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Extracellular matrix (ECM) turnover is a widespread but in-
completely understood process. Many studies have been con-
ducted with the aim of discovering the general mechanisms
which produce and maintain the ECM in tissues. Wound re-
pair in animals has always been a suitable “tool” for exploring
these mechanisms. In such a pathologic event, the different
components of the healing system can be readily observed
since they are exaggerated. It has now become clear that the
regulation of protease/inhibitor activity is one of the most im-
portant steps in maintaining the integrity of ECM in the normal
as well as in the pathologic state. As far as the repair process is
concerned, a failure in such regulation may result in abnormal
wound healing ranging from nonhealing wounds to hyper-
trophic scarring.

Experimental findings have been directly applied in clinical
practice. For example, the importance of débridement in nor-
mal and especially in poorly healing wounds has become
much clearer in the recent past. Different methods have been
proposed to obtain an optimal wound bed in order to perform
skin transplantation.

Both mechanical and physical débridement procedures un-
doubtedly offer some advantages and are essential when
extensive third degree burns have to be treated. On the other
hand, pain, excessive blood loss, and overall broad and indi-
scriminate débridement are common negative side effects.
Thus, many enzymic formulations have been proposed and
used in practice by clinicians all over the world. From diffe-
rent studies enzymatic débridement appears to have the po-
tential of generating a clean wound bed and a gentle eschar
removal. Preparations involving natural healing proteinases
such as collagenases have been shown to release the eschar
without affecting the underneath viable granulation tissue.
The symposium “Proteolysis in Wound Healing” took place
during the 5th Annual Meeting of the European Tissue Repair
Society, held in Padua from August 30 until September 2,
1995. Lectures on the important subject of enzymatic débride-
ment were held, and this book reports on some of the scientific
concepts presented there.



My personal impression is that there have been many im-
provements in molecular biology and in clinical research
during the last few years. These new experimental findings
and therapeutic approaches will certainly be of tremendous
help to those clinicians who are dealing with abnormal tissue
repair problems.

Giovanni Abatangelo, MD, PhD
President of the Organizing Committee
of the 5th Annual Meeting

of the European Tissue Repair Society
President of the ETRS



It is a great honor to introduce this volume which reports on
the experience of a select group of researchers and of clini-
cians. Both are vital to our understanding, of tissue repair, for
it has recently become clear that it is mandatory to fill the gap
between basic research and clinical experience to achieve
any further results.

The round table that | had the honor to chair as a surgeon and
as President of the European Burn Association at the European
Tissue Repair Symposium is an example of this new approach
to the problem. Of particular interest are the basic analogies
which can be observed in the field of wound care in different
ages and cultures. This is a typical example of how practical
experience produces similar concepts and strategies under
different conditions. In antique Greek or Egyptian care, an ex-
pert may have employed - even if concealed in magical belief
- the same treatments that are used today such as hemostasis
in the case of acute wound, detersion, antisepsis and cover-
age. This corresponds to our current practice and demon-
strates that the main processes in wound healing remain the
same regardless of whether hemostasis is obtained with hot
ashes or fibrin glue, detersion is practiced with vinegar or
H,0,, antisepsis is achieved with tea or sulfonamide, and
a wound is covered with dry leaves or keratinocytes on a
dermal-like layer produced with tissue engineering.

The expression “healing hand” makes us think of the fascina-
ting volume by Guido Majino. His monogragh focuses in a
modern way on the fundamental act of wound care in all the
historical settings, stressing the main traditionals which are
strikingly similar.

The objective of the monograph is to update our knowledge of
enzymatic débridement obtained with collagenolitic enzymes
which are so important in the context of the physiological
mechanisms of wound repair and related to antibacterial
action to abolish the substrates and to the chemotaxes of in-
flammatory cells. The protease/collagenase system is at the
center of a complex series of phenomena involved in the
healing of tegumental tissue wounds and in the modulation of
the scarring process. We surgeons know very well that the



quality of the final scar can determine therapeutic success.
We therefore hope that continuing investigations by both
basic scientists and surgeons will result in the much needed
progress.

Professor Luigi Donati, Milan

Xl



Proteinases in Wound Repair

J. M. Davidson

Summary

The purpose of this brief discussion is to remind the reader
that proteinases are not only involved in tissue remodeling,
but that they have a broad range of roles in the process of
tissue repair. Many of these enzymes are not stored, sug-
gesting that their expression and activity can be modulated
at the level of gene expression. Given the complexity and
multiplicity of matrix metalloproteinases (MMP), much
interest has developed toward understanding the activation
pathways of these proteinases. Control of activation and in-
hibitor pathways offer additonal levels of manipulation. Al-
though there has been some success in targeted deletions of
metalloproteinase genes, these studies have not deter-
mined a precise biological role for the MMPs in wound re-
pair. Crucial experiments will be necessary to determine
when these molecules turn from friend to foe in the wound
healing process.

Introduction

Proteolysis is an intrinsic component of tissue repair [6, 17].
From the inception of hemostasis, through débridement and
control of infection, to the replacement of normal connective
tissue architecture, a wide variety of enzymes come into play.
During the last 10-15 years, our understanding of proteolysis
and proteases has increased enormously. The metalloprotein-
ase family has expanded from a single member, collagenase,
to a family with perhaps more than a dozen members [1].
Likewise we have learned a great deal about the more tradi-
tional, serine proteinases and, perhaps more importantly,
about the function of protease inhibitors at the mechanistic
level. Proteases in wounds are initially delivered from the

Department of Pathology, Vanderbilt University School of Medicine and
Research Service, Department of Veterans Affairs Medical Center, Nashvil-
le, Tennessee



Table 1. Are proteinases detrimental to wound repair?

Implications from wound fluids
High proteolytic activity in wound fluid
Elastase
Gelatinase
Fragmentation of macromolecules critical to cell attachment

Inactivation of stimuli by chronic wound fluid

plasma or by blood-borne cells, but the tissue itself quickly
begins to express many types of tissue-degrading or tissue-
modifying activities.

In this paper and the articles that follow, the reader will come
to appreciate the complexity of the control of proteolysis in
the context of tissue repair. Not only is gene expression in-
volved, but activation steps and the expression of proteinase
inhibitors play an important role in determining the overall
proteolytic activity profile of a particular wound at a particular
stage. Proteinases in wounds can be friends or foes. Sufficient
proteolysis must occur at the wound site to remove all necrot-
ic material and dead infectious particles; however, excess or
persistent proteolysis at the wound site will create a highly un-
favorable environment for growth and migration of cells to re-
pair the defect (Table 1). Hopefully, the next decade of basic
and clinical research is going to put us in a position to manip-
ulate these factors within the wound environment in order to
obtain more satisfactory rates and quality of healing.

Hemostasis

From the initiating moment of tissue injury until well after the
scar has matured, proteolytic activity plays a central role in
the repair process (Table 2). The initial peptide bond cleavage
events occur as elements of the coagulation cascade succes-
sively cleave zymogens into active forms to rapidly convert
fibrinogen into fibrin and thereby reduce plasma and blood
leakage. Excessive clot formation is counteracted by the ac-
tions of specific, circulating inhibitors such as antithrombin-
Ill, and clot dissolution is catalyzed by the activation of plas-
min via tissue- or urokinase-type plasminogen activators. In
this way, proteinases set, within the first minutes after injury,
the stage for the formation of the provisional matrix, a tempo-
rary scaffold at the wound site that will allow inflammatory
and other blood-borne cells a migratory foothold. Coagulation
and thrombosis are examples of incredibly tightly regulated



Table 2. Proteolytic events pervade the healing process

Key stages in wound repair

Hemostasis and thrombosis
Coagulation cascade
Fibrinolysis

Inflammatory cell activation
Granulocyte
Masl cell
Macrophage

lssue reconstruction
Endothelium
Epidermis/epithelium
Fibroblast/myofibroblast

proteolytic events that have been well described as a distinct
set of interrelated pathways.

Leukocytes and Their Proteinases (Table 3)

Hemostasis sets the stage for the activation of the next set of
proteolytic events, the disinfection and débridement of the
wound site by polymorphonuclear leukocytes. These cells, re-
cruited by the activation of adhesive mechanisms on adjacent
capillary endothelium, proceed to extravasate into the tissue
space and the wound site under the influence of chemoattrac-
tants, at the same time releasing a tremendous barrage of gran-
ule-bound proteinases, particularly a group of serine protein-
ases and collagenase.

Table 3. Inflammatory cell proteinases

Granulocyte proteinases
Serine proteinases
Elastase
Cathepsin G
Proteinase 3
Azurocidin
Neutrophil collagenase (MMP-8)

Macrophage proleinases
Collagenase (MMP-1)
Metalloelastase (MMP-12)
“Recycled” neutrophil elastase

Mast cell proteinases
I'ryptase (human)
Chymase (mast cell protease 1)
Mast cell protease 1l (rat)



Mast Cells

Although a prominent participant in many inflammatory reac-
tions, the repertoire of the mast cell is poorly understood. In
their resting state these cells contain storage granules loaded
with proteoglycan, histamine, and several serine proteinases.
Upon activation, these granule contents are rapidly released,
leading to massive increases in interstitial fluid and perfusion;
however, the mast cell is not destroyed in the process of de-
granulation. Persistently activated mast cells, no longer dis-
tinctively marked by their metachromatic inclusions, can con-
tinue to mediate the inflammatory response and modulate cel-
lular immune responses for days to weeks after degranulation.
Chymase and tryptase are two serine proteinases present in
mast cell granules. These enzymes have cleavage specificities
similar to chymotrypsin and trypsin [9]. Carboxypeptidase A
and B are present as well.

Neutrophils

Metalloproteinases. The matrix metalloproteinase MMP-8
(neutrophil collagenase) is a distinct gene product with higher
catalytic efficiency for type lll collagen [8]. Neutrophils may
also express a newly described collagenase (collagenase-3;
MMP-13) whose substrate specificity resembles that of the
predominant isoform of rat collagenase.

Serine Proteinases. The neutrophil contains several enzymes
of the serine proteinase class that attack peptide sequences
in a host of proteins involved in wound repair, with the excep-
tion of triple helical collagen. The principal role of the
neutrophil is defense and débridement; thus, these enzymes
are crucial to the removal of peptides derived from killed,
invading bacteria and spent host cells. Unlike most of the
serine proteinases, the elastases are produced as active en-
zymes, being sequestered in secretory granules. A significant
fraction of these enzymes is bound to the neutrophil sur-
face, where it is protected from inhibition by proteinase in-
hibitors [10].

Elastase. The structure and mechanism of action of elastase
is extremely well understood [15]. The primary sequence
and substrate specificity of neutrophil elastase is very close to
that of pancreatic elastase. Because it is one of the few
enzymes that degrade intact, cross-linked elastin, elastase
is undoubtedly involved in the destruction of elastic fibers,
but it is equally capable of degrading core proteins of proteo-
glycans, growth factors, attachment factors, and a host of



other targets. In tissue space, elastase action is controlled
by proteinase inhibitors, the best characterized of which is
ol-antiproteinase (a1-antitrypsin; AAT) [11]. However, other
proteinase inhibitors such as a2-macroglobulin must be ac-
tive at sites of elastase action, since genetic deficiencies in
AAT do not lead to wholesale destruction of tissue by inflam-
matory processes.

Neutrophil elastase is the major proteolytic activity released
upon degranulation of polymorphonuclear leukocytes. It is
probably the major enzyme involved in the débridement of
damaged tissue. Imbalances in elastase activity have been
shown to produce pathological changes in the lung (pulmo-
nary emphysema) [2], and excess elastase activity appears to
be associated with degradation of fibronectin and other mole-
cules in the chronic wound [7].

Cathepsin G. Cathepsin G is another prominent constituent of
the specific granule. It possesses a chymotrypsin-like substrate
specificity and can also be classified as an elastase. Cathepsin
G, like neutrophil elastase, has broad substrate specificity.

Proteinase 3 (PR-3). Proteinase 3, another distinct serine pro-
teinase with connective tissue degrading activity, is also
present in the specific granules of the neutrophil.

Azurocidin. Azurocidin, a molecule with close homology to
the other neutrophil serine proteinases, has antibacterial activ-
ity but lacks catalytic activity [3].

Macrophages

Neutrophil Elastase. A serine-type elastase has been noted in
macrophage populations, yet there has been no evidence that
these cells can produce the enzyme. Interestingly, macro-
phages appear to have a specific uptake mechanism for re-
leased neutrophil elastase. The endocytosed elastase is appar-
ently moved into a compartment wherein it may be recycled
to the extracellular space.

Metalloelastase (MMP-12). MMP-12 is one of the newest
members of the MMP family. The activity was first discovered
in murine macrophages, and considerable effort was required
to identify and isolate the homologous protein from human
macrophages. This enzyme appears to represent the major
elastolytic enzyme expressed by macrophages; however, like
the serine elastolytic proteinases, the substrate specificity of



Table 4. “Tissue” proteinases

Epidermis
Collagenase (MMP-1)
Stromelysin-1,2 (MMP-3,10)
Plasminogen activator (urokinase type
Mesenchyme
Collagenase (MMP-13
Stromelysin 1 (MMP-3)
72-kDa gelatinase (MMP-2)
92-kDa gelatinase (MMP-9)
Plasminogen aclivator (uPA)

this enzyme is also quite broad, being able to attack many
components of connective tissue, including proteins of the
basement membrane.

Collagenase. Mature macrophages express the same collage-
nase gene product as fibroblasts (MMP-1). As with the fibro-
blast enzyme, proteolysis is principally directed at the intersti-
tial collagens (I-llI, V). Macrophages may also express the
newly described collagenase-3 (MMP-13).

Fibroblast, Endothelial Proteinases

It is very clear that the cells of connective tissue can partici-
pate in remodeling through the expression of various protein-
ases. Most prominent are the expression of collagenase and
plasminogen activators, but other classes of proteinases can
have significant effects on matrix metabolism during develop-
ment and repair (Table 4).

Proteinases As Activators

Digestion of peptide targets does not necessarily lead to their
complete destruction. Proteolysis at the wound site will re-
lease a significant amount of biologically active material from
higher molecular weight substrates. This includes chemotacti-
cally active fragments of matrix macromolecules, soluble
forms of receptors that are cleaved from the cell surface, and
cleavage of multifunctional chemokines (Table 5).

Procollagen C, N-Proteinases. There are two key enzymes in-
volved in the conversion of soluble procollagen (types |, IlI, V,
and Xl) to tropocollagen by trimming off the C- and N-termini
of the assembled procollagen molecules. Both of these en-
zymes are neutral metalloendopeptidases, and genetic defi-



Table 5. Proteinases as activators

Release of active peptides
Chemotactic fragments of matrix components
Soluble forms of receptors
Cleavage of multifunctional chemokines
Processing of latent molecules
Role of plasminogen activator in TGF -B activation
Conversion of high molecular weight TGF-o/EGF precursors
Procollagen conversion
N-proteinase
C-proteinase
Conversion of types I-lll procollagen
Possible activity of c-peptide in cartilage
Processing of lysyl oxidase
Relationship to bone morphogenetic protein-1

I'GF, transforming growth factor; EGF, epidermal growth factor.

ciency of the N-proteinase leads to a form of Ehlers-Danlos
syndrome (type VII) with fragile skin. This is probably due to
steric hindrance of normal collagen fibril assembly by the
bulky, globular N-terminal domain. Subsequently, the disul-
fide linked C-termini of procollagen are processed by a c-pro-
teinase. Cleavage is reportedly accelerated by the presence of
an enhancer protein. The c-proteinase may be closely related
to bone morphogenic protein-1 (BMP-1), which was previous-
ly known to be nonhomologous with the other, transforming
growth factor-p (TGF-B) like BMPs. The primary structure of
the c-proteinase identifies it as a member of the astacin family
of metalloproteinases, which also includes tolloid protein.
This is a proteinase gene first identified in Drosophila, and it is
potentially involved in TGF-B activation.

Lysyl Oxidase Activation. Lysyl oxidase is not a proteinase,
but an extracellular enzyme crucial to the cross-linking of col-
lagen and elastin. This copper-dependent oxidase functions
by deaminating e-amino groups on crucial lysyl residues in
collagen and elastin, which, due to the protein’s intrinsic as-
sembly processes, condense to form very stable cross-link
structures that are resistant to chemical and biological hydro-
lysis. Lysyl oxidase may be activated from its precursor form
by an astacin-like proteinase.

Growth Factor Activation

Many cytokines are synthesized as latent precursors, thus acti-
vation represents another level of biological control.



Plasminogen Activator, Plasmin, Plasminogen Activator In-
hibitor-1, and TGF-f3. Plasminogen activator, a serine protein-
ase, exists in two forms: tissue type (tPA) and urokinase type
{(uPA), both of which are capable of cleaving plasminogen to
its active form and thus setting off fibrinolysis. In addition, it
has been shown that surface-associated uPA can be involved
in a complex circuit, together with the mannose-6-phosphate
receptor and plasmin, in the proteolytic activation of latent
TGF-B to its active form. uPA is also associated with extracel-
lular matrix degradation [12].

TGF-a Precursor. Both epidermal growth factor (EGF) and
TGF-a are synthesized as large precursors with several similar
growth factor domains. Cathepsin D, an aspartyl proteinase
normally associated with lysosomes, can be found in the ex-
tracellular space, and it has the potential to act if the pH falls
below about 6.5. Evidence has been presented to suggest that
cathepsin D may play a role in processing of the EGF/TGF-o
precursors. Kallikrein has also been mentioned as a process-
ing enzyme for these proforms of growth factors [16].

Interleukin-1 Converting Enzyme and Programmed Cell
Death. Programmed cell death (apoptosis) is certainly a nor-
mal aspect of wound healing. Cellularity rapidly rises and
then falls at the wound site through this mechanism. It is clear
that a number of proteins related to the interleukin-1 convert-
ing enzyme (ICE) are involved in the apoptotic pathway, and
protease inhibitors, such as the crmA protein expressed by
vaccinia virus, function by inhibiting the action of ICE-like en-
zymes and preventing death of the host cells. Interleukin-1 is
synthesized as a precursor lacking a signal peptide for secre-
tion. Intracellular processing leads to cytokine activation and
may affect intracellular location.

Serine Proteinases

Plasminogen activator is certainly involved in proteolysis and
fibrinolysis, but the tissue-type form of the enzyme is also as-
sociated with the cell surface and with surface activation
events. tPA may also play a role in matrix degradation and the
enhanced motility of cells. tPA expression is strongly induced
by inflammatory mediators such as IL-1, while its expression is
shut off by TGF-B. At the same time, TGF-§ increases the ex-
pression of plasminogen activator inhibitor-1 (PAI-1), perhaps
to increase the efficiency of proteolytic inhibition. Since tPA
may be involved in TGF-B activation, this response would
serve as a negative feedback loop controlling the activity of
TGF-B [4].



Metalloproteinases

Collagenase. MMP-1 is the classic metalloproteinase that is
absolutely required and specific for the degradation of triple
helical types 1, Il, 1ll, V, and XI collagens. Like other members
of the MMP family, it contains a zinc atom at the active center
and also requires calcium for full activity. Like other members
of the MMP family, collagenase undergoes a complex activa-
tion, which may or may not require a proteolytic cleavage
event [1]. Possible activating enzymes for collagenase include
stromelysin-1 and plasminogen activator. The only known ac-
tivity of collagenase is against the unique, triple helical sub-
strate, and collagenase cleaves gelatin (denatured collagen)
much less efficiently. Collagenase expression is under tight
transcriptional regulation. Synthesis is strongly stimulated by
agents that activate protein kinase C (e.g., phorbol esters, mito-
genic growth factors, and TNF o/JL-1), and transcription is ar-
rested by TGF-B. After tissue injury, collagenase is expressed
in migrating keratinocytes, macrophages, and fibroblasts. A
new human collagenase (MMP-13), probably corresponding
to rat uterine collagenase, has recently been identified [5].

72-kDa Gelatinase(A): MMP-2. Unlike classic collagenase,
other MMPs have much broader substrate specificity and ex-
pression patterns. This enzyme degrades denatured collagen
and also attacks native collagens such as type IV, V, VII, X, as
well as elastin and fibronectin. These properties have led to
the proposal that MMP-2 is critically involved in cellular
translocation through basement membrane structures as
might occur in inflammation or tumor metastasis.

Stromelysin-1: MMP-3. Given this name because of broad
substrate specificity, this enzyme is usually identified by a
combination of its apparent molecular weight and caseinolyt-
ic activity. This enzyme was originally described as a cDNA
clone from fibroblasts with a transformed phenotype, and its
regulation is similar, but not identical, to collagenase. Stro-
melysin has been shown to be upregulated in migratory epi-
dermis and mesenchymal cells scattered through granulation
tissue. Stromelysin-1 activation may require the action of a
surface-associated MMP (MT-MMP).

92-kDa Gelatinase(B): MMP-9. Unlike its 72-kDa counterpart,
92-kDa gelatinase tends to have a much more restricted pat-
tern of expression and appears to be more tightly regulated at
the level of gene expression. Activation of the zymogen form
of the proteinase may require the previous activation by stro-
melysin-1.




Acid Proteinases

Cathepsin D. This enzyme is a lysosomal, aspartyl proteinase
that is biochemically related to pepsin. Its pH optimum is in
the range of 6.0-6.5. The enzyme may play a role beyond that
of digestion of phagocytosed proteins, since this molecule, as
many other lysosomal proteins, can find its way into the extra-
cellular space where glycosylation directs uptake into lyso-
somes through the mannose-6-phosphate receptor. It is uncer-
tain whether pericellular activity is part of a receptor-mediat-
ed recycling of enzyme plus substrate to the acidic environ-
ment of the lysosome, or whether there may be restricted
compartments at the cell surface into which hydrogen ions are
pumped to allow extracellular activity of this acid proteinase.
In the past, cathepsin D activity has been associated with the
processing of TGF-o. and procollagen.

Cathepsin B, L. These lysosomal cysteine proteinases are sig-
nificant from the perspective of intracellular degradation of
macromolecules.

Epithelial Proteinases

These neutral metalloproteinases are largely associated with
migratory events during the resurfacing of injury sites. With
the exception of matrilysin, many of the same MMP genes ac-
tivated in mesenchymal cells are called into play during epi-
thelial migration in response to injury or remodeling [14]. The
basic properties of the enzymes have already been men-
tioned, and the accompanying article by Parks, et al. (this vol-
ume) provides far greater detail on many aspects of these pro-
teinases.

Collagenase. MMP-1 appears to be primarily expressed at the
leading edge of the epidermal front.

Stromelysin 1. MMP-3 is co-expressed with collagenase, and
perhaps a bit behind the leading edge.

Stromelysin 2. Stromelysin 2, an MMP closely related in struc-
ture and substrate specificity to MMP-3, is expressed more dis-
tal to the leading edge, at sites of basal lamina deposits and
less hypertrophic epidermis. Expression, which probably differs
because of variation in promoter structure, is possibly more as-
sociated with proliferative centers rather than migratory centers.

Matrilysin. Matrilysin, the smallest of the members of this
class, is not known to be involved in wound healing process-



es.

Expression of the enzyme is apparently confined to secre-

tory epithelia (gut, endometrium) [13].
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Interview

Chronic wounds — are they due more to a deficiency of certain
growth factors and other cytokines or do they represent a state
of overexpression of cytokines and proteases?

Davidson: Many chronic wounds appear to be locked in an
inflammatory state. This suggests that there is excessive ex-
pression of inflammatory cytokines such as interleukin-1 and
TNF-o that, as a consequence, elicit the elaboration of tissue-
degrading enzymes. This excess of inflammatory proteinases
could be destroying the growth factor signals necessary for
wound maturation. Wounds of a diabetic and ischemic nature
are probably not expressing sufficient levels of growth factors.

Is it reasonable to try and downregulate these proteinases?

Davidson: Absolutely. The key issue is to permit the physio-
logical process of tissue remodeling while suppressing excess
proteolysis. For example, if elastase and other serine protein-
ases are causing the pathological changes, then either low-
molecular-weight inhibitors or the naturally occuring anti-
proteinases could have a favorable effect. Selective MMP
inhibitors or agents that block their expression might also be
useful.

Which drugs are known to do so?

Davidson: The pharmaceutical industry has developed an
enormous number of antielastases targeted at pulmonary dis-
ease, but they might also be effective in chronic wounds.
ol-Antiproteinase was effective in one study. Tetracycline
and its derivatives are fairly good MMP inhibitors. Several
investigators have demonstrated the efficacy of peptide ana-
logs in suppressing MMP-dependent proteolysis in the corneal
ulcer, for example.



The Biochemical and
Cellular Functions

of the Matrix Metalloproteinases

G. Murphy

Summary

A number of metalloproteinases that degrade the extracel-
lular matrix of connective tissues and three specific tissue
inhibitors of metalloproteinases (TIMPs) have now been
isolated, characterized, and cloned. Comparison of the en-
zyme sequences has allowed the delineation of domain
structures, and initial studies have been carried out to as-
sess the contribution of these domains to their biochemical
and biologic properties, including activation, inhibition of
TIMPs, and matrix binding. Such events represent the major
levels of extracellular regulation of metalloproteinase ac-
tivity, which is thought to be an important aspect of their
control. Activation is probably a cell surface phenomenon,
involving the plasminogen activator cascade or other mem-
brane-associated mechanisms. The inhibitory action of
TIMPs is postulated to be as important in activation as in the
subsequent regulation of enzyme degradation of the matrix.

Regulation of the Matrix Metalloproteinases

The matrix metalloproteinases (MMPs) are a family of zinc-de-
pendent enzymes that have the combined ability to degrade
the macromolecules that constitute connective tissue matrices
(Table 1). They are thought to be important in the cellular re-
modeling processes associated with both normal and patho-
logical matrix turnover. Regulation of the MMPs occurs not
only at the level of gene expression, but also extracellularly by
cell surface-associated proteolytic cascades effecting activa-
tion, as well as by the action of highly specific inhibitors (tis-
sue inhibitors of metalloproteinases: TIMPs).

Strangeways Research Laboratory, Worts’” Causeway, Cambridge CBI 4RN,
England



Table 1. Biochemical properties of human matrix metalloproteinases

Enzyme

Collagenase

Gelatinase A

Gelatinase B
(type-1V collagenase)

Stromelysin-1

Stromelysin-2
Matrilysin (pump)
Stromelysin-3
Metalloelastase

Membrane type

Propeptide

MMP Mol.wt.
(proform)

no.

12
14

55 000
75 000
65 000
72 000

92 000

57 000

57 000
28 000
51 000
54 000
63 000

Matrix proteins degraded

Single locus in native fibrillar collagens I, II, 111
type-VIII, -X collagens

Proteoglycan; gelatins (limited)

Fibrillar collagen

Denatured collagens (gelatins); nonhelical regions
fibrillar collagens

Specific locus type-1V collagens; type-V, -VII, -XI
collagens; elastin

Proteoglycan core protein; nonhelical regions type IV
collagen (X-links);

type-Il, -IX collagens; fibronectin; laminin; gelatins
(limited)

Procollagens I, 11, 1Il; collagenase; gelatinase B
Strong stromelysin-like activity; elastin

Weak stromelysin-like activity

Similar to matrilysin; elastin

Progelatinase A

Matrix metalloproteinases

N-terminal domain
(catalytic)

O-C___T1=D

O [=DNAOTCOD

Gelatin binding domain 4

{fibronectin-like repeats)

3
C-terminal domain
themopexin-like repeats)

matrilysin

neutrophil collagenase
interstitial

collagenase -1, -3
stromelysin -1, -2, -3
metalloelastase

72 kDa gelatinase-A
92 kDa gelatinase-B

membrane-type
metallo-
proteinases
(MT- 1-4 MMP)

Membrane domain

Fig. 1. Domain structures of the different classes of matrix metalloproteinases



1. Propeptide secretion process, latency
{amino-terminal)
2. Catalytic domain self-cleavage, substrate cleavage,
{Zn, Ca binding) TIMP interaction
). C-terminal domain fibrillar collagen specificity
(collagenase)
collagen binding

(collagenase/stromelysin)
cell binding (gelatinase A)
TIMP binding

4. Collagen binding domain collagen binding
(gelatinases A & B) kcat gelatinolysis
type IV specificity

w1

. Membrane domain cell association, GL-A/TIMP-2
(MT-MMP) binding

Matrix Metalloproteinase Structure

Our newly developed knowledge of the structure of the MMPs
has led to the analysis of the role of definable domains in their
biochemical and biological activity (Fig. 1) [1, 2]. The catalyt-
ic domain, which contains the active site Zn(ll) and stabilizing
Ca(ll)-binding sites, is required for proteolytic activity and for
the binding of the TIMPs. The latency of this domain is main-
tained in the proenzyme forms by the presence of a propep-
tide which is thought to donate a cysteine ligand to the active
site Zn(ll) (reviewed in [1]). All the MMPs except matrilysin
have a C-terminal hemopexin/vitronectin-like domain which
has a variety of roles, including collagen binding (collagenase
and stromelysin), TIMP-1 binding (collagenase and gelatin-
ases A and B), and membrane binding (gelatinase A). The gel-
atinases A and B have a further domain inserted into the cata-
Iytic domain, which shows close similarity to the type-Il do-
main of fibronectin. Finally, the newly discovered membrane-
type MMPs (MT MMPs) have a short spanning domain and a
cytoplasmic tail C-terminal to the hemopexin domain (Fig. 2).

Matrix Metalloproteinase Activation

The precise mechanism by which the propeptide maintains
latency is slowly being elucidated. The conserved sequence
PRC GV/NPD is involved in interactions with the zinc of the
adjoining catalytic domain. Other propeptide sequences ap-
parently stabilize this interaction, since cleavage at sites N-ter-
minal to the cysteine-containing motif will initiate autocatalyt-
ic activation. Sequential proteolysis of the propeptide is cer-

Fig. 2. Role of domain
structures in matrix
metalloproteinase
functions.

GL-A, Gelatinase A



Fig. 3. Matrix metallo-
proteinase activation.
Sequential propeptide
processing by exo-
genous proteinases of-
ten leads to self-
cleavage

nase A

)|(= y
Crlatinase A

Fig. 4. Scheme for the
pericellular proteolytic
cascades responsible
for matrix metallopro-
teinase activation.
PAI, Plasminogen
activator inhibitor;
UPA, urokinase type
plasminogen activator;
sc, single chain;

tc, two chain

Proenzyme

L . : = =]
EX0REenous,
8-10 kDA

endogenous

proteolysis

YvYy

Active enzyme H |ﬂ|

N} - )

-~ i
-
- STROMELYSIN | /
cy /
N |

Progelatinase B Gelatinase B

tainly part of the activation process of MMPs and may involve
proteinases of other classes or autolytic processing (Fig. 3).
The activation of the collagenases, stromelysins-1 and -2, ma-
trilysin, and gelatinase B may be initiated by plasmin, kalli-
kreins, cathepsins B or G, or neutrophil-elastase. Plasmin has
long been thought to be an important activator of these MMPs,
and this concept has been supported by a number of studies
using cell model systems. Plasmin generation and activity are
known to occur largely at the cell surface, where both plasmin-
ogen and plasminogen activator are specifically bound (Fig.
4). Itis likely that in localized pericellular regions the action of
0.2 anti-plasmin is limited, allowing plasmin activity. Strome-
lysins-1 and -2, which can be sequestered on the collagenous
matrix, may be activated by plasmin and can then effect acti-
vation of collagenases and gelatinase B. TIMPs may regulate
the activation process, since it has been shown that they can
slow down or prevent the autocatalytic cleavages that occur.

Unlike the other MMPs, gelatinase A is not efficiently activat-
ed by either plasmin or trypsin. This enzyme can be activated



TIMP-1 TIMP-2 TIMP-3
29 kDA 22 kDA 24 kDA
glycoprotein non-glycosylated glycoprotein/
nonglycosylated
binds to binds to deposited in
progelatinase B progelatinase A ECM

Produced by many connective tissue cells, occurs in body fluids,
lissue extracts

Inhibit ACTIVE matrix metalloproteinases with 1:1 stoichiometry
light, non-covalent binding

No activity upon other metalloendopeptidases

6 loop disulphide bonded structure. About 40% sequence similarity
N-terminal 3 loops essential for activity

I. The N-terminal domain of TIMPs binds and inhibits active matrix
metalloproteinases.

ke

. They no longer bind to progelatinases

. Differences in the rate of binding of TIMPs with different MMPs is
determined by different binding sites on the MMPs’ N- and C-termi-
nal domains for sites on the TIMPs' C-terminal domains.

by association with the cell membrane of many cell types and
specific cleavage by MT MMPs (Fig. 4). Studies to date suggest
that TIMP-2 is a very important regulator of this activation pro-
cess, whereas TIMP-1 is not effective.

Inhibition of Matrix Metalloproteinases

The TIMPs are the major physiological inhibitors of the MMPs
[3]. Three members of this family have been isolated and
shown to have closely related structures and properties (Fig.
5). The TIMPs form tight binding complexes with the active
MMPs with Kgs in the 102-10-'2 M range. They have 12 iden-
tically conserved cysteine residues forming six disulfide bonds
which confer marked stability to the molecules. A two-do-
main structure of three loops each can be delineated, and it
has been shown that the N-terminal three loops can fold inde-
pendently and function as an efficient inhibitor of most MMPs.
The C-terminal loops are involved in initial interactions with
the enzyme (Fig. 6). Mutagenesis studies have indicated that
the inhibitors present an extended contact surface to the
MMPs, as has been shown for the serine proteinase inhibitors,
the serpins. Catalytic activity of the MMP is not itself required
for TIMP binding, merely access to the active site cleft.

Fig. 5. Tissue inhibitors
of metalloproteinases

Fig. 6. Summary of
TIMP-matrix metallo-
proteinase domain in-
teractions



Conclusions

The importance of the MMPs, both in the large-scale determi-
nation of tissue structure and in the relationships between
connective tissue cells and their matrix, is now clear. Future
work will determine precisely how they are involved in the
key role of the extracellular matrix in determining cell behavior.
An understanding of the regulatory mechanisms for MMP activ-
ity is consequently a central aspect of the elucidation of their
importance in both physiological and pathological processes.
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Interview

The balance of metalloproteinases and their inhibitors plays
an important role. Is there any evidence that this balance is
disturbed in impaired wound healing?

Murphy: Recent data has shown that fibrotic diseases are
associated with an over expression of TIMP-1.

Is there anything known about systemic drugs which enhance
or inhibit metalloproteinase activity?

Murphy: Some clinical studies have used tetracyclines, which
act in part as metalloproteinase inhibitors, in the treatment of
periodontal disease. Tetracycline derived inhibitors reduce
enzyme activity and prevent radiographic destruction in a rat
model of arthritis.

Is anything known about the influence of topical drugs on the
MMP-TIMP balance?

Murphy: In model systems, e.g., corneal ulceration, chick
chorioallantoic membrane or rat corneal angiogenesis, topical
use of low molecular weight inhibitors of matrix metallo-
proteinases do seem to be effective.

Further Reading

Greenwald RA, Golub LM (eds) (1994) Inhibition of matrix metallo-
proteinases — therapeutic potential. Ann NY Acad Sci 732




Interstitial Collagenase

in the Healing Epidermis

W. C. Parks

Summary

An invariable feature of wounded skin, whether the lesion
is healing normally or chronic, is the expression of intersti-
tial collagenase by migrating basal keratinocytes. Collage-
nase is a member of the matrix metalloproteinase family of
enzymes and is the principal human enzyme which cleaves
native fibrillar collagen. This proteinase may serve to accel-
erate the movement of keratinocytes during repair; howev-
er, its overexpression at the migrating front of the epidermis
may actually impair healing in chronic ulcers. This poten-
tial inhibitory effect of human collagenase in nonhealing
lesions is both spatially removed and mechanistically dis-
tinct from débridement of necrotic tissues overlying the
wound bed by the topical application of bacterial collage-
nase and other broad-acting proteinases.

Introduction

Wound healing is an orderly process which involves inflam-
mation, re-epithelialization, matrix deposition, and tissue re-
modeling. In most injuries, especially chronic wounds, heal-
ing is accompanied by inflammation, angiogenesis, and the
formation of granulation tissue. Because degradation of extra-
cellular matrices is needed to remove damaged tissue and
provisional matrices and to permit vessel formation and cell
migration, these normal remodeling processes require the
activity of various proteinases. In chronic or nonhealing
wounds, however, overexpression of proteinases likely con-
tributes to the underlying pathology and may actually inhibit
normal repair processes. Various cell types contribute numer-
ous, distinct proteases that affect tissue restructuring during
healing, and matrix metalloproteinases (MMPs), in particular
interstitial collagenase, seemingly play a critical role in vari-
ous stages of cutaneous repair.

Division of Dermatology, Jewish Hospital, Washington University School
of Medicine, 216 S. Kingshighway, St. Louis, MO 63110 USA



Metalloproteinases

Metalloproteinases constitute a family of matrix-degrading en-
zymes with the combined capacity to degrade nearly all com-
ponents of the extracellular matrix and are categorized by
their capacity to degrade various extracellular matrix sub-
strates, properties which are conferred by unique domains
within the structure of the enzymes [1-3]. Members include
three collagenases, two stromelysins, two gelatinases, matri-
lysin, metalloelastase, and a membrane-type MMP which may
be involved in pro-enzyme activation [4]. Similar to other
types of proteinases, MMPs are activated after secretion, and
their enzymatic activity can be regulated by soluble inhibitors,
such as the tissue inhibitors of metalloproteinases (TIMP-1, -2,
and -3). To date, 11 different MMPs representing 11 distinct
gene products have been characterized, and it is likely that
additional members of this gene family will be identified in
the future.

Interstitial collagenase' (also called collagenase-1 or MMP-1),
the best-characterized, and historically oldest MMP, catalyzes
the initial step in the degradation of fibrillar type-I and -Ill col-
lagens, which together comprise the most abundant compo-
nents of the dermal extracellular matrix. (To date, the other
human collagenases, MMP-8 and MMP-13, have not been
shown to be as widely produced as interstitial collagenase).
The fibrillar collagens, which also include cartilage type-Il
collagen, are large, insoluble, protease-resistant matrix mole-
cules that provide strength to tissues such as skin, tendons,
and bone. Because collagenases are the only known mamma-
lian proteinases that can cleave fibrillar collagens in their triple
helical domains, and because the collagens are so abundant
in many tissues, including the skin, the activity of these MMPs
is essential for effective interstitial matrix remodeling. Collage-
nases do not degrade native type-I collagen but rather cleave
the molecule at a single site located about three fourths of the
distance from the N-terminus of the collagen molecule. At
physiologic temperature (37° C), the two fragments of collage-
nase digestion denature spontaneously into gelatin peptides,
which can be completely degraded by a variety of enzymes.

MMPs are involved in numerous normal and disease process-
es, but these enzymes also participate in unwanted events,

' Please note that human interstitial collagenase (referred to as collagenase
in this chapter) is an enzyme distinct from bacterial collagenase. This latter
enzyme, which is used in certain débridement ointments, has a very broad
substrate specificity and can completely degrade fibrillar collagens.



such as tumor growth, arthritis, and essentially any condition
associated with chronic inflammation. Because MMPs likely
play a critical role in wound repair, we began to study the pat-
tern of enzyme expression in human wounds of various etiol-
ogies. Our findings revealed that the basal epidermis is a prom-
inent source of collagenase. We believe that interstitial colla-
genase serves an essential role in normal repair, but that its
overexpression in chronic ulcers may actually hinder healing.

Methods
Tissue Specimens

Over 100 formalin-fixed, paraffin-embedded histological
specimens were obtained from the Department of Pathology,
Washington University School of Medicine. These samples in-
cluded ulcerated pyogenic granuloma and nonhealing ulcers
of various etiologies, such as stasis, decubitus, and nonspecif-
ic ulcers, and pyoderma gangrenosum. Nonspecific ulcers
were characterized by overt inflammation and granulation tis-
sue. To study metalloproteinase expression in acute wounds,
we obtained specimens from Dr. John Olerud at the Univer-
sity of Washington School of Medicine [5, 6].

In Situ Hybridization

To assess the location and cell source of metalloproteinase
production in human wounds, we used in situ hybridization
as described in detail by Prosser et al. [7]. Basically, in situ hy-
bridization is a modified histochemical assay which allows for
the detection of specific MRNAs within a tissue section. Thus,
this procedure allows for the direct determination of which
cell type in a heterogeneous tissue is actively expressing a spe-
cific gene product. The method relies on the autoradiographic
visualization of hybridized complexes of cellular mRNA with
a radioactive nucleic acid probe.

Tissue sections were cut at 5 um, deparaffinized, and rehy-
drated. All sections were treated briefly with nuclease-free pro-
teinase K to loosen the constraints of intracellular cross-links
caused by fixation, thereby enhancing diffusibility of probes to
their target mRNAs. All sections were washed in a freshly pre-
pared triethanolamine buffer containing acetic anhydride to
reduce potential nonspecific binding sites. Sections were then
covered with a sufficient volume of hybridization buffer con-
taining 3°S-labeled probe, and the slides were incubated over-
night to allow sufficient time for the probe to find and react




with its target. After hybridization, the slides were washed ex-
tensively to remove the unhybridized probe. The probes are
long stretches of nucleic acid molecules that are synthesized
in the lab and whose sequences are specific for the various
metalloproteinases.

Washed slides were dipped in a thick layer of photographic
emulsion and stored for 5-21 days. During this period, the ra-
dioactive probe decayed, and the B particles interacted with
and activated the silver grains in the emulsion. These activat-
ed grains were developed by conventional photographic pro-
cessing and, when illuminated by dark-field microscopy, were
seen as bright white dots. The slides were counterstained with
hematoxylin and eosin to reveal tissue morphology.

Immunohistochemistry

To verify that cells expressing metalloproteinase mRNA also
produced the protein and to map the location of cell popu-
lations, sections serial to those used for in situ hybridiza-
tion were immunostained for various metalloproteinases
or components of the basement membrane (type-IV collagen
or laminin) by the peroxidase-antiperoxidase technique.
Highly purified, specific antibodies were used for all assays.
Controls were performed with the appropriate preimmune
serum.

Keratinocyte Culture

Human keratinocytes were obtained from reduction mammo-
plasties or abdominoplasties. The subcutaneous fat and deep
dermis were removed, the skin was cut into thin pieces, and
the tissue was incubated overnight in trypsin as described by
Pentland et al. [8]. The next morning, the epidermis was sep-
arated from the dermis, and the basal keratinocytes were
scraped into growth medium. Under these conditions, the ke-
ratinocytes actually differentiate and stratify similarly to intact
skin. Cells were grown on various concentrations of either
purified type-l collagen or Matrigel (Collaborative Research,
Inc., Bedford, Mass.), which is a mixture of basement mem-
brane proteins. After 72 h, the medium was collected, and the
levels of accumulated interstitial collagenase were measured
by an enzyme-linked immunosorbant assay (ELISA) [6]. This
assay has nanogram sensitivity, is specific for collagenase, and
measures total enzyme present, whether free or bound to
TIMP or substrate, and whether in an inactive or an active
form.



Results

Interstitial Collagenase Is Produced by Basal Keratinocytes
in Wounded Skin

Many studies have shown that collagenase is present in the
wound environment [9, 10], and it has often been assumed
that the enzyme is produced primarily by fibroblasts, macro-
phages, and other cells within the granulation tissue [11]. In-
deed, collagenase is expressed in fibroblasts and macrophag-
es in human burns [12] and in some samples of wounded skin
and necrobiotic disorders [6, 12-14]. However, using in situ
hybridization and immunohistochemistry assays, we found
that collagenase was expressed in the dermis in fewer than
50% of the more than 100 samples we examined representing
various forms of chronic wounds, including decubitus, sepsis,
nonspecific ulcers and pyogenic granuloma, and when de-
tected in dermal cells, the expression was typically low and
confined to just a few cells [6, 13]. Furthermore, collagenase
was not produced in dermal cells in samples of acute human
wounds or in healthy skin.

In contrast, basal keratinocytes as the migrating front of re-epi-
thelialization are the predominant source of collagenase dur-
ing active wound repair (Fig. 1). Furthermore, we have found
that collagenase expression by migrating keratinocytes is an
invariable feature of a disrupted epidermis, both as a conse-
quence of normal wound healing by secondary intention and
in ulceration resulting from a variety of disease processes. This
enzyme is also expressed by migrating basal keratinocytes in
full-thickness burn wounds [12]. Although collagenase is al-
ways produced by epidermal cells at the wound edge, the lev-
el of expression varies considerably among wound types. In
chronic ulcers, we typically saw very high levels of expression
in the basal keratinocytes, and in these samples we often saw
expression in the underlying dermis (Fig. 1C). In pyogenic
granulomas, which are small benign ulcers that can heal spon-
taneously, we saw strong expression of collagenase mRNA,
which was strictly confined to the migrating basal keratino-
cytes and noticeably weaker than that seen in many chronic
specimens (Figs. TA, B and 2). In acute wounds, the signal
for collagenase mRNA was still limited to the basal epidermis
but was much weaker than that seen in any other sample [6].
Collectively, these observations indicate that levels of collage-
nase produced in the epidermis are much greater in non-
healing wounds than in normally healing wounds and suggest
that overexpression of this MMP may impair healing (see
Fig. 7).




Fig. 1 A-C. Collagenase is expressed by basal keratinocytes at the leading
edge of re-epithelialization in ulcers. A and A” Paired bright- and dark-field
views of a sample of pyogenic granuloma hybridized with an 35S-labeled
antisense RNA probe specific for collagenase mRNA. An ulcerated area (U)
is indicated, and collagenase-positive keratinocytes are seen on both sides
of the ulcer (arrows). The intensity of the signal for collagenase mRNA di-
minishes with increasing distance from the ulcer. B and B” High-magnifica-
tion views of the area indicated by the box in A. Prominent collagenase ex-
pression is localized only to basal keratinocytes (arrows). C and C” Bright-
and dark-field views of a section of a nonspecific ulcer hybridized for col-
lagenase mRNA. Note the intense collagenase expression by basal kerati-
nocytes (arrows) forming the leading edge of re-epithelialization adjacent
to the ulcer. In this specimen, collagenase is also expressed by underlying
dermal fibroblasts. No signal was detected on any sample hybridized with
a sense RNA probe (not shown)

The degradative activity of collagenase in the dermis and epi-
dermis may be involved in distinct healing processes. Kerati-
nocytes may degrade dermal collagen to aid migration and
promote re-epithelialization, whereas stromal collagenase ac-
tivity may effect tissue remodeling associated with granulation
and scar formation. Since epidermal repair is common to all
wounds and is ongoing when healing is most apparent, it is
reasonable that collagenase was expressed by migrating kerati-



nocytes in all samples we examined. In contrast, the mass of
granulation and scar tissue varies among wounds, and the res-
olution of these transient tissues occurs during defined periods
of repair. Thus, although collagenase may be needed to re-
model the dermal matrix, it may not be expressed, and hence
detected, at all stages of repair.

Collagenase and TIMP-1 in Wound Healing

Collagenolytic activity is regulated, in part, by natural inhibi-
tors, particularly the tissue inhibitor of metalloproteinases-1,
or TIMP-1. Although cell-culture studies have shown that ke-
ratinocytes are capable of secreting TIMP-1 [15] and that most
collagenase-producing cells also make TIMP-1, we have
found that TIMP-1 mRNA does not colocalize with collage-
nase mMRNA in migrating keratinocytes in chronic wounds
(Fig. 2) [13]. Typically, TIMP-1 is expressed by stromal or peri-
vascular cells, usually away from sites of collagenase expres-
sion. This distinct localization of enzyme and inhibitor sug-
gests that keratinocyte-derived collagenase acts without imped-
ance from TIMP-1, and this actually makes sense.

As for most biological processes, matrix degradation is a pre-
cise event. Proteases are produced and released on demand
from cells which are activated to degrade matrix proteins. By
means of specific cell-surface receptors, the cell recognizes a
particular matrix molecule and is instructed to produce the

Fig. 2 A, B. Collage-
nase and TIMP-1 are
expressed in distinct
sites. Shown are serial
sections hybridized for
collagenase (C"ase) or
TIMP-Tm RNAs.

A Collagenase-positive
basal keratinocytes are
detected only at the
migrating front of epi-
thelium (arrows).

B In contrast, TIMP-
positive cells are found
within the underlying
granulation tissue (bor-
dered by arrows), but
not in epidermis (E).

U, ulcerated area



Fig. 3. Pericellular
degradation of extra-
cellular matrix. By
means of precise inter-
actions, cells recog-
nize and adhere to
specific extracellular
matrix molecules. If
the cell is activated for
tissue remodeling, the
appropriate proteolytic
enzyme (E) is released
into pericellular com-
partments where deg-
radation would occur.
Excess and “used” en-
zymes would be re-
leased into the tissue
space and rapidly neu-
tralized by specific in-
hibitor proteins (1)

appropriate metalloproteinase. The protease is released in a
protected pericellular compartment, where it degrades its sub-
strate (Fig. 3). Thus, TIMPs are present in the tissue environ-
ment to neutralize “used” proteinases, thereby preventing ex-
cessive and unwanted degradation away from the sites of me-
talloproteinase production (Fig. 3).

Alterations in the Tissue Environment Induce Collagenase
Production by Basal Keratinocytes

The interaction of keratinocytes with the dermal matrix, in
particular type-l collagen, may provide an early and critical
signal to initiate the epithelial response to wounding. An inter-
esting aspect of the epithelial expression of interstitial collage-
nase in wounded skin is that the enzyme is not produced in
nonulcerated samples [6, 13, 16]. Also, our in situ hybridiza-
tion studies clearly show that only basal keratinocytes, and
not the more differentiated cells of the stratum spinosum and
stratum granulosum, express collagenase mRNA (see Fig. 1B).
The confinement of collagenase expression to the basal epi-
dermal cells suggests that disruption of the basement mem-
brane and subsequent exposure of keratinocytes to the under-
lying dermal stroma is apparently a critical determinant for the
induction of epidermal collagenolytic activity.

Basal keratinocytes normally rest on a basement membrane
composed of laminin, entactin, proteoglycans, type-1V colla-
gen, and other matrix proteins [17]. In response to wounding,
keratinocytes migrate from the edge of the wound under a
provisional matrix of fibrin and fibronectin [18] and over the
dermis, which includes structural macromolecules, such as
type-1 collagen, microfibrils, and elastin, distinct from those in
the basement membrane. Loss of contact with the basement
membrane and establishment of new cell-matrix interactions
with components of the dermal and provisional matrices may
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be a critical determinant that alters keratinocyte phenotype
and induces collagenase production. Indeed, our in vivo ob-
servations show that collagenase-positive keratinocytes are
not in contact with an intact basement membrane, as demon-
strated by immunostaining for type-IV collagen and laminin-1,
and migrate over the dermal wound matrix (Fig. 4).

Reflecting this in vivo relationship between metalloproteinase
expression and contact with the dermis, collagenase produc-
tion is induced in human basal keratinocytes grown on a sur-
face coated with native type-1 collagen (Fig. 5), the most abun-
dant component of dermal matrix. In contrast, components of
the basement membrane (Fig. 5) and other proteins of the
interstitial matrix do not affect collagenase expression. Fur-
thermore, the inductive effect of collagen is dependent on its
native fibrillar structure. Although keratinocytes will adhere to

Fig. 4 A, B. Keratino-
cytes expressing
collagenase are not in
contact with basement
membrane. Serial sec-
tions from a specimen
of a nonspecific chron-
ic ulcer (U) were (A)
hybridized for collage-
nase (C’ase) or were
(B) immunostained for
type-1V collagen. The
extent of basal lamina
is marked by large ar-
rows. Most collage-
nase-positive kerati-
nocytes (small arrows)
are not in contact with
basement membrane,
but rather are migrat-
ing over the dermal
matrix. Signal for col-
lagenase mRNA di-
minishes rapidly in ar-
eas with intact basal
lamina



Fig. 5. Expression of
interstitial collagenase
is induced in human
keratinocytes grown
on native type-l colla-
gen. Normal human
keratinocytes were iso-
lated and cultured on
dishes coated with ei-
ther fibrillar type-I col-
lagen or basement
membrane proteins
(Matrigel). Collagen
was added at 750
pg/ml (Str, straight)
and diluted serially to
12 pg/ml. Matrigel was
added in concentra-
tions ranging from
3000 pg/ml (Str) to

47 pg/ml. After the
cells reached conflu-
ence, the medium was
changed and collected
72 h later. The levels
of accumulated inter-
stitial collagenase
were measured by a
competitive ELISA

B Collagen

Matrigel

Str 3 1:2 1: 1:8

denatured collagen (gelatin), collagenase production is turned
on in response to this substrate [19]. In other studies, kerati-
nocytes were shown to recognize and migrate on type-I colla-
gen substratum, and this interaction results in enhanced col-
lagenase production [20]. Collectively, these studies demon-
strate a key role for type-l collagen in initiating keratinocyte
collagenase synthesis in the epithelial response to wounding.

In addition to encountering different extracellular matrix pro-
teins, migrating keratinocytes also express a distinct pattern of
matrix-binding receptors, and these may also be involved in
regulation of collagenase production. These receptors, called
integrins, are heterodimeric surface molecules composed of
distinct oo and B chains that cells use to attach to various matrix
proteins or to each other. Integrins are also used by cells to
move or to migrate over the extracellular matrix. Various
groups have shown that the collagen-binding integrin, 021,
is expressed on basal keratinocytes in intact skin and in epi-
dermal cells at the wound edge [21-24]. In addition, kerati-
nocytes at the wound edge selectively express other integrins,
such as a5B1, which are characteristic of migrating cells and
which can bind proteins that are abundant in the wound bed.
Since basal epidermal cells are not normally in contact with
type-l collagen, it is tempting to speculate that the basal pro-
duction of the collagen-binding integrin 02B1 keeps kerati-
nocytes primed and ready to respond to injury and induces
the expression of collagenase. On the other hand, newly ex-



pressed integrins at the migrating front may be used by cells
for migration.

Role of Collagenase in Wound Repair

The invariant and prominent production of interstitial collage-
nase by basal keratinocytes in both acute and chronic wounds
indicates that this metalloproteinase serves a critical and re-
quired role in re-epithelialization, rather than in dermal re-
modeling. As stated, collagenase cleaves fibrillar collagen,
which denatures at body temperature to gelatin. Since the
02B1 integrin receptor for type-l collagen binds native colla-
gen much more tightly than it does gelatin [25], interstitial col-
lagenase may aid in dissociating keratinocytes from the colla-
gen-rich matrix and thereby promote efficient locomotion
over the dermal and provisional matrices. Thus, in the cutane-
ous wound-healing response, collagenase may serve a benefi-
cial function, unlike its potentially destructive role in arthritis
and vascular disease [26, 27].

In addition to interstitial collagenase, we found that two other
MMPs, stromelysin-1 and stromelysin-2, which are distinct
gene products yet degrade the same matrix components, are
produced by separate populations of basal keratinocytes (Fig.
6) [28). Significantly, and unlike the invariable expression of

Wound Repair

No I\l‘IMPs Strc!m-'l Collag[enase l‘..’hg{[atlng Proliferating  Intact
Strom-2

Fig. 6. Distinct spatial pattern of metalloproteinase expression in wounded
epidermis. Three populations of keratinocytes are recognized in the healing
epidermis: (a) the migrating front of basal keratinocytes which are not in
contact with the basement membrane, (b) a hyperproliferative region of ba-
sal cells which are in contact with the basement membrane and which pro-
duces the nonproliferating migrating cells, and (c) intact skin at some vari-
able distance from the wound area. Collagenase is prominently and invari-
ably expressed by migrating basal keratinocytes in all wounds, whether
acute or chronic, characterized by disruption of the basement membrane.
Stromelysin-1 and -2 (Strom-1, Strom-2) are also expressed in the epidermis,
but by a functionally distinct subpopulation of basal keratinocytes. In addition,
the stromelysins are not expressed in all wounds, and thus their proteolytic
activity may actually be a detriment to proper wound healing in chronic ul-
cers. No metalloproteinases (MMPs) are expressed in intact epidermis
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Fig. 7. Balance of metalloproteinases and inhibitors in normal and chronic
wounds. Collagenase is expressed by migrating keratinocytes :in all
wounds, whether acute or chronic. The proper, regulated levels of collage-
nase may promote re-epithelialization by assisting in migration. Antiprotein-
ases, such as TIMP-1, present in the wound fluid, would neutralize collag-
enase after remodeling, thereby preventing excess degradation. In chronic
ulcers, however, noticeably more collagenase is expressed by basal kerati-
nocytes, and additional proteinases, namely stromelysin-1 and stromelysin-
2, are also produced. This localized overproduction of metalloproteinases,
along with continued inflammation and underproduction of TIMPs, may
lead to excess matrix degradation and impaired healing

collagenase, the stromelysins were detected only in chronic
wounds. Thus, the production of these MMPs may represent
unregulated proteinase production that actually contributes to
the inability of certain ulcers to heal. Appropriate and efficient
re-epithelialization may require the proper balance of protein-
ases and inhibitors (Fig. 7). In a chronic wound, however,
overexpression of collagenase, coupled with the additional
production of stromelysins and the underproduction of TIMPs
[29], may impair healing by destroying newly deposited ma-
trix and cytokines and by disrupting cell-cell interactions. Fur-
ther studies will be needed to accurately determine the role of
the various metalloproteinases that are expressed in temporal
and site-specific patterns during wound repair.
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Interview

What cytokines induce or stimulate collagenase-1 expression
in keratinocytes?

Parks: A number of cytokines have been shown to affect col-
lagenase-1 production in cultured keratinocytes. Among
these, epidermal growth factor (EGF) and transforming growth
factor-o. (TGFo) are potent stimulators of collagenase-1 pro-
duction and, especially TGFa, potentially physiologically rel-
evant factors in cutaneous wound repair. In addition, we and
others have found that collagenase-1 expression is increased
in epidermal cells exposed to transforming growth factor-8
(TGFB) and 7-interferon and is repressed by basic fibroblast
growth factor (bFGF). Interestingly, in other cell types, such as
fibroblasts and endothelial cells, TGFB down-regulates collag-
enase-1 expression and bFGF stimulates enzyme production.
Thus, these two cytokines may play a role in regulating the
site- and cell-specific production of MMPs in different tissue
compartments and at different stages of wound repair.

Furthermore, we do not know what cytokines would be re-
sponsible for the overproduction of collagenase-1 in chronic
wounds, and actually, we really do not yet know if cytokines
are responsible for aberrant MMP expression in pathologic tis-
sue. Because cell-cell and cell-matrix interactions are quite
similar between normally healing and chronic wounds, we
hypothesize that some soluble factor or combination of factors
contributes to persistent inflammation and an inability of the
tissue to repair. Further studies are needed to identify which
factors, whether intrinsic or extrinsic, lead to a chronic wound.

What is known about the induction of stromelysin expression
by keratinocytes?

Parks: There are two stromelysins (-1 and -2) which are dis-
tinct gene products yet degrade the same spectrum of extra-
cellular matrix components and with similar efficiency. These
two MMPs have different regulatory elements in their promot-
ers, suggesting that their production is regulated by different
factors. Indeed, Brinkerhoff and colleagues have shown that
stromelysin-1 production is stimulated by interleukin-1 and
PDGF, whereas stromelysin-2 expression is largely unaffected
by these agents, and that human fibroblasts produce high levels
of stromelysin-1 but only negligible amounts of stromelysin-2.




In a variety of human chronic ulcers, we found that stromely-
sin-2 was produced in many, but not all specimens by the
same keratinocytes that express collagenase-1. Stromelysin-1,
on the other hand, is produced by keratinocytes in a subset of
specimens, but by basal cells that are more distal to the wound
edge and reside on an intact basement membrane. Often,
both stromelysins were detected in the same chronic ulcer
specimen, but neither was seen in normally healing wounds.

We do not yet know what influences stromelysin expression
in keratinocytes, but this is an active area of investigation in
our group. As stated, cell-matrix and cell-cell interactions
would be similar in both chronic and acute wounds; hence,
we assume that cytokines would be responsible for the aber-
rant production of the stromelysins in nonhealing ulcers, sim-
ilar to the control of excessive collagenase-1 production in
such lesions. If we can identify the soluble factors controlling
expression of these MMPs, then we may discover an underly-
ing cause of impaired healing.

What is known about the influence of topical drugs or dress-
ings on the expression of MMPs by keratinocytes?

Parks: We do know that glucocorticoids effectively repress
MMP production in a variety of cell types. Topical steroids
hinder wound healing, and this is consistent with our idea that
collagenase-1 is needed for epidermal repair. However, be-
cause steroids have numerous biological effects, it would be
imprudent to suggest that these compounds inhibit healing
simply be repressing MMP production. It is possible, though,
that steroid-mediated down-regulation of MMP production
may contribute to impair healing. One group of compounds
which may be of particular interest in this respect is antibio-
tics. Tetracycline and related compounds inhibit the catalytic
activity of MMPs. Although the biochemical mechanism of
this inhibition is not well understood, the antibiotics apparent-
ly do not influence cellular production of MMPs. Thus, they
likely act by interfering with activation, zinc coordination,
substrate recognition, or catalytic activity. You may ask, then,
that if collagenase-1 is needed for efficient re-epithelializa-
tion, as | hypothesize, why do wounds repair well with the ap-
plication of topical antibiotics? The answer to this apparent
discrepancy may be twofold. First, metalloproteinases, and
collagenase-1 in particular, may not be essential for repair but
rather facilitate cell migration. Second, antibiotics may create an
environment that is more conducive to repair. Thus, in the ab-
sence of bacterial-induced inflammation, repair may proceed
smoothly, even though MMPs are inhibited to some degree.



Inhibition of Human Neutrophil

Elastase by Lipophilic Heparin and
Dextran Derivatives
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Summary

Heparin is a noncompetitive hyperbolic inhibitor of neutro-
phil elastase and, to a lesser extent, cathepsin G. Synthe-
sized heparinoids with no or low anticoagulant activity,
such as N-oleoyl (1, 3) heparin, inhibit neutrophil elastase
and cathepsin G, interfere with urokinase and plasmin
activities, and bind to elastin. Derivatized dextrans inhibit
neutrophil elastase and plasmin and protect fibronectin and
basic fibroblast growth factor against proteolysis. Deriv-
atized dextrans also modulate collagen and metallopro-
teinase expression from human fibroblasts in culture.

Introduction

Azurophilic granules of polymorphonuclear neutrophils seg-
regate several endopeptidases that can be secreted in active
forms following cell stimulation during inflammation [1]. Hu-
man neutrophil elastase (HNE), present at millimolar concen-
tration within these granules, exhibits a broad specificity since
it can hydrolyze many extracellular matrix macromolecules
(ECM) and a variety of plasma proteins [2-4].

The expression of neutral proteinases in wound healing is un-
der the control of cytokines and growth factors; except for leu-
kocyte proteinases — elastase, cathepsin G, and proteinase 3,
endopeptidases are secreted from cells as zymogens, and a
proteolytic cascade can generate active forms of matrix metal-
loproteinases (MMPs) involved mainly in ECM remodeling [5,
6]; impaired control of MMPs often leads to degenerative di-
seases [6, 7]. Figure 1 illustrates the importance of leukocyte
elastase in such a proteolytic cascade and more generally in
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Fig. 1. Importance of
leukocyte elastase in
extracellular matrix
degradation
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ECM catabolism. It was found to activate procathepsin B [8]
and prostromelysin (MMP3) [9] and also to participate in an
alternative pathway of Glu plasminogen activation [10]. In
addition, it can inactivate, by proteolysis, several serine pro-
teinase inhibitors such as antithrombin Il and a2-antiplasmin,
as well as tissue inhibitors of metalloproteinase [10, 11].

The contribution of HNE to human emphysematous lesions is
well documented [12] and it is assumed to actively contribute
to the progression of periodontal diseases [13]. It must be em-
phasized that periodontitis, characterized by chronic inflam-
matory states partly due to invading bacteria, leading to a loss
of periodontal tissues, affects more than 50% of the world
population over 50 years of age.

The crevicular fluid of patients suffering from periodontitis
contains high levels of neutral protease activities which can
be reduced significantly following basic periodontal treatment
[14]. Recent investigations demonstrated that within the crevi-
cular fluid of periodontitis patients, neutrophil elastase could
be determined both in its complex form with o 1-proteinase in-
hibitor and in its free form [15]; these data indicated that the
levels of free enzyme exceed those of its main natural inhibi-
tor. Impaired o1-Pi functionality could result from either oxi-
dation of a critical methionine residue in its active site or its
degradation by other proteinases [16]. It was also shown that
the quantities of free elastase in crevicular fluid of patients
with rapid periodontitis were correlated with probing depth



and attachment loss: 0.074 nM = 0.037 in the 4- to 5-mm
depth group as compared with 0.206 nM £ 0.057 in the 6- to
7-mm group. The levels of active collagenase and gelatinase
are alsc exacerbated in the crevicular fluid of patients with pe-
riodontal disease; interestingly, in oral rinse samples of pa-
tients, gelatinase and elastase activities were correlated, sug-
gesting a potential in vivo activation of the MMP cascade by
elastase [16].

The antielastase control system comprises four proteinaceous
inhibitors: a2-macroglobulin, ol-proteinase inhibitor, mucus
proteinase inhibitor, and elafin [17, 18]. Supplementation with
exogenous inhibitors is regarded the main pharmacological
route to shift the proteinase-antiproteinase imbalance. The use
of high-molecular-weight protease inhibitors, which can be
produced by recombinant technology, was considered as the
first approach [19]. Another strategy consists in the design and
development of low-molecular-weight synthetic elastase inhib-
itors. Such substances might present several advantages over
large protein molecules in terms of rates of absorption, enzyme
selectivity, and lowered risk of immunological response [20].

Taking into account the neutrophil elastase characteristic of
binding tightly to both polyanions and hydrophobic com-
pounds, we developed a novel class of elastase inhibitors:
lipophilic heparin or dextran derivatives.

Interaction Between Heparin and Neutrophil Elastase

The polypeptide chain of neutrophil elastase comprises two
structurally similar antiparallel B barrel cylindrical domains,
and its active site triad Ser 195 — His 57 is localized within the
crevice between these two domains. Such a structure is shared
by most class-l serine proteinases. Neutrophil elastase is a
very basic molecule (pl = 10), due to the presence of 19 argi-
nines balanced by only nine acidic residues, three of which
are buried inside the molecule [21]. In several aspects, pro-
teinases from polymorphonuclear azurophilic granules re-
semble chymases concentrated in mast cell secretory granules
[22]. Several of these proteinases, such as MCP4a5, are se-
questered within cell granules as complexes with heparan-sul-
fate proteoglycans; since such binding did not affect enzyme
activity, it was hypothesized that it might impede enzyme au-
tolysis or shield it against inactivation by circulating natural
proteinase inhibitors.

In keeping with such analogy, we explored the putative bind-
ing of heparin to HNE and its influence on enzyme activity.
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Table 1. Heparin-binding consensus sequences

A Heparin-binding consensus amino acid sequence [22]. B refers 1o a
basic amino acid [mainly Arg (R)] and X to any other

Amino acid consensus sequence X.B.B.X.B.X.
(Heparin binding)
X.B.B.B.X.X.B.X
Leukocyte elastase G.R.RA.R.P
456789

B Inhibition of human neutrophil elastase by heparin and tetrasaccha-
ride fragments

Ki inM)
Heparin 70x10"
Tetrasaccharides
Series | 100
Series |l 76
Series Ml 16x7

In contrast to mast cell chymases, heparin binding to HNE re-
duced proteinase activity. Enzyme inhibition was classified as
hyperbolic and noncompetitive with Ki = 75 nM assuming Mr
(heparin) = 12 000 [23, 24].

Heparin and heparan sulfate interact with many proteins, and
such binding interferes with several important biological func-
tions: coagulation, lipoprotein metabolism, and cell growth
[25, 26]. The concept of interactive specificity between poly-
peptide and glycosaminoglycan chains is gradually emerging
[27]. From the polypeptide side, heparin-binding consensus
sequences have been delineated (Table 1A). Such a hypothe-
sis needs to be modified, since several proteins, e.g., FGF-2,
do not contain such a consensus sequence; furthermore, the
important amino acids comprising the heparin-binding do-
main may be located in different peptide loops of the mole-
cule. Nevertheless, HNE does contain such a heparin-binding
sequence in its N-terminal moiety (Table TA).

It was postulated that the occurrence of two arginine residues
located 2 nm apart and separated by either a-helical or B-
strand polypeptide might be of primordial importance for hep-
arin binding [27]. As pinpointed by Bode et al. [28], all but
two of the HNE arginines are located in patches on the surface
of the enzyme, whereas the side chains of Arg 217 and Arg 117
are situated near the active site of the proteinase. Arg 217 was
considered an important determinant in P4-S4 interactions



between HNE and the substrate, and formation of an ion pair
with such a residue often led to reduction of enzyme activity.
This might imply that heparin binding to HNE involved some
cooperation between the above-mentioned consensus se-
quence and Arg 217.

Although most protein-glycosaminoglycan interactions were
originally considered nonspecific, involving purely electrostat-
ic interactions, the general idea of specific GAG sequences
recognizing defined protein sequences is now in fashion.
Such a concept originates from the pioneer investigations of
Choay and colleagues aiming to characterize antithrombin I1l-
heparin interactions and from the discovery of an unusual
pentasaccharide in the glycosaminoglycan molecule [29].
Since then, a defined oligosaccharide sequence recognizing
FGF-2 has been identified [30], and similar searches for other
chemokines are under way. It has to be mentioned that such
specificity also underlines the notion of conformational flexi-
bility of IdoUA-containing GAGs, as pointed out by Casu and
colleagues [31]. Particularly OSO3*- seemed to influence
mainly the conformation of this saccharide toward a more re-
active structure. It needs to be underlined that at a similar ex-
tent of sulfation, OSO3- tetrasaccharides are better HNE inhib-
itors than N-sulfated molecules (Table 1B).

Lipophilic Heparin and Dextran Derivatives
as Neutrophil Elastase Inhibitors

In contrast to most serine proteinases, neutrophil elastase dis-
plays a broad specificity and, besides elastin, can degrade a
wide range of hydrophobic molecules [2, 3]. This property is
probably related to the presence of an extended hydrophobic
binding site located in the vicinity of its active site. This hy-
drophobic binding pocket can accommodate a variety of li-
gands with very different structures. Long-chain cis (but not
trans) unsaturated fatty acids and peptide derivatives were first
reported to inhibit HNE [32, 33]. As shown by Tyagi and Si-
mon [34], the interaction of oleic acid with the enzyme was
characterized by two apparent inhibitory modes: a high-affini-
ty one with Ki = 48 + 3 uM, resulting in partial noncompetitive
inhibition, and a competitive inhibitory mode of lower affinity
with Ki = 16 + 1 nM [34]. In this latter mode of binding, the
participation of a positively charged residue, Arg + 217,
located in the P4 subsite of HNE was evidenced [34]. cis-Pari-
naric acid, derived from the plant Parinary laurinium behaves
similarly to oleic acid [35], and neutrophil elastase is also in-
hibited by ursolic acid, a pentacyclic triterpenoid present in
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Fig. 2 A, B. Inhibition of
HNE by CER: specific
velocity plot and Kis.
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great abundance in the wax-like coating of apples and several
other fruits [36].

We have recently turned our attention to ceramides and to
isolating such substances from wheat. Apart from maintaining
proper skin functions, ceramides can influence cell growth
and differentiation and may also mediate apoptosis in HL-60
leukemia cells [37]. Wheat ceramides composed of dehydro-
phytosphingosine, phytosphingosine, and polyunsaturated fat-
ty acids were tested for their ability to interfere with HNE ac-
tivity [38]. The main nonhydroxylated fatty acids were palmi-
tic acids (16:0), oleic acid (18:1), and linoleic acid (18:2),
which accounted, respectively, for 19, 12, and 53% of total
fatty acids. Either ceramides (CER) or glycosyl ceramides (gly-
CER) were found to react very fast (in a few seconds) with
HNE. Kinetic data were analyzed by the specific velocity plot
representation. For CER, the plot consisted, at low ceramide
concentrations (< 20 pug/ml), in a family of parallel lines (Fig.
2). Increasing CER concentrations led to deviations of parallel-
ism. Therefore, at low concentrations, HNE inhibition can be
classified as hyperbolic noncompetitive. For higher concen-
trations of ceramides, inhibition became linearly mixed. The
same inhibition mode was observed for glyCER. Linearization
by replots of a = a-1 versus inverse inhibitor concentration
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(Fig. 2 and legend) allowed us to determine Kis corresponding
to noncompetitive and mixed inhibitions (Fig. 3).

The simultaneous presence of a heparin-binding site and a hy-
drophobic pocket, both of which reduced HNE activity,
prompted us to synthesize lipophilic heparin derivatives with
the hope of improving the elastase inhibitory capacity of the
individual counterparts [24, 39]. N-oleoyl-heparin derivatives
(with no anticoagulant activity) differing in their oleic acid and
sulfate contents were synthesized and studied for their abili-
ties to inhibit neutrophil elastase and cathepsin G (Table 2).
The covalent coupling of oleic acid to heparin did not modify
the nature of enzyme inhibitions, since the main driving force
for the interaction between enzymes and glycosaminoglycans
was electrostatic, and inhibitions for all compounds were
classified as tight-binding hyperbolic and noncompetitive. In-
troducing one oleic acid residue per three disaccharide units
of partially N-desulfated heparin lowered enzyme inhibition
and the stoichiometry of binding as compared with heparin.
Re-N-sulfatation of N-oleoyl-heparin derivative to SO*/COO-
values similar to those for heparin restored both inhibitory ca-
pacity and the stoichiometry of binding. Therefore, our initial
attempt to design elastase inhibitors of higher potency by cou-
pling unsaturated fatty acids to heparin was rather unsucces-
sful. However, in contrast to individual parent molecules, N-
oleoy! heparin derivatives did suppress the activity of several
serine proteinases: porcine pancreatic elastase, plasmin, uro-
kinase, and a-chymotrypsin [39].

Anionic polymers other than heparins, such as pentosan poly-
sulfate [40] and MDL [41] (see formula, Fig. 4), were shown to

Fig. 3. Inhibition of
leukocyte elastase by
hydrophobic natural
substances



Table 2. Kinetic parameters for inhibition of human neutrophil elastase
(HNE) and cathepsin G (CatG) by heparin and two oleylated heparins
(OI1 : 3Hep and OI1 : 5Hep (SO4) from [24])

HNE CatG
Heparin
Ki 0.9 + 0.5 (0.075 < 0.3 (<0.025)
3 0.15 = 0.02 0.40 = 0.02
Stoichiomelry 2.08 4.3
OI1 : Hep
Ki 3.6 1.3 (0.3) 115+ 40 (9.5
3 0.16 £ 0.01 0.09 = 0.02
Stoichiomelry 1.06 2.6
OI1 : 5Hep(SO,)
Ki 0.15 £ 0.01 0.19 £ 0.02
3 0.15 £ 0.01 0.19 £ 0.02
Stoichiometry 27 2.4

inhibit HNE. Dextrans are polymers of D-glucopyranose pro-
duced by Lactobacillus casei in which a majority of sugar units
are linked as o [1-6]. Such a link might provide a flexible confor-
mational frame for the polymer to which functionalized groups
could be linked. Carboxymethyl, benzylamide, and benzylam-
ide sulfonate, at various concentrations, were coupled to the poly-
saccharide backbone in order to obtain compounds displaying
several interactions and properties similar to those of heparin
and heparinoids. To summarize, such derivatized dextrans mi-
micked several biological properties of heparin, modulating
cell growth [42] and acting as stabilizers, potentiators, and pro-
tectors of fibroblast growth factors [43]. We recently explored
the capacity of these heparinoids to inhibit HNE. Like all anio-
nic polymers, derivatized dextrans containing carboxymethyl
and benzylamide sulfonate groups bind to this endopeptidase
via electrostatic interactions and form tight complexes. Also,
similar to heparin and its lipophilic derivatives, the HNE inhi-
bition by derivatized dextrans was classified as hyperbolic
and noncompetitive. Other analogies include dependency of
the inhibition on the molecular weight and degree of substitu-
tion of the polymer with negatively charged benzylamide sul-
fonate groups (Fig. 4). Derivatized dextrans also share with
N-oleoyl heparins the capacity to inhibit plasmin activity [44].

Concluding Remarks

On the basis of the dual properties of neutrophil elastase to in-
teract with several lipophilic substances and anionic poly-
mers, N-oleoyl heparins and dextrans derivatized with car-
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boxymethyl and benzylamide sulfonate groups were evalu-
ated for their inhibitory capacity toward this endopeptidase.
Both types of compounds behave as tightly binding hyperbol-
ic noncompetitive inhibitors of neutrophil elastase, with their
Ki averaging those of heparin, e.g., 75 nM. However, they pre-
sent several advantages compared with heparin, such as being
devoid of anticoagulant acitivity and inhibiting other neutral
serine proteinases, urokinase and plasmin, also actively involved
in the proteolytic cascade leading to the formation of active
matrix metalloproteinases. They can also modulate MMP ex-
pression either indirectly, by protecting growth factors FGFs
and TNFao against proteolysis catalyzed by serine proteinases
[44], or, like heparin, directly, by inhibiting enzyme gene in-
duction by phorbol esters or interleukin 1B [45, 46]. Further-

Fig. 4. Inhibition of
neutrophil elastase by
anionic polymers.
1C50, Concentration of
substance leading to
5% inhibition of
enzyme activity;

D, dextran;

CM, carboxymethyl;
B, benzylamide;

S, sulfonate



more, the substitution of elastase inhibitors with lipophilic
groups was shown to increase both their specificity and their
stability in the circulation [47-49]. All these properties favor
their pharmacological use in pathological circumstances where
the proteinase-antiprotease balance is destroyed, as occurs,
for instance, during the development of periodontal disease.
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Interview

What could be a potential therapeutic consequence of your
research?

Hornebeck: Human neutrophil elastase is involved in the pa-
thogenesis of emphysema, rheumatoid arthritis, periodontitis,
and several inflammatory disorders. Lipophilic heparin or
dextran derivatives are extremely potent inhibitors of this en-
zyme and therefore could be of therapeutic value in these di-
seases. More generally, by acting as stabilizers, potentiators of
growth factors, they can accelerate matrix remodeling follow-
ing injury. This has been demonstrated in several wound-
healing models (skin, bone, muscle).

Do the investigated heparinoids act comparably in a chronic
wound?

Hornebeck: The influence of heparinoids was not investigated
in a chronic wound.

Is anything known about the penetration of these heparinoids
into the wound after topical application?

Hornebeck: Dextran derivatized with carboxymethyl benzyl-
amide sulfonate groups was labeled with ([4,6-dichlorotria-
zine-2yl] amino) fluorescein and applied topically to the skin
of harlen rats at the wounded area. On day 1 following appli-
cation, labeled dextran was identified within the epidermis
and maximally at the margin of the scar.




Chemotactic Properties of Human

Collagen Breakdown Products in
Wound Healing

M. Radice, L. Cardarelli, R. Cortivo, and G. Abatangelo

Summary

During wound healing, cells are attracted by many stimuli
to the injured area. Many substances are known to have a
chemotactic effect on different cells. Among those, human
collagen breakdown products (HCBP) have been shown to
be chemotactic in vitro for fibroblasts and white blood
cells. In our experiments, collagen (types | and I11) extracted
from the human placenta was enzymatically digested with
bacterial collagenase (Knoll AG, Germany). Breakdown
peptides were then used both in vitro and in vivo to evalu-
ate their proliferative and chemotactic activities. HCBP
were demonstrated to have a proliferative effect on murine
and human fibroblasts, while they showed a chemotactic
effect in a model of wound healing in the rat.

Introduction

Wound healing is a complex process necessary for every or-
ganism to defend itself from external and internal injuries. A
network of several elements, such as distinct cell populations,
growth factors, cytokines, enzymes, and ECM molecules,
forms to restore the wounded area. With regard to adult mam-
mals, the entire process is generally divided into different,
partly overlapping phases: clot formation and inflammation,
granulation tissue formation, angiogenesis, and tissue remod-
eling.

During the early phase of inflammation the organization of an
immune response which will face a potential lethal infection
is very important. Initially, polymorphonuclear leukocytes
(PMNis) infiltrate the site of the injury, constituting the first de-
fensive barrier. Subsequently, the monocyte/macrophage
presence is essential in order to resolve the inflammation and
start the formation of granulation tissue. In particular, these
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phagocytes provide an active tissue débridement and a mas-
sive signal release toward other cells such as fibroblasts, endo-
thelial cells, and epithelial cells.

Thus the recruitment of PMNs and monocyte/macrophages is
of great importance in wound healing. Many stimuli are
known to be chemotactic for these cells, such as complement
fragments, bacterial-derived products, cytokines, and even
collagen molecules and their derived peptides. The chemo-
tactic activity of the latter two was demonstrated in vitro
[1-6]. In addition, human collagen breakdown products
(HCBP) were reported to activate macrophages [7, 8] and to
exert other biological activities [9, 10].

Despite this literature, few experiments on the subject have
been conducted in vivo [5, 11]. The aim of our work was to
assay the human collagen-derived peptides for a proliferative
effect in vitro and for a chemotactic effect in vivo in a wound-
repair model.

Materials and Methods

The HCBP were obtained from human placental tissue by en-
zymatic digestion with clostridial collagenase obtained from
Knoll AG, Germany [12]. Human placental collagen was
obtained as follows: immediately after delivery the placenta
was washed with water and then cut into small pieces. After
several washings the placental tissue was isolated with acetic
acid, filtered on gauze, and then homogenized. Extraction
was carried out with pepsin digestion, followed by precipita-
tion with NaCl. After centrifugation, the pellet was suspended
in Tris-HCl and dialyzed against acetic acid. The solution con-
taining the extracted collagen was finally lyophilized and
weighed.

Aliquots of purified human collagen were incubated with bac-
terial collagenase at an enzyme/substrate ratio of 8 : 1000 at
37° C for 90 min in Tris-HCI + CaCl, buffer, pH 7.8. The di-
gested material was then ultrafiltered using N, on PM10 Ami-
con (Beverly, Mass.) membranes in order to separate collage-
nase from the breakdown products. To evaluate the efficiency
of the digestion, the concentration of the collagen peptides
was determined by the hydroxyproline assay [13].

In vitro and in vivo research protocols were performed. The in
vitro study was conducted to verify the possibility that HCBP
stimulate the growth and biosynthesis of cells. Murine (Balb/c



3T3) and human (conjunctival) fibroblasts were cultured in
DMEM supplemented with either 0.4% or 10% fetal calf ser-
um (FCS) and inoculated once with HCBP at different concen-
trations (range:-0.01 ng/ml-' mg/ml). The proliferation rate
was measured by a simple and sensitive test [14] at three dif-
ferent time points: 24, 48, and 72 h for murine, and 2, 4, and
7 days for human fibroblasts; biosynthetic activity was as-
sessed by the radiolabeling procedure (*H-proline).

In order to detect a chemotactic effect of HCBP in vivo, we de-
cided to use an animal model of wound healing. In our study,
we implanted four polyvinyl alcohol sponge discs in the sub-
cutaneous abdomen space of adult white rats (250-300 g).
Sponges were afterwards injected pairwise with the substances
under investigation and the negative control (normal saline
solution).

Two series of experiments were done, and 18 animals were
used: HCBP (1 mg) and normal saline were injected in nine,
whereas clostridial collagenase (5 ug) and normal saline were
injected in the remaining nine rats. Since both HCBP and bac-
terial collagenase are easily resorbable, we resuspended the
substances in a gelatinous vehicle (2% methylcellulose).

Animals were killed at three different time points (3, 5, and 7
days postsurgery) and sponges were harvested, weighed, and
processed for biochemical and histological analyses. Each
specimen was cut into three parts: one half was used to deter-
mine the protein [15], DNA [16], and collagen contents [13].
The remaining two parts were either frozen or paraffin embed-
ded. Paraffin sections were processed for hematoxylin/eosin
and chloroacetate esterase [17] stainings, whereas frozen sec-
tions were used for the immunohistochemical detection of ac-
tivated macrophages with ED2 (Serotec, Oxford, UK) anti-rat
monoclonal antibody [17].

Results

Several series of experiments were done on fibroblast cultures.
HCBP increased the proliferation rate on rat cells within a
broad range of 1-1000 ng/ml. This effect was observed during
all three time points considered.

Human conjunctival fibroblasts were similarly stimulated by
HCBP, although a specific range of action was not deter-
mined. In Fig. 1 one such representative experiment is plotted.
At day 2 no apparent effects were seen, while at day 4 cells in-



Fig. 1. HCBP prolifera-
tive effect on human fi-
broblasts. Cells were
seeded at 2000 cells
well in a 96-wells/plate
cluster and cultured in
DMEM supplemented
with 10% FCS for 2, 4,
and 7 days. Data are
expressed as absolute
absorbance at
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oculated with HCBP proliferated, and reached the confluence
faster (day 7) than the control. When DMEM with a low serum
content (0.4%) was used, HCBP at higher concentrations
(0.1-1 mg/ml) seemed to allow the human fibroblasts to main-
tain their growth ability (data not shown).

With regard to the biosynthesis, it seems that HCBP do not af-
fect this cellular aspect, since results were contradictory (data
not shown).

Sponges injected with HCBP demonstrated first that peptides
were highly resorbable, since in 24 h they were completely

_ dissolved in wound fluid. Nevertheless, biochemical analyses
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showed that HCBP injection caused an increase in the cellu-
larity (Fig. 2) and protein content of the sponge within the first
days (3-5 days post surgery) compared with the controls. The
collagen content seemed to follow the same trend, but at day
7 HCBP reduced its biosynthesis. Interestingly, collagenase in-
jection seemed to regularly increase the collagen production.
Histological sections stained with hematoxylin/eosin substan-
tially confirmed the biochemical findings, since from semi-
quantitative analyses more cells were present within the
sponges treated with HCBP (Fig. 3).

When we looked at the PMN infiltration using the chloroace-
tate esterase technique, we were also able to count a higher
number of cells within the HCBP-treated samples compared
with the controls (Fig. 4). Finally, macrophage infiltration was
evident at day 5 and increased at day 7, as seen from the im-
munohistochemical staining (Fig. 5). From a semi-quantitative
analysis it seemed that more macrophages were present with-
in the HCBP-treated sponges than in the controls.

Fig. 2. DNA and
protein content of rat
implanted sponges.

a DNA profile of day 3,
5, and 7 post surgery.
Data are expressed as
nanograms total
DNA/milligram wet
weight of the sponge
+ SD; b Protein
profiles of days 3, 5,
and 7 post surgery.
Data are expressed as
micrograms total pro-
tein/milligram wet
weight of the sponge
+SD



Fig. 3 a ,b. Paraffin
sections of rat implant-
ed sponges stained
with hematoxylin/
eosin.

a Normal saline;

b HCBP 1 mg. x 100

Discussion

Under physiological conditions, the degradation of extracel-
lular matrix takes place during remodeling activities associat-
ed with morphogenesis and growth, as well as in particular
processes like cell migration or wound healing. In these
events, degradation mechanisms are balanced with matrix
deposition activities, and collagenase is one of the most im-
portant enzymes involved, due to its unique ability to break
down the native collagen molecule [18]. Especially in wound
repair, collagenase acts not only as a débriding agent, but also
as a stimulus for granulation tissue deposition and matrix re-
modeling [19].

Starting from these experimental findings, clinicians have
used bacterial collagenase, a mixture of enzymes derived



mostly from Clostridium histolyticum, which also cleaves the
native collagen molecule, as a therapeutic tool in particular
pathologies, such as hyperthropic scar formation or diabetic
foot ulcers [20]. The exact mechanisms by which these en-
zymes stimulate wound healing are partially known, and in vi-
tro experiments have clearly demonstrated that collagen
breakdown products are chemotactic for different cells in-
volved in tissue repair [2-9,21].

In previous work [12] we demonstrated that the growth of rat
fibroblasts was stimulated by HCBP in a dose-dependent man-
ner. In this paper we confirm previous data on rat fibroblasts
and report that also human fibroblasts are affected by the pep-
tides, although a dose-dependent relationship was not clearly
evident.

Fig. 4 a, b. Paraffin
sections of rat implant-
ed sponges stained
with chloroacetate
esterase. PMNs appear
bright-red.

a Normal saline;

b HCBP 1 mg. x 100



Fig. 5 a, b. Frozen sec-
tions of rat implanted
sponges stained with

diaminobenzidine.

Macrophages, labeled

with ED2 anti-rat anti-

bodies and conjugated
with the avidin-biotin
complex, appear
brown.

a HCBP 1T mg;

b HCBP 1 mg counter-
stained with
hematoxylin. x 200

In the study conducted in vivo, we found that a single-dose
administration of HCBP seemed to exert a chemotactic effect
on PMNs and macrophages in a rat model of wound healing.
Although we did not see an increase in collagen deposition,
we believe that higher doses of the peptides and/or the use of
a better, slow drug-release system may enhance the recruit-
ment of cells other than phagocytes within the sponges, thus
promoting the formation of granulation tissue and confirming
the in vitro experimental findings.

In addition, it should be interesting to evaluate the collage-
nase and its digested product activities in an animal model of
unpaired wound healing (adriamycin-treated rats). Finally,
more work has to be done in order to detect the minimal ami-
no acid sequence of collagen-derived peptides affecting the
recruitment and proliferation of the different cells.
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Interview

What is your hypothesis about the chemotactic effects of col-
lagenase? Are they direct, or rather indirect due to the produc-
tion of human collagen breakdown products?

Radice: Collagenase has long proven to be a valuable thera-
peutic tool. However, not many studies have been conducted
to elucidate the mechanism(s) of action of this enzyme. It is
our view that clostridial collagenase affects the wound-heal-
ing process indirectly, by means of peptides derived from the
cleavage of collagen and of other ECM molecules. Actually, to
investigate this point, we have planned to use eschar tissues of
various origins, rather than collagen molecules, as the sub-
strate for clostridial collagenase.

Do you think this effect is of therapeutic relevance, in addition
to the wound-débriding effect of collagenase?

Radice: The in vitro findings obtained so far are very encour-
aging. Nevertheless, we need to run more experiments on an-
imals in order to detect the biologically active peptide se-
quence(s), and to study the effect of those peptides in a model
of impaired wound healing.

Human placenta has traditionally been used to heal wounds.
Do your studies provide a rationale for this?

Radice: We used human placental tissue mainly because its
collagen composition (types | and Ill) is very similar to that
found in the normal skin. Otherwise, if you are using placen-
tal extracts that are not highly purified, you must consider that
you do not have collagen molecules, but in fact a plethora of
other substances which may show an effect in wound repair,
such as growth factors or hormones.



Collagenase Therapy in the

Treatment of Decubitus Ulcers

M. Nano, E. Ricci, M. De Simone, and G. Lanfranco

Summary

The authors present their experience with collagenase in
the treatment of decubitus ulcers. Although they are one of
the oldest known afflictions, their treatment has been of mi-
nor interest to physicians. The use of collagenase aids heal-
ing by promoting natural processes. The authors report op-
timal results in 900 clinical cases of decubitus ulcers
among elderly patients, especially in the removal of necrot-
ic eschar.

Introduction

Decubitus ulcers are one of the oldest known pathologies
[1-3]. Among the earliest records is the Smith papyrus (3000
B.C.), in which they are accurately described, along with how
they were treated with honey. In the Middle Ages, looking for
an explanation of their etiology, Guglielmo da Saliceto (thir-
teenth century) cited immobility as the cause. In the past cen-
tury, Brown-Sequard (1835) discovered that the paraplegic ex-
perimental dogs he used in his study on the effects of denerva-
tion had developed sores from remaining immobile; the rea-
son for this he attributed to cutaneous ischemia. A century lat-
er in the United States, based on lengthy observation of his pa-
tients, Munro formed his famous “dogma” of moving the pa-
tient every 2 h, a rule that still holds today. In 1943, Mulhol-
land was the first to realize the important role that diet — espe-
cially protein requirement — plays in the healing of wounds.

Despite their impact on social health, a specific treatment for
decubitus ulcers has never come about, for two reasons. First,
physicians have always been loath to deal with them. Medical
history bears out this attitude in the words of the famous
French physician Charcot, who, in his lectures at the Salpe-

Department of Clinical Pathophysiology and Geriatric Surgery, University
of Turin, Italy



Fig. 1. Healing process
from wound to perma-
nent scar seen with use

of collagenase

® | esion
® Collagenase
® L esion débrides in repair phase

* Newly formed collagen deposited
(disorderly placed thin fibers mechanically inefficient)

® Collagenase
* Mature collagen

(orderly placed big fibers mechanically efficient)
® Permanent scar

Table 1. Historical overview of treatment of wounds and decubitus ulcers

Author Year Medication
loannes de Ketham 1491  Olive oil, honey, gum arabic, incense
Ambroise Pare 1584  Removal of necrosis,

suture, medication, no boiling oil
Dominique Jean Larrey 1814 Oil, honey, suliur and mercury salts
Astley Cooper 1825  Wine, acetic acid

James Syme 1832  Zinc sulfates, acetic acid,
Mercury hydrochloride

loseph Lister 1884  Ammonium salts, zinc, antiseptics
Alexis Carrel 1910  Sodium hypochloride
William Halstead 1917  Silver salts, mercury hydrochloride,

sodium hypochloride

Hamilton Bailey 1947  Penicillin, sodium
hypochloride, allantoin

George Crile, |r. 1947  Penicillin, acetic acid

triere Hospital in Paris, expressly numbered decubitus ulcers
as one of the diseases which were outside the physician’s duty
to treat. What is more, decubitus ulcers normally occur in
elderly, debilitated, and chronically ill patients who hold only
a minor interest for the physician. Second, bed sores are seen
as a kind of disgraceful testimony to the nurse’s poor care of her
patient. This was what the equally noted Florence Nightingale
meant when she spoke of decubitus as an accusation against
nurses neglecting their patients. This is also why a decubitus
ulcer register has never been and never will be compiled. The
physician’s minor interest in this pathology has been just one
of the reasons why, for so many years, decubitus ulcers were
treated locally with the same products used in wound care,
and a specific treatment for them has never been developed.



For over a decade, decubitus ulcers have represented one of
the major problems in the care of elderly, bed-ridden, chroni-
cally ill, and cancer patients [4]. In hospitals for acute dis-
eases, 3-34% of patients are affected with decubitus ulcers,
while in geriatric institutes, 75% of patients present decubitus
ulcers at the time of admission, especially those coming from
intensive care units. In the elderly, the hospital mortality from
pressure sores ranges from 23 to 57%, while the hospital mor-
tality risk for affected patients in geriatric institutes has in-
creased fourfold [4, 5]. This upward trend indicates the return
of what had been considered a disease of the past. Another
factor that has partially contributed to its rise is the progress
medical science has made in keeping alive patients too fragile
to support their own body weight.

Fig. 2. Large sacral ne-
crotic wound

Fig. 3. Large sacral
wound involving the
rectum (finger inserted
in the anus);
débridement with col-
lagenase



Fig. 4. Trochanteric
wound with destruc-
tion of the coxofemo-
ral joint

Going hand in hand with the scientific interest in the treat-
ment of decubitus ulcers has been a commercial interest man-
ifested in the production of a myriad of products all claiming
to perform miracles. The consequence of this “drug prolifera-
tion”, often associated with a poor knowledge of the healing
processes, has been an indiscriminate use of products without
a full understanding of their pharmaceutical properties or the
conditions of the wound. This has led to decubitus patients
being treated with an alarming number of topical drugs, in the
hope that they will accomplish what the physician or the
nurse has failed to. In this context we wish to underline some
conclusions from our own experience:

— No product works miracles.
— No product can take the place of the nurse’s preventive care
or the physician’s medical care.

A product is best used when the healing process is fully under-
stood; this involves knowing what the product’s properties are
—how, when, and in what kind of wound it can aid healing.

In our opinion, good therapy starts with learning how to use a
few currently available products very well; while we should
keep an open mind about product improvements, blind belief
that the newest are necessarily the best would be false. In this
respect, we should recall Alessandro Manzoni’s famous state-
ment: “Not all that tomorrow brings is progress.”

Débridement of Decubitus Ulcers

The healing process begins after removal of the necrotic tissue
that has been inhibiting the formation of granulation tissue



and cell mitosis needed for reepithelialization; devitalized tis-
sue also forms an optimum substratum for bacterial growth
[7-12]. What starts the natural process of self-débridement of
a dermal wound during the initial inflammatory phases is a se-
ries of enzymes, among which is collagenase. As the natural
reactions proceed, the macrophages take over the important
role the neutrophils initially play. The release of chemotactic
factors activates other macrophages and fibroblasts to stimu-
late production of collagen and neoangiogenesis. Débride-
ment and repair thus work as two processes, so closely linked
that the latter naturally takes up where the former leaves off
[13]. This would justify what Sinclair and Ryan stated [14]
about the fact that proteolytic enzymes are not limited to
débridement alone, but also play “an intrinsic part in dermal
wound repair.”

Débridement with proteolytic enzymes has been widely used
in the treatment of decubitus ulcers. Collagen constitutes
about 75% of the dry weight of the eschar, which may be an-
chored to the edges and the bed of the wound by collagen
strands, thereby interfering with débridement and promoting
infection [4]. A small amount of collagen is digested “in loco”
as part of the reactive process, but it is insufficient for self-
débridement.

Many studies have tried to find products that selectively de-
stroy necrotic tissue without, however, interfering with the
granulation process or wound healing. Trypsin, chemotrypsin,
streptokinase, and streptodornase all attack necrotic tissue but
not native collagen [15, 16]. Collagenase has been shown to
be superior to other enzymes in digesting both denatured col-
lagen — the main component of necrotic tissue [17] — and na-
tive collagen strands that anchor residues of necrotic material
to the wound bed [18]. Besides the role they play in
débridement, another fundamental task of collagenase is to
promote wound closure. These substances influence the bal-
ance between deposition and reabsorption of collagen in the
wound and the extracellular matrix [7, 8]. Hence, by carefully
controlling the synthesis and reabsorption of collagen and ma-
trix, better repair of the wound can be achieved. Active with a
pH range of 6-8, collagenase is inhibited by heavy metal ions
and hexachlorophene, which should therefore not be used to
disinfect the wound. Studies have not shown the formation of
anti-collagenase antibodies or the event of anaphylactic reac-
tions [4]. Collagenase has been successfully used in the treat-
ment of many forms of skin pathologies that involve ulcers:
vascular ulcers [19-22], burns in adults and children [23, 24],
orthopedic pathologies and traumatology [25, 26], laser burns



from cutaneous neoplastic surgical therapy [27], and radio-
dermatitis [28]. Our clinical experience is based on the use of
collagenase in treating decubitus ulcers with necrotic eschar.

Our Clinical Experience with Collagenase

From the vast array of treatment methods we have used in lo-
cal therapy of decubitus ulcers, we have focused our attention
on collagenase, because it is the product that has withstood
the test of time and has proved more efficacious than many
other similarly acting products that have become available in
the meantime.

Our experience is based on over 900 cases of decubitus ulcers
in elderly patients. In the most recent 300 cases we combined
collagenase with chloramphenicol applied only in the inter-
surgical phase. Débridement of necrotic ulcers, especially
when large, was done in more than one session using colla-
genase between one treatment and the next. This eases the de-
tachment of necrotic residue, especially of the necrotic tissues
and the fibrin sticking to the periosteum at the sacrum. Appli-
cation was done twice daily. In untreated cases, the interval
between surgical débridement was 24 h. With the adoption of
collagenase this regimen has changed. After initial cleaning,
the wound was treated with the product for 4 days before
being débrided again. Contrary to what used to occur, this
second surgical operation has enabled us to remove all of the
necrotic residue in 90% of cases. This has led to a more rapid
onset of the granulation phase due to the reduction of bacteri-
al growth, which can be seen in the reduction or remission of
inflammatory signs. In no case was hypersensitivity to the
product observed. In 11 cases, the patient complained of a
modest burning sensation at the beginning of treatment
which, however, did not lead to suspension of therapy, as has
been reported in other cases by some authors [22].

In conclusion, we believe that this product represents an opti-
mum choice in the treatment of decubitus ulcers. Neverthe-
less, we wish to point out that no drug can be considered a
panacea in so complex and involved a treatment as that of
large wounds. As our experience has shown us, an effective
and widely tested drug applied correctly and appropriately
helps greatly to promote a more rapid and natural healing pro-
cess.
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Interview

What is the most important aspect of the preventive care of de-
cubitus ulcers?

Nano: The most important aspect in preventing decubitus ul-
cers is decompression.

Are there any studies which make it possible to estimate the
incidence and costs of decubitus ulcers in Italy?

Nano: An Italian study that reports on the incidence is that of
Apostoli et al. (1988) “Observations on the epidemiology and
prophylaxis of decubital lesions in reanimation.” Rivista
dell’Infermiere (Review of Nursing) 7 : 18-22

Can you roughly estimate the costs saved with collagenase
therapy since you have fewer operations to perform?

Nano: It is difficult to calculate the costs saved with collage-
nases. For the phase of necrosis, the following calculations are
realistic:

Time saved by nurses — 30%

Time saved by physicians - 50%

Pharmaceutical material saved — 30%




A Color CD-ROM Image Analysis

System to Quantify Débridement
and Healing of Ulcers

S. el Gammal’, R. Popp?, M. Schifer?, C. el Gammal’, and
P. Altmeyer’

Summary

The débridement activity of collagenase in decubital ulcers
was evaluated in a multicenter double-blind trial according
to the black-yellow-red wound classification scheme. Gran-
ulation tissue surface showed undulating curves. At first
it increased due to the reduction of necrosis and fibrin/exu-
date, later it decreased due to epithelialization and total
wound area reduction.

Introduction

In clinical trials dealing with wound healing the selection of
appropriate parameters is essential. Presently, there are no
internationally accepted clinical research guidelines to quan-
tify wound healing [8].

Selection of Parameters

Various parameters have been suggested to evaluate wound
quality and wound size. Measuring the maximum diameter of
the wound neglects wound retraction, which occurs mainly in
one direction, leading to a spindle shape of a primarily round
wound during healing. Evaluating the wound area (in a pic-
ture) avoids this problem but ignores wound depth. Determi-
nation of the wound volume depends to a great extent on the
positioning of the patient, especially when assessing pressure
sores.

The quality of the wound surface is also of great interest. Gen-
erally, secondary healing ulcers pass through different clinical

T Department of Dermatology, Ruhr University of Bochum, Gudrunstrale
56, 44791 Bochum, Germany

2 Clinical Research Department, Knoll AG, Ludwigshafen, Germany

3 Technical Development Department ZET/SZ, BASF AG, Ludwigshafen,
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stages which each exhibit a characteristic color [9, 10]. Dur-
ing the late wound reaction phase black necroses can occur,
which are caused by infarction after acute occlusion of arte-
ries or arterioles. This necrotic layer often contains blood clots
and sometimes is very deep, exposing large cavities with ten-
dons and bone when removed. During the early regeneration
phase yellow necroses are observed. They consist of exudate,
bacteria (pus), devitalized tissue cells, collagen, and elastin. In
the late regeneration phase, red vascularized granulation tis-
sue is seen. The ulcer bed is now clean and the wound space
is filled by cellular elements and newly formed collagen and
ground substance. Finally, pale, pinky epithelialization pro-
gresses from the wound borders and a scar is formed. Several
recent studies [1, 18, 19] have used a colorimetric “black-yel-
low-red (BYR)” classification scheme, which focuses on the
wound surface, excluding epithelialization for practical rea-
sons. A gradual shift of the ulcer surface from black, solid ne-
crotic areas to fibrinoid/necrotic regions, which are yellow,
and finally to healthy red granulation tissue is assumed.

Patient Follow-up

Heterogeneity of wounds and treatment regimens, a variety of
underlying diseases, and poor patient compliance complicate
the collection of reproducible and comparable data about
wound healing. Epidemiological data on patients with chron-
ic ulcers illustrate these problems. In a community survey of
477 patients with venous leg ulcers, the duration of the ulcer
ranged from T week to 63 years, and its size from 0.1 to 117
cm? [12]. Healing time varied considerably, and recurrence
rates were very high. In another epidemiological study, in
49% of patients re-ulceration occurred within 3 months after
hospital discharge [13]. Ulcer size, duration of an ulceration,
the patient’s age, and deep vein involvement are major prog-
nostic factors for the healing time in venous leg ulcers [17].

In patients with pressure sores the healing period can last for
about 1 year [20]. This long healing time is a major problem in
wound healing trials, as many patients die during follow-up or
are referred to other units or nursing homes. According to our
experience, even trials with a short observation period are dif-
ficult to manage as the course of the disease varies consider-
ably and requires different treatment regimes.

Quantification of Wound Healing

In the past years, various approaches to documenting and
quantifying wound healing have been used (Table 1).



Table 1. Proposed parameters for wound healing

Proposed method Disadvantages Information provided

Clinical assessment  Subjective Qualitative and quantitative

Foil planimetry Patient discomiort Only quantitative (2-D)
wound contamination

Casting Accuracy Only quantitative (3-D)
Wound secrete
interaction

Photography Geometric perspective  Qualitative and quantitative
distortion

Unequal illumination

Video image analysis Limited resolution Qualitative and quantitative
(2-D)

Stereophoto- Complex precision Qualitative and quantitative

grammetry equipment (3-D)

Clinical assessment of wound healing at fixed intervals is the
simplest and most widely performed evaluation procedure.
The wound surface, its size, shape, and borders have been
used as parameters. The subjectivity and wide interobserver
variability are great disadvantages of this approach.

Planimetry requires thorough delineation of the wound edge
on a transparent sheet placed on the wound surface. Later, se-
ries of sheets may be superimposed to objectively assess the
healing process. When the delineated sheets are cut out, plani-
metric evaluation is possible using gravimetry. Although foil-
planimetry may seem acceptable, it causes discomfort to the
patient and increases the risk of wound contamination. The
main disadvantage of this method is that it focuses solely on
quantitative evaluation of the total wound surface and disre-
gards wound surface quality.

Casting methods are useful for wound volume evaluation. Sil-
icon replicas [16, 22] or dental impression materials [3] have
been the most commonly used. The wound volume can be
measured by immersing the cast (Archimedes’ principle). Sur-
face topography can be quantified using profilometry [15, 22].
Unfortunately, accurate casts of superficial wounds on convex
or concave surfaces are difficult to obtain, and the interaction
of the cast with the wound secretion presents unsolved prob-
lems.

Photography avoids contact with the lesion and thereby pre-
vents contamination and tissue damage. It can be performed [



quickly at different time points and stages of healing and with-
out inconvenience for the patient. Several investigators can
judge the pictures independently of each other, providing a
better reproducibility and objectivity.

Furthermore, photographs are well suited to evaluate both
qualitative and quantitative aspects of the wound surface. For
this purpose, lighting conditions must be kept constant in fol-
low-up pictures.

Polaroid systems have the advantage of instant prints and
therefore provide significantly fewer logistical problems with
respect to processing, storing, and identification of the photo-
graphs in a multicenter setting. Their greatest disadvantage is
the poor resolution and a low depth of field in comparison to
35-mm slides taken with a closed aperture. In our experience,
this is also true for specially designed camera systems like the
Acmel® camera [6] or the Medical Nikkor® 35-mm camera.

Morphometric evaluation has to struggle with the geometrical
perspective distortion on photographs. This optic geometrical
error can be corrected in flat wounds by using transparent
graph paper or a reference scale. Palmer et al. [14] have
shown that assessment of an irregular shape on a plane model
is quite reliable as long as the camera is within 10° of the right
angle to the object.

In recent years, computer image analysis has gained new ap-
plication fields in medicine. Computerized wound analysis
has been propagated by Eriksson et al. [7]. Bengtsson et al. [1]
have shown that computerized wound analysis reduces both
intra- and interobserver variability and is reliable in compari-
son to clinical assessment. In an ideal situation, wounds of ap-
proximately the same size are studied by the image analysis
system.

Most CWA systems consist of a video camera, a frame grab-
ber, a computer, and an image analysis software [11, 14]. The
resolution of standard video technology is quite low and var-
ies between 512 x 512 and 1024 x 768 pixels per image. A
fixed camera-to-wound distance can lead to resolution prob-
lems when the size of the wounds varies considerably. If the
preadjusted image area was 20 x 20 cm?, a small wound of 1
x 1 cm? would represent only 0.25% of the total image sur-
face. If the image area had 262 000 pixels, the region of inter-
est would have 655 pixels. This leads to significant limitations,

especially in a multicenter setting.



Additional volumetric information on convex and concave
surfaces can be gained by stereophotogrammetry [2, 7] when
pairs of stereo photos of a wound are available. Using two fix-
mounted cameras, stereo pictures can be photographed si-
multaneously. Alternatively, the pictures are photographed
sequentially, using a single camera on an optical bench. The
distance between both images is used for further calculations.
In a first step prominent points have to be recognized in both
stereo pictures. The parallactic displacement of a homologous
point in both pictures is then used to calculate its depth. To
avoid systematic errors during depth measurements, high-
quality optic camera lenses without astigmatism are neces-
sary. Furthermore, sophisticated mechanical precision equip-
ment or complex time-consuming computer evaluations are
needed to correlate both stereo pictures and evaluate the par-
allactic displacement for every point within the picture. At
present, these problems are serious limitations to this method.

A New CD-ROM Color Wound Analysis System
(CD-CWA) Suitable for Multicenter Trials

Wound analysis should assess the wound surface quality and
wound size simultaneously. We designed a color wound anal-
ysis system which uses high-resolution images for precise
wound quantification. This system has been validated and is
presently being used in several multicenter studies. These
studies focus on the evaluation of the wound débridement,
since pharmacologically induced acceleration of débride-
ment has been demonstrated to decrease healing time signifi-
cantly [21, 23].

Photographic Documentation

Photographic films with fine granularity are particularly suit-
able for documenting wounds of greatly varying sizes because
this analogue medium has a high detail resolution. We used
35-mm slides because they provide an excellent resolution.

Our camera system consists of a Canon 35-mm body
(EOS100%), an ML 3 ring flash, and a 50-mm macro lens. This
camera is suitable for photographic documentation in a multi-
center setting. To limit the length of the photo session, the
camera is equipped with an automatic film drive. Misfunction
is minimized by an automatic adjustment to film sensitivity
and shutter blockage when the film is not inserted correctly,
already exposed, or rewound. A camera back was used,
which fades in the date for identification of the photographs.



Fig. 1. Every color pix-
el in an image is a
combination of red,
green, and blue inten-
sities (RGB). Alterna-
tively, the color can be
described by an HSI
color representation
system. H, Hue; S, col-
or saturation; /, white-
ness intensity




We chose a distance of 40 cm for all photographs by fixing the
distance ring. The infrared distance meter emits an acoustic
signal when this distance is met. A fixed aperture of 16, a shut-
ter speed of 1/125 s, and an automatic TTL flash exposure is
used. We suggest using 35-mm slides, because film develop-
ment is standardized. A medium film sensitivity (21 DIN) was
selected in order to assure rapid recharging of the flash. In
comparison to other cameras and video systems, this camera
set-up is easy to use in a multicenter setting and provides pic-
tures with a good depth of field (aperture of 16 and TTL con-
trol of the flash).

The position of the patient and the investigator are recorded at
baseline. This position should be reproduced as exactly as
possible during all follow-up visits. The reference scale is
fixed to the skin at the border of the lesion vertically (as seen
by the investigator). The infrared distance meter is activated
by gently pressing the shutter. When the camera is moved up
and down along the vertical axis of the wound surface, an
acoustic signal is heared as soon as the selected 40 cm dis-
tance is reached.

Reference Scale

We developed a reference scale to calibrate distances and to
compensate for color variation due to exposure and/or film
emulsion in each image [5]. The patient number and initials
can also be documented on this self-adhesive paper card (see
Fig. 1). Concentric circles with 8, 16, and 24 mm diameters
are used for distance calibration. If these circles turn out to be
elliptic on the photographs, there is significant distortion and
perspective error in the images. Identical reference color blocks
are included on the reference card at three different positions.
This redundance ensures that a complete set of all colors can
be used for reference, regardless of the perspective.

Multicenter Monitoring

All centers were thoroughly instructed on how to handle the
caméra and to take the pictures in a reproducible and stan-
dardized manner. Throughout the trial there was continuous
control of correct function of the camera, and detailed advice
on how to achieve optimal pictures was provided. Intense
monitoring is an essential prerequisite and can reduce missing
data due to logistic and quality-related problems of the ap-
plied technique and the quality of the pictures.




Processing of the Films and CD-ROM Transfer

All exposed films were sent to the same processing laboratory.
The best 24- x 36-mm slides were then selected from each
photo session and matched. The following criteria must be
met:

1. Identification must be unambiguous, based on the refer-
ence scale and patient number, study code, and patient ini-
tials.

2. The photo is taken at 40 cm distance (1:6 scale) with suffi-

cient lighting.

. The entire wound surface is seen.

4. At least one color reference block is in the vicinity of the
wound.

W

The selected slides were digitized on “write-once” Kodak
photo compact discs (CD). Every picture is accessible in five
different resolutions (192 x 128 to 3072 x 2048 pixels with 16
million colors). At high resolution, the size of a single image
file ranges up to 6 MBytes.

Color Analysis

In most computer applications, pictures are treated as two-di-
mensional arrays of pixels. In black-and-white pictures every
pixel is visualized as a gray spot. Its gray level is represented in
the array as an integer number between black (i.e., “0”) and
white (i.e., “255”). To improve the differentiation of small
gray-level differences for the eye, some applications map ev-
ery gray level to a specific color [4].

In true color images, every pixel has a separate red, green, and
blue intensity level (Fig. 2). This RGB color coding is quite
abstract and does not correspond to the categories of human
color perception [5]. We prefer to use the HSI (hue, saturation,
intensity) color coding system, because it is more intuitive
than the RGB system (Fig. 1). The hue describes the basic col-
or on a color circle of 360°, analogous to a clock face. Red
corresponds to 0°, yellow to 60°, green to 120°, azure to 180°,
blue to 240°, and violet to 300°. The saturation describes the
color density, whereas the intensity refers to the amount of
whiteness in the color. All available colors are included in a
three-dimensional ovaloid (Fig. 2), where Hue and Saturation are
polar coordinates and the Intensity is orthogonally oriented.

Each of the three wound surface qualities (black necrosis; yel-
low, fibrinoid/necrotic area; and clean red granulation tissue)

can be described by a characteristic three-dimensional re-



gion in the three-dimensional
HSI ovaloid. The granulation
tissue typically fills the com-
pact “red” region and is sur-
rounded by a shell-shaped fibri-
noid/necrotic region. The re-
gion of black necrotic tissue
exhibits low intensity values.
Poorly illuminated granulation
tissue therefore is at risk of be-
ing assessed as necrosis.

HSI Color Model

Since these defined HSI color

regions remain constant for the assessment of all wound pho-
tos, a constant and homogeneous illumination is necessary to
achieve high reliability in wound area classification.

Wound Evaluation Steps

We use a commercially available image analysis software
(e.g., AnalySIS, Soft-Imaging Software GmbH, Minster, FRG,
or ConceptVl, Graftek, Le Moulin de I'lmage, Mirmande,
France) which supports virtual image buffers of different size,
image filtering, and other standard procedures. The image
analysis protocol was built by combining different library
functions.

Images are loaded from the photo-CD, and the wound area
(region of interest) is cut out interactively. On every image the
reference card is used to correct for geometry, film emulsion,
and exposure in the region of interest. The mean intensity (1) of
the picture is calculated and corrected to a standard intensity
of 128. The ulcer outline is then determined interactively. The
ulcer area is classified pixel-wise into black necrosis, fibri-
noid/necrotic wound area, and clean red granulation tissue.
When the pictures are well illuminated and exhibit few reflex-
es, 60-90% (mean 80%) of the ulcer surface can be correctly
classified. By cyclic region growing of the directly detected
granulation tissue, fibrinoid, and black necrosis, all unclassi-
fied areas become classified.

Figure 3 shows a pressure sore in the gluteal region at base-
line. The detected classified regions are marked on the inserts.
Granulation tissue is represented as red area, black necrosis as
blue area, and the fibrin-covered or yellow necrotic wound
surface as yellow area. Figures 5 and 6 show the same pres-
sure sore at baseline and after 4, 8, 11, 17, and 22 days. Cor-
respondingly, black necrosis, fibrinoid/necrotic regions, and

Fig. 2. The HSI color
representation system
forms a 3-D ovaloid,
where all possible col-
ors are included.

H, Hue; S, color satu-
ration; /, whiteness in-
tensity. By moving in a
radial direction the sat-
uration of the color
changes, by moving
circularly its hue
changes. The white-
ness intensity: is verti-
cally oriented in the
color ovaloid



Fig. 3. Decubital sore at baseline. Original image (top). The CD-CWA pro-
gram has detected granulation tissue (red), necrosis (blue), and fibrinoid
exudate (yellow). In the inserts, these surfaces are filled (leff) and outlined
(right)
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granulation tissue have been marked on Fig. 6. Figure 4 shows
follow-up area measurements of a single gluteal decubital ul-
cer. Within 26 days, the total wound surface has decreased
significantly by retraction and epithelialization from the bor-
ders. Black necrosis and the fibrinoid/necrotic surface de-
creased during this time period. We found that the granulation
tissue surface shows particularly interesting undulating
curves. We believe that this is due to two concurring effects:
the area of granulation increases at first mainly due to the re-
duction of black necrosis and fibrinoid/necrotic regions, while
later on it decreases due to epithelialization and total wound
area reduction.

Evaluation of Leg Ulcers

Evaluation of leg ulcers is more complicated than that of glu-
teal pressure sores because of the curvature of the lower leg.
The geometric perspective distortion and the intensity decline
due to the curvature of the leg can be corrected by the image
analysis software as follows: the convexity of the region of
interest (e.g., the leg) is approximated by a corresponding geo-
metrical body (e.g., a cylinder). A least-square fit illumination
correction over the picture enhances significantly the classifi-
cation into HSI color regions.

Fig. 4. Absolute area
(mm?) of the total
wound surface, granu-
lation tissue, necrosis,
and fibrinoid exudate
at baseline (day 1), day
4, day 8, day 11, day
17, and day 22. Note
that the necrotic area
decreases rapidly. The
granulation tissue area
exhibits an undulating
curve



Fig. 5. Decubital sore on CD-ROM pictures at baseline (top left), day 4 (top
right), day 8 (middle left), day 11 (middle right), day 17 (bottom left), and

day 22 (bottom right). Note the ulcer débridement




Fig. 6. Decubital sore at baseline (top left), day 4 (top right), day 8 (middle
left), day 11 (middle right), day 17 (bottom left), and day 22 (bottom right).
The CD-CWA program has detected granulation tissue (red), necrosis
(blue), and fibrinoid exudate (yellow)




The ulcer can be delimited interactively and the evaluation
procedures described above are applied. Finally, the detected
regions are decomposed into lines which are multiplied by the
geometric correction factor (due to the cylindric approximation).

Limitations in Wound Image Analysis

Classification of the wound surface into the mentioned cate-
gories can, however, create problems, for example, when thin
blood crusts overlying granulation tissue simulate necrosis or
when hyperergic vasculitis, resembling granulation tissue,
imitates necrosis [5].

Outlook

We believe that CD-ROM color wound analysis is a good tool
for objective assessment of wound healing of ulcers. The
method is well suited for widespread use in clinical practice.
More experience with this kind of standardized documenta-
tion and evaluation provides a basis for the development of
new techniques. By optimizing the quality of photographic
images the accuracy of CD-CWA can be further improved.
We think that in the future, the development of stereo CD-
ROM color wound analysis could integrate the evaluation of
wound quality, wound area, and wound volume.
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Interview

What are the most important results of your study?

el Gammal: We have developed a new method for studying
ulcer débridement, based on evaluation of both wound area
and wound quality. Using image analysis of CD-ROM pic-
tures, we can quantify different parameters of healing: wound
size, area of granulation tissue, area of fibrinoid/necrotic tis-
sue, and area of black necrosis.

What are the main advantages of color image analysis using
compact-disk technology (CD-ROM) for the evaluation of
wound healing?

el Gammal: Using high-resolution digitization of photograph-
ic slides on CD-ROM, we can overcome the problem of poor
resolution in the digitized picture when the ulcers are small.

Why didn’t you zoom in on the ulcers?

el Gammal: This study was done in a multicenter environ-
ment. We therefore had to keep things simple and used a fixed
photographic setting (40 cm wound-camera distance) inde-
pendent of the size of the ulcer. Furthermore, the fixed 40 cm
distance keeps perspective distortion low.

Congratulations on your excellent sharp pictures. How did
you overcome the problem of blurred pictures, particularly in
ulcers on the curved lower leg?

el Gammal: We selected our fixed camera setting in such a
way that we obtained a great depth of field (flash illumination,
aperture of 16, 1/125 s exposure time).

Do you see future noninvasive technical developments which
will allow you to evaluate not only changes of the wound sur-
face but also of the wound depth?

el Gammal: Interferometry is a promising method for evaluat-
ing wound volume noninvasively. | believe, however, that
stereo CD-ROM color wound analysis could integrate the
evaluation of wound quality, wound area, and wound volume
in the near future.



Quantitative and Objective
Evaluation of Wound Débriding

Properties of Collagenase in a
Necrotic Ulcer Animal Model

J. R. Mekkes, }. E. Zeegelaar, and W. Westerhof

Summary

The wound cleansing properties of collagenase in several
new galenic formulations were compared to another com-
mercially available enzymatic débriding agent in an ob-
server-blind, placebo-controlled animal study using a ne-
crotic ulcer pig model. Collagenase was significantly better
in removing necrosis than placebo control ointment.

Introduction

The number of wound care materials available on the market
is growing rapidly. Making a choice can be difficult. To pro-
vide clinicians with the evidence that can guide them in their
choice, randomized controlled clinical trials are needed. The
same type of studies are necessary in the development phase
of new products.

In general, when it is technically feasible, we prefer to test new
products in an animal model first, because it is difficult to in-
vestigate wound healing products in human subjects, for sev-
eral reasons. The first reason is the extreme variability in
wounds and patients. There are a lot of confounding factors that
can influence the outcome of a clinical trial, such as wound
size, depth, localization, vascularisation, duration, cause, pre-
vious treatments, the patients general health, nutritional state,
use of other medication, etc. Because of this variability, large
numbers of patients per treatment group have to be included.
The exclusion criteria should be strict to avoid these con-
founding factors, which makes it difficult to find patients.
Usually these trials are very time-consuming, and expensive.

A second problem is the lack of objective evaluation meth-
ods. The evaluation method should be appropriate for the

Department of Dermatology, Academisch Medisch Centrum, Meiberg-
dreef 9, 1105 AZ Amsterdam



wound type and the wound healing phase (débridement
phase, granulation tissue formation, epithelialization phase,
or remodeling phase) [1]. If a product is designed for use in
the epithelialization phase, than the time required for com-
plete wound healing, or the reduction in wound size within a
certain time limit, can be used as a primary outcome parame-
ter. If a product is designed for wound cleaning, the wound
size is an useless parameter, because wound size can remain
exactly the same or increase slightly during the débridement
phase, while important qualitative changes occur: the yellow
or greenish black layers of necrotic epidermal and dermal
structures, consisting of collagen and other extracellular ma-
trix proteins and fibrin are removed and gradually replaced by
healthy red granulation tissue [2]. To solve this problem, we
developed a digital image analysis technique to measure the
shift from black/yellow necrosis to red granulation tissue ob-
jectively [3-9]. The combination of this evaluation technique
with an animal wound model makes it possible to investigate
wound care products designed for wound cleaning in an ob-
jective way, within a short time period. The pig is the most ap-
propriate animal because the structure of pig skin resembles
human skin more than any other laboratory animal [10]. And
because of the large test area, more than one product can be
tested simultaneously in the same model.

This chapter describes how the animal model can be used to
study new galenic formulations of collagenase, in a placebo-
controlled, observer-blind way. Since these studies are still
ongoing, we focused more on describing the model than on
the preliminary results.

Methods
Animal Model

Ten female Dutch N.Y. pigs weighing 25 kg were used. On ar-
rival the pigs were washed and placed in quarantine for 7 days
during which each animal was submitted to a daily health in-
spection. In this period the animals could adjust to the new
environment. Under total anesthesia in each swine 5 x 5 cm
wounds were made on the back, with a Brown electrical der-
matome. Before wounding the hairs were clipped. Immediate-
ly before operation the pigs were anesthetized with isoflurane,
oxygen, and nitrous oxide via a face mask, intubated, and then
maintained on close circuit anesthesia using a mixture of
oxygen, nitrous oxide and isoflurane. During the operation, all
vital functions were monitored. The animals received Ringer’s
glucose solution and adequate anesthetics (0.005mg/kg su-



fentanyl i.v.) during the N~
operation, and just before .
completion and after 8 h
0.005 mg/kg buprenorphine
was administered intrave-
nously. During bandage
changes the animals were
sedated using azaperone 4

mg + atropine 0.5 mg, and
then anesthetized using
oxygen, nitrous oxide and
isoflurane.

The whole surgical proce- . # =7
dure was carried out under
sterile conditions. The flank
skin was cleansed with cet-
rimide-chlorhexidine solution 1:30 in alcohol 70%, shaved in the
direction of hair growth, rinsed, dried, and then washed with
70% alcohol. An incision of 5 cm length and 2.5 mm depth was
made with a scalpel. Starting from this incision the epidermis was
excised using the dermatome (Fig 1.). The depth to achieve a full-
thickness excision was estimated at 2.4-2.5 mm. The distance
between the wounds was 4 cm. To produce a necrotic wound
bed the wounds were treated with 20% Trichloroacetic acid. Non-
impregnated gauze compresses were applied on the wounds.
The wounds were further protected against mechanical trauma
with a covering bandage fixed with Me-fix and Tubi-grip.

After 2 days the wounds, covered with a thick layer of necrotic
tissue, closely resembled a human necrotic ulcer (Fig 2.) From the
third to the tenth day the enzymes and placebo were applied.

Fig. 1. Excision of 2.5
mm of the skin, using a
Brown electrical der-
matome

Fig. 2. Close-up of an
ulcer just before start
of treatment



Fig. 3. The different
products tested in this
study

Collagenase Formulations

In this study four dissolvable film sheets containing collagenase
in different concentrations (0.5 U/cm?, 1.0 U/cm?, 1.0X U/cm?
(different formulation), and 2.0 U/cm?) were compared to film
only (placebo). The different products are shown in Fig 3. The
development goal for the new dosage forms of collagenase
was to achieve a fast débridement of necrotic wounds, such as
burn wounds. Therefore, a high collagenase concentration is
needed, which on the other hand should not harm healthy tis-
sue. Collagenase film is a hydrophillic formulation, which is
supposed to dissolve in wound fluid and thus releases the total
dose of active ingredient to the wound. Due to the homoge-
nous distribution of collagenase within the film and to the
constant thickness of the dosage form, a definite and reprodu-
cible dose of collagenase can be applied per cm? of wound
area. The wounds had to be moist when the study medication
was applied. Dry necroses had to be moistened with saline
soaked gauzes for 5 minutes until the necrosis was wet. Appli-
cation to the wounds was accomplished by a person (usually
one of the biotechnicians) different from the one who made
the clinical observations. The different films and the placebo
film were applied once daily for ten days, under occlusion.
Clinical evaluation, video photography and computer-aided
analysis of wound size and cleanliness were performed daily.

Clinical Observations

The wound size was measured in cm? by tracing the wound
margins on the screen with a mouse, followed by computer-
ized calculation of the wound surface. Around all wounds a
6 x 6 cm raster was positioned for calibration. Based on the
amount of necrotic tissue, slough and granulation tissue in the
wound, a visual cleanliness ranking score was given to each



wound (1 beeing the cleanest wound). The amount of necrot-
ic tissue, slough and granulation tissue in the wound were es-
timated visually in percentages by experienced clinical ob-
servers (observers were blinded). The number of treatment
days necessary to achieve a clean, red, granulating wound
bed (‘ready for grafting’ according to the investigator, which
means 95-100% clean) were recorded. Each wound was
photographed in color (Polaroids) at regular intervals.

Computer Image Analysis

The débriding effect is usually quantified using the black-yel-
low-red model, in which black is black necrosis, yellow is yel-
low necrosis (slough), and red is granulation tissue [2]. This
model has been generally accepted by clinicians as a tool to
classify wounds on the basis of color. Some pharmaceutical
companies have grouped their wound care products accord-
ing to the same classification model. This three-color visual
evaluation model has been used in most clinical trials on
wound débridement until now. The computer system is based
on the same classification principle. One should realize of
course that there are thousands of different hues of red in gran-
ulation tissue and that the color of necrotic tissue varies from
white, yellow, greenish, hemorrhagic brown to deep black,
including all colors in between.

Recording Procedure

A video image of the wounds was obtained by positioning a
video camera and a light source, both mounted with polaroid

Fig. 4. The computer
image analysis system:
an IBM-compatible
personal computer, a
frame grabber, a VGA
monitor and an RGB
monitor, and a digitiz-
ing tablet




filters to prevent reflection, in a standardized way to the
wound. All variables such as height, distance, angle, light,
diaphragm, etc. were recorded. A color scale and grey scale
were positioned near the wounds for calibration purposes.

Hardware

The computer system consists of an IBM-compatible personal
computer, a frame grabber, a VGA monitor and an RGB mon-
itor, and a digitizing tablet (Fig 4). Since each stored image
requires 500 Kb, two large hard disks and a tape streamer
were installed. '

Software

The software was specially written by the Department of Med-
ical Physics of the Academical Medical Center, University of
Amsterdam, and consists of a mixture of the original software
provided with the frame grabber (VISION), programs written
in the language C, and a menu structure composed of MS-
DOS batch files.

Measurement Procedures

After restoring the image from disk or tape, the ulcer outline
was traced on the screen, using the digitizing tablet. Three ori-
entation points around the wound were clicked on with the
mouse. After entering the previously recorded horizontal and
vertical distances between these orientation marks into the
computer, the red, yellow, black, and total wound areas were

Fig. 5.a Image of an
animal wound, photo-
graphed directly from
the computer monitor.
The red granulating
wound area is clearly
distinguishable but, be-
cause of the complex
two-dimensional struc-
ture, difficult to esti-
mate. b Recognition of
the different areas by the
computer system (red is
granulation tissue, yel-
low is necrotic tissue)
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calculated, in pixels, percentages, and square millimetres. It
took about 2 min to fully measure one wound. Figure 5a, pho-
tographed directly from the computer monitor, shows an ani-
mal wound. The red granulating wound area is clearly distin-
guishable, but because of the complex two-dimensional struc-
ture difficult to estimate. Figure 5b shows how the areas were
recognized by the computer system.

Primary Outcome Parameters

The primary measurement of efficacy was wound cleanliness
after one week as determined by digital image analysis.
Wound cleanliness was assessed electronically using three
measurements: necrotic tissue, slough, and granulation tissue.
The area of the wound containing necrotic tissue, slough, and
granulation tissue each was recorded in mm?, as a percentage
of the total wound area, and as a percentage of the total
wound area of the first day (differences were described as
change from baseline). Only the computer measurements
were used in the data analysis. Student’s T-test was used for
statistical analysis.

Wound size was not an important parameter in this study. The
primary parameter is wound cleaning, not wound healing.
The observation period of 10 days is too short to accomplish
complete healing. The wound size can be expected to de-
crease slightly in area as healing occurs. This decrease is
greatly caused by wound contraction. The rate of wound con-
traction is different in different regions on the back, but the
randomization will counteract this confounding process. In
the first 2-3 days wounds may become bigger because of hy-
dration of the wound bed and the disturbance of the skin in-
tegrity by cutting 2.5 mm deep.

Results

The amount of necrotic tissue in each wound was measured in
square mm using digital image analysis. This surface was di-
vided by the total wound size before treatment. The result is a
percentage of the original wound surface at day 0. So at day 1
there is 100% necrosis, at day 3 usually slightly more than
100% due to hydrolysis of the wound, and then the percent-
ages diminish. At the end, usually around day 10-14, all
wounds are clean or nearly clean, but there is a difference in
the speed of cleaning. The largest differences can be observed
between day 5-8. During treatment the total wound size di-
minishes, due to epithelialization from the margins and con-



Fig. 6. Amount of ne-
crotic tissue present in
the wound after 1
week of treatment with
4 new experimental
film formulations of
collagenase, in con-
centrations ranging
from 0.5 to

2 units/cm?, and a pla-
cebo film.

The error bars indicate
the 95% confidence
intervals
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Table 1. Statistical significance (p-values) of the differences between
collagenase film and placebo film (Student’s -test)

Collagenase concentration:

0.5U 1.0U 1.0XU 20U
Day 6 0.031 0.040 0.013 0.052
Day 7 0.016 0.040 0.003 0.002
Day 8 0.013 n.s. 0.004 0.026
n.s. Not significant at a P-level of 0.05.

traction. The results obtained with the collagenase films are
shown in Fig 6. All films containing collagenase were signifi-
cantly (p < 0.05) better than placebo and there was a dose-de-
pendent effect (see Table 1).

Discussion

For a good interpretation of the results one should realize that
removal of necrotic tissue during treatment does not instantly
reveal granulation tissue, but it allows for the formation of
granulation tissue. Once granulation tissue has been formed
near the margin of an ulcer, it will be overgrown with epithe-
lium. As a result, the total wound size will be reduced. This
means that the relative amount of granulation tissue first in-
creases, but then diminishes. Therefore, the best method for
evaluating débridement is to measure the surface covered
with necrotic tissue in square millimeters. During the first days
of treatment the total wound size may increase as a result of

IEFE  the moisturizing effect of most débriding products.



The collagenase films were all clearly better than the placebo
film. The differences were significant. The 2.0 U/cm? and the
1.0X U/cm? were more effective than the 0.5 U films, but this
difference was not significant. Because all films were signifi-
cantly better than placebo film, the conclusion can be drawn
that this formulation might be successful in practice.

The computer image analysis procedure is according to our
knowledge the most objective and most appropriate evalua-
tion method for these kind of wounds. Because the wounds
are not too deep and not on a convex surface, sharp close-up
video-images can be obtained. The advantage of the video
system is that the quality (focus, brightness, color saturation)
of the stored images can be checked immediately. The high
standardization of all variables, especially the light conditions
during recording, makes it possible for one single classifica-
tion table to be used for all animals.

In this study, different concentrations of collagenase in dry
film-formulations were used. Because these films need some
fluid to dissolve, all wounds had to be moisturized for some
minutes. As a consequence, these film formulations may be
less suitable to treat dried-out necrotic tissue and dry eschars.
This is a question for further research.
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Interview

The influence of the vehiculum on wound healing is a very ne-
glected field of research. Can you tell us some preliminary re-
sults of your ongoing study?

Mekkes: The excipient of wound-care products is as important
as the active ingredients it should contain, conserve, and
release to the wound bed. For some wounds it should be dry
and absorbing; for other wounds it should provide a humid
environment. The excipient itself may be effective apart from
the ingredients. The contribution of the separate components
can be analysed in our wound model. In this study all new
galenic formulations of collagenase were significantly better
than the excipient alone, and the effect was dose dependent.

How did the enzyme preparations compare with saline-
soaked gauzes in your study?

Mekkes: Saline-soaked gauzes, applied under plastic occlu-
sion as in this study, should not be considered a placebo but
rather an accepted control treatment. Despite this fact, the
collagenase preparations were superior to saline-soaked
gauzes, and the difference was statistically significant.

Was there any difference between saline-soaked gauzes and
placebo in your study?

Mekkes: As expected, saline-soaked gauzes were clearly more
effective than placebo, but the difference was not significant
because of the relatively small sample size (ten wounds in
each treatment group). '



Enzymatic Débridement

of Burn Wounds

J. F. Hansbrough and W. Hansbrough

Summary

Principles for the use of exogenous enzymes as débriding
agents for burn wounds are briefly discussed. These agents
may be utilized in an attempt to accelerate the removal of
devitalized tissue from the wound, and this action will
hopefully promote wound closure. Past experience has
demonstrated that partial-thickness burn wounds which
close quickly heal with less hypertrophic scar than wounds
which close more slowly. Since 75% of the dry weight of
skin is composed of collagen, exogenous collagenase prep-
arations may prove useful for the débridement of burn
wounds. We describe a recent clinical study of the use of a
collagenase derived from the bacterium Clostridium histo-
Iyticum. Seventy-six patients were studied at seven different
United States burn centers. Paired partial-thickness wounds
in each patient were treated with silver sulfadiazine or
collagenase ointment. The use of collagenase ointment re-
sulted in more rapid removal of debris from the wound sur-
face and more rapid epithelialization of the wounds com-
pared with silver sulfadiazine, with statistical significance
achieved for both end points (P < 0.001). In addition,
wounds treated with collagenase ointment were not found
to produce more discomfort than wounds treated with sil-
ver sulfadiazine, and infection incidences were not differ-
ent. After completion of the multicenter study, we actively
examined the use of collagenase ointment for treating other
types of wounds in burn patients, including infected donor
sites and chronic, slowly healing partial-thickness burns,
and have found it efficacious. Continued study of enzymat-
ic débriding agents for wounds in burn patients will hope-
fully delineate techniques which will encourage wound
closure while simultaneously decreasing the intensity and
expense of wound care.

Regional Burn Center, U.S.C.D. Medical Center, 200 West Arbor Drive,
San Diego, CA 92103-8896, USA



Clinical Review of Enzymatic Débridement

The goals of local burn wound treatment are to protect against
infection and trauma as we care for the wound. We would like
to accelerate the removal of devitalized tissue, if that is pos-
sible, while utilizing treatment methods which promote rapid
wound healing and wound closure. In general, we have
learned that partial-thickness burn wounds which close (i.e.,
epithelialize) quickly heal with less hypertrophic scar than
wounds which close more slowly [1, 2]. Therefore, there may
be a lasting advantage to the patient when the rapidity of
wound healing is accelerated, as well as the potential for low-
er treatment costs.

The most common methodology for treating partial-thickness
burns in the U.S., and probably throughout the world, in-
volves the use of topical antimicrobial agents. The most com-
monly utilized topical agent in the United States is silver sulfa-
diazine (SSD). This drug was developed in the 1960s [3, 4]; it
is effective for controlling microbial growth in the burn wound
as the eschar separates and epithelialization can proceed, re-
sulting in ultimate wound closure. However, the SSD mole-
cule is hydrophobic and, possibly for this reason, application
of the topical cream induces the accumulation of significant
amounts of proteinaceous exudates on the wound surface.
These exudates are commonly termed pseudoeschar, and ef-
forts must be made to gradually remove this tenacious layer of
material from the wound surface or bacterial colonization of
the wound may progress, resulting in infection and delayed
wound healing. Although there has been some suspicion that
SSD may actually retard wound healing, there is no clear clin-
ical evidence for this effect.

Although the rather standardized topical method of treating
burns is effective, there are considerations which deserve at-
tention. The use of SSD on partial-thickness burns requires the
accompanying use of mechanical débriding action, to remove
eschar and accumulating proteinaceous debris. The débriding
process must be vigorous, if substantial amounts of debris are
to be removed from the wound, and simply placing the patient
in a whirlpool bath is not effective. Assistance in promoting the
removal of necrotic debris is necessary to permit the wound to
heal, since the process of epithelialization must proceed across
a clean wound bed which is free of debris. Unfortunately, the
débriding process may be extremely painful and stressful for
the patient and may require the use of heavy doses of analge-
sics. Extensive wound débridements also may require large
time commitment from the nursing staff. It may be difficult for
the patient, family, and support staff to accomplish thorough



wound cleaning on an outpatient basis, largely because of the
high degree of discomfort associated with local wound treat-
ment. Inadequate débridement of the burn wound will lead to
persistence of necrotic debris, which conceals the wounds
from view, prevents the ongoing evaluation of healing, and
may promote infection from growth of micro-organisms in the
necrotic tissue and accumulating wound secretions.

Endogenous proteases are secreted by various cells in the
wound; these enzymes promote the liquefaction and removal
of necrotic tissue and pseudoeschar so that wound healing
can proceed. In fact, wound healing requires carefully regulat-
ed, spatially organized degradation of collagen [5]. In the case
of partial-thickness burn wounds, devitalized proteinaceous
debris must be removed to permit epithelial cells to be able to
migrate and resurface the wound. Nature has provided an ex-
tremely effective method for achieving removal of collagen
from wounds; as needed, cells produce enzymes (collage-
nases) which act primarily, if not exclusively, on collagen [5,
6]. Collagenases work at physiologic pH and temperature.
The action of collagenases results in rapid solubilization and
denaturation of insoluble native collagen, at which point the
proteins are degradable by any number of less specific
proteases which may be present in tissues and wounds. While
fibroblasts are primary producers, keratinocytes [7] and in-
flammatory cells [8] can also produce collagenase.

Endogenous collagenases therefore perform an important
function in clearing wounds of proteinaceous debris. While
various exogenous protease preparations have been utilized
for several decades to hasten the débridement process in burn
wounds, with the aim of providing great increases in the rate
of local protein degradation [9], until the past several years,
no controlled trials of enzymatic débriding agents for partial-
thickness burn wounds which are permitted to spontaneously
heal have been reported in the literature. Accelerated débride-
ment of devitalized tissues and denatured protein would be
expected to speed the clearance of eschar and debris from the
wound surface. Hopefully, wound healing will be hastened,
since the process of epithelialization can proceed unencum-
bered across the clean wound surface. This may translate to
shortened hospitalization times, lower intensity and fewer
hours of local wound care, and less patient discomfort. These
considerations led to the development of a controlled, ran-
domized prospective trial of collagenase/polymyxin B sulfate/
bacitracin powder versus the topical antimicrobial agent silver
sulfadiazine for the treatment of partial-thickness burn
wounds, which will be discussed here.



There are some potential advantages to using exogenous en-
zymatic débriding agents on partial-thickness burn wounds.
We hope to hasten the removal of the eschar and pseudoes-
char which forms. In addition, we may be able to facilitate the
evaluation of wound depth, since the wounds may be covered
by a thick layer of devitalized dermis and epidermis, as well as
by wound secretions. It may take several days and even sever-
al weeks, as we follow the wounds, to determine if they will
close by epithelialization.

There are also potential disadvantages accompanying the use
of enzymatic débriding agents. Enzymes have no inherent
antimicrobial activity, and the peptide products of enzymatic
digestion may facilitate microbial growth in the wound and
thus potentiate infections. There are also reports that enzymat-
ic débriding agents may produce discomfort as they remove
necrotic tissue and debris. We need to address these charac-
teristics of any débriding agent which we utilize and make
sure it is compatible with our clinical use.

There are several enzymatic débriding agents which are uti-
lized today. Most of them have non specific proteolytic activ-
ity but are less effective than collagenase in digesting colla-
gen. Approximately 75% of the dry weight of skin is made up
of collagen, so it does make sense to have an active collage-
nase for maximizing wound débridement.

An enzymatic agent which has been available for many years
and which has undergone active study in the past several
years for burns is collagenase ointment, which is distributed
by Knoll Pharmaceutical Company. This enzyme preparation,
derived from the bacterium Clostridium histolyticum, digests
necrotic collagen. Although collagenase ointment was ap-
proved for débriding wounds, including burns, approximately
20 years ago, there has been no systematic controlled study of
its use in burns until the past several years.

Dr. Harry Soroff completed and published a pilot study in
which he treated 13 burn patients with collagenase ointment
and silver sulfadiazine on paired, comparison wound sites
[10]. Patients with two matching deep dermal burns were
chosen to determine the comparative effects of the two agents
on wound cleaning and wound healing. To summarize his
findings, the first end point evaluated was the number of days
until a clean wound bed was achieved. This was defined as
the number of days until injured dermis and debris were re-
moved. Dr. Soroff found that in the 13 patients the median
number of days to a clean wound bed in collagenase-treated



wound sites was 6 days, compared with 12 days in control
sites treated with silver sulfadiazine (P = 0.0012). Wounds
were treated until complete epithelialization occurred. Dr.
Soroff found more rapid epithelialization in wound sites treat-
ed with collagenase ointment, with a mean of 10 days versus
15 days in the silver sulfadiazine-treated sites (P = 0.0007).

Multicenter Evaluation of Collagenase Treatment
of Burn Wounds

Following evaluation of the small pilot study by Dr. Soroff,
Knoll Pharmaceutical Company decided to proceed into a
multicenter study to further study the effects of collagenase
ointment on burn wounds [11]. This was a carefully designed,
randomized prospective study which required paired burn
sites in each patient. These wounds consisted of two partial-
thickness burns which were judged by the clinicians to be of
comparable area and depth. Choosing such matching wound
sites is not particularly easy, and the accrual rate was slow be-
cause the investigators were very careful in choosing paired
wounds of equivalent depth which were anatomically separ-
ate. Once the patients were entered into the study, the wounds
were randomly assigned to receive either collagenase ointment
plus polymyxin B sulfate/bacitracin powder or silver sulfadia-
zine. Although the polymyxin B sulfate/bacitracin antimicrobial
agent is not actively absorbed into the tissues, it was utilized to
achieve some measure of antimicrobial activity in the dissolv-
ing tissues. Preliminary studies by Knoll Pharmaceuticals Inc.
demonstrated that polymyxin B sulfate/bacitracin powder did
not decrease the enzymatic activity of collagenase.

The topical treatments were begun within 4 days of burn inury.
We believe that early treatment is important because past ex-
perience shows that after several days to a week the eschar can
desiccate and become very resistant to any type of enzymatic
débridement. We continued topical treatment at each site
with the two agents until the site was determined to be clean
of debris and the wound could be placed into a semi-occlusive
dressing.

There were two end points in this study. The first was the num-
ber of days until a clean wound bed was achieved, free of
superficial debris, which permitted the use of a semi-occlusive
dressing. The second was the number of days until complete
healing of the wound was achieved by epithalialization. There
were seven different investigator groups which contributed
patients to the study; a total of 79 patients were enrolled, and



Fig. 1. Partial-thickness
burn wound on the
arm, 6 days following
initiation of treatment
with collagenase oint-
ment. The wound is
free of necrotic dermis
and debris and is ready
for placement into a
semi-occlusive dress-
ing

Fig. 2. Burn wound of
similar depth on the
opposite arm of the
same patient, treated
with silver sulfadia-
zine. Significant ne-
crotic material remains
on day 6 of treatment;
the wound is not ready
for application of an
occlusive dressing
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76 were evaluable. The mean burn size was 14% TBSA; the
mean patient age was 34 years. The study sites averaged ap-
proximately 2% body surface area, since we wanted to be
conservative and study relatively modest-sized burn sites until
we were confident that we would not have a problem with in-
fections. The collagenase-treated sites and the silver sulfadia-
zine-treated sites were very comparable in size.

We chose patients for this study who had paired wounds
which we felt would probably heal within 7 days to 2-3
weeks. This is always a judgement call for the clinician, and
we know that sometimes we are wrong and the wounds fail to
heal. In fact, a certain number of wounds failed to heal and re-
quired skin grafting, indicating that these particular wounds
were not superficial.



Figures 1 and 2 show burns on one of our patients who was
admitted with very similar depth wounds on the arms from a
flash-flame injury. On day 6 post injury, the collagenase-treat-
ed site is free of necrotic debris and is ready for placement into
semi-occlusive dressing. The silver sulfadiazine-treated site
still contains surface debris; it was not ready for application of
a semi-occlusive dressing until day 10 of treatment. The colla-
genase-treated site was epithelialized on day 8 of treatment,
while the silver sulfadiazine site was not healed until day 17.

When we summarized the data on all 76 evaluable patients,
the sites treated with collagenase cleaned in less time (mean
9.3 days) than the control sites treated with silver sulfadiazine
(mean 11.6 days). This 2.3-day difference was statistically sig-
nificant (P = 0.001) using Student’s t-test.

When numbers of days to healed wound were compared, the
collagenase-treated sites healed faster than the control sites
treated with silver sulfadiazine (mean 19.0 versus 22.1 days).
This 3.1-day difference was statistically significant (P = 0.001).

The hallmark of any study in which deep partial-thickness
wounds are evaluated which the clinician believes will heal in
2-3 weeks is that some of the wounds will fail to heal and will
require excision and grafting. Indeed, this did occur in some
patients. Fourteen collagenase-treated sites and 18 sites treat-
ed with silver sulfadiazine required excision and grafting
(nonsignificant). There was also no difference between the
two groups in terms of numbers of wounds which developed
mild infections.

The general impressions of our clinicians, the research nurses,
and also our staff burn nurses who cared for these patients
were that the silver sulfadiazine-treated sites were more pain-
ful during the débriding process compared with the collage-
nase-treated sites. It appeared that there was less effort in-
volved in cleaning up the collagenase-treated sites, and that
the debris in the wound was much easier to remove since it
was partially digested.

After evaluating the first dozen patients at our site, we decided
to investigate the levels of discomfort more objectively, in a
prospective fashion, to determine if there indeed was a differ-
ence in discomfort between the two treatment methods. We
utilized the standard visual analog scale in the subsequent 19
patients at our Burn Center who were enrolled in the clinical
study. Pain was measured at three time points on each day of
treatment: during débridement, 15 min after débridement, and
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30 min after débridement. The patient pointed to a mark way
to the left of the scale if he or she felt there was no pain, and to
a mark way to the right of the scale if the pain was perceived
as being the worst imaginable. The demographic characteris-
tics of this subset of 19 patients were similar to those of the to-
tal patient group.

Figure 3 shows the results of the measures of discomfort in the
19 patients during débridement. Again, higher scores indicate
increasing levels of discomfort. Upon examining mean scores
for each treatment day up to 9 days it can be seen that on es-
sentially each day of treatment the numerical pain score is less
in the collagenase-treated group. Because there are only 19
patients, statistical differences were found only at several days
of evaluation. Clearly, however, there was not an increase in
pain during the débriding process in patients treated with
collagenase ointment throughout the treatment period. At 15
and 30 min following débridement and reapplication of either
collagenase or silver sulfadiazine, we again found no in-
creased discomfort in the collagenase-treated sites.

Collagenase for Débriding Other Wounds

After completion of the multicenter study, we actively investi-
gated the use of collagenase ointment for treating a variety of
wounds in our burn patients. Donor sites pose a particular
problem in burn patients. These wounds frequently become
infected and develop accumulated drainage and debris, and
they often produce more discomfort and associated anxiety
for the patient than the actual burn wounds.

Collagenase ointment has proven very effective for “cleaning
up” these wounds. These wounds frequently develop prob-
lems 5-7 days postoperatively, including the accumulation of
proteinaceous debris which clings to the wound. Enzymatic
treatment for several days promotes débridement of the
wounds, permitting the early application of a semi-occlusive
dressing which can be left in place until epithelialization pro-
ceeds and closes the wound.

Pressure ulcers, venous ulcers, and other types of chronic
wounds have been treated with collagenase ointment for the
past several decades, and the enzyme functions very effective-
ly in this regard. Our Burn Center includes a busy outpatient
wound care center, and many patients with wound problems
are treated with collagenase ointment for various periods of
time to “clean up” their wounds. The results are generally ex-
cellent, as exemplified by the avulsion injury in a steroid-treat-
ed patient shown in Fig. 4.




Fig. 4 a—c. Chronic
wounds on a patient
who suffered an
avulsion injury to the
arm. The patient was
on high-dose cortico-
steroids following lung
transplantation,

and the wound
showed a thick layer
of debris (a).

b Following 10 days’
treatment with
collagenase ointment,
the wounds were free
of debris and could be
treated with an
occlusive dressing.

¢ The wounds then
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Table 1. Comparison of collagenase and silver sulfadiazine on partial-
thickness burn wounds

Colla- SSD Difference P value

genase

Days to clean wound
No. of patients 76 76
Mean (days) 9.3 11.6 2.3 0.001
Median (days) 74 9
Days to healed wound
No. of patients 76 76
Mean (days) 19 22.1 3.1 0.001
Median (days) 15 18

Mean days were compared using Students’ 1-test.

SSD, silver sulfadiazine

Conclusions

Although enzymatic débriding agents may be valuable ad-
juncts in burn wound care, there have been few carefully con-
trolled studies of their use. We believe that collagenase treat-
ment in patients with moderate-extent partial-thickness burns
results in less discomfort during the débriding process and
promotes earlier removal of necrotic debris from the wound.
Earlier cleaning of the wound appears to correlate with more
rapid epithelialization in the collagenase-treated wound sites.
The results of this clinical trial encourage further study of the
efficacy of enzymatic agents for treatment of burn wounds. It
appears that more widespread use of enzymatic débriding
agents such as collagenase ointment can improve the out-
comes of burn injuries in selected patients, and these agents
may also lower the intensity of wound care and ultimately de-
crease the costs of burn care.
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Interview

What is the main conclusion you draw from this multicenter
study for practical work in burn care?

Hansbrough: Collagenase ointment has been shown in exten-
sive, controlled clinical studies to result in accelerated
débriding and healing of limited-surface-area, partial-thick-
ness burn wounds (up to approximately 15% of the body sur-
face area). In addition, patients report less discomfort during
and after the débriding process, apparently because the en-
zyme helps to digest the necrotic debris on the wound surface,
which makes it easier for the nurses to clean the wound during
the dressing change/débridement procedure. This agent can
be a valuable adjunct in the treatment of burn wounds.

Is it still justified to use only topical antibiotics in the treatment
of burn wounds?

Hansbrough: There are several different ways in which to treat
burn wounds. When the wounds cover extensive areas of the
body, and the risk of generalized wound sepsis is present,
most areas of the wounds are probably best treated with topi-
cal antimicrobial agents to control bacterial proliferation. Our
studies demonstrate that partial-thickness burn wounds of lim-
ited to moderate surface area, covering up to 15% of the body
surface area, can be safely treated with collagenase ointment,
combined with the use of polymyxin B sulfate/bacitracin pow-
der to achieve some level of antimicrobial action in the liqui-
fying eschar.

Which studies are still needed for a future decision tree for
burn wound care?

Hansbrough: It would be very helpful to study the use of more
concentrated preparations of the collagenase, to determine if
eschar removal can be accelerated even further with the con-
tinued avoidance of discomfort. In addition, combined use of
collagenase ointment with effective topical antimicrobial
agents, such as silver sulfadiazine, should be investigated for
the treatment of burn wounds covering larger areas.




AAT 5

a-1-antiproteinase 5

a-T-antitrypsin = 5

o-2-antiplasmin 38

antithrombin 1l 38

— antithrombin Il / heparin, inter-
actions 38

avidin-biotin complex 58

azurocidin 5

basal epidermis 23
basement membrane 28
bed sores 62
black necrosis 72, 78,79, 83
Brown electrical dermatome 89
burn wounds 65, 90, 97 ff.
— in adults and children 65
- collagenase treatment 101
— costs of burn care 107
— enzymatic débridement of
97 ff.
— laser burns 65
— partial-thickness burns 107

camera system 75
casting methods 73
cathepsin
— cathepsinB 10
— cathepsinD 8,10
— cathepsin G 5,37, 44
- cathepsinL 10
— procathepsin B 38
CD-CWA 75ff., 84
- for multicentre trials 75
— programm 80
CD-ROM image analysis
ceramides 42
chemotactic properties of human
collagen-breakdown products
in wound healing 51 ff.
chemotrypsin = 65
chronic wounds / chronic ulcers
25,106
chymase 4

71 ff.

clinical assessment 73
clostridium histolytium 57, 97,
100
coagulation cascade 2
collagen 37,52, 65
- type-1 28, 29
collagenase 4,6,9,10, 15, 22,
25-27,39, 51, 65,66,71, 87,
90, 94, 97 ff.
— burn wounds (see also there)
97 ff.
— clinical experience with 66
— for débriding other wounds
105
— endogenous 99
—~ film 90, 94
—— in dry-film-formulations 95
— formulation 90
— interstitial 30
— in a necrotic ulcer animal mo-
del, wound débriding pro-
perties of 87 ff.
— ointment 97, 101, 102
— overexpression of 32
— role in wound repair 31
— therapy in treatment
—— ofburn wounds 101
—~ of decubitus ulcers 61 ff.
— wound cleansing 87
color analysis 78
computer image analysis
92
— hardware 92
— measurement procedures 92
— software 92
consensus sequence 40
costs of burn care 107
cytokines 7

74,91,

débridement / débriding agents
21,52, 711,97 ff.
— forburns 97
- of decubitus ulcers 64

— enzymatic, burn wounds 97 ff.



débridement (continue)
— and healing of ulcers, a color
CD-ROM-image analysis of
71 ff.
— of necrotic tissue 21
decubitus ulcers / decubital sore
— atbaseline 80, 82
— on CD-ROM pictures 81
— collagenase therapy in treat-
mentof 61 ff., 71
— débridement of 64
dextran derivates, inhibition of hu-
man neutrophil elastase 37 ff.
diaminobenzidine 58
DNA profile 55
dry film formulations, collagenase
in 95

ECM (extracellular matrix macro-
molecules) 37

ED2 anti-rat-antibodies 58

elastase 4

elastin 37, 41

endogenous

— collagenase 99

— proteases 99

endothelial proteinases 6

enzymatic débriding / débridement

— agents 100, 107

— of burn wounds

enzymes 8, 39, 89

— autolysis 39

- interleukin-1 converting enzy-
me (see ICE) 8

eosin / hematotoxylin 56

epidemiological data 72

epidermis, basal 23

epithelialization 100

97 ff.

— phase of 88
eschar, necrotic 61
evaluation

— methods 87

— model, three-color visual 91
— steps 79

extracellular matrix

— macromolecules (see ECM) 37
- proteins 88

fibrins 88
fibroblast 6, 37,53
— basic fibroblast growth factor
37
- conjunctival 53

gelatin peptides 22
gelatinase 9, 39
— gelatinase A 15
— gelatinase B 15
geometrical perspective distortion
74
granulation tissue / granulating
wound 51,78,83,91,92
growth factor
— basic fibroblast growth factor 37
— growth factor activation 7

HCBP (human collagen-breakdown
products) in wound healing 51ff.
— chemotactic properties of 51ff.
healing epidermis, interstitial colla-
genase in 21 ff.
hematoxylin 58
— hematoxylin / eosin 56
hemostasis 2
heparan-sulfate 40
heparin 37 ff.
— antithrombin 11l / heparin, inter-
actions 38
— lipophilic 37 ff., 41
—— inhibition of human neutro-
phil elastase 37 ff.
—— lipophilic heparin derivates
43
HNE (human neutrophil elastase)
37,41, 44
HSI (hue, saturation, intensity)

color
- coding system 78
- model 79
— representation 76
human

- collagen-breakdown products
(see HCBP) 51 ff.

— neutrophil elastase (see HNE)
37,41,44

ICE (interleukin-1 converting
enzyme) 8

immunohistochemistry 24

in situ hybridization 23

inflammation 51

integrin 30

interleukin-1 converting enzyme
(seeICE) 8

interstitial collagenase in healing

epidermis 21 ff.
kallikrein 8
keratinocytes 21, 29
keratocytes 24, 25



lactobacillus casei 44

laminin-1 29

laser burns 65

leg ulcers 83

leukocyte elastase 38

leukocytes and their proteinases 3
lysyl oxidase 7

macromolecules, extracellular
matrix (see ECM) 37

macrophages 5, 58

mast cells 4

— mast cell chimases 40

matrilysin = 10

matrix

— degratation 27

— extracellular matrix macro-
molecules (see ECM) 37

— metalloproteinases (siehe

MMPs) 1,13 ff, 21
metalloelastase 5
metalloproteinase genes 1,9,

13 ff., 21

— matrix (see MMPs) 13 ff.

— tissue inhibitors of (see TIMPs)
13,15,27

migration 26

MMPs (matrix metalioproteinases)
1,13 ff., 21

— active 45

— activation of 15

— biochemical functions 14

- cellular functions 13 ff.

— inhibition of 17

— MMP3 (prostomelysin) 38

- structure of 15

multicenter

— monitoring 77

— studies 75

N-Proteinases 6

necrotic

— area 78

— eschar 61

— tissue 91,93

—— débridement of 21

— ulcer animal model

— wounds 90

neutrophils 4

— neutrophil elastase, human (see
HNE) 37,41,44

87 ff.

orthopedic pathologies 65

paraffin sections of rat implanted
sponges 56

peptides 22, 52

— gelatin peptides 22
pericellular degradation 28
periodontal treatment 39
periodontitis 38
photography 73

— photo-CD 79

— photographic documetation 75
pig skin 88

planimetry 73

plasmin 37, 45
plasminogen activators 2, 8,9
polymyxin B sulfate/bacitracin

powder 101
pressure
— sores 63,79
— ulcer 105

procathepsin B 38
procollagen C 6

propeptide 15

prostomelysin (MMP3) 38
protein profile 55

proteinases

— proteinase-3 5

— inwound repair 1 ff,, 21, 39
proteolytic enzymes 65
provisional matrix 2

pyogenic granuloma 25, 26
radiodermatitis 66
re-epithelialization 21, 25

reference scale 77

secondary healing ulcers 71
serine proteinases 4

silver sulfadiazine 97, 101, 102,
104

slough tissue 91

sores

— bed sores 62

— pressure sores 63
stereophotogrammetry 75
streptodornase 65
streptokinase 65
stromelysin 9,10, 15

— stromelysin 1 10, 31
— stromelysin2 10

TGF-B 8

three-color visual evaluation model
91

TIMPs (tissue inhibitors of metallo-

proteinases) 13,15, 27
- TIMPT 15, 27,28, 32
—~— binding 15,27

—~— inwound healing 27



114

tPA 8

traumatology 65
trypsin - 65

tryptase 4

type-1 collagen 28, 29

ulcers

— chronic 25

— débridement (see there)
— decubitus (see there)

- leg 83

— pressure ulcers 105
— secondary healing ulcers 71
- vascular 65

—— venous ulcers 105
uPA 8

urokinase 8, 37, 45

vascular ulcers 65

wound

area 71

bed 89

burn (see also burn wounds)
65,90, 97 ff.

cleaning/ cleansing 87,93
débridement 75

depth 71

evaluation steps 79
granulating 92

healing 51, 71 ff.

~ phase 88

— quantification of 72,73
necrotic 9093

size 75,88

surface quality 75

type 88

volume 73

yellow area 78




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




