased
sensitivity of Muc13”” mice to S Tm challenge was associ-
ated with increased attachment of bacteria to the epithe-
lium. We examined intestinal tissue fixed in Carnoy’s
fixative (which preserves the extracellular mucus layer) for
the localization of S Tm relative to the mucus layer and
epithelium by staining for S Tm in combination with MUC2
or MUC13. In line with previous findings,*’ the cecum of WT
mice lacked a continuous, MUC2-positive mucus layer
(Figure 54 i). MUC13 was highly expressed in the glycocalyx
surface of the cecal epithelial tips, and luminal S Tm was
frequently coated with shed MUC13 (Figure 54 ii). Because
the immunofluorescence staining was conducted by using
the available antibody that targets the cytoplasmic domain
of MUC13, the luminal MUC13 we identified is likely
restricted to membranous fragments and exosomes.
Immunostaining further revealed the Iluminal and
mucosal distribution of § Tm was dramatically different
between WT and Muc13”" mice (Figures 5B and 64). At 1
d.p.i. in WT mice the epithelial cell surface was covered with
MUC13 and provided a distinct barrier that kept the vast

majority of the § Tm within the cecal lumen and effectively
distanced from the epithelial surface, with only isolated
examples of apparent attachment or invasion (Figures 5B
and 64). In contrast, S Tm was found in contiguous clusters
along the luminal cell surface in Muc13”" mice, where it had
penetrated deeper into the crypts and was found in contact
with and in the basal region of numerous epithelial cells and
in the submucosa (Figures 5B and 64). By 3 d.p.i,, the cecal
epithelium of WT mice remained relatively free of invading
S Tm, although occasional clusters of bacteria were seen
within cells underlying the mucosal epithelium, likely to be
macrophages or granulocytes (arrow in Figure 6A4). In
contrast, Muc13”" mice had a significantly higher number of
S Tm contacting epithelial cells in the mucosa (Figure 5B).
There was also extensive shedding of epithelial cells into the
lumen that were heavily laden with Salmonella (Figure 5B).

Salmonella infection was accompanied by altered mRNA
expression of proinflammatory cytokines and antimicrobial
factors, including interleukin 22, Reg3y, lipocalin-2, and
$100 molecules, in the cecum of both WT and Muc13”" mice
(Figure 6B). In contrast, B-defensin expression was mark-
edly reduced by infection in the cecum of both WT and
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Figure 4. Muc13”~ mice carry higher S Tm burdens in intestinal tissues, MLNs, spleen, and liver than WT mice. (A and B)
Muc13” (n = 3) or WT littermate (n = 2) mice were infected for 1 day with bioluminescent strain of S Tm SL1344 as described
in Figure 1. (A) Ex vivo imaging and (B) guantlflcatlon of total bioluminescence (see color scale) in the gut of infected mice.
Arrows indicate the cecum. (C-E) Muc13” 6) or WT littermate (n = 6) mice were infected with S Tm SL1344 as described
in Figure 1. (C) CFUs of S Tm SL 1344 in the stool of mice were determined by limiting dilution culture during infection. (D and
E) CFUs of S Tm SL 134 in homogenized gastrointestinal and systemic tissues (S|, small intestine) of mice were determined by
limiting dilution culture at 1 (D) and 3 (E) d.p.i.; dashed line, limit of detection. (F) Muc13”~ (n = 4) or WT littermate (n = 6) mice
were infected with S Tm NCTC as described in Figure 1. CFUs of S Tm NCTC in homogenized gastrointestinal and systemic
tissues of mice were determined by limiting d||ut|on culture at 3 d.p.i.; dashed line, limit of detection. Statistics: (B, D, E, and F)
mean + SEM, Mann-Whitney U test, Muc13” vs WT mice. (C) Two -way analysis of variance with Geisser Greenhouse
correction. *P < .05, P < .01, *™P < .001. Data are representative of 2 independent experiments.
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1d.p.i.

1 d.p.i.

Muc13” mice (Figure 6B). Although the magnitude of the
expression change of these factors was higher in Muc13”"
mice, the temporal pattern was similar to the WT mice,
suggesting an alternative type of inflammatory response is

Figure 5.MUC13 acts as a physical
barrier to limit S Tm contact with
cecal surface epithelium. Muc13”"
mice (n = 6) or WT littermates (n = 6)
were infected with S Tm SL1344 as
described in Figure 1 and were killed at 1
d.p.i. (A) Representative immunofluo-
rescence image of cecal tissue from WT
mice fixed in Carnoy’s fixative to pre-
serve mucus and stained for () MUC2
(green) and S Tm (red); (i) MUC13
(green) and S Tm (red). (Insets show
magnification of regions on the right),
scale bars = 50 um. (B) Representative
immunofluorescence image of cecal
tissue from WT and Muc13”" mice
stained for MUC13 (green) and S Tm
(red) at 1 d.p.i. (Insets show magnified
regions on the right), scale bars = 50
um. Data are representative of 2 inde-
pendent experiments.

unlikely to underlie the greatly enhanced pathology
(Figure 6B). Loss of Muc13 did not result in compensatory
up-regulation of Muc2 before or after infection and only
increased Mucl expression by day 3 (Figure 6B),



2023 MUC13 Protects Against S Tm Infection 993

o - Reg3g 30S1OOa8i 2 *
° Fdek # =,
25 20 100 100
- 20
<o 15 80 wall|l 80
2 10 60 60 -
© E 10 % 40 " 40
£ 5{— , 20{ 20
0 (] = o 0
d 3 0 1 3 0 1 3 0 1 3 0o 1 3
Muc2
o_ 5 50 uc. i
= .
] E 4 40 = Muc13
O
£c 3 30
o
< © 2 20
z facd
74 E 1 10 I
£ 0 B
C dpi 0 1 3 01 3
Uninfected 4 h.p.i. .
= 250
: ; s = Wt
O 00 = Muct3*
£
1507
@
Q 1004
E 50
=
2

WT
200+ Kkkk = Muct3*

S.Tm per 120x field

i’ - wr
E - __ S100a8 S100a9 Len2 Muc1 Muc2 Muc13 = Muct3”
L w40 50 X 200 15 25 10
32 = * x #
<5230 40 150 — 20 8
Z <t 10
XSo 30 1.5 6
Eovs20 100
> 20 # 5 # 1.0 4
2510 i 10 50 05 2
L
hpi® o 4 0T 4 O Oty 0.0 Ty 0 4

Figure 6. MUC13 acts as a physical barrier to limit S Tm contact and reduce inflammation in IEC intrinsic manner.
(A) Muc13” mice (n = 6) or WT littermates (n = 6) were infected with S Tm SL1344 as described in Figure 1 and were killed at 1 or 3
d.p.i. Representative immunofluorescence image of cecal tissue from WT and Muc13™ mice stained for MUC13 (green) and S Tm
(red) at 1 and 3 d.p.i.;; 20 um scale bars shown. (B) Quantitative real-time polymerase chain reaction showing cecal expression of
indicated proinflammatory and antimicrobial genes, relative to Hprt, as well as Muc1 and Muc2 genes, relative to villin, at different
time points after infection. (C) Cecal enteroids derived from Muc13” mice (n = 3) or WT littermate mice (n = 3) were maintained in
BME for 4 passages. Three days before infection, enteroids were transferred to suspension culture in low-attachment plates and
infected with S Tm DsRed for 1 hour, followed by gentamicin protection assay. Bacterial colonization was assessed by fluorescence
microscopy at 4 h.p.i. Left panel: representative immunofluorescence images; 20 um scale bars are shown. Right panel: results are
from at least 20 enteroids from each genotype of 3 independent experiments. (D) Cecal enteroid monolayers derived from Muc13™
mice (n = 3) or WT littermate mice (n = 3) were infected with S Tm DsRed for 30 minutes, followed by gentamicin protection assay.
Bacterial colonization was assessed by fluorescence microscopy at 4 h.p.i. Left panel: representative immunofluorescence images
and analysis using IMARIS software; scale bars = 5 um. Arrows indicate colocalization of MUC13 with S Tm. Right panel: results are
from 20 fields of monolayers staining from each genotype of 3 independent experiments. (E) Cecal enteroids were derived as
described in C. Quantitative real-time polymerase chain reaction showing cecal organoid expression of indicated antimicrobial
genes, relative to Hprt, as well as Muc1, Muc2, and Muc13 genes, relative to villin, at different time points after infection. Statistics:
(B-E) mean + SEM, Mann-Whitney U test; *Muc13”" vs WT mice or enteroids at same time point, # vs uninfected WT mice or
enteroids. * or * P < .05; * or # P < .01, ** or #* P < 001, *** P < .0001. Data are representative of 3 independent experiments.
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demonstrating differential regulation of Mucl and Muc2
during infection. Mucl expression was influenced by the
absence of Mucl3 expression only at the late stages of
infection, likely in response to the greater bacterial burden
and inflammatory response.

Taken together, these results demonstrate that Mucl3
deficiency results in enhanced pathogen invasion of the host
epithelium, leading to greater penetration into the submu-
cosa and systemic tissues and greater local inflammation.

MUC13 Restrains S Tm Infection in an IEC
Intrinsic Manner

To define whether the ability of MUC13 to limit S Tm
infection in murine ceca reflected an IEC intrinsic role, we
infected cecal enteroids. This allowed us to remove con-
founding factors such as the microbiota or altered immune
activity and focus on the function of epithelial cells alone.
After establishment, enteroids were induced to reverse po-
larity to apical side-out by suspension culture”’; reversal of
polarity was consistently observed in these enteroids.
Polarized enteroids were then infected with S Tm DsRed,
and intracellular bacteria were enumerated by using a
gentamicin protection assay in combination with fluores-
cence microscopy. Muc13”" enteroids proved highly
susceptible to S Tm infection as reflected by higher numbers
of S Tm infected cells containing microcolonies of intracel-
lular § Tm at 4 hours post-infection (h.p.i.) (Figure 6C,
Supplementary Figure 1). In contrast, WT enteroids had
significantly fewer infected IECs as well as relatively low
numbers of intracellular S Tm (Figure 6C, Supplementary
Figure 1). We also generated two-dimensional monolayer
cultures from the murine cecal enteroids and infected them
apically with S Tm DsRed. Consistent with the observation
of polarized enteroids, Muc13”" monolayers proved highly
susceptible to S Tm infection as evidenced by the high
density of attachment and invasion of S Tm to the cells and
great abundance of colonies compared with WT monolayers
at 4 h.p.i. (Figure 6D). The higher intracellular S Tm burden
in Muc13”/" enteroids and two-dimensional monolayers
largely mirror the in vivo infection findings that Muc13”
mice show greater invasion of the intestinal epithelium by S
Tm than WT mice. mRNA expression analysis further
demonstrated that there was a significantly greater up-
regulation of S100 molecules and lipocalin-2 in the enter-
oids from Muc13”" than in WT mice, demonstrating greater
epithelial-intrinsic responses to the pathogen (Figure 6E).
Similar to our in vivo findings, Muc13 mRNA was signifi-
cantly increased in response to infection in the WT enter-
oids. In addition, we found that MucI mRNA expression was
significantly up-regulated in Muc13” enteroids compared
with WT enteroids at 4 h.p.i, whereas Muc2 mRNA
expression remained unchanged (Figure 6FE). These results
support a role for epithelial MUC13 limiting S Tm infection.

MUC13 Is a Pathogen-Binding Decoy Shed From
the Epithelial Cell Surface That Limits Invasion

Because of its abundant expression on the apical surface,
we hypothesized that the highly glycosylated extracellular

Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 6

domain of MUC13 may act as a pathogen-binding decoy like
MUC1. MUC1 has previously been shown to act as a
releasable decoy and reduce bacterial binding to mucosal
epithelial cells.”® Therefore, we investigated whether
MUC13 functioned similarly.

We examined cecum tissue for the interaction of S Tm
with MUC13 by immunostaining. After 1 day of infection,
many of the S Tm in the lumen were coated with MUC13 in
WT mice (Figure 7A). This could have occurred in the lumen
by binding secreted MUC13 without epithelial cell engage-
ment, like secretory immunoglobulin A coating of luminal
bacteria, or it could have occurred because of the binding to
MUC13 on the cell surface, which triggered MUC13 shed-
ding. To assess the effects of MUC13 on attachment of
bacteria to the cell surface, we overexpressed MUC13 with a
FLAG tag at the N-terminus of the extracellular domain in
the human intestinal epithelial cell line SW480, which has
low endogenous expression of MUC13*® under control of
the CMV promoter (ie, expressed independently of MUC13
gene regulation). We then infected confluent monolayers of
MUC13-transfected cells with S Tm and assessed MUC13
levels over 0.25-16 hours. Cell surface (unfixed cells) and
total (fixed and permeabilized) MUC13 were measured by
flow cytometry within viable cells with an anti-FLAG anti-
body. Infection with S Tm progressively depleted cell sur-
face MUC13, reaching maximal depletion of ~80% after 16
hours of infection (Figure 7B). At this time, total MUC13 was
decreased by ~40% (Figure 7C). Whereas shedding of
MUC13 from the infected cell surface exceeded its replace-
ment from the intracellular pool, in these transfected cells it
should be noted that MUC13 is regulated by CMV rather
than the MUC13 promoter and thus unlikely to be tran-
scriptionally up-regulated in response to infection in the
compensatory manner observed with in vivo infection
(Figure 1).

To explore whether S Tm bound to MUC13 in these
co-culture experiments, bacteria recovered from the
culture medium were stained for MUC13 using the anti-
FLAG antibody reactive with the extracellular domain.
MUC13 was detected bound to S Tm using both flow
cytometry and confocal microscopy (Figure 7D and E).
Flow cytometry showed binding of S Tm to MUC13 pro-
gressively increased from 0.25 hours to 16 hours,
reaching ~900-fold increase after 16 hours of infection
compared with bacteria alone (Figure 7D). Confocal im-
ages showed that MUC13 binding to S Tm was often
focally intense rather than evenly distributed on the
bacterial surface (Figure 7E). We next assessed intra-
cellular replication by using a gentamicin protection
assay. S Tm was allowed to infect cells for 30 minutes.
Gentamicin was then added to the supernatant to kill
extracellular bacteria. Gentamicin does not penetrate the
cell membrane, so intracellular bacteria are protected
and can replicate. MUC13 overexpression reduced
intracellular S Tm replication (Figure 7F). These results
suggest that MUC13 acts as a pathogen-binding decoy
shed from the epithelial cell surface after the binding
limiting successful adhesion of S Tm to the cell surface
and subsequent invasion.
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cecum tissue stained for Muc13 (green), S Tm (red), and nuclei (blue). Arrows indicate S Tm at the luminal surface staining for
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the mean MFI of cells from uninfected cultures. Representative flow c%{gmetry histograms are shown. (D and E) In a parallel
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with Geisser Greenhouse correction, n = 4. *P < .05, **P < .001. Data are representative of 2 independent experiments.
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Binding of MUC13 to Salmonella Is Dependent
on the Adhesin SiiE

S Tm binding to receptors on epithelial cells is mediated
by multiple adhesin proteins. SiiE is a giant adhesin involved
in the binding of S Tm to the apical side of epithelial cells.
SiiE binds to glycostructures with terminal N-acetylglucos-
amine and/or « 2,3-linked sialic acid.”” The tandem repeats
of the mucin extracellular domains are highly glycosylated
with complex O-linked glycans on which sialic acids are
frequently present in the intestine.”” To determine whether
SiiE is mediating binding to MUC13, we co-cultured
confluent monolayers of FLAG-tagged MUC13 over-
expressing SW480 cells with S Tm**"F (S Tm siiE knockout
strain) and sampled over 0.25-16 hours. The amount of cell
surface and total MUC13 was measured within individual
viable cells by flow cytometry as shown in Figure 7B and C.
Co-culture with § Tm**"® did not induce surface shedding or
alter the total pool of MUC13 up to 16 h.p.i. (Figure 7G and
H). Flow cytometry of the bacteria recovered from the cul-
ture medium showed that there was no binding of MUC13 to
S Tm™" during the co-culture (Figure 84). Thus, the bac-
terial SiiE adhesin is required to induce MUC13 shedding
from epithelial cells during infection.

To measure whether MUC13 directly binds to SiiE, we
purified shed MUC13 from the supernatants of SW480
MUC13-transfected cells (Figure 8B) and incubated it with S
Tm in a bacterial aggregation assay. Because MUC13 has
many glycostructures and S Tm expresses a large amount of
SiiE on its surface, we reasoned this would induce aggluti-
nation. Indeed, we observed clumping only in the presence
of both MUC13 and SiiE (Figure 8C). MUC13-induced
clumping was SiiE specific because a strain with deletions
of fim (type 1 fimbriae), flil (flagella assembly), and SPI4
(siiE and cognate T1SS) did not result in clumping, and the
clumping was rescued by inducing ectopic expression of sii
genes in this strain (Figure 8D). Thus, our data indicate that
MUC13 can bind directly to SiiE, and the result of this
interaction induced aggregation of S Tm.

MUC13-SIiE Interaction Only Partly Accounts for

MUC13 Protection Against S Tm Infection

We next investigated whether MUC13 protects from
infection solely through its decoy shedding activity or
whether MUC13 provides additional cellular protection. If
all the protection provided by MUC13 occurred via shed-
ding, we would expect that WT and Muc13”~ mice would
have similar disease severity when infected with the SiiE
deletion strain of S Tm, which does not engage the MUC13
decoy shedding response. To test this, we infected WT and
Muc13-deficient mice with the S Tm**"E, No difference in
body weight loss was observed between the groups
(Figure 94), but Mucl3-deficient mice exhibited higher
disease activity, shorter colons, increased (2.3-fold) intesti-
nal permeability, increased histologic damage, and higher
systemic bacteria burden compared with WT littermates
(Figures 9B-F and 104 and B). On day 1 of § Tm"s
infection, there was substantial epithelial cell death with
sheets of shed epithelial cells in the cecum in Muc13”" mice,
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which was not evident in WT mice (Figure 9E). No differ-
ence in the S Tm*"* burden was found in the ceca and
colons of Muc13”" compared with WT mice (Figure 104),
but there was about 10-fold greater colony-forming units
(CFUs) measured in small intestines of Muc13”” vs WT mice.
Systemic translocation of S Tm*SE to the MLNSs, spleen, and
liver was also evident in 6/6 Muc13” mice, compared with
only 2 of 6 WT mice (Figure 104). By day 3 of § Tm*"
infection, tissue destruction, cell death, submucosa edema,
and inflammatory infiltrates were observed in the ceca of
Muc13”" mice, which was much less prominent in the WT
ceca (Figure 9F). Again, no difference in the burden of S
Tm*"E was found in the ceca, small intestine, or colon of
Muc13”" and WT mice (Figure 10B). However, systemically
we observed ~ 10-fold higher burden in the MLNs, spleen,
and livers of Mucl13”" mice compared with WT mice
(Figure 10B). Thus, despite not engaging the decoy activity
of MUC13, infection with the § Tm*E was exacerbated in
the Muc13”" mice. S Tm™"* mutant can more rapidly and
extensively cross the intestinal barrier in Muc13”" mice.
This suggests that in mice that are infected with S Tm
strains that cannot bind to MUC13, MUC13 continues to be
protective against infection via a mechanism that is inde-
pendent of the engagement of the SiiE adhesin and its role
as a decoy receptor.

In WT mice we also observed there was a significant up-
regulation of MUC13 expression in both the cecum and co-
lon in response to S Tm*"® infection (Figure 10C and D).
Increased expression was maintained for 3 days (Figure 10C
and D). These results indicate that MUC13 is up-regulated
after infection independent of SiiE binding. Taken
together, our data indicate that MUC13 affords another layer
of protection against S Tm infection beyond decoy shedding.
The S Tm strain that cannot bind to MUC13 still caused
more pathology in the Muc13”" mice, demonstrating that
MUC13 is a key element of intestinal barrier function for
both MUC13-binding and non-MUC13-binding S Tm.

MUC13 Protects Intestinal Epithelial Cells From S
Tm"" and S Tm“™ Induced Cell Death

The increased severity of epithelial damage, including
sloughing of sheets of epithelial cells into the lumen, in the
absence of MUC13 in response to both S Tm and S Tm 45"E
suggests there is increased death of epithelial cells.
Increased cell death could be due to increased bacterial
invasion and/or enhanced susceptibility to cell death due to
the absence of MUC13 intracellular signalling as we have
shown previously.?>** Therefore, we measured the extent of
cell death using terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) staining on
cecal sections. There was no difference in the number of
dying cecal epithelial cells between WT and Muc13”" mice
before infection (data not shown). Infection with WT of S
Tm (S Tm™") induced epithelial cell death in both WT and
Muc13”" mice; however, the extent of cell death was
significantly higher (typically ~4-fold) in the cecum in
Muc13”" compared with WT mice after both 1 and 3 d.p.i.
(Figure 11A). Because of our previous findings that MUC13
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Figure 8. Specmmtg of MUC13 binding to SiiE. (A) In the parallel experiment described in Figure 7G and H, the presence of
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bacterial aggregation assay. (C) Bacterial aggregation assay with S Tm*S" and S Tm"™T grown under SPI4-inducing condi-
tions. Left panel: representative image of bacterial aggregation assay, scale bars indicate 10 um. Right panel: quantified by
overlay image with a grid and counting of bacteria per square of 10 um?. (D) Bacterial aggregation assays with S Tm strain
MvP3078, deleted for fim (type | fimbriae), flil (flagella), and SPI4 (siiE), with a plasmid for inducible expression of mini-SiiE and
type | secretion system, non-induced (left) vs induced (right) conditions. Representative image of bacterial aggregation assaz
scale bars indicate 10 um. Right panel: quantified by overlay image with a grid and counting of bacteria per square of 10 um

inhibited cell death in the epithelial cells through promoting observed that the level of phosphorylation of p65 was
nuclear factor kappa B (NF-kB) signaling,®® we also evalu- substantially lower in the Muc13”" intestine than WT in-
ated NF-kB p65 (p65) level by Western blotting and testine at 1 day of S Tm infection (Figure 11B).
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Figure 9. Muc13” mice are more susceptible to S Tm*>"€ infection. Muc13”" and WT littermate mice (n = 6) were infected
with S Tm*S™ SLL1344 as described in Figure 1. (A) Body weight from 0 to 3 d.p.i. expressed as percentage of pre-infected
body weight. (B) Clinical DAI scores as per Figure 1 were assessed daily for 3 days. (C) Colon length at 3 d.p.i. (D) FITC-
dextran intestinal permeability assay at 3 d.p.i. (E and F) H&E-stained cecal sections from representative mice infected with
S Tm“S at 1 (E) and 3 (F) d.p.i., scale bars as indicated (/eff). Histologic scores grading severity of inflammation and tissue
damage at 1 (E) and 3 (F) d.p.i. (right). Statistics: (A and B) Two-way analysis of variance with Geisser Greenhouse correction.
(C-F) Individual data points, mean + SEM, Mann-Whitney U test; Muc13”" vs WT mice, *P < .05, *P < .01. Data are
representative of 3 independent experiments.
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Figure 10. Muc13”" mice carry higher S Tm 4siE purdens in MLNs, spleen, and liver. Muc13”" and WT littermates mice
(n = 6/group) were infected with S Tm“S"E SL1344 strain as described in Figure 1. (A and B) Concentrations of S Tm“S in
homogenates of indicated tissues were determined by limiting dilution culture 1 (A) and 3 (B) d.p.i.; dashed line, limit of
detection. (C and D) Immunofluorescence staining for MUC13 (green) and nuclei (DAPI, blue) in the cecum (C) or colon (D) of
WT mice. Left panel: representative immunofluorescence images; 20 um scale bars are shown. Right panel: fluorescence
intensity of MUC13 was determined by ImagedJ software in at least 25 individual epithelial cells per mouse. The average in-
tensity was plotted. Statistics: (A-D) mean + SEM, Mann-Whitney U test, n = 6; Muc13” vs WT mice (A and B); WT mice, *1 or
3 d.p.i. vs uninfected (C and D), *P < .05; **P < .01. Data are representative of 2 independent experiments.

Similar to infection with S T_mWT that induces MUC13  sections compared with WT mice. The extent of TUNEL
shedding, infection with S Tm**Z which does not induce positivity was similarly increased (typically >4-fold) in the

MUC13 shedding, also increased cell death in Muc13”" cecal cecum of Muc13”" mice compared with WT mice at both 1
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Figure 11. MUC13 inhibits intestinal epithelial cell death after both S Tm"™ and S Tm*S*€ infection. Muc13” and WT
littermate mice (n > 5) were infected with S Tm SL1344 as described in Figure 1. (A and C) Left panels show regresentative
images of cecal tissue from Muc13”~ and WT littermate mice 1 and 3 d.p.i. with S Tm"/T (4) and with S Tm“*= (C). Immu-
nofluorescence staining for TUNEL (green), S Tm (red), and nuclei (blue). Scale bars are 20 um. Right panel: quantification of
number of TUNEL™ cells per field from each mouse (average 10 independent fields). (B and D) Immunoblot analysis of
phosphorylation of NF-kB p65 (pp65) from Muc13™”~ and WT littermate mice at 1 d.p.i. with S Tm"'T (B) and with S Tm4SE (D).
Statistics: individual data points, mean + SEM, Mann-Whitney U test, Muc13”" vs WT mice, **P < .01. Data are representative
of 2 independent experiments.
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Figure 12. Expression of MUC13 in intestinal epithelial cells
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increases resistance to S Tm"" and S Tm*S'E induced cell

death in vitro. Vector control and MUC13 overexpressing SW480 human intestinal epithelial cells were co-cultured with S
Tm"T (A) or S Tm*S™ (B) SL1344 strain at multiplicity of infection of 1 for 16 hours. Percentage of cell death determined by flow
cytometry is shown. Left: representative flow cytometry plots of cells stained with viability dye. Right: percentage of cell death
was determined by flow cytometry. Statistics: individual data points, mean + SEM, MUC13 overexpressing vs vector control
SW480 cells (n = 4); *P < .05. Data are representative of 2 independent experiments.

and 3 d.p.i. (Figure 11C). We also observed decreased NF-«B
phosphorylation in the Muc13”" ceca compared with WT 1 d.p.i.
with § Tm*"™ (Figure 11D). These results were confirmed
in vitro and ex vivo, where MUC13 expressing SW480 cells and
cecal enteroids were protected from death after infection with
both § Tm"™ and § Tm**"%, as evidenced by ~ 2-fold or 4-fold
decrease in numbers of dead cells in vitro or ex vivo cultures,
respectively (Figures 12 and 13, Supplementary Figure 2).
Together our data suggest that MUC13 contributes to
protection against S Tm infection in 2 ways. First, it is shed

into the lumen as a decoy receptor after engaging the
pathogen, and second, via modulation of NF-kB signaling it
protects epithelial cells from cell death, thus constraining
infection, maintaining barrier integrity, and limiting sys-
temic spread of pathogen.

Discussion

This is the first study providing evidence that MUC13 is
an important component of intestinal mucosal defense
against bacterial pathogens. In the absence of Mucl3,
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Figure 13. Enteroid expression of MUC13 increases resistance to S Tm"" and S Tm“*"€ induced cell death ex vivo.

Cecal enteroids derived from Muc13™

mice (n = 3) or WT littermate mice (n = 3) were maintained in BME for 4 passages. Three

days before infection, enteroids were transferred to suspension culture in low-attachment plates and infected with S TmVT
DsRed (A) or S Tm“S"E mCherry (B) for 1 hour, followed by gentamicin protection assay. TUNEL-positive cells were assessed
by fluorescence microscopy at 4 h.p.i. Left panel: representative immunofluorescence images; 20 um scale bars are shown.
Right panel: results are from 20 enteroids from each genotype of 3 independent experiments. Statistics: mean + SEM (n = 20),

Mann-Whitney U test; P < .0001.

Salmonella infection resulted in more severe clinical disease,
higher local and systemic bacteria burden, extensive
epithelial damage, and increased inflammation. Although
highly expressed basally, MUC13 was rapidly up-regulated
throughout the intestine in response to infection. We have
demonstrated 2 mechanisms underlying this protection.
First, MUC13 acts as a releasable decoy receptor after
binding to Salmonella to limit bacterial invasion. Second,
MUC13 reduces epithelial cell death, preserving barrier
integrity and limiting immune infiltration. Both mechanisms
limit the extent, but not the nature, of the underlying in-
flammatory response. Together with our previous findings
with MUC1, we propose an important functional role for
mucosal cell surface mucins in innate defense against bac-
terial pathogens.

The thick colonic mucus layer, mostly composed of the
secreted mucin MUC2,%? effectively excludes the microbiota
from contact with the epithelial layer and limits access to
pathogens. In contrast, the cecum in mice has few goblet
cells and lacks a thick continuous mucus layer. Dense mucus
only fills the bottom of the crypts in the cecum, leaving the
tips exposed.”” This makes the thin layer of cell surface

mucins, like MUC13, particularly important to the defense of
the cecum. The cell surface mucins family has an array of
different extracellular and intracellular domains.”” Their
relative expression varies along the intestinal tract and be-
tween different cell types within each region.’’ Their
expression levels rapidly adjust to environmental cues to
limit microbial infection and modulate inflammatory re-
sponses at the environment interface.”> MUC1 has already
been shown to limit infection by a wide variety of pathogens
and to regulate inflammatory responses to infection.”®”*
However, the role of other cell surface mucins in infection
remains largely unexplored, and it is not clear what level of
redundancy exists given the colon expresses cell surface
MUC1, 3, 4, 12, 13, and 17. We observe a compensatory
increase in the expression of Mucl at late time points in the
absence of Muc13 in response to the S Tm infection. Despite
this increase, Muc13”" mice remained extremely susceptible
to infection, suggesting a non-redundant role for MUC13 in
protection against Salmonella.

The shedding of cell surface mucins, including MUC13,
remains a relatively unexplored area of research. In
contrast, the release of MUC1, a well-studied cell surface
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mucin, is mediated through non-covalent interactions be-
tween the «- and (-subunits, which are dissociated by cell
surface proteases’*” and shear forces after binding to
highly motile bacterial.”® Although lacking a canonical
cleavage site, MUC13 exhibits several SEA domain fea-
tures®” and has been found to undergo cleavage within this
domain based on biochemical analyses.32'36 Furthermore,
proteomic analyses have established MUC13 as a significant
component of secreted mucus.’’*® Further studies are
needed to identify the specific amino acid sequence
required for MUC13 cleavage.

MUC1 has also been shown to act as a receptor for the S
Tm SiiE adhesion, which enables apical invasion into intes-
tinal epithelial cells. However, these findings are limited to
in vitro experiments using cancer cell lines*” and have not
been shown to result in increased infection in vivo.”® We
also observed that S Tm binds to the extracellular domain of
MUC13 through its giant SiiE adhesin. Furthermore, we
showed that MUC13 acts as a pathogen-binding decoy shed
from the epithelial cell surface after the binding, limiting the
successful adhesion of S Tm to the cell surface and subse-
quent invasion from both in vivo and in vitro data. The
difference in the S Tm invasion mediated by the 2 cell sur-
face mucins could be due to (1) different cell surface mucins
and (2) different cell lines in vitro experiments. It is
important to note that MUC13 is much more highly
expressed than MUC1 in the intestine.””

Moreover, we observed focal binding of MUC13 to S Tm
(Figure 7E). Focal binding would prevent adhesion to the
glycocalyx, and shedding of MUC13 would detach the bac-
teria. The success of this form of host defense will be sto-
chastic. Despite high levels of MUC13, some bacteria will
still successfully adhere to and invade the cecal epithelium.
However, it is plausible that this defense, continuously used,
limits infectious events, leading to reduced infectious
burden, and may distinguish symptomatic from asymp-
tomatic infection, particularly with low-dose exposures to
pathogens.

On the basis of our results and the structure and cellular
localization of MUC13 in the luminal glycocalyx, we propose
that MUC13 acts at 2 distinct levels in defense against
pathogens. First, luminal engagement of the extracellular
domain of MUC13 induces its shedding and releasable decoy
activity. This limits prolonged adherence and invasion and is
dependent on bacterial SiiE adhesin expression. During this
process, S Tm is coated with MUC13. We propose that this
may further limit adhesion to epithelia by blocking this key
adhesin. It reduces the frequency of contact between S Tm
and epithelial cells, thus reducing translocation of T3SS-1
effector proteins, which results in less activation of host
proinflammatory responses. We further demonstrated that
shed MUC13 specifically bound to S Tm through SiiE adhe-
sin and not other surface structures (Figure 8C and D).

The second level of host defense induced by MUC13 is
through inhibition of cell death, which preserves barrier
integrity under stress. In several previous studies, we have
illustrated that cytoplasmic MUC13 translocates to the nu-
cleus, where it cooperates with NF-«kB to suppress cell death
in response to a wide range of cellular stresses and chemical
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insults.”>*** The importance of the pro-survival activity of
MUC13 explains why both the MUC13 binding (S Tm"“'") and
non-MUC13 binding (S Tm**"E) bacteria induce greater pa-
thology in Muc13”" mice despite the loss of the cell surface
decoy function. In both ex vivo and in vitro, infection of
MUC13-expressing cells with either S Tm"'" or § Tm**"F
prevents epithelial cell death by >50% compared with the
cells lacking MUC13 expression (Figures 12 and 13). This
indicates that epithelial cell death is limited by MUC13 in
response to infection. Studies of -Salmonella-infected HelLa,
HCT116, and Caco2 BBE cells showed that the bacterial SPI1
effector protein AvrA can inhibit pro-survival NF-kB signal-
ing.”®"°® Because we observed increased bacterial burden in
Muc13”" ceca, this also explains why we observe less NF-kB
activation in Muc13”" than WT. MUC13 also blocks B-catenin
degradation, increasing its cytoplasmic and nuclear levels
inhibiting cell death and increasing proliferation.”® In addition
to a possible effect on NF-kB, we have also shown that MUC13
can promote responses to PAMPs mediated by TLRs.**
Consequently, in addition to limiting bacterial attachment to
the cell surface, MUC13 also modulates inflammatory and cell
death responses during infection.

We have previously published that MUC13 protects
against DSS-induced intestinal inflammation by inhibiting
epithelial cell apoptosis.?® In line with this finding, we now
demonstrate that MUC13 also protects from cell death in
response to infection. Epithelial cell shedding of infected
cells is an effective host defense mechanism at the early
stage of infection.®® However, the widespread S Tm-induced
epithelial cell death we observed in our experiments,
particularly in the absence of MUC13, allows the bacteria to
breach the epithelial barrier, access the underlying tissues,
and establish systemic infection.?’ This also provided an
enriched nutrient source for the large expansion of S Tm
observed in the Muc13”" ceca. It is worth noting that large
numbers of S Tm were observed in sheets of shed epithelial
cells in the lumen of Muc13”" ceca. Thus, appropriate
expression and function of MUC13, and likely the entire
family of cell surface mucins, limit the severity of mucosal
bacterial infection.

In conclusion, we demonstrate for the first time that
MUC13 is a critical element against S Tm infection. MUC13
acts as a pathogen-binding decoy and inhibits cell death.
Polymorphisms in MUC13 and other mucins may predis-
pose individuals to both acute infection and chronic in-
flammatory disease.

Materials and Methods
Ethics Statement

All mouse experiments, maintenance, and care were
performed in accordance with the Australian Code for the
Care and Use of Animals for Scientific Purposes 8th edition
(2013) and were approved by The University of Queensland
Animal Experimentation Ethics Committee.

Mice '
Muc13™*(WT) and Muc13”" mice *° fully back-
crossed onto a C57BL/6 background were bred within
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a specific pathogen-free animal facility at the Trans-
lational Research Institute. Mice were litter mates that
were sex- and age-matched within experiments (6-12
weeks of age).

In Vivo S Tm Infection

The naturally streptomycin-resistant S Tm SL1344 strain
or § Tm NCTC 12023 strain or S Tm**"* SL1344 strain was
grown overnight at 37°C in LB broth supplemented with
kanamycin or ampicillin, subsequently diluted 1:100, and
cultured under aeration until 0OD600 = 0.4. Bacteria were
washed twice in cold phosphate-buffered saline (PBS) and
resuspended at 4 x 10”7 CFU per 100 uL. The § Tm strain
used in this study has been engineered to express LUX
(kanamycin resistant), DsRed (ampicillin resistant), or
mCherry (ampicillin resistant). For oral infection, mice were
gavaged orally with streptomycin (20 mg/mice) 24 hours
before infection, then orally gavaged with 4 x 107 CFU § Tm,
and euthanized at 1 or 3 d.p.i. Gastrointestinal tract organs
(cecum, colon, and small intestine) and systemic organs
(MLNSs, spleen, and liver) were dissected and collected in
PBS, fixed in 10% formalin, or frozen. To assess the number
of CFU/g tissue, the tissue was rinsed through 5 Petri dishes
containing PBS in sequence. This was done to eliminate any
luminal contents and attached mucus before the tissue was
homogenized in 0.1% Triton X-100 in serially diluted, plated
onto selective agar plates, and incubated at 37°C overnight.
Colonies were then counted and normalized to tissue
weights.

Bioluminescence Imaging

Mouse intestines were harvested and imaged for biolu-
minescence using an IVIS Spectrum system (PerkinElmer,
Glen Waverley, Australia). Images were processed and
compared, and total bioluminescence fluxes were quantified
using IVIS Living Image Software (PerkinElmer).

Assessment of Clinical Scores

Body weight, stool scores, and behavior/activity were
assessed daily. Scoring for stool consistency and occult
blood was adapted as described previously.®" In brief, stool
scores were determined as follows: 0, well-formed pellets;
1, semi-formed stools; 2, soft stools; 3, liquid stools that
adhered to the anus. Weight loss scores were determined as
follows; 0, less than 5% weight loss; 1, 5%-14% weight
loss; 2, 15%-19% weight loss; 3, more than 20% weight
loss. Inactivity scores were determined as follows: O,
normal; 1, fully mobile but more inactive than usual; 2,
mouse moving only occasionally but responsive to
prompting; 3, mouse moving only occasionally and largely
unresponsive to prompting. Shivering and Ruffled fur scores
were determined as follows: 0, normal; 1, occasional shiv-
ering; 2, mouse noticeably shivering with some restricted
ruffling of fur; 3, constant prominent shivering with obvious
ruffling of most fur. Hunched posture scores were deter-
mined as follows: 0, normal; 1, small change in normal
posture; 2, mouse noticeably hunched over and could regain
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normal posture; 3, mouse noticeably hunched over without
regaining normal posture.

Assessment of Epithelial Damage, Tissue

Inflammation, and Intestinal Permeability

Excised ceca were fixed using 10% (v/v) formalin in PBS
and embedded in paraffin, and 4-um sections were stained
with H&E. Histologic assessment of cecum mucosae was
carried out in a blinded fashion using a protocol as
described previously (Table 1).*”°* To assess intestinal
permeability, mice were gavaged orally with 4 kDa FITC-
dextran (Sigma, 400 mg/kg body weight in PBS), blood
samples were obtained at 2 hours, and plasma FITC-dextran
concentrations were determined by measuring fluorescence
at 520 nm emitted in a 96-well plate excited with 474 nm
laser using PHERAstar versus FITC-dextran standard curve
(BMG Labtech, Victoria, Australia).

Confocal Microscopy

Cecum paraffin sections (4 umol/L) were affixed to ad-
hesive slides and air-dried overnight at 37°C. After dewax-
ing in xylol and rehydration through descending graduated
ethanol, sections were antigen-retrieved by heating for 20
minutes in 10 mmol/L citric acid (pH 6) and cooled to room
temperature. Sections were permeabilized (PBS/0.5%Triton
X-100) and blocked (PBS/10% Normal Goat Serum). Anti-
body staining included rabbit anti-MUC13 antibody,®” anti-
MUC2C3 antisera (from Prof Gunnar Hansson), anti-S Tm
LPS (Santa Cruz Biotechnology, Inc, Dallas, TX), chicken anti-
rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488 (Invitrogen, cat #A21441), and goat anti-
mouse IgG (H+L) Highly Cross-Adsorbed Secondary Anti-
body, Alexa Fluor 546 (Invitrogen, cat #A 11030) secondary
reagents, and DAPI (Sigma-Aldrich, St Louis, MO).

RNA Preparation and Real-Time Polymerase
Chain Reaction

Total RNA was prepared using the RNeasy Mini Kit
(Qiagen, Valencia, CA). The quantity of the RNA was deter-
mined by spectrophotometry (ND-1000; NanoDrop Tech-
nologies Inc, Wilmington, DE). Total RNA (1 ug) from each
sample was used for first-strand cDNA synthesis using Su-
perScript I1I reverse transcriptase (Invitrogen) following the
manufacturer’s instructions. Depending on the targeted
genes, the cDNA was diluted up to a 1:10 ratio to perform
polymerase chain reaction. The 2.5 uL of diluted cDNA, 0.75
ul of 2 umol/L desired primer, 3.75 uL of SYBR green
(SensiFAST SYBR Lo-ROX kit; Bioline), and 0.5 uL of DNase
and RNase free water were mixed and run in a Real-Time
PCR System (Applied Biosystems ViiA 7; Life Technologies
Corporation, Carlsbad, CA) for 40 cycles. The Ct values were
then analyzed using ViiA 7 software (Life Technologies
Corporation). To confirm the specificity of the amplified
DNA, a melting curve was determined at the end of each run.
The reaction efficiency was determined with a dilution se-
ries of cDNA containing the polymerase chain reaction
products. Genes were normalized to the unregulated
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Table 1.Histologic Scoring System for S Tm-Induced Colitis

Feature Score

Description

Inflammation severity

Inflammation extent

WN =20 WhN = O

Epithelial damage

N—=-O b

Percentage involvement of epithelial damage

AOWON-=LO Ob~®

None
Mild
Moderate
Severe

None

Infiltrate around the crypt base

Infiltrate reaching to muscularis mucosae

Extensive infiltrate reaching to muscularis mucosae
and thickening of the mucosa with abundant edema

Infiltrate reaching to submucosae

None

Some loss of goblet cells/some crypt abscesses or damage

Loss of goblet cells in large areas/extensive crypt
abscesses or damage

Loss of crypts <5 crypt widths

Loss of crypts >5 crypt widths, <20% ulceration

>20% ulceration

0%

1%-25%

26%-50%

51%-75%

76%-100%

housekeeping gene Hprt or villin 1, and the results were
expressed as the ratio of the target gene and housekeeping
gene expression (arbitrary units). Control experiments were
also performed to ensure that housekeeping gene expres-
sion was not differentially regulated under the experimental
conditions used. Primers used for polymerase chain reaction
were designed from Primer Bank (http://pga.mgh.harvard.
edu/primebank/index.html) or using Oligoperfect Designer
(Life Technologies), and their sequences to amplify the
target genes are shown in Table 2.

Crypt Isolation and Enteroids Culture
Crypts were isolated from the cecum of WT and Muc137
mice as described.®® Briefly, the cecum was opened

longitudinally, washed in PBS, and cut into 5-mm pieces.
The tissue pieces were incubated in 10 mmol/L dithio-
threitol in PBS for 5 minutes at room temperature and then
transferred the pieces to 8 mmol/L EDTA in PBS with
continuous rotation slowly at 4°C for 30 minutes. We
replaced the supernatant with PBS and shook vigorously;
this will yield a supernatant enriched in crypts. The isolated
crypts were washed with Advanced DMEM/F12 medium
and centrifuged at 50g for 5 minutes at 4°C. The pellets
were then suspended in Matrigel (BD Matrigel, Basement
Membrane Matrix [BME]) at 10-40 crypts/uL and plated in
24-well (20 uL/well) plates, cultured in Advanced DMEM/
F12 + 50% L-WRN conditioned medium + 10 umol/L Y-
27632 (ROCK inhibitor; Tocris Bioscience and R&D Systems,

Table 2.Primer Set for Quantitative Polymerase Chain Reaction to Detect the Indicated mRNA Levels

Forward primers

Reverse primers

Hprt 5'-ATTAGCGATGATGAACCAGGTTATG-3' 5'-AGCAAGTCTTTCAGTCCTGTCCA-3
122 5'-GCTCAGCTCCTGTCACATCA-3' 5'- CAGTTCCCCAATCGCCTTGA-3
Cxcl10 5'-TCCTTGTCCTCCCTAGCTCA-3' 5'-ATAACCCCTTGGGAAGATGG-3'
Cxcr2 5'-GCCCTGCCCATCTTAATTCTAC-3 5'-ACCCTCAAACGGGATGTATTG-3'
Len2 5'-ACATTTGTTCCAAGCTCCAGGGC-3' 5'-ACATTTGTTCCAAGCTCCAGGGC-3'
Reg3g 5'-ATGGCTCCTATTGCTATGCC-3 5'-GATGTCCTGAGGGCCTCTT-3'
S100a8 5'-TGTCCTCAGTTTGTGCAGAATATAAA-3' 5'-TCACCATCGCAAGGAACTCC-3'
S100a9 5'-GGTGGAAGCACAGTTGGCA-3 5'-GTGTCCAGGTCCTCCATGATG-3'
6-defensin 5'-GCATTGGCAACACTCGTCAG-3' 5'-GTTTAACGGGATCTTGGTCTTCT-3
Villin 5'-CTGGCTTGGGATCCCTTCAA-3 5'-TCGGGCTCATAACCTCGTCA-3
Muct 5'-CCCTATGAGGAGGTTTCGGC-3' 5'-GTGGGGTGACTTGCTCCTAC-3'
Muc2 5'-CCATTGAGTTTGGGAACATGC-3 5'-TTCGGCTCGGTGTTCAGAG-3
Muc13 5'-GCCAGTCCTCCCACCACGGTA-3 5'-CTGGGACCTGTGCTTCCACCG-3'
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Minneapolis, MN) + 10 wmol/L SB 202190, and medium
was changed every 3-4 days. The enteroids were cultured
and allowed to grow in BME for at least 4 passages to
ensure no leukocytes are present in the culture. Enteroid
growth was monitored by light microscopy. Enteroid sus-
pension culture was performed as described.”® Two-
dimensional monolayer Transwell culture was performed
as described with slight modifications.®> Briefly, to form a
two-dimensional enteroid monolayer, Transwell filters (cat
#3413; Corning Costar, Tewksbury, MA) were coated with
collagen IV solution at a final concentration of 10 ug/cm?
and incubated at 37°C for >2 hours. The enteroids were
extracted from BME by first washing in a solution of 0.5
mmol/L EDTA and then dissociated for 5 minutes at 37°C
using a solution of 0.05% trypsin/0.5 mmol/L EDTA. The
trypsin was then inactivated using Advanced DMEM/F12 +
10% fetal bovine serum. The enteroids were dissociated by
pipetting. The cells were then passed through a 40 um cell
strainer (BD Biosciences) and resuspended in 50% L-WRN
conditioned medium + 10 umol/L Y-27632. On average,
enteroids from 3 wells of a 24-well plate were plated into
one Transwell filter in 100 uL of medium. The confluency of
monolayers was determined by transepithelial electrical
resistance measured.

Generating N-terminal FLAG-Tagged MUC13
Overexpression Stable Clones in SW480 Cell
Line (6FLAGMUC13 SW480)

The FLAG tag and restriction sites were introduced by
polymerase chain reaction using Pfu Ultra (Agilent) High-
Fidelity DNA polymerase, and the primers sequence are
listed in Table 3. The FLAG-MUC13 fragments were ampli-
fied from human MUC13 cDNA and cloned into the retro-
viral vector pRUF. The identity of the cloned sequences was
verified by DNA sequencing equivalent to human MUC13
(GenBank accession no. AF286113) (Australian Genomic
Research Facility (St Lucia, Australia).

Five x 10° amphotropic (PA317) packaging cells were
transfected with 10 ug DNA of the appropriate retroviral
construct (pRUFneo) by Lipofectamine 2000 Reagent (Life
Technologies) according to the manufacturer’s protocol.
Culture supernatants were collected 36-48 hours after
transfection and filtered through a 0.45 um filter. SW480
cells were infected with the filtered viral supernatants in the
presence of 4 ug/mL polybrene (Sigma-Aldrich) for 12
hours, after which the medium was changed. Fresh viral
suspensions were added after 24-hour interval for an
additional 12 hours. Infected cells were selected for 5 days
in 100 ug/mL G418.

Assessment of MUC13 Binding to S Tm by Flow
Cytometry

For MUC13 detection, co-culture SFLAGMUC13 SW480
cells were harvested with trypsin and stained with BD Ho-
rizon fixable viability stain 575V dye (BD) either stained
without fixation (staining of cell surface structures) or fixed
in 1% paraformaldehyde for 5 minutes on ice and then
permeabilized with 0.5% saponin (intracellular and
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Table 3.Primer Set for Generating FLAG-MUC13 Construct

5'- TGG ATC C ATG AAA GCC ATCATT
CAT CTT ACT CTT CTT GCT CTC CTT
TCT GTA AAC ACA GCC GAT TAC
AAG GAT GAC GAT GAC AAG ACC
AAC CAA GGC AAC -3

5'- GAA GCT T CTA ATA GTC AGG GCG
GGG CAT -3

Forward primer with
BamHl restriction
enzyme

Reverse primer with
Hindlll restriction
enzyme

extracellular staining). The cells were then incubated with
the anti-FLAG antibody (Sigma-Aldrich) or isotype control
401.21 at 10 pug/mL in 1% bovine serum albumin in PBS for
60 minutes at 4°C and then with anti-mouse antibody
conjugated to FITC (Invitrogen). For the detection of intra-
cellular antigens, washes, and antibody incubations were
performed in the presence of 0.5% saponin. After staining,
all cells were fixed with 1% paraformaldehyde. The analysis
was gated on viable cells, and assessment of staining was
performed on a CytoFLEX flow cytometry (Beckman Coulter,
Brea, CA) using the Flowjo v10 software (Flowjo, LLC,
Ashland, OR). Bacteria were recovered from the culture
medium of SW480 cells by first sedimenting non-adherent
mammalian cells (300g, 5 minutes) and then sedimenting
bacteria (10,000g, 10 minutes). Bacteria were then stained
with anti-FLAG antibody or 401.21 at 10 ug/mL as
above and gated using the SSC and FSC pattern of broth
cultured S Tm.

Assessment of MUC13 Binding to S Tm by
Confocal Microscopy

Bacteria prepared and stained for flow cytometry as
above were smeared onto charged glass slides, stained with
DAPI (0.1 ug/mL) for 15 minutes, washed with PBS,
mounted in Prolong Gold (Invitrogen), and examined using
an Olympus FV1200 confocal microscope with multitracking
detecting DAPI (excitation 405nm, detection 420-480 nm)
and FITC (excitation 488 nm detection, LP 505 nm) fluo-
rescence separately.

Gentamicin Protection Assays

A confluent layer of SW480 cells was prepared by
seeding 5 x 10* cells per well in 96-well cell culture plates.
For the invasion assay, an overnight culture of biolumines-
cent S Tm SL1344 was diluted 1:100 and cultured under
aeration until 0D600 = 0.4. Bacteria were diluted 1:40 in
RPM1640 (approximately 10° CFU/mL), and bacteria were
added to yield a multiplicity of infection of 1:1. Cells were
washed twice with PBS and once with fresh prewarmed
medium (RPMI 1640 with 10% fetal calf serum) before
inoculation. Plates were centrifuged for 1 minute at 500g
and incubated in culture medium at 37°C in 5% CO, for 30
minutes, and then inoculums were removed, and plates
were washed with PBS 5 times and incubated in culture
medium containing 50 ug/mL gentamicin for 1 hour. Cells
were then washed twice with PBS, and a culture medium
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containing 20 ug/mL gentamicin was added. At this point,
the initial luminescent readings were taken. Bioluminescent
readings were taken at the indicated time points.

Bacterial Aggregation Assay

WT S Tm and isogenic strains MvP493 (ASPl4::aph),
MvP599 (AsiiE:FRT), MvP3078 (Aflil:FRT AfimD::FRT
ASPI4::FRT) were used to test mucin-induced cell aggrega-
tion. Overnight cultures of S Tm strains were diluted 1:31 in
fresh LB broth and subcultured for 2.5 hours at 37°C with
aeration. S Tm strains with plasmid p4906 for over-
expression of hilD regulator or plasmid p5714 harboring the
sii operon with a mutant form of siiE under control of the
tetR P4 cassettes were cultured for 1 hour without the
non-antibiotic tetracycline derivative anhydrotetracycline
and further incubated for 1.5 hours with 10 ng/mL anhy-
drotetracycline. Bacterial cultures were diluted to OD 0.1
and centrifuged for 5 minutes at 4000g. Cell pellets were
resuspended in HEPES buffer with or without the addition
of mucins as indicated and incubated for 1 hour at room
temperature. Next, 5 uL of the suspensions was spotted onto
agarose pads on microscope slides. Bacteria were visualized
by brightfield microscopy using a Zeiss Cell Observer mi-
croscope with DIC illumination. Bacteria were quantified by
overlay image with a grid and counting of bacteria per
square of 10 um?.

Assessment of Intestinal Cell Death

Dying cells in tissue sections were detected using TUNEL
with a fluorescein staining (In Situ Cell Death Detection Kit,
Roche Diagnostic) according to the manufacturer’s in-
structions. Nuclei were stained with DAPI (0.1 ug/mL), and
sections were washed with PBS, mounted in Prolong Gold
(Invitrogen), and examined using an Olympus FV1200
confocal microscope with multitracking detecting DAPI
(excitation 405 nm, detection 420-480 nm) and FITC
(excitation 488 nm detection, LP 505 nm) fluorescence
separately. The number of positive-staining cells was
counted per field (20 um).

In Vitro Cell Death Assay

MUC13 overexpressed or vector control SW480 cells
were treated with S Tm for 16 hours, and then the cells were
harvested. Cell viability was analyzed by flow cytometry on
cells stained with BD Horizon fixable viability stain 575V
dye (BD) following the manufacturer’s instructions and
analyzed by CytoFLEX flow cytometry (Beckman Coulter,
Brea, CA) using the Flowjo v10 software.

Statistical Analysis

Because of difficulties in verifying the normality of dis-
tributions when the sample size is small, we have taken a
conservative approach and used the nonparametric
Mann-Whitney U test. All statistical analyses were per-
formed using Prism v8 (GraphPad Software, San Diego, CA).
The statistical test used and the sample sizes for individual
analyses are provided within the figure legends.
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