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Patterns of matrix metalloproteinase and TIMP expression

in chronic ulcers

Abstract Controlled proteolysis is needed for cell mi-
gration, angiogenesis, and matrix remodeling during
normal wound repair. Our objective has been to inves-
tigate how chronic leg ulcersdiffer from normally heal-
ing wounds (pinch graft donor sites) with respect to
their metalloproteinase expression patterns. Using in
situ hybridization and immunohistochemistry, we
found that collagenasesl (MMP-1), stromelysin-1
(MMP-3) and stromelysin-2 (M M P-10) were expressed
in keratinocytes bordering both acute and chronic
wounds. Unlike MMP-1, signal for collagenase-3
(MMP-13) was not detected in keratinocytes but exclu-
sively in fibroblasts deep in the ulcer bed of chronic
wounds, suggesting that while MMP-1 production is
important for migration, MMP-13 plays a role in ma-
trix remodeling. Tissue inhibitor of metalloproteinase
(TIMP)-1 was not detected in the epidermis of any
chronic wound sample while it was expressed in kera-
tinocytes bordering normally healing wounds. TIMP-3
was abundantly expressed in stromal fibroblast- and
macr ophage-like cells surrounding vessels and sweat
glandsin both types of wounds. Our results suggest that
there are no qualitative differencesin the expression of
MMPs-1, -3 and -10 in the epider mis of chronic vs nor-
mally healing wounds. However, the number of stromal
cells expressng MMP-1 and MMP-3 was greater in
chronic vs acute wounds, whereas MM P-10 was never
detected in the dermis. TIMP-1 expression near the
basement membrane in acute, but not in chronic,
wounds suggests that the balance between MM Ps and
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their inhibitors may be altered in poorly healing
wounds. Analogous to chronic cutaneous wounds,
MMP-1 and -3 are abundantly expressed in chronic
small and large bowel ulcers, while the migrating sur-
face epithelium is negative for TIMP-1 expression.

Introduction

Proteolytic degradation of extracellular matrix (ECM) isan
essential feature of repair and remodeling during cutaneous
wound healing. Members of the matrix metalloproteinase
(MMP) enzyme family may theoretically be involved in
various tasks during wound repair: (1) removal of devital-
ized tissue, (2) epidermal-mesenchymal interactions during
keratinocyte migration, (3) angiogenesis, (4) remodeling
of newly synthesized connective tissue during matura-
tion, and (5) regulation of activities of certain growth
factors[1].

The MMPs are zinc-dependent endopeptidases collec-
tively capable of degrading essentially all components of
ECM (see [2]). Controlled breakdown of ECM by MMPs
plays an important role in detachment and migration of
cells, aswell asin tissue remodeling in several physiolog-
ical situations, e.g. developmental tissue morphogenesis,
tissue repair, and angiogenesis. It is likely that in these
situations distinct MM Ps cooperate in parallel and/or cas-
cade-like fashion to achieve effective and targeted ECM
degradation, which is aso controlled by specific tissue in-
hibitors of metalloproteinases (TIMPs). In skin, several
different types of cells are capable of producing MMPs:
keratinocytes, fibroblasts, macrophages, endothelial cells,
mast cells, eosinophils, and neutrophils. The basal expres-
sion of most MMPs in cultured cellsis low, and these en-
zymes are induced at transcriptional level by a variety of
cytokines and growth factors, relevant also during wound
repair, such as interleukin-1 (IL-1), IL-6, tumor necrosis
factor-a (TNF-a), epidermal growth factor (EGF),
platelet derived growth factor (PDGF), fibroblast growth
factor (FGF), and TGF-3 depending on cell type [3]. With
some exceptions [4-6], MMPs are not constitutively ex-
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pressed in the skin in vivo but are induced temporarily in
response to exogenous signals, such as various cytokines
or growth factors, cell-matrix interactions [7, 8], and a-
tered cell-cell contacts[9].

At present, the MMP gene family consists of 15 struc-
turally related members, which can be divided into sub-
groups of collagenases, gelatinases, stromelysins, and
membrane type MMPs (MT-MMPs) according to their
substrate specificity and primary structure. The collage-
nase subgroup currently consists of three members, colla-
genase-1 or fibroblast collagenase (MM P-1), collagenase-
2 or neutrophil collagenase (MMP-8), and the recently
discovered collagenase-3 (MMP-13); these are the princi-
pal secreted neutral proteinases capable of initiating
degradation of native fibrillar collagen types|, 11, I11, and
V. MMP-1 degrades type |1l collagen most efficiently
while MMP-8 is more potent in degrading type | collagen.
Collagenase-3 (MMP-13), in turn, degrades type |1 colla-
gen sixfold more effectively than type | and 11l collagens
and displays amost 50-fold stronger gelatinolytic activity
than MMP-1 and MMP-8 [10, 11]. In addition, MMP-13
also degrades type 1V, 1X, X, and XIV collagens, large
tenascin C, and fibronectin [12]. Rat and murine intersti-
tial collagenases are homologues of human MMP-13 in-
stead of MMP-1[13].

Stromelysin-1 (MMP-3) and stromelysin-2 (MMP-10)
are able to degrade a wide range of substrates including
fibronectin, type 1V, V, IX, and X collagens, elastin,
laminins, gelatin, and proteoglycan core proteins. Strome-
lysin-3 (MMP-11) is structurally less closely related to
MMP-3 and MMP-10 and to date, MMP-11 has not been
shown to degrade any ECM component. In contrast to
other MMPs, except MT-MMPs, MMP-11 is activated prior
to secretion by a Golgi-associated proteinase, furin [14].

The gélatinase subgroup of MMPs contains two
members, 72 kDa gelatinase (gelatinase-A, MMP-2)
and 92 kDa gelatinase (gelatinase-B, MMP-9), also called
72 kDa and 92 kDa type IV collagenases, respectively.
MMP-2 and MMP-9 are thought to play an important role
in the final degradation of fibrillar collagens after initial
cleavage by collagenases. It is therefore possible that due
to their ability to initiate and continue degradation of fib-
rillar collagen of typel [15, 16], MMP-2 and MMP-9 play
a more important role in the remodeling of collagenous
ECM than has been previously thought.

Matrilysin (MMP-7), the smallest member of MMP
gene family, has a broad substrate specificity, being able
to degrade elastin, fibronectin, laminin, entactin, type IV
collagen, and proteoglycan core proteins. Macrophage
metall oelastase (MMP-12) degrades elastin, type IV col-
lagen, laminin, fibronectin, vitronectin and heparan sul-
phates [19]. Recently, a new member of the MMP gene
family was cloned independently by two groups and as-
signed numbers MMP-18 [20] and MMP-19 [21], but its
ECM substrate specificity has not been determined yet.

The MT-MMP subgroup contains four members, all of
which have a transmembrane sequence in the COOH-ter-
minal. MT-MMPs contain a cleavage site for furin pro-
teinases between the propeptide and the catalytic domain

providing the basis for furin-dependent activation of la-
tent MT-MMPs prior to secretion. The substrate speci-
ficity of MT1-MMP (MMP-14) is best known, and it was
initially shown to cleave and activate latent MMP-2 [17].
However, recent observations show that MT1-MMP also
degrades ECM components, e.g. native type |, Il and 1l
collagen, gelatin, fibronectin, laminin-1, and cartilage pro-
teoglycan core protein [18]. The substrate specificities of
other MT-MMPs are not known.

Methods
Tissue specimens

Informed consent was obtained from individual subjects for all
procedures. Human skin samples were collected from atotal of 17
patients with chronic leg ulcers who underwent excision and graft-
ing procedures at the Department of Plastic Surgery, Helsinki Uni-
versity Central Hospital. They had all been treated with conserva-
tive measures without reduction in the ulcer surface area. The tis-
sue material was formalin-fixed and paraffin-embedded.

As controls for acute wounds, biopsies of normally healing
donor areas on the anterior thigh were obtained from 15 patients of
the Department of Dermatology, University of Helsinki, undergo-
ing pinch grafting procedure [22, 23]. On day 0O, pinch grafts ap-
proximately 1.5 cm in diameter and extending to full-thickness at
their centers, had been cut off from the donor site and transferred
to the ulcer area in the ankle region. Theregfter, 1, 2, 3, 5, 6 and
7 days post-wounding, these small wound areas in the upper thigh
were biopsied. All patients were women ranging in age from 62 to
94 years.

Formalin-fixed, paraffin-embedded archival specimens of gas-
tric ulcers (n = 5), duodenal ulcers (n = 3), samples demonstrating
idiopathic inflammatory bowel disease (IBD) (ulcerative colitis
(n = 5), Crohn’s colitis (n = 7), and enteritis (n = 6), as well as
specimens representing histologically normal duodenum (n = 2),
ileum (n = 3), and colon (n = 3) were obtained from the De-
partment of Pathology, University of Helsinki. All IBDs were in
an active, ulcerative phase.

In situ hybridization. In situ hybridization was performed on 5-pm
sections as described in detail [24]. All samples were treated with
proteinase K and were washed in 0.1 M triethanolamine buffer con-
taining 0.25% acetic anhydride. The sections were hybridized over-
night with 1 x 10 cpm of ¥S-labeled RNA probes at 55°C. After
hybridization, the slides were washed under stringent conditions, in-
cluding treatment with RNase A, and were processed for autoradi-
ography as described [24]. After 10-30 days of autoradiographic
exposure, the photographic emulsion was developed, and slides
were stained with hematoxylin and eosin.

Immunohistochemistry

On sections parallel to those used for in situ hybridizations, tissue
macrophages were identified by a monoclona anti-macrophage
antibody (KP-1; M814, DAKO Corp, Carpinteria, CA) which re-
acts with CD-68, a specific macrophage marker. Activated fibro-
blasts were stained with a monoclonal antibody to the NH,-termi-
nals of the type | procollagen (PC-I) molecule (MAB 1912;
Chemicon, Temecula, CA). Monoclonal a-smooth muscle actin
(6582; Bio-Makor, Rehovot, Israel) antibody was used to identify
myofibroblasts. Monoclonal anti-laminin antibody (LAM-89,
Sigma, product no. L-8271) and polyclonal rabbit anti-human fi-
bronectin (Dako, product no A245) antiserum were used to stain
these matrix proteins. Monoclonal MIB-1 antibody (Immunotech,
Marseille, France, product no. 0505), which reacts with the Ki-67
nuclear antigen, was used to detect proliferating cells from resting
intestinal epithelial cells. Matrilysin protein was detected using an



affinity-purified antibody raised in rabbits against a synthetic pep-
tide [6]. Sections were processed for immunohistochemistry as de-
scribed [7] using 3,3-diaminobenzidine tetrahydrochloride or
aminoethylcarbazole (a-smooth muscle actin, Ki-67) as chro-
mogenic substrate. Controls were performed with rabbit preim-
mune serum or preimmune mouse ascites fluid.

Cell Cultures and Northern Analysis. Normal human skin fibro-
blasts were maintained in Dulbecco’ s modification of Eagle’s me-
dium (DMEM, Flow Laboratories), 2 mM glutamine, 100 [U/ml

Fig.1 Collagenase-1 expres-
sion in a venous stasis ulcer
and b in a2 day normally heal-
ing wound. ¢ Stromelysin-1
expression in avenous stasis
ulcer and d in a 5-day nearly
reepithelialized normally heal-
ing wound. e, f Corresponding
bright-field images. g Strome-
lysin-2 expression in a venous
stasisulcer and h in a4 day
acute wound. i, j Correspond-
ing bright-field images. Signal
for each matrix metallopro-
teinase (MMP) mRNA is de-
picted by arrows
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penicillin-G, and 100 mg/ml of streptomycin. Collagen gels were
prepared using bovine dermal collagen, Cellon (Strassen, France)
containing 95% type | collagen and 5% type Il collagen. The fi-
broblasts were cultured in collagen gels as described [8]. Asacon-
trol, fibroblasts were plated as monolayer and cultured in DMEM
supplemented with 10% FCS for 48 h. Promonocytic U937 cells,
THP-1 cells and human alveolar macrophages were cultured as
previously described [25].

To isolate total RNA from the dermal fibroblasts inside colla-
gen gels, the gels were briefly treated with 0.5 mg/ml collagenase
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(typell, Sigma) in phosphate-buffered saline (PBS, pH 7.4) with 1
mM CaCl,. Total cellular RNA was isolated from all the cell types
studied using the single step method [26]. Aliquots of total RNA
(10-17 pg) were fractionated on 0.8% agarose gel, the filter was
hybridized with 32P-labeled cDNAs for MMP-1 and MMP-13 [8],
and the 32P-cDNA-mRNA hybrids were visualized with autoradi-

ography.

Results
Chronic cutaneous wounds

Spatialy and temporally controlled expression of several
distinct MM Ps appears to be associated with ulcer repair.
MMP-1 is consistently expressed by migrating keratino-
cytes that have moved off the basement membrane in dif-
ferent types of wounds; these include acute normally heal -
ing wounds (Fig. 1b) as well as chronic ulcers such as ve-
nous stasis ulcers (Fig. 1a). In agreement with our results,
data on acute experimenta [7, 27] and burn wounds [28]
as well as wounds representing aberrant healing, such as
ul cerated pyogenic granulomas [38], demonstrate MMP-1
expression bordering ulcers. Furthermore, MMP-1 is also
expressed in keratinocytes when the basement membrane
remains partly intact such as during the repair of suction
blisters and bullas produced by a variety of blistering skin
diseases [29]. The production of MMP-1 by migrating ke-
ratinocytes may aid in dissociating the cell from the col-
lagenous dermal matrix and promote efficient locomotion
over dermal and provisional matrices. In fact, keratino-
cytes use MMP-1 to cleave collagen to gelatin, thereby
providing a substrate that is more conducive to migration
[30]. Several studies have demonstrated a key role for al-
tered cell-matrix interactions, particularly contact with
type | collagen, in initiating keratinocyte MMP-1 synthe-
sis[31]. When reepithelialization is complete, MMP-1 ex-
pression is shut off in basal keratinocytes. Modulation of
intracellular calcium can block secretion of MMP-1 by
keratinocytes which have moved away from the stratum
basalis and from their natural substrate [32].

Both MMP-3 and MMP-10 are expressed by basal ke-
ratinocytes in acute and chronic wounds (Fig.1c+) [33,

Fig.2A—-C A Bright field im-
age of a chronic venous ulcer.
B Signal for collagenase-3
mRNA in the stroma. C Signal
for collagenase-1 in the epider-
mis and stroma. Arrows show
the wound edge epithelium

34], yet by distinct populations of these cells. MMP-3 is
expressed further away from the wound edge and is prob-
ably not needed for reepithelialization but for restructur-
ing the newly formed basement membrane (Fig.1c-).
Since MMP-3-positive proliferating keratinocytes reside
on an intact basement membrane the primary stimulus for
its production may be a soluble factor such as TNF-q, IL-1,
EGF, PDGF or TGF-3 [34]. MMP-10 expression colocal-
izes with that of MMP-1 at the epithelial tip bordering
both acute and chronic ulcers (Fig.1g-). This enzyme
may be involved in the superactivation of cosecreted col-
lagenase or may facilitate keratinocyte migration by de-
grading noncollagenous matrix molecules.

During wound repair both MMP-1 (Fig. 1a) and MMP-3,
but not MMP-10, are also expressed in dermal fibroblasts
and participate in the formation and removal of granula-
tion tissue and resolution of scar tissue [28, 34]. The num-
ber of cells expressing MMP-1 and -3 in the stroma of
chronic wounds is greater than the number of positive
cellsin normally healing wounds.

In contrast to MMP-1, collagenase-3 (MMP-13) is not
expressed by keratinocytes bordering normally healing
wounds (Fig.2b). However, MMP-13 is abundantly ex-
pressed by stromal cellsin chronic wounds distinct from
areas of stromal MMP-1 expression [8]. By using PC-1,
o-smooth muscle actin and CD-68 immunostaining we
were able to show that many of these MMP-13 positive
cells are activated fibroblasts. Furthermore, by northern
analysis we were not able to detect MMP-13 in three
types of macrophage-like cells (U937, THP-1, aveolar
macrophages) [8]. Interestingly, human skin fibroblasts
cultured in three-dimensional collagen gel also express
MMP-13, whereas dermal fibroblasts cultured on tissue
culture plastic do not [8], indicating an important role for
cell-matrix interactions in the control of fibroblast

MMP-13 expression. Furthermore, our results clearly show
that while MMP-1 is critical for reepitheliaization, MMP-
13isinvolved in the degradation of type | and |11 collagen
and their cleavage products in the chronic ulcer bed and
may play arole in the pathogenesis of chronic ulcers.
Matrilysin is aconstitutive product of the epithelium of
eccrine and apocrine sweat glands [6]. However, it is not




up-regulated in vivo in healing cutaneous wounds [7].
Human macrophage metalloelastase can be expressed by
stromal macrophage-like cells of the chronic wounds
(Vaalamo and Saarialho-Kere, unpublished).

We are not aware of studies on the expression of gelati-
nases MRNAS in chronic cutaneous wounds. However,
other groups have shown in normally healing wounds that
MMP-2 is important in the prolonged remodeling phase
[39] and its expression remains stable during the daysim-
mediately after creation of the wound [40]. MMP-9 can
be found both in blister fluid and in situ in tissues during
reepithelialization of suction blisters [41]. It could be in-
volved in severa early steps of wound repair: detachment
of keratinocytes from the basement membrane, promoting
cell locomotion in wound matrix, and remodeling of the
fibrin-fibronectin matrix [40].

It is likely that the balance between proteinase and in-
hibitor levels plays a crucial part in successful wound
healing process. TIMP-1 is temporally and spatially regu-

Fig.3a-h aExpression of tis-
sue inhibitor of metallopro-
teinase (TIMP)-1 in achronic
venous ulcer and b in a 3-day
normally healing wound.

¢, d Corresponding bright field
images. e TIMP-3 expression
in an acute 5-day wound and

f in achronic venous ulcer.

g, h Corresponding bright-field
images. Arrows depict the
TIMP-1 mRNA positive area
inb. E, epidermis
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lated during cutaneous wound repair [28, 33]. We have not
detected TIMP-1 in the epidermis of chronic wounds (Fig.
34, ¢). However, in agreement with previous data [28], it
was detected in the epidermis of acute human wounds
(Fig.3b, d) until their reepithelialization and stromally un-
til day 7. Particularly in 3-day and 5-day wounds, TIMP-1
was expressed in basal keratinocytes further away from
the wound [33]. Furthermore, compared to acute wounds,
fluid from nonhealing venous and pressure ulcers contains
high levels of activated gelatinases and low levels of
TIMP-1 [35-37]. Lack of TIMP-1 expression in keratino-
cytes of chronic ulcers vs positive expression in the ep-
ithelium of normally healing wounds suggests that exces-
sive proteolysis retards the healing of venous ulcers.
TIMP-1 is often expressed perivascularly in both chronic
and acute wounds [28, 38], suggesting that it may be pro-
tecting these areas from proteolytic degradation. Analo-
gously, epiderma TIMP-1 may be inhibiting metalloen-
zymes from degrading the epidermal basement membrane.
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Fig.4A-G A Stromal ex-
pression of collagenase-1,

B stromelysin-1 and D tissue
inhibitor of metalloproteinase
(TIMP)-1 in an ulcer caused by
Crohn’s disease. Arrows mark
the mucosal epithelium. Inset
a, Collagenase MRNA in large
round cells in the base and
margins of the ulcer; inset b,
stromelysin-1 mRNA in the ul-
cer stroma in plump macro-
phage-like cells; inset ¢, colla-
genase MRNA does not colo-
calize with darker CD-68-posi-
tive cells. E Expression of ma-
trilysin mRNA in the epithe-
lium of an ulcer caused by ul-
cerative colitis. F Serial sec-
tions demonstrating matrilysin
protein and G collagenase-1
mMRNA. Arrows mark epithelial
tips bordering the ulcers

TIMP-3 was produced in stromal fibroblast-like cellsin
chronic ulcers (Fig. 3f, h) and in acute wounds (Fig. 3¢, g).
However, TIMP-3 was expressed in keratinocytes in nor-
mally healing wounds (Fig.3e, g), while keratinocytes
bordering chronic venous ulcers were negative (Vaalamo
and Saarialho-Kere, unpublished) (Fig. 3f, h).

Gastrointestinal ulcers

Healing of gastrointestinal ulcers is known to bear severa
similarities to repair processes seen in skin wounds. There-
fore, we also investigated whether gastrointestinal ulcersin-
volve a similar expression of MMPs by the injured surface
epithelium [42]. Unlike in skin lesions, MMP-1 is not pro-
duced by the surface epithelium bordering gastrointestina
ulcers but is prominently expressed in activated fibroblasts
in the gut stromain ulcers of Crohn’s disease and ulcerative
colitis (Fig.4A). The intensity of signal for collagenase
MRNA was very high in IBD specimens whereas peptic ul-
cers of the stomach and duodenum displayed fewer positive
stromal cells. Asin chronic cutaneous wounds, the mucosal
epithelium of chronic IBD lesions is devoid of MMP-13
MRNA (Vaalamo and Saaria ho-Kere, unpublished).

In IBD samples, MMP-3 is partly expressed in the
same areas as MMP-1 in stromal round, activated fibro-
blast/macrophage-like cells (Fig.4B). Unlike in skin
wounds, MMP-3 was never detected in the epidermis.

Surprisingly, matrilysin (MMP-7) mRNA and protein
were detected in the epithelium bordering gastrointestina

ulcers regardless of the type of ulcer (Fig.4E, F). No
MMP-7 was seen in normal gastrointestinal mucosa, sug-
gesting that matrilysin is not involved in the regular ep-
ithelial renewal. Immunostaining for laminin-1 and fi-
bronectin was abnormally weak at the site of basement
membrane under MM P-7-positive epithelial cells and by
doing the Ki-67 immunostaining we were able to show
that matrilysin production is associated with migration in
intestinal ulcers [42]. Alternatively, MMP-7 may be
needed to remodel the gastrointestinal basement mem-
brane due to its ability to cleave entactin, fibronectin and
type IV collagen.

Analogously to chronic skin wounds, abundant TIMP-1
MRNA was detected in the granulation tissue at the base
of the ulcers, but never in the mucosal epithelium (Fig.4
D). Furthermore, we have not detected TIMP-3 in the mu-
cosal epithelium of IBD lesions (Vaalamo and Saarial ho-
Kere, unpublished). However, it is abundantly expressed
in the vicinity of the blood vessels and damaged crypts of
the inflamed intesting, generaly in deeper layers than
TIMP-1.

Conclusions

Our results in both cutaneous and gastrointestinal wounds
suggest that a variety of MMPs are up-regulated during
wound repair (Table 1). While there are no qualitative dif-
ferences in the expression of MMPs-1, -3, and -10 in
chronic and normally healing cutaneous wounds, a greater



Table1 Expression of metalloproteinasesin chronic ulcers

Enzyme Epithelium Stroma
Skin Gut Skin Gut

Collagenase-1 + — + +
Collagenase-3 - - + +
Stromelysin-1 + - + +
Stromelysin-2 + + - +
Matrilysin - + - -
Metalloel astase - — + +
TIMP-1 - - + +
TIMP-3 - - + +

number of stromal and epithelia cells produce MMP-1
and -3 in chronic vs acute wounds (Fig. 1). MMP-13 is hot
involved in the normal repair of dermal wounds but plays
an important role in the stromal remodeling of chronic
ulcers, possibly decelerating the repair process. As in
chronic gastrointestinal ulcers, TIMP-1 and -3 are not ex-
pressed by epithelia cells in abnormally healing cuta-
neous wounds. However, the spatially and temporally reg-
ulated epithelial expression of TIMP-1 and -3 in acute
wounds suggests that there may be an imbalance between
proteinases and their inhibitors contributing to the chronic-
ity of, e.g. venous leg ulcers. Although in both skin and
gut the ultrastructure of the basement membrane is as
sumed to be similar, the intestinal wounds heal more
rapidly. Differences in the composition of the intestinal
matrix and the matrix-binding receptors on an epithelial
cell may dictate its pattern of MMP expression. Thus,
MMP-1 would be needed to facilitate migration of kera-
tinocytes over the collagen-rich matrix in healing skin
whereas MMP-7 would serve the same role in the repair
of gut epithelium.
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