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Abstract
Background & Aims—Matriptase is a membrane-anchored serine protease encoded by
Suppression of Tumorigenicity-14 (ST14) that is required for epithelial barrier homeostasis.
However its functional role in inflammatory bowel disease (IBD) is unexplored.

Methods—Matriptase expression in control, Crohn's disease and ulcerative colitis tissue
specimens was studied by qPCR and immunostaining. Matriptase function was investigated by
subjecting St14 hypomorphic and control littermates to dextran sodium sulfate (DSS)-induced
colitis and by siRNA silencing in cultured monolayers. Mice were analyzed for clinical,
histological, molecular and cellular effects.

Results—Matriptase protein and ST14 mRNA levels are significantly down-regulated in
inflamed colonic tissues from Crohn's disease and ulcerative colitis patients. Matriptase deficient
St14 hypomorphic mice administered DSS for 7 days followed by water without DSS for 3 days
develop a severe colitis with only 30% of the St14 hypomorphic mice surviving to day 14,
compared with 100% of control littermates. Persistent colitis in surviving St14 hypomorphic mice
was associated with sustained cytokine production, an inability to recover barrier integrity, and
enhanced claudin-2 expression. Cytokines implicated in barrier disruption during IBD suppress
matriptase expression in T84 epithelial monolayers and restoration of matriptase improves barrier
integrity in the cytokine-perturbed monolayers.

Conclusions—These data demonstrate a critical role for matriptase in restoring barrier function
to injured intestinal mucosa during colitis, which is suppressed by excessive activation of the
immune system. Strategies to enhance matriptase-mediated barrier recovery could be important
for intervening in the cycle of inflammation associated with IBD.
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Introduction
Inflammatory bowel diseases (IBD) are chronic disorders affecting the gastrointestinal tract
in humans. The etiology of IBD is not completely understood, however the pathogenesis is
associated with contributions from genetic predisposition, the mucosal immune system and
exposure to environmental factors (1). Genome-wide association studies for IBD
susceptibility loci have revealed the importance of epithelial barrier function, and innate and
adaptive immunity in disease pathogenesis. (1). A key factor in the development of mucosal
inflammation associated with IBD is disturbed intestinal epithelial barrier function and
increased intestinal permeability. Decreased barrier function has been shown to positively
correlate with mucosal inflammation in Crohn's disease (CD) and ulcerative colitis (UC)
patients (2), and increased epithelial permeability precedes clinical relapse (3; 4).
Additionally, first degree relatives of CD patients who are at risk of developing disease often
have increased intestinal epithelial permeability relative to the general population (5). In
animal models of IBD, increased epithelial paracellular permeability can precede chronic
mucosal inflammation (6), and in addition, altered epithelial barrier function has been
associated with the subsequent development of colitis (7).

The integrity of mucosal epithelial barrier function is preserved by the intestinal epithelium,
which regulates the trafficking of macromolecules between the environment and the host
and serves as a central coordinator of communication between the immune system and the
external environment (8). The intestinal epithelium is comprised of apical and subapical
junctional complexes, which seal the paracellular space and regulate mucosal barrier
permeability. While substantial progress has been achieved in understanding structural
changes associated with barrier disruption and reassembly at the molecular level, regulatory
pathways that dynamically control intestinal barrier homeostasis remain less well
understood. Recently the type II transmembrane serine protease, matriptase (also known as
ST14, MT-SP1, TADG-15, epithin, and SNC19 (9)), was identified as a factor critical for
maintenance of epithelial barrier homeostasis. Matriptase is localized to apical junctional
complexes and on the basolateral surfaces of polarized intestinal epithelium and
demonstrates potent epithelial barrier protective properties (10; 11). Initial analyses of mice
with complete deficiency in the matriptase gene (St14) uncovered a critical function for
matriptase in skin development and function (12). Matriptase knockout mice die shortly
after birth, due to a severe dehydration caused by impaired epidermal barrier. Conditional
knockout of matriptase from the murine gastrointestinal tract under the direction of a Villin-
Cre promoter results in persistent diarrhea, inflammation, edema, gross disruption of colonic
architecture, and general loss of mucosal barrier function that leads to rapid tissue
degeneration and death within a few weeks after weaning, although at birth the
microarchitecture of the gastrointestinal tract appears structurally and morphologically intact
(10). Constitutive expression of matriptase is required throughout adulthood to maintain
intestinal barrier integrity, since inducible ablation of matriptase from the GI tract of adult
mice also results in loss of mucosal barrier function and rapid tissue degeneration (10).

The importance of intestinal epithelial barrier function to the etiology of IBD and the
functional link between matriptase and paracellular permeability in the gastrointestinal tract
prompted us to investigate the role of matriptase in IBD. Here we report that matriptase
expression is dramatically suppressed in colonic mucosa during human and experimental
IBD. St14 hypomorphic mice, which express minimal levels of matriptase and are born free
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of intestinal disease (11; 13), are more susceptible to DSS-induced colitis, with the normally
transient DSS-induced intestinal injury converted to a severe, persistent colitis, with reduced
mouse survival. These data demonstrate a critical role for matriptase in the restoration of
barrier function following injury of the GI tract, and suggest that matriptase dysregulation
may contribute to the pathogenesis of IBD.

Materials and Methods
Human tissue specimens

TissueScan Real-Time Crohn's and Colitis Disease Panels (CCRT101) and tissue sections
were purchased from Origene Technologies. cDNAs were analyzed by qPCR as below.
Paraffin-embedded human tissues were immunostained using the matriptase specific
monoclonal antibody S5 (14).

Animal studies
St14 hypomorphic mice have been reported previously (13). These mice possess one null
allele and one allele in which a reporter gene trap is inserted into the matriptase locus and
disrupts gene expression. A low level of alternative splicing in the gene trap allele results in
low level synthesis of full length matriptase, which is sufficient to enable mouse survival.
All experiments performed with St14 hypomorphic mice (13) were littermate controlled
from mice generated from heterozygous crosses. C57BL/6J, uPA-deficient (Plau-/-) and
PAR2 (F2rl1-/-) deficient mice were purchased from Jackson Laboratories. Adult mice (8-12
week old) were administered 2% (w/v) DSS (molecular weight of 36,000 – 50,000; MP
Biomedicals, Lot No. 3865K) continuously for 7 days in drinking water, followed by normal
drinking water for up to 8 days as described (15). Clinical disease was scored daily on a
scale of 1-5 as the sum of weight loss, stool consistency and fecal occult blood (Guaiac test,
Sure-Vue, Fisher HealthCare). Animal care and experimental procedures were approved by
the University of Maryland School of Medicine Institutional Animal Care and Use
Committee.

Murine tissue analysis
Murine intestines were removed en bloc and colon lengths (anus to cecum) documented
before (Day 0), during (Day 5), and after induction of colitis (7 days DSS followed by 3
days water: Day 3 Recovery). Intestines were cut into 1 cm segments and identical segments
compared for molecular analyses. For histological examination of inflammation and
damage, tissue segments were fixed in 4% paraformaldehyde, paraffin embedded, cut into 5-
μm sections, and stained with hematoxylin and eosin (H&E). Microscopic injury to the
colon was assessed by investigators blinded to the treatment groups and quantified based on
a combined score of inflammatory cell infiltrate (range 0–4), extent of inflammatory cell
infiltrate (range 0–3), and crypt damage (range 0–4). Two slides from each section of the
colon were assessed per mouse, and at least three areas on each slide were examined due to
the patchy nature of DSS-induced injury.

TEER
The TEER of small intestine or mid-distal colon segments mounted in microsnapwells
apical side up was measured in triplicate using an EVOM Voltohmmeter (World Precision
Instruments) as described (16; 17). TEER of Caco-2 monolayers was measured using
“chopstick: probes (11).
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Intestinal permeability to FITC-dextran
FITC-dextran (4kDa; 500μg/g body weight) was instilled by oral gavage, and the
concentration of FITC-dextran in blood collected was measured after 4 or 24 hours in St14
control and hypomorphic littermates. Blood (150 μl) was collected by retro-orbital eye bleed
and plasma collected by centrifugation for 15 minutes at 4°C. Plasma was diluted with PBS
and the concentration of fluorescein was determined by using an excitation wavelength of
485 nm and an emission wavelength of 535 nm using serially diluted samples of the marker
as a standard (range 0-50 mg/ml).

Quantitative PCR
Quantitative PCR (qPCR) was performed using Taqman Reverse Transcription and PCR
reagents (Applied Biosystems). RNA was isolated from either cultured cells on transwells or
St14 hypomorphic intestine using RNeasy Kits (Qiagen). qPCR was performed using pre-
designed primers (Applied Biosystems): human ST14 (Hs00222707_m1); mouse St14
(Mm00487858_m1), human SPINT1/HAI-1 (Hs00173678_m1), mouse Ifnγ
(Mm00801778_m1), mouse Il6 (Mm00446191_m1), mouse TNF (Mm99999068_m1),
mouse Il10 (Mm00439614_m1), mouse Nos2 (Mm00440485_m1), mouse Il13
(Mm00434204_m1) and signals normalized to mouse Gapdh (Mm99999915_g1) or human
GAPDH (Hs99999905_m1) as indicated.

Cell culture and siRNA transfection
The human cell lines T84 and Caco-2 [passage 35-45] (ATCC) were grown on Transwell
filters (Costar) and TEER measured as described (11). siRNA transfections were performed
using Stealth™ siRNAs (Invitrogen) targeting matriptase (siM2, #St14-HSS110268) and the
%GC matched negative control (siCtl) (11). The basal surfaces of confluent monolayers
grown on transwells were exposed to the indicated concentrations of inflammatory
cytokines, 5% DSS, or 10% macrophage conditioned media (prepared by differentiation of
THP-1 cells with 5ng/ml phorbol 12-myristate 13-acetate (PMA) for up to 72hrs, then
treating with 10ng/ml LPS for 24 hrs). Following cytokine treatments, cell monolayers were
treated on the basolateral surfaces with or without 5nM recombinant human matriptase
serine protease domain (18; 19) for 8hrs in serum free medium.

Protein Lysis and Immunoblotting
Total proteins were obtained from murine intestinal tissue segments by solubilization in
RIPA buffer containing Roche complete protease inhibitor cocktail and phosphatase
inhibitors (PhosphoStop, Roche). Cultured cells were lysed in 1% Triton X-100 containing
protease inhibitor cocktail (Roche). Proteins were resolved by SDS-PAGE, immunoblotted
and stripped and reprobed for GAPDH. Antibodies were rabbit anti-human matriptase
(Calbiochem), sheep anti-mouse matriptase and goat anti-HAI-1 (R&D Systems), rabbit
anti-claudin-4 and rabbit anti-human claudin-2 (Zymed), rabbit anti-mouse claudin-2
(American Research Products), rabbit anti-GAPDH (Cell Signaling Technologies).

Statistics
Representative results of at least three independent experiments are shown. Data is
represented as mean ± SEM. Statistical analyses were performed using the Student's t-test or
where indicated, the Mann Whitney U test. The Kaplan-Meier Survival Analysis was used to
compare the mortality of St14 hypomorph and control mice. A threshold of p < 0.05 was
considered significant.
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Results
Matriptase is down-regulated in colonic epithelium of IBD patients

Matriptase expression was examined in ileal and colonic tissue biopsies from CD and UC
patients and compared with non-inflamed tissues. Acute disease was associated with a ~4-
fold decrease in ST14 mRNA levels in the colonic specimens, suggesting that colitis is
associated with reduced matriptase levels (Figure 1A). The colitis tissue specimens also
showed increased levels of claudin-2 and reduced epithelial cell adhesion molecule (EpCam)
expression (Figure S1), previously associated with IBD (20-22). Immunostaining for
matriptase protein expression in paraffin embedded colonic tissues from CD (Figure
1B(b&c), and UC (Figure 1B(d-f) patients also revealed a substantial reduction in matriptase
protein expression in inflamed colonic epithelium, in contrast to the strong matriptase
staining that is observed in normal colonic crypts (Figure 1B(a). Patchy matriptase staining
was sometimes detected in UC tissue where it was associated with the highly differentiated
colonocytes at the top of the crypts (Figure 1B(f), arrow), and in normal crypts contained
within CD tissues (Figure 1B(c)).

Matriptase deficiency leads to persistent, severe inflammatory DSS-induced colitis
To investigate the functional importance of reduced matriptase in colitis, St14 hypomorphic
mice, which express only minimal levels of intestinal matriptase (<1%) (11; 13), were
subjected to colitis induced by dextran sodium sulfate (DSS). Oral administration of DSS is
injurious to intestinal epithelium and causes an acute colitis which mimics human IBD in
many respects (23; 24), but is self limiting, and eventually resolves after DSS removal. Age
and sex-matched St14 hypomorphic and littermate control mice were administered 2% DSS
in drinking water for 7 days and on day 8, were switched back to water only and the mice
allowed to recover until up to day 14. The St14 hypomorphic mice lost weight much more
rapidly than their control littermates or the C57BL/6J group through day 8, and continued to
lose weight after switching to water (Figure 2A). By day 14, only 30% of the St14
hypomorph group had survived, whereas 100% survival was observed in the littermate
control and C57BL/6J groups (Figure 2B).

During administration of DSS, mice develop an acute colitis characterized by bloody
diarrhea, ulcerations, and inflammatory infiltrates. Semi-quantitative score of clinical
disease revealed that all mice exposed to DSS developed comparable signs of colitis through
day 7 (Figure 2C). Following removal of the injurious DSS stimulus on day 8, a progressive
reduction in clinical symptoms was observed in littermate control mice consistent with
mucosal recovery. In contrast, symptoms of clinical disease were more severe and persisted
in the surviving St14 hypomorphic mice, with an average clinical disease score on day 11 of
10.4 for the St14 hypomorphic mice compared with 4.7 for the littermate control group
(Figure 2C). These data show that matriptase deficiency prolongs disease severity, thereby
hastening mortality due to colitis.

DSS is toxic to intestinal epithelial cells of the basal crypts and directly affects the integrity
of mucosal barrier, resulting in recurring pathogen challenge as long as the DSS is present
(25). Mice subjected to 2% DSS continuously in the drinking water for up to 11 days
showed similar survival rates (Figure 2D) and clinical disease scores (data not shown),
indicating that the persistent inflammation associated with St14 hypomorphic mice was not
caused by a more robust mucosal immune response to the DSS induced injury. Taken
together, the data indicate that matriptase enhances recovery from DSS-induced colitis.
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Severe ulceration and enhanced inflammation in DSS-treated St14 hypomorphic mice
Microscopic injury to the intestinal mucosa was investigated by removing tissue segments
from identical regions of the small intestine, and the mid-proximal and mid-distal colons of
littermate control and surviving St14 hypomorphic mice at day 5 during DSS (acute phase)
and at day 3 of the recovery phase (7 days DSS and 3 days water) for histological
examination. H&E stained tissues were scored for microscopic injury based on the degree of
acute inflammation, extent of inflammatory infiltration and crypt damage as described in the
methods. No differences in the microscopic appearance of the gastrointestinal tracts of mice
exposed to water alone were observed (Figure 3A); however, after 5 days treatment with
DSS, there was substantial microscopic injury that was severe in the proximal and distal
colons of both the St14 hypomorphic and littermate control genotypes, that was
characterized by epithelial sloughing, and inflammatory infiltrates in the mucosa and
submucosa (data not shown). By day 3 of the recovery phase however, microscopy injury in
the proximal colons had substantially reduced in littermate control mice (Figure 3B),
indicating resolution of inflammation after the discontinuation of DSS. In contrast, the mean
microscopic injury score of the proximal colons of the surviving St14 hypomorphic group
continued to increase after day 5 (2.2 vs 4.5) and was substantially worse than the littermate
controls at Day 3 of the recovery phase (4.5 vs 1.8 (Figure 3B). Photomicrographs taken at
Day 3 of the recovery phase showed substantial inflammatory infiltrates persistent in the
proximal colons of St14 hypomorphic mice compared with their corresponding control
littermates (Figure 3A).

Inflammation-induced colonic shortening was monitored as an indicator of crypt damage
and severe inflammation. In littermate control mice, colon lengths decreased during DSS
treatment, but returned to the lengths of untreated mice after 3 days recovery (Figure 3C). A
significantly greater decrease in colon lengths was observed during DSS treatment of St14
hypomorphic mice compared with littermate controls (26% vs 12%), and in contrast to the
littermate controls, no recovery was observed in hypomorphic mice after 3 days return to
water (Figure 3C). These data demonstrate that matriptase deficiency prolongs mucosal
inflammatory responses after intestinal injury.

Inflammatory responses of St14 hypomorphic mice remain elevated after removal of DSS
Chronic inflammation is associated with increased production of inflammatory cytokines in
the lamina propria of IBD patients (26; 27). Investigation of cytokines and inflammatory
mediators produced in response to DSS-induced injury showed that after 5 days exposure to
DSS, both littermate control and St14 hypomorphic mice display dramatic increases in
TNFα, IL-6, IL-10, IL-13, IFNγ, and iNOS, whereas the baseline levels of these mediators
are low in both strains (Figure 3D). In addition, St14 hypomorphic mice display small, but
significantly increased levels of TNFα, IL-6 and IL-13, relative to their littermate controls.
After DSS withdrawal for 3 days, inflammatory cytokine levels remain elevated in surviving
St14 hypomorphic mice, in contrast to littermate control mice, in which cytokine levels are
diminishing (Figure 3D). These data suggest that the enhanced susceptibility to DSS-
induced colitis in St14 hypomorphic mice is due, at least in part, to an impaired ability to
resolve the mucosal inflammation. Thus, matriptase deficiency transforms the otherwise
self-limited, DSS-induced colitis to a chronic, IBD-like colitis.

Persistent colitis in St14 hypomorphic mice is associated with an inability to recover
colonic TEER

A ‘leaky’ mucosal barrier as a consequence of loss of barrier function provided by epithelial
cells is thought to underlie persistent and destructive mucosal inflammation in IBD and
other intestinal disorders (28; 29). St14 hypomorphic mice show enhanced intestinal barrier
permeability as measured by a 20% reduction in baseline TEER of the distal colons of St14
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hypomorphic mice (Figure 4A)(11) and ~2-fold higher levels of serum FITC-dextran after
gavage (Figure S1). In control mice after 5 days DSS treatment, a 40% decrease in TEER in
the distal colon is observed, which recovers after DSS withdrawal for 3 days to 70% of the
baseline TEER, indicative of mucosal barrier recovery (Figure 4A). The instability of the
St14 hypomorph colonic tissue segments recovered from mice exposed to DSS for 5 days
did not allow for experimental determination of TEER; however, after withdrawal of DSS
for 3 days, TEER measurements of surviving St14 hypomorphs remained 45% lower than
littermate control mice (Figure 4A). The low TEER of the surviving St14 hypomorphs is
similar to the TEER measured for littermate control mice during the acute phase (Day 5) of
DSS treatment (4.9 vs 5.0), highlighting the persistent permeability associated with St14
hypomorphic mice. These data suggest that the inability to completely restore the colonic
epithelial barrier in St14 hypomorphic mice likely leads to persistent inflammation and
impaired mucosal recovery following DSS insult.

Increased small intestinal permeability during DSS induced colitis
While the distal colon is most affected by the epithelial damage induced by DSS, increased
permeability in the small intestine occurs as a consequence of the injury and accompanying
mucosal inflammatory responses (30). The jejunal TEER of littermate control mice
decreased by ~30% after 5 days of DSS treatment, resulting in TEER similar to the baseline
jejunal TEER measured in St14 hypomorphic mice (11)(Figure 4B). After withdrawal of
DSS for 3 days, the jejunal TEER of littermate control mice recovered to normal levels,
whereas the jejunal TEER of St14 hypomorphic mice remains low, reflecting the persistence
of mucosal inflammatory responses in these mice. Measurement of in vivo macromolecular
permeability by FITC-dextran flux revealed increased plasma levels of 4kDa FITC-dextran
in both St14 control and hypomorphs during DSS administration (Figure 4C). However, 3
days after DSS withdrawal, permeability to FITC-dextran was significantly higher in
surviving St14 hypomorphs than littermate control which had returned to near untreated
levels (Figure 4C). The increased jejunal permeability during DSS treatment was not
reflected in changes in the microscopic appearance of H&E stained jejunal tissues from St14
hypomorphic mice compared with control animals (Figure S3); however, it was associated
with increased levels of the permeability-associated tight junction protein, claudin-2. Protein
levels of claudin-2 have been reported to be elevated in jejunal tissues of St14 hypomorphic
mice (11), and were substantially increased during the acute phase (Day 5) of DSS-induced
injury in both St14 hypomorphic and littermate control mice (Figure 4D). Day 3 recovery
was associated with absence of claudin-2 expression in control mice, whereas enhanced
claudin-2 persisted in St14 hypomorph mice. These data suggest that the barrier dysfunction
in St14 hypomorphic mice is similar to the level of dysfunction associated with acute colitis
induced by DSS.

Matriptase expression is down-regulated in intestinal mucosa of control mice during DSS
induced injury

Matriptase is normally expressed throughout the murine gastrointestinal tract (Figure 5A).
Upon exposure to DSS (Day 5 DSS), St14 mRNA expression was reduced by 50% in the
jejunum, and in the colon by 90%. After withdrawal of DSS for 3 days, matriptase mRNA
expression recovered to normal levels in the small intestine, and were increasing in the
colon, reaching 50% of normal levels by day 3 (Figure 5B). Matriptase protein levels in
intestinal tissue segments paralleled the changes in mRNA expression (Figure 5C). The
down-regulation of matriptase during DSS exposure and the restoration of matriptase
expression during the recovery phase (Figure 5B) mirror the changes in intestinal epithelial
permeability measured by ex vivo TEER (Figure 4A&B).
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Repair of T84 epithelial barrier disruption by DSS involves restoration of matriptase
To model the effect of DSS on colonic epithelium, polarized human colonic T84 monolayers
were treated with DSS, and then allowed to recover by switching to media without DSS.
DSS exposure for 2.5 hrs disrupts the epithelial barrier as measured by TEER and is
associated with decreased matriptase expression, mimicking DSS-induced barrier disruption
in vivo. Upon removal of the DSS, TEER is recovered over 24 hrs and involves the
restoration of matriptase levels (Figure 6A). Barrier recovery in T84 monolayers requires the
presence of matriptase, since knockdown of matriptase by siRNA silencing inhibits TEER
development (Figure 6B)(11). These data suggest matriptase contributes to the resealing of
epithelial breaches and reformation of inter-epithelial tight junctions in injured epithelia.

Matriptase is down-regulated by cytokines implicated in the pathogenesis of IBD
IBD is characterized by an activated mucosal immune system in which increased
inflammatory cytokines contribute to epithelial barrier dysfunction (26; 27; 31). Exposure of
T84 or Caco-2 monolayers to the IBD-associated inflammatory cytokines (IL-4, IL-13,
TNFα/IFNγ), or a cytokine cocktail produced by activated macrophages, results in
increased expression of claudin-2, indicative of increased barrier permeability, and down
regulation of matriptase expression (Figures 7A and S2). The HGF activator inhibitor-1,
HAI-1, which is a regulator of matriptase activity (32), is similarly down regulated by
inflammatory cytokines (Figure 7A and S4), and its expression is decreased in human IBD
tissues (Figure S5). These data suggest that cytokines produced during inflammatory
processes associated with IBD could prevent matriptase-mediated restoration of intestinal
epithelial barrier function. Indeed, when 5nM recombinant matriptase was added to T84 or
Caco-2 monolayers compromised by exposure to cytokines, there was a significant
improvement in the development of TEER of the cytokine-perturbed epithelial monolayers
(Figure 7B&C). T he restoration of barrier function was dependent on matriptase catalytic
activity, since co-treatment with the serine protease inhibitor, AEBSF, prevented the
increased TEER development (Figure 7B&C). These data suggest that cytokine-mediated
loss of matriptase may be an important contributor to barrier dysfunction during
inflammatory colitis.

Discussion
Compromised epithelial barrier function is considered an important pathophysiologic basis
for IBD. The increased permeability enhances the transport of microbial flora and other
antigenic material from the intestinal lumen into the submucosa, resulting in a recurring
cycle of inflammation and mucosal injury (29). A consequence of excessive activation of the
immune system can be the weakening of countering mechanisms critically required to
restore normal homeostasis. Here we show that matriptase, an enzyme critical for
maintenance of epithelial homeostasis, is a key factor in the restoration and maintenance of
intestinal barrier function after injury, and that its down-regulation by inflammatory
cytokines generated by activation of the immune system contributes to perpetuation of
disease severity and impaired mucosal recovery.

Mouse models of IBD have shown that a compromised epithelium is sufficient to cause
intestinal inflammation, and that resident microbial flora is necessary for colitis induction
(33). An initiating event, whether genetic, immune or environmental that enhances barrier
permeability can initiate activation of the innate immune system given the exceptional
challenge provided by the dense microbial flora unique to the gut. Indeed, complete genetic
deficiency of matriptase abrogates epithelial barrier function resulting in acute and severe
inflammation along with massive tissue destruction (10). Although the minimal levels of
matriptase expressed by St14 hypomorphic mice weaken barrier function, they do not result
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in spontaneous disease in the absence of an initiating trigger. Thus the ST14 hypomorph
represents a pathologically relevant model of disease susceptibility in patients who have
increased intestinal epithelial permeability and are at risk of developing disease.

In the DSS model of colitis, an initiating trigger, e.g. exposure to DSS, causes damage to the
epithelial layer and initiates activation of innate immune responses (25). Persistent
inflammation associated with DSS injury in the ST14 hypomorphic mice was not caused by
a more robust inflammatory response but was related to the inability to recover barrier
function after the DSS insult was removed. Matriptase down-regulation occurs secondary to
the inflammatory response, and in control mice, restoration of normal matriptase levels
during the recovery phase promotes colitis resolution. In St14 hypomorphic mice, the
inability to restore normal matriptase levels prevents gut barrier recovery and perpetuates
the destructive inflammation. These data highlight the critical role of host barrier protective
mechanisms in the resolution of colitis, which can become suppressed by excessive
activation of the immune system that drives tissue damage.

The specific molecular pathways initiated by matriptase activity in the intestinal epithelium
are incompletely understood (11). Matriptase colocalizes with E-cadherin to apical
junctional complexes and evidence suggests that it is required for inter-epithelial junction
formation (10; 11; 34). Matriptase has also been implicated in the control of epithelial-cell
turnover by regulating cell-cell and/or cell-substratum adhesions (35), and in the removal of
aged epithelial cells in the small intestine through detachment from the basement membrane
component laminin (36). Substrates that are targeted by matriptase proteolytic activities in
other cell systems (37), pro-urokinase-type plasminogen activator (pro-uPA) and protease
activated receptor-2 (PAR-2) do not appear to mediate matriptase intestinal barrier
protective activities, since mice deficient in uPA or PAR-2 do not show similar
susceptibility to DSS-induced colitis (Figure S6). Altered pericellular activation of HGF
may be involved in this phenotype since matriptase is an activator of pro-HGF (38) and
HGF/c-met signaling is important for repair of injured mucosa (39; 40). Interestingly,
conditional knockout of HAI-1 in the intestine of mice was shown recently to enhance
susceptibility to DSS-induced colitis, possibly caused in part by deregulated matriptase
activity (41).

Increased inflammatory cytokine production is associated with mucosal inflammation, and
studies in vitro and in animal models demonstrate that inflammatory cytokines associated
with IBD cause tight junction barrier dysfunction (42). Matriptase is down-regulated in
inflamed intestinal epithelia of IBD patients (Fig 1A), and by the inflammatory cytokines
IL-13 and IL-4 in in vitro cultures (Figure 7A). IL-13 enhances barrier permeability in part
by stimulating the synthesis of claudin-2 (20; 26; 43) and we have shown that matriptase
deficiency results in increased claudin-2 expression in both Caco-2 monolayers and in St14
hypomorph intestinal tissues (11). Endogenous mechanisms that regulate matriptase
expression and activation in the gut are not currently known. Nonetheless, in vitro data
suggest that restoration of matriptase expression and activity could interrupt the cytokine-
mediated inflammatory cycle to promote epithelial repair and disease resolution.

While dysregulated inflammation induced by immunogen exposure is considered a major
cause of mucosal tissue damage and injury in IBD, the present findings highlight the critical
importance of host barrier repair mechanisms for restriction of the offending insult and its
destructive consequences. Intestinal permeability has been shown to predict and possibly
cause relapse in patients suffering from IBD (3; 44). A better understanding of the role of
matriptase in controlling mucosal homeostasis by regulating the integrity and permeability
of epithelial barrier function will be important since matriptase-based therapeutic strategies
could have application for preventing, treating or altering the natural progression of IBD.
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Figure 1.
Matriptase is diminished in colonic epithelium of IBD patients. (A) qPCR analysis of human
matriptase mRNA expression relative to GAPDH in 21 CD and 21 UC tissues collected
from different individuals, compared with 6 normal tissues. Bars represent the average of
mRNA expression normalized to GAPDH expression. (B) Immunostaining for human
matriptase protein expression in normal human colon (a) and colonic tissues from CD (b,c)
and UC patients (d-f). Arrow indicates area of patchy positive staining. Scale Bars, 100μM
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Figure 2.
St14 hypomorphic mice are substantially more susceptible to DSS-induced colitis. Wild type
C57BL/6J (n=4), St14 hypomorphs (Hypomorph; n=24) and heterozygote control littermates
(Control; n=22) were administered DSS in drinking water for 7 days and on day 8, were
returned to water only. (A) Body weight of St14 hypomorph and control groups during the
course of treatment. # indicate average of data from surviving mice only. (B) Survival. All
wild type C57BL/6J and Control mice survived, whereas only 8 St14 hypomorphic mice
survived to day 14. p=0.0085, Kaplan Meier Survival analysis. (C) Scores of clinical
disease. n=16 per group; *p <0.05, **p <0.005, Mann Whitney U Test. (D) Survival of St14
hypomorph and littermate control mice exposed to continuous DSS in drinking water. n=8
per group.
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Figure 3.
Intestinal tissue recovery is impaired in St14 hypomorphic mice. (A) Representative H&E
stained sections of colonic tissue segments from St14 hypomorphic and littermate control
mice after 7 days of DSS and 3 days water (Day 3 Recovery), showing the persistence of
inflammatory infiltrates in the proximal and distal colons of St14 hypomorphic mice
compared with the well-defined colonic crypts, and a normal submucosa layer of water
alone-treated mice. Scale Bars, 100μM. (B) Comparison of microscopic injury in the
proximal colons of St14 hypomorphic and littermate control mice on the indicated days,
showing persistent injury in St14 hypomorphic mice. n=4-5; **p <0.005, Mann Whitney U
Test. (C) Colonic lengths measured during the acute and recovery phases of DSS induced
injury. n=7; **p <0.005, Mann Whitney U Test. (D) Comparison of relative mRNA levels of
cytokines and other mediators in distal colons of St14 hypomorph (open bars) and littermate
control mice (solid bars) during the DSS protocol, measured by qPCR analyses. n = 3-4
mice per group. *p <0.05, **p <0.005, unpaired Student t test.

Netzel-Arnett et al. Page 16

Inflamm Bowel Dis. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Recovery of colonic TEER is hampered in St14 hypomorphs after DSS challenge. Ex vivo
intestinal permeability was measured in (A) distal colon and (B) jejunal segments of St14
hypomorph and littermate control mice during DSS treatment on Day 5 and Day 3
Recovery. ND, TEER was not able to be determined. n = 5-7 mice per group. *p <0.05, **p
<0.005, unpaired Student t test. (C) Enhanced permeability of St14 hypomorphs to FITC
dextran during DSS treatment. Plasma FITC dextran concentrations in St14 hypomorph and
littermate control mice were measured 4 hrs after FITC dextran administration by oral
gavage. Permeability in St14 hypomorphs remains high after withdrawal of DSS. n=3 per
group; *p <0.05, Wilcoxon Signed-Rank test. (D) Immunoblot analysis of the expression of
the permeability marker protein, claudin-2, in jejunum tissue segments during the DSS
protocol.
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Figure 5.
Matriptase expression changes in recovering intestinal epithelium. (A) qPCR analysis of
St14 mRNA expression along the normal mouse GI tract. (B) qPCR analysis of St14
expression in segments of the jejunum and mid-distal colons of control mice during DSS-
induced colitis. RNA signals are normalized to β-actin and expressed relative to the distal
colon. n=3 mice per group, *p <0.05, **p <0.005. (C) Immunoblot of the jejunum and mid-
distal colons of control mice (as in (B)) during DSS-induced colitis. Shown is the 70kDa full
length matriptase.
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Figure 6.
DSS induces decreased matriptase in colonic T84 epithelial monolayers. Polarized T84
monolayers (start TEER ~900 Ohms.cm2) were treated with or without 5% DSS in serum-
free DME for 2.5 hrs, the DSS was removed, and the monolayers cultured in serum
containing media for an additional 24 hrs. (A) (Upper panel) Changes in TEER. TEER was
completely abolished after 2.5 hrs of DSS treatment. Upon removal of DSS (arrow), TEER
values increased and approached that of untreated cultures by 24 hrs. (Lower panel)
Immunoblot analysis showing that matriptase protein expression is significantly reduced
(over 90%) upon exposure to DSS, and recovers upon removal of the DSS. (B) Matriptase
siRNA knockdown in T84 monolayers compromises tight junction function. (Upper panel)
Immunoblot analysis showing 80% knockdown of matriptase protein expression by 3 days.
(Lower panel) TEER development is impaired in matriptase silenced T84 monolayers
compared with control cells (siCtl vs siM2).
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Figure 7.
Loss of matriptase contributes to intestinal epithelial barrier disruption by inflammatory
cytokines. (A) Polarized T84 monolayers on transwell filters were treated daily on the
basolateral side with 10ng/ml TNFα, IL-4, or IL-13, 100U/ml IFNγ, a combination of
TNFα and IFNγ, 10% macrophage (Mϕ) conditioned media or left untreated. Protein
lysates were analyzed at 48hrs by immunoblotting for matriptase, HAI-1, claudin-2,
claudin-4, and GAPDH. (B) Polarized T84 or (C) Caco-2 monolayers were treated for 48hrs
with the indicated cytokines as in (A), then replaced with 5nM recombinant matriptase or
media alone control. TEER was measured after 8 hrs.
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