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Proteinases are important at several phases of physi-
ological and pathological inflammation, mediating
cellular infiltration, cytokine activation, tissue dam-
age, remodeling, and repair. However, little is known
of their role in the pathogenesis of inflammatory
bowel disease. The aim of this study was to assess the
role of tissue proteases in a mouse model of colitis.
Proteolytic activity was analyzed, using gel and in situ
zymography, in colonic tissues from severe com-
bined immunodeficient mice with colitis induced by
transfer of CD4" T lymphocytes. Serine proteinase
levels increased in colitic tissue, with major species of
23 kd, 30 kd, and 45 kd. Co-migration and inhibition
studies indicated that the 23-kd proteinase was pan-
creatic trypsin and that the 30-kd species was neutro-
phil elastase. Matrix metalloproteinase (MMP)-9 ex-
pression, and MMP-2 and MMP-9 activation, was
elevated in colitic tissues. Proteinase levels followed a
decreasing concentration gradient from proximal to
distal colon. Proteolysis was localized to infiltrating
leukocytes in diseased severe combined immunodefi-
cient mice. Transmural inflammation was associated
with serine proteinase and MMP activity in overlying
epithelium and with marked subepithelial proteolytic
activity. The results demonstrate a clear elevation in
the levels and activation of proteases in colitis, poten-
tially contributing to disease progression through
loss of epithelial barrier function. (Am J Pathol
2000, 157:1927-1935)

The inflammatory bowel diseases (IBD), Crohn’s disease,
and ulcerative colitis, probably share a common etiology,
in terms of a dysregulation of mucosal T cell reactivity.
As disease progresses, the mucosal T-cell cytokine pro-

file may be driven toward a Th1-type, characteristic of the
transmural granulomatous inflammation seen in Crohn’s
disease, or toward a Th2-type, characteristic of the mu-
cosa-restricted lesions occurring in ulcerative colitis.?
Their shared pathologies include acute and chronic in-
flammation, and connective tissue defects. The diseases
are multiphasic with the initial inflammation leading to
tissue damage and leukocyte infiltration characteristic of
a wound-healing response, often with fibrotic hypertro-
phy, and typically following a recurrent disease cycle.

Pathogenesis in these diseases reflects complex inter-
actions between regulatory and effector mechanisms of
various infiltrating and stromal cell populations. These
include pro-inflammatory and anti-inflammatory cyto-
kines, some of which, for example, transforming growth
factor-B (TGF-B), may perform either function depending
on the stage of the pathology.® Also important are matrix
proteinases, which facilitate lymphoid and myeloid cell
infiltration, wound healing, and tissue remodeling®® but
which may cause tissue destruction if unregulated. The
particular combination of these elements operating in
response to the initial stimulus will determine subsequent
pathology.

Recent analyses of established IBD lesions suggest
extracellular matrix proteolysis as a putative marker of
disease progression in IBD. In particular, matrix metallo-
proteinases (MMPs) -9 and -3 have been associated with
mucosal damage and fistulae in Crohn’s disease pa-
tients,®” MMPs 1, 3, and 13 with intestinal ulcer stroma,
and MMPs 10 and 11 with the epithelium.®° Furthermore,
CD4™ T cell activation in fetal intestinal explants equated
with increased levels of MMP-1 and MMP-3, and exoge-
nous MMP-3 promoted tissue degradation’® implying a
causal role. Evidence of serine proteinases in IBD has
been limited, with reports of undefined species associ-
ated with lesions from Crohn’s disease and ulcerative
colitis patients,”'" and in hapten-induced ulcerative le-
sions in rats.”
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To evaluate therapies which mitigate unregulated tis-
sue proteolysis, it is necessary to determine the role of
specific proteinases at all stages of pathogenesis. This
necessitates the use of model systems in which, like
human disease, mucosal damage is a consequence of
pathology rather than its cause.

When severe combined immunodeficient (SCID) mice
are transplanted with syngeneic or congenic CD4* T
cells the transferred cells accumulate in mucosal tis-
sues.'? In the large intestine, these T cells proliferate, and
induce colitis with many of the features of human
IBD.">"'® We have shown that mucosal macrophage ac-
tivation occurs early in the pathogenesis of SCID calitis,
along with tumor necrosis factor-a (TNF-«) induction in
both macrophages and T cells,'® similar to human
Crohn’s disease.'”'® Subsequent up-regulation of TGF-8
transcription occurs in established disease (Whiting, Wil-
liams, Claesson, Reimann, and Bland, submitted).

It is known that TGF-B promotes activation of plasmin-
ogen and other serine proteinases,'® down-regulates
many MMPs (although not gelatinases), and promotes
transcription of tissue inhibitors of MMPs, whereas TNF-a
up-regulates most MMPs.?%2" The potential for evaluat-
ing such changes in protease expression as a means of
monitoring normal tissue repair processes®*?® and eval-
uating healing in chronic ulcers®® has been demon-
strated.

In this study, we have used the SCID mouse colitis
model to define serine and metalloproteinase expression
in established colitis, to localize proteinase activity within
the tissue, and to co-localize with infiltrating and stromal
cell types.

Materials and Methods

Unless otherwise stated, all chemicals were obtained
from Sigma-Aldrich, Poole, UK.

Mice and Cell Transfer

C.B-17** mice and congenic C.B-17s¢¥/scid (SCID)
mice were bred and housed under identical specific
pathogen-free conditions. Experimental mice were in-
jected intraperitoneally with 5 X 10° nonfractionated
CD4™" splenic T cells and monitored for signs of disease,
as previously described.?® Colonic tissue samples were
taken at autopsy from eight CD4™ T cell-transplanted,
diseased SCID, and two nontransplanted age- and sex-
matched control SCID mice, 3 months after T cell trans-
fer, and four C.B-17** mice. Specimens from all mice
were processed for gel and in situ zymographic analysis.
Tissues were scored blind (0, no pathology to 3, severe
pathology) for six disease parameters: tissue hypertro-
phy, CD3™ T cell infiltration, crypt hyperplasia, crypt dis-
tortion and branching, crypt abscesses, and ulceration.

Preparation of Tissue Samples

Colons were divided into three equal segments, distal,
mid, and proximal. One centimeter from each was em-

bedded in OCT (R. A. Lamb, London, UK) and snap-
frozen in isopentane cooled over liquid nitrogen. Fecal
material was removed from the remaining segments
which were then flushed with 1 ml of phosphate-buffered
saline, snap-frozen in liquid nitrogen, and stored at
—80°C.

Specimens for biochemical analyses were pulverized
to a powder using a freezer mill in liquid nitrogen, lyoph-
ilized, and the powder weighed. Brij 35 (0.1%) in trietha-
nolamine (20 mmol/L) was added to the powder at 20
wl/mg and extraction performed for 16 hours at 4°C.
Insoluble material was removed by centrifugation, and
extracts mixed with nonreducing sodium dodecyl sulfate
sample buffer. Uniform volumes were loaded for electro-
phoretic analyses, results therefore being normalized to
original specimen dry weight.

Gelatin Substrate Sodium Dodecy! Sulfate-
Polyacrylamide Gel Electrophoresis

(Zymography)

Gelatin zymography was used to quantify MMP-2 and -9,
as previously described.?? In brief, gelatin was co-poly-
merized in 10% polyacrylamide gels, and run in a Bio-
Rad Mini Protean Il apparatus (Bio-Rad, Hemel Hemp-
stead, Herts, UK), with samples, prestained molecular
weight markers (sodium dodecyl sulfate-7B), and MMP-2
standard (Biogenesis, Bournmouth, Dorset, UK). MMP
proteolysis buffer was prepared from 50 mmol/L Tris/HCI,
pH7.8, 50 mmol/L CaCl,, 0.5 mol/L NaCl, and 1 mmol/L
amino phenyl mercuric acetate, with addition of a cocktail
of serine proteinase inhibitors, comprising phenylmethyl
sulfonyl fluoride (PMSF), leupeptin, and soybean trypsin
inhibitor, at the concentrations detailed below. Gels were
washed in 2.5% (v/v) Triton X-100 (BDH, Poole, Dorset,
UK), incubated in the proteolysis buffer at 37°C for 18
hours, and stained with 0.2% Coomassie blue R250.

Casein Substrate Sodium Dodecy! Sulfate-
Polyacrylamide Gel Electrophoresis

(Zymography)

Casein zymography was used in the identification and
quantitation of caseinolytic serine proteinases as previ-
ously described.®® In brief, 12.5% polyacrylamide gels
were cast and run with Hammersten casein (BDH) as the
substrate, and human neutrophil elastase, prepared from
rheumatoid lung lavage,®® as enzyme standard. Rat neu-
trophil elastase, prepared from tissue from an excisional
wound model,?® was also used for comparison. Proteo-
lytic clarification of the electrophoresed gels was per-
formed as appropriate for serine proteinases in 100
mmol/L phosphate buffer (pH 6.8) supplemented with 8
mmol/L ethylenediaminetetraacetic acid (EDTA) and
0.2% (v/v) Triton X-100.



Inhibition Studies

The proteinase class responsible for the clarified zones in
each analysis was identified by incorporating, as appro-
priate: MMP inhibitors, EDTA (50 mmol/L, and omitting
CaCl,), or peptidyl hydroxamate (1 wmol/L; Calbiochem,
Nottingham, Notts, UK); serine proteinase inhibitors
PMSF (1 mmol/L), or 4-(2-aminoethyl)-benzenesulfonyl
fluoride hydrochloride (Pefabloc, 4 mmol/L; Boehringer
Mannheim, Lewes, E. Sussex, UK); trypsin-like enzyme
inhibitors, soybean trypsin inhibitor (20 wg/ml), or leupep-
tin (50 wmol/L); elastase inhibitor, elastatinal (50 wmol/L);
or cysteine proteinase inhibitor frans-epoxysuccinyl-
L-leucylamido(4-guanidino)-butane (E64, 25 umol/L), in
the proteolysis buffers. The identity of MMP-2 and -9 was
further corroborated by demonstrating gelatin affinity, as
previously described.??

Densitometric Analysis

Quantitative densitometry was performed as previously
described.?”#®

In Situ Zymography

Localization of active enzymes was performed by in situ
zymography based on the method of Galis et al.>® Fluo-
rescein isothiocyanate-casein (1 mg/ml) was dissolved in
incubation buffer (50 mmol/L Tris-HCI, pH 7.5, 10 mmol/L
CaCl,, 0.05% Brij 35), filtered, and spread on glass
slides. After air-drying, substrate uniformity was con-
firmed by fluorescence microscopy. Frozen sections (8
wm) were transferred to substrate-coated slides (experi-
mental and control specimens on the same slide), air-
dried, and covered with incubation buffer and coverslip,
secured with nail varnish. Slides were incubated at 37°C
and 100% humidity, to allow substrate:label proteolysis,
and monitored every 2 to 3 days. Control slides were
incubated either at 4°C, or at 37°C in the presence of
appropriate proteinase inhibitors. Released fluorescein
was washed from beneath the coverslip with incubation
buffer. Areas of active enzyme were identified by clear-
ance of labeled substrate.

To characterize the nature of the active proteinases
involved in substrate degradation, EDTA (20 mmol/L),
peptidyl hydroxymate MMP inhibitor (10 wmol/L), aproti-
nin (50 wg/ml), soybean trypsin inhibitor (100 ug/ml),
PMSF (1 mmol/L), pepstatin (1 wmol/L), or E64 (25 wmol/
L), were added at the start of incubation and replenished
every 2 to 3 days.

Immunohistochemistry, Antibodies, and
Reagents

Immunohistochemistry was performed as previously de-
scribed,™® using rat monoclonal antibodies raised
against CD3 (clone KT3; Serotec, Oxford, UK), mouse
macrophage (clone A3-1, F4/80 antigen; Serotec),
mouse activated macrophage (clone 158.2, ATCC,
HB8466), and mouse CD11b (M1/70; Serotec). Second-
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Table 1. Pathology Scores for Colitis Induced in SCID Mice
by Transfer of CD4" T Cells

Mouse Scores
no. Proximal Mid Distal

1 2 (0-1) {0} 2 (0-1) {0} 2 (0-1) {1}
2 6 (0-2) {0} 4 (0-2) {0} 2(0-1) {0}
3 1(0-1) {0} 1(0-1) {0} 1(0-1) {0}
4 3(0-1){2} 3(0-1){2} 2(0-1) {2}
5 3(0-1) {1} 2(0-2) {1} 3(0-2) {1}
6 5(0-2) {1} 4 (0-2) {0} 2 (0-1) {0}
7 2 (0-1) {0} 5(0-2) {0} 6 (0-2) {0}
8 3(0-1) {0} 7 (0-2) {0} 10 (0-3) {3}

SCID mice reconstituted with CD4™ T cells were scored for colitis
pathology in proximal, mid, and distal colon. At least two sections were
scored blind for each tissue on a 0-3 scale where 0 = no pathology to
3 = severe pathology for six criteria: tissue hypertrophy, mononuclear
cell infiltration, crypt hyperplasia, crypt distortion and branching, crypt
abscesses, and ulceration. Scores represent the sum of the scores for
all criteria for each tissue with the range in parentheses. Scores for
neutrophil involvement are given separately in brackets.

ary antibody was biotin-conjugated goat anti-rat 1gG
(Harlan Sera-Lab, Loughborough, Leics, UK). StreptAB-
Complex/HRP peroxidase complex (DAKO A/S, Glostrup,
Denmark), and diaminobenzidine-4HCI, was used to vi-
sualize the staining.

Statistical Analysis

The Mann-Whitney U test of the quantitative zymography
data were performed using the Genstat statistics pack-
age. A P value of 0.05 or less was regarded as signifi-
cant. In all plots, means and standard errors are shown.

Results

Disease Severity

Tissues from eight diseased SCID mice, two nontrans-
planted SCID mice, and four C.B-17"/" mice were
stained for CD3 to determine levels of T cell infiltration, or
for CD11b to assess polymorph infiltration and the devel-
opment of crypt abscesses. At least two sections from
proximal, mid, and distal colon tissues from each mouse
were scored in a blinded manner for pathological
changes. The results are presented in Table 1. Pathology
ranged from mild (mouse 3) to severe (mouse 8), and
was in accordance with previous findings.*°

Serine Proteinases Were Up-Regulated in Colitis

There was a clear up-regulation in serine proteinase ac-
tivities in the colitic mice specimens (Figure 1, A and D),
the majority of which displayed substantial levels of
serine caseinolytic activity, whereas only one C.B-17+/*
sample, and no nontransplanted SCID samples, showed
comparable activity (Figure 1, B and D).

Quantitative analysis (Figure 1D) demonstrated signif-
icantly higher levels of total serine proteinase activity in
the transplanted SCID samples compared with nontrans-
planted SCID (P < 0.01) and C.B-17"/* (P = 0.01)
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Figure 1. Up-regulation of tissue serine proteinases in SCID mice with colitis.
Zymography was performed in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels containing casein as substrate and incubated overnight
at 37°C in the presence of EDTA. A: Colonic extracts from eight SCID mice
transplanted with CD4™ T cells. B: Colonic extracts from four C.B-17 mice
9-12 and two nontransplanted SCID mice. 13,14 Arrowheads depict rat
neutrophil elastase marker. Three samples per mouse: distal colon, left;
mid-colon, middle; proximal colon, right. Relative mobility of the major
protease species is given. C: Comparison of proteases in an extract from a
colitic colon from a transplanted mouse (C) with those in a mouse pancreatic
extract (P), with trypsin (T) and chymotrypsin (Ch) markers. D: Relative
activity of total serine proteases and of the three major protease species (23
kd, 30 kd, and 45 kd) in the three groups of mice, mean densitometry values
of all samples in each group + SE. E: Relative activity of total and individual
serine proteases in distal, mid, and proximal regions of the colon in CD4*
T-cell-transplanted SCID mice only, mean of densitometry values from all
eight mice + SE.

control mice. The major species were 45-kd, 23-kd, and
30-kd proteinases. Levels of each of these proteinases
were elevated in the transplanted SCID mice, compared
with negligible levels in the SCID controls (45 kd, P <
0.01; 30 kd, P = 0.03; 23 kd P < 0.01), and intermediate
levels in C.B-17** mice (45 kd, P = 0.04; 30 kd, P =
0.03; 23 kd P < 0.01).

In those mice with high levels of serine proteinases,
expression was generally greatest in the proximal colon
samples (Figure 1E). Total serine proteinase activity in
the IBD mice increased eightfold between the distal and
proximal regions (P < 0.01), fourfold for the 45-kd pro-
teinase (P < 0.01), 10-fold for the 30-kd species (P <
0.01), and sixfold for the 23-kd proteinase (P < 0.01).

A 23-kd serine proteinase was found in the colon lu-
men contents of all mice, elevated in IBD compared with
C.B-17*/* and SCID controls, and was evident through-
out the small intestinal lumen (data not shown). However,
there was no evidence of either the 45-kd or 30-kd pro-
teinase in the lumen.

Inhibition with leupeptin, soybean trypsin inhibitor, and
PMSF demonstrated that the three major species were
trypsin-like serine proteinases. Co-migration of the 30-kd
species with rat neutrophil elastase, and its inhibition by
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Figure 2. Up-regulation of matrix MMPs in SCID mice with colitis. Zymog-
raphy was performed in sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gels containing gelatin as substrate and incubated overnight at 37°C
in the presence of PMSF, leupeptin, and soybean trypsin inhibitor. A: Colonic
extracts from eight SCID mice transplanted with CD4" T cells. B: Colonic
extracts from four C.B-17 mice 9-12 and two nontransplanted SCID mice.
13,14 Arrowheads depict MMP-2 standard. Three samples per mouse: distal
colon, left; mid colon, middle; proximal colon, right. Relative mobility of
the major protease species is given. C: Relative activity of total MMPs and of
pro- and active forms of MMP-2 and MMP-9 in the three groups of mice,
mean densitometry values of all samples in each group + SE. D: Proportion
of MMP-2 in its activated form in colon tissues from mice transplanted with
CD4™" T cells (7 = 8), nontransplanted SCID mice (12 = 2) and C.B-17 mice
(n = 4), + SE, as determined by densitometry from gelatin sodium dodecyl
sulfate-polyacrylamide gel electrophoresis zymography. E: Relative activity
of total MMPs and of pro- and active forms of MMP-2 and MMP-9 in distal,
mid, and proximal regions of the colon in CD4" T-cell-transplanted SCID
mice only, mean of densitometry values from all eight mice + SE.

elastatinal (data not shown), indicate this proteinase to be
neutrophil elastase.

Analysis of pancreatic extracts demonstrated strong
bands at 23 and 25 kd corresponding to trypsin and
chymotrypsin, respectively, according to comparisons
with standards, and at 45 kd (Figure 1C). The trypsin
co-migrated with the 23-kd protease found in colitic tis-
sue and gut lumen, and the 45-kd band with that found in
colitic tissue, implying identity in each case. However,
there was no clear evidence of species corresponding
with chymotrypsin in colitic tissue, or neutrophil elastase
in the pancreatic samples.

Immunoblotting studies using antiserum to plasmin/
plasminogen indicated that the 45-kd proteinase was not
plasmin (data not shown).

MMPs Were Up-Regulated and Activated in
Colitis

Quantitative zymography demonstrated a marginal de-
crease in the level of proMMP-2 in IBD samples, as
compared with the SCID (P = 0.06) and C.B-17*/" (P =
0.24) control samples (Figure 2, A-C). However, this may
be because of conversion to the activated form, which
occurred (P < 0.03) in the IBD samples (Figure 2D).



ProMMP-9 was up-regulated by a factor of 5 in the IBD
samples (Figure 2, A-C), with respect to both control
groups (P < 0.01), and the activated forms of MMP-9,
absent in all of the control specimens, were also evident
in colitis (P < 0.01). In two of the transplanted SCID
samples (no. 2 proximal and no. 8 distal) a 130-kd neu-
trophil-associated complex between MMP-9 and lipoca-
lin®%3" was identified.

Regional differences in colon MMP expression (Figure
2E) were not as marked as with the serine proteinases.
There was a trend for pro- (P = 0.01) and active (P =
0.14) MMP-9 and active MMP-2 (P = 0.01) to decrease
proximal to distal in the colitic colons. There was no
apparent regional variation in the levels of proMMP-2
(P = 0.6).

Some colitic samples were generally more proteolyti-
cally active than others, and hence there was a corre-
spondence between levels of different protease species
in these samples. Correlations ranged from r = 0.285 (not
significant) for activated MMP-9 and the 30-kd serine
protease, tor = 0.871 (P < 0.001) for pancreatic trypsin
and the 45-kd serine protease. A very good correspon-
dence was seen between MMP-2 activation and total
serine protease levels (r = 0.824, P < 0.001), and more
particularly with pancreatic trypsin (r = 0.817, P <
0.001). This suggests a relationship between serine pro-
tease penetration into gut tissue and resident MMP acti-
vation.

MMPs Are Activated by Fecal Proteases, but
not during Extraction

Experiments were performed to investigate the potential
for gut lumen-derived proteases to activate tissue MMPs.
Firstly, under conditions prevailing during extraction, the
potential influence of fecal contamination on the apparent
tissue levels of activated MMPs was determined. Sec-
ondly, the potential for luminal proteases to activate
MMPs within the tissue was evaluated, by incubating
under conditions appropriate for proteolysis.

Mouse gut luminal contents were titrated, and moni-
tored by casein zymography, to equalize protease levels
present during incubations to those identified in colitic
tissues. Human acute wound fluid, containing proMMP-9
and proMMP-2, but no activated gelatinases®? was incu-
bated for 16 hours at 4°C, in accordance with the extrac-
tion procedure, or at 37°C in proteolysis buffer. Control
incubations were performed using fecal extract alone,
wound fluid alone, or wound fluid with lumen contents
and soybean trypsin inhibitor and Pefabloc to inactivate
serine proteases. Trypsin and chymotrypsin were each
titrated to estimate levels found in colitic tissue, as for the
fecal extracts, and appropriate levels incubated with
wound fluids, as above. All experiments were performed
in triplicate.

Under extraction conditions, no activation of wound
fluid MMP-9 or MMP-2 was seen with the fecal extracts
(Figure 3A). However, at 37°C, under conditions appro-
priate for proteolysis, degradative processing of
proMMP-9 and proMMP-2 was apparent, in particular,
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Figure 3. Incubation of proMMP-2 and proMMP-9, derived from acute
wound fluids, with fecal extracts and defined serine proteinases. A: Activated
MMP forms were not generated by the action of fecal proteases during
extraction conditions (4°C), but activation did occur under near-physiolog-
ical conditions (37°C), with particular formation of a 75-kd-activated form of
MMP-9 (arrow). B: Pancreatic trypsin was able to mediate processing of
proMMP-2 and proMMP-9, even at 4°C, with the formation of a characteristic
75-kd active form of MMP-9. C: Pancreatic chymotrypsin was also able to
process MMP-2 and MMP-9, with the formation of a characteristic 80-kd
active form of MMP-9. D: Wound fluids incubated alone (UT) and MMP-2
standard (arrowhead).

generating a M, 75-kd-activated form of MMP-9 seen in
colitic tissue (Figure 2A). Treatment of wound fluids with
trypsin, even under extraction conditions, resulted in pro-
cessing of MMP-2 and -9 (Figure 3B). At 37°C all
proMMP-9 was converted to the M, 75-kd-activated form,
and all proMMP-2 was lost, with the appearance of spe-
cies at M, 52 and 38 kd. Incubation of the wound fluids
with chymotrypsin generated a M, 80-kd-activated form
of MMP-9 which was not seen in the fecal extract incu-
bation, but was seen in colitic tissue, and resulted in
processing of proMMP-2 (Figure 3C). Wound fluid alone
did not generate any activated species either in extrac-
tion buffer at 4°C (Figure 3D), or under conditions appro-
priate for proteolysis. No MMPs were identified in the
fecal extracts (data not shown).

Mucosal and Epithelial Matrix Degradation Was
Associated with Infiltrating Leukocytes

In control tissue, low levels of proteinase activity were
localized by in situ zymography to normal colonic epithe-
lium of C.B-17*/*, nontransplanted SCID and apparently
unaffected colon of transplanted SCID mice. This prote-
olysis was associated with the luminal epithelium, rather
than that of the lower crypt (Figure 4A). Proteolysis asso-
ciated with lymphoid tissue of control colons was ob-
served in mucosal lymphoid follicles of C.B-17*/* mice
(Figure 4B), but no proteolysis was localized to the oc-
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Figure 4. In situ zymography on casein substrate showing location of protease activities in colonic tissues. A: Nontransplanted SCID mouse colon showing
minimal substrate degradation associated with luminal and upper crypt epithelium (arrows), but none with basal crypt epithelium (arrowhead). B: C.B-17
mouse colon, mucosal lymphoid aggregate, showing substrate degradation under epithelium and within the lymphoid tissue. C: Nontransplanted SCID mouse
colon, lymphoid aggregate, showing no substrate degradation. D: CD4™ T-cell-transplanted SCID mouse colon, showing extensive areas of substrate degradation
under inflammatory infiltrate. E: Nontransplanted SCID mouse colon showing relative lack of substrate degradation, compared with CD4" T-cell-transplanted
SCID mouse colon (F-H). F: No inhibitors, showing substrate degradation particularly under epithelium and under pericryptal lamina propria. G: With soybean
trypsin inhibitor to block serine proteases, showing maintenance of substrate degradation. H: With peptidyl hydroxamate to block MMPs, showing reduced
proteolysis. Original magnification, X128 (A—C) and (E-H); X064 (D). Yellow is autofluorescence.

casional, presumably pre-B cell, lymphoid aggregates of
SCID mice (Figure 4C). In diseased mice, degradation
was particularly marked in areas of epithelium overlying
heavily infiltrated regions of mucosa and within the infil-
trated lamina propria (Figure 4D). In the deeper layers of
inflamed mucosa there was evidence for extensive pro-
teolytic activity within the epithelium and as a subepithe-
lial sheath within the lamina propria (Figure 4F). Inhibitor
studies showed that this was due more to the action of
MMPs than of serine proteases (Figure 4, G and H), and
that neither cysteine nor aspartic proteinases seemed to
contribute (not shown). Consecutive sections of the
heavily infiltrated regions, treated for in situ zymography
and immunohistochemistry, showed that they comprised
CD3™ T cells, CD11b™ myeloid cells, and activated mac-
rophages (Figure 5, C-F). Immediately subjacent to the
epithelial cell basement membrane CD11b™/F4/80~
cells, probably neutrophils, were the most abundant cell
type (Figure 5D).

All mice were evaluated by in situ zymography, and the
results shown are representative.

Discussion

In this model of T-cell-mediated colitis, advanced pathol-
ogy is associated with significantly increased serine pro-
tease and matrix metalloproteinase activity within the tis-
sue. This is the first study to indicate a relationship
between extracellular matrix degrading proteases in co-
litic tissue and proteases derived from the gut lumen.
Proteolysis resulting from the activities of both metallo-
proteinases and serine proteinases, was associated with
the inflammatory infiltrate and, in areas of intense inflam-
mation, with the epithelium and the subepithelial stroma.

There have been few previous reports of serine pro-
teinases in intestinal inflammation. In human colitis and
Dinitrobenzenesulfonic acid-induced colitis in the rat,
Hawkins et al'' showed increases in total serine protein-
ase activity in diseased colonic tissue similar to those
demonstrated here, and identified the same predominant
45- and 23-kd species. Similarly, Baugh et al” demon-
strated 45-kd and 23-kd gelatinolytic proteases inhibit-
able by aprotinin, a serine protease inhibitor. Interest-
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Figure 5. Epithelial and stromal proteolytic activity associated with infiltrating cells. Serial sections of a region of inflammatory infiltrate from the colon of a CD4™
T-cell-transplanted SCID mouse (proximal segment, mouse 4). A and B: I situ zymograms, casein substrate, of area of infiltrate shown boxed in C. A: No
inhibitors, showing substrate degradation associated with the epithelium (arrow) and the infiltrate (arrowheads). B: With cocktail of inhibitors blocking both
serine proteases and MMPs, relative lack of substrate degradation. C=F: Indirect immunohistology showing distribution of CD3™ T cells (C), CD11b myeloid cells
(D), F4/80" myeloid cells (B), activated macrophages, mAb 158.2 (F). Original magnifications, X128 (A and B); X64 (C-F).

ingly, the 45-kd species has also been detected in
normal human colon, but only after trypsin activation. Our
studies in the mouse model show a clear correlation
between total serine protease, and trypsin in particular,
and MMP activation. Experiments demonstrated that
MMP activation was not because of exposure to contam-
inating luminal serine proteases during the extraction
procedure, but did occur when MMPs were exposed to
luminal proteases under near physiological conditions.
This implies that, at least in advanced colitis, tissue pro-
teases are accessible for activation by luminal proteases
through a defective epithelial barrier, even in the absence
of frank ulceration, and that activation of tissue proteases
by luminal proteases may play a role in pathogenesis.
Detection of neutrophil elastase in the mouse model con-
forms with established characteristics of colitis, and fecal
elastase has been proposed as a marker in ulcerative
colitis,®® and a target for therapy.®® Neutrophil involve-
ment in the model ranged from local foci in the colonic
mucosa of mild inflammation, to significant and wide-
spread accumulations, notably in crypt abscesses and
the lumen. In a few colitic samples, a 130-kd MMP-9/
lipocalin complex, associated with neutrophil infiltra-
tions®' was evident. This implies that the elastase de-
tected in zymograms in this study reflects tissue
neutrophilia, a view corroborated by serial immunohisto-
chemistry and in situ zymography.

In colitic tissue specimens, elevated serine proteinase
expression was associated with processing of MMPs,
with the appearance of activated forms of MMP-9 (80 and
75 kd) and MMP-2 (58 and 45 kd), and ultimately their
complete degradation. Although the overall levels of
MMP-2 did not alter as a correlate of disease, the pro-
portion identified in the active form increased consider-
ably and significantly. MMP activation was clearly corre-
lated with serine proteinase activity, comparable to the
widespread MMP activation seen in chronic dermal ul-
cers, also associated with extracellular serine protein-
ase.?* Considering the central role plasmin has in the
physiological cascade of events leading to MMP activa-
tion,® this was deemed a candidate for the identity of the
uncharacterized serine protease in our studies. However,
we were unable to confirm the presence of plasmin in the
inflamed tissue. Increased MMP-9 and unchanged
MMP-2 expression corroborated the findings of a previ-
ous immunohistochemical study,® which was unable to
distinguish pro- and activated forms. The recent work of
Baugh et al” clearly shows that MMP-9 is a major factor in
human intestinal inflammation, and was assumed to be a
product of neutrophilia. Our results also show spatial
correlations between MMP-9 activation, neutrophil accu-
mulation, and tissue damage, although low levels of the
lipocalin complex implies that other cell types may be
expressing this protease.
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MMP-1 (interstitial collagenase) and MMP-3 (stromely-
sin-1), probably derived from fibroblasts and macro-
phages, respectively, have been implicated in tissue de-
struction in Crohn’s disease,® although these in situ
hybridization studies provide no information on enzyme
expression or activation. It has also been shown that
MMP-3, probably stimulated by T-cell-derived TNF-«,
contributes to tissue degradation'®®° in a system involv-
ing mucosal T cell activation in human fetal explants. This
early T-cell-mediated MMP-3 induction has primarily
been superseded in our model by inflammation and re-
pair. Also, this explant model does not take account of
the extensive myeloid cell infiltration seen in the mouse
and, frequently, in human disease, with associated in-
crease in neutrophil elastase and MMP-9, identified in
this study and in human disease.” It may also be that the
initial TNF-a induction of MMP-3 has been superseded by
TGF-B induction of MMP-9 in advanced pathology.?'3¢
This study clearly shows gelatinolytic activity in pericryp-
tal stroma of diseased tissue in the region of the activated
myofibroblast sheath, which displays increased TGF-B
receptor expression in the mouse model (work in
progress). Proteolytic activity facilitating inflammatory in-
filtration may lead to more extensive matrix degradation
as a result of the inappropriate activation events indi-
cated in this study. Furthermore, proteolysis localized to
the epithelium overlying areas of intense infiltration was of
particular interest, as it may promote damage to the
epithelial barrier. The activity observed resulted from
both serine proteinases and MMPs, and was associated
with activated macrophages and neutrophils. Macro-
phages transcribing metalloelastase (MMP-12) have
been identified close to shedding mucosal epithelium in
ulcerative colitis and Crohn’s disease,® and matrilysin
(MMP-7)%" has been noted in IBD epithelium, especially
adjacent to crypt abscesses, and associated with base-
ment membrane degradation.®

The clear and significant bias toward higher regional
proteinase activity in proximal colon is somewhat at odds
with clinical presentation in human disease. This may
result from variable distribution of initiating T cells, inflam-
matory cell infiltration, luminal antigens, protease inhibi-
tors, or the nature of the epithelial barrier, and needs
further investigation. In severe disease regional distinc-
tions were mitigated, with high levels detected through-
out the colon (data not shown).

The acute inflammatory state normally represents a
transient, co-ordinated proteolytic episode which gives
way to phases of remodeling and tissue regeneration.
Persistence of inflammation may be due to a loss in
co-ordination of degradative and reparative processes,
maintenance of pro-inflammatory elements, such as in-
fection or activation of cytokines, or the introduction of
elements that promote tissue destruction. Colonic tissue,
even under normal circumstances, is a site of active
proteolysis associated with digestive processes and con-
tinual turnover of the epithelium. It is postulated here that,
at some stage during the initial inflammatory episode,
other factors shift the balance of turnover in favor of
proteolysis resulting in tissue damage, thus preventing
regeneration and the resolution of inflammation. These

factors may include tissue proteolysis resulting from in-
appropriate penetration of luminal enzymes, widespread
activation of MMPs associated with inflammation, or the
excessive potentiation of cytokines. Furthermore, these
factors are likely to interact in a cascade of events result-
ing in positive feedback and progressive deterioration.
Thus, what begins as an inflammatory episode becomes
a disorder of combined connective tissue and inflamma-
tory pathologies. Importantly, this model will permit dis-
section of the sequence of events from initial T cell infil-
tration and proliferation, through infiltration by other cell
types, to subsequent tissue damage and fibrosis.
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