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Programed expression of matrix metalloproteinases
is involved in wound healing in various organs. We
have previously demonstrated enhanced expression
of collagenase-1, stromelysin-1, matrilysin, and tis-
sue inhibitor of metalloproteinases (TIMP-1) in gas-
trointestinal ulcerations. To further define the role of
matrix-degrading enzymes and their inhibitors in in-
testinal inflammation and ulcerations, the expression
of stromelysin-2 (MMP-10), collagenase-3 (MMP-13),
macrophage metalloelastase (HME, MMP-12), and
TIMP-3 mRNAs was studied using in situ hybridization
and immunohistochemistry in 38 samples represent-
ing ulcerative colitis, Crohn‘s disease, ischemic coli-
tis, and normal intestine. As controls for normally
healing intestinal wounds, 12 postoperative samples
of rat experimental jejunal anastomoses were also
examined. The colitis types studied did not essentially
differ in their MMP expression. We found stromely-
sin-2 mRNA in laminin-5-positive and Ki-67-negative
enterocytes bordering the ulcerations. HME was
abundantly expressed by macrophages in the vicinity
of shedding mucosal epithelium and beneath the ne-
crotic surface of the ulcers. Collagenase-3 and TIMP-3
were expressed by fibroblast-like cells deeper in the
remodeling intestinal wall. Expression for stromely-
sin-2 and collagenase-3 was observed in granulation
tissue, but not the epithelium, of the rat anastomoses.
Our results suggest a role for stromelysin-2 in epithe-
lial migration and for metalloelastase in macrophage
movement and epithelial cell shedding. (4m J
Patbol 1998, 152:1005-1014)

Epithelial migration and neoangiogenesis as well as ma-
trix degradation and formation are essential features of
wound healing. Matrix metalloproteinases (MMPs, matrix-
ins), a group of enzymes that are collectively capable of
cleaving all components of the extracellular matrix
(ECM), are involved in these events.’~ MMPs are divided
into four subfamilies, collagenases, gelatinases, strome-
lysins, and membrane-type MMPs, according to their
substrates and structure. Collagenases share the unique
ability to degrade fibrillar type |, I, lil, and X collagens.*®
In addition to the original interstitial (MMP-1) and neutro-
phil (MMP-8) collagenases, collagenase-3 (MMP-13) was
recently cloned from breast cancer tissue.® We have
previously shown its abundant expression by granulation
tissue fibroblasts in chronic venous ulcers, whereas no
mRNA is found in normally healing wounds.” As MMP-13
is able to degrade gelatin in addition to fibrillar collag-
ens,® it may function in degrading collagen types | and Il
and also their cleavage products during the remodeling
of collagenous matrix in chronic wounds.

Stromelysins have a broad selection of substrates,
including proteoglycans, type 1V, V, IX, and X collagens,
laminin, fibronectin, elastin, and globular domains of pro-
collagens | and 111.° Stromelysin-2 has frequently been
associated in vivo with cancer invasion.'®'! |t is not ex-
pressed in normal skin, but during both human and mu-
rine wound healing stromelysin-2 is induced at the
migrating epithelial tip, partly co-localizing with collage-
nase-1.%'23 |n cutaneous wounds, stromelysin-2 may
be involved in superactivation of secreted procollage-
nase-1° or may facilitate keratinocyte migration by de-
grading noncollagenous matrix molecules.

Human macrophage metalloelastase (HME, MMP-12),
another member of the stromelysin subgroup, was initially
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found in alveolar macrophages of cigarette smokers.™ It
has a broad substrate specificity, being able to degrade
elastin, type IV collagen, laminin, fibronectin, vitronectin
and heparan, and chondroitin sulfates.®'® Thus, in ad-
dition to elastin, HME is capable of degrading basement
membrane components and macrophages from HME-
deficient mice, which are unable to penetrate reconsti-
tuted basement membranes in vivo and in vitro."”

Tissue inhibitors of metalloproteinases (TIMPs) are
specific inhibitors of MMPs, which inhibit them by binding
to their active site in a 1:1 stoichiometric ratio. The two
most recently cloned TIMPs are TIMP-3'8® and TIMP-
4.2° By Northern analysis, TIMP-3 was first detected in
breast tumors™ as well as in various normal adult tis-
sues.® In vivo, it is expressed in developing human em-
bryos and in skin, mammary, and colon cancers.2" Unlike
TIMP-1 and TIMP-2, TIMP-3 protein is tightly bound to
surrounding matrix,?? and in the human eye it forms a
component of the Bruch's membrane.?®

Crohn's disease and ulcerative colitis are chronic, in-
flammatory disorders of an unknown origin affecting the
gastrointestinal tract. Ulcerative colitis is a nongranulo-
matous disease restricted to the mucosal layers of the
colon and rectum and it is histologically characterized by
continuous mucosal inflammation with ulcerations and an
inflammatory infiltrate of mononuclear cells, neutrophils,
eosinophils, and mast cells. Crohn's disease is a granu-
lomatous disease that may affect any portion of the gas-
trointestinal tract. It presents as patchy inflammation with
noncaseating granulomas, neutrophil abscesses, ulcer-
ation, and subsequent fibrosis and fistulae formation.
Both diseases lead to persistent mucosal damage with
high morbidity. Ischemic bowel disease is caused by
hypoperfusion of either small or large intestine and re-
sults also in ulcerations and mucosal necrosis. The depth
of the lesions varies from mucosal to transmural and
depends on the extent of hypoperfusion. Chronic isch-
emia may lead to fibrosis and lesions resembling those of
inflammatory bowel disease (IBD).

Our earlier studies on MMP expression in gastrointes-
tinal ulcerations demonstrate that collagenase-1 and
stromelysin-1 participate in the remodeling of the intesti-
nal stroma whereas matrilysin associates with epithelial
cell migration.?* The present work was conducted to
further characterize the role of stromelysin-2 and two
recently cloned MMPs, collagenase-3 and metalloelas-
tase, as well as their inhibitor TIMP-3 in the pathology of
IBD. We show that, as in skin wounds, stromelysin-2 is
actively expressed by epithelial cells at the ulcer margin.
This location, together with the finding that the same cells
produce laminin-5, suggests a role for stromelysin-2 in
epithelial migration. Collagenase-3 mRNA is detected in
stromal cells beneath the ulcer bed, where it may be
involved in remodeling of the ulcer stroma. Macrophage
metalloelastase is abundantly expressed by macro-
phages of the inflamed lamina propria and the ulcer
base, possibly aiding macrophage migration. TIMP-3 is
detected in both normal and inflamed intestine by mac-
rophage- or fibroblast-like cells of the stroma. Our find-
ings indicate that Crohn's, ulcerative, and ischemic colitis
do not essentially differ in their MMP expression patterns.

Several MMPs are induced during migration and ECM
remodeling associated with intestinal ulcerations, and the
cell type, its matrix binding receptors, and the composi-
tion of the intestinal matrix probably dictate which en-
zyme is up-regulated.

Materials and Methods

Human Tissue Samples

Formalin-fixed, paraffin-embedded specimens of ulcer-
ative colitis (n = 10), Crohn's disease (colon, n = 8§;
ileum, n = 6), ischemic colitis (n = 7), and histologically
normal colon (n = 3) and ileum (n = 4) were obtained
from the Department of Pathology, University of Helsinki.
All diseased samples represented an active phase of the
disease and were from adult patients. The study was
approved by the Ethics Committee of the Department of
Dermatology, Helsinki University Central Hospital.

Experimental Model for Intestinal Anastomoses

Animal studies were approved by the Regional Commit-
tee for Ethics in Animal Research and Administrative
Board at Helsinki University Central Hospital. Adult male
Wistar Rats (300 g) were anesthetized with a single intra-
muscular injection of ketamine (40 mg/kg Vetalar). The
jejunum was cut at laparotomy with a steel scalpel ap-
proximately 10 cm from the ligamentum of Treitz. Jejunal
anastomoses were performed with one layer of inter-
rupted 6-0 polypropylene sutures (Prolene, Ethicon, Nor-
derstedt, Germany). After surgery, the animals had free
access to food and water. Animals were sacrificed at 1, 3,
4, 7,9, and 14 days by an overdose of pentobarbital. To
ensure adequate sampling, anastomoses were obtained
from two separate animals for each time point. Tissues
were embedded in paraffin and cut at 4 um.

RNA Probes

The production and specificity of the antisense human
stromelysin-2, collagenase-3, and TIMP-3 probes have
been described.” 22! The HME cDNA used as a tem-
plate was a kind gift from Steven Shapiro (Pulmonary
Department, Washington University, St. Louis, MO). The
650-bp fragment (600 to 1250) was designed with an SP6
RNA polymerase recognition element at the 3’ end and a
T7 element at the 5’ end; both antisense and sense
probes were transcribed from this polymerase chain re-
action product. The murine stromelysin-2 cDNA used as
a template was a kind gift from S. Werner (Max-Planck-
Institut fur Biochemie, Martinsried, Germany).'® As a con-
trol for nonspecific hybridization, sections in each exper-
iment were hybridized with 3°S-labeled sense RNA from a
bovine tropoelastin cDNA. The validity of this probe as a
negative control has been confirmed by Northern®® and
by in situ hybridization®® assays. In addition, collage-
nase-3 and TIMP-3 sense probes were used as controls
in some experiments.
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Table 1. Results of Stromelysin-2, Collagenase-3, Macrophage Metalloelastase, and TIMP-3 In Situ Hybridization in Inflammatory

Bowel Disease and Ischemic Colitis

Number of positive samples/number of hybridized samples

Histological sample Stromelysin-2 Collagenase-3 HME TIMP-3
Crohn’s disease, ileum 4/4 4/6 3/3 4/5
Crohn'’s disease, colon 7/7 5/8 717 77
Ulcerative colitis, colon 9/10 5/10 77 8/10
Ischemic colitis, colon 7/8 4/8 6/6 8/8
Total 27/29 18/32 23/23 27/30

In Situ Hybridization Immunohistochemistry

In situ hybridization was performed on 4-um sections as
described in detail.2® All samples were treated with pro-
teinase K and were washed in 0.1 mol/L triethanolamine
buffer containing 0.25% acetic anhydride. Sections were
covered with 50 ul of hybridization buffer containing
2.5 X 10*to 5 X 10* cpm/ul of 3°S-labeled antisense or
sense RNA probe. After hybridization at 50°C to 55°C for
18 hours in a humidified chamber, the slides were
washed under stringent conditions, including treatment
with RNAse A to remove unhybridized probe. After 20 to
35 days of autoradiography, the photographic emulsion
was developed, and slides were stained with hematoxylin
and eosin. The sections chosen for presentation in this
report were exposed for 25 to 35 days. Samples previ-
ously positive for stromelysin-2 (cutaneous wounds) and
for collagenase-3, macrophage metalloelastase, and
TIMP-3 (breast and colon carcinomas) were used as
positive controls in each experiment.

Antibodies

Tissue macrophages were identified using a monoclonal
antibody (KP-1, Dako Corp., Carpinteria, CA, product
M814), which reacts with CD68, a specific macrophage
marker.2” Polyclonal antibodies to the amino-terminal
end of procollagen | (PC-I, MAb 1912, Chemicon, Te-
mecula, CA) were used to identify activated fibroblasts.
The epithelial cells producing laminin-5 were detected
with laminin-5 polyclonal antibodies, kindly provided by
Karl Tryggvason (Karolinska Institut, Stockholm, Swe-
den).28 Monoclonal Mib-1 antibody (0505, Immunotech,
Marseille, France) that reacts with the Ki-67 nuclear an-
tigen was used to differentiate proliferating cells from the
quiescent intestinal epithelial cells.2® Matrilysin protein
was detected by using affinity-purified antibodies raised
in rabbits against a synthetic peptide.>® Monoclonal an-
tibody that reacts with type IV collagen (M785, Dako,
Glostrup, Denmark) was used to stain the intestinal epi-
thelial basement membrane. Endothelial cells were iden-
tified by using polyclonal anti-CD31 antibodies (M823,
Dako). Polyclonal anti-CD3 antibodies (A452, Dako) were
used to identify T lymphocytes, and monoclonal anti-
CD20 antibody (U 7021, Dako) was used to identify B
lymphocytes.

Immunohistochemistry was performed on sections serial
to those used for in situ hybridization. Anti-CD68 antibody
was diluted 1:400, PC-l 1:500, laminin-5 1:500, Ki-67
1:500, matrilysin 1:1000, type IV collagen 1:75, CD31
1:100, CD3 1:1000, and CD20 1:500. The peroxidase-
anti-peroxidase technique was applied using diamino-
benzidine or aminoethylcarbazole (Ki-67, CD3, and
CD31) as a chromogenic substrate and Harris hematox-
ylin as counterstain, as described in detail." Sections
were pretreated with 10 mg/ml trypsin (laminin-5, CD68,
PC-1, and type IV collagen) or 1 mg/ml Protease type
XXVII (P4789, Sigma Chemical Co., St. Louis, MO) (CD3
and CD31) except for matrilysin (no pretreatment) and
Ki-67 and CD20, with which microwave oven processing
was performed as described.®'

Results

To assess whether stromelysin-2, collagenase-3, macro-
phage metalloelastase, or TIMP-3 mRNAs are expressed
in the gastrointestinal epithelium in response to injury, 31
samples of ulcerative colitis, Crohn's disease, and isch-
emic bowel disease were studied using in situ hybridiza-
tion. As normal controls, four samples of histologically
normal ileum and three samples of colon were examined
using the same probes. All slides were independently
analyzed by two investigators (M. Vaalamo and U. Saari-
alho-Kere) who were unaware of the clinical information,
and the samples were processed in at least two different
experiments.

Stromelysin-2 Expression Is Associated with
Mucosal Erosions

Signal for stromelysin-2 was detected in 20 of 21 sam-
ples of IBD and in 7 of 8 samples of ischemic bowel
disease (Table 1). The cells expressing stromelysin-2
mRNA were epithelial cells bordering the ulcers or
ruptured crypt abscesses (Figure 1, A, D, and F). The
cells positive for Ki-67, a marker for cell proliferation,
were negative for stromelysin-2 (Figure 1, A and B).
Immunostaining of 10 serial sections for laminin-5, an
important adhesive ligand for migrating epithelial
cells,3233 demonstrated co-localization of laminin-5-
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Figure 1. Expression of stromelysin-2 by migrating epithelial cells in Crohn's disease and ulcerative colitis. The curved arrow points to the tip of the epithelium,
u, the ulcer base. A: Dark-field exposure showing signal for stromelysin-2 mRNA in epithelial cells bordering an ulceration in Crohn's disease. B: Serial section
with immunostaining for Ki-67. C: Serial section hybridized with a negative control probe. D and E: I situ hybridization for stromelysin-2 in a sample of ulcerative
colitis and a serial section immunostained with laminin-5. F: In situ hybridization for stromelysin-2 in a sample of ulcerative colitis. G: Serial section
immunostained for matrilysin. H: Dark-field image of in situ hybridization for stromelysin-2 in a sample of Crohn‘s disease. Inset h: The arrows point to
stromelysin-2-positive cells. |: Serial section with immunohistochemical staining for T lymphocytes (CD3). Inset i: Same area as inset h. Note distinct locations
of stromelysin-2-expressing cells and T lymphocytes. J: Dark-field image of normal intestine with no signal for stromelysin-2. Bars, 50 wm (A-C and F-J), 12 um

(h and i), and 6 um (D and E).

and stromelysin-2-positive cells (Figure 1, D and E).
Immunohistochemical staining of 10 adjacent sections
for matrilysin revealed that matrilysin and stromelysin-2
co-localized at the edge of intestinal epithelium bor-
dering the ulcers, whereas matrilysin production con-
tinued more distal to the wound edge (Figure 1, F and
G). Furthermore, lymphocyte- and macrophage-like
cells of the inflamed lamina propria expressed strome-

lysin-2 mRNA (Figure 1, H and inset h). Staining for
CD3 showed that the majority of these cells were not T
lymphocytes, even though the expression of stromely-
sin-2 was occasionally close to T lymphocyte infiltrates
(Figure 1, H and | and insets h and i). Staining for B
lymphocytes (CD20) demonstrated that areas of
stromelysin-2 expression were devoid of these cells
(data not shown). All of the samples hybridized with a
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Figure 2. Expression of collagenase-3 mRNA by stromal cells underneath the ulcer bed and HME mRNA in macrophages in inflamed intestine. The curved arrow
points to the tip of the epithelium,; u, the ulcer base. A: Dark-field view of an ulceration in a sample of Crohn's disease showing expression for collagenase-3 mRNA
beneath the ulcer bed (arrowheads). B: Same sample hybridized with a sense probe. C and D: Same sample of Crohn's disease as in Figure 1A hybridized with
collagenase-3 (C) and metalloelastase (D). E and F: In situ hybridization for collagenase-3 and immunostaining for procollagen-I in another sample of Crohn's
disease. The arrows point to cells that are positive for both collagenase-3 and procollagen-I. G: Dark-field image of macrophage metalloelastase mRNA expression
in a sample of ulcerative colitis. Inset g shows a closer view of positive macrophages (arrows). H: In situ hybridization for metalloelastase in another sample of
ulcerative colitis. G: Serial section stained with anti-CD68 antibody. The arrows point to macrophages that express metalloelastase under the shedding epithelium.
Bars, 120 um (A, B, and G), 25 um (C and D), and 12 um (E, F, g, H and D.

sense probe were negative (Figure 1C). None of the
samples of normal intestine showed expression for strome-
lysin-2 (Figure 1J).

Fibroblasts of the Wound Bed Express
Collagenase-3

Signal for collagenase-3 was detected in 14 of 24 spec-
imens of IBD and in 4 of 8 specimens of ischemic colitis

(Table 1). The signal localized in plump macrophage/
activated fibroblast-like or spindle fibroblast-like cells in
the macrophage-rich zone that lies below the neutrophilic
infiltrate of the ulcer bed (Figure 2, A, C, and E). Immu-
nostaining for procollagen | revealed that at least part of
the MMP-13-positive cells were fibroblasts (Figure 2, E
and F). No signal was found in the intestinal epithelium or
nonulcerated lamina propria (Figure 2, A and C). All of the
samples hybridized with a sense probe (Figure 2B) as
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well as all of the samples of histologically normal intestine
were negative.

Macrophages beneath the Shedding Epithelial
Cells Express Macrophage Metalloelastase

Macrophage metalloelastase was expressed in 17 of 17
samples of IBD and in 7 of 7 samples of ischemic colitis
(Table 1). Particularly in samples of ulcerative and isch-
emic colitis, abundant expression of HME was detected
in plump cells of the lamina propria beneath the shedding
epithelial cells (Figure 2, G and H). In all of the sample
types, signal for HME in the inflammatory infiltrate was
also evident (Figure 2, D, G, and inset g). Morphologically
and based on CD68 staining, the cells expressing met-
alloelastase MRNA were macrophages (Figure 2, H and
1). Staining for type IV collagen did not reveal clear dis-
ruptions in the basement membrane above HME-positive
cells in areas of shedding epithelium (data not shown). All
of the samples hybridized with a sense probe as well as
all of the samples of normal intestine were negative for
metalloelastase.

TIMP-3 Expression Is Enhanced in
Inflamed Intestine

TIMP-3 was widely expressed in the intestine; 19 of 22
samples of IBD, 8 of 8 samples of ischemic bowel dis-
ease (Table 1), and 4 of 6 samples of normal intestine
were positive for TIMP-3. The distinct areas of TIMP-3
expression were 1) around the blood vessels, 2) within
the macrophage-rich area below the neutrophilic infiltrate
of the ulcer bed, and 3) in the lamina propria surrounding
damaged crypts (Figure 3, A and C). In most samples,
TIMP-3 was expressed abundantly by macrophage- or
fibroblast-like cells, whereas epithelial cells remained
negative, in agreement with the recent results of Powe et
al.®* Immunohistochemical staining (CD31) performed on
sections serial to TIMP-3 revealed that a subset of TIMP-
3-positive cells were endothelial cells (Figure 3, C and D).
Also, normal intestine showed expression of TIMP-3
around occasional blood vessels and in stromal cells, but
there were far fewer positive cells than in the samples of
diseased intestine (data not shown). All of the samples
hybridized with a sense probe were negative (Figure 3B).

Stromelysin-2 and Collagenase-3 Are
Expressed in Normally Healing Rat
Anastomoses

To explore which MMPs are active during normal intesti-
nal wound healing, gut anastomoses of rats were also
examined. Expression of stromelysin-2 could be demon-
strated from day 4 in stromal cells of the mucosa (data
not shown) adjacent to the anastomoses and at least on
day 14 in the granulation tissue of the anastomoses (Fig-
ure 4, A and inset a). MMP-13 was expressed in plump,
macrophage-like cells of the stroma of normally healing
experimental anastomoses of the jejunum in 3-, 4-, 7-,

and 14-day samples (Figure 4, B and inset b). No signal
for either MMP was detected in the epithelium of the
samples studied.

Discussion

Previous studies on the expression of MMPs have pro-
vided important evidence concerning their role in inflam-
matory bowel disease. Enhanced expression of collage-
nase-1, stromelysin-1, matrilysin, and 92-kd gelatinase
has been linked to IBD, whereas production of 72-kd
gelatinase is not altered.23® The aim of this study was to
determine the specific expression patterns and cellular
localization of stromelysin-2, collagenase-3, macrophage
metalloelastase, and TIMP-3 mRNAs using in situ hybrid-
ization. This is a relevant method for the study of MMP
biology, as mRNA accumulates within the cell to detect-
able levels, whereas the protein is often secreted as soon
as it is synthesized.®¢3” Despite the different etiologies of
Crohn's, ulcerative, and ischemic colitis, they turned out
to be characterized by very similar patterns of MMP
activity.

To our knowledge, this is the first report on stromely-
sin-2 expression in the intestine. The location of mucosal
epithelial expression resembled that found in acute and
chronic cutaneous wounds®38; only few migrating epithe-
lial cells bordering the ulcer were positive for stromely-
sin-2 (Figure 1A). Stromelysin-2 is capable of degrading
a variety of ECM substrates, including basement mem-
brane components laminin-1, type IV collagen, entactin,
and fibronectin.® This ability and the expression pattern
distinct from proliferating epithelium suggest a significant
role for stromelysin-2 in epithelial migration, which is fur-
ther supported by the absence of stromelysin-2 mRNA in
normal intestine or in colonic adenomas and carcino-
mas.3® Furthermore, stromelysin-2 may be involved in
activation of matrilysin, another MMP taking part in intes-
tinal epithelial migration, via degrading fibronectin, which
induces matrilysin, at least in cultured colon carcinoma
cells.*®

Stromelysin-2-expressing cells stained positively for
laminin-5, which is produced by migrating skin keratino-
cytes.32:33 Previously, laminin-5 has been linked to intes-
tinal cancer invasion,?®4! but its production is not en-
hanced in migrating cells involved in the more superficial
process of epithelial restitution*? nor are we aware of any
reports of laminin-5 expression in colonic ulcerations.
However, the presence of laminin-5 in the basement
membrane of the migrating enterocyte compartment in
intact ileum has been reported.*® Our novel results sug-
gest that intestinal epithelial cells migrating across the
wound bed actively produce laminin-5.

Transcription of stromelysin-2 gene is up-regulated by
transforming growth factor-B, tumor necrosis factor-a,
epidermal growth factor, and keratinocyte growth factor
in cultured HaCaT and human keratinocytes.'®44 Al-
though HaCaT cells are transformed keratinocytes that
differ from normal cells in, eg, the regulatory pathways of
collagenase-3 and TIMP-3,2'45 it is tempting to specu-
late that these cytokines/growth factors regulate the ex-
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Figure 3. TIMP-3 mRNA is widely expressed in the inflamed intestine. The curved arrow points to the tip of the epithelium; u, the ulcer base. A: Dark-field
exposure showing TIMP-3 mRNA expression in a sample of ulcerative colitis. Note expression beneath the ulcer bed (arrowheads) and around blood vessels
(arrows). B: Serial section hybridized with a sense probe. C: Bright-field image of a section of ischemic bowel disease with TIMP-3 mRNA expression. D: Serial
section showing endothelial cells stained for CD31. The arrows point to TIMP-3- and CD31-positive cells. Bars, 120 um (A and B) and 12 um (C and D).

pression of stromelysin-2 also in intestinal epithelium in
vivo, as their production is enhanced during active
IBD.38:46:47 Fyrthermore, transforming growth factor-g1
strongly activates expression of stromelysin-2 in HaCaT
keratinocytes, and in the gut, transforming growth fac-
tor-B1 is expressed mostly by the inflammatory cells clos-
est to the luminal surface.®*” Expression of stromely-
sin-2 was not found in intact epithelium, in agreement
with previous data on cutaneous wounds, proposing that
its induction may also require contact of epithelial cells
with underlying damaged basement membrane or matrix.

Surprisingly, stromelysin-2 was also expressed by
macrophage and lymphocyte-like cells in areas of inflam-

mation. This contrasts with our negative findings on
stromelysin-2 mRNA in the stromal cells of the healing
dermis®'2 and may reflect differences in the wound re-
pair processes of the gut and skin. Previous in vitro work
shows that human T lymphocytes are capable of ex-
pressing stromelysin-2.48 Our immunostaining for T lym-
phocytes indicated, however, that there was often an
infiltration of T lymphocytes next to stromelysin-2-ex-
pressing cells, yet not co-localizing. This suggests that T
lymphocytes do not express stromelysin-2 in the intes-
tine, but could, eg, via production of various cytokines,
stimulate other cells of the lamina propria to express
stromelysin-2 and in this way participate in the formation
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Figure 4. Stromelysin-2 and collagenase-3 are expressed in the granulation
tissue of normally healing rat anastomoses. The curved arrow points to the
tip of the epithelium,; u, the ulcer base. A: Dark-field image of stromelysin-2
mRNA expression in rat jejunum 14 days after experimental anastomosis.
Inset a shows stromelysin-2-positive cells (arrows) in higher magnification.
B: Dark-field image of the same sample hybridized with collagenase-3. Inset
b shows a closer view of collagenase-3-positive cells (arrows). Bars, 50 um
(A and B) and 12 um (a and b).

of early lesions of IBD. In fact, during the course of this
study, Pender et al*® provided data on a functional relation-
ship between MMPs and gut injury after T cell activation.
Fibrosis of the submucosa typically develops after in-
flammation and ulceration during the course of Crohn's
disease. Because we found strong expression of colla-
genase-3 in fibrotic areas of chronic cutaneous ulcers,”
we assumed the samples of Crohn's disease to express
this metalloenzyme abundantly. This was the case, but
also the samples of colitis ulcerosa and ischemic bowel
disease displayed positive signal. As signal for collage-
nase-3 was detected only in fibroblasts of the uicer bed,

it could play a role in remodeling of the submucosal
matrix. Furthermore, as collagenase-3 was not detected
stromally in superficial erosions, nor in all of the samples
examined (Table 1), its induction may be a late event
during intestinal remodeling in analogy to chronic skin
wounds.?

Because biopsies of normally healing human intestinal
wounds are not feasible to obtain, we examined the role
of stromelysin-2 and collagenase-3 in experimental rat
anastomoses. Signal for stromelysin-2 was never de-
tected in the epithelium, even though in murine cutane-
ous wounds it is actively expressed by the migrating
epithelium.'® This may reflect species differences in the
intestinal wound repair process.®>3’ Instead we found
signal in the mature granulation tissue, indicating a role
for stromelysin-2 in the remodeling of the murine intestinal
matrix. The induction of collagenase-3 in granulation tis-
sue of rat intestinal anastomoses was detected as early
as during the first postoperative day. This is in accor-
dance with recent findings of rat collagenase expression
in acetic-acid-induced gastric ulcers.5° Collagenase-3
shares 86% amino acid sequence similarity with rat col-
lagenase, which suggests that murine collagenase, as-
sumed to be the counterpart of human collagenase-1,
really would be an enzyme distinct from it.6

This is the first report demonstrating metalloelastase in
the intestine. Macrophages are the major cell type known
to express metalloelastase in adult tissues, and these
cells are crucial in the immune and inflammatory events
ongoing in the intestinal mucosa. Strong signal for HME in
plump macrophage-like cells in inflamed areas of the
intestine suggest a role for this enzyme in tissue degra-
dation required for macrophage migration. Abundant ex-
pression of HME was also detected in macrophages just
beneath the shedding epithelium of the intestinal wall
particularly in samples of colitis ulcerosa. Interestingly,
tumor necrosis factor-a production has been shown by
the macrophages of corresponding areas in ulcerative
colitis, whereas in Crohn's disease it is produced in
deeper layers of the lamina propria.*® Continuity of the
basement membrane under the shedding epithelium was
not disturbed based on type IV collagen staining. It is
tempting to speculate that, whereas collagenase-1 and
stromelysin-1 could degrade collagen type Il of lamina
propria in IBD,2*%° HME produced by macrophages
might cleave fibronectin or laminin, ultimately leading to
epithelial cell shedding.

In addition to expression in normal tissues such as
placenta, heart, brain, liver, skeletal muscle, kidney, and
pancreas,’® up-regulation of TIMP-3 expression has
been linked to carcinomas of epithelial origin®' and to rat
skin wound healing.® As has been shown in colon carci-
nomas,®* we could demonstrate stromal TIMP-3 expres-
sion in round and spindle-shaped cells with fibroblast-like
appearance, but the possibility that some of the cells are
macrophages cannot be excluded. Furthermore, signal
for TIMP-3 was detected in endothelial cells where it may
play a role in inhibition of angiogenesis and stabilization
of vessel walls in areas of inflammation and repair.>

The expression of MMPs is known to be enhanced in
chronic ulcers; in chronic cutaneous wounds the number



of epithelial and stromal cells expressing collagenase-1
and stromelysin-1 and -2 is greater than in normally heal-
ing wounds."2 Furthermore, collagenase-3 is found ex-
clusively in the chronic wound stroma,” whereas human
corneas with repair defects overexpress 92-kd gelatinase
and collagenase-1.3” Our current and previous studies
show that, as in chronic cutaneous wounds, TIMPs are
not detected in the epithelium of chronic gut ulcer-
ations.22* Taken together, these results suggest an im-
balance between metalloproteinases and their inhibitors
during impaired wound repair.

We conclude that, analogously to cutaneous wounds,
stromelysin-2 is up-regulated during migration of mucosal
epithelial cells bordering human intestinal ulcers. However,
it is not expressed in the epithelium of acute rat intestinal
wounds, and thus, we cannot exclude the possibility that
stromelysin-2 represents aberrant metalloenzyme expres-
sion and actually impairs healing. Stromelysin-2 partly co-
localizes with matrilysin, and these MMPs may function in
migration in a cascade-like fashion by degrading noncol-
lagenous matrix molecules. Metalloelastase may have a
role in inducing epithelial cell shedding whereas collage-
nase-3 and TIMP-3 are abundantly expressed in the ulcer
stroma. Thus, we provide further support to the hypothesis
that during intestinal wound healing MMPs and their inhib-
itors are acting in parallel and/or cascade-like fashion,
tightly spatially and temporally expressed to achieve tar-
geted ECM degradation.

Acknowledgments

We thank Dr. Henning Birkedal-Hansen for the stromely-
sin-2 template, Dr. Veli-Matti Kahari for MMP-13 and
TIMP-3 cDNAs, Dr. Steven Shapiro for HME cDNA, Dr.
Sabine Werner for murine stromelysin-2 cDNA, Prof. Karl
Tryggvason for anti-laminin-5 antibodies, and Ms. Alli
Tallqvist for skillful technical assistance.

References

pry

. Saarialho-Kere UK, Kovacs SO, Pentland AP, Olerud JE, Welgus HG,
Parks WC: Cell-matrix interactions modulate interstitial collagenase
expression by human keratinocytes actively involved in wound heal-
ing. J Clin Invest 1993, 92:2858-2866
2. Vaalamo M, Weckroth M, Puolakkainen P, Saarinen P, Kere J, Lau-
haranta J, Saarialho-Kere U: Patterns of matrix metalloproteinase and
TIMP-1 expression in chronic and normally healing cutaneous
wounds. Br J Dermatol 1996, 135:52-59

3. Okada A, Tomasetto C, Lutz Y, Bellocq J-P, Rie M-C, Basset B:
Expression of matrix metalloproteinases during rat skin wound
healing: evidence that membrane-type-l metalloproteinase is a stro-
mal activator of pro-gelatinase. J Cell Biol 1997, 137:67-77

4. Welgus HG, Jeffrey JJ, Eisen AZ: The collagen substrate specificity of
human skin fibroblast collagenase. J Biol Chem 1981, 256:9511-9515

5. Welgus HG, Fliszar CJ, Seltzer JL, Schmid TM, Jeffrey JJ: Differential
susceptibility of type X collagen to cleavage by two mammalian
collagenases and 72 kd type IV collagenase. J Biol Chem 1990,
265:13521-13527

6. Freije JMP, Diez-ltza |, Balbin M, Sanchez LM, Blasco R, Tolivia J,
Lopez-Otin C: Molecular cloning of collagenase-3, a novel human
matrix metalloproteinase produced by breast carcinomas. J Biol
Chem 1994, 269:16766-16733

7. Vaalamo M, Johansson N, Kariniemi A-L, Saarinen P, Kahari V-M,

10.

11.

13.

14.

15.

19.

20.

21.

22.

23.

24,

25.

26.

MMP-10, -12, and -13 in Colitis 1013
AJP April 1998, Vol. 152, No. 4

Saarialho-Kere U: Distinct populations of stromal cells express colla-
genase-3 and collagenase-1 in chronic ulcers. J Invest Dermatol
1997, 109:96-101

. Knéuper V, Lopéz-Otin C, Smith B, Knight G, Murphy G: Biochemical

characterization of human collagenase-3. J Biol Chem 1996, 271:
10917-10923

. Murphy G, Cockett MI, Ward RV, Docherty AJP: Matrix metallopro-

teinase degradation of elastin, type IV collagen and proteoglycan: a
quantitative comparison of activities of 95 kd and 75 kd gelatinases,
stromelysin-1 and -2 and punctuated metalloproteinase (PUMP). Bio-
chem J 1991, 277:277-279

Muller D, Quantin B, Gesnel M-C, Millon-Collard R, Abecassis J,
Breathnach R: The collagenase gene family consists of at least four
members. Biochem J 1988, 253:187-192

Polette M, Claver C, Muller D, Abecassis J, Binninger |, Birembaut P:
Detection of mRNAs encoding collagenase-1 and stromelysin-2 in
carcinomas of the head and neck by in situ hybridization. Invasion
Metastasis 1991, 11:76-83

. Saarialho-Kere UK, Pentland AP, Birkedal-Hansen H, Parks WC, Wel-

gus HG: Distinct populations of basal keratinocytes express strome-
lysin-1 and stromelysin-2 in chronic wounds. J Clin Invest 1994,
94:79-88

Madlener M, Mauch C, Conca W, Brauchle M, Parks WC, Werner S:
Regulation of the expression of stromelysin-2 by growth factors in
keratinocytes: implications for normal and impaired wound healing.
Biochem J 1996, 320:659-664

Shapiro S, Kobayashi D, Timothy J: Cloning and characterization of a
unique elastolytic metalloproteinase produced by human alveolar
macrophages. J Biol Chem 1993, 268:23824-23829

Chandler S, Cossins J, Lury J, Wells G: Macrophage metalloelastase
degrades matrix and myelin proteins and processes a tumour necro-
sis factor-a fusion protein. Biochem Biophys Res Commun 1996,
228:421-429

. Gronski TJ Jr, Martin RL, Kobayashi KD, Walsh BC, Holman MC,

Huber M, Van Wart HE, Shapiro SD: Hydrolysis of a broad spectrum
of extracellular matrix proteins by human macrophage metalloelas-
tase. J Biol Chem 1997, 272:12189-12194

. Shipley M, Wesselschmidt R, Kobayashi D, Ley T, Shapiro S: Met-

alloelastase is required for macrophage mediated proteolysis and
matrix invasion in mice. Proc Natl Acad Sci USA 1996, 93:3942-3946

. Apte SS, Mattei MG, Olsen BR: Cloning of the cDNA encoding tissue

inhibitor of metalloproteinases (TIMP-3) and mapping of the TIMP-3
gene to chromosome 22. Genomics 1994, 19:86-90

Uria JA, Ferrando AA, Velasco G, Freije JP, Lopéz-Otin C: Structure
and expression in breast tumors of human TIMP-3, a new member of
the metalloproteinase inhibitor family. Cancer Res 1994, 54:2091-
2094

Leco KJ, Apte SS, Taniguchi GT, Hawkes SP, Khokha R, Schultz GA,
Edwards DR: Murine tissue inhibitor of metalloproteinases-4 (TIMP-4):
cDNA isolation and expression in adult mouse tissues. FEBS Lett
1997, 401:213-217

Airola K, Ahonen M, Johansson N, Heikkila P, Kere J, Kahari V-M,
Saarialho-Kere UK: Human TIMP-3 is expressed during fetal hair
development, hair growth cycle, and cancer progression. J Histo-
chem Cytochem 1998, 46:437-448

Leco KJ, Khokha R, Pavloff N, Hawkes S, Edwards DR: Tissue inhib-
itor of metalloproteinases-3 (TIMP-3) is an extracellular matrix-asso-
ciated protein with a distinctive pattern of expression in mouse cells
and tissues. J Biol Chem 1994, 269:9352-9360

Fariss RN, Apte SS, Olsen BR, Iwata K, Milam AH: Tissue inhibitor of
metalloproteinase-3 is a component of Bruch's membrane of the eye.
Am J Pathol 1997, 150:323-328

Saarialho-Kere UK, Vaalamo M, Puolakkainen P, Airola K, Parks WC,
Karjalainen-Lindsberg M-L: Enhanced expression of matrilysin, col-
lagenase, and stromelysin-1 in gastrointestinal ulcers. Am J Pathol
1996, 148:519-526

Prosser IW, Stenmark KR, Suthar M, Crouch EC, Mecham RP, Parks
WC: Regional heterogeneity of elastin and collagen gene expression
in intralobar arteries in response to hypoxic pulmonary hypertension
as demonstrated by in situ hybridization. Am J Pathol 1989, 135:
1073-1088

Saarialho-Kere UK, Chang ES, Welgus HG, Parks WC: Distinct local-
ization of collagenase and TIMP expression in wound healing asso-



1014  Vaalamo et al
AJP April 1998, Vol. 152, No. 4

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ciated with ulcerative pyogenic granuloma. J Clin Invest 1992, 90:
1952-1957

Pulford KAF, Rigney EM, Micklem KF, Stross WP, Fatter KC, Mason
DY: KP1: a new monoclonal antibody that detects a monocyte/mac-
rophage associated antigene in routinely processed tissue sections.
J Clin Pathol 1989, 42:414-421

Pyke C, Romer J, Kallunki P, Lund LR, Ralfkiaer E, Dano K, Tryggva-
son K: The y2-chain of kalinin/laminin-5 is preferentially expressed in
invading malignant cells in human cancers. Am J Pathol 1994, 145:
782-791

Cattoretti F, Becker MHG, Key F, Duchrow M, Schiuter C, Falle J, Ferdes
J: Monoclonal antibodies against recombinant parts of the Ki-67 antigen
(Mib1 and Mib3) detect proliferating cells in microwave-processed for-
malin-fixed paraffin sections. J Pathol 1992, 168:357-363

Busiek DF, Ross FP, McDonnell S, Murphy G, Matrisian LM, Welgus
HG: The matrix metalloprotease matrilysin (PUMP) is expressed in
developing human mononuclear phagocytes. J Biol Chem 1992,
13:9087-9092

von Boguslawski K: Immunohistochemical detection of progesterone
receptors in paraffin sections. APMIS 1994, 102:641-646

Zhang K, Kramer RH: Laminin-5 deposition promotes keratinocyte
motility. Exp Cell Res 1996, 227:309-322

Airola K, Reunala T, Salo S, Saarialho-Kere UK: Urokinase plasmin-
ogen activator is expressed by basal keratinocytes before interstitial
collagenase, stromelysin-1, and laminin-5 in experimentally induced
dermatitis herpetiformis lesions. J Invest Dermatol 1997, 108:7-11
Powe DG, Brough JL, Carter Gl, Bailey EM, Stetler-Stevenson WG,
Turner DR, Hewitt RE: TIMP-3 mRNA expression is regionally in-
creased in moderately and poorly differentiated colorectal adenocar-
cinoma. Br J Cancer 1997, 75:1678-1683

Bailey C, Hembry R, Alexander A, Irving M, Grant M, Shuttleworth C:
Distribution of the matrix metalloproteinases stromelysin, gelatinases
A and B, and collagenase in Crohn's disease and normal intestine.
J Clin Pathol 1994, 47:113-116

Rodgers WH, Matrisian LM, Giudice LC, Dsupin B, Cannon, Svitek C,
Gorstein F, Osteen KG: Patterns of matrix metalloproteinase expres-
sion in cycling endometrium imply differential functions and regula-
tion by steroid hormones. J Clin Invest 1994, 94:946-953

Fini ME, Parks WC, Rinehart WB, Girard MT, Matsubara M, Cook JR,
West-Mays JA, Sadow PM, Burgeson RE, Jeffrey JJ, Raizman MB,
Krueger RR, Zieske JD: Role of matrix metalloproteinases to re-
epithelialize after corneal injury. Am J Pathol 1996, 149:1287-1302
Brauchle M, Madlener M, Wagner AD, Angermeyer K, Lauer U,
Hofschneider PH, Gregor M, Werner S: Keratinocyte growth factor is
highly overexpressed in inflammatory bowel disease. Am J Pathol
1996, 149:521-529

Newell KJ, Witty JP, Rodgers WH, Matrisian LM: Expression and
characterization of matrix-degrading metalloproteinases during colo-
rectal tumorigenesis. Mol Carcinogen 1994, 10:199-206

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Yamamoto H, Itoh F, Hinoda Y, Senota A, Yoshimoto M, Nakamura H,
Imai K, Yachi A: Expression of matrilysin mRNA in colorectal adeno-
mas and its induction by truncated fibronectin. Biochem Biophys Res
Commun 1994, 201:657-664

Tani T, Karttunen T, Kiviluoto T, Kivilaakso E, Burgeson R, Sipponen
P, Virtanen |: «6B4 integrin and newly deposited laminin-1 and lami-
nin-5 form the adhesion mechanism of gastric carcinoma: continuous
expression of laminins but not that of collagen VIl is preserved in
invasive parts of the carcinomas: implications for acquisition of the
invading phenotype. Am J Pathol 1996, 149:781-793

Lotz M, Nusrat A, Madara J, Ezzel R, Wewer M, Mercurio A: Intestinal
epithelial restitution: involvement of specific laminin isoforms and
integrin laminin receptors in wound closure of a transformed model
epithelium. Am J Pathol 1997, 150:747-760

Leivo |, Tani T, Laitinen L, Bruns R, Kivilaakso E, Lehto VP, Burgeson
R, Virtanen I: Anchoring complex components laminin-5 and type Vil
collagen in intestine: association with migrating and differentiating
enterocytes. J Histochem Cytochem 1996, 44:1267-1277

Windsor LJ, Grenett H, Birkedal-Hansen B, Bodden MK, Engler JA,
Birkedal-Hansen H: Cell type-specific regulation of SL-1 and SL-2
genes: induction of the SL-2 gene but not the SL-1 gene by human
keratinocytes in response to cytokines and phorbol esters. J Biol
Chem 1993, 268:17341-17347

Johansson N, Westermarck J, Leppd S, Hakkinen L, Koivisto L,
Lépez-Otin C, Peltonen J, Heino J, Kéhari V-M: Collagenase-3 (matrix
metalloproteinase-13) gene expression by HaCaT keratinocytes is
enhanced by tumor-necrosis factor-a and transforming growth fac-
tor-B. Cell Growth Differ 1997, 8:243-250

Murch SH, Braegger CP, Walker-Smith JA, MacDonald TT: Location
of tumour necrosis factor a by immunohistochemistry in chronic in-
flammatory bowel disease. Gut 1993, 34:1705-1709

Babyatsky MW, Rossiter G, Podolsky DK: Expression of transforming
growth factors « and B in colonic mucosa in inflammatory bowel
disease. Gastroenterology 1996, 110:975-984

Baragi VM, Qiu L, Gunja-Smith Z, Woessner JF Jr, Lesch CA: Role of
metalloproteinases in the development and healing of acetic acid-
induced gastric ulcer in rats. Scand J Gastroenterol 1997, 32:419-
426

Pender SLF, Tickle SP, Docherty AJP, Howie D, Wathen NC, Mac-
Donald TT: A major role for matrix metalloproteinases in T cell injury
in the gut. J Immunol 1997, 158:1582-1590

Conca W, Wilimroth F: Human T-lymphocytes express a member of
the matrix metalloproteinase gene family. Arthritis Rheum 1994,
6:951-956

Anand-Apte B, Pepper MS, Voest E, Montesano R, Olsen B, Murphy
G, Apte S, Zetter B: Inhibition of angiogenesis by tissue inhibitor of
metalloproteinase-3. Invest Ophthalmol Vis Sci 1997, 38:817-823



