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ACKGROUND & AIMS: Hyperplasia of mucin-secret-
ng intestinal goblet cells accompanies a number of en-
eric infections, including infections by nematode para-
ites. Nevertheless, the precise role of mucins in host
efense in nematode infection is not known. We investi-
ated the role of the mucin (Muc2) in worm expulsion
nd host immunity in a model of nematode infection.

ETHODS: Resistant (BALB/c, C57BL/6), susceptible
AKR), and Muc2-deficient mouse strains were infected
ith the nematode, Trichuris muris, and worm expulsion,

nergy status of the whipworms, changes in mucus/mu-
ins, and inflammatory and immune responses were in-
estigated after infection. RESULTS: The increase in

uc2 production, observed exclusively in resistant mice,
orrelated with worm expulsion. Moreover, expulsion of
he worms from the intestine was significantly delayed in
he Muc2-deficient mice. Although a marked impairment
n the development of periodic acid Schiff (PAS)–stained
ntestinal goblet cells was observed in Muc2-deficient

ice, as infection progressed a significant increase in the
umber of PAS-positive goblet cells was observed in these
ice. Surprisingly, an increase in Muc5ac, a mucin nor-
ally expressed in the airways and stomach, was observed

fter infection of only the resistant animals. Overall, the
ucus barrier in the resistant mice was less permeable

han that of susceptible mice. Furthermore, the worms
solated from the resistant mice had a lower energy sta-
us. CONCLUSIONS: Mucins are an important com-
onent of innate defense in enteric infection; this is

he first demonstration of the important functional
ontribution of mucins to host protection from nem-
tode infection.

eywords: Muc2; Goblet Cell; Enteric Infection; Host Re-
istance; Innate Immunity.

he mucus barrier is an essential part of the innate
immune system which hydrates and protects the

nderlying epithelia. The gel-like properties of the barrier

re mainly due to the polymeric mucins that are the main
ecretory products of epithelial goblet cells.1–3 The co-
onic epithelium expresses mainly MUC2/Muc2 in large
mounts which is stored in bulky apical granules of the
oblet cells and is the most important factor determining
he goblet cell morphology.4 – 6 Muc2 forms a heteroge-
eous mucus barrier that is proposed to contain 2 dis-
inct layers; a “loose” outer layer that bacteria can pene-
rate and an adherent inner layer that excludes bacteria
rom direct contact with the underlying epithelia.7

Alterations or absence of MUC2 production can lead
o many common human disorders such as colon carci-
oma,8 ulcerative colitis,9 and celiac disease.10 A role for
uc2 in the suppression of colorectal carcinoma has also

een suggested because Muc2 knockout (KO) mice spon-
aneously develop colitis and adenomas that progress to
nvasive adenocarcinoma,11 suggesting an important
unction for this mucin in colonic protection.6 Further-

ore, missense mutations in the Muc2 gene results in
berrant Muc2 oligomerization, leading to endoplasmic
eticulum stress and subsequently increased susceptibil-
ty to colitis.12

Hyperplasia of mucin-producing goblet cells has been
escribed in a number of parasitic infections, including
ippostrongylus brasiliensis, Hymenolepis diminuta, Trichinella

piralis, and Trichuris muris.13–17 Putative mechanisms un-
erlying the protective role of mucins against infectious
gents include the demonstration of trapping of Hymeno-

epis diminuta17 and Trichinella spiralis18 in the mucus and
nhibition of parasite motility and feeding capacity.18 –20

oblet cell response, in all 4 of these nematode models,
s thought to be under the control of a T helper (TH)

Abbreviations used in this paper: ATP, adenosine triphosphate;
rdU, bromodeoxyuridine; IL-4, interleukin-4; KO, knockout; mMuc2,
urine Muc2; PAS, periodic acid Schiff; Relm, resistin-like molecule;
T-PCR, reverse transcription–polymerase chain reaction; SCID, severe
ombined immunodeficient; Tff3, trefoil factor 3; TH, T helper; WT,
ild-type.

© 2010 by the AGA Institute
0016-5085/10/$36.00
doi:10.1053/j.gastro.2010.01.045
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-type immune response and is considered as a potential
ffector mechanism.21–23 A number of goblet cell bioac-
ive factors such as resistin-like molecule-� (Relm-�),
ntelectin, and calcium-activated chloride channel-3 have
een suggested to play an important role in nematode

nfection.24,25 However, a definitive and precise role of
ucins, the main secreted product of goblet cells, in host

efense in intestinal nematode infection remains to be
lucidated.

The nematode T muris inhabits the cecum of mice and
s closely related at the morphologic, physiologic, and
ntigenic levels to Trichuris trichuria, the causative agent of
hronic trichuriasis in human beings.26 In this parasitic
nfection, strains resistant to chronic infection (BALB/c,
57BL/6) expel the parasites through the generation of a
H2-type immune response, whereas susceptible strains

AKR), which do not expel the worms, develop a TH1-type
mmune response.22,27 In this study, we demonstrated
hat the increase in Muc2, the main determinant of

ucus barrier properties, correlates with worm expul-
ion. In the absence of Muc2 there is a delay in worm
xpulsion, but interestingly Muc5ac is up-regulated in
he Muc2-deficient mice before expulsion. Moreover,

uc5ac is up-regulated in the wild-type (WT) mice that
re resistant to infection, but not in those unable to
xpel. The physical properties of the mucus barrier are
lso altered during infection, resulting in a less-porous
etwork, with overall changes having a direct effect on
he viability of the whipworm. Collectively, these data
how for the first time a protective role for mucins in
ematode infection.

Materials and Methods
Animals
Breeding pairs of Muc2-KO mice originally pro-

uced by gene mutation11 and their WT (C57BL/6) lit-
ermates (Albert Einstein Medical College, New York, NY)
ere kept at the animal facilities of McMaster University

Hamilton, ON, Canada). AKR, BALB/c (Harlan, UK),
nd severe combined immunodeficient (SCID) mice were
aintained in the Biological Services Unit at Manchester
niversity. The protocols used were in accordance with
uidelines by the McMaster University Animal Care
ommittee, Canadian Council on the Use of Laboratory
nimals, and the Home Office Scientific Procedures Act

1986). All mice were kept in sterilized, filter-topped
ages, and fed autoclaved food in the animal facilities.
nly 6- to 10-week-old male mice were used.

Parasitologic Techniques
The techniques used for T muris maintenance and

nfection were described previously.28 Mice were orally
nfected with approximately 100 –300 eggs for a high-
ose infection and �15 eggs for a low-dose infection.
orm burdens were assessed by counting the number of

orms present in the cecum as described previously.28 m
Histology, Immunohistochemistry, and
Immunofluorescence
A 1-cm segment or the whole cecum (rolled) was

xed in 10% neutral buffered formalin or 95% ethanol
nd processed with the use of standard histologic tech-
iques. Sections were treated with 0.1 mol/L KOH for 30
inutes before staining with periodic acid Schiff (PAS)

eaction.29 Slides were counterstained with either H&E or
% fast-green. Standard immunohistochemical and im-
unofluorescent staining methods29,30 were used to de-

ermine the levels of Muc2, Muc5ac, Relm-�, and trefoil
actor 3 (Tff3).

Antibodies
Immunodetection was carried out with the use of

polyclonal antibody raised against a murine Muc2
mMuc2).12 Commercially available 45M1 antibody was
sed for the detection of mouse Muc5ac.31 The mouse
uc5b-specific antibody32 was a kind gift from Dr Ca-
ille Ehre (University of North Carolina, Chapel Hill).
ommercially available mRelm-� (Abcam, Cambridge,
K) and mITF (Santa Cruz Biotechnology Inc, Santa
ruz, CA) antibodies were used to detect Relm-� and
ff3, respectively. Detection of bromodeoxyuridine

BrdU) incorporated into nuclei was carried out with the
se of a monoclonal anti-BrdU antibody (AbD Serotec,
xford, UK).33

Mucus Extraction and Agarose Gel
Electrophoresis
The cecum was gently flushed with phosphate-

uffered saline and scraped, and mucus was solubilized
n 8 mol/L guanidium chloride. Subsequently, extracted

ucus samples were reduced with 50 mmol/L dithiothre-
tol and carboxylmethylated with 0.125 mol/L iodoacet-
mide before electrophoresis on a 1% (wt/vol) agarose gel.
ucins were detected after Western blotting with mucin-

pecific antisera.34

Analysis of Mucus Network Properties
Cecal tissue isolated from BALB/c and AKR mice

as cut longitudinally, washed with phosphate-buffered
aline, and kept hydrated in a 6-well plate. Blue fluores-
ently labeled polymer microspheres (0.1 �m; Dukes Sci-
ntific, Dorchester, United Kingdom) were placed on top
f the luminal surface of the cecum (set as a reference)
nd their position was analyzed with the use of the
ikon (Melville, NY) C1 Upright confocal microscope.
hree-dimensional optical stacks were taken every 5 �m
nd combined to obtain a z-stack at the time points
tated.

Energy Status of Worms
The CellTiter-Glo luminescent cell viability assay

Promega, Madison, WI) was carried out according to

anufacturer’s instructions. Relative light units were cal-
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May 2010 MUCINS AND ENTERIC PARASITE INFECTION 1765
ulated per worm as follows: relative light unit � (sample
ight units � blank light units)/number of worms. Sub-
trate only was used as a blank control, whereas worms
ere boiled before homogenization for negative controls.
o determine recovery of energy status, worms recovered
ere washed extensively in Dulbecco’s modified Eagle’s
edium, added to 6-well plates with LS174T cells (main-

ained as previously described by Hayes et al35) for 24
ours before measuring adenosine triphosphate (ATP)

evels.

Statistical Analysis
All results are expressed as the mean � standard

rror of the mean. Statistical analysis was performed with
he use of SPSS Version 16.0 (SPSS Inc, Chicago, IL).
tatistical significance of different groups was assessed
ith parametric tests (one-way analysis of variance with
ost test after statistical standards or paired Student t
est). P � .05 was considered statistically significant.

Results
Increased Muc2 Production Correlates With
Worm Expulsion
It has been well documented that susceptible

AKR) mice harbor the T muris worms until patency (day
5 after infection; Figure 1A), whereas the resistant
BALB/c) mice start expelling worms by day 14 after
nfection, and expulsion is achieved by day 21 after in-
ection22,36 (Figure 1A). Changes in the production of

uc2, the main gel-forming constituent of intestinal
ucus, were explored within the cecum of AKR or

ALB/c mice exposed to a high-dose T muris infection.
mmunohistochemical staining and reverse transcrip-
ion–polymerase chain reaction (RT-PCR) analysis for

uc2 (Figure 1B and C) showed that significantly higher
mounts of Muc2 were expressed within the cecal crypts
f the resistant mice on day 21 after infection than in the
aïve and susceptible mice; a similar staining pattern was
bserved with the PAS reagent (Supplementary Figure 1).
his increase in goblet cell number and Muc2 levels was

estricted to the niche of the parasite, was not observed in
he colon (Supplementary Figure 1), and correlated with
orm expulsion. Therefore, to further understand the

ole of Muc2 in T muris infection, we performed a high-
ose infection in Muc2-deficient mice on the resistant
57BL/6 background.

Muc2 Deficiency Delayed T muris Worm
Expulsion From Infected Mice
A high-dose T muris infection established in both

T and Muc2-KO mice showed no marked difference in
he number of worms at day 13 after infection (Figure
A). However, as infection progressed, there was a signif-

cant decrease in worm burden in the WT mice, evident
y day 15 after infection (46% reduction) and with a 84%

ecrease over establishment levels by day 20 after infec- c
ion. In contrast, in the Muc2-deficient mice there was no
ecrease in worm burdens until after day 20 after infec-
ion, although mice did eventually expel their parasites.

Muc2 Deficiency Had No Significant Effect
on TH2-Type Immune Response Elicited by
T muris Infection
We next sought to determine whether the delay in

orm expulsion in the KO mice was due to an alteration
o the adaptive immune response to T muris infection.
nterleukin-4 (IL-4) and interferon-� levels in intestinal
issue were not detectable in the naïve, WT, and KO mice.
urthermore, there was no significant difference in IL-4
r interferon-� levels in intestinal tissues between both
trains on day 20 after infection (Figure 2B). Consistent
ith the local immune response, there was no significant
ifference in IL-4 and IL-13 production from in vitro

igure 1. Worm burdens were assessed in both resistant (BALB/c)
nd susceptible (AKR) mice (A). Immunohistochemistry with mMuc2
ntibody (B) and RT-PCR (C) were used to determine changes in Muc2

evels during infection. Nematodes are depicted by arrows (B). Red
ashed line indicates naïve levels (C). Representative of 3 mice. Scale
ar, 50 �m. *P � .05, **P � .01.
oncanavalin A–stimulated spleen cells (Figure 2B). Thus,
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1766 HASNAIN ET AL GASTROENTEROLOGY Vol. 138, No. 5
espite the delay in worm expulsion, Muc2 deficiency had
o significant effect on generation of the TH2-type im-
une response in T muris infection. The crypt architec-

ure, an indicator of inflammation, changed during in-
ection; there was an increase in crypt length on day 15
fter infection in WT and KO mice which was more
ronounced in the KO mice (Figure 2C). With the use of
he highest position of BrdU-positive cells in the crypts as
measure of rate of epithelial cell turnover,33 it was clear

hat cell turnover was higher in the naïve KO mice than
n the WT mice. However, there was no significant dif-
erence in epithelial cell turnover between the KO and

T mice on day 20 after infection (Figure 2D), indicating
hat the delay in worm expulsion in KO mice was not
ssociated with an alteration of the “epithelial escalator.”37

T muris Infection Induced Expression of
PAS-Positive Goblet Cells in Muc2-Deficient
Mice
Despite the similar number of goblet cells (as

efined by Relm-� and Tff3; Supplementary Figure 2) in
he infected and noninfected KO and WT mice, there was
significant difference between the number of PAS-pos-

tive goblet cells (Figure 3A). As with the resistant BALB/c
ice, there was a significant increase in the numbers of

AS-positive goblet cells in WT mice after infection. Al-
hough there was significant impairment in the develop-
ent of hyperplastic goblet cells in the KO mice, unex- t
ectedly by day 15 after infection, there was an increase
n PAS-positive goblet cells, with significant elevation
y day 30 after infection (Figure 3A; Supplementary
igure 3).

T muris Infection Triggers Muc5ac Mucin
Production
After exposure to T muris the levels of Muc2 were

ignificantly elevated in the WT mice (Supplementary
igure 3). As expected, no Muc2-positive goblet cells were
een in the KO mice. Similarly, higher amounts of Muc2
assessed by Western blotting after agarose gel electro-
horesis) were present in the content of mucus collected

n the WT mice after infection (Figure 3B). Although
here was little evidence of mature, glycosylated Muc2 in
he KO mice, interestingly, on day 21 after infection,
here was a faint band consistent with the electrophoretic

igration of Muc2 in these mice (red box; Figure 3B).
his, along with the PAS-positive goblet cells, suggested

he presence of another polymeric mucin after infection.
o identify this mucin, the mucus (pooled from 5 KO
ice) was analyzed by Western blotting after agarose gel

lectrophoresis. A mouse Muc5b-antiserum did not show
ny bands (data not shown). In contrast, a Muc5ac
onoclonal antibody31,38 identified bands in the mucus

amples from infected mice (Figure 4A). Immunofluores-
ence microscopy (Figure 4C), RT-PCR (Figure 4D), and

Figure 2. Muc2-deficient mice and
their resistant WT (C57BL/6 back-
ground) littermates were infected
orally with 300 eggs of T muris, and
worm burdens were investigated on
days 13, 15, 20, 25, and 30 after in-
fection (A). Cytokine levels were de-
termined in intestinal tissues (in pg/
mg) or by concanavalin A stimulation
of spleen cells (in pg/mL) (B). Cecal
crypt length was measured (C), and
crypt position of the highest BrdU�

cell (D) in Muc2-deficient and WT
mice was determined. Representative
of 5 mice. †P � .05 compared with
day 13 after infection; *P � .05 com-
pared with wild types. IFN-�, inter-
feron-�.
andem mass spectrometry (data not shown) confirmed
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May 2010 MUCINS AND ENTERIC PARASITE INFECTION 1767
he de novo expression of Muc5ac after infection in the
O mice. Furthermore, the PAS-stained material after
garose gel electrophoresis showed coincidence with the
uc5ac reactive band (Figure 4B arrow), suggesting that
uc5ac is a significant component of the mucus in the

O animals. No marked changes were observed in the

igure 3. Quantification of goblet cell
umbers in the cecum of WT and
uc2-deficient mice during infection

A); goblet cells marked by arrows in de-
cient mice can be visualized on day
0 after infection (PAS staining
ithout fast green counterstain). Total
ucus scraped from WT and Muc2-
eficient mice were reduced/alkylated,
eparated by agarose gel electrophore-
is, analyzed by Western blot, and
robed with the mMuc2 antibody (B).
he relative staining intensity of the
Muc2 antibody in the portion of the
lot indicated by brackets was mea-
ured. A faint band (red box highlighted)
as observed on day 21 after infection

n the Muc2-deficient mice. The 2 Muc2
ands in the WT animals most likely
epresent the monomeric (�) and
imeric (Œ) forms of Muc2 (B). Repre-
entative of 5 mice. *P � .05, **P � .01.
D indicates not detectable.

igure 4. Muc5ac (A) and total glycoprotein (B) levels present in cecal
ucus, determined by Western blotting using 45M1 antibody and PAS

taining, respectively, in the Muc2-deficient mice. Immunofluorescence
icroscopy (C) and RT-PCR (D) illustrated Muc5ac was present in the
uc2-deficient mice after infection. D; Red dashed line � naïve levels.
Hepresentative of 5 mice. Scale bar; 10 �m. *P � .05, **P � .01.
xpression of the cell surface mucins, Muc1, Muc4, and
uc17, which are thought to contribute to mucosal pro-

ection (Supplementary Figure 3).

Muc5ac Is Up-Regulated As Part of the
“Normal” Response to Worm Expulsion
Unexpectedly, Muc5ac expression was also signif-

cantly up-regulated in the WT mice on days 14 and 21
fter infection (Figure 5). In contrast to the KO mice,
estern blotting showed that Muc5ac mucin was not the
ain component in the mucus, because the main PAS

ands migrated further than the broad, Muc5ac-reactive
and (Figure 5 arrow) and was coincident with Muc2
taining bands (data not shown). However, the de novo
xpression of Muc5ac was only observed in the resistant
ouse models (high dose in C57BL/6 and BALB/c mice)

nd not in the susceptible models (low dose in BALB/c,
igh dose in AKR and SCID mice) (Figure 5C). Immuno-
uorescence microscopy and immunohistochemistry
onfirmed the expression of Muc5ac after infection (days
5 and 21) in the cecal crypts of the resistant models
Figure 5D). No reactivity was observed in the susceptible

odels (data not shown).

Susceptibility Is Associated With Altered
Mucus Porosity
Fluorescently labeled beads were used to investi-

ate mucus permeability after infection (day 19) in
ALB/c and AKR mice (Figure 6A). The beads traveled to
depth of approximately 100 �m over a 60-second pe-

iod in both strains. Thereafter, there was a reduction in
iffusion rate of the beads in the resistant (BALB/c) mice.

owever, the beads traveled significantly further in the
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1768 HASNAIN ET AL GASTROENTEROLOGY Vol. 138, No. 5
ucus of susceptible (AKR) mice over a 20-minute pe-
iod.

Worms in a Resistant Environment Have a
Reduced Energy Status
ATP measurements were carried out to determine

he energy status of worms in resistant and susceptible
ice as a measure of worm vitality. As infection pro-

ressed (day 21 after infection) in the AKR mice, there
as a significant increase in the ATP production by the
orms (Figure 6B). In contrast, there was a marked re-
uction in ATP production in the worms isolated from
he BALB/c mice. However, these worms were not irre-
ersibly damaged because they recovered their ATP pro-
uction when transferred to in vitro culture with the
olonic LS174T cell line for 24 hours (Supplementary
igure 4). Importantly, worms taken from Muc2-defi-
ient mice showed a comparable drop in energy status
uring worm expulsion (Supplementary Figure 4).

Discussion
It is well established that T muris survives by elic-

ting a TH1 response in mice susceptible to chronic in-
ection in the absence of a TH2 response. In common
ith all other studies of intestinal helminth immunity,
ultiple effectors under immunologic (TH2) control are

robably operating during worm expulsion. Although we
lready know that IL-13–mediated regulation of epithe-
ial cell turnover and smooth muscle contractility can
ontribute to worm expulsion, little detail is known
bout the protective role of the secreted barrier, ie, mu-
us.22,24,39 Previously, we have shown that the TH2-type

mmune response in resistance plays an important role in k
he development of goblet cell hyperplasia.14,40 Some
eports have also suggested that mucus produced from
oblet cells has an important role in trapping and remov-
ng nematodes from the intestine.17,18,20 The polymeric

ucins are responsible for the physical properties of the
ucus barrier,41,42 and changes in mucins are associated
ith pathophysiology of a number of gastrointestinal
isorders.6,12 It has also been shown that deficiency in the
ain component of the intestinal mucus barrier, Muc2,

eads to an abnormal morphology of the colon and con-
ributes to the onset and perpetuation of dextran sulfate
odium–induced experimental colitis.6,11

In this study we demonstrated, using the T muris
odel, that Muc2 increased in resistance (restricted to

he cecum, the niche of the parasite) which correlated
ith worm expulsion. However, this was not the case for

he mice susceptible (AKR) to T muris infection, support-
ng the hypothesis that Muc2 contributed to host pro-
ection in nematode infection. A distinct functional role
or Muc2 in host protective immunity in T muris infec-
ion was shown in the Muc2-deficient mice. These ani-

als exhibited a significant delay in worm expulsion even
hough the adaptive immune response was unaltered;
imilar TH2-type immune responses were shown in

uc2-deficient and WT control mice after infection. Un-
xpectedly, de novo expression of Muc5ac was observed
ust before worm expulsion in the Muc2 KO mice and
esistant mouse models, but not in the susceptible mod-
ls. Overall, the network properties of the intestinal mu-
us barrier are different between resistance and suscepti-
ility, and the changes in the parasitic niche can have
amaging effects on the vitality of the parasite. To our

Figure 5. Muc5ac (A) and total gly-
coprotein (B) levels present in cecal
mucus, determined by Western blot-
ting with the use of 45M1 antibody
and PAS staining, respectively, in the
WT resistant (C57BL/6) mice. RT-
PCR showed that Muc5ac levels in-
crease significantly only in the resis-
tant models (high-dose infection in
BALB/c and C57BL/6 mice) and not in
the susceptible models (low-dose
infection in BALB/c and high-dose in-
fection in AKR and SCID mice) (C; red
dashed line indicates naïve levels). Im-
munofluorescence microscopy and
immunohistochemistry showed that
Muc5ac was present in some of the
goblet cells of resistant mice after in-
fection (D). Representative of 5 mice.
Scale bar, 10 �m. *P � .05.
nowledge this is the first direct demonstration for a
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May 2010 MUCINS AND ENTERIC PARASITE INFECTION 1769
unctionally protective role of gel-forming mucins in
ematode infection.
Analysis of cecal mucus from Muc2-deficient mice

howed that Muc5ac was the only polymeric mucin
resent in the mucus after infection. Moreover, in WT
ice, although not the main mucin (which is Muc2), for

he first time in a nematode infection we show the up-
egulation of Muc5ac after intestinal infection. Several
tudies have elucidated that TH2-type cytokines such as
L-13 have the ability to up-regulate MUC5AC/Muc5ac
xpression levels.43,44 Therefore, the up-regulation in

uc5ac expression observed after infection, in both WT
nd Muc2-deficient mice, may be a result of IL-13 pro-
uction. Interestingly, this de novo expression of Muc5ac
as observed in all the resistant models (TH2-type re-

ponse) but in none of the susceptible models (TH1-type
esponse) of T muris infection. Although this mucin is
redominantly found in airway and stomach mucus,42,45

tudies on patients with ulcerative colitis and adenocar-
inomas have shown MUC5AC expression in the intes-
ine along with MUC2.31,46 However, this is the first time
hat Muc5ac expression has been implicated in response

igure 6. Fluorescent beads were used to determine the permeability
f the mucus barrier of the susceptible (AKR) and resistant (BALB/c)
ice on day 19 after infection, represented as the distance traveled

rom the top of the mucus barrier in the time stated (A). Energy levels
data presented as relative light units per worm) were determined in
orms extracted from BALB/c and AKR mice during infection (B).
o an enteric parasitic infection. s
We observed no discernible PAS-positive goblet cells
hroughout the cecum of Muc2-deficient mice without
nfection. However, this was not due to the absence of
oblet cell lineage as the expression of Tff3, and Relm-�
as observed in the cecum of both infected and nonin-

ected WT and Muc2-deficient mice. This observation
orroborates with the findings of Van der Sluis et al6

hereby the expression of Tff3 was observed, despite the
ack of PAS-positive goblet cells. Muc2 seems to be the

ain phenotypic determinant of goblet cells, and, in
he absence of Muc2, goblet cells lose their characteristic
oblet-like shape and specific staining, but the goblet cell
ineage is still present.6,11 Interestingly, after infection
here was an increase in PAS-positive goblet cells in the

uc2-deficient mice. Although the size of the goblet cells
n Muc2-deficient mice was smaller than in those in WT

ice, their emergence correlated with worm expulsion.
We have shown a functional role for the mucus barrier

n host protective immunity to T muris infection because
n the absence of Muc2, worm expulsion is significantly
elayed. Moreover, the physical properties of the mucus
arrier are changed after infection, although the details
f how these changes contribute to protection remains to
e fully elucidated. However, one possibility is that, in the
usceptible mice, the lower levels of Muc2 result in a
etwork that may compromise defense because of inap-
ropriate presentation or concentration of other host
efense proteins in the environment of the worms.
hereas, in the resistant mice, other proteins (such as

elm-�, Tff3, and angiogenin) may be retained and ef-
ectively concentrated at the sites of worm infection. This

ay be by specific interactions with Muc2 or with the
nfected induced Muc5ac, or by the physical constraints
mposed by the mucin network, thus rendering the host
nterface unsuitable for worm reproduction and/or sur-
ival which results in expulsion.19 Indeed, changes in the
iche of the parasite do have a detrimental effect on the
arasite, because worms extracted from mice during
orm expulsion clearly have a reduced energy status than
orms extracted from the susceptible mice. This reduc-

ion in the worm vitality is reversible if worms are trans-
erred to a “favorable” environment, supporting the no-
ion that expulsion reflects damaged, but not killed
arasites.
Another explanation supported by our finding, which

s by no means mutually exclusive, is that the physical
ature of the mucus barrier is changed in such a way as
o facilitate worm expulsion. We have shown that around
he time of worm expulsion the mucus barrier is less
orous in the resistant mice than in the susceptible mice,
nd this alteration in physical properties of the barrier
fter infection may directly affect the niche of the worms.
he intestinal mucus barrier is proposed to comprise
loose” outer layer and a less porous, adherent inner
ayer.7 The results from the bead penetration assay

howed that after 60 seconds the beads travelled to a
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epth of approximately 100 �m in the mucus from the
usceptible and resistant mice, suggesting the properties
f the loose layer are similar in both. However, the beads
raveled at different rates thereafter, suggesting that the
ifferences in network properties observed between the
esistant and susceptible mice are mainly in the inner
dherent layer of the barrier. This alteration may physi-
ally constrain the worms, thus affecting the niche.

What might be the role of the infection-induced mucin
uc5ac in protection against the worms? Muc5ac is

ssembled in a different manner to Muc2 and does not
ossess the disulphide-resistant cross-links present in
uc247–50 and may result in a mucus gel with different

heologic properties. Indeed, Muc5ac is a main compo-
ent of airway mucus, and, unlike the intestinal barrier
hich is normally an adherent Muc2-rich gel, a specific

unctional requirement in the airways makes a transport-
ble mucus gel. Thus, Muc5ac may change the rheologic
ature of the mucus gel and, in conjunction with the

ntestinal muscle hypercontractility (controlled by TH2
esponse14,40), could physically aid worm expulsion. This
s consistent with the observations of mucus trapping in

. brasiliensis and T. spiralis infection, in which globules of
ucus trap worms, which are then transported out of the

ntestine.18,20 Another interesting possibility raised by the
ata is that expulsion occurs in 2 phases: an early phase

nfluenced by Muc2 and a final, clearance phase that
ccurs independently of Muc2, possibly involving
uc5ac.
In conclusion, this study clearly shows that the mucus

arrier is a significant component of a well-coordinated
esponse in the gut to worm expulsion. Even though T
uris has an intracellular niche within the gut epithe-

ium, in resistance as the “epithelial escalator” displaces
orms, it may be that the overall changes in barrier have
subsequent significant detrimental effect on the worm

tself, and the additional changes in the physical proper-
ies of mucus contribute to the efficient elimination of
he worms from the intestinal lumen. Moreover, it fur-
her highlights the functionally dynamic and highly reg-
lated nature of the mucus barrier during immunologi-
ally mediated intestinal disease.

Supplementary Material

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2010.01.045.
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Supplementary Methods

RT-PCR
Total RNA from epithelial cells was isolated with

he use of the previously described method.27 cDNA was
enerated with the use of an IMPROM-RT kit (Promega)
nd Absolute QPCR SYBR Green (ABgene Epsom, Surrey,
nited Kingdom) was used for quantitative PCR. Primer

fficiencies were determined with the use of cDNA dilu-
ions, and genes of interest were normalized against house-
eeping gene, �-actin, and expressed as a fold difference to
ninfected naïve message levels. mRNA expression was in-
estigated with the primers 5=-GTGGGCCGCTCTAGGCAC-
AA-3= and 5=-CTCTTTGATGTCACGCACGATTTC-3= for
-actin, 5=-GTCCAGGGTCTGGATCACA- 3= and 5=-CAGAT-
GCAGTGAGCTGAGC-3= for Muc2; 5=-GTGATGCAC-
CAT GATCTATTTTG-3= and 5=-ACTCGGAGCTATAA-
AGGTCATGTC-3= for Muc5ac, GGTTGCTTTGGC-
ATCGTCTATTT and AAAGATGTCCAGCTGCCCATA for
uc1, CCACCTCCTCGACCCTTACT and CTCCGACTTCA-
ACCCGTAG for Muc4, 5=-GTGGGACGGGCTCAAATG-3=

nd 5=-CTC TACGCTCTCCACCAGTTCCT-3= for Muc17,
=-TTGCTGGGTCCTCTGGGATA-3= and 5=-GCCGGCAC-
ATA CATTGG-3= for Tff3, and 5=-GCTCTTCCCTTTCCT-
CTCCAA-3= and 5=-ACCACAGTGTAGGCTTCATGCT-
TA-3= for Relm-�. RT-PCR products were directly

equenced to verify the identity of the amplified genes. In
rief, products were digested with Exonuclease I and calf

ntestinal phosphatase and subsequently sequenced with
he use of the ABIPRISM (Applied Biosystems, Foster City,
A) Big-Dye Terminator cycle sequencing reaction at the
equencing Facility in the University of Manchester. The
ata were analyzed with Chromas Pro v1.34 (Technelysium
/L, Tewantin, QLD, Australia), and the sequences obtained
ere compared against the GenBank database (http://www

ncbi.nlm.nih.gov/BLAST).

Rate of Epithelial Cell Turnover
The rate of intestinal epithelial cell turnover was

ssessed by visualizing BrdU incorporated into nuclei
fter mice were injected with 10 mg of BrdU 16 hours

efore killing, as described previously.37 m
Evaluation of In Vitro Cytokines Production
From Splenocytes
Single-cell suspensions of spleen were prepared in

PMI 1640 containing 10% fetal calf serum, 5 mmol/L
-glutamine, 100 U/mL penicillin, 100 mg/mL strepto-
ycin, 25 �m/L HEPES, 0.05 mmol/L 2-ME (all from
ibco-BRL, Carlsbad, CA). Cells (107) were incubated in

he presence of 5 mg/mL concavalin A (Con A). IL-4 and
L-13 levels in the supernatant were measured by enzyme
mmunoassay with the use of a commercially available kit
R&D Systems, Minneapolis, MN).

Investigation of Intestinal Tissue Cytokine
Levels
Frozen intestinal tissues were homogenized in ly-

is buffer containing protease inhibitor cocktail (Sigma,
ndianapolis, IN). The homogenates were freeze-thawed 3
imes and centrifuged, and then supernatant was col-
ected and stored at �20°C until analyzed. Interferon-�,
L-4, and IL-13 levels in the supernatant were measured
y enzyme immunoassay technique with the use of a
ommercially available kit purchased from R&D Systems.
oncentration of protein in the intestinal tissue was
etermined by a commercially available DC Protein Assay
it (Bio-Rad, Hercules, CA), and the amount of cytokines

n the tissues was expressed per milligram of tissue pro-
ein.

Quantification of Histologic Staining
The numbers of goblet cells expressed per crypt

ere counted in 50 longitudinally sectioned crypt units.
he area stained (pixel/mm2) per 100 crypts was deter-
ined by using the ImageJ software Version 1.39a (Na-

ional Institutes of Health, Bethesda, MD).

Worm Isolation for ATP Analysis
The cecum was longitudinally cut and segmented

efore incubation with 0.1 mol/L NaCl for 2 hours at
7°C with frequent shaking. Worms were counted after
eparation from debris and epithelial cells with the use of

0.7-�m filter and kept in RPMI 1640 supplemented
ith 10% fetal calf serum.. Alive worms were subse-
uently homogenized with the use of the FastPrep ho-

ogeniser (MP Biomedicals, Irvine, CA).

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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upplementary Figure 1. PAS staining in the cecum showed a significant increase in goblet cell numbers only in the resistant (BALB/c) mice with
nfection (A). Worms are highlighted by arrows visible in the sections from susceptible mice. No main changes in goblet cell numbers in the colon of

esistant (BALB/c) and susceptible (AKR) mice on day 14 and day 21 after infection compared with naïve (B). Representative of 3 mice. *P � .05.
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upplementary Figure 2. Expression of Tff3 (A) and Relm-� (B) were determined with the use of immunohistochemistry and RT-PCR in cecal
issue of Muc2 KO mice, and their resistant WT littermates on day 15 and day 20 after infection, respectively. RT-PCR showed no main changes in
he mRNA expression of cell surface mucins, Muc1 (C), Muc4 (D), or Muc17 (E) in the WT and KO mice on day 20 after infection. Red dashed lines

ndicate naïve levels. Scale bar, 10 �m. Representative of 5 mice. *P � .05.
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upplementary Figure 3. PAS staining with and without fast green counterstaining, and immunofluorescent staining with mMuc2 antibody of
ecal tissue of Muc2 KO mice and their resistant WT littermates (A). Arrows highlight the emergence of smaller PAS-positive goblet cells in the Muc2
O mice. Quantification of mMuc2 antibody staining represented as area stained in pixels per mm2 (B). RT-PCR confirms the increase in Muc2 levels

fter infection in resistant mice (C; red dashed line indicates naïve levels). Representative of 5 mice. *P � .05.
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upplementary Figure 4. (A) ATP production (data presented as
elative light units per worm) was determined in the worms isolated from
he resistant (BALB/c) or susceptible (AKR) mice compared with iso-
ated worms transferred onto LS174T cell culture on day 19 after infec-
ion. (B) ATP production by worms isolated from Muc2-deficient mice
nd their WT littermates was determined on days 18 and 23 after
nfection. Representative of 3 mice. *P � .05.
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