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The Mucin Muc2 Limits Pathogen Burdens and Epithelial Barrier
Dysfunction during Salmonella enterica Serovar Typhimurium Colitis
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Salmonella enterica serovar Typhimurium is a model organism used to explore the virulence strategies underlying Salmonella
pathogenesis. Although intestinal mucus is the first line of defense in the intestine, its role in protection against Salmonella is
still unclear. The intestinal mucus layer is composed primarily of the Muc2 mucin, a heavily O-glycosylated glycoprotein. The
core 3-derived O-glycans of Muc2 are synthesized by core 3 31,3-N-acetylglucosaminyltransferase (C3GnT). Mice lacking these
glycans still produce Muc2 but display a thinner intestinal mucus barrier. We began our investigations by comparing Salmonel-
la-induced colitis and mucus dynamics in Muc2-deficient (Muc2~'~) mice, C3GnT~'~ mice, and wild-type C57BL/6 (WT) mice.
Salmonella infection led to increases in luminal Muc2 secretion in WT and C3GnT ™'~ mice. When Muc2~'~ mice were infected
with Salmonella, they showed dramatic susceptibility to infection, carrying significantly higher cecal and liver pathogen bur-
dens, and developing significantly higher barrier disruption and higher mortality rates, than WT mice. We found that the exag-
gerated barrier disruption in infected Muc2~'~ mice was invA dependent. We also tested the susceptibility of C3GnT~'~ mice
and found that they carried pathogen burdens similar to those of WT mice but developed exaggerated barrier disruption. More-

over, we found that Muc2~'~ mice were impaired in intestinal alkaline phosphatase (IAP) expression and lipopolysaccharide
(LPS) detoxification activity in their ceca, potentially explaining their high mortality rates during infection. Our data suggest
that the intestinal mucus layer (Muc2) and core 3 O-glycosylation play critical roles in controlling Salmonella intestinal burdens

and intestinal epithelial barrier function, respectively.

almonella enterica subspecies 1 serovar Typhimurium is a

Gram-negative enteric bacterial pathogen that is a leading clin-
ical cause of food-borne and waterborne diarrheal disease (1). An
intracellular pathogen, S. Typhimurium is known to use virulence
factors encoded on Salmonella pathogenicity island 1 (SPI-1),
such as invA, to infect and/or translocate across the epithelial cells
that line the luminal surface of the mammalian intestine. This
virulence strategy has been studied extensively in vitro and is also
known to be involved in the ability of S. Typhimurium to cause
both mucosal inflammation and diarrhea in infected hosts (2, 3).
Despite our detailed understanding of this aspect of S. Typhimu-
rium pathogenesis, much less is known about how orally delivered
S. Typhimurium circumvents the various luminal defenses and
intestinal barriers that protect the targeted epithelium, such as the
overlying mucus layer.

In large part, the dearth of knowledge in this area reflects the
inability of oral S. Typhimurium infection of mice to provide a
relevant model for the enterocolitis caused by Salmonella species
(4). Despite the rapid invasion of intestinal epithelial cells in tissue
culture by S. Typhimurium, very few orally gavaged S. Typhimu-
rium bacteria are found to directly infect the intestinal epithelium
in vivo, resulting in minimal intestinal inflammation. Recently,
recognition that the resistance of mice to oral S. Typhimurium
infection might reflect commensal-microbe-based colonization
resistance led to testing of the impact of antibiotic pretreatment.
Prior exposure to the antibiotic streptomycin was found to re-
move competing commensal microbes within mice, facilitating
heavy S. Typhimurium colonization of the murine large bowel,
leading to increased contact with the intestinal epithelium and
dramatic cecal and colonic inflammation (5). However, the two
mouse strains most commonly used for the Salmonella enteroco-
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litis model (C57/BL6 and BALB/c) are known to possess a muta-
tion in their nramp1 genes, leaving these mice highly susceptible to
S. Typhimurium and succumbing rapidly to infection (6). To cir-
cumvent this limitation, we have recently described a model using
the attenuated S. Typhimurium AaroA mutant strain, which still
causes severe colitis but typically causes no mortality, even in
highly susceptible mouse strains (7). Most studies employing the
enterocolitis model have focused on dissecting the virulence strat-
egies of S. Typhimurium or exploring the specific host factors that
drive the resulting inflammation. In contrast, studies have yet to
address how S. Typhimurium interacts with, and ultimately
crosses, the intestinal mucus layer to reach the underlying epithe-
lium. The mucus barrier is formed predominantly by Muc2, a
prominent secretory mucin that overlies the intestinal epithelium.
Produced within specialized goblet cells, Muc2 possesses a protein
core that is heavily O-glycosylated, with its numerous carbohy-
drate chains making up 80% of its mass (8). In large part, the
function of Muc2 depends on its glycosylation patterns (9, 10, 11).
Among the most abundant of these oligosaccharides are the core

Received 11 July 2013 Accepted 12 July 2013

Published ahead of print 22 July 2013

Editor: A. J. Baumler

Address correspondence to Bruce A. Vallance, bvallance@cw.bc.ca.
M.Z.and K.B. are co-first authors.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/1A1.00854-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.00854-13

October 2013 Volume 81 Number 10


http://dx.doi.org/10.1128/IAI.00854-13
http://dx.doi.org/10.1128/IAI.00854-13
http://dx.doi.org/10.1128/IAI.00854-13
http://iai.asm.org

3-derived O-glycans, which are synthesized by B1,3-N-acetylglu-
cosaminyltransferase (C3GnT) (12). While loss of C3GnT does
not prevent Muc2 from forming the mucus layer, C3GnT-defi-
cient (C3GnT ') mice produce a thinner mucus layer than nor-
mal, leaving them more susceptible to chemically induced forms
of colitis (13).

Once secreted by goblet cells, Muc2 undergoes rapid and dra-
matic expansion, forming a gel-like layer on the intestinal epithe-
lial surface. This insoluble layer provides a physical barrier that
appears to protect the underlying epithelium from direct contact
with commensal microbes as well as from many pathogenic in-
sults (14). In addition to secreted mucins, the mucus barrier also
contains carbohydrates, antimicrobial peptides, immunoglobu-
lins, electrolytes, lipids, and other intestinal proteins, making it a
complex biochemical matrix acting as an important host defense
barrier. Recently, intestinal alkaline phosphatase (IAP), a brush
border enzyme expressed on the apical sides of enterocytes (and
thus at the base of the mucus layer), has emerged as an important
gut mucosal defense factor due to its ability to detoxify bacterial
lipopolysaccharide (LPS) by removing the phosphate group from
LPS and limiting LPS-mediated activation of the innate immune
receptor Toll-like receptor 4 (TLR4). Furthermore, IAP-mediated
LPS detoxification plays a role in preventing systemic transloca-
tion of LPS across the intestinal barrier (15-21). In the absence of
this detoxification, systemic translocation of LPS triggers exagger-
ated inflammatory responses that can ultimately prove fatal to the
host through proinflammatory cytokine-induced septic shock
(22,23, 24).

The mucus barrier provides partial protection against several
enteric bacterial pathogens, including Yersinia enterocolitica, Shi-
gella flexneri, and Citrobacter rodentium (25, 26, 27). Despite this
protection, these and other microbes do ultimately cross the mu-
cus barrier and infect the underlying epithelial cells, raising the
questions of how this subversion occurs and whether bacterial
pathogens ultimately use the mucus layer as part of their patho-
genic strategies. To better define S. Typhimurium interactions
with the intestinal mucus layer, we infected Muc2™ '~ and
C3GnT '~ mice with AaroA S. Typhimurium. We found that
Muc2 plays an important role in limiting the extent of Salmo-
nella colonization of the intestinal lumen, the subsequent mor-
tality of infected hosts, the interactions of S. Typhimurium
with the intestinal epithelium, and its translocation across the
intestinal epithelium. Furthermore, Muc2™'~ mice had less
IAP expression and significantly less LPS detoxification activity
in their cecal tissues than WT mice. We suggest that LPS-trig-
gered inflammatory responses at systemic sites, such as the
liver, could be a potential basis for the increased mortality seen
in Muc2™'~ mice. We noted that lack of core 3 O-glycosylation
(C3GnT '~ mice) did not impact the pathogen burdens but
resulted in epithelial barrier dysfunction, whereas lack of the
entire mucus layer (Muc2~'~ mice) caused increased epithelial
barrier dysfunction as well as heavier colonization. We also
found that in the absence of the mucus layer, as seen in
Muc2~'~ mice, the barrier dysfunction was dramatically more
invA dependent than in WT mice. Our study thus demonstrates
not only the protective nature of intestinal mucus but also
surprising interactions with S. Typhimurium that have an im-
pact on its virulence characteristics.
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MATERIALS AND METHODS

Mice. C57BL/6 mice were purchased from the Centre for Disease Model-
ing (CDM) Facility (University of British Columbia), while Muc2~/~ and
C3GnT~’~ mice (on the C57BL/6 background) were bred in our animal
facility. Mice were kept in sterilized, filter-topped cages, handled in tissue
culture hoods, and fed autoclaved food and water under specific-patho-
gen-free conditions. The protocols used in the study were approved by the
University of British Columbia’s Animal Care Committee and were in
direct accordance with guidelines provided by the Canadian Council on
the Use of Laboratory Animals.

Bacterial strains and infection of mice. The S. Typhimurium wild-
type (WT) strain SL1344, the SL1344 AinvA strain, and the SL1344 AaroA
strain (6, 28, 29) were grown, with shaking (200 rpm), at 37°C in Luria-
Bertani (LB) broth supplemented with 100 p.g/ml streptomycin. Approx-
imately 24 h prior to infection, 6- to 8-week-old mice were treated with 20
mg of streptomycin by oral gavage. After streptomycin treatment, mice
were infected with the strains mentioned above at a dose of 3 X 10” CFU
in 100 pl of phosphate-buffered saline (PBS; pH 7.2) by oral gavage.

Tissue collection and histology. Infected mice were anesthetized us-
ing isoflurane and were euthanized by cervical dislocation. For bacterial
enumeration, tissues (cecum, liver, spleen, mesenteric lymph nodes
[MLN]) and luminal contents were collected in 1 ml of sterile PBS, stored
on ice, and homogenized with a Mixer Mill 301 homogenizer (Retsch,
Newtown, PA). CFU counts were determined by serial 6-fold dilution of
homogenized tissues that had been plated onto LB agar plates supple-
mented with 100 pg/ml streptomycin and incubated overnight at 37°C.
Colony counts were normalized to the weight of the tissue to obtain
CFU/g. For histology, cecal tissues were fixed in 10% neutral buffered
formalin (Fisher Scientific) overnight and were then transferred to 70%
ethanol. Fixed tissues were embedded in paraffin and were cut into 5-pm
sections. Tissues were stained with hematoxylin-eosin (H&E) according
to standard techniques by the University of British Columbia Histology
Laboratory (Vancouver, BC, Canada). To preserve the mucus layer, sec-
tions of cecal tissue were fixed in water-free ethanol-Carnoy’s fixative
(60% ethanol, 30% chloroform, and 10% acetic acid) (all reagents were
purchased from Fisher Scientific), and after 3 h of storage at 4°C, samples
were transferred to 100% ethanol for subsequent processing. Fixed tissues
were embedded in paraffin and were cut into 5-pm sections.

Tissue pathology scoring. The extent of tissue pathology in cecal tis-
sues from uninfected and infected mice was scored using hematoxylin-
eosin-stained sections, as described previously (5). Briefly, two observers
blinded to the experimental conditions scored cecal tissues for mucosal
pathology, including polymorphonuclear leukocyte (PMN) infiltration
(scores 0 to 4), goblet cell numbers/depletion (scores 0 to 3), epithelial
integrity (scores 0 to 3), and submucosal edema (scores 0 to 3), as outlined
previously (2). PMN infiltration was scored at a magnification of X400
(10 high-power fields), and the average number of cells per high-power
field was calculated. Scores were defined, as described previously (5, 7), as
follows: 0, <5 cells/high-power field; 1, 5 to 20 cells/high-power field; 2,
21 to 60 cells/high-power field; 3, 61 to 100 cells/high-power field; 4, >100
cells/high-power field.

Immunohistochemistry. For immunohistochemical detection, sec-
tions fixed with Carnoy’s fixative (for Muc2 and IAP staining) and forma-
lin-fixed sections (for LPS staining) were deparaffinized and boiled for 20
min in citrate buffer (10 mM sodium citrate, 0.05% Tween 20 [pH 6.0])
for antigen retrieval. The sections were then blocked for 20 min using
blocking buffer (2% goat serum, 1% bovine serum albumin [BSA], 0.1%
Triton X-100, 0.05% Tween 20 in 0.1 M PBS [pH 7.2]) to prevent non-
specific antibody binding. Sections were incubated overnight at 4°C with
rabbit anti-Muc2 (dilution, 1:200; Santa Cruz Biotechnology), an anti-
LPS antibody (1:50; Salmonella O antisera; BD Biosciences), or a rabbit
anti-IAP antibody (1:200; Abcam). Alexa Fluor 568-conjugated goat anti-
rabbit IgG and Alexa Fluor 488-conjugated goat anti-rabbit IgG (both
from Molecular Probes) were used as secondary antibodies at a dilution of
1:2,000. Tissues were mounted using ProLong Gold Antifade reagent
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(Molecular Probes) containing 4’,6-diamidino-2-phenylindole (DAPI)
for DNA staining. Images were captured using a Zeiss Axio Imager micro-
scope equipped with an AxioCam HRm camera operating through Axio-
Vision software.

In vivo intestinal permeability. As described previously (27), mice
used in the study were administered 150 wl of 80-mg/ml FITC (fluores-
cein isothiocyanate)-dextran (Sigma-Aldrich) by oral gavage. Mice were
anesthetized using isoflurane, and blood samples were collected using
cardiac puncture. The collected samples were immediately transferred to
3% acid-citrate-dextrose (ACD) containing 20 mM citric acid, 110 nM
sodium citrate, 5 mM dextrose (protocol provided by Harald Schulze,
Shivdasani laboratory, Dana-Farber Cancer Institute [DFCI]). The con-
centration of FITC-dextran in serum was measured using a fluorometer
(PerkinElmer Life Sciences) (excitation wavelength, 490 nm; emission
wavelength, 530 nm).

RNA extraction and quantitative RT-PCR. Cecal tissues stored in
RNAlater (Qiagen) at —80°C were thawed on ice, and total RNA was
extracted using a Qiagen RNeasy kit as per the manufacturer’s instruc-
tions. Total RNA was quantified using a NanoDrop spectrophotometer
(ND1000). One microgram of RNA was reverse transcribed using an
Omniscript reverse transcription (RT) kit (Qiagen). For quantitative
PCR, cDNA was diluted 1:5 in RNase- and DNase-free water, and 5 pl of
diluted cDNA was added to a PCR mixture (10 ul of Bio-Rad SYBR green
supermix, primers at a final concentration of 300 nM; final reaction vol-
ume, 20 pl). 18S rRNA was used as a housekeeping gene. Quantitative
PCR was carried out using a Bio-Rad MiniOpticon or Opticon 2 system.
The sequences for the primers used in this study are as follows: Muc2
forward, 5 CTGACCAAGAGCGAACACAA 3'; Muc2 reverse, 5' CATG
ACTGGAAGCAACTGGA 3';IL-6 forward, 5 GAGGATACCACTCCCA
ACAGACC 3'; IL-6 reverse, 5 AAGTGCATCATCGTTGTTCAT 3';
TNF-a forward, 5 CATCTTCTCAAAATTCGAGTGACAA 3'; TNF-«
reverse, 5 TGGGAGTAGACAAGGTACAACCC 3'; IL-1pB forward, 5’
CAGGATGAGGACATGAGCACC 3'; IL-1B reverse, 5 CTCTGCAGAC
TCAAACTCCAC 3'.

The PCR cycling conditions used were as follows: denaturation at 94°C
for 30 s, annealing for 30 s at 55°C for the Muc2 and tumor necrosis factor
alpha (TNF-a) genes and at 60°C for the interleukin-6 (IL-6) and IL-1(3
genes, and extension at 72°C for 45 s, for a total of 30 cycles. There was an
initial denaturation step at 95°C for 5 min before PCR cycling, and there
was an extension step of 72°C for 10 min after the final cycle. Data were
analyzed using Gene Expression Macro OM 3.0 software (Bio-Rad).

LPS dephosphorylation activity analysis. As described previously
(18, 24), to assess crude LPS detoxification activity, cecal tissues were
homogenized in 500 pl of homogenization buffer, followed by the addi-
tion of 5 pl of phenylmethylsulfonyl fluoride (PMSF), a protease inhibi-
tor. Homogenates were centrifuged at 13,200 rpm (4°C for 15 min) to
remove the insoluble contents. Bradford analysis was conducted accord-
ing to the manufacturer’s instructions to determine the protein concen-
trations in the lysates. Eighty microliters of the lysate was incubated with
30 pl of 2.5-mg/ml Escherichia coli 055:B5 LPS (L2880; Sigma) or Salmo-
nella enterica serotype Typhimurium LPS (L6511; Sigma) at room tem-
perature for 2 h. A malachite green solution was prepared as described
previously (30). Forty microliters of the malachite green solution was
added to the reaction mixture, which was then incubated for 10 min. The
plates were read at an absorbance of 595 nm, and data were analyzed using
Microsoft Excel.

Statistical analysis. All the results shown in this study are plotted as
mean values with standard errors of the means (SEM). Statistical analysis
was performed with GraphPad Prism, version 4.00 for Windows (Graph-
Pad Software, San Diego, CA, USA), using nonparametric Mann-Whit-
ney t tests. A P value of =0.05 was indicative of statistical significance.

RESULTS

S. Typhimurium infection of WT mice alters expression of in-
testinal glycans and the major secretory mucin Muc2. To inves-
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tigate intestinal mucin dynamics and glycosylation patterns over
the course of S. Typhimurium infection, we infected wild-type
(WT) mice with AaroA S. Typhimurium, since we have shown
previously that this strain of S. Typhimurium causes significant
colitis but does not kill even susceptible murine hosts (7). We
collected cecal tissues over a 7-day time course and stained them
with periodic acid—Schiff’s reagent (PAS) as well as with alcian
blue. PAS stains neutral carbohydrates (pink/magenta), whereas
alcian blue stains acidic carbohydrates (deep blue), while tissues
containing both acidic and neutral mucins stain dark blue/purple
(31). Assessment of uninfected tissues identified distinct pink
staining (neutral carbohydrates) on the epithelial surface (pre-
sumably secreted mucins) and blue staining (acidic carbohy-
drates) within the goblet cells. In contrast, cecal tissues collected at
day 3 postinfection (3 dpi) and 7 dpi revealed significant changes
in mucin staining, with dark blue/purple coloration throughout
the tissues, indicative of changes in the distribution and expres-
sion pattern of neutral and acidic mucins during Salmonella infec-
tion. Specifically on 3 dpi, we noted an increase in PAS/alcian blue
staining in goblet cells as well as within the cecal lumen, suggesting
that mucin levels were both increased in tissues and secreted into
the cecal lumen. Interestingly, by 7 dpi, the PAS/alcian blue stain-
ing of goblet cells was dramatically reduced, suggesting that the
mucin content within goblet cells was reduced. In contrast, stain-
ing of mucus was seen primarily in the cecal lumen, suggesting a
relative increase in the proportion of secreted mucins versus mu-
cins contained in goblet cells by this stage of the infection (Fig. 1a).

Since Muc2 is the major secreted mucin within the colon and
has been shown previously to protect against enteric bacterial in-
fections (27), we wondered if Salmonella infection induced any
changes in Muc2 expression. We noted that by 3 dpi, the amount
of Muc2 secreted was relatively larger than that for uninfected
mice, as assessed by immunostaining. Muc2 was seen on the mu-
cosal surface and within the lumen, and an increase in Muc2 stain-
ing intensity inside goblet cells was also noted. On 7 dpi, we found
more Muc2 within the cecal lumen (secreted), and more goblet
cells within the cecal crypts staining positive for Muc2, than on 3
dpi (Fig. 1b). We also noted a significant increase in the level of
Muc2 gene expression over the course of infection (Fig. 1¢). These
results suggest that Salmonella infection leads to increases in the
expression and secretion of Muc2 glycoprotein in WT mice, po-
tentially as a host defense mechanism.

Muc2™'~ mice display increased susceptibility to S. Typhi-
murium infection. It has been reported previously that Muc2
plays a protective role against Citrobacter rodentium and dextran
sulfate sodium (DSS)-induced colitis (27, 32). To assess whether
Muc? protects against S. Typhimurium infection, we infected WT
and Muc2™'~ mice with AaroA S. Typhimurium and compared
body weights and survival over the following 9 days. While in-
fected WT mice showed only modest weight loss and ultimately
none of the WT mice succumbed to infection, exposure to S. Ty-
phimurium was more damaging to Muc2~'~ mice. Between 6 and
7 dpi, 50% of the Muc2 ™'~ mice succumbed to infection, and by 7
dpi, the remaining mice had lost 15 to 20% of their starting body
weight and displayed other signs of morbidity, such as hunched
posture, inactivity, and piloerection of their fur (Fig. 2). As a re-
sult, all the remaining infected Muc2~'~ mice were euthanized on
7 dpi.

Muc2~'~ mice carry higher S. Typhimurium burdens than
WT mice. Based on the increased Muc2 immunostaining (Fig. 1a)
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FIG1 S. Typhimurium AaroA infection results in increased mucin secretion in WT mice. (a) Representative PAS/alcian blue staining of Carnoy’s solution-fixed
cecal tissues at day 0 (uninfected), 3 dpi, and 7 dpi. Original magnification, X 100; bar, 100 wm. (b) Representative Muc2 immunostaining in the cecum using an
anti-Muc2 antibody (green) and a DAPI counterstain (for cellular DNA) (blue) at day 0 (uninfected), 3 dpi, and 7 dpi. Original magnification, X200; bars, 50 pm.
(c) S. Typhimurium infection induced significantly higher levels of transcription of the mucin gene Muc2 in the cecal tissues of WT mice than in uninfected
samples. Error bars represent SEM from three independent experiments (9 mice per group). Asterisks indicate significant differences (¥, P < 0.05) by the

Mann-Whitney test.

noted for infected WT mice, we speculated that increased Muc2
secretion during Salmonella infection might play a role in control-
ling pathogenic bacterial burdens. We therefore enumerated the S.
Typhimurium bacteria within cecal tissues and within the cecal

QO
-
-
o

]

- WT
-~ Muc2 -/-

-
o
o

80+

% Starting Weight
0
o

7c L) ] ] I Ll Ll I
0 1 2 3 4 5 6 7 8

days post-infection

b 1101

100. o o o = &

- WT
90 - Muc2-/-

504 XX

% Survival Rate
8

104

v T T T T T T

T
0 1 2 3 4 5 6 7
days post-infection

-
©

FIG 2 Muc2™’~ mice exhibit dramatically higher susceptibility to AaroA S.
Typhimurium infection than WT mice. (a) Body weights of WT and Muc2~/~
mice from 0 to 7 dpi, plotted as percentages of the starting weight. (b) Survival
curves of WT and Muc2 ™'~ mice following Salmonella infection. Red X’s indi-
cate the humane endpoint for the remaining Muc2~/~ mice. Error bars repre-
sent SEM from three independent experiments with 9 mice per group.
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lumen, while also assessing pathogen translocation and/or repli-
cation outside the gut, by collecting liver, spleen, and MLN tissues.
We observed significantly higher pathogen loads in the ceca of
Muc2~'~ mice than in those of WT mice. Similarly, we recovered
higher pathogen burdens from the cecal contents (lumens) of
Muc2~'~ mice than from those of WT mice. We also noted higher
pathogen burdens in the livers of Muc2™/~ mice than in those of
WT mice, suggesting that the higher intestinal burden also af-
fected the numbers of microbes reaching (or proliferating within)
the liver. In contrast, S. Typhimurium was recovered from the
spleens and MLN of Muc2 ™/~ mice at levels comparable to those
for WT mice (Fig. 3), suggesting that Muc2~'~ mice do not suffer
any overt or widespread defects in controlling S. Typhimurium
burdens at other systemic sites.

Muc2~'~ mice exhibit a level of colitis similar to that for WT
mice but suffer exaggerated epithelial barrier disruption. Next,
we sought the cause of the heightened mortality seen in Salmonel-
la-infected Muc2™'~ mice. We undertook histological analysis
and pathology scoring to determine whether, in addition to higher
pathogen burdens, these mice suffered more-severe tissue dam-
age, potentially explaining their dramatically higher mortality
rates. Intestinal pathology was evaluated using previously de-
scribed histopathological scoring methods (5, 7), and surpris-
ingly, no significant differences in cecal histopathology were ob-
served between infected Muc2™'~ and WT mice. Histological
analysis revealed that Salmonella infection elicited pronounced
inflammation within the cecal tissues of both WT and Muc2™ '~
mice (Fig. 4a). We observed profound edema and PMN infiltra-
tion into the cecal submucosa and mucosa, along with significant
damage to epithelial integrity, marked by erosions, crypt loss, and
damage to crypt structure, by 3 dpi. This pathology was found to
be slightly worse in both mouse strains by 7 dpi, resulting in pa-
thology scores slightly higher than those seen at 3 dpi (Fig. 4b).
Since tissue damage was comparable for WT and Muc2™'~ mice,
we next tested whether the lack of mucus led to increased damage
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FIG 3 Quantification of AaroA S. Typhimurium bacteria recovered from the ceca, intestinal lumens, livers, MLN, and spleens of WT and Muc2™'~ mice.
Bacterial burdens carried at 7 dpi in WT and Muc2~'~ mice are shown. Each data point represents one animal, and the results from 3 independent experiments
(9 mice per group) are pooled. Horizontal lines represent means, and error bars represent SEM. Asterisks indicate significant differences (**, P < 0.01) by the

Mann-Whitney test.

to the intestinal epithelial barrier in Muc2™’~ mice. Using oral
FITC-dextran gavage, we found that the level of FITC-dextran
translocation in uninfected Muc2 '~ mice was modestly, but not
significantly, greater than that seen in WT mice. In contrast, while
S. Typhimurium infection caused no significant impairment of
epithelial barrier function in WT mice, infected Muc2™'~ mice
demonstrated significantly greater (3-fold) intestinal permeability
(P <0.01) (Fig. 4c).

S. Typhimurium-infected C3GnT~'~ mice show impaired
epithelial barrier integrity but bacterial burdens comparable to
those of WT mice. Since Muc2 is a heavily O-glycosylated glyco-
protein, we next sought to test whether its critical role in host
defense against oral S. Typhimurium reflected the Muc2 protein
itself or, instead, some aspect of its glycosylation. We therefore
infected mice lacking core 3-derived O-glycans (C3GnT '~ mice)
to determine whether they had a phenotype similar to that of
infected Muc2~/~ mice (i.e., increased pathogen burdens and bar-
rier disruption). Since C3GnT '~ mice still produce intestinal
mucus, we noted that, like WT mice, they displayed increased
accumulation of luminal mucus following infection by S. Typhi-
murium (see Fig. S1 in the supplemental material). Despite this
response, we also noted that Salmonella-infected C3GnT '~ mice
showed 8 to 10% greater weight loss than WT mice over the course
of infection (Fig. 5a). To address the basis for their increased
weight loss, we looked at intestinal and systemic S. Typhimurium
burdens. Surprisingly, the pathogen burdens for C3GnT~'~ mice
and WT mice were comparable (no statistically significant differ-
ence) (Fig. 5¢), suggesting that the loss of core 3 O-glycosylation
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did not significantly affect Salmonella colonization. Correspond-
ingly, histological analysis and pathology scoring also failed to
reveal any significant differences between C3GnT '~ and WT
mice (see Fig. S2 in the supplemental material). Salmonella-in-
fected C3GnT '~ mice displayed levels of infiltrating inflamma-
tory cells, damage to epithelial structure, and submucosal edema
similar to those seen in WT mice. Interestingly, C3GnT ™'~ mice
did display significantly impaired epithelial integrity relative to
that of infected WT mice, as assessed by the FITC-dextran assay
(Fig. 5b), suggesting that core 3-derived O-glycans do play a sig-
nificant role in protecting intestinal barrier function.

The Muc2 layer acts as a physical barrier to limit Salmonella
contact with the intestinal epithelium. Based on the impact of
Muc2 on both S. Typhimurium pathogen burdens and the pro-
tection of intestinal barrier function, we hypothesized that Muc2
provides a physical barrier to limit Salmonella interactions with
the underlying epithelium. To investigate the localization of S.
Typhimurium relative to the mucus layer and epithelium, we fixed
tissues with Carnoy’s fixative and stained serial sections for Muc2
and Salmonella LPS. Immunostaining revealed that in WT mice,
the mucus layer provided a distinct barrier, keeping the vast ma-
jority of the S. Typhimurium bacteria within the cecal lumen and
distant from the epithelial surface. In contrast, in Muc2™'~ mice,
Salmonella bacteria were seen in close proximity, and even adher-
ent, to the epithelial surface (Fig. 6).

The increased intestinal barrier dysfunction in S. Typhimu-
rium-infected Muc2™'~ mice is invA dependent. Cell culture
studies have shown previously that S. Typhimurium uses Salmo-
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FIG 4 Histology, tissue pathology, and epithelial barrier integrity assessment for AaroA S. Typhimurium-infected WT and Muc2~'~ mice. (a) H&E-stained cecal
sections (original magnification, X50; bars, 100 um) of WT and Muc2™'~ mice at day 0 (uninfected), 3 dpi, and 7 dpi. (b) Tissue pathology scores. Mucosal
pathology scoring includes epithelial barrier integrity, PMN infiltration, and submucosal edema. Each bar represents the average score for 6 to 7 tissues, scored
under blinded conditions. (c) FITC-dextran intestinal permeability assay for uninfected (UN) WT and Muc2~'~ mice and for the same mice at 7 dpi. Bars
represent the average values for 9 mice per group, pooled from 3 independent experiments. The asterisk indicates a significant difference (*, P < 0.05) by the

Mann-Whitney test.

nella pathogenicity island 1 (SPI-1), including InvA, an inner
membrane protein component of the SPI-1 type 3 secretion sys-
tem (T3SS), to infect intestinal epithelial cells and cause barrier
disruption (2, 3). Since infected Muc2~'~ mice suffered from ex-
aggerated barrier disruption, we wondered if this was dependent
on the actions of InvA, one of the important proteins involved in
Salmonella virulence. To test this hypothesis, we first infected WT
and Muc2™'~ mice with wild-type and AinvA (on the wild-type
background) strains of Salmonella Typhimurium and then eutha-
nized the mice at 3 dpi. Interestingly, wild-type S. Typhimurium
caused severe cecal pathology and inflammation in both mouse
strains, and, as we found with AaroA S. Typhimurium, Muc2™'~
mice carried heavier pathogen burdens than WT mice. Moreover,
infection caused significant barrier disruption in Muc2™'™ mice,
whereas no disruption was seen in WT mice. When WT mice were
infected with AinvA Salmonella, the resulting pathogen burdens in
the cecal lumen were similar to those seen with wild-type Salmo-
nella, whereas AinvA Salmonella numbers in the cecal tissues, as
well as within systemic tissues, were modestly but significantly
lower than those of wild-type Salmonella. Interestingly, the result-
ing cecal pathology was only modestly reduced, and no intestinal
barrier disruption was noted.

Infected Muc2 ™/~ mice were found to carry AinvA Salmonella
burdens higher than those of wild-type mice, though significantly
lower than wild-type Salmonella burdens, in their cecal lumens.
The level of pathogen translocation into cecal tissues was dramat-
ically reduced, and Salmonella numbers at systemic sites, such as
the liver and spleen, were also reduced, to roughly the same de-
grees as those seen in AinvA Salmonella-infected WT mice. Nota-
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bly, in contrast to the cecitis suffered by WT mice, no significant
cecal pathology was seen in infected Muc2™'~ mice, and despite
their high luminal pathogen burdens, AinvA S. Typhimurium did
not cause any barrier disruption (Fig. 7 and 8). Taken together,
these findings suggest that although the ability of S. Typhimurium
to cause cecal pathology in WT mice is partially dependent on
invA, the dependence on invA for inducing cecal pathology is dra-
matically greater in the absence of a mucus layer (Muc2™'~ mice),
suggesting that the interactions of Salmonella with the mucus layer
may play a modulatory role in its pathogenesis. Furthermore,
while Muc2™'~ mice infected with wild-type S. Typhimurium
showed Salmonella bacteria in close proximity or adherent to the
cecal epithelial surface, mice infected with AinvA S. Typhimurium
showed few, if any, of these bacteria adherent to the epithelial
surface (see Fig. S3 in the supplemental material). Moreover,
Muc2~'~ mice showed no mortality over the time course of infec-
tion with AinvA S. Typhimurium (data not shown), suggesting
that pathogen translocation out of the cecum likely plays an im-
portant role in the high mortality rates suffered by these mice.
IAP expression and LPS detoxification are impaired in
Muc2™'~ mice. It was surprising that Muc2 ™/~ mice succumbed
to AaroA S. Typhimurium, considering that infection by this
pathogen is not normally lethal, even to severely immunodeficient
mice (7, 33). Considering that their symptoms (hunched appear-
ance, piloerection, and reduced activity) observed during Salmo-
nella infection are typically signs of a systemic disease (34), we
decided to compare inflammatory responses within the livers of
WT and Muc2 ™'~ mice. Interestingly, levels of production of the
cytokines IL-6, TNF-a, and IL-1f were significantly higher in
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FIG 5 Analysis of the susceptibility of C3GnT '~ mice to AaroA S. Typhimurium infection. (a) Body weights of WT and C3GnT '~ mice followed until 7 dpi.
(b) FITC-dextran intestinal permeability assay of uninfected (UN) WT and C3GnT ™'~ mice and of the same mice at 7 dpi. Damage to the intestinal barrier was
assessed by measuring FITC-dextran in serum, collected by cardiac puncture, 4 h following oral administration. Asterisks indicate significant differences (**, P <
0.01) by the Mann-Whitney test. (c) Colonization of Salmonella-infected WT and C3GnT '~ mice. Each data point represents one animal, and the results from
3 independent experiments (8 to 10 mice per group) are pooled. Horizontal bars represent means; error bars represent SEM.

Muc2~'~ mice than in WT mice (see Fig. $4b in the supplemental
material), while histologically, the livers of Muc2™'~ mice dis-
played much greater signs of inflammation and tissue damage (see
Fig. S4a in the supplemental material).

We noted previously that liver injury during S. Typhimurium
infection is mediated largely by LPS-based activation of the innate
receptor TLR4 (35). Interestingly, LPS produced by Gram-nega-
tive bacteria within the intestine is typically detoxified by intesti-
nal alkaline phosphatase (IAP), an enzyme expressed by entero-
cytes (15-20). We therefore wondered if there were any
differences in IAP expression or function between WT and
Muc2~'~ mice that could lead to exaggerated inflammatory sig-
naling in response to S. Typhimurium bacteria that translocate
out of the gut and reach the liver. We found IAP-positive staining
on much of the intestinal epithelium of infected WT mice,
whereas the staining was comparatively reduced on the epithelial
surfaces of Muc2™'~ mice (Fig. 9). To address whether this re-
duced staining had any functional impact, we assessed the capac-
ities of cecal tissues from the two mouse strains to detoxify LPS.
Strikingly, we identified significantly lower LPS dephosphoryla-
tion activity in the cecal tissues of Muc2 ™'~ mice than in those of
WT mice, suggesting that impaired LPS detoxification could un-
derlie the high mortality rates suffered by infected Muc2™'~ mice.

DISCUSSION

The intestinal mucus layer is composed predominantly of the se-
creted mucin Muc2. Synthesized and secreted by goblet cells,
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Muc? is a heavily O-glycosylated glycoprotein that forms a gel-like
and viscous mesh-like layer overlying the intestinal epithelium.
Intestinal mucus is the initial structural barrier encountered by
enteric bacterial pathogens and, as such, provides the first line of
defense for the host against these and other noxious agents. The
presence of the mucus layer has thus necessitated the development
of specific virulence strategies allowing enteric pathogens to cross
the mucus layer and reach the epithelium, such as flagellum-based
motility and even mucus degradation (36). Aside from function-
ing in host defense, over the course of the evolutionary dialogue
between pathogens and the mucus layer, the mucus layer has also
been subverted by some microbes to aid in their pathogenesis. For
example, mucus can provide attachment sites for pathogenic bac-
teria (37, 38), as well as providing an energy/food source for ad-
herent bacteria (39, 40). However, despite our growing under-
standing of the strategies used by enteric pathogens to cross the
mucus barrier, it is not entirely clear how they physically interact
with the mucus layer.

S. Typhimurium is a leading cause of enterocolitis in humans
and is used as a model organism for studying bacterial pathogen-
esis and host responses to intracellular bacterial infections (1).
Pretreatment of mice with streptomycin, followed by infection
with S. Typhimurium, provides a relevant model for studying Sal-
monella-induced intestinal disease in humans (5). The two most
commonly used mouse strains are C57/BL6 and BALB/c, but since
these strains suffer from a loss-of-function mutation in their
nrampl genes, they are extremely susceptible to Salmonella infec-

Infection and Immunity


http://iai.asm.org

WT

DAPIILPS

DAPIILPS

Role of Muc2 Mucin in Salmonella-Induced Colitis

o
)
3

£

o

<

(=]

FIG 6 Muc2 provides a physical barrier between the host epithelial surface and S. Typhimurium. (a) Salmonella LPS staining (red) and DAPI counterstain (blue),
showing Salmonella bacteria localized to the cecal lumen. (b) Muc2 immunostaining (green) and DAPI counterstain (blue). The thick mucus layer can be seen
between the epithelial surface and the lumen. Immunostaining for both markers was done on serial sections of cecal tissue collected from WT mice infected with
Salmonella. Original magnification, X200; bars, 50 wm. (c) In contrast to the results for WT mice (panel a), Salmonella bacteria can be seen in close proximity
to the epithelial surface in the cecal tissues of Muc2~/~ mice. Original magnification, X 200; bar, 50 pm. (d) Higher magnification of the inset in panel c. Original

magnification, X630; bar, 5 um.

tion (6). Recently we have shown the applicability of the attenu-
ated AaroA strain of S. Typhimurium for studying colitis in these
mouse strains (7). Our present studies found that Muc2 plays a
critical role in host defense against S. Typhimurium. Muc2 '~
mice showed dramatically heightened susceptibility to Salmonella
infection compared to that of WT mice, carrying much heavier
pathogen burdens both in their intestinal lumens and in mucosal
tissues. Our results recall earlier studies with the bacterial patho-
gen C. rodentium, where the loss of Muc2 also led to dramatically
heavier intestinal pathogen burdens. In both infection models, the
level of Muc2 expression/secretion in WT mice was increased dur-
ing infection, potentially promoting host defense by removing
bacteria from the mucosal surface (27). In Muc2 ™'~ mice, numer-
ous S. Typhimurium bacteria were seen in close proximity (or
adherent) to the intestinal epithelium, whereas in WT mice, the
majority of the Salmonella bacteria were segregated from the epi-
thelial surface by the overlying mucus layer, suggesting that aside
from the function of mucus as a physical barrier, mucus-mediated
flushing can play an important role in controlling pathogen bur-
dens in the gut.

The exaggerated pathogen burdens carried by Muc2™'~ mice
were accompanied by significant weight loss and other signs of
morbidity, requiring the euthanization of all Muc2™'~ mice by 7
dpi. This severe response was unexpected, since AaroA S. Typhi-
murium typically does not cause serious morbidity or any mortal-
ity in other mouse strains, including severely immunodeficient
RAGI™'~ mice, which can carry very high systemic burdens of this
mutant strain (33). We hypothesize, however, that the suscepti-
bility of the Muc2™'~ mice to this mutant reflects not only their
heavy pathogen burdens but also the exaggerated barrier dysfunc-
tion they suffer during infection. A number of studies have shown
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that S. Typhimurium can cause tight-junction disruption in in-
fected epithelial cells, resulting in increased epithelial permeability
(41-44). Despite this in vitro phenotype, we and others have not
been able to detect overt intestinal barrier dysfunction in other
mouse strains orally infected by S. Typhimurium. The current
findings thus indicate that loss of Muc2 leaves the intestinal epi-
thelium unusually susceptible to S. Typhimurium-driven barrier
disruption.

To better define the mechanisms behind the barrier disruption
seen in infected Muc2™ '~ mice, we infected WT and Muc2 /'~
mice with a Salmonella strain lacking Salmonella pathogenicity
island 1 (SPI-1)-dependent type III secretion. invA is the first gene
in the invABC operon, is located in SPI-1, and is required, at least
in vitro, for the invasion of epithelial cells by S. Typhimurium (3,
45). When Muc2™'~ mice were infected with the AinvA mutant,
barrier function was not disrupted, and very minor histological
damage was observed. Taken together with the observation that
systemic AinvA pathogen burdens were dramatically reduced in
Muc2~'~ mice, these data suggest that the susceptibility of the
Muc2™'~ mice was dependent on invA. In contrast, the AinvA
mutant was still able to cross the intestinal epithelia of WT mice
and cause significant cecal pathology, though less than that seen
with wild-type Salmonella. These results suggest that potential in-
teractions with intestinal mucus provide Salmonella (in this case,
an invA mutant) with increased opportunities for uptake and
translocation out of the gut lumen, potentially by dendritic cells or
macrophages, through pathogen-driven but non-SPI-1-depen-
dent mechanisms (46, 47). In contrast, in the absence of mucus,
SPI-1-dependent mechanisms appear to play a more important
role in the crossing of the intestinal epithelial barrier by Salmo-
nella. These results suggest that S. Typhimurium bacteria adher-
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FIG 7 Analysis of invA-dependent susceptibility of Muc2 ™/~ mice. (a) FITC-dextran intestinal permeability assay for WT mice and Muc2™'~ mice infected with
wild-type Salmonella Typhimurium SL1344 and a AinvA Salmonella strain (SL1344 background). (b and c) Colonization of WT and Muc2™'~ mice after
infection with the wild-type or AinvA Salmonella strain is shown for the cecum and lumen (b) and for the liver, spleen, and MLN (c). Horizontal bars represent
means; error bars represent SEM. Asterisks indicate significant differences (¥, P < 0.05; **, P < 0.01) by the Mann-Whitney test for 9 mice per group in 3

independent experiments.

ent to the mucosal surface may be expressing the genes involved in
the SPI-1 virulence system and that there may be differential ex-
pression of this system in Muc2™'~ mice versus WT mice, dictated
by the direct interactions between Salmonella bacteria and the
epithelial surface. Since in Muc2 '~ mice infected with the AinvA
strain, there is no close adherence to the epithelial surface, the
expression of this virulence system may be impaired, thereby re-
ducing the pathology and pathophysiology seen in these mice.
Aside from the mucus layer, there are other factors that deter-
mine host susceptibility to an enteric bacterial pathogen, includ-
ing the enzyme intestinal alkaline phosphatase (IAP). Recently
there has been renewed interest in IAP activity and its role in
promoting intestinal mucosal defense (15). Several studies have
shown that LPS dephosphorylation mediated by IAP protects the
host against LPS-induced inflammation as well as reducing the
systemic translocation of enteric bacteria (15-24). To investigate
whether IAP activity was playing a role in the increased suscepti-
bility/morbidity of Muc2™'~ mice in our model, we stained for
IAP and found that Muc2~'~ mice had reduced IAP expression as
well as reduced LPS dephosphorylation activity (a measure of the
activity of IAP) within their cecal tissues. While the basis for this
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impairment is unclear, a recent study has reported altered expres-
sion of other enzymes in the intestinal epithelia of Muc2~'~ mice
(48). However, it is not clear at this point whether these changes in
epithelial cell function reflect a direct role for Muc2 mucin or,
alternatively, result from increased microbial interactions with the
epithelium.

Interestingly, we also noted a dramatic increase in proinflam-
matory cytokine gene levels within the livers of Muc2 '~ mice. We
speculate that impaired intestinal barrier function in concert with
reduced LPS detoxification within the ceca of Muc2 ™/~ mice leads
to the translocation of Salmonella bacteria carrying highly proin-
flammatory LPS to the liver, resulting in increased inflammation
(through TLR4-LPS signaling) and exaggerated damage to the
liver, ultimately contributing to the higher mortality observed in
these mice. These results are in line with our previous studies
showing the importance of TLR4 signaling in mediating inflam-
matory responses in the liver (35). Our study also sheds light on
the complex interactions between host factors (mucus layer, IAP)
and pathogen factors (virulence genes) that ultimately determine
the outcome of an infection.

To better define how Muc2 plays such a critical role in control-
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FIG 8 Histological and pathological analyses of WT and Muc2™’~ mice upon infection with wild-type and AinvA Salmonella strains. (a) Representative
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10 tissues. The asterisk indicates a significant difference (*, P < 0.05) by the Mann-Whitney test.

ling S. Typhimurium pathogenesis, we infected mice lacking dif-
ferent components of this glycoprotein. Muc2 is a heavily O-gly-
cosylated mucin, and the impact of its glycosylation was noted by
arecent study examining different glycosylation patterns of Muc2
in mice and humans (49, 50). In agreement with previous findings
(13), we found that core 3 O-glycosylation plays a major role in
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protecting intestinal barrier function. Mice lacking core 3-derived
O-glycans possess a thinner intestinal mucus layer, and although
they do not develop any spontaneous gut diseases, they do show
increased susceptibility to DSS-induced colitis (13). Infecting
these C3GnT '~ mice, we found no significant differences from
WT mice in infection-induced histology, pathology, or S. Typhi-
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FIG9 Muc2™'~ mice are impaired in IAP staining and activity. (a) Representative IAP immunostaining (red) in the ceca of WT and Muc2 ™/~ mice at day 7 after
infection with AaroA S. Typhimurium. The DAPI counterstain is shown in blue. Original magnification, X400; bars, 20 wm. (b) Analysis of ex vivo LPS
dephosphorylation activity in the cecal tissues of WT and Muc2 ™'~ mice infected with AaroA S. Typhimurium (assessed at 7 dpi). Homogenized cecal tissues were
incubated with Salmonella LPS or Escherichia coli LPS for 2 h, and the malachite green assay was used to measure activity (absorbance at 595 nm). Activity was
calculated as relative LPS dephosphorylation activity/mg of protein (normalized to the value for uninfected controls in each group). There were 9 mice per group.
Asterisks indicate significant differences (**, P < 0.01) by the Mann-Whitney test.
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murium burdens. However, these mice still suffered from greater
epithelial barrier disruption during infection than WT mice. This
suggests that the core 3 glycosylation component of the mucus
layer may play a role in controlling Salmonella-driven disruption
of epithelial barrier integrity, whereas the Muc2 protein and its
remaining glycosylation are the key factors in controlling S. Ty-
phimurium burdens and overt intestinal pathology.

Increased release of mucus into the intestinal lumen, as seen
during Salmonella infection in WT and C3GnT~'~ mice, may help
protect the epithelium by limiting pathogen contact and barrier
disruption. This may reflect a unique action of secreted mucins,
since it has been shown previously that MucI '~ mice were not
more susceptible than WT mice to S. Typhimurium infection
(51), whereas in this study, we show increased susceptibility of
Muc2™'~ mice to S. Typhimurium infection. We believe that such
a protective role may be a generalized defense against many en-
teric bacterial pathogens. Indeed, there have been reports of Muc2
interactions with other enteric pathogens, including Campylobac-
ter jejuni (52) and the attaching and effacing (A/E) pathogen Cit-
robacter rodentium (53).

There has been growing recognition of the important role
played by the mucus barrier in regulating the severity of infectious
diseases, but the specifics of how enteric bacterial pathogens in-
teract with mucus and mucus components remain unclear. This
study unravels the importance of Muc2, a major secreted mucin,
during infection with yet another enteric pathogen, S. Typhimu-
rium, and it is the first study to provide insight into the impor-
tance of core 3 O-glycosylation during Salmonella infection. This
study also provides insights into the potential role of mucus in
modulating Salmonella pathogenesis. Considering that the mucus
layer acts as a frontline defense barrier, further investigation of
interactions between enteric pathogens and the mucus layer may
aid in the development of therapeutic strategies.
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