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BACKGROUND & AIMS: Hyperplasia of mucin-secret-
ing intestinal goblet cells accompanies a number of en-
teric infections, including infections by nematode para-
sites. Nevertheless, the precise role of mucins in host
defense in nematode infection is not known. We investi-
gated the role of the mucin (Muc2) in worm expulsion
and host immunity in a model of nematode infection.
METHODS: Resistant (BALB/c, C57BL/6), susceptible
(AKR), and Muc2-deficient mouse strains were infected
with the nematode, Trichuris muris, and worm expulsion,
energy status of the whipworms, changes in mucus/mu-
cins, and inflammatory and immune responses were in-
vestigated after infection. RESULTS: The increase in
Muc2 production, observed exclusively in resistant mice,
correlated with worm expulsion. Moreover, expulsion of
the worms from the intestine was significantly delayed in
the Muc2-deficient mice. Although a marked impairment
in the development of periodic acid Schiff (PAS)-stained
intestinal goblet cells was observed in Muc2-deficient
mice, as infection progressed a significant increase in the
number of PAS-positive goblet cells was observed in these
mice. Surprisingly, an increase in MucSac, a mucin nor-
mally expressed in the airways and stomach, was observed
after infection of only the resistant animals. Overall, the
mucus barrier in the resistant mice was less permeable
than that of susceptible mice. Furthermore, the worms
isolated from the resistant mice had a lower energy sta-
tus. CONCLUSIONS: Mucins are an important com-
ponent of innate defense in enteric infection; this is
the first demonstration of the important functional
contribution of mucins to host protection from nem-
atode infection.

Keywords: Muc2; Goblet Cell; Enteric Infection; Host Re-
sistance; Innate Immunity.

he mucus barrier is an essential part of the innate
immune system which hydrates and protects the
underlying epithelia. The gel-like properties of the barrier
are mainly due to the polymeric mucins that are the main

secretory products of epithelial goblet cells.!-3> The co-
lonic epithelium expresses mainly MUC2/Muc2 in large
amounts which is stored in bulky apical granules of the
goblet cells and is the most important factor determining
the goblet cell morphology.#-¢ Muc2 forms a heteroge-
neous mucus barrier that is proposed to contain 2 dis-
tinct layers; a “loose” outer layer that bacteria can pene-
trate and an adherent inner layer that excludes bacteria
from direct contact with the underlying epithelia.”

Alterations or absence of MUC2 production can lead
to many common human disorders such as colon carci-
noma,® ulcerative colitis,® and celiac disease.’® A role for
Muc2 in the suppression of colorectal carcinoma has also
been suggested because Muc2 knockout (KO) mice spon-
taneously develop colitis and adenomas that progress to
invasive adenocarcinoma,!! suggesting an important
function for this mucin in colonic protection.® Further-
more, missense mutations in the Muc2 gene results in
aberrant Muc2 oligomerization, leading to endoplasmic
reticulum stress and subsequently increased susceptibil-
ity to colitis.!?

Hyperplasia of mucin-producing goblet cells has been
described in a number of parasitic infections, including
Nippostrongylus brasiliensis, Hymenolepis diminuta, Trichinella
spiralis, and Trichuris muris.}3-17 Putative mechanisms un-
derlying the protective role of mucins against infectious
agents include the demonstration of trapping of Hymeno-
lepis diminuta'” and Trichinella spiralis'® in the mucus and
inhibition of parasite motility and feeding capacity.!8-20
Goblet cell response, in all 4 of these nematode models,
is thought to be under the control of a T helper (Ty)

Abbreviations used in this paper: ATP, adenosine triphosphate;
BrdU, bromodeoxyuridine; IL-4, interleukin-4; KO, knockout; mMuc2,
murine Muc2; PAS, periodic acid Schiff; Relm, resistin-like molecule;
RT-PCR, reverse transcription—-polymerase chain reaction; SCID, severe
combined immunodeficient; Tff3, trefoil factor 3; Ty, T helper; WT,
wild-type.
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2-type immune response and is considered as a potential
effector mechanism.21-23> A number of goblet cell bioac-
tive factors such as resistin-like molecule-B (Relm-p),
intelectin, and calcium-activated chloride channel-3 have
been suggested to play an important role in nematode
infection.?#?> However, a definitive and precise role of
mucins, the main secreted product of goblet cells, in host
defense in intestinal nematode infection remains to be
elucidated.

The nematode T muris inhabits the cecum of mice and
is closely related at the morphologic, physiologic, and
antigenic levels to Trichuris trichuria, the causative agent of
chronic trichuriasis in human beings.2¢ In this parasitic
infection, strains resistant to chronic infection (BALB/c,
C57BL/6) expel the parasites through the generation of a
Ty2-type immune response, whereas susceptible strains
(AKR), which do not expel the worms, develop a Ty1-type
immune response.???” In this study, we demonstrated
that the increase in Muc2, the main determinant of
mucus barrier properties, correlates with worm expul-
sion. In the absence of Muc2 there is a delay in worm
expulsion, but interestingly MucSac is up-regulated in
the Muc2-deficient mice before expulsion. Moreover,
MucS5ac is up-regulated in the wild-type (WT) mice that
are resistant to infection, but not in those unable to
expel. The physical properties of the mucus barrier are
also altered during infection, resulting in a less-porous
network, with overall changes having a direct effect on
the viability of the whipworm. Collectively, these data
show for the first time a protective role for mucins in
nematode infection.

Materials and Methods
Animals

Breeding pairs of Muc2-KO mice originally pro-
duced by gene mutation'! and their WT (C57BL/6) lit-
termates (Albert Einstein Medical College, New York, NY)
were kept at the animal facilities of McMaster University
(Hamilton, ON; Canada). AKR, BALB/c (Harlan, UK),
and severe combined immunodeficient (SCID) mice were
maintained in the Biological Services Unit at Manchester
University. The protocols used were in accordance with
guidelines by the McMaster University Animal Care
Committee, Canadian Council on the Use of Laboratory
Animals, and the Home Office Scientific Procedures Act
(1986). All mice were kept in sterilized, filter-topped
cages, and fed autoclaved food in the animal facilities.
Only 6- to 10-week-old male mice were used.

Parasitologic Techniques

The techniques used for T muris maintenance and
infection were described previously.?8 Mice were orally
infected with approximately 100-300 eggs for a high-
dose infection and <15 eggs for a low-dose infection.
Worm burdens were assessed by counting the number of
worms present in the cecum as described previously.28
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Histology, Immunobistochemistry, and
Immunofluorescence

A 1-cm segment or the whole cecum (rolled) was
fixed in 10% neutral buffered formalin or 95% ethanol
and processed with the use of standard histologic tech-
niques. Sections were treated with 0.1 mol/L KOH for 30
minutes before staining with periodic acid Schiff (PAS)
reaction.?? Slides were counterstained with either H&E or
1% fast-green. Standard immunohistochemical and im-
munofluorescent staining methods??3° were used to de-
termine the levels of Muc2, MucSac, Relm-f3, and trefoil
factor 3 (Ttf3).

Antibodies

Immunodetection was carried out with the use of
a polyclonal antibody raised against a murine Muc2
(mMuc2).'? Commercially available 45M1 antibody was
used for the detection of mouse Muc5ac.3! The mouse
Muc5b-specific antibody?? was a kind gift from Dr Ca-
mille Ehre (University of North Carolina, Chapel Hill).
Commercially available mRelm-8 (Abcam, Cambridge,
UK) and mITF (Santa Cruz Biotechnology Inc, Santa
Cruz, CA) antibodies were used to detect Relm- and
Tft3, respectively. Detection of bromodeoxyuridine
(BrdU) incorporated into nuclei was carried out with the
use of a monoclonal anti-BrdU antibody (AbD Serotec,
Oxford, UK).33

Mucus Extraction and Agarose Gel
Electrophoresis

The cecum was gently flushed with phosphate-
buffered saline and scraped, and mucus was solubilized
in 8 mol/L guanidium chloride. Subsequently, extracted
mucus samples were reduced with 50 mmol/L dithiothre-
itol and carboxylmethylated with 0.125 mol/L iodoacet-
amide before electrophoresis on a 1% (wt/vol) agarose gel.
Mucins were detected after Western blotting with mucin-
specific antisera.3*

Analysis of Mucus Network Properties

Cecal tissue isolated from BALB/c and AKR mice
was cut longitudinally, washed with phosphate-buffered
saline, and kept hydrated in a 6-well plate. Blue fluores-
cently labeled polymer microspheres (0.1 wm; Dukes Sci-
entific, Dorchester, United Kingdom) were placed on top
of the luminal surface of the cecum (set as a reference)
and their position was analyzed with the use of the
Nikon (Melville, NY) C1 Upright confocal microscope.
Three-dimensional optical stacks were taken every 5 um
and combined to obtain a z-stack at the time points
stated.

Energy Status of Worms

The CellTiter-Glo luminescent cell viability assay
(Promega, Madison, WI) was carried out according to
manufacturer’s instructions. Relative light units were cal-
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culated per worm as follows: relative light unit = (sample
light units — blank light units)/number of worms. Sub-
strate only was used as a blank control, whereas worms
were boiled before homogenization for negative controls.
To determine recovery of energy status, worms recovered
were washed extensively in Dulbecco’s modified Eagle’s
medium, added to 6-well plates with LS174T cells (main-
tained as previously described by Hayes et al3%) for 24
hours before measuring adenosine triphosphate (ATP)
levels.

Statistical Analysis

All results are expressed as the mean * standard
error of the mean. Statistical analysis was performed with
the use of SPSS Version 16.0 (SPSS Inc, Chicago, IL).
Statistical significance of different groups was assessed
with parametric tests (one-way analysis of variance with
post test after statistical standards or paired Student ¢
test). 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
35 after infection; Figure 1A), whereas the resistant
(BALB/c) mice start expelling worms by day 14 after
infection, and expulsion is achieved by day 21 after in-
fection??3¢ (Figure 1A). Changes in the production of
Muc2, the main gel-forming constituent of intestinal
mucus, were explored within the cecum of AKR or
BALB/c mice exposed to a high-dose T muris infection.
Immunohistochemical staining and reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analysis for
Muc2 (Figure 1B and C) showed that significantly higher
amounts of Muc2 were expressed within the cecal crypts
of the resistant mice on day 21 after infection than in the
naive and susceptible mice; a similar staining pattern was
observed with the PAS reagent (Supplementary Figure 1).
This increase in goblet cell number and Muc2 levels was
restricted to the niche of the parasite, was not observed in
the colon (Supplementary Figure 1), and correlated with
worm expulsion. Therefore, to further understand the
role of Muc2 in T muris infection, we performed a high-
dose infection in Muc2-deficient mice on the resistant
C57BL/6 background.

Muc2 Deficiency Delayed T muris Worm
Expulsion From Infected Mice

A high-dose T muris infection established in both
WT and Muc2-KO mice showed no marked difference in
the number of worms at day 13 after infection (Figure
2A). However, as infection progressed, there was a signif-
icant decrease in worm burden in the WT mice, evident
by day 15 after infection (46% reduction) and with a 84%
decrease over establishment levels by day 20 after infec-
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Figure 1. Worm burdens were assessed in both resistant (BALB/c)
and susceptible (AKR) mice (A). Immunohistochemistry with mMuc2
antibody (B) and RT-PCR (C) were used to determine changes in Muc2
levels during infection. Nematodes are depicted by arrows (B). Red
dashed line indicates naive levels (C). Representative of 3 mice. Scale
bar, 50 um. *P < .05, *P < .01.

tion. In contrast, in the Muc2-deficient mice there was no
decrease in worm burdens until after day 20 after infec-
tion, although mice did eventually expel their parasites.

Muc2 Deficiency Had No Significant Effect
on Ty2-Type Immune Response Elicited by
T muris Infection

We next sought to determine whether the delay in
worm expulsion in the KO mice was due to an alteration
to the adaptive immune response to T muris infection.
Interleukin-4 (IL-4) and interferon-y levels in intestinal
tissue were not detectable in the naive, WT, and KO mice.
Furthermore, there was no significant difference in IL-4
or interferon-y levels in intestinal tissues between both
strains on day 20 after infection (Figure 2B). Consistent
with the local immune response, there was no significant
difference in IL-4 and IL-13 production from in vitro
concanavalin A-stimulated spleen cells (Figure 2B). Thus,
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despite the delay in worm expulsion, Muc2 deficiency had
no significant effect on generation of the Ty2-type im-
mune response in T muris infection. The crypt architec-
ture, an indicator of inflammation, changed during in-
fection; there was an increase in crypt length on day 15
after infection in WT and KO mice which was more
pronounced in the KO mice (Figure 2C). With the use of
the highest position of BrdU-positive cells in the crypts as
a measure of rate of epithelial cell turnover,3? it was clear
that cell turnover was higher in the naive KO mice than
in the WT mice. However, there was no significant dif-
ference in epithelial cell turnover between the KO and
WT mice on day 20 after infection (Figure 2D), indicating
that the delay in worm expulsion in KO mice was not
associated with an alteration of the “epithelial escalator.”3”

T muris Infection Induced Expression of

PAS-Positive Goblet Cells in Muc2-Deficient

Mice

Despite the similar number of goblet cells (as
defined by Relm-f and Tff3; Supplementary Figure 2) in
the infected and noninfected KO and WT mice, there was
a significant difference between the number of PAS-pos-
itive goblet cells (Figure 3A). As with the resistant BALB/c
mice, there was a significant increase in the numbers of
PAS-positive goblet cells in WT mice after infection. Al-
though there was significant impairment in the develop-
ment of hyperplastic goblet cells in the KO mice, unex-

Naive D15 D30

Day post infection

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
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Knockout

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. TP < .05 compared with
day 13 after infection; *P < .05 com-
pared with wild types. IFN-vy, inter-
feron-vy.

Naive D20

pectedly by day 15 after infection, there was an increase
in PAS-positive goblet cells, with significant elevation
by day 30 after infection (Figure 3A; Supplementary
Figure 3).

T muris Infection Triggers MucS5ac Mucin
Production

After exposure to T muris the levels of Muc2 were
significantly elevated in the WT mice (Supplementary
Figure 3). As expected, no Muc2-positive goblet cells were
seen in the KO mice. Similarly, higher amounts of Muc2
(assessed by Western blotting after agarose gel electro-
phoresis) were present in the content of mucus collected
in the WT mice after infection (Figure 3B). Although
there was little evidence of mature, glycosylated Muc2 in
the KO mice, interestingly, on day 21 after infection,
there was a faint band consistent with the electrophoretic
migration of Muc2 in these mice (red box; Figure 3B).
This, along with the PAS-positive goblet cells, suggested
the presence of another polymeric mucin after infection.
To identify this mucin, the mucus (pooled from 5 KO
mice) was analyzed by Western blotting after agarose gel
electrophoresis. A mouse Muc5b-antiserum did not show
any bands (data not shown). In contrast, a Muc5ac
monoclonal antibody3'-38 identified bands in the mucus
samples from infected mice (Figure 4A). Immunofluores-
cence microscopy (Figure 4C), RT-PCR (Figure 4D), and
tandem mass spectrometry (data not shown) confirmed
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Figure 3. Quantification of goblet cell
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separated by agarose gel electrophore-
sis, analyzed by Western blot, and
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the de novo expression of Muc5ac after infection in the
KO mice. Furthermore, the PAS-stained material after
agarose gel electrophoresis showed coincidence with the
Muc5ac reactive band (Figure 4B arrow), suggesting that
MucS5ac is a significant component of the mucus in the
KO animals. No marked changes were observed in the
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Figure 4. Mucb5ac (A) and total glycoprotein (B) levels present in cecal
mucus, determined by Western blotting using 46M1 antibody and PAS
staining, respectively, in the Muc2-deficient mice. Immunofluorescence
microscopy (C) and RT-PCR (D) illustrated Mucbac was present in the
Muc2-deficient mice after infection. D; Red dashed line = naive levels.
Representative of 5 mice. Scale bar; 10 um. *P < .05, **P < .01.
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expression of the cell surface mucins, Mucl, Muc4, and
Mucl7, which are thought to contribute to mucosal pro-
tection (Supplementary Figure 3).

Muc5ac Is Up-Regulated As Part of the
“Normal” Response to Worm Expulsion

Unexpectedly, Muc5ac expression was also signif-
icantly up-regulated in the WT mice on days 14 and 21
after infection (Figure 5). In contrast to the KO mice,
Western blotting showed that MucSac mucin was not the
main component in the mucus, because the main PAS
bands migrated further than the broad, MucSac-reactive
band (Figure S arrow) and was coincident with Muc2
staining bands (data not shown). However, the de novo
expression of MucSac was only observed in the resistant
mouse models (high dose in C57BL/6 and BALB/c mice)
and not in the susceptible models (low dose in BALB/c,
high dose in AKR and SCID mice) (Figure 5C). Immuno-
fluorescence microscopy and immunohistochemistry
confirmed the expression of MucS5ac after infection (days
15 and 21) in the cecal crypts of the resistant models
(Figure 5D). No reactivity was observed in the susceptible
models (data not shown).

Susceptibility Is Associated With Altered
Mucus Porosity

Fluorescently labeled beads were used to investi-
gate mucus permeability after infection (day 19) in
BALB/c and AKR mice (Figure 6A). The beads traveled to
a depth of approximately 100 wm over a 60-second pe-
riod in both strains. Thereafter, there was a reduction in
diffusion rate of the beads in the resistant (BALB/c) mice.
However, the beads traveled significantly further in the
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mucus of susceptible (AKR) mice over a 20-minute pe-
riod.

Worms in a Resistant Environment Have a
Reduced Energy Status

ATP measurements were carried out to determine
the energy status of worms in resistant and susceptible
mice as a measure of worm vitality. As infection pro-
gressed (day 21 after infection) in the AKR mice, there
was a significant increase in the ATP production by the
worms (Figure 6B). In contrast, there was a marked re-
duction in ATP production in the worms isolated from
the BALB/c mice. However, these worms were not irre-
versibly damaged because they recovered their ATP pro-
duction when transferred to in vitro culture with the
colonic LS174T cell line for 24 hours (Supplementary
Figure 4). Importantly, worms taken from Muc2-defi-
cient mice showed a comparable drop in energy status
during worm expulsion (Supplementary Figure 4).

Discussion

It is well established that T muris survives by elic-
iting a Tyl response in mice susceptible to chronic in-
fection in the absence of a Ty2 response. In common
with all other studies of intestinal helminth immunity,
multiple effectors under immunologic (Ty2) control are
probably operating during worm expulsion. Although we
already know that IL-13-mediated regulation of epithe-
lial cell turnover and smooth muscle contractility can
contribute to worm expulsion, little detail is known
about the protective role of the secreted barrier, ie, mu-
cus.22243% Previously, we have shown that the Ty2-type
immune response in resistance plays an important role in

C57BL/6 (high dose
infection - D15 pi.)
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Figure 5. Mucbac (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 Mucbac levels in-
crease significantly only in the resis-
L g T tant models (high-dose infection in
e ; . BALB/c and C57BL/6 mice) and notin
‘R ' the susceptible models (low-dose
infection in BALB/c and high-dose in-

PAS

fad ye fection in AKR and SCID mice) (C; red

% ¥ dashedline indicates naive levels). Im-

¥ 1 M + munofluorescence microscopy and

: ©01 SEL immunohistochemistry showed  that
BALB/c (high dose

Muchac was present in some of the
goblet cells of resistant mice after in-
fection (D). Representative of 5 mice.
Scale bar, 10 um. *P < .05.

infection — D21 pi.)

the development of goblet cell hyperplasia.!#*® Some
reports have also suggested that mucus produced from
goblet cells has an important role in trapping and remov-
ing nematodes from the intestine.'”-'820 The polymeric
mucins are responsible for the physical properties of the
mucus barrier,*142 and changes in mucins are associated
with pathophysiology of a number of gastrointestinal
disorders.®12 It has also been shown that deficiency in the
main component of the intestinal mucus barrier, Muc2,
leads to an abnormal morphology of the colon and con-
tributes to the onset and perpetuation of dextran sulfate
sodium-induced experimental colitis.®!!

In this study we demonstrated, using the T muris
model, that Muc2 increased in resistance (restricted to
the cecum, the niche of the parasite) which correlated
with worm expulsion. However, this was not the case for
the mice susceptible (AKR) to T muris infection, support-
ing the hypothesis that Muc2 contributed to host pro-
tection in nematode infection. A distinct functional role
for Muc2 in host protective immunity in T muris infec-
tion was shown in the Muc2-deficient mice. These ani-
mals exhibited a significant delay in worm expulsion even
though the adaptive immune response was unaltered;
similar Ty2-type immune responses were shown in
Muc2-deficient and WT control mice after infection. Un-
expectedly, de novo expression of MucSac was observed
just before worm expulsion in the Muc2 KO mice and
resistant mouse models, but not in the susceptible mod-
els. Overall, the network properties of the intestinal mu-
cus barrier are different between resistance and suscepti-
bility, and the changes in the parasitic niche can have
damaging effects on the vitality of the parasite. To our
knowledge this is the first direct demonstration for a
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Figure 6. Fluorescent beads were used to determine the permeability
of the mucus barrier of the susceptible (AKR) and resistant (BALB/c)
mice on day 19 after infection, represented as the distance traveled
from the top of the mucus barrier in the time stated (A). Energy levels
(data presented as relative light units per worm) were determined in
worms extracted from BALB/c and AKR mice during infection (B).

functionally protective role of gel-forming mucins in
nematode infection.

Analysis of cecal mucus from Muc2-deficient mice
showed that MucSac was the only polymeric mucin
present in the mucus after infection. Moreover, in WT
mice, although not the main mucin (which is Muc2), for
the first time in a nematode infection we show the up-
regulation of MucSac after intestinal infection. Several
studies have elucidated that Ty;2-type cytokines such as
IL-13 have the ability to up-regulate MUCSAC/Muc5ac
expression levels.#344 Therefore, the up-regulation in
Muc5ac expression observed after infection, in both WT
and Muc2-deficient mice, may be a result of IL-13 pro-
duction. Interestingly, this de novo expression of Muc5Sac
was observed in all the resistant models (Ty2-type re-
sponse) but in none of the susceptible models (Ty1-type
response) of T muris infection. Although this mucin is
predominantly found in airway and stomach mucus,*?45
studies on patients with ulcerative colitis and adenocar-
cinomas have shown MUCSAC expression in the intes-
tine along with MUC2.31:46 However, this is the first time
that MucSac expression has been implicated in response
to an enteric parasitic infection.
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We observed no discernible PAS-positive goblet cells
throughout the cecum of Muc2-deficient mice without
infection. However, this was not due to the absence of
goblet cell lineage as the expression of Tff3, and Relm-f3
was observed in the cecum of both infected and nonin-
fected WT and Muc2-deficient mice. This observation
corroborates with the findings of Van der Sluis et al®
whereby the expression of Tff3 was observed, despite the
lack of PAS-positive goblet cells. Muc2 seems to be the
main phenotypic determinant of goblet cells, and, in
the absence of Muc2, goblet cells lose their characteristic
goblet-like shape and specific staining, but the goblet cell
lineage is still present.5!! Interestingly, after infection
there was an increase in PAS-positive goblet cells in the
Muc2-deficient mice. Although the size of the goblet cells
in Muc2-deficient mice was smaller than in those in WT
mice, their emergence correlated with worm expulsion.

We have shown a functional role for the mucus barrier
in host protective immunity to T muris infection because
in the absence of Muc2, worm expulsion is significantly
delayed. Moreover, the physical properties of the mucus
barrier are changed after infection, although the details
of how these changes contribute to protection remains to
be fully elucidated. However, one possibility is that, in the
susceptible mice, the lower levels of Muc2 result in a
network that may compromise defense because of inap-
propriate presentation or concentration of other host
defense proteins in the environment of the worms.
Whereas, in the resistant mice, other proteins (such as
Relm-B, Tff3, and angiogenin) may be retained and ef-
fectively concentrated at the sites of worm infection. This
may be by specific interactions with Muc2 or with the
infected induced MucSac, or by the physical constraints
imposed by the mucin network, thus rendering the host
interface unsuitable for worm reproduction and/or sur-
vival which results in expulsion.'” Indeed, changes in the
niche of the parasite do have a detrimental effect on the
parasite, because worms extracted from mice during
worm expulsion clearly have a reduced energy status than
worms extracted from the susceptible mice. This reduc-
tion in the worm vitality is reversible if worms are trans-
ferred to a “favorable” environment, supporting the no-
tion that expulsion reflects damaged, but not killed
parasites.

Another explanation supported by our finding, which
is by no means mutually exclusive, is that the physical
nature of the mucus barrier is changed in such a way as
to facilitate worm expulsion. We have shown that around
the time of worm expulsion the mucus barrier is less
porous in the resistant mice than in the susceptible mice,
and this alteration in physical properties of the barrier
after infection may directly affect the niche of the worms.
The intestinal mucus barrier is proposed to comprise
“loose” outer layer and a less porous, adherent inner
layer.” The results from the bead penetration assay
showed that after 60 seconds the beads travelled to a
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depth of approximately 100 wm in the mucus from the
susceptible and resistant mice, suggesting the properties
of the loose layer are similar in both. However, the beads
traveled at different rates thereafter, suggesting that the
differences in network properties observed between the
resistant and susceptible mice are mainly in the inner
adherent layer of the barrier. This alteration may physi-
cally constrain the worms, thus affecting the niche.

What might be the role of the infection-induced mucin
Muc5Sac in protection against the worms? MucSac is
assembled in a different manner to Muc2 and does not
possess the disulphide-resistant cross-links present in
Muc247-50 and may result in a mucus gel with different
rheologic properties. Indeed, MucSac is a main compo-
nent of airway mucus, and, unlike the intestinal barrier
which is normally an adherent Muc2-rich gel, a specific
functional requirement in the airways makes a transport-
able mucus gel. Thus, Muc5ac may change the rheologic
nature of the mucus gel and, in conjunction with the
intestinal muscle hypercontractility (controlled by Ty2
response'+49), could physically aid worm expulsion. This
is consistent with the observations of mucus trapping in
N. brasiliensis and T. spiralis infection, in which globules of
mucus trap worms, which are then transported out of the
intestine.'®2% Another interesting possibility raised by the
data is that expulsion occurs in 2 phases: an early phase
influenced by Muc2 and a final, clearance phase that
occurs independently of Muc2, possibly involving
MucSac.

In conclusion, this study clearly shows that the mucus
barrier is a significant component of a well-coordinated
response in the gut to worm expulsion. Even though T
muris has an intracellular niche within the gut epithe-
lium, in resistance as the “epithelial escalator” displaces
worms, it may be that the overall changes in barrier have
a subsequent significant detrimental effect on the worm
itself, and the additional changes in the physical proper-
ties of mucus contribute to the efficient elimination of
the worms from the intestinal lumen. Moreover, it fur-
ther highlights the functionally dynamic and highly reg-
ulated nature of the mucus barrier during immunologi-
cally mediated intestinal disease.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.01.045.

References

1. Thornton DJ, Sheehan JK. From mucins to mucus: toward a more
coherent understanding of this essential barrier. Proc Am Thorac
Soc 2004;1:54-61.

2. Artis D, Wang ML, Keilbaugh SA, et al. RELMbeta/FIZZ2 is a
goblet cell-specific immune-effector molecule in the gastrointes-
tinal tract. Proc Natl Acad Sci U S A 2004;101:13596-13600.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

GASTROENTEROLOGY Vol. 138, No. 5

. Sheehan JK, Thornton DJ. Heterogeneity and size distribution of

gel-forming mucins. Methods Mol Biol 2000;125:87-96.

. Chang SK, Dohrman AF, Basbaum CB, et al. Localization of mucin

(MUC2 and MUC3) messenger RNA and peptide expression in
human normal intestine and colon cancer. Gastroenterology
1994;107:28-36.

. Tytgat KM, Buller HA, Opdam FJ, Kim YS, Einerhand AW, Dekker

J. Biosynthesis of human colonic mucin: Muc2 is the prominent
secretory mucin. Gastroenterology 1994;107:1352-1363.

. Van der Sluis M, De Koning BA, De Bruijn AC, et al. Muc2-deficient

mice spontaneously develop colitis, indicating that MUC2 is crit-
ical for colonic protection. Gastroenterology 2006;131:117-129.

. Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L,

Hansson GC. The inner of the two Muc2 mucin-dependent mucus
layers in colon is devoid of bacteria. Proc Natl Acad Sci U S A
2008;105:15064-15069.

. Boland CR, Montgomery CK, Kim YS. Alterations in human colonic

mucin occurring with cellular differentiation and malignant trans-
formation. Proc Natl Acad Sci U S A 1982;79:2051-2055.

. Buisine MP, Desreumaux P, Debailleul V, et al. Abnormalities in

mucin gene expression in Crohn’s disease. Inflamm Bowel Dis
1999;5:24-32.

Crabtree JE, Heatley RV, Losowsky MS. Glycoprotein synthesis
and secretion by cultured small intestinal mucosa in coeliac
disease. Gut 1989;30:1339-1343.

Velcich A, Yang W, Heyer J, et al. Colorectal cancer in mice
genetically deficient in the mucin Muc2. Science 2002;295:
1726-1729.

Heazlewood CK, Cook MC, Eri R, et al. Aberrant mucin assembly
in mice causes endoplasmic reticulum stress and spontaneous
inflammation resembling ulcerative colitis. PLoS Med 2008;5:
eb4.

Else KJ, Finkelman FD. Intestinal nematode parasites, cytokines
and effector mechanisms. Int J Parasitol 1998;28:1145-1158.
Khan WI, Blennerhasset P, Ma C, Matthaei KI, Collins SM. Stat6
dependent goblet cell hyperplasia during intestinal nematode
infection. Parasite Immunol 2001;23:39-42.

Miller HR, Nawa Y. Nippostrongylus brasiliensis: intestinal goblet-
cell response in adoptively immunized rats. Exp Parasitol 1979;
47:81-90.

Shekels LL, Anway RE, Lin J, et al. Coordinated Muc2 and Muc3
mucin gene expression in Trichinella spiralis infection in wild-type
and cytokine-deficient mice. Dig Dis Sci 2001;46:1757-1764.
Webb RA, Hoque T, Dimas S. Expulsion of the gastrointestinal
cestode, Hymenolepis diminuta by tolerant rats: evidence for
mediation by a Th2 type immune enhanced goblet cell hyperpla-
sia, increased mucin production and secretion. Parasite Immunol
2007;29:11-21.

Carlisle MS, McGregor DD, Appleton JA. Intestinal mucus entrap-
ment of Trichinella spiralis larvae induced by specific antibodies.
Immunology 1991;74:546-551.

Ishiwata K, Watanabe N. Nippostrongylus brasiliensis: reversibil-
ity of reduced-energy status associated with the course of expul-
sion from the small intestine in rats. Exp Parasitol 2007;117:
80-86.

Miller HR. Gastrointestinal mucus, a medium for survival and for
elimination of parasitic nematodes and protozoa. Parasitology
1987;94(Suppl):S77-S100.

Deschoolmeester ML, Else KJ. Cytokine and chemokine re-
sponses underlying acute and chronic Trichuris muris infection.
Int Rev Immunol 2002;21:439-467.

Cliffe LJ, Grencis RK. The Trichuris muris system: a paradigm of
resistance and susceptibility to intestinal nematode infection.
Adv Parasitol 2004;57:255-307.

Else KJ. Have gastrointestinal nematodes outwitted the immune
system? Parasite Immunol 2005;27:407-415.


http://www.gastrojournal.org
http://dx.doi.org/10.1053/j.gastro.2010.01.045
http://dx.doi.org/10.1053/j.gastro.2010.01.045

May 2010

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Artis D, Grencis RK. The intestinal epithelium: sensors to effec-
tors in nematode infection. Mucosal Immunol 2008;1:252-264.
Hogan SP, Seidu L, Blanchard C, et al. Resistin-like molecule
beta regulates innate colonic function: barrier integrity and in-
flammation susceptibility. J Allergy Clin Immunol 2006;118:
257-268.

Else KJ, Grencis RK. Helper T-cell subsets in mouse trichuriasis.
Parasitol Today 1991;7:313-316.

Cliffe LJ, Potten CS, Booth CE, Grencis RK. An increase in epi-
thelial cell apoptosis is associated with chronic intestinal nema-
tode infection. Infect Immun 2007;75:1556-1564.

Wakelin D. Acquired immunity to Trichuris muris in the albino
laboratory mouse. Parasitology 1967;57:515-524.

Linden SK, Florin TH, McGuckin MA. Mucin dynamics in intestinal
bacterial infection. PLoS One 2008;3:3952.

Kirkham S, Kolsum U, Rousseau K, Singh D, Vestbo J, Thornton
DJ. MUC5B is the major mucin in the gel phase of sputum in
chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 2008;178:1033-1039.

Lidell ME, Bara J, Hansson GC. Mapping of the 45M1 epitope to
the C-terminal cysteine-rich part of the human MUC5AC mucin.
FEBS J 2008;275:481-489.

Zhu Y, Ehre C, Abdullah LH, Sheehan JK, Roy M, Evans CM,
Dickey BF, Davis CW. Munc13-2—/— baseline secretion defect
reveals source of oligomeric mucins in mouse airways. J Physiol
2008;586:1977-1992.

Potten CS, Booth D, Cragg NJ, et al. Cell kinetic studies in the
murine ventral tongue epithelium: mucositis induced by radiation
and its protection by pretreatment with keratinocyte growth factor
(KGF). Cell Prolif 2002;35(Suppl 1):32-47.

Thornton DJ, Carlstedt |, Sheehan JK. Identification of glycopro-
teins on nitrocellulose membranes and gels. Mol Biotechnol
1996;5:171-176.

Hayes KS, Bancroft AJ, Grencis RK. The role of TNF-alpha in
Trichuris muris infection II: global enhancement of ongoing Thl or
Th2 responses. Parasite Immunol 2007;29:583-594.

Bancroft AJ, Grencis RK. Thl and Th2 cells and immunity to
intestinal helminths. Chem Immunol 1998;71:192-208.

Cliffe LJ, Humphreys NE, Lane TE, Potten CS, Booth C, Grencis
RK. Accelerated intestinal epithelial cell turnover: a new mecha-
nism of parasite expulsion. Science 2005;308:1463-1465.
Bara J, Gautier R, Mouradian P, Decaens C, Daher N. Oncofetal
mucin M1 epitope family: characterization and expression during
colonic carcinogenesis. Int J Cancer 1991;47:304-310.

Else KJ, deSchoolmeester ML. Immunity to Trichuris muris in the
laboratory mouse. J Helminthol 2003;77:95-98.

Khan WI, Richard M, Akiho H, Blennerhasset PA, Humphreys NE,
Grencis RK, Van Snick J, Collins SM. Modulation of intestinal
muscle contraction by interleukin-9 (IL-9) or IL-9 neutralization:
correlation with worm expulsion in murine nematode infections.
Infect Immun 2003;71:2430-2438.

Sheehan JK, Hanski C, Corfield AP, Paraskeva C, Thornton DJ.
Mucin biosynthesis and macromolecular assembly. Biochem Soc
Trans 1995;23:819-821.

Thornton DJ, Rousseau K, McGuckin MA. Structure and function
of the polymeric mucins in airways mucus. Annu Rev Physiol
2008;70:459-486.

MUCINS AND ENTERIC PARASITE INFECTION 1771

43. Kondo M, Tamaoki J, Takeyama K, et al. Elimination of IL-13
reverses established goblet cell metaplasia into ciliated epithelia
in airway epithelial cell culture. Allergol Int 2006;55:329-336.

44. Fujisawa T, Ide K, Holtzman MJ, et al. Involvement of the p38
MAPK pathway in IL-13-induced mucous cell metaplasia in mouse
tracheal epithelial cells. Respirology 2008;13:191-202.

45. Ho SB, Niehans GA, Lyftogt C, et al. Heterogeneity of mucin gene
expression in normal and neoplastic tissues. Cancer Res 1993;
53:641-651.

46. Forgue-Lafitte ME, Fabiani B, Levy PP, Maurin N, Flejou JF, Bara J.
Abnormal expression of M1/MUC5AC mucin in distal colon of
patients with diverticulitis, ulcerative colitis and cancer. Int J
Cancer 2007;121:1543-1549.

47. Carlstedt |, Herrmann A, Hovenberg H, et al. “Soluble” and
“insoluble” mucins-identification of distinct populations. Bio-
chem Soc Trans 1995;23:845-851.

48. Herrmann A, Davies JR, Lindell G, et al. Studies on the “insolu-
ble” glycoprotein complex from human colon. Identification of
reduction-insensitive MUC2 oligomers and C-terminal cleavage.
J Biol Chem 1999;274:15828-15836.

49. Sheehan JK, Thornton DJ, Somerville M, Carlstedt I. Mucin struc-
ture. The structure and heterogeneity of respiratory mucus glyco-
proteins. Am Rev Respir Dis 1991;144(3 Pt 2):S4-S9.

50. Sheehan JK, Brazeau C, Kutay S, et al. Physical characterization
of the MUC5AC mucin: a highly oligomeric glycoprotein whether
isolated from cell culture or in vivo from respiratory mucous
secretions. Biochem J 2000;347:37-44.

Received March 17, 2009. Accepted January 25, 2010.

Reprint requests

Address requests for reprints to: W.l. Khan, Department of
Pathology & Molecular Medicine, Room 2N34, McMaster University
Medical Centre, 1200 Main Street West, Hamilton, ON L8N 325,
Canada. e-mail: khanwal@mcmaster.ca; fax: (905) 521-2338. Or
David J. Thornton, Welcome Trust Centre for Cell-Matrix Research,
Faculty Life Sciences. Michael Smith Building, University of
Manchester, Manchester, M13 9PT, United Kingdom. e-mail:
dave.thornton@manchester.ac.uk; fax: 00441612751505.

Acknowledgments

The authors thank Prof Timothy E. Hardingham (University of
Manchester), Associate Prof Michael A. McGuckin (MMRI, Brisbane,
Australia), and Dr Stephen Collins (McMaster University, Canada) for
their invaluable input, and Trish Blennerhassett for technical
support.

S.Z.H. and H.W. contributed equally.

D.J.T. and W.LK. share the senior authorship.

Conflicts of interest
The authors disclose no conflicts.

Funding

This work is supported by grants from the Canadian Institutes of
Health Research (CHIR), the Crohn’s and Colitis Foundation of
Canada (CCFC), BBSRC, and the Wellcome Trust.

=
3
II—
>
O
<
a2
7]
=
-
<



mailto:khanwal@mcmaster.ca
mailto:dave.thornton@manchester.ac.uk

1771.e1 HASNAIN ET AL

Supplementary Methods

RT-PCR

Total RNA from epithelial cells was isolated with
the use of the previously described method.?” cDNA was
generated with the use of an IMPROM-RT kit (Promega)
and Absolute QPCR SYBR Green (ABgene Epsom, Surrey,
United Kingdom) was used for quantitative PCR. Primer
efficiencies were determined with the use of cDNA dilu-
tions, and genes of interest were normalized against house-
keeping gene, B-actin, and expressed as a fold difference to
uninfected naive message levels. mRNA expression was in-
vestigated with the primers 5'-GTGGGCCGCTCTAGGCAC-
CAA-3’ and 5'-CTCTTTGATGTCACGCACGATTTC-3' for
B-actin, 5'-GTCCAGGGTCTGGATCACA- 3" and 5'-CAGAT-
GGCAGTGAGCTGAGC-3' for Muc2; 5'-GTGATGCAC-
CCAT GATCTATTITTG-3' and S5'-ACTCGGAGCTATAA-
CAGGTCATGTC-3" for MucSac, GGTTGCTTTGGC-
TATCGTCTATTT and AAAGATGTCCAGCTGCCCATA for
Mucl, CCACCTCCTCGACCCTTACT and CTCCGACTTCA-
GACCCGTAG for Muc4, 5'-GTGGGACGGGCTCAAATG-3'
and 5'-CTC TACGCTCTCCACCAGTTCCT-3" for Mucl7,
5S"“TTGCTGGGTCCTCTGGGATA-3" and 5'-GCCGGCAC-
CATA CATTGG-3' for Tff3, and 5'-GCTCTTCCCTTTCCT-
TCTCCAA-3" and 5'-ACCACAGTGTAGGCTTCATGCT-
GTA-3’ for Relm-B. RT-PCR products were directly
sequenced to verify the identity of the amplified genes. In
brief, products were digested with Exonuclease I and calf
intestinal phosphatase and subsequently sequenced with
the use of the ABIPRISM (Applied Biosystems, Foster City,
CA) Big-Dye Terminator cycle sequencing reaction at the
Sequencing Facility in the University of Manchester. The
data were analyzed with Chromas Pro v1.34 (Technelysium
P/L, Tewantin, QLD, Australia), and the sequences obtained
were 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
assessed by visualizing BrdU incorporated into nuclei
after mice were injected with 10 mg of BrdU 16 hours
before killing, as described previously.3”

GASTROENTEROLOGY Vol. 138, No. 5

Evaluation of In Vitro Cytokines Production
From Splenocytes

Single-cell suspensions of spleen were prepared in
RPMI 1640 containing 10% fetal calf serum, 5 mmol/L
L-glutamine, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, 25 um/L HEPES, 0.05 mmol/L 2-ME (all from
Gibco-BRL, Carlsbad, CA). Cells (107) were incubated in
the presence of 5 mg/mL concavalin A (Con A). IL-4 and
IL-13 levels in the supernatant were measured by enzyme
immunoassay 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-
sis buffer containing protease inhibitor cocktail (Sigma,
Indianapolis, IN). The homogenates were freeze-thawed 3
times and centrifuged, and then supernatant was col-
lected and stored at —20°C until analyzed. Interferon-y,
IL-4, and IL-13 levels in the supernatant were measured
by enzyme immunoassay technique with the use of a
commercially available kit purchased from R&D Systems.
Concentration of protein in the intestinal tissue was
determined by a commercially available DC Protein Assay
kit (Bio-Rad, Hercules, CA), and the amount of cytokines
in the tissues was expressed per milligram of tissue pro-
tein.

Quantification of Histologic Staining

The numbers of goblet cells expressed per crypt
were counted in 50 longitudinally sectioned crypt units.
The area stained (pixel/mm?) per 100 crypts was deter-

mined by using the ImageJ software Version 1.39a (Na-
tional Institutes of Health, Bethesda, MD).

Worm Isolation for ATP Analysis

The cecum was longitudinally cut and segmented
before incubation with 0.1 mol/L NaCl for 2 hours at
37°C with frequent shaking. Worms were counted after
separation from debris and epithelial cells with the use of
a 0.7-um filter and kept in RPMI 1640 supplemented
with 10% fetal calf serum.. Alive worms were subse-
quently homogenized with the use of the FastPrep ho-
mogeniser (MP Biomedicals, Irvine, CA).
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Supplementary Figure 1. PAS staining in the cecum showed a significant increase in goblet cell numbers only in the resistant (BALB/c) mice with
infection (A). Worms are highlighted by arrows visible in the sections from susceptible mice. No main changes in goblet cell numbers in the colon of
resistant (BALB/c) and susceptible (AKR) mice on day 14 and day 21 after infection compared with naive (B). Representative of 3 mice. *P < .05.
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Supplementary Figure 2. Expression of Tff3 (A) and Relm-B (B) were determined with the use of immunohistochemistry and RT-PCR in cecal
tissue 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
the 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
indicate naive levels. Scale bar, 10 um. Representative of 5 mice. *P < .05.
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