Epidermal-dermal crosstalk during burn wound
scar maturation



ISBN 90-73436-48-6

No part of this thesis may be reproduced or transmitted in any form by any means, clectronic or mechani-
cal, including photocopying, recording or any information storage and retrieval system, without permis-
sion in writing from the publisher (T.E. Hakvoort, Department of Immunology, Evasmus University, PO,
Box 1738, 3000 DR Rotterdam, The Netherlands).



Epidermal-dermal crosstalk during burn wound
scar maturation

Communicatie fussen epidermis en dermis tijdens de
maturatie van brandwond littekens

PROEFSCHRIET

ter verkrijging van de graad van doctor
aan de Erasmus Universiteit Rotterdam
op gezag van de rector magnificus
Prof. Dr PW.C. Akkermans M.A.
en volgens besluit van het College voor Promaoties.
De openbare verdediging zal plaatsvinden op
woensdag 30 juni 1999 om 13.45 uur

door
Tineke Eveline Hakvoort

geboren te Delft



PROMOTIE-COMMISSIE
Promotor: Prof, Dr R. Benner
Overige leden: Prof. Dr R.W. Kreis

Prof, Dr Th.H. van der Kwast
Prof, Dr R. Willemze

Co-promotor: Dr E.P. Prens
;@{e!hrhjl{@qlp?{ Dit proefschrift is tot stand gekomen bimen de afdeling
{ Immunologie van de Erasmus Universiteit Rotterdam,

Het onderzoek en het drukken van dit proefschrift werden mede mogelijk gemaakt
door financigle steun van de Nederlandse Brandwonden Stichting, Janssen-Cilag B.V.,
Glaxo Wellcome B. V., Dr.lr. J.H, van der Laar Stichting en het Nationaal Huidfonds.

Omslagontwerp:  Tiny Hakvoort
Lay-out: Tar van Os
Drukker: Ridderprint, Ridderkerk



CONTENTS

Chapter 1
1.1

1.2
1.2.1
1.2.1.1
1.2.2
1.2.2.1
1.2.2.2

1.3
1.3.1
1.3.2
1.3.2.1
1.3.2.2
1.3.3

1.4

F.4.1
1.4.2
1.4.3
1.4.4
1.4.5
1.4.6
1.4.7

Chapter 2
1.1
1.2

Chapter 3

3.1

General aspects of wound healing and burn wound healing

Burn injuries

Skin

Epidermis
Keratins

Dermis

Cells of the dermis
Neuropepltides

Wound healing

Hemostasis and inflammation
Dermal and epidermal proliferation
Granutlation tissue
Re-epithelialization

Maturation and remodeling

Buwrn wound healing

Eifect of heat on cells and tissue

Burn wound depth

Long-term problems

Hypertrophic burn scars

Rating the burn scar

Etiological aspects of hypertrophic burn scars
Treatment of hypertrophic burn scars

Aims of this thesis
Questions underlying the experimental work
Study design

Iipidermal aspects of normotrophic and hypertrophic
burn wound healing

Epidermal participation in post-burn hypertrophic
scar development

9

9
1G
10
11
12
12

13
3
15
5
6
17

18
I8
19
20
21
21
22
24

33

34

39



3.2 TGE-B1, -2, -B3, bFGF and VEGF expression in
keratinocytes of burn scars 51
Chapter4d Derimal aspects of normotrophic and hypertrophic burn
wound healing
4.1 Immune cell involvement in post-burn tissue remodeling 67
4.2 Nerve outgrowth and neuropeptide expression during the 79
remadeling of human burn wound scars
4.3 Regeneration of (projcolilagen I and elastic fibers during
burn scar maturation 97
Chapter 5 General discussion 109
Summary 119
Samenvatting 123
List of abbreviations 127
Dankwoord 129
Curriculum vitae 131



CHAPTER 1

General aspects of wound healing and
burn wound healing






1 GENERAL ASPECTS OF WOUND
HEALING AND BURN WOUND HEALING

1.1 BURN INJURIES

Burn injuries are among the worst traumas which can happen to man. The larger a
burn injury, the more severe the consequences and the higher the chance of an adverse
outcome or even death. In The Netherlands each year 40,000 people visit a general
practitioner for treatment of a burn wound and 1600 people require in-hospital care
primarily for burns.

Approximately 80% of the burn accidents happen in or around the house, mainly in
the kitchen. Scalds, usually due to hot water, are the most common cause of burns.
Water at 60°C will create a deep dermal or full-thickness burn in three seconds, and
at 70°C the same burn will occur in one second [1]. The temperature of freshly
brewed coffee from a percolator is generally about 80°C, which is hot enough to
cause a full-thickness burn in less than one second. Children are particularty at high
risk to burns. Hot beverages, particularly coffee and tea, are the predominant cause
of scald burns in children [2]. One study showed that 81% of the burn injuries in
children under the age of 5 were due to scalds [3]. Cooking oil, when hot enough to
use for cooking, may be in the range of 150-180°C and can consequentily cause very
severe burns.

Other causes of burns are fire, electricity, chemical substances and even sunshine.
In The Netherlands around 200 people die of their burn incident each year, mostly at
the place of the accident. The case fatality rate of scald injury is low; instead most
deaths occur in residential fires, commonly caused by careless smoking, by arson or
by defective or inappropriately used heating devices [2]. Burn injury can also be self-
inflicted, an attempt to commit stticide, most often caused by throwing and igniting a
flammable liquid over the victim.

1.2 SKIN

The skin consists of two morphologically different layers that are derived from two
diiferent germ layers. The more superficial layer, the epidermis, is a specialized epi-
thelial tissue derived from surface ectoderm. The deeper and thicker layer, the der-
mis, is composed of vascular dense connective tissue derived from mesenchyme [4].
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1.2.1 Epidermis

In recent years the concept of the epidermis has gradually been changing from that of
an innocent bystander, that in its stricted sense protects the body from the loss of
[Muids and electroiytes, and the penetration of harmful substances, into that of an
active participant in several important processes. The epidermis is formed of strati-
fied squamous epithelium, It adheres to the dermis partly by the interlocking of its
downwards projections (epidermal ridges) with upward projections of the dermis
(dermal papillae). Desmosomes and hemidesmosomes link the epidermal cells to cach
other and to the basal membrane [5]. The epidermis does not contain blood vessels. In
the deepesi cell layer (basal cell layer), the cells are dividing. The basal layer contains
two types of proliferative keratinocytes: stem cells, which form about 10% of the
immature epidermal cells [6], and have unlimited self-renewal capacity, and transit
amplifying cells, cells that afler a few cell cycles will finish proliteration and start
terminal differentiation and move to more superficial layers {7,8]. The basal stem
cells are distinguished from other basal cells by their characteristic expression of
high levels of the adhesion molecule o6, a member of the integrin family, and low
levels of a prolileration-associated cell surface marker recognized by the monoclonal
antibody [0G7 [6]. Integrins mediate adhesion of the keratinocytes to the underlying
extracellular matrix, and also regulate the initiation of terminal differentiation [9,10].
A newly formed cell moves to the surface, passing through the spinous and granular
cell layers and is dead by the time it arrives in the horny cell layer. As the epidermal
keratinocytes move through the epiderinis after loosing their attachment to the basal
lamina, they undergo a process of differentiation to produce the stratuin corneum.
The journey from the basal layer to the surface takes about 60 days [11].
Keratinocytes make up about 85% of cells in the epidermis, but three other cell types
are also found there: melanocytes, Langerhans cells and Merkel cells [111.
Melanocytes migrate into the basal layer of the ectoderm trom the neural crest. They
are the only cells that can synthesize the pigment mmelanin. Melanin is made within
melanosomes and is taken up by neighboring keratinocytes. It protects the underlying
tissue against ultraviolet radiation damage by absorbing and scattering the rays and
by scavenging free radicals,

The Langerhans cell belongs to the dendritic cell family. It plays a key role in many
immune reactions, It takes up exogenous antigen, processes it and presents it to T-
lymphocytes either in the skin or in the regional lymph nodes.

Merkel cells are located in or near to the basal layer of normal human epidermis and
probably act as transducers for fine touch.

1211 Keratins

The stratum corneum cells (corneocytes) have lost their nuclei and other recognizable
organelles and comprise 65% insoluble, cysteine-rich, disulfide cross-linked proteins
[12], called keratins, derived from the Greek word keras (horn), The series of changes
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whereby keratin filaments aggregate into bundles through the action of a protein
called filaggrin have thus been termed keratinization, Epidermal differentiation in-
volves the synthesis of a highly insoluble comified envelope {13]. Epithelial keratins
are expressed in a cell-specific and tissue-specific manner [14]. They play a role in
maintaining the shape, the internal organization and the movement of the cell, They
fall into two groups: the basic keratins (numbered [ to 8) and the acidic keratins
{(numbered 9 to 19}, For filament formation one member of the basic and one of the
acidic keratins must form a pair.

In the skin, the major keratins in the basal cell layer are keratins 5 and 14, In the
epibasal cell, one cell away from contact with the basal lamina, the keratinocytes
synthesize a new keratin pair: keratins [ and 10, a characteristic of epidermal differ-
entiation [ £3].

In hyperproliferative circumstances, like wound healing, the patterns of keratin ex-
pression change. In the suprabasal compartment, the keratin pair [ and 10 are re-
placed by keratins 6 and 16 [15]. The induction of keratin 16 occurs within 6 hours
after injury. One function of keratin 16 that has been suggested, could be enabling the
differentiating keratinocyte to become competent for re-epithelialization {16]. This is
in contrast to keratins 5 and 10, which function o impart mechanical strength and to
establish the cytoarchitecture in epidermal cells [17].

Filaggrin and transglutaniinase are both expressed in differentiated keratinocytes. As
the keratinocyte moves upward into the stratum corneam, filaggrin is cleaved from
profilaggrin by specific enzymes. It interacts with keratin filaments causing them to
aggregate and form the interfilamentous matrix in the corneocyte [13]. During the
process of cornification specific proteins synthesized in the granular Jayer assemble
under the cefl membrane and are cross-linked into an insoluble cornified cell enve-
tope. The cross-linking is catalyzed by keratinocyte transglutaminase [ 18]. This en-
zyme is expressed specifically in the granular layer. Substances thal promote
keratinocyte differentiation induce the expression of transglutaminase, whereas in-
hibitors of differentiation inhibit the expression of this enzyme [5].

1.2.2 Dermis

The dermis is situated between the epidermis and the subcutaneous fat. Tt supports
the epidermis structurally and nutritionally. Tts thickness varies, being greatest in the
palms and soles and the least in the eyelids. With aging the dermis becomes thinner
and loses elasticity. The dermis interdigitates with the epidermis, so that the upward
projections of the dermis, the dermal papillae, interlock with downward ridges of (he
epidermis, the rete ridges. Like all connective tissue, the dermis has three compo-
nents: cells, fibers and amorphous ground substance [11].

The bulk of the dermis consists of a network of fibers, principally collagen, but aiso
reticulin and elastin, packed in bundles. Those in the papillary dermis being finer
than those in the deeper, reticular dermis, The amorphous ground substance of the
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dermis consists largely of two glycosaminoglycans: hyalaronic acid and dermatan
sulfate, with smaller amounts of heparan and chondroitin suifate [ 11]. The function
of the ground substance is that it binds water, in order (o allow nuwirients, hormones
and waste products to pass through the dermis. It also is a fubricant between the
collagen and elastic fiber network during skin movement and it provides bulk, allow-
ing the dermis to act as a shock absorber,

The dermis also contains muscles, both smooth and striated, and vessels [11]. Blood
vessels are not only necessary for feeding, but also for regulation of the body tem-
perature. Besides that, blood vessels play a role in allowing transendothelial migra-
tion of immune cells, by expressing adhesion molecules that bind to receptor mol-
ecules on the immune cells {19]. This transmigration process allows immune cells
into the tissue to do their surveillance work.

Lymphatic vessels, beginning as blind-ended capillaries in the dermal papillae, pass
to either the superficial lymiphatic plexus in the papillary dermis, or to the deeper
horizontal plexuses. They play a role in water homeostasis of the dermal tissue and
also in the recirculation of immune cells,

1221 Cells of the dermis

The main cells of the dermis are the fibroblasts, besides small numbers of macroph-
ages, dendritic cells, T-lymphocytes and mast cells [11].

The main role of the fibroblast is the synthesis of collagen, reticulin, elastin, fibronectin,
glycosaminoglycans and collagenase, The macrophage is mainly a phagocyte and
can destroy bacteria. It can also produce a variety of cytokines and growth factors.
Dendritic cells are antigen presenting cells. They have a role in processing and pre-
sentation of antigens to other immune cells. T-lymphocytes are normally present in
the skin. They are part of the skin immune system, helping to prevent the penetration
of infectious agents and to modulate the responses to foreign antigens.

Mast cells can be stimulated by antigens, complement components, nerves or other
substances (o release their mediators, including histamine, prostaglandins, leukotrienes,
tryptase, cytokines and chemotactic factors for T-lymphocytes, eosinophils and neu-
trophils. Macrophages, dendritic cells, T-lymphocytes and mast cells are, by virtue of
their multiple potent biological properties, important regulatory cells in the process
of wound healing {20-24].

1,222 Neuropeptides

The skin is supplied with sensory nerve fibers. Their afferent function is to signal the
presence of nociceptive stimuli to the central nervous system, where they will be
interpreted as pain, itch, etc, Their efferent function is to contribute to the local de-
fense against harmful stimuli. Neuropeptides are involved in both functions [25].
They are synthesized and released predominantly by smail nmmnyelinated afferent
neurons (C-fibers) and small myelinated Ad-neurons (A8 mechanoheat receptors)
[26]. A large proportion of the afferent nerves express peptides, including Calcitonin
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gene-related-peptide (CGRP), Substance P (SP), Neurokinine A (NKA) and Vasoac-
tive Intestinal Peptide (VIP) [27]. The skin is also supplied with parasympathetic and
sympathetic nerve fibers. Blood vessels and sweat glands are regulated by sympa-
thetic fibers. Neuropeptide Y (NPY) is expressed in a large population of the sympa-
thetic neurons [27].

Nerve fibers are in close relationship with Langerhans cells and mast cells in the
human skin {28,29]. Both cell types are involved in modulation of iminune reactions,
and these functions are regulated by specific neuropeptides {30-33].

Skin innervation plays an important role in mediating normal wound healing. Re-
teased neuropeptides may modulate key aspects of normal wound healing, such as
cell proliferation, cytokine and growth factor production, and neovascularization [34].

1.3  WOUND HEALING

Wound healing is the consequence of a continzous sequence of signais and responses
in which epithelial, vascular, hemopoietic and connective tissue cells come together
outside their usual domains, interact, repair the damage and having done so turn back
to their normal functions [35]. The purpose of wound healing is to restore the func-
tions of the skin, such as protection of the body against harmful environmental enti-
ties, prevention of entry of microorganisms and loss of plasma, the regulation of body
temperature, the processing and interpretation of environmental information through
the neurosensory system and a sacial-interactive function [36].

Vertical cutaneous injuries, such as surgical incisions which have a minimal loss of
tissue, will essentially heal through the formation of a blood clot, rapid epithelializa-
tion, and fibroblast proliferation. Progressive collagenization and increased strength,
which reach normal levels within weeks, will complete the healing process and leave
discrete scarring, in most cases. On the other hand, cutancous wounds with a pre-
dominant horizontal loss of tissue, like burn injuries, exhibit a healing which pro-
ceeds through a series of complex, biological mechanisms according to the extent and
level of the involved structures. A burn wound becomnes ischaemic, hypoxic, and
highly edematous. Therefore burn wound healing follows a much slower course com-
pared with the healing of other types of wounds.

The wound healing response can be divided into three distinct, but overlapping phases:
I hemostasis and inflamnyation; 2) dermal and epidermal proliferation; and 3} matu-
ration and remodeling (Figure 1) [37], which will be discussed separately in the next
paragraphs,

1.3.1  Hemostasis and inflammation
The first response after disruption of tissue integrity, is to control the damage pro-

duced to the vascular system. A hemorrhage means immediate danger to the body,
which reacts with prompt vasoconstriction, platelet aggregation and activation of the
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Figure 1. The phases of wound healing. The amount of granulation tissue parallels the amplitnde of
wound contraction. Collagen deposilion starts early after first granulation tissue fornwtion and increases

gradually during matrix formation and remodeling. (modified from: Clark, R A.F Cutaneous tissue repair:
Buasic biologic considerations I ] Am Acad Dermatol 1985;13:701-725.)

coagulation system. The initial response to trauma involves a transient 5- to 10-
minute peried of infense vasoconstriction that aids in hemostasis. This is followed by
active vasodilation that usually becomes most pronounced approximately 20 minutes
after the injury and is accompanied by an increased capillary permeability. Histamine
is believed to be a key chemical mediator responsible for the vasodilation and the
changes in vascular permeability [38]. Shortly after wounding, platelet adhesion oc-
curs at the site of the trauma. Platelets function to initiate the formation of a clot that
helps to achieve hemostasis. The contact between the extracellular matrix and plate-
lets, as well as the presence of thrombin and fibronectin, results in the release of
growth factors and vasoactive substances such as platelet-derived growth factor
(PDGEF), transtorming growth factor-f (TGF- B), fibroblast growth factor (FGF),
epidermal growth factor (EGF), bradykinin, prostaglandins, prostacyclins, throm-
boxane, histamine and serotonin [39]. Platelet degranulation also initiates the comple-
ment cascade with the formation of C3a and C5a, which are potent anaphylatoxins
promoting the release of histamine by basophils and mast cells. This highly coordi-
nated series ol events ultimately leads to uncomplicated wound healing [40,4].
Granulocytes, in a rapid response to signaling by platelets and also through lactors
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produced by the activation of the complement system, form the first line of defense
against local bacterial contamination, Tn the absence of bacterial contamination, the
granulocyte has been claimed to be non-essential to the wound healing process. Usu-
ally within 24-72 hours, the granulocytes are gradually replaced by monocyles that
acquire the characteristics of tissue macrophages and become central coordinators of
the inflammatory and repair process, Macrophages not only help to clean the wounded
area of undesirable debris and bacteria, but they also promote the build up of the new
connective tissue, Through growth factors and cytokines like TGF-f3, PDGF and
EGE, tumor necrosis factor-o, (TNF-o), interlevkin-1 (IL-1) and interferon-y (IFN-v),
through enzymes like collagenase and arginase, and through prostaglandins, they
regulate the matrix synthesis by affecting either fibroblast chemolaxis or prolifera-
tion, or collagen synthesis [42]. Macrophages also play a role in mediating angiogen-
esis [43] and in the recruitinent and activation of other immune cells [44].

It has been demonstrated that activated T lymphocytes, following the influx of granu-
locytes and macrophages, enter a wound area by day 4 or 5 and become important
modulators of the healing process [42]. An intact T-cell immune system is essential,
at least indirectly, for a normal healing ouicome [23,42].

Other cells, like mast cells, and their major protease, chymase, also play a role in the
wound healing process by promoting capillary outgrowth and collagen formation
{24,45]. It has also been suggested that dermal dendritic cells participate in wound
repair by initiating the inflammatory response and by stimuiating epithelial prolifera-
tion and restoration of epithelial architecture {46},

1.3.2  Dermal and epidermal proliferation

£.3.2.1 Granulation tissue

Granulation tissue forms the framework for the repair process and supports the re-
surfacing epithelium. It begins to form a few days after the injury. The name granu-
lation tissue is derived from the granular appearance of newly formed blood vessels
in the new tissue. One of the main developing features of granulation tissue is the
formation of a capillary network. This network is formed by endothelial cells that
proliferate from intact venules close to the wound. The primary stimuli for
neovascularization are vascular endothelial growth factor (VEGF) and basic fibro-
blast growth factor (bFGF) {47}, When VEGF is experimentally removed from wounds,
the granulation tissue nearly completely disappears [38].

Besides new blood vessels, granulation tissue consists of macrophages, libroblasts
and extracellular matrix [48]. Fibroblasts first appear in significant numbers in the
wound on the third day after injury and achieve peak numbers around the seventh day
[49]. They migrate into the wound site from the surrounding tissue, attracted by
cytokines like IL-1, TNF-or, TGF-B and PDGF, that were produced and released
initially by platelets and subsequently by macrophages and lymphocytes,
Fibroblasts synthesize many of the components of the extracellular matrix. Early in
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granulation tissue, fibroblasts deposit a matrix of fibronectin and hyaluronic acid
which promotes cell migration and proliferation. Fibroblasts also produce glycosami-
noglycans that form the ground substance of the matrix [38]. Fibronectin precedes
the appearance of collagen, which is also produced by fibroblasts and which aids in
increasing the tissue tensile strength and resilience [50,51]. Fibronectin gradually
disappears as soon as mature collagen bundles are formed [52].

Collagen is initially synthesized as a monomer. After it has been secreted into the
extracellular wound environment, it polymerizes into collagen fibers, These collagen
fibers are covalently cross-linked to increase their tensile strength. The signal that
stimulates production of collagen appears to be a combination of growth factors,
which are secreted as the result of both hypoxia and products of anaerobic metabo-
lism such as lactic acid [53].

The cellular and molecular structures that initially broke down and eliminated the
debris of wounded tissue gradually change function and proceed to a new task, the
build up of new connective tissue (cells and extracellular matrix). The reconstructed
connective tissue will first serve as a provisional instrument of tissue continuity and
later as a permanent fibrous bridge between the edges of the wound (scarring).

1322 Re-epithelialization

Within hours after injury, epithelial cells from the wound margins or adnexal struc-
tures will initiate a series of specific mechanisms, directed at covering the denuded
surface. Re-epithelialization and granulation tissue formation take place simulta-
neousty.

The early phases of the re-epithelialization process are marked by the migration of
epithelial stem cells from the margins of the wound and from residual hair follicles
and eccrine ducts [54]. A main source of epithelial stem cells is considered (o reside in
the outer root sheath of the hair follicle [7], explaining the observation that when the
hair follicles are destroyed as a result of the injury, re-epithelialization is greatly
retarded.

The migration of epithelial stem cells is followed within 24-48 hours by the prolifera-
tion of new cells behind the migrating front to provide an additional population of
cells to cover the gap [55]. The rate of epithelial resurfacing varies from 0.1 mmi to |
mm per day, highly depending on local conditions. The initial stimulus is largely
unknown, but several mechanisms have been suggested. The migration may be in-
duced by loss of attachment to neighboring damaged cells, active contact guidance,
or the presence of a gradient of soluble mediators, Epithelial proliferation is assisted
by growth factors [56,57]. Tn particular, EGF, TGF-B, PDGF, bFGF, keratinocyte
growth factor {KGF) and insulin-like growth factor (IGF-1) have been shown to
promote epithelialization [42,58,59].

Through phenotype modulation, the epidermal basal cells lose their desmosomes and
hemidesmosomes links to the basal membrane. The keratinocyte intracellular
tonofilaments are retracted, form peripheral actin filaments (pseudopodia) and ex-
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press fibronectin receptors [57,60]. The cells start their movement over the provi-
sional matrix while secreting plasminogen activators and collagenases in order to
open a way through the tissue. During re-epithelialization, keratinocytes use specific
cell receptors, integrins, for binding to connective tissue components, but discussion
on integrins is beyond the scope of this thesis,

The mechanisms involved in the epithelial movement are diverse and controversial
and include the “leapfrog model”, whereby cells above and behind the leading cell
stream over the latter to attach to the wound bed [61], and the model of the formation
of a chain of cells which advances while individual cells maintain their original posi-
tion in the chain [57], or possibly a combination of both.

The epithelial migration ceases when the advancing epithelium meets its counterpart
growing from the opposite direction, The cells which were migrating in a lateral
motion across the wound surface then regain the normal vertical direction of differen-
tiation (the keratinocyte maturation process) toward the surface and give rise to corni-
fied cells,

1.3.3 Maturation and remodeling

When the migrating epithelium has completed resurfacing the new connective tissue
mairix, the formation of granulation tissue stops. The signals involved in this sup-
pression are unknown [35,62]. The granuiation tissue now becomes true scar lissue,
In the maturation phase the scar flattens, softens and blanches. The main feature of
the maturation phase is the deposition and remodeling of collagen in the wound.
From a clinical viewpoint this is the most important phase of healing because the
rate, quality and total amount of matrix deposition, i.e. collagen, determine the strength
of the scar. The tensile strength, which initially is low, increases in subsequent weeks
as the scar matures, although it never regains the strength of the original tissue [63].
Collagen remodeling depends on both continuous synthesis and breakdown of col-
lagen. Collagen breakdown begins early in the wound healing process. The degrada-
tion of wound collagen is controlled by a variety of collagenases derived from granu-
locytes, macrophages, keratinocytes and fibroblasts [48]. These specific enzymes are
able to degrade the triple helical structure of the collagen at specific sites [39]. The
expression and activity of collagenases is tightly controlled by cytokines. Many
cytokines, like TGF-B1, not only stimulate collagen synthesis, but also inhibit the
production of matrix proteinases, like collagenase, and stimulate the production of
proteinase inhibitors [64]. Also the matrix itself influences the outcome of the wound
healing process, as it can regulate fibroblast parameters such as migration [39}.
The remodeling of the collagen meshwork includes reorientation of the collagen fi-
bers in response to mechanical stress. The latter is a characteristic feature of normal
scarring in which collagen bundles of the dermis run in a distinct paratlel orientation
with respect to the surface of the skin.
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The mature scar is relative acellular and avascular, The fibroblasts and endothelial
cells involved in the wound healing process disappear mainly by apoptosis, i.e. pro-
grammed cell death [62]. The inflammatory cells present in the early phases of the
wound healing process probably also disappear by apoptosis [65]. Apoptosis in fi-
broblasts and endothelial cells starts at the time of’ wound closure. If the wound is
closed with a skin graft, apoptosis starts within 6 hours [66], suggesting that there is
an interaction between epidermis and dermis in initiating apoptosis in cells of the
extracellular matrix. Little is known about the mechanisms involved in the induction
of apoptosis. In vitro studies suggest that the expression of the c-imyc proto-oncogene
and the interaction of the apoptosis signal transducer Fas with Fas ligand play arole
in fibroblast apoptosis {67,68]. Apoptosis signals can also induce collagenase activ-
ity. It was found that p53, a transcription factor with growth-suppressing functions,
binds to the promotor of collagen type 1V collagenase, and thus increases collagenase
activity [69].

Clinically, the original redness, elevation, and firm consistency of the new scar tissue
gradually evelves into a malure scar, with pale, flat, soft scar tissue which is al the
same level as the adjacent skin surface. This phase of maturation and tissue remodel-
ing can take as long as 2 yeurs.

1.4 BURN WOUND HEALING
1.4.1 Effect of heat on cells and tissue

Thermal energy is a manifestation of random molecular kinetic energy. This energy is
easily transferred from high energy molecules to those with a lower energy status
during contact, for example in living tissues. Both the lemperature and the time pe-
riod for which this temperature is sustained determine the degree of damage to a cell
[1]. At remperatures between 40 and 44°C, various enzyme systems begin to mal-
function, and early denaturation of protein occurs. Cellular functions become im-
paired, one of which is the membrane Na* pump, This results in a high intracellular
Na* concentration and concomitant swelling of the cell. As the temperature increases,
damage accumulation outruns the cell’s inherent repair mechanisms and leads to
eventual necrosis. The production of oxygen free radicals is part of this damage
process. Thesc highly reactive molecules are capable of promoting further eclt mem-
brane abnormatities, leading to cell death {70].

If the heat source is suddenly withdrawn, damage accumulation will continue until
the cooling process brings cells back down to a normal temperature range, Cooling
determines the difference between cell survival and cell death.

As the temperature increases, protein coagulation takes place, which causes destruc-
tion of the protein architecture. New aberrant bonds are formed, creating macromol-
ecules not similar to the original structures. The cell necrosis is complele, usually
beginning at the skin surface, where the heat energy was absorbed most directly,
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exlending downward. This zone is called the zone of coagulation [11). The zone of
stasis lies deeper and peripheral to the zone of coagulation. In this zone the damage is
less and most cells are initially viable. However, the blooad flow becomes progres-
sively impaired and finally stops. This development of ischaemia results in necrosis
of the already atfected ceils. Peripheral to this zone lies the zone of hyperemia, which
is characterized by minimal cellular injury and prominent vasodilatation with in-
creased blood flow, due to vasoactive mediators that were produced as part of the
inflammatory response. Complete cellular recovery usually happens in this zone [71].

1.4.2 Burn wound depth

Burns can be divided into different categories, based on the depth level of the tissue
damage [36]. First degree burn injury involves damage only to the epidermis and is
rarely clinicaily significant other than being painful. The involved area is initially
erythematous due to vasodilatation. Eventually desquamation happens, but this is
followed by complete scarless healing within 7 days.

Second degree burns are partial-thickness by definition and are further categorized
into superficial and deep, In superficial injuries, the epidermis is destroyed as well as
varying superficial portions of the dermis. These lesions are usually painful because
the nerve endings in the mid and superficial derinis survive, Blistering is often present,
Healing generally occurs rapidly and completely through migration to the surface of
epithelial stem cells which survive in deeper portions of the hair follicles as well as
the sweal and sebaceous glands [5]. Relatively little scarring occurs in a superficial
injury, due to the limited inflammatory phase, which is cut short by wound closure
(re-epithelialization) occurring within 2 weeks. In deep partial-thickness wounds mos!
of the dermis is destroyed and only in the deepest parts of the hair follicles, sweat and
sebaceous glands few epithelial cells remain. As the epithelial cells have to migrate
from the depth, and due to the loss of stem cells, re-epithelialization is greatly re-
tarded in these wounds.

Heat kilis the superficial nerve endings, so the wound is relatively insensitive. As the
deeply situated pressure receptors may survive, pressure sensation can still be present.
Blistering is usually absent due to the thicker adherent overlying eschar which pre-
vents the lifting by the edema. Due to the long period before wound closure, the
inflammatory phase is prolonged, which gives rise to extensive collagen deposition
and consequently abundant scar formation,

It third degree or {ull-thickness burns necrosis of the entire thickness of the skin
occurs. As there are no epithelial appendages left, healing can only occur by re-
epithelialization from the wound edges, or, in case of small wounds, by contraction of
the wound edges. So third degree wounds are routinely {reated with excision and skin
grafting, serving as a source of new stem cells, As no nerve endings are left, this type
of wound is insensitive,
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1.4.3 Long-term problems

Apart from al kind of acute problems associated with a large trauma, a burn patient
can also suffer from several long-term complications, due to the decrease of the nor-
mal functions of the skin or the affected body parts.

Physical complications include problems with thermoregulation in case of excessive
loss of sweat glands, neurosensory malfunction of the skin and development of can-
cer in the burn scars, the Marjolin’s ulcer [72]. Psychological and social probiems
are also common after, lor example, burning and scarring of the face. Burning can

skin burn
undamaged damaged
basat basal
membrane membrane
partial-thickness full-thickness
supetticial deep
I
granulation tissue
epithelial
regeneration parallel disorganized
coflagen collagen
- surgery
- corticosteroids - g;ﬂreated
] E{ﬁ:?; e - Ireatment failure
: normotrophic hypertrophic
normal skin healing healing

Tigure 2. This figure shows the possible vutcore of the wound healing process in spontancously healed
burn wounds, In case of an undamaged basal membrane the wound heals by epithelial regeneration. In
tintransplanted partial- and full-thickness wounds the regenerated collagen can be organized in a normal,
parallel manner, This results in a normotrophic scur, Disorganized regeneration of the collagen will result
in a hyperirophic scar if no treatment is applied and in case of treatment faiture. (medified from: Linures
HA. Pathophysiology of the burn scar. In: Herndon DN, ed, Total Burn Care. London: W.B. Saunders;
1996:383-397.}
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cause a post-traumatic stress disorder. In The Netheriands one third of the burn pa-
tients suffers from a post-traumatic stress disorder | to 2 years after the accident
[73].

1.4.4 Hypertrophic burn scars

A common complication of burns is the formation of a hypertrophic scar, a phenom-
enon unique to man (Figure 2) [74]. The lack of an experimental animal model of
hypertrophic scars explains why there is almost no tundamental biological informa-
tion about this distressing phenomenon, which occurs regularly in injuries of the
reticular derinis, but with unpredictable and highly variable severity. The incidence
of hypertrophic burn scars has been sporadically reporied; the highest incidence,
more than 50%, occurs in children under the age of 5 [75,76].

Hypertrophic scars are tumor-like lesions elevated above the level of the surrounding
skin. The edges arc usnally prominent and end abruptly. They typically remain within
the borders of the original wound. This is in contrast to keloids, which enlarge even
beyond the margins of the original wounds [77]. Hypertrophic scars produce symp-
toms of burning, stinging and itching. The itching can be quite disturbing, and scratch-
ing may cause damage and bleeding of the recently healed surface. The origin of this
specific form of itch is still anknown,

Histologically, the typical feature of hypertrophic healing predominantly resides in
the reticular layer of the dermis. By the (ime a wound is completely re-epithelialized
and the granulation phase is completed, the collagen fibers in both the papillary and
the reticular dermis will have a predominant parallel orientation, characteristic for
normolrophic scars, In hypertrophic scars, however, there is extensive collagen depo-
sition and the collagen fibers have a tendency to run in a haphazard direction and
show a whorl-iike pattern [70]. Immunohistochemical examination has revealed that
typertrophic scars contain whorls of connective tissue in nodular siructures contain-
ing o-smooth muscle actin-positive fibroblasts with small blood vessels and fine,
randomly orientated collagen fibrils [78]. These structures never involve the subcuta-
neous tissue [70]. The epidermis shows the usual featlures ol scarring; the epidermal
ridges and dermal papillae are often absent or not as deep and as numerous as in
normal skin {70].

1.4.5 Rating the burn scar

For the evaluation of burn scars the Vancouver Scar Scale can be used, as is shown in
Table 1. This scale was developed to reflect the easily recognized characteristics of
the burn scar, The components which are considered are vascularity, pliability and
height. Vascularity is always altered in the early phase of wound healing, with active
scars being hyperemic as a result of the increased angiogenesis and consequently
blood supply. Initially, a scar is red or pink (“immature”), but after a period of time,
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Table 1. The Vancouver Scar Scale for the assessment of burn scars, allowing objective
comparison of the scars. (firom: Sullivan T, et al. Rating the burn scar. ¥ Burn Care Rehabil
1990;11:256-260.)

Grade Vascularity Pliability Height

0 normal {color that closely normal normal (flat)
resembles the color of the rest

of one's body)

! pink supple {flexible with minimal <2 mm
resistance)

2 red yielding (giving way to <5 mm
pressure)

3 purple firm (inflexible, not easily > 5 nun

moved, resistant to manial
pressure)

4 - banding {rope-like tissue that -
blanches with extension of
sear)

5 - contracture {permanent -
shortening of scar producing

deformity or distortion)

months te years, the scar matures, i.e. normalizes [70]. Vascularity is assessed by
deciding on the amount of redness in the scar. Pliability relates to the functional
mobility of the scar as related to contracture and the elastic texture of the scar. Height
is related to the overall collagen content of the scar, as well as the relative edema of
the tissue,

L4.6 Etiological aspects of hypertrophic burn scars

The biological mechanisms responsible for the deviation of the normal healing pro-
cess toward an excessive reparative response are largely unknown. Evidently, the
most visible feature of a hypertrophic scar is the excess deposition of collagen, sug-
gesting that the balance between collagen synthesis and degradation is out of control.
The predominant cell present in hypertrophic scars is the fibroblast [77], the cell that
is responsible for collagen synthesis. Comparison of the rate of proliferation of fibro-
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blasts of keloids or hypeitrophic scars and normal skin generally shows no signifi-
cant difference [79,80]. However, apoptosis-inducing protein levels, such as Fas and
IL.-1 converting enzyme, are decreased, whereas the level of bel-2 proto-oncogene
was increased in {ibroblasts of hypertrophic scars compared to those of surrounding
non-injured skin, suggesting a desequilibrium in the signaling mechanism mediating
programuned cell death [81]. It has also been suggested that the production of a mu-
tant form of the p53 gene, which was found in cultured fibroblasts from skin lesions
of patients with keloids, prevents induction of apoptosis in keloid fibroblasts, and
thus may be a causal factor in the formation of keloids [82].

Excessive biosynthesis of extracellular matrix proteins by fibroblasts has been pro-
posed as one of the potential contributing factors to the accumulation of excessive
matrix. Indeed, comparison of hypertrophic scar fibroblasts and normal fibroblusts
has demonstrated that hypertrophic scar fibroblasts showed a higher collagen type |
and type LIl mRNA expression and produced more collagen than normal skin fibro-
blasts [83,84]. Fibroblast recruitment, proliferation and production of the extracetlu-
lar matrix are influenced predominantly by the amount and the balance of the fibrogenic
growth factors IGF, PDGF, TGF-f§ and bFGF [77,85]. Fibroblasts of hypertrophic
scars also showed an increased synthesis of collagen in response to low doses of
TGF-BI1, compared with normal fibroblasts {86], possibly due to the overexpression
of TGF-Breceptors by the hypertrophic scar fibroblasts [87].

Excessive matrix accumulation may occur 1) in case of increased synthesis of extra-
cellular matrix proteins or 2) in case of a reduction in matrix degradation. Reduced
collagenase activity of hypertrophic scar fibroblasts may be responsible for exces-
sive accumulation of collagen [88,89], possibly due to the activity of collagenase
inhibitors such as o2-macroglobulin which was found in the extraceltular matrix of
the hypertrophic scars [90).

Glycosaminoglycans affect the ultimate physical characteristic of the mature col-
Iagen in the scar because of their intervention in the extracellular formation of col-
fagen fibrils. They regulate the aggregation of collagen monomers [91]. There is
evidence that the composition of glycosaminoglycans in wound healing and hyper-
trophic healing differs from normal skin [77,92-94]. While in normal skin the dermis
shows a much greater amount of decorin than chondroitin sulfate, the opposite oc-
curs in granulation tissue and hypertrophic scars [95], possibly because fibroblasts
from post-burn hypertrophie scar tissue synthesize less decorin than normal dermal
fibroblasts [96]. This has implications for the development of hypertrophic scarring,
as decorin is involved in tissue reorganization and may also play a role in modulating
the activity of fibrogenic cytokines [96]. Furthermore, the strong association between
collagen and glycosaminoglycans in hypertrophic scars may prevent collagenase from
breaking down collagen [97,98].

Although the predominant cell present in hypertrophic scars is the fibroblast, other
cell types, like mast cells, may also be involved. Clinically, the refease of histamine
by mast cells likely contributes to the common patient complaint of itch, although the
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absence of sufficient neutralization of the complaints with anti-histamines contra-
dicts this possibility. However, mast cells are able to release many other substances,
like chymase, tryptase, prostaglandins and leukotrienes, that can possibly influence
the process of hypertrophic scatring, but which are not neutratized by anti-hista-
mines.

Genetic factors have also been snggested in influencing hypertrophic scar formation.
Black and Asian people are 10 times more susceptible to keloids and hypettrophic
scars than whites [99]. People carrying the HLA-DR-[16 gene have a relative risk of
12 for developing hypertrophic scars after thermal injury [100].

Until recently, research on the pathogenesis of hypertrophic scarring was focussed on
the dermal compariment, Research is now beginning to focus aiso on the epidermal
patt as it is known that hypertrophic scars most commonly occur after delayed re-
epithelialization. Burn wounds that epithelialize in less than 2 weeks rarely develop
hypertrophic scars. When a burn takes between 2 and 3 weeks to heal, however, one
third of the wounds develop scar hypertrophy, and wound closure taking more than 3
weeks leads to a 78% rate of hypertrophic scarring [75]. This suggests that the epi-
dermis or epidermal factors may play an active role in the process of hypertfrophic
scarring under specific conditions as occtiring during delayed wound healing. This
is supported by the observation that keratinocytes or factors derived from keratinocytes
are able to regulate the proliferation of fibroblasts {1011, fibroblast collagen synthe-
sis {102] and collagenase activity [103].

1.4.7 Treatment of hypertrophic burn scars

Therapeutic solutions to hypertrophic scars have been met with the same degree of
controversy as its etiopathology. The lack of a basic understanding of the etiology of
hypertrophic healing is the reason for the lack of effective treatments. The one widely
used therapy for hypertrophic burn scars is the near-continuous wearing for many
months of elastic compression garments [ 104], Under pressure the collagen fibers in
the dermis will modify their disorganized orientation and will adopt a more parallel
arrangement which is characteristic of normotrophic healing. The scar also becomes
less vascular, and express less glycosaminoglycans and has fess collagen deposition
[70].

Surgical treatment ol hypertrophic scars is associated with a high rate of recustence,
varying from 50-80% for simple excision [77], but it may be the treatment of choice
in case of contractures. Other suggested treatments include silicone gel sheets
[105,106], electric stimulation of the scar [107] and application of cryotherapy to the
lesion and/or followed by intralesional triamcinalone injection, a corticosteroid [ {08]
known to inhibit the transcription of matrix proteins like collagen and fibronectin,
and reducing the synthesis of o2-macrogiobulin, an inhibitor of collagenase activity
[77]. Triamcinalone injection is an effective treatment for small scars, but for appli-
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cation on large surfaces it is ditficult, time-consuming and even contraindicated due
to the systemic effects of the injected corticosteroids.

Fortunately all hypertrophic scars will flatten, soften and blanchen after 4 period of
time, although this can take up to several years .
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2 AIMS OF THIS THESIS

2.1 QUESTIONS UNDERLYING THE EXPERIMENTAL WORK

A very disturbing outcome of the burn wound healing process is the hypertrophic
scar. The aim of this study was to search for factors in the burn scar, which can be
responsible for the formation of a hypertrophic scar and which may explain the clini-
cal complaints such as pain and itch.
We asked five questions in this study:

1. Is epidermal activation and maturation altered during the development of
hypertrophic scarring?

Until recently it was thought that both the cause and the consequences of hyper-
trophic scars were situated in the dermis. The reason for this is that microscopically
the only difference between normotrophic and hypertrophic scars lies in the dermis.
There is an extensive cotlagen deposition in the hypertrophic scar and the collagen
fibers are not arranged regularly, We wanted {0 investigate whether the epidermis is
involved in the hypertrophic process, by determination of different markers for epi-
dermal activation and maturation in burn scars.

2, Can keratinocytes influence the process of hypertrophic scarring by produc-
ing growth factors with pronounced effects on the dermal compartment?

If keratinocytes are involved in the process of hypertrophic scarring, is this by pro-
ducing and releasing growth factors, like TGF-f3, bFGF or VEGF?

3. What is the contribution of immume cells in the healing process of normotrophic
and hypertrophic scar's, and can this be expressed in terms of number and func-
tional state?

Some studies claimed the upregulation of the number of immune cells in hypertrophic
burn scars, but little is known about the kinetics of the immune cells during the tissue
remodeling phase of burn wound scars. The contribution of immune cells in the heal-
ing process is inferesting as it is belicved that those cells may contribute to itch,
which often accompanies hypertrophic scarring,

4. Are neuropeptides involved in the process of post-hurn tissue remodeling?
As post-burn hypertrophic scarring is often accompantied by symptoms such as pain
and itch, we wanted to get more insight in the expression level of neuropeptides,
representing the messenger molecules of the nervous system,
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5. Are elastic fibers regenerated in human burn wounds, and at which pace?
Duoes the production of collagen normalize in the course of time?

No long time follow-up data are available on fibroblasts and their products in spon-
taneously healed partial-thickness burn wounds. To obtain these data we monitored
the regeneration of elastic fibers and the production of collagen [ in both normotrophic
and hypertrophic burn scars,

2.2 STUDY DESIGN

The five questions raised in chapter 2. | form the lead of the experimental woik of this
thesis, which is reported in the next chapters.

In our study, patients were included which were treated at the Burn Center of the Red
Cross Hospital in Beverwijk, after approval of the protocot by the Medical Ethical
Commilttee of this hospital. The main criteria for inclusion were: 1) patients older
than 18 years; and 2) patients suffering from partial-thickness burns that were con-
servaiively (reated (i.e. no grafting).

One month post-burn, i.e. when re-epithelialization was normally completed, 3 mm
skin biopsies were taken of (wo partial-thickness burn-sites and of a control skin-site
not exposed {o burn. The locations of the two biopsies of the burn wounds and the
patient characteristics are given in Table 1,

After 3 and 6 months, biopsies were taken of the same burn-site as the 1-month post-
burn biopsies. The appearance of the scar was graded using the Vancouver Scar
Scale (Table I, chapter 1). Scars were considered hypertrophic, when the score for
vascularity and height were 2 or 3 and pliability was 3, 4 or 5.

To investigate the involvement of the epidermis in burn wound healing and in par-
ticular in hypertrophic burn wound healing, we performed immunohistochemistry
and in sitw hybridization on the frozen biopsies. Immunohistochemical detection of
keratins 5, 10, 16 and 17, filaggrin, transglutaminase and CD36 was used to study
the maturation and activation of the keratinocytes in the burn wound scars (question
i; chapter 3.1). Chapter 3.2 describes the presence and production of the growth
factors TGF-f1, -2, -B3, bEGF and VEGE in the epidermis, which was analyzed by
using both immunohistochemistry and in situ hybridization (question 2).
Alterations in the dermis in burn wound healing are discussed in chapter 4. The
participation of immune cells in burn wound healing was investigated by using im-
munohistochemistry and markers to detect Langerhans cells, monocytes, macroph-
ages, granulocytes, T helper and T cytotoxic lymphocyltes, B lymphocytes, NK cells
and mast cells (question 3; chapter 4.1). We studied the outgrowth of nerves in the
burn wound scars by using immunohistochemistry and the general nerve marker Pro-
tein gene product 9.5 (PGP 9.5). For detection of neuropeptide containing nerves we
used markers against SP, NKA, CGRP, VIP and NPY in the Zamboni fixed biopsies
(question 4; chapter 4.2). Finally, in chapter 4.3 we describe the deposition of elastic
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fibers and the production of collagen by fibroblasts by using both electron micros-
copy and immunohistochemistry {question 5).

Results of the different studies described in chapters 3 and 4 are discussed in chapter
5. We present our view on (epi)dermal factors, immune cell participation and neu-
ropeptides in burn wound healing, in pacticular in relation to hypertrophic scar for-

mation,

Table 1. Characteristics of the patients included in this study.

total burned

patient  age sex the 2 biopsy sites

surface ared
[ 32 m 20) abdomen / abdomen
2 28 m 33 back / upper extremity
3 66 m 18 lower extremity / lower extremity
4 24 m 13 upper extremity / upper extremity
5 22 m 62 lower extremity / lower extremity
6 58 m 46 upper extremity / upper extremity
7 39 m 12 lower extremity / lower extremily
8 58 m 5 back / back
9 31 m 23 chest / upper extremity
10 40 m 7 lower extremity / lower extremity
11 50 v 5 abdomen / abdomen
2 22 v It lower extremity / lower extremity
13 52 m 5 upper exiremily / upper extremity
14 62 m 5 upper extremity / upper extremity
15 74 m 0 back / back
16 49 n 17 abdomen / abdomen
17 42 m 12 back / back
18 19 m 5 chest / lower extremity
9 54 v 5 upper extremity / upper exlremity
20 26 v it lower extremity / lower extremity
21 26 m 12 abdomen / abdomen
22 37 1 10 lower extremity / lower extremily
23 50 m 20 lower extremity / lower extremity
24 22 v 34 lower extremity / lower extremity
25 20 m 8 lower extremity / lower extremity
26 37 m 13 lower extremity / lower extremity
27 21 m 78 lower extremity / lower extremity
28 49 m 18 back / back
29 45 m 17 chest / chest
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ABSTRACT

The reconstruction of epidermal architecture over time in normotrophic and hyper-
trophic scars in untransplanted, spontaneously healed partial-thickness buns has
scarcely been studied, unlike the regeneration of epidermal grafts used to cover burn
wounds and the regeneration of the dermis during hypertrophic scairing. The expres-
sion of markers of epidermal proliferation, differentiation and activation in
normotrophic and hypertrophic scars in spontancously healed partial-thickness burns
was assessed and compared with the expression of these markers in normal control
skin of healthy persons, 1o determine whether hypertrophic scarring is associated
with abnormalities in the phenotype of keratinocytes. Punch biopsies were taken both
of partial-thickness burns after re-epithelialization and of matched unburned skin. At
4 and 7 months post-burn, biopsies were taken of normotrophic and hypertrophic
scars that had developed in these wounds. The biopsies were analyzed using
immunostaining for markers of keratinocyte proliferation, differentiation and activa-
tion (keratins 5, 10, 16 and 17, filaggrin, transglutaminase and CD36}. We observed
a higher expression of markers for proliferation, differentiation and activation in the
epidermis of scars at | month post-burn, than in normal control skin of healthy per-
sons. There was a striking difference between normotrophic and hypertrophic scars
at 4 months post-burn, Keratinocytes in hypertrophic scars displayed a higher level
of proliferation, differentiation and activation than did normotrophic scars. At 7 months
post-burn all keratinocyte proliferation and ditferentiation markers showed normal
expression, but the activation marker CD36 remained upregulated in both normotrophic
and hypertrophic scars. Surprisingly, in matched unburned skin of burn patients, a
state of hyperactivation was observed at | month post-burn. Our results suggest that
keratinocytes may be involved in the pathogenesis of hypertrophic scarring.

INTRODUCTION

During wound healing, 4 sequence of inflamunation, tissue synthesis and reorganiza-
tion resuits in the formation of mature scar tissue. Skin repair after burning is essen-
tiafly similar to healing after simple trauma, yet burn-related ischaemia, hypoxia and
edema slow down wound healing [1]. The end-result of burn wound healing can be
normotropliic healing or abnormal wound healing resulting, for example, in chronic
ulcers or hypertrophic scars. Besides disabling contractures and disturbing cosmetic
aspects, hypertrophic scars also cause a variable degree of discomfort, such as severe
itching [1]. The etiology of hypertrophic scarring is still not known, and until now
research has been mainly focused on the dermal aspects of those scars (review: [1]),
neglecting the epidermis. As hypertrophic scars most commonly occur after re-epi-
thelialization has been delayed [2], one could hypothesize that hypertrophic scarring
results from abnormalities in the epidermal-dermal crosstalk rather than from iso-
lated defects in the dermis. Keratinocytes can regulate the collagen synthesis of der-
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mal fibroblasts [3], and conversely keratinocyte growth is supported by keratinocyte
growth factor praduced by fibroblasts [4]. In addition, activated keratinocytes are a
source of specific pro-inflammatory cytokines and fibrogenic and growth factors,
and as such have importance in inflamumation [5] and wound healing [6]. Further
study of epidermal maturation in hypertrophic scarring is worthwhile.

Antibodies o specific markers, such as keratins, filaggrin, transglutaminase are use-
ful in study of the keratinocyte phenotype in tissue remedeling during burn wound
healing, because they are expressed in different layers of the epidermis in a ditferen-
tiation-specific manner [7-9]. Expression of CD36 in normal keratinocytes is absent,
occurring only in response to specific immunological and neninmunological stimuli
[10-13]. Research has previously been focused on regeneration of the epidermis in
burns treated with grafts [[4-18], and so we aimed to describe keratinocyte maltura-
tion in ungrafted, spontancously healed partial-thickness burns. We focused on keratins,
filaggrin, transglutaminase and CD36 as a starting point for further studies on
keratinocyle maturation in hypertrophic burn wound scars. We wished to determine
whether hypertrophic scarring is associated with abnormalities in the phenotype of
keratinocytes.

We monitored the expression of epidermal maturation markers immunchistochemically
in both normotrophic and hypertrophic burn wound scars during a 6-month follow-

up.
MATERIALS AND METHODS

Twenty-two patients aged 19-74 yeurs (mean age: 41 years) were treated for burns at
the Burn Center of the Red Cross Hospital in Beverwijk, The Netherlands. The extent
of the total burn injury in individual cascs varied from 5% 10 62% (mean: 16%) of the
total body surface area. This study was approved by the Medical Ethics Committee
of the Red Cross Hospital.

After informed consent had been obtained from each patient, 3-mm punch biopsies
were taken of two partial-thickness burns at three time points: | month, after re-
epithelialization has been completed (mean: 4.8 weeks, standard error (SEM): 0.32
weeks), 4 months (mean: 17.8 weeks, SEM: 0.77 weeks) and 7 months (mean: 30.6
weeks, SEM: 0.71 weeks) post-burn. Matched unburned skin of the sane patients
was obtained only at I month post-burn. At 4 and 7 months post-burn, the scars were
classified as normotrophic or hypertrophic using the Vancouver Scar Scale, a classi-
fication system based on consistency, elevation and color [19].

Serial 5-Jlm cryostat sections were cut from Tissue-tek (Miles, Elkhart, USA) em-
bedded biopsies and attached to glass slides coated with poly-L-lysin and fixed in
100% acetone for |() minutes. All incubations were performed at room temperature.
An alkaline phosphatase anti-alkaline phosphatase (APAAP) staining method was
used as described by Schaumburg-Lever [20]. In brief, sections were preincubated
with 109% normal rabbit serum in phosphate-buffered saline (PBS) followed by incu-
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bation with antibodies against keralins (keratin 5: Euro-Diagnostica, Malmd, Swe-
den; keratin 10: Monosan, Uden, The Netherlands; keratin 16: Sigma, Zwijndrecht,
The Netherlands; keratin [7: DAKO, Glostrup, Denmuark), filaggrin (Biomedical Tech,,
Stoughton, Massachusetts), ransghitaminase (Biomedical Tech.) and CD36 (CLB,
Amsterdam, The Netherlands). The sections were rinsed, incubated for 30 minutes
with rabbit anti-mouse-immunoglobulin antibodies (DAKQO) and incubated for 30
minutes with APAAP (DAKO). The imimunoreaction was visualized by using a solu-
tion containing new fuchsin (Chroma-Gesellschaft, Kéngen, Germany), sodium-ni-
trite, naphtol phosphate, dimethylformamide and levamisol in TRIS-HCI buffer
(pH=8.0). Slides were counterstained with Mayer’s haematoxylin and mounted in
glycerol-gelatin (Merck, Darmstadt, Germany). The negative controls involved con-
centration-matched mouse IgG (Becton Dickinson, San Jose, CA, USA) and omis-
sion of the first and second step.

Two investigators (T.E.H. and V.A.) independently assessed the staining intensify
and compared it with expression in normal control skin from healthy persons under-
going plastic surgery. For each of the four epidermal fayers (basal, spinous, granular
and hormy layers) (he staining intensity of each marker was scored, using a semi-
quantitative scale ranging from 0 to 3 as described previously (0 = not detectable,
[ = light staining, 2 = moderate staining and 3 = strong staining) [21]. On most
markers there was consensus, but in case of any discrepancy the mean value was
calculated.

For all markers, the mean summary score (referred to from this point on as the mean
score) of the four epidermal layers was used in the statistical analysis. Differences in
the score between normal control skin from healthy persons with burned and matched
unburned skin, differences over time, and differences between normotrophic and hy-
pertrophic scars were statistically analyzed using the Mann-Whimey U-test, Wilcoxon
matched-pairs signed-ranks-test, Chi-square-test or ANOVA-test (SPSS version 5.0.2,
SPSS, Chicago, USA, 1993). A P-value equal (o or lower than 0.05 was considered
statistically significant.

RESULTS

Biopsies trom 22 burn patients were examined. Four patients who initially joined the
study were lost to follow-up. This resulted in 38 biopsies taken at | month post-burn,
34 biopsies (23 normotrophic and Il hypertrophic scars) taken at 4 months post-
burn, and 36 biopsies (24 normotrophic and 12 hypertrophic scars) taken at 7 months
post-burn,

In the haematoxylin-eosin-stained sections, the epidermis of burn scars showed a
normal architecture except for the epidermal ridges and dermal papiliae which were
not as deep or as numerous as in normal control skin. The epidermis of burned skin at
I month posi-burn contained only sporadically infiltrating cells, which were disap-
peared at 4 and 7 months post-burn. In the epidermis of matched unburned skin and
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in normatl control skin inflammatory cells were absent.

The dermis of the normotrophic scars showed a normal architecture, whereas the
hypertrophic scars showed the typical dermal collagen organization of whorls and
nadules.

At | month after burning, the expression of keratins 5, 16 and 17 (figure 1), filuggrin,
transglutaminase and CD36 was clearly higher than in normal control skin of healthy
persons (Mann-Whitney U test: P<0.01}). No alterations were observed in keratin 10
expression.
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Tigure 1. Keratin 16 and 17 and CD36 expression in the epidermis in both rormal control skin of healthy
persons, in burn scars at |, 4 and 7 months post-burn time, and in matched unburned skin of the paticnts,

The matched unburned skin of every patient taken at | month post-burn showed a
normal expression pattern for all markers except CD36 (figure 1), 19 of the 22 show-
ing an upregulation of this marker (figure 2A). The difference between this elevated
expression in matched unburned skin and the absence of CD36 expression in the
normal control skin of healthy persons (figure 2B) was highly significant (Wilcoxon
test: P<0.01). There was no relation between the distance from the biopsy site of the
matched unburned skin to the burned area and the CD36 expression (Chi-square test,
P=0.28). No relation was observed between total body surface area and CD36 ex-
pression in the matched unburned skin biopsies (ANOVA test, P=0.27).

At4 and 7 months post-burn keratin 16 expression differed significantly between the
epidermis of normotrophic (figure 2C) and of hypertrophic (figure 2D) scars, There
was still an upregulation of keratin 16 in 9 of the 10 hypertrophic scars (mean score
0.4) as against 5 out of 21 normotrophic scars (srean score 2.6; Mann-Whitney U
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Figare 2. Immunohistochemical localization of keratin 16 and CD36 in partiai-thickness burn scars at 4
months post-burn time, matched unburned skin and normal control skin of healthy persons.

CD36 in matched unburned skin of a burn patient (A ) and in normul control skin of a healthy person (B).
Keratin 16 in a normotrophic scar ( C) and a hypertrophic scar from the same patient (D}, and CD36 i a
normotrophic scar (E) and a liypertrophic scar fron the same patient (F). Original magnification x400.
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test: P<0.01; figure 3). At 7 months post-burn the expression of keratin 16 had re-
verted to normal in both normotrophic (mean score 1.7) and hypertrophic scars (mean
score 2.1; Mann-Whitney U test: P=0.83).
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Figure 3, Keratin 16 and CD36 expression in normotrophic and hyperirophic buin scars.

Keratin 17 was still slightly upregulated in 11 of the 33 scars at 4 months, with a
small, but statistically insignificant, difference between normotrophic (mean score
0.7) and hypertrophic scars (mean score 2.2; Mann-Whitney U test: P=0.24). At 7
months no scars showed keratin 17 expression, as expected.

CD36 remained expressed by keratinocytes at both 4 and 7 months post-burn. At 7
months, 34 of the 36 scars still showed CD36 expression. This upregulation was
significant compared with normal control skin of healthy persons (Mann-Whitney U
test: P<0.01). At4 moitths post-burn the difference between normotrophic scars (sean
score 3.9; figure 2E) and hypertrophic scars (mean score 5,6, figure 2F) was signifi-
cant (Mann-Whitney U test: P=0.03; figure 3), but there was no fonger « significant
difference at 7 months post-burn (inean scares normotrophic scars: 2.9, hypertrophic
scars; 3.7; Mann-Whitney U test: P=0.38).

The expression of keratins 5 and 10 and filaggrin and of transglutaminase in scars
was not different from that in normal control skin at 4 and 7 months post-burn,

DISCUSSION

Our data show that keratinocytes in burn wounds in which re-epithelialization just
completed is, have entered an alternative pathway of differentiation and are express-
ing an activated phenotype compared with those in normal control skin from healthy
persons. This is shown by the upregulation of keratins 5, 16 and 17, filaggrin,
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transglutaminase and CD36 in the [-month-old burn scar. These results agree with
those of previous studies on epidermal maturation in grafted burn wounds [16-18,22]
and show that the first aim of the newly formed epidermis is a rapid migration and
protiferation to cover the denuded area. This is followed by enhanced differentiation
to restore the barrier function of the skin. With regard to the chronic phase of sponta-
neously healed burn wounds, our study clearly demonstrates a time-dependent differ-
ence in keratinocyte phenotype between normotrophic and hypertrophic scars, This
indicates that the distinciion between normotrophic and hypertrophic scars is located
in both the dermis and epidermis,

A recent study has also revealed an upregulation of keratin 16 in the epidermis of
hypertrophic scars [23]. However, the workers concerned did not observe time-de-
pendent expression, probably owing (o the unknown depth of the original wound and
to dissimilar treatments, in particular grafting.

Epidermal growth factor (EGF) and transforming growth factor-¢. (TGF-¢x) have
been shown to upregulate suprabasal keratin 16 expression specifically in
hyperproliferative epidermis [24,25], and should be regarded as important growth
factors in the pathogenesis of hypertrophic scarring. Potential sources of EGF or
TGF-o in hypertrophic burn scars are the immunologically active cells present in the
dermis or epidermis and keratinocytes themselves, The latter play an important part
in the expression of keratin 16, as it has been shown that keratinocytes can produce
and be stimulated by TGF-¢ in an autocrine loop [26]. Alternatively, induction of
keratin 16 in hypertrophic scars may be caused by the continuous upward mechani-
cal forces to which the epidermis is exposed, because of the tumor-like growth of the
relicular dermis. Indeed, keralin 16 is known to be involved in the recrganization ol
the keratin filaments to facilitate mobility by keratinocytes [27].

The reasons for the prolonged CD36 expression by keratinocytes, the cause of its
expression and its function in burn wound scars are all unclear. It is known that
CD36 is upregulated by keratinocytes in response o some inmunological and non-
imnumological stimuli | 10-13]. CD36 can be expressed by vatious other cell types,
such as platelets, monocytes, macrophages, erythrocytes and endothelial cells {28]. Tt
belongs to a family of integral membrane glycoproteins that recognize a wide range
of ligands and can be expressed by platelets, monocytes, macrophages and endothe-
lisf cells [29-32}. Tt may serve as a signal transduction molecule [33] and as a general
adhesion molecule [34]. The biochemical features of the CD36 molecule expressed
on keratinocytes of hypertrophic scars are identical to those on other cell types [35],
suggesting that the function of CD36 on keratinocytes might resemble its role in other
cell types.

In macrophages, CD306 has been identified as an adhesion molecule in the clearance
of apoptotic neutrophilic granulocytes [34], CD36 may serve as an adhesion mol-
ecule in keratinocytes, whether for inflammatory cells, or for adjacent keratinocytes
to form a tight connection when the epidermis is mechanicaily challenged in scar
formation. Tt may be that Langerhans cells upregulated in the burn scars (personal,
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unpublished, resuits} use the CD36 molecule as an adhesion factor (o re-enter the
epidermis after re-epithelialization.

In platelets CD36 is a receptor Tor both thrombospondin [29] and collagen {30]. In
erythrocytes it is implicated in the binding of malaria-infected cells to endothelium
[31], and in macrophages in the binding and internalization of oxidized LDDL [32]. It
is unlikely thar CD36’s main function in keratinocytes is to be a receptor for
thrombospondin- 1, as it has previously been shown that CD36-positive keratinocytes
in a variety of skin diseases remained thrombospondin- 1 negative [{2].

In platelets and monocyltes, CD36 serves as a signal transduction molecule [33], as it
may be in keratinocytes. After burn wound healing and during tissue remodeling,
dermal-epidermal crosstalk is necessary for the formation of a mature scar.

We do not have an explanation for the surprising observation that CD36 was ex-
pressed by the keratinocyies in the matched unburned skin. However, it suggests that
this molecule is probably a marker for keratinocyte activation rather than for
keratinocyte differentiation, as has previously been suggested [10,36]. TFN-y is one
of the cytokines that have been reported to induce CD36 expression by keratinocytes
[#1,12,37,38]. However, neither ICAM- | nor HLA-DR, both of which are also known
to be directly upregulated by IFN-y |39}, was present on the keratinocytes of the burn
scars {data not shown). This suggests that TFN-v is not involved in the upregulation
of CD36 in buin scars.

The upregulation of CD306 is likely to be influenced by the presence of an hormonally
active peptide, as it is also upregulated in the matched unburned skin of the patients.
No long-term follow-up data are available on cytokine levels that lead to activation of
the noninvolved epidermis, so that there are no data to support this suggestion. Neu-
ropeptides regulated by the central nervous syslem and secreted by nerve endings are
another possible source of centrally located messenger that might influence both the
keratinocytes ot the burn scars and the keratinocytes of the matched unburned skin.
When the skin is injured, signals elicited by the sensory nerves from this tissue reach
the central nervous system, and in addition (o this so-called orthodromic response,
the sensory nerves are capable of a second, efferent impulse (o the skin, the antidro-
mic response {40]. With this response, neuropeptides are released into the skin, which
can influence keratinocyte activation. Neuropeptides can also modulate keratinocyte
functions, such as cytokine production [41] and possibly CD36 expression. Nerves
reach both the burned and the unburned skin and can thus influence keratinocytes of
the whole skin.

We conclude that the development of hypertrophic scarring is not only an isolated
dermal defect, bul rather the result of a defect in the interaction between dermis and
epidermis and also influenced by systemic neuro-hormonal systeins.
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ABSTRACT

Keratinocytes are increasingly recognized as key regulators of skin inflammation and
remodeling, as they are capable of producing growth factors and cytokines that are
important mediators in the wound healing process. We investigated the expression
and distribution of TGF-31 mRNA by mRNA in situ hybridization and of TGF-31,
TGE-B2, TGF-f33, bFGF and VEGF protein expression using immunohistocheimis-
try in spontaneously healed partial-thickness burns and compared this with the ex-
pression of these markers in matched unburned skin. This was done to assess their
role in the remodeling phase of burn wound healing. Punch biopsies were taken from
both partial-thickness burns after re-epithelialization and from matched unburned
skin. At4 and 7 months post-burn, biopsies were taken of normotrophic and hyper-
trophic scars that had developed in these wounds. We observed a higher expression of
ali mentioned growth factors in keratinocytes in scars at [ month post-burn com-
pared with matched unburned skin. At 4 months keratinocytes stiil displayed a higher
expression of TGF-33 and bFGE, but the expression of TGF-f31, TGF-B2 and VEGF
was normalized. The expression of TGF-f33 in the epidermis of hypertrophic scars
was slightly higher than in normotrophic scars. At 7 months post-burn all growth
factors studied showed a normal expression on keratinocytes.

Our results suggest that keratinocyles are not only involved in re-epithelialization,
but also in the scar maturation. The data support the idea that keratinocytes not only
respond to cylokines and growth factors in an antocrine fashion, but also exert regu-
latory paracrine effects on contiguous cells.

INTRODUCTION

Keratinocytes ave increasingly recognized as key regulators of skin inflamination and
remodeling, as they are capable of producing a variety of factors and cytokines that
promote chemotaxis and activation of macrophages and other inflammatory cells,
angiogenesis, and the proliferation of fibroblasts [ {-3]. Their role in wound healing,
however, has not been studied so extensively as that of immune cells like macroph-
ages and other leukocytes [1].

Transforming growth factor-f (TGF-f3) is such a modulator of wound healing. [t is
constitutionally present in platelets, but it is also produced by several cell types present
in wounds, including activated macrophages, granulocyles, fibroblasts and
keratinocytes [ 1,4,5]. In maminals three TGF-f3 isoforms have been identified: TGF-31,
TGF-2 and TGF-f3, which share 70-80% amino acid homology and also many
biological activities. The genes for each of the isoforms are located on different chro-
mosomes and their differential cxpression may occur through distinct cell-specific
regulatory mechanisms [6].

The many fibroblast growth factors stimulate the proliferation of almost all major
cel types involved in wound healing [7]. Basic fibroblast growth factor (bFGF) stimu-
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lates angiogenesis and mitosis of fibroblasts, resulting in acceleration of collagen
deposition in the dermis and, moreover, is mitogenic for keratinocytes | 7-9]. In mouse
skin, keratinocyles were the only cells in a full thickness wound model to express
bFGF, indicating an important role for keratinocytes in the production and release of
this growth factor [ 10].

Vascular endothelial growth factor (VEGE, also named vascular permeability fuctor)
is a heparin-binding glycoprotein occwring in four molecular forms, consisting of
121, 165, 18% or 206 amino acids, respectively, generated by alternative RNA splic-
ing [11]. Only the two smaller isoforms (VEGF121{ and VEGF165) are secreted, the
other two remain intracellular. Human keratinocytes express the 121, 165 and 189
amino-acids forms [12] and are the main source of VEGF in the skin [13]. VEGF
acts specificalty on vascular endothelial cells, since the receptors for VEGF are mainly
expressed on these cells [14].

We reasoned that the kinetics of TGF-f1-3, bFGF and VEGF expression in human
epidermis might reveal their potential role in the tissue remodeling involved in burn
scar maturation, Therefore we investigated the expression and distribution of these
growth factors in the epidermis of burned skin shortly after re-epithelialization and
compared this with the expression in unburned control epidermis.

MATERIALS AND METHODS

Patients and biopsies

Twenty-two patients, aged 19-74 years (mean age: 41 years), were treated for burns
at the Burn Center of the Red Cross Hospital in Beverwijk, The Nethertands. The
extent of the total burn injury in individual cases varied from 5% to 62% (mean:
16%) of the total body surface area. This study was approved by the Medical Ethics
Committee of the Red Cross Hospital in Beverwijk.

After informed consent had been obtained frony each patient, 3-mm punch biopsies
were taken of two spontaneously healed partial-thickness burns al three time points:
{ month post-burn, i.e. after re-epithelialization has been completed (mean: 4.8 weeks,
standard error (SEM): 0.3 weeks), 4 months post-burn (mean: 17.8 weeks, SEM: (0.8
weeks) and at 7 months post-burn (mean: 30.6 weeks, SEM: (.7 weeks). Matched
unburned skin of the same patient was obtained only at | month post-burn. At 4 and
7 months post-burn, the scars were classified as normotrophic or hypertrophic using
the Vancouver Scar Scale, a classification sysiem on the basis of vascularity, pliabil-
ity and height [15].

In situ hybridization

In situ hybridization was performed on 5 pm thick frozen sections. We used a 500 bp
Smal-BamHI fragment of TGF [ ¢cDNA cloned into pBlucscript KS (Stratagene, La
Jolla, CA, USA) [16]. The specific cRNA probes were labeled with digoxigenin fol-
lowing the manufacturer’s protocol (Boehringer, Mannheim, Germany). The in situ
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hybridization was performed as described previously [16,17]. Briefly, after pretreat-
ment the sections were hybridized with 50 ng of the relevant probe per slide during 16
hours at 62°C. Subscquently, sections were washed in 2x standard saline citrate (SSC)
with 50% formamide at 50°C, then in 0.1x SSC with 20 mM p-mercaptoethanol at
62°C, and finally treated with 2U/ml RNAse Tt (Boehringer) in 2x SSC plus | mM
EDTA at 37°C. The tmmunodetection of digoxigenin-labeled hybrids was done using
nitro blue tetrazotium (NBT) as chromogen and bicholylindolyl phosphate (BCIP) as
coupling agent (Boehringer). The sense riboprobes were included as negative controls
and did not show any staining.

Immunostaining

Serial 5{tm eryostat sections were cut from Tissue-tek (Miles, Elkhart, USA) embed-
ded biopsies and attached (o glass slides coated with poly-L-lysin and fixed in 100%
acetone lor 10 minutes. All incubations were performed at room temperature. The
sections were preincubated with [0% normal goat serum in phosphate-butfered sa-
line (PBS) followed by incubation with antibodies against TGF-1, TGE-B2 and
TGF-B3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), bFGF (Serotec, Ox-
ford, England} and VEGF (Oncogene, Cambridge, MA, USA). The antibodies against
TGF-B1, TGE-B2 and TGF-B3 showed no cross-reactivity with each other, as deter-
mined by the manufacturer by Western blotting, immunoprecipitation and immuno-
histochemistry.

The sections were rinsed, incubated for 30 minutes with biotinylated goat anti-rabbit
immunoglobulin (Biogenex, San Ramon, CA, USA) und incubated for 30 minutes
with streptavidin-alkaline phosphatase (Biogenex). The immunoreaction was visual-
ized by using a solution containing new fuchsin (Chroma-Gesellschaft, Kongen, Ger-
many), sodium-nitrite, naphtol phosphate, dimethylformamide and levamisol in TRILS-
HCI buffer (pH=8.0). Slides were counterstained with Mayer’s haematoxylin and
mounted in glycerol-gelatin (Merck, Darmstadt, Germany). The negative controls
involved concentration-matched rabbit IgG (Becton Dickinson, San Jose, CA, USA)
and omission of the first or second step.

Assessment of sections

Two investigators (T.E.H. and V.A\} independently assessed the staining intensity
and compared the expression in burned skin with the expression in matched unburned
skin. For each of the 4 epidermal layers (basal, spinous, granular and horny layer)
the staining intensity was scored, using a semi-quantitative seale ranging from 0 to 3
as described previously (0 = not detectable; 1 = light staining; 2 = moderate staining;
and 3 = strong staining) {18]. It no consensus was reached, lhe mean value was
calculated,

For all markers, the mean summary score (further referred to as mean score) of the 4
epidermal layers was used in the statistical analysis as the individual layers gave only
marginally significant results. Differences in the score between burned and matched
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unburned skin, ditferences over time, as well as differences between normotrophic
and hypertrophic scars were statistically analyzed using the Mann-Whitney U-test or
Wilcoxon matched-pairs signed ranks test (SPSS version 5.0.2, SPSS, Chicugo, USA,
1993). A P-value equal to or lower than 0.05 was considered slatistically significant.

RESULTS

Histopathology

Biopsies from 22 burn patients were included. Four patients who initially joined the
study, were lost to follow-up. This resulted in 38 biopsies taken at | month post-burn,
34 biopsies (23 normotrophic and 11 hypertrophic scars) taken at 4 months post-
burn, and 36 biopsies (24 normotrophic and 12 hypertrophic scars) taken a1 7 months
post-burn.

In the haematoxylin-cosin stained sections, the epidermis of burn scars showed a
normal architecture, excepl for the epidermal ridges and dermal papillae which were
not as deep and as numerous as in normal control skin,

The dermis of the normotrophic scars showed a normal scar architecture, whereas
the hypertrophic scars showed the typical dermal collagen organization of whorls
and nodules [19].

The expression of TGF-f31-3

TGF-$1 mRNA was abundantly expressed by both basal and suprabasal keratinocytes
of the burn scars at 1 month post-burn (Figure [ A+B). The expression in the epider-
mis decreased at 4 and 7 months, and reached levels comparable with matched un-
burned skin. Tn matched unburned skin TGF-f 1 mRNA was expressed mainly by the
basal and only a few suprabasal keratinocytes.

TGF-31 mRNA was also expressed, in both the burned and the matched unburned
skin, by endothelial cells, immune cells and fibroblasts in the dermis of the burn
scars. However, the expression in keratinocytes was more abundaat. The expression
in fibroblasts and endothelial cells of the burn scars was clearly higher compared
with matched unburned skin, even at 4 and 7 months post-burn,

TGF-B1 protein expression showed a comparable pattern. At 1 month post-burn, it
was clearly expressed by basal and suprabasal keratinocytes. Tn matched unburned
skin TGE-B1 was expressed in the basal layer of the epidermis (snean score burn
scar: 4.1; unburned skin: 2.1; Wilcoxon signed ranks test: P<(.01; Figure 2). At 4
and 7 months the expression of TGE-B1 had returned to levels comparable with the
expression in the epidermis of matched unburaed skin. In the dermis of the burn scars
a few cells of the infiltrate, fibroblasts and endothelial cells were positive, as was also
the case in matched unburned skin,

At | month post-burn TGF-32 expression was marginally increased in the basal,
spinous and granular layer cell layers (mean score: 4.7; unburned skin: 4.2; Wilcoxon
signed ranks test: P<0.05). In unburned epidermis TGF-[32 was expressed in the
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Figore 1. (A) Insitu TGF-31 mRNA expression in all epidermal cell layers ina burn scar at | month pos(-
burn. (B) Negative control of ligure A, stained with the TGF-P] sense probe, (C) TGF-3 profein expres-
sion in a burn scar at 1 imonth post-burn. (D) TGF-P3 protein expression in a burn scar at 7 months post-
burn. (E) bFGF protein expression in o burn scar | month post-burn, (FybhFGF protein cxpression in a bum
scar 7 months post-burn, The original magnification of all figures was %250, except figure C (x160),

basal layer and slightly in the spinous and granular layers. In the dermis at I month
post-burn a few infiltrate cells were positive, which is comparable with unburned
skin. Ar4 and 7 months post-burn, TGF-2 expression was normal,

At 1 and 4 months post-burn, TGF-B3 expression was clearly higher in the burn
scars (mean score at 1 month: 0.0; at 4 months: 4.1; unburned skin: 2.9; for both
Wilcoxon signed ranks test: P<0.01; Figare 1C), In unburned skin, TGF-[33 was only
expressed in the basal epidermal cell Layer and was absent in the dermis (Figure 1D).
However, in the burn scars dermal infiltrate cells showed a slight TGF-B3 expression
at 1 month, which were absent at 4 and 7 months.
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Figure 2. TGF-31, TGF-f2 and TGF-B3 protein expression in the epidermis of burn scars at 1, 4 und 7
months post-burn, and in maiched unburned skin of the same patients.

The expression of bFGF and VEGF

The expression bFGF in the burn scars at 1 month post-burn was clearly increased in
the spinous and granular cell layers (Figure 1E), compared with the unburned control
skin of the same patients {(mean score: 6.8; unburned skin: 3.3; Wilcoxon signed
ranks test: P<0.01; Figure 3). At 4 months the expression was still significantly
upregulated (srean score; 5,3; Wilcoxon signed ranks test: P<0.05), but normalized
at 7 months (Figure 1F). Only sporadicaily dermal cells of the burn scars showed
bEGFE expression, but less than keratinocyles.

VEGF expression was slightly higher in the basal cell layer of the | month old burn
scar, compared with unburned skin (nean score: 1.9; unburned skin: 1.3; Wilcoxon
signed ranks test: P<0.01), and had return to normal levels at 4 and 7 months. In the
dermis, VEGF was expressed by a few cells in the infiltrate, declining at 4 and 7
months post-burn.

Normolrophic versus hypertrophic scars

At 4 months post-burn, TGF-B3 protein expression in the epidermis of hypertrophic
scars was slightly higher than in the epidermis of normotrophic scars (mean score of
the normotrophic scars was 3.7 and of the hypertrophic scars 4.6; Mann-Whitney U
test: P=0.08). For TGF-f1, TGF-B32, bFGF as well as VEGF there was no ditference
in expression between the keratinocytes of normotrophic and of hypertrophic scars.
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Figure 3. bFGF and VEGF profcin expression in the epidernis of burn scars at 1, 4 and 7 mouths post-
burn, and in matched vnburned skin of the same patients.

DISCUSSION

Tt is well known that growth factors are essential for a normal wound healing process
{3,20]. However, the majority of the investigations on growth factors and wound
heating were performed on the acute phase of wound healing, and less is known about
the chronic, maturation, phase. Macrophages, lymphocytes, platelets and fibroblasts
are well recognized producers of different growth factors during the wound healing
process, and thus research has been focused mainly on the role of these cells. Our
stidy shows a high abundance of TGF-[3, bFGF and VEGF in epithelial cells, and
that inflammatory cells are also a potential source of growth factors, particularly at
month post-burn. As inflammatory cell numbers greatly decrease after | month,
keratinocytes seem to be a major growth factor producer in the maturation phase of
the wound healing process, suggesting that keratinocytes are important regulators in
the scar remodeling process.

The crosstalk between keratinocytes and fibroblasts, a key effector cell during the
wound healing process, has been well studied. Fibroblasts produce keratinocyte growth
factor (KGF) and 1L.-6 in vesponse to 1L-t produced by keratinocytes [21,22]. KGF
on its turn stimulates keratinocyte proliferation and migration and promates the re-
epithelialization of the skin [23].

TGF-f has been recognized as a key growth factor in the process of scarring [3]. It
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can be produced by a variety of cell types, including keratinocytes [24]. TGF-f3 re-
ceptors are widely distributed and found on essentially alt cell types [25]. TGF-f} is
released as an inactive peptide bound (o its propeptide and requires activation either
by proteolysis or as a result of the acid environment within a wound [26]. The three
isoforms of TGF-[} that are present in mammals show a similar biological activity in
most in vitro assays [27]. However, there are dilferences in their in vivo polencies
and some biological activities |28}, Recent immunolocalization and in situ hybridiza-
tion studies in developing mouse and human embryos have shown distinet distribu-
tion patterns of the three TGF-[3 isoforms. These studies suggest differential induc-
tion and regulation and consequently a distinct role of the three isoforms during em-
bryonic growth and development [29,30].

With regard to immunohistochemical studies on TGF-[3 in the skin, the use of differ-
ent protocols and a variety of rabbit polycional antibodies of different sources which
detect either the latent or the active form of TGE-f may have contributed to the
discordant results in the literature, The same antibody we used against TGF-B31 also
stained the basal layer in frozen sections of the murine epidermis [5]. However, appli-
cation of a panel of other TGE-f1 antibodies on paraffin embedded sections gave
either a negative resulf or a suprabasal staining in normal human control skin [31-
341, and a suprabasal staining in pig skin [18]. In contrast to our results, TGF-f1
mRNA was not detected in normal human epidermis in another study, possibly due to
the use of different protocols {35]. We showed that keratinocytes are able 10 express
both TGF-$1 mRNA and protein, emphasizing keratinocytes are an important source
of this growth factors.

The data in the literature on TGF-f2 immunostaining are also controversial. TGE-[32
protein was detectable in all epidermal cell layers of normal human [3 1] and pig skin
[ 18], but only in the basal cell layer of murine epidermis [5,36]. Another study showed
no mRNA expression in normal human epidermis [37], but did show an expression in
the basal layer of murine epidermis [5]. The results of immunostaining on TGF-[33
also showed variable results. TGF-f33 protein and mRNA expression were detectable
in all epidermal layers of normal human skin in one study [37], but totally negative in
another study [31]. Mouse epidermis was also negative [5], but in pig skin all epider-
mal layers showed TGF-B3 expression [18].

In our study, both TGF-B1 mRNA and protein and TGE-32 protein were upregulated
in the early burn scar, but showed a normal expression at 4 months post-bura. Both
cytokines have been shown (o increasc the production of glycosaminoglycans,
fibronectin and collagen {18], and to downregulate the expression of many matrix-
degrading enzymes [38].

TGF-[33 is thought to have another role in the wound healing process than TGF-1
and -[32, as exogenous addition of TGF-B3 or neutralizing antibodies to TGF-B1 and
-B2 markedly improved the architecture of the dermis in rats after full-thickness
wounds. This suggests that the balance between TGF-f1 and TGF--2 at the one
hand and TGE-f33 at the other hand determine the outcome of the wound healing



60 Chapier 3.2

process: TGF-f31 and -2 are implicated in cutaneous scarring and TGE-B3 in pre-
vention of scarring [28]. This interesting concept, however, could not be confirmed in
a rabbit full-thickness wound modei [39]. We showed that in human epiderinis TGE-
[33 expression is increased in hypertrophic scars compared with normotrophic scars.
This finding also does not confirm the hypothesis that TGF-B3 is involved in the
prevention of scarring, at least not in human burn wound healing. Possibly the role of
the TGF-[3 isoforms might differ in various species.

Tt has previously been reported that TGF-33 is the most abundant TGF- isoform in
hyperproliferative epithelium and might therefore play an important role in keratinocyte
proliferation and differentiation {5]. And indeed, we previously showed that in the
epidermis of hypertrophic scars the keratinocytes express abnormal markers of
hyperproliferation and differentiation, compared with normotrophic scars [40]. This
implies a relationship between TGF-f3 and keratinocyte proliferation and differen-
tiation, However, the connection between TGFE-3-isoforms and hypertrophic scarring
might also be influenced by differential expression of TGF-freceplors, as it is re-
cently shown that TGF-Breceptor types T and 1T are overexpressed in post-burn hy-
pertrophic scar fibroblasts [41].

Concerning the expression of bFGF, we observed it to be present in basat keratinocytes
of both non-wounded and wounded skin, but also in the suprabasal layers of the
latter. This upregulation of bFGF in the wounded areas was also observed in full
thickness wounds in mice [10} and in psoriasis, a disease characterized by an in-
creased pool of proliferating keratinocytes [42]. This suggests that bFGF contributes
to keratinocyte proliferation. When partial-thickness burn wounds were treated with
topical recombinant bovine bFGFE, the healing time was shortened and the quality of
the scar improved [43), whereas the healing of excisional skin wounds was delayed in
bFGF knockout mice [44].

VEGF is a specific growth factor for endothelial cells [3]. The main source for VEGF
in the skin appears to be keratinocytes [ 13]. Its expression is modulated by e.g. tissue
hypoxia, as keratinocytes in the avascular epidermis are particularly dependent on
the dermal vessels for oxygen. Tissue hypoxia, a charactleristic feature of early heal-
ing wounds, leads to induction of VEGF expression by epithelial cells and to VEGF
receptor expression on microvascular endothelial cells, and in this manner to the
formation of new blood vessels [45}. In our study, VEGF was upreguiated in the ]
month old burn scars, ke in partial-thickness skin wounds in rat, where VEGF mRNA
was present in all epidermal layers [2]. At 4 months post-burn, VEGF expression in
the keratinocytes had returned to normal, which is consistent with the observation
that angiogenesis has slowed down at that time.

Our results demonstrate that keratinocytes are not only passive bystanders in the
burn scar repair process, but are definitely aiso actively involved in the scar tissue
remodeling phase. They not only respond to different cytokines and growth factors
present in wounds, but also produce and release such molecules to stimulate neigh-
boring cells in the surrounding tissue.
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ABSTRACT

Although there are several reports on the composition of the cellular infiltrate in
healing wounds, such data on healing burn wounds are scarce. The aim of this study
is to characterize the infilirate present in scars of spontaneousiy healed partial-thick-
ness burns in order to obtain insight into the presence of immune cells involved in the
remodeling phase.

Punch biopsies were tuken of partial-thickness burns at { month post-burn and of site
matched control unburned skin. After 4 and 7 months biopsies were taken of the
normotrophic or hypertrophic scars developed in these burns, The biopsies were ana-
lyzed using immunostaining for markers of phagocytes (CD1a, CD {4 and CDG68 for
monocyte-derived cells and CD16 for granulocytes), lymphocytes (CD3, CD4, CD3
and IL-2R for T tymphocytes, CD19 for B lymphocytes and CD57 for NK cells) and
mast cells (fryptase).

The infiltrate in the 1 month old burn scar consisted predominantly of granulocytes,
monocyles, macrophages, T helper lymphocytes and B ymphocytes.

After 4 and 7 months most immune cell rumbers had turned to normal, but mast cell
and Langerhans cell numbers were increased compared with normal control skin. No
difference was observed in immune cell score from normotrophic and hypertrophic
Scars.

We conclude that phagocytes and lymphocytes likely play a role in the early phase of
burn wound healing, but net in the process of hypertrophic scarring and that Langer-
hans cells and mast cells inay be involved in the remodeling phase of the burn wound
healing process.

INTRODUCTION

During the process of wound healing, a sequence of inflammatios, tissue synthesis
and reorganization results in the formation of mature scar tissue. Skin repair after
burning is essentially similar to healing after simple trauma, yet ischaemia, hypoxia
and edema slow down wound healing [ 1]. The end result of burn wound healing may
be normotrophic healing or abnormal wound healing resufting in chronic ulcers or
hypertrophic scars. Besides the disabling contractures and the disturbing cosmetic
aspects, hypertrophic scars also cause a variable degree of discomfort such as severe
itching [1].

Interaction between the immune and wound healing systems are suggested from stud-
ics in which the immune system is altered. Conditions known to impair the immune
response, like immunosuppressive and steroid therapy, also result in delayed or de-
fective wound healing in otherwise healthy individuals [2,3]. This may be due to a
defective production of various growth factors and cytokines produced by immune
cells, like TGF-[3, TNF-o, PDGF and IL-1. These are capable of controlling the
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growth of Keratinocytes and fibroblast function and, therefore, influence quantity and
quality of collagen formation [4].

The composition of the cellular infiltrate in healing wounds has been extensively
studied {1,4,5]. As part of the healing process, immune regulatory cells, such as
leukocytes, migrate and function at the site of the injury, Their primary task is to help
cleaning the wounded area of undesirable debris and bacteria [4). Data on the compo-
sition of the infiltrate i healing burn wounds is scarce. Characterization of the im-
mune cells present in the healing burn wounds and particularly in the later phases of
the process, might give insight into the immunological mechanisms involved in the
repair process. In the present study we characterized the immune cells present in the
scars of spontaneously healed partial-thickness burns and we looked for possible
differences between normotrophic and hypertrophic scar formation.

MATERIALS AND METHODS

Patients and biopsies

Twenty-two patients, aged 19 to 74 years (mean age: 41 years), were treated for
burns at the Burn Center of the Red Cross Hospital in Beverwijk, The Netherlands.
The extent of the total burn injury in each patient varied from 5 to 62% (imean: 16%)
of the total body surface area. This study was approved by the Medical Ethics Com-
mittee of the Red Cross Hospital.

From each patient, after obtaining informed consent, 3 mm punch biopsies were
taken of two partial-thickness burns at three time points, | month post-burn (mean:
4.8 weeks, standard error of the mean (SEM): 0.3 weeks), 4 months post-burn (mean:
17.8 weeks, SEM: 0.8 weeks) and 7 months post-burn (mean: 30.6 weeks, SEM: 0.7
weeks). Punch biopsies of matched control unburned skin were atso taken, but only
at the start of the study. At 4 and 7 months post-burn, scars were classified as
normotrophic or hypertrophic using the Vancouver Scar Scale (classification based
on consistency, elevation and coler) [6].

Immunostaining

Serial 5}t cryostat sections were cul from Tissue-tek (Miles, Elkhart, USA) embed-
ded biopsies, attached to glass slides coated with poly-L-lysin and fixed in 100%
acetone for 10 minutes. Alf incubations were performed at room temperature. An
alkaline phosphatase anti-alkaline phosphatase (APAAP) staining method was used
as described by Schaumburg-Lever [7]. In brief, sections were preincubated with
10% normal rabbit serum in phosphate-buffered saline (PBS) for 10 minutes, and
incubated for 1 hour with antibodies against T lymphocyte-related antigens (CD3,
CD4, CD8, CD25: dilution 1:100; Becton Dickinson, San Jose, California), B lym-
phocytes (CD19: dilution 1:100; Immunotech, Marseille, France), NK cells (CD57:
dilation 1:20; Becton Dickinson), monocyte-derived cells (CDla: dilution I:100;
Becton Dickinson; CD14: dilution 1:300; Coulter/Immunotech, Westbrook, Maine;
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CD68: dilution: 1:3000; DAKQ, Glostrup, Denmark), granulocytes (CD16: dilution
1:100; CLB, Amsterdam, The Netherlands) or mast cells (tryptase: dilution 1:500;
Chemicon, Temecula, California). The sections were subsequently rinsed and incu-
bated for 30 minutes with rabbit anti-mouse-immunoglobulin antibodies (DAKO},
rinsed again and incubated for 30 minutes with APAAP (DAKQ). The immunoreaction
was visualized by using a solution containing new fuchsin (Chroma-Gesellschatt,
Kongen, Germany), sodium-nitrite, naphtol phosphate, dimethyiformamide and
levamiso} in TRIS-HCI buffer (pH=8.0). Slides were counterstained with Mayer’s
hematoxylin and mounted in glycerol-gelatin (Merck, Darmstadt, Germany). The
negative controls comprised concentration-matched mouse TgG (Becton Dickinson)
and omission of the first and second step.

Assessment of innnunostaining

Two investigators {T.E.H. and V.A.} independently assessed the density of positive
cells and compared them with the expression in normal skin from healthy persons
undergoing plastic surgery. If no consensus was reached, the mean value was calcu-
lated.

The density of positive cells was scored using a semi-quantitative scale ranging from
0 to 3 as described previously (0 = no positive cells, | = density of positive cells
comparable with normal skin, 2 = increased density and 3 = markedly increased
density of positive cells) [8]. As granulocytes, B lymphocytes and NK cells are nor-
mally absent, their density was scored 0 in normal skin,

Ditferences in score over time, differences between unbuned and burned skin as well
as differences between normotrophic and hypertrophic scars were statistically ana-
lyzed using the Mann-Whitney U-test {SPSS version 5.0.2, SPSS, Chicago, USA,
1993). A P-value equal to or lower than (1,05 was considered statistically significant,

RESULTS

Of the 22 burn patients that were initially included, four patients were lost to follow-
up. After the second and the third biopsy a distinction was made between normotrophic
and hypertrophic scars, This resulled in 38 biopsies at | month post-burn, 34 biop-
stes (23 normotrophic and [ 1 hypertrophic scars) at 4 months post-burn and 36 biop-
sies (24 normotrophic and 12 hypertrophic scars) at 7 months post-burn.

Histology

In hematoxylin-eosin stained sections, the epidermis of burn scars showed a normal
architecture, except for the epidermal ridges and dermal papillae which were not as
deep and as numerous as in the control skin, The epidermis at | month post-burn
contained only sporadically inflammatory cells, which were not seen at 4 and 7 months
and in the normal controf skin.
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The dermis of the normotrophic scars showed a normal scar architecture, whereas
the hypertrophic scars showed the typical dermal collagen organization of whorls
and nodules [9]. The cellular infiltrate in both scar types was mainly located
perivascularly in both the papillary and the reticular dermis. At | month post-burn
there was a dense cellular infiltrate. At 4 months this infiltrate was decreased, until
only small rempants were present at 7 months, comparable with the normal control
skin.

Cellular infiltrate at 1 month post-burn

Large numbers of CD3* T lymphocytes were present at 1 month post-burn, predomi-
nantly CD4* T helper lymphocyles (table ). The number of CD8* T lymphocytes
was also increased, but far less than the CD4* population (CD4/CDS ratio = 10:1,
compared to a 1:1 ratio in control skin). Tn contrast to the CD4* T helper lympho-
cytes, which were localized perivascularly, the CD8* T lymphocytes were scattered
over the whole dermis. NK cells (CD57), which are normally not present in the skin,
were also not observed in any burn scar, B lymphocytes (CD[9), aiso not present in
normal skin, were observed in 21 of 36 one month old scars. If present, the B lympheo-
cytes were located in clusters,

At 1 month post-burn significantly increased numbers of monocytes (CD14), mac-
rophages (CD68) and granuiocytes (CD16) were present, mainly located perivascu-
larly, but numbers of Langerhans cells were normal (CDta; figuie 1A),

Mast cells, characterized by tryptase, were slightly increased in the burn scars com-
pared 1o normal skin. One month post-burn 23 of 35 scars showed an mcreased
incidence of mast cells.

Figure 1. (A) Burn scar [ month post-burn stained with an antibody against CD la {specific for Langer-
hans cells). (B) The same burn scar as shown in A, 7 months post-burn, stained with an antibody against
CD ta. Note the increased density of Langerhans cells. Original magnification xd(X).

Cellular infiltrate af 4 and 7 months post-burn

At4 and 7 months post-burn the CD3* T lymphocyte fraction had decreased to normal
values, but the ratio was still not in balance (CD4:CD8 ratio after 7 months = 7:1}. In
normal skin few IL-2R* (CD25) T lymphocytes were present around blood vessels,
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but in burn scars they were sporadic or even absent. At 4 months IL-2R* cells were
absent in 16 of 34 burn scars (P-value=0.02) and at 7 months in 24 of 36 scars (P-
value<(.01).

Langerhans cell numbers in the epidermis steadily increased at 4 and 7 months post-
burn (figure 1B). At 4 months 23 of 33 burn scars and at 7 months 23 of 36 burn
scars showed an increased number of epidermal CD 1a* Langerhans cells. At 4 months,
no granulocytes were observed and monoeyte numbers had normalized, whereas in-
creased numbers of macrophages were still present in 17 of 34 four month old scars,
Macrophage numbers normalized at 7 months.

Mast cells were increased in 18 of 32 burn scars at 4 months and in 25 of 36 burn
scars at 7 months post-burn. They were scallered over the whole dermis (figure 2A+B).
For all studied cell types there was no significant difference in their numbers between
normotrophic and hypertrophic scars.

I\.*"_-_ ,h‘
AR S
CER A 1Y

Figure 2, (A) Normal unburned skin stained with tryptase (specific for mast cells). (B) A burn scar 7
months post-burn stained with tryptase, Original magnification X63.

DEISCUSSION

This study shows that the infiltrate in the scars at 1 month post-burn consists, apart
from granulocytes, monocyles and macrophages, predominantly of CD3*CD4* T helper
tymphocytes. CD8* tymphocyfe and B lymphocyte numbers were also increased, but
NK cells were absent.

It is known that T iymphocytes play an active role in wound healing, exerting many
of their effects via cytokines and growth factors that have an influence on wound
healing, such as proliferative and synthetic activities of fibroblasts and induction of
neovascularization [4,10]. In the healing of rat {lexor tendons, it was shown (hat
predominantly CD4* T lymphocytes were present at the wound site [11] and that
these activated CD4* cells increased the speed of monolayer healing of microwounds
in vitro [10]. The fact that more CD4*cells are present in the burn wound, might be
an indication that these cells play a more important role in wound healing than CD8*
cells.
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Concerning the infiltration of burn wounds by macrophages, we should keep in mind
that macrophages arc not only important in helping to clean the wounded area of
undesirable debris and bacteria, but they are also essential for both fibroblast and
keratinocylte proliferation and function, and for angiogenesis [4,12]. As our results
show that macrophage numbers had normalized at 7 months post-burn, these cells
seem to be functionally important only in the early months of tissue remodeling.
CDla* Langerhans cells were increased at 4 months post-burn. In contrast to mac-
raphages, their number remained increased up to 7 months, as weie the mast cells.
The Langerhans cells present in the epidermis of the late burn scar might have mi-
grated from the non-injured surrounding epidermis [13]. They may also have devel-
oped from CDi4* monocytes, abundantly present at ! month post-burn, or from
another bone marrow derived precursor {14]. It was observed that in the peripheral
blood of burn patients in the early post-burn period, potential Langerhans cell pre-
cursors were present in signilicantly increased numbers, suggesting those cells are en
route from the bone marrow to the epidermis {15],

The cells’ most studied role within the epidermis is the immune surveillance, with 4
function of antigen uplake, processing and presentation to lymphocytes either in the
skin or in the local lymph nodes [16]. However, on serial sections we observed that
Langerhans cells present in the epidermis of the burn wound scar were only sporadi-
cally HLA-DR positive (figure 3A+B), indicating that some of the Langerhans cells
repopulating the epidermis after a burn wound may have a different state of activa-
tion and consequently another function than antigen presentation. Epidermal Langer-
hans cells might have a regufating role comparable to the transglutaminase coagula-
tion factor XIIia* dermal dendrocyte, that are a source of specific cytokines.

Figure 3. {A) Burn scar 7 months post-burn stained with an antibody against CD1a. (B) The same bum
scar as shown in A, 7 monlhs post-burn, stained with an antibody against HLA-DR. Note there is only
sporadic positivity for HLA-DR* in the epidermis. Original magnification x250.
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In psoriasis, factor XIITa* dermal dendrocytes stimulate keratinocytes to secrete
TGF-¢, a potent mitogen for keratinocytes [17]. This effect was mediated through
TNF-o, a cytokine that is also produced by Langerhans cells [ 18].

Langerhans cells, just like factor XTITa* dermal dendrocytes in normal skin, may
interact with another important regulating cell in burn wound healing, the mast cell
[19]. Like Langerhans cells, mast cells were also increased in the burn scar compured
to normal control skin, The observed relationship belween Langerhans cells and mast
cells might be mediated through sensory nerves, as it is known [20] that neuropep-
tides released by sensory nerves that innervate the skin, can directly modulate the
functions of Langerhans cells and mast cells. Both Langerhans cells and mast cells
are able to produce an anthology of inflammatory mediators [18,21,22], that are
capable of influencing fibroblast growth, collagen production and matrix remodeling
activity [12,21,23]. Mast celi tryptase is a mitogen for fibroblasts [24] and mast cell
chymase cleaves type I procollagen, an important constituent of the regenerating
dermis, to a fibril-forming collagen molecule {251, When mast cells are co-cultured
with endothelial cells or fibroblasts, they develop a network of plasma membrane
contacts that contain numerous cytoplasmic microfilament bundles [26], suggesting
a close relationship with those important effector cells in wound healing. Summariz-
ing, our data may indicate that Langerhans cells and mast cells have a regulatory
function in the remodeling phase of burn wound healing rather than a function in
unmune surveillance,

We failed to find significant differences between normotrophic and hypertrophic scars
with respect to the number of T lymphocytes, and also of the other studied immune
cells, In contrast, in tattoo removal scars, more T lymphoeytes were present in 4- and
S-months hypertrophic scars than in normotrophic scars [27]. The conclusion of the
latter study that in hypertrophic scars the continued presence of lymphocytes and an
imbalance in their cytokine secretion is the cause of the excessive fibrosis, cannot be
confirmed by our results. Instead, intrinsic disturbances of fibroblasts are possibly
responsible for hypertrophic scarring of burn wounds. Fibroblasts of hypertrophic
burn scars demonstrated significantly increased tritium-thymidine uptake in response
to EGF and an increased synthesis of collagen in response to TGF-1, compared to
fibroblasts from unaffected skin [28]. During wound healing, wound fibroblasts syn-
thesized nitric oxide, which in turn, in an autocring manner, increased their own
collagen synthesis [29]. Similar in vitro studies, for example, of co-cultivation of
fibroblasts with lymphocytes, Langerhans cells and mast cells from burn wounds are
needed to eluctdate the precise contribution of each cell type involved in the remodel-
ing phase of burn wound healing.
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'Fable 1. Density of positive cells or staining intensity in spontaneously healed
partial-thickuness burns at different time points compared with maiched unburned
skin of the same patient,

post-burn unburned burned skin P-value
cell type time confrol skin (mean score) | (Mann-Whitney
(in months) (mean score) U-test)
Langerhans celis f 1.0
(CD1a%) 4 1.4 1.8 0.02

7 1.8 0.05
monocytes 1 [.8 <0,01
{CD14%) 4 1.2 1.3 *

7 0.9 0.02
grantlocytes [ b1 <0.01
(CD16") 4 0.1 0.2 *

7 0.1 #
macrophages 1 2.3 <0.01
(CD68%) 4 1.1 1.5 0.01

7 1.3
T lymphocytes l 1.6 0.01
(CD3H) 4 1N [.1

7 0.9
T helper i 2.2 <0.01
lymphocytes 4 1.3 1.4
(CD4Y) 7 1.2 *
T cytotoxic | 1.3 (.05
lymphocytes 4 1.0 1.1
(CD&" 7 0.9 0,09
B lymphocytes I £O <(.01
(CDI19%) 4 0.0 0.5 <0.01

7 0.1 *
Activated T+B | 1.3 *
lymphocytes 4 1.1 0.6 0.02
(CD25%) 7 0.4 <0.01
NK cells I 0.1 *
(CD57) 4 0.0 0.1 *

7 0.0 *
masl cells i 1.5 *
(tryptase™) 4 1.4 1.6 #

7 1.7 0.08

*P=0.1
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ABSTRACT

Lincreasing data suggest that the skin nerve system is significantly involved in wound
healing. This is thought to occur mainly by the biological effects of neuropeptides
released from ingrowing nerves. In order to investigate the role of the nervous system
on the burn wound healing process, we monitored immunohistochemically the nerve
outgrowth and the expression of the neuropeptides substance P, neurokinin A, calci-
tonin gene-related peptide, vasoactive intestinal peptide and neuropeptide Y in spon-
taneously healed partial-thickness burns and compared this with the expression in
matched unburned skin.

Punch biopsies were taken at I, 4 and 7 month post-burn. The results showed that
nerve fibers regenerated in spontancously healed partial-thickness burns, in both the
dermis and the epidermis. This regeneration gradually increased in the course of
time, but during the observation period did not reach the levels present in maiched
unburned skin. We found a significantly higher number of nerve libers in normotrophic
scars compared with hypertrophic scars. This suggests a possible regulating role for
nerves in the scar tissue remodeling process. However, the number of newropeptides
containing nerves did not differ between normotrophic and hypertrophic scars, sug-
gesting the studied neuropeptides do not have a major influence,

The data are discussed in combination with a review the literature on the biological
properties of neuropeplides in skin and immune cells, especially with respect lo wound
healing.

INTRODUCTION

Human skin is packed with sensory nerve fibers. Thelr main function is to signal the
presence of nociceptive stimuli to the central nervous system, where they will be
interpreted as pain or itch (the orthodromic response). In case of a skin injury, signals
are emilted by the sensory nerves from the injured tissue to the central nervous sys-
ten. Besides the orthodromic response, the sensory nerves are able to signal effer-
ently to the skin, the antidromic response [1]. As a result of the latter, mediators
called neuropeptides are released by the nerve endings into the skin [2]. Neuropep-
tides are a family of extracellular messengers, which act as neurotransmitters, hor-
mones or paracrine factors {3]. Numerous neuropeptides, incleding calcitonin gene-
related peptide (CGRP), substance P (SP), neurokinin A (NKA) and vasoactive intes-
tinal peptide (VIP) are expressed in sensory nerves {4], The skin is also supplied with
autonomic nerve fibers, both of the parasympathetic and sympathetic system, which
innervate blood vessels and sweat glands, Neuropeptide Y (NPY) is expressed in a
large population of the sympathetic neurons [4]. Protein gene product 9.5 (PGP 9.5)
is a generai cytoplasmic marker demonstrating all types of sensory and autonomic
nerve fibers. Antibodies against PGP 9.5 consequently visualize the whole innerva-
tion of the skin [5].
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An increasing amount of data suggests that the skin nerve systein also significantly
contributes to wound healing. This is thought to occur mainly by the biclogical ef-
fects of the released neuropeptides. Neuwropeptides have been shown to modulate a
number of important steps in normal wound healing, not only by affecting vasodila-
tion and the inflammatory response, but also by stimulation of proliferation of epithe-
fial, vascular and comnective tissue cells [6]. Evidence of the confribution of nerves 1o
wotnd healing comes from the delayed wound healing after surgical resection of
citaneous nerves in animal models [7-10], and from patients with cutaneous sensory
defects due to spinal cord injury [11,12]. These trophic etfects of the nervous system
are possibly mediated through neuvropeptides.

The beneficial clinical effects of capsaicin in diseases characterized by severe pain or
itch gives more insight into the role of neuropeptides. Capsaicin is the active mol-
ecule that gives hot red peppers its hot taste. [t selectively activates sensory nerves to
release a group of neurepeptides, such as SP, NKA and CGRP [13]. It leads to desen-
sitization of fibers to exogenous stimuli and even to degeneration of the sensory nerves
[14]. If capsaicin is applied to burn wounds in rats, the healing process is delayed
[15] and in case of grafts, the survival rate of the grafts is dramatically decreased [8].
This indicates that neuropeptides and the skin nerve innervation are important for the
wound healing process and the survival of grafted tissues.

For effective signaling via neuropeptides expression of the functional receptors on
the larget cells is a prerequisite. In the skin, receptors for neurotransmitters are ex-
pressed by both immune, epidermat and dermal cells [6,16].

As neuropeptides are rapidly degraded, intimate contact between nerve fibers and
target cells is also necessary. It has been demonstrated (hat cutaneous sensory fibers
are in close contact not only with dermal blood vessels, mast cells and fibroblasts but
extend up into the epidermis, where they are in intimate contact with both keratinocytes
and Langerhans cells [5,17].

The aim of the present study was to investigate the distribution of neuropeptides
during burn wound scar maturation. Tnsight in the sequential expression of neuropep-
tides during burn wound healing might lead to nove! intervention strategies in prob-
lematicaily healing burn wounds.

MATERIALS AND METHODS

Patients and biopsies

Twenty-two patients, age 19-74 years (mean age: 40 years), were treated for burns at
the Burn Center of the Red Cross Hospital in Beverwijk, The Netherlands. The extent
of the total burn injury in each case varied from 5 to 78% (mean: 15%) of the lotal
body surface area, with superficiat to full-thickness burns. This study was approved
by the Medical Ethics Commnittee of the Red Cross Hospital, Beverwijk, The Nether-
lands (no. 1091/95).
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After oblaining informed consent from each patient, 3 mm punch biopsies were taken
of two partial-thickness burns which were conservatively treated, at three time points:
| month, i.e. after re-epithelialization had been completed (mean: 3.8 weeks, stan-
dard error (SEM): 0.4 weeks), 4 months (mean: 17.0 weeks, SEM: 0.9 weeks)and 7
months post-burn time (mean: 30.4 weeks, SEM: 0.9 weeks)., Malched unburned
skin of the same patienl was oblained only al | month post-burn time. At 4 and 7
months post-burn time, the scars were classified as normotrophic or hypertrophic
using the Vancouver Scar Scale, a classification system on the basis of consistency,
efevation and color [ 18].

The biopsies were fixed in Zamboni’s solution for 2 hours at 4°C and then stored in
0.IM phosphate-buffered saline (PBS) with 10% sucrose for 24 hours at 4°C. After
that the biopsies were embedded in Tissue-tek (Miles, Elkhart, USA) and snap-tro-
zen in liquid nitrogen.

Immunostaining

Serial 14pim cryostat sections were cut and attached to glass slides coated with 3-
aminopropyltriethoxysilane (APES). The sections were fixed in 100% acetone for 10
minufes. Immunochistochemisiry was performed using the avidin-biotin peroxidase
complex (ABC) and nickel-diaminobenzidine enhancement | 19]. In brief, endogenous
peroxidase was blocked with 0.45% H,0, and 0.1% sodium azide in PBS for 30
minutes. The sections were preincubated with 10% normal goat serum in PBS con-
taining 0.05% Triton X-100 (rinsing buffer) for {5 minutes. The incubation with the
primary antibody at the predetermined optimal dilution was performed overnight at
4°C; all other incubations were al room temperature. The antibodies applied in this
study are listed in Table 1.

The sections were washed in the rinsing butfer and incubated for 1 hour with
biotinylated goat-anti-mouse or goat-anti-rabbit immunoglobulins {BioGenex, San
Ramon, CA, USA) containing 10% normal human serwin, and finally incubated for |
hour with ABComplex (DAKO, Glostrup, Denmark). After rinsing, the immuno-
reaction was visualized by using a mixture of 3’3 -diaminobenzidine tetrahydrochioride
{Sigma Chemical, 5t. Louis, MO, USA}, nickelammonimusulfate and 0.3% H,O, for
5 minutes, slightly counterstained with Nuclear Fast Red (Sigma), dehydrated and
embedded in Entellan (Merck, Darmstadt, Germany). The negative controls com-
prised concentration-malched mouse IgG (Becton Dickinson, San Jose, CA, USA),
normal rabbit serum and oinission of the first and second step.

Assessment of sections

Two investigators (T.E.H. and V.A.) independently examined the presence of stained
nerve fibers in three linear millimeters of the biopsy, in both the epidermis and the
papilfary dermis, As not every biopsy showed sweat or sebaceous glands or
hairfollicles, those structures were not taken into account. Initial quantification using
computer-assisted image analysis was abandoned, as the available camera was not
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Table 1. Specification of the antibodies used in this study.

Antibody specificity | Antibody code | Source Dilution

PGP 9.5 13C4 UltraClone, Isle of Wight, | 1:500
UK

Sp PUOGS-UP BioGenex, San Ramon, 11750
CA, USA

NKA B55-100 Euro-Diagnostica, Malmé, | 1:2250
Sweden

CGRP M9013100 Locus Genex, Helsinki, 1:25
Finland

ViP PUO44-UP BioGenex, San Ramon, 1:1000
CA, USA

NPY NO528 Sigma, St. Louis, MO, 1:10000
USA

able to detect small nerve fibers, especially those situated in the epidermis.

The number of nerve fibers was compared wilh matched unburned skin from the
same patient. For all markers, the staining score was used in the statistical analysis,
All statistical analyses were performed using SPSS software version 5.0.2 (SPSS,
Chicago, USA, 1993). A P-value lower than 0.05 was considered statisticatly signifi-
cant.

RESULTS

Biopstes from 22 burn patients were examined. Seven patients who initially joined
the study were lost to follow-up. This resulied in 38 biopsies taken at 1 month post-
burn, 28 biopsies (20 normotrophic and § hypertrophic scars) taken at 4 months
post-burn, and 28 biopsies (18 normotrophic and 10 hypertrophic scars) taken at 7
months post-burn,

In the haematoxylin-eosin-stained sections, the epidermis of burn scars showed a
normal architecture except for the epidermal ridges and dermal papillae which were
either absent, or not as deep or as numerous as in matched unburned skin. The dermis
of the normotrophic scars showed a normal scar architecture, whereas the hyper-
trophic scars showed the typical dermal collagen organization of whorls and nodules
[20].
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PGP 9.5 expression

Matched unburned skin showed an extensive pattern of nerve fibers in the desmis and
epidermis (Table 2). In the burn scar nerve fibers were present already at | month
post-burn, These fibers had increased afler 4 and 7 months. However, within the
study period the number of nerve fibers in the buin scars never reached the levels
observed in the matched unburned skin (Figure IA+B).

The nerve outgrowth in the dermis of normotrophic scars was more extensive at 7
meonths post-burn compared with that of hypertrophic scars, but not in the epidermis
(mean number of nerves in the dermis of normotrophic scars was 8.4, in hypertrophic
scars 4.4; Wilcoxon Signed Ranks test, P=0.047).

Table 2, Number of nerve fibers in the dermis or epidermis per 3 mm biopsy of
matched unburned skin and in the burn scars 1, 4 and 7 months post-burn.

Matched P-value
Marker unbumed Time point | Burned skin (Wilcoxon
skin post—bum {(mean score Signed Ranks
{mean score (months) + SEM) test)
+ SEM)
PGP 9.5 1 2005 0.01
(epidermis) 16.3+3.5 4 4.1+ 1.1 (.00
7 9.0x27 0.02
PGP 9.5 | 37209 0.00
(dermis) 16.9+3.6 4 8.2+22 0.03
7 7019 0.01
SP 1 F6+04 *
(dermis) 0.7+0.2 4 1L6+0.2 *
7 0.8+02
NKA l 1.2+03 *
(dermis) 0.7+0.2 4 1.8 0.5 ¥
7 03+0.1

*P>0.05
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Figure 1, (A} Matched unburned skin stained with an antibody against PGP 9.5, showing nerves reach-
ing into the epidermis. (B) A burn scur 4 months post-burn, stained with an antibody against PGP 9.5,
showing regencrated nerves. Original magnification x250,

Neuropeptide expression

In the dermis of the burn scars SP positive nerve fibers were detected in about 50% of
the biopsies, but in the epidermis SP containing nerves were only observed sporadi-
cally, which was comparable to matched unburned skin. There was no significant
ditference in number of SP containing nerve fibers between burn scars and matched
unburned skin, Also no significant difference was found between the scars at the
different intervals post-burn.

The dermal infiltrate clearly contained SP positive immune cells. In the epidermis SP
was also expressed by some Langerhans ceils (Figure 2). Double stainings with tryptase
(data not shown) showed that the SP positive dermal cells included mast cells. Due to
background staining of the nickel-DAB substrate, quantification of ncuropeptide-
positive cells was not feasible.

Figure 2, A burn scar 7 months post-burn, stained with an antibody against Substance P. In the epidermis
two Langerhans cells show a positive staining. Original magnification x400.

NKA containing nerve fibers were only detected in the dermis of both matched un-
burned skin and in the minority of the burn scars of the patients, at all 3 time points,
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NKA positive nerve fibers were only sporadically detected in the epidermis of matched
unburned skin, but not in the burn scars. The number of NKA positive cells in the
dermis of post-burn skin, based on their histological appearance and location prob-
ably mast cells and endothelial cells, slightly increased in lhe comrse of time.

CGRP, VIP and NPY containing nerves were detected in the dermis of both unburned
skin and burn scars, however, their number was too small for acceplable statistical
analysis. Sweat glands, if present, were innervated by a large amount of VIP positive
nerves.

In the dermis, sporadically CGRP, VIP and NPY neuropeptide positive infiltrate cells
were present. In case of NPY these cells closely resembled mast cells.

DISCUSSION

Nerve outgrowth studies in wound healing

In our study we clearly showed that nerve fibers regenerate in spontaneously healed
partial-thickness burns, in both the dermis and the epidermis, Their regeneration in-
creased in the coarse of time, but within the follow-up period of 7 months did not
reuach the levels that were observed in matched unburned skin. A significantly higher
number of nerve fibers was observed in normotrophic scars compared with hyper-
trophic scars. This suggests a possible regulating role for nerves in the scar tissue
remodeling process.

Results of studies on the regeneration of nerve fibers in distinct kinds of healing
wounds greatly differ in the literature, which might have several reasons.

First, the use of different protocols makes comparison of the results of different stud-
ies difficult, We followed the guidelines proposed by Ljungberg and Johansson in
their extensive comparison of immunohistochemical techniques for detection of nerve
outgrowth [21]. The thickness of the section is essential for the outcoine of the study:
the thicker the section, the more nerves one can evaluate in the sections. In different
studies section thickness varied from 10 [um [22] to 100 pm [23].

Second, the age of the subjects also seems to be of importance. When full-thickness
skin wounds were made on the foot of | week old rats, hyperinnervation was ob-
served, but this reinnervation pattern was far less and only transient when similar
wounds were made in adult rats [23]. In humans it was also shown that the normat
intraepidermal innervation pattern is more extensive in children than in adults [24].
Third, the origin of the wound is of importance. In rats it was shown that in surgical
full-thickness wounds reinnervation started as early as 3 days afler wounding and
resulted in hyperinnervation [23,25], whereas in burn wounds reinnervation started
only after 1 week, without showing hyperinnervation [26]. In humans, superficial
skin wounds showed extensive sprouting of nerves [27], whereas after deeper split-
thickness skin grafts nerve fibers did not appear in the dermis or epidermis [28,29].
Fourth, the use of different species is of influence on the oulcome of nerve regenera-
fion studies. A difference in the distribution of neuropeptide containing nerves in
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distinct species was found, being most abundant in pig and least extensive in man
[13,30].

Fifth, we observed that the number of nerve fibers greatly differed in normal skin
from various body sites.

We conclude that standardization of the nerve staining protocol is required for reli-
able comparison of results.

Neuropeptides studies in wound healing

In our study we observed that neuropeptide containing nerves regenerate in spontane-
ously healed partial-thickness burns.

Results of neuropeptide stainings meet the same kind of controversy as that of nerve
outgrowth. It was shown that neuropeptide containing nerve fibers regenerate 2 weeks
after wounding in rat and mice skin [31,32], but in guinea pigs neuropeptide contain-
ing nerves can be detected already 2 days after wounding [33]. These occurred in the
vicinity with regenerating blood vessels in the granulation tissue.

In humans, grafted partial-thickness burns showed SP positive nerve fibers at 4 weeks
post-burn, in numbers similar to that of normal skin [34]. However, another study
failed to show neuropeptide containing nerves in post-burn normotrophic scars [22].
In contrast to our results, another study showed that the density of NPY, VIP, SPand
CGRP containing nerves was greater in hypertrophic scars than in normal skin [22].
The investigators in the latter study did not take into account the post-burn time-
point. Furthermore, they used FITC resulting in a high concomitant background fluo-
rescence in the dermis, which complicates the quantification of nerve libers in the
dermis,

We showed that in the epidermis of a few burn scars SP positive Langerhans cells
were present. [t is known that Langerhans cells are in close contact with epiderma!
nerves, which is essential for effective signaling, as neuropeptides are rapidly de-
graded [17]. It has also been demonstrated in vitro that Langerhans cells express SP
receptors [35], but the biological effects of SP on Langerhans cells are targely un-
known,

Possibly not a particular neuropeptide, but a specific combination or a balance be-
tween different neuropeptides and their antagonists depicts the outcome of neuropep-
tide regulated tissue regeneration [30]. For example, it has been shown that SP can
induce the release of proteolytic enzymes that degrade CGRP from mast cells [36],
emphasizing the influence different neuropeptides might have on each other.

It should be considered that sensory nerves are not the only sources of neuropeptides
in the skin. A variety of neuropeptides is also expressed in keratinocytes, mast cells,
monocytes, macrophages, granulocytes and T-lymphocytes [37]. So not only the num-
ber of nerve fibers, but as a matter of fact also the total amount of neuropeptides in
the scar must be taken into account in case of investigating their role in the wound
healing process.
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Mode of action of neuropeptides in the inflammatory and proliferative phase of
wound healing

Neuropeptides have increasingly become recognized as mediators of the early phase
ot wound healing in skin. The biological properties of different neuropeptides in the
skin immune system are sumnarized in Table 3,

Injury of the skin and concomitant disruption of blood vessels lead to extravasation
of blood constituents, fotlowed by platelet aggregation and blood clotting. In this
euarly phase, SP, NKA and CGRP can increase vascular permeability and extravasa-
tion {38-41]. SP can induce smooth muscie contraction [42] and in this way inflnence
the bload tlow Lo the wounded area in the acute phase. NPY, a sympathetic neuropep-
tide, influences vasodilatation and vasoconstriction by either the inhibition of the
presynaptic receptor or activation of the post-synaptic receptor for sympathetic stimu-
lation of vascular muscle tone [43].

After platelet aggregation and blood coagulation, immune cells are trapped and gradu-
ally continue to migrate into the wounded ares. Neuropeptides are also capable of
influencing processes involved in this part of the wound healing process. SP increases
the chemolaxis of granulocytes [44,45] and activates mast cells to transcribe and
release TNF-0.{46], an early pro-inflammatory cytokine. The released TNF-o influ-
ences vascular permeability and induces the expression of adhesion molecuies on
endothelial cells. SP itself can also directly increase the expression of vascular cell
adhesion molecute-1 (VCAM-1) and intercellular adhesion molecule- 1 (ICAM-1)on
human dermal microvascular endothelial cells {47,48] and in this way facilitate trans-
migration of cells of the inunune system across the vessel wall [49,50]. CGRP can
also influence the inflammatory phase of the wound healing process. It was found to
prevent macrophage activation and to inhibit the ability of macrophages to produce
hydrogen peroxide [51].

In the proliferation phase of the wound healing process, cells like fibroblasts, endot-
helial cells and keratinocyles migrate and proliferate in order to restore the functions
of the skin. SP and NKA, both member of the tachykinin family of peptides, can
influence different aspects of this phase by activation of the tachykinin receptors.
These receptors are expressed by cells like smooth muscle cells, endothelial cells,
fibroblasts, keratinocytes and various types of immune cells, which all have arole in
the wound healing process [6,16].

Several neuropeptides can influence epithelial and fibroblast migration and profifera-
lion [52-67]. For example, VIP can inhibit epidermal growth factor (EGF)-induced
proliferation [68]. On the other hand, it was also suggested that VIP is mitogenic for
humnan keratinocyles in vitro [58,59,69,70]. Controversial effects of VIP may be due
to different expression of the (wo receptors for VIP (VIP receptor 1 and II). Tt has
been shown that these two receptors mediate distinct immunoregulatory effects [711.
Consequently not the presence of VIP itself, but of the pertinent receptor type may
determine the response and outcome.



Table 3. Biological properties of neuropeptides on skin and immune celis and their potential function in wound healing.

Monocytes +

Granulocytes Macrophages Lymphocytes Mast cells Fibroblasts Endothelial cells Keratinocytes
SP T chemotaxis T chemotaxis [87] | T proliferation T histamine release | T migration TICAM-1. VCAM- | T migration
[44.45.34) TIL-1. IL-6, TNF-¢. | [90.91] [46.93] [60.61.63.66] 1. E- and P-selectin | [32.53.57]
T migration and TFN-y TIL-2.IL-4.TL-10 | T TNF-o release T profiferation expression T proliferation
[44.45.84) production [88.89] | and IFN-y [46.93] [60.61.63.66] [47.48.84) [52.33.57]
T activation [83] T proliferation [90] | production [88.92] T matrix T proliferation T IL-Te IL-18.
T adhesion to cndo- metalloproteinase-2 | [63.74] IL-8 and GM-CSF
thelial cells [86] activity [79] T differentiation production [37.94]
[63.74
NKA | T activation [35] - - T histamine release | T migration [61.63] T proliferation [63] | -
T adhesion 1o [93] T proliferation [63]
endothelial cells T chemotaxis [61)
[86]
CGRP | T adhesion 1o 4 activation [31] 1 protiferation {100] | T histamine release | T IL-6 production T proliferation {73} | T profiferation [39]
endothelial cells L H.O. production | TI1L-2.1L-4,IL-10 | [101.102] [103)
[96.97] [51] and TFN-y T TNF-0: release
T activation [98] T phagocytosis [99] | production [92] [101,102]
VIP 1 cytotoxicity {104] TI1L-10 production | ViPrec I: - - - T migration [34]
[105] | engmomxis [71]
L IL-12 production | ViPrec If:
[106] 4 proliferation [107]
NPY | T adhesion to T chemotaxis [109] | TIL-2, IL-4.IL-10 | T histamine release

cndothelial cells
[108]

T activation [10%]

and IFN-y
production [92]

[110]

T protiferation
[L11.112]

T differentiation
[111]

4 proliferation [59]
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Substance P, NKA and CGRP influence angiogenesis by stimulating the proliferation
of arterial smooth muscle cells and endothelial cells [62,63,72,73], while SP also
enhances angiogenesis by stimulating endothelial cell differentiation, to form new
capillaries |74-76].

Mode of action of neuropeptides in the maturation and remodeling phase of wound
healing

Relatively little is known about the role of ncuropeptides in the tissue remodeling
phase of wound healing. The main feature of the maturation phase is the deposition
and remodeling of collagen in the wound. The degradation of wound collagen is
controlled by a variely of collagenases derived from granulocytes, macrophages,
keratinocytes and fibroblasts [77]. These specific enzymes are able to degrade the
triple helical structure of collagen at specific sites [78]. Tt has been shown that SP can
influence this process by increasing the overall matrix metalloproteinase-2 activity in
fibroblasts [79].

Despite earlier suggestions |22}, the role of SP in inducing hypertrophic scarring
might be minor, as SP induces fibroblast proliferation, which is not upregulated in
hypertrophic scars. The higher numbers of fibroblasts in hypertrophic scars com-
pared with normotrophic scars {80] is not the consequence of excessive fibroblast
proliferation, but due to a decreased level of apoptosis-inducing proteins in fibro-
blasts of hypertrophic scars [§1-83].

Final remarks

Studies on the rote of neuropeptides in the wound healing process need to take into
account not only the presence of neuropeptides, but also the presence of receptors
and enzymes involved in the degradation process. Recent developments in ncuropep-
tide research, like the availability of specific receptor antagonists, allow functional
studies which will give more insight into the role of specific neuropeptides and the
nervous system in wound healing and will provide tools (o interfere in case of a
disturbed wound healing process.
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ABSTRACT

Although it is known that collagen and elastic fibers regenerate in scats, no prospec-
tive study has yet been performed to investigate the dynamics of procollagen I and
elastic fiber regeneration in burn wound scars. The aim of this study was to obtain
insight into the regeneration and structure of collagen I and elastic fibers in spontane-
ously healed partial-thickness burns. Especially the difference in the regeneration of
collagen and elastic fibers in normotrophic and hypertrophic burn scars was investi-
gated. As TGF-[31 is a potent enhancer of both collagen I and elastin synthesis, we
also monitored the expression of TGF-B1 mRNA in fibroblasts in the burn scars.
Punch biopsies were taken of partial-thickness burns at I month post-burn and of site
malched control unburned skin. At 4 and 7 months post-burn biopsies were taken of
the normotrophic or hypertrophic scars devetoped in these burns. The biopsies were
analyzed for procollagen I and elastic fibers on ultrastructural and light microscopic
level, and with in situ hybridization for the detection of TGF-31 mRNA.

We showed that libroblasts in the burn scars expresscd a higher level of TGF-1
mRNA compared with control unburned skin,

The expression of procollagen [ was increased in post-burn scars, and it remained
elevated even until 7 months post-burn. Procoltagen I was significantly more abun-
dant in hypertrophic scars than in normotrophic scars, both at 4 and 7 months post-
burn.

Elastic fibers were detected in the newly formed papillary dermis of burn scars al-
ready at 1 month post-burn, suggesting that elastogenesis by fibroblasts starts in an
carly post-burn phase.

We conclude (hat the synthesis of collagen and elastic fibers in partial-thickness burn
scars is a rapidly starting process and continues for several months,

INTRODUCTION

During wound healing, a sequence of inflamumation, tissue synthesis and reorganiza-
tion results in the formation of mature scar tissue. Skin repair after burning is essen-
tially similar to healing after simple (rauma, yet burn-related ischaemia, hypoxia and
edema slow down wound healing {1]. The outcome of burn wound healing can be
normolrophic healing or abnormal wound healing resulting, for example, in chronic
uicers or hypertrophic scars [1].

The connective tissue matrix of the skin consists of interwoven, mainly collagen,
fibers, which are packed in bundles. When the skin is stretched, collagen, with its
high tensile strength, prevents tearing, and the elastic fibers return it to its original
state, Collagen makes up to 70-80% of the dry weight of the dermis, whereas elastic
fibers only account for about 2% [2]. Skin contains primarily type I collagen, with
smaller amounts of collagens type III, type IV and type V [3]. Procollagen Lis synthe-
sized by fibroblasts. After excretion from the cell, procollagen peptidases cleave the
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propeptides. The collagen I molecules, with a molecular weight of 285 kDa, can now
form: fibrils and cross link to each other to form a stable structure [4]. Elastic fibeis,
on the other hand, consist of two distinct protein components: the amorphous elastin
core and a surrounding elastic microfibril. Mature elastin fibers are made of indi-
vidual polypeptide chains, called tropoelastin (molecular weight 72 kDa), which are
covalently linked to the microfibrillar component [4].

TGF-B1 stimulates collagen [ transcription [5-7] and stabilizes elastin mRNA [8]. In
this way TGF-B1 is a potent enhancer of both collagen I and elastin synthesis.

It is known that collagen and elastic [ibers regenerate in scars {9, 10], but no prospec-
tive study has yet been done to demonstrate the regeneration of these fibers in spon-
taneously healed partial-thickness burn wounds. We therefore monitored the regen-
eration of both procollagen T and elastic fibers using transmission electron micros-
copy and immunchistochemistry in normotrophic and hypertrophic burn wound scats
during a 6-months follow-up.

MATERIALS AND METHODS

Twenty-two patients aged 19-74 years (mean age: 41 years) were treated for burns at
the Burn Center of the Red Cross Hospital in Beverwijk, The Netherlands. The extent
of the total burn injury in individual cases varied from 5% to 62% {mean: 16%) of the
total body surface area. The protocol of the present study has been approved by the
Medical Ethics Committee of the Red Cross Hospital in Beverwijk. After informed
consent had been obtained from each patient, two 3-mm punch biopsies were taken of
two spontancously healed partial-thickness burns at three time points: 1 month (after
re-epithelialization has been completed; mean: 4.8 weeks, standard error (SEM): 0.3
weeks), 4 months (mean: 17.8 weeks, SEM: 0.8 weeks) and 7 months {(mean: 30.6
weeks, SEM: 0.7 weeks) post-burn. Control unburned skin of the same patients was
also obtained at I month post-burn. At 4 and 7 months post-burn, the scars were
classified as normotrophic or hypertrophic using the Vancouver Scar Scale, a classi-
fication system based on consistency, elevation and color [11].

One biopsy of each burn was embedded in Tissue-tek (Miles, Elkhart, USA) and
frozen in liquid nitrogen for in sitn hybridization and immunohistochemistry and the
other was immediately fixed in glutaraldehyde-formaldehyde for electron micros-

copy.

Electron microscopy

After glutaraldehyde-formaldehyde fixation, the biopsies were post-fixed in 1% (w/v)
osmium tetroxide at 4°C and dehydrated in acetone. The specimens were embedded
in LX 112 (Epon). Ultrathin sections were cut and mounted on copper grids (300
mesh) and contrasted with uranyl acetate (10 minutes at 45°C) and lead citrate. They
were examined with a Zeiss 902 electron microscope.
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In situ hybridization

nsitu hybridization was performed on 5 pum frozen sections, We used a 500 bp Smal-
BamHI fragment of TGF-1 cDNA cloned into pBluescript KS (Stratagene, La Jolla,
CA, USA){12]. The specitic cCRNA probes were labeled with digoxigenin following the
manufacturer’s protocol {Boehringer, Mannheim, Germany). The in situ hybridization
was performed as described previously [12,13]. Briefly, after pretreatiment the sections
were hybridized with 50 ng of the probe per slide during 16 hours at 62°C. Subse-
quently, sections were washed in 2x standard saline citrate {SSC) with 50% formamide
at 50°C, then in 0.1x SSC with 20 mM [-mercaptoethanol at 62°C, and finally treated
with 2U/ml RNAse T1 (Boehringer) in 2x SSC plus I mM EDTA at 37°C. The
immunodetection of digoxigenin-labeled hybrids was done using nitro blue tetrazofivm
(NBT) as chromogen and bicholylindoly] phosphate (BCIP) as coupling agent
(Boehringer). The sense riboprobes were included as negative controls and did not
show aity staining.

Inununaohistocheniistry

Serial 5-Jum cryostal sections were cut and attached to glass slides coated with poly-
L-lystn and fixed in 100% acetone for 10 minutes, The slides were stained by resot-
cin fuchsin to detect elastic fibers in light microscopy. An alkaline phosphatase anti-
alkaline phosphatase (APAAP) staining method was used for detection of procollagen
type 1 as described previously { 14]. Tn brief, sections were preincubated with 10%
normal rabbit serum in phosphate-buffered saline (PBS) followed by incubation with
mouse monoclonal antibodies against human procollagen type [, This antibody was
obtained from the Developmental Studies Hybridoma Bank maintained by the De-
partment of Pharinacology and Molecular Sciences, Johns Hopking University School
of Medicine, Baltimore, USA, and the Department of Biological Sciences, University
of owa, Iowa Ciy, USA (contract NOI-HD-6-2915 from the NICHD).

All incubations were performed at room temperature, The sections were rinsed, incu-
bated for 30 minutes with rabbit anti-mouse-immunoglobulin antibodies (DAKO,
Glostrap, Denmark) and incubated for 30 minutes with APAAP (DAKQO). The
immunoreaction was visualized by using a solution containing new fuchsin (Chrona-
Gesellschaft, Kéngen, Germany), sodium-nitrite, naphtol phosphate, dimethyl-
formamide and levamisol in TRIS-HCI buffer (pH=8.0). Slides were counterstained
with Mayer’s haematoxylin and mounted in glycerol-gelatin (Merck, Darmstadt,
Germany). The negative controls involved concentration-maltched mouse IgG (Becton
Dickinson, San Jose, CA, USA) and omission of the first and second step.

Two investigators (T.E.H. and V.A.) independently assessed the staining intensity
and compared H with the expression in control unburned skin, The staining intensity
was scored, using a semi-quantitative scale ranging from () to 3 as described previ-
ously (0 = not detectable, 1 = light staining, 2 = moderate staining and 3 = strong
staining) [ {4]. In most cases there was consensus, but in case of any discrepancy the
mean value was calculated.
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Differences in the score between contral unburtied skin with burned skin, differences
over time, and differences between normotrophic and hypertrophic scars were statis-
tically analyzed using the Mann-Whitney U-test (SPSS version 5.0.2, SPSS, Chi-
cago, USA, 1993). A P-value equal to or lower than 0.05 was considered statistically
significant.

RESULTS

Biopsies from 22 burn palients were examined. This resulted in 38 biopsies taken at
| month post-burn, 34 biopsies (23 normotrophic and |1 hypertrophic scars) taken at
4 months post-burn, and 36 biopsies (24 normotrophic and 12 hypertrophic scars)
taken at 7 months post-burn,

Histopathology

In the haematoxylin-eosin-stained sections, the epidermis of burn scars showed a
normal architeclure except for the epidermal ridges and dermal papillae which were
not as deep or as numereous as in control unburned skin.

The dermis of the normotrophic scars showed a normal scar architecture, whereas
the hypertrophic scars showed the typical dermal collagen organization of whorls
and nodules [15].

The expression of TGF-f1

TGF-31 mRNA was expressed by keratinocytes in the epidermis and by fibroblasts,
endothelial cells and immune cells in the dermis of the burn scars af 1 month post-
burn. The expression decreased at 4 and 7 months, but even al 7 months post-burn
the expression in fibroblasts of the burn scars was clearly higher compared with
matched unburned skin (figures 1A+B). In matched unbuined skin TGF-31 mRNA
was expressed predominantly by basal keratinocytes and by some immune cells, en-
dothelial cells and fibroblasts in the dermis.

Procollagen I

Procollagen 1, only sporadically present in control unburned skin, was clearly
upregulated throughout both the papillary and the reticular dermis in the burn scars
at | month post-born (figure 2). Tt was mainly present in the cytoplasm of fibroblasts.
The semi-quantitative procollagen I expression was significantly increased in 31 of
the 36 scars compared with unburned control skin (Mann-Whitney U test; P<(.0005).
At 4 months and even at 7 months post-burn the procollagen I expression was stil
higher as unburned control skin (P<0.0003; figures 3A+B). At 7 months post-burn
the procollagen was mainly located as fibers in the extracellular matrix of the dermis,
The procollagen expression was significantly higher in the whole dermis in hyper-
trophic scars compared with normotrophic scars (figure 4), both at 4 months post-
burn (P<0.0005) and at 7 months post-burn (P=0.003).
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Figure 1 (A)Insitu TGF-f1 mRNA expression in the dermis at 7 months post-burn, showing abundantly
positive tibroblasts, (B) In situ TGF-BI mRNA expression in the dermis of a matched unburned skin,
showing only sporadically positive fibroblasts. Original magnification %250,

(5]

procollagen | expression mean summary score)

(=]

1 month 4 months 7 months unburaed skin
post-burn time

Figure 2. Semiquantitative score of the expression of procollagen I in burn scars at [, 4 and 7 months
post-burn, and in unburned control skin (+ standard deviation).

Elastic fibers

Int the unburned control skin, the resorcin fuchsin staining showed thin elastic fibers
in the papillary dermis. Deeper in the reticular dermis the fibers were thicker and
were running parailel to the skin surface.

At 1 month post-burn the elastic fibers were sporadically present in the papillary
dermis of the burn scars. In the npper part of the reticular dermis elastic fibers were
mostly absent, but in the deeper part they were present, although sometimes {rag-
mented. At 4 and 7 months post-burn the amount of elastic fibers increased first in the
reticular dermis and then in the papillary dermis. Their structure seemed to be differ-
ent, i.e. thinner and shorter compared to unburned control skin. Within the observa-
tion period of 7 months the elastic fibers did not reach the levels present it the normal

unburned control skin.
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Figure 3, Immunostaining of procollagen I in (A} unburned control skin, showing no procellagen |
expression, and (B) a burn scar at 7 months post-burn, showing procollagen expression, Original magni-
fication x16(}.

-l

C coll  hypertr.
B ccil | normotr.

procollagen | expression
(rnean summary scorg}

1 month 4 monlhs 7 months
post-bura time

Figured, Comparison of the relative expression of procollagen [ in normotrophic and hypertrophic burn

SCArs,

Transmission electron microscopy showed that the elastic fibers in the dermis were
fragmented at 1 month post-burn (figure 5). The elastic fibers showed a normal ultra-
structural architecture on electron microscopic level at 4 months post-burn.

DISCUSSION

The wound strength is related to the deposition of collagen and other extracellular
elements by fibroblasts. The net quantity of collagen in the skin at a certain time-
point is the result of a balance between biosynthesis and breakdown. Collagen depo-
sition and matrix remodeling after wounding is a continuous process aimed to achieve
maximal wound strength, During the remodeling phase collagen type I, the first
collagen 1o be deposited in the granulation tissue, is gradually replaced by type 1[16].
We showed the amount of procollagen I is increased in post-burn scars, and remains
clevated even until 7 months post-burn. This is in agreement with another study which
showed that collagen I mRNA levels were elevated in scars, whereas in normal skin
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Figure 5. Burn scar at [ month post-burn, showing [ragmented elastic fibers (E) phugocytosed by a
macrophage (M). Original magnification x1 106,

no collagen 1 mRNA expression was detected [17]. After binding of TGF-31 to its
receptor, & rapid induction of the transcription of collagen I takes place [5-7]. In situ
hybridization showed that fibroblasts within the burn scars expressing a higher level
of TGF-f1 mRNA compared with control unburned skin, supporting the idea that
TGF-B1 induces collagen I transcription.

Maltrix remodeling not only involves collagen synthesis, but also collagen degrada-
tion. Matrix metalloproteinases (MMP) form a family of zinc-dependent endopepti-
dases that play an important role in the breakdown of the extracellutar matrix [18].
Their expression is under the control of a variety of cytokines, hormones and oncogene
products [19], including TGF-[} which is inhibitory for MMP expression [20}.
Mast cell chymase can act as a procoliagen peptidase that cleaves the procoliagen I to
the fibrilforming collagen 1 [21]. Furthermore, TNF-¢ produced by activated mast
cells is able to stimulate MMP expression [22,23]. Since mast cell numbers are higher
in the burn scars at 7 months post-burn compared with normal skin (see chapter 4.1},
they may also be important reguiatory cells in the metabolism of the extracelluiar
matrix.

The amount of procollagen 1 is significantly higher in hypertrophic scars than in
normotrophic scars, both at 4 and 7 months post-burn. A similar difference was pre-
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viously reported at the mRNA level by Zhang et al. [17]. However, Ghahary et al,
[24] showed that the accumulation of collagen [ in hypertrophic scars is not only the
result of & higher production, but also of a reduced matrix degradation by MMP.
Our results suggest that elastic fibers regenerate at an early stage in human partial-
thickness burn wound scars. This confirms previous studies on human surgical wound
scars [9,25,26]. The fragmented elastic fibers present in the burned area are phago-
cytosed by macrophages. Elastogenesis by fibroblasts starts early post-burn, as we
detected elastic fibers in the newly formed papillary dermis of burn scars, although
sporadically, alveady at 1 month post-burn, But even after 7 months, the appearance
and quantity of the elastic fibers was not normal as the fibers were thinner and shorter
than in control unhurned skin, With confocal laser scanning we observed that the
elastic fibers lengthen in the course of time. However, during the observation period
of 7 months the three-dimensional network of the elastic fibers and collagen fibers
did not return to normatl, neither in rormotrophic nor in hypertrophic scars (data not
shown),

Elastin expression can be modulated by TGF-B1, which expression is increased in
tibroblasts of the healing burn wound. TGF-B1 is a potent enhancer of elastin synthe-
sis, largely via stabilization of its mRNA [8].

In summary, in this study we show that the synthesis of collagen and elastic fibers in
partial-thickness burn scars is a rapidly starting process, which continues for several
months.
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5  GENERAL DISCUSSION

Successlul burn wound healing is the result of a complex crosstalk between fibro-
blasts, epithelial, endothelial and immune cells resulting in restoration of the integrily
and function of the skin. This crosstalk includes direct cell-to-cell contact, cytokines
and growth factors. The pathophysiology of the transition, whereby normal wound
healing after burn injuries is modified in such a way that excess scar tissue is forimed,
is largely unknown.

In scar formation and particularly in hypertrophic scar formation the balance be-
tween collagen production and breakdown is the central aspect. Since fibroblasts are
the producers of collagen, research has been mainly focused on the role of fibroblasts
in the pathophysiology of scar formation. However, several other cell types are now
increasingly recognized as key regulators of wound fiealing via crosstalk with fibro-
blasts and endothelial cells. These cells possibly are also involved in hypertrophic
scar formation, The next paragraphs discuss the results described in this thesis aimed
to answer the questions presented in chapter 2.1. Much of the data collected point to
keratinocytes as one of the central regulating cell types involved in wound healing
and hypertrophie scar formation,

Is epidermal activation and maturation altered during the development of hy-
pertrophic scarring?

In chapter 3.1 we showed that keratinocytes express an altered phenotype in the
wound healing process, even long after re-epithelialization has been completed. We
observed a higher expression of markers for proliferation, differentiation and activa-
tion in the epidermis of scars than in normal control skin at 1 month post-burn. The
keratinocytes showed an increased expression of keratins 5, 16 and [7, filaggrin,
transglutaminase and CD36. All keratinocyte proliferation and differentiation mark-
ers showed normal expression at 7 months post-burn, with the exception of the acti-
vation marker CD36 that remained upregulated, This indicates that keratinocytes of
burn scars are still in an altered state at 7 months post-burn, Furthermore, we demon-
strated a striking difference in keratinocyte phenotype between normotrophic and
hypertrophic scars at 4 months post-burn. Keratinocytes in hypertrophic scars ex-
pressed higher levels of proliferation, differentiation and activaiton markers than did
normotrophic scars, as was demonstrated by the higher expression of keratin 16 and
CD36. The keratinocytes in hypertrophic scars might be activated by factors origi-
nating from the dermis. Alternatively, keratinocytes in the hyperactivated state might
also be the initiators of the hypertrophic process.
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Can keratinocytes influence the process of hypertrephic scarring by producing
growth factors with pronounced effects an the dermal compartment?

In chapter 3.2 we demonstrated in the epidermis of burn scars an increased produc-
tion and altered distribution of TGF-BI protein and mRNA, and of TGF—BZ, TGEF-
33, bFGF and VEGE. These growth factors have potential growth regulatory effects
on other effector cells in the wound healing process, namely fibroblasts, immune cells
and endothelial cells. TGF-B1 can increase the production of extracellular matrix
proteins by fibroblasts [{]. So fibroblasts, the main source of the extracellular ma-
trix, can be influenced by keratinocytes, which thereby influence the amount and
composition of the extracellular matrix.

Keratinocytes can influence the production and the remodeling of the extracellular
matrix in several ways. Recently, it was shown that when conditioned media from
human keratinocyte cultures were added to human fibroblast cultures, a significant
decrease in collagen synthesis was measured compared to fibroblast cultures grown
without conditioned media [2]. Co-culture experiments with keratinocytes and fibro-
blasts showed that this effect was also present in case the cells were kept physically
separated by a cell-impermeable membrane [2}. This suggests the effect is mediated
by a soluble factor and not necessarily by cell-to-cell contact,

One of the potential factors in the crosstalk between keratinocytes and fibrobiasts is
PDGF. It has been shown that keratinocytes are & major source of cutaneous PDGF,
but they do not express receptors for PDGF [3,4]. PDGF receptors do occur on
mesenchymal cells. PDGF stimulates fibroblast proliferation and their production of
extracellular matrix proteins [3,5]. This shows that PDGF is produced by keratinocyles
not as an autocrine, but as a paracrine factor. Studies using recombinant human
PDGF have shown that PDGF can improve wound healing [6].

Vice versa, keratinocytes can be influenced by fibroblasts, clearly illustrating the
intimate crosstalk between these two cell types. Fibroblasts stimutate keratinocyte
proliferation and in this way influence the re-epithelialization of wounds. Tt has been
demonstrated that in cultures of keratinocytes grown on collagen gels containing
viable fibroblasts, a virtually norimal epidermal architecture was formed within 7-10
days [7]. The extensive cooperation between these cell types is further supported by
the observation that the presence of keratinocytes as well as fibroblasts is necessary
for the formation of the basement membrane of the skin [8].

Further evidence of the crosstalk between keratinocytes and fibroblasts is: (1)
keratinocyte-derived IL-10; synergistically increases KGF and IL-6 production in
fibroblasts [7,9]; (2) fibroblast-derived KGF and IL-6 stimulale keratinoeyte profif-
cration [10-12}; and (3) fibroblasts on their turn decrease the IL-1 activity via nega-
tive feedback signaling [9], by increasing the production of IL- 1 receptor antagonist
[13].

Keratinocyles can also influence angiogenesis, In chapter 3.2 we showed that
keratinocytes in burn scars express bFGF and VEGF, potent angiogenic factors, On
their turn, vascular smooth muscle cells can produce KGF, an important imediator of
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epithelial growth and differentiation. The vascular smooth muscle cells themselves
do not express KGF receptors {14], indicating that these cells produce KGF for
paracrine purposes, e.g. to influence keratinocyte proliferation, Keratinocytes can
even upregulate the production of KGF in vascular smooth muscle cells, just like it
does in fibroblasts, by producing TL-1, which increases their mRNA and protein level
of KGF [14].

What is the confribution of immune cells in the healing process of normotrophic
and hypertrophic scars?

Besides fibroblasts, other cells in the wound bed, like macrophages, lymphocytes,
mast cells and endothelial cells, are also involved in the regulation of wound healing
[15-17]. In chapter 4.1 we demonstrated that the infiltrate in burn scars 1 month post-
burn consisted predominantly of granulocytes, monacytes, macrophages, T helper
lymphocytes and B lymphocytes. Epidermal-dermal crosstalk also involves these
immune cells, as it was previously shown that keratinocytes can influence the prolif-
eration and maturation of cells of the immune system and that keratinocytes them-
selves have important immunologic functions {18-20]. The crosstalk between
keratinocytes and T lymphocytes includes the promotion of T lymphocyte maturation
by keratinocytes [21,22] and vice versa the influence of keratinocyte proliferation by
T lymphocytes. When the supernatant of different T cell clones is added to keratinocyte
cultures derived from normal skin, the proliferation decreases [23], but when added
to keratinocyte cultures derived from pathological conditions, such as psoriasis, pro-
liferation increases [24,25].

At4 and 7 months post-burn the immune cell infittrate had returned to normal ievels,
but mast cell and Langerhans cell numbers were still increased compared with nor-
mal control skin (chapter 4. 1). Possibly these cell types are involved in the long-term
remodeling of the healing burn wound. Mast cells can influence all phases of the
wound healing process [26], by producing mediators like histamine, chymase, tryptase
and TNF-o that influence fibroblasts, immune cells and endothelial cells in vitro
[17,27}. As mast cell numbers increase in experimentally induced wounds, it is sug-
gested that they also have a role in vivo [17].The number and function of nast cells
is influenced by keratinocytes. Keratinocytes produce stem cell factor, a mast cell
growth factor, and mast cell differentiation factors [28]. On their turn, mast cells can
activate keratinocytes [27]. Trypsin, produced by skin mast cells, is able to upregulate
mRNA levels of both granulocyte-macrophage colony-stimulating factor (GM-CSF)
and IL-6 in keratinocytes. Furthermore it can increase the release of both cytokines
29].

We abserved that Langerhans cell numbers were upregulated in the tissue remodeling
phase of burn wound healing. As HLA-DR was not upregulated on the Langerhans
cells, it is conceivable that these Langerhans cell are in a different stage of differen-
tiation and thus probably exert another function than antigen presentation. Langer-
hans cells are also potent producers of several cytokines and growth factors [30] and
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in this way can modulate the tissue remodeling. The close anatomical relationship
between Langerhans cells and keratinocytes, whereby dendrites from Langerhans
cells surround several keratinocytes, suggests an active signaling between these two
cell types. Furthermore, Langerhans cells can in vitro only be cultured for a pro-
longed time when these cells are seeded into a skin equivalent, which is consistent
with an important role of keratinocytes on the growth and differentiation of Langer-
hans cells {31,32].

Taken together, epidermal-dermal crosstalk, and in particular crosstalk between
keratinocytes and immmune cells, is possibly an important factor in the regulation of
wound healing,

Are neuropeptides involved in the process of post-burn tissue remodeling?

The expression of neuropeptides and their roles are extensively discussed in chapter
4.2, Neuropeptides can regulate different aspects of the wound healing process, both
in the early and in the late phase. We observed that the number of neuropeptide
containing nerves was very limited in the burn scars, suggesting that neuropeptides
derived from nerves do not play a major role in the burn wound healing process.
However, we have to keep in mind that neuropeptides can also be produced by sev-
eral other cell types. Substance P, which can influence several cell types in the wound
healing process, can also be produced by mast cells for example [33], a cell type
which occurs in increased numbers in burn scars.

Are elastic fibers regenerated in human burn wounds, and at which pace? Does
the production of collagen normalize in the course of time?

In chapter 4.3 we showed that fibroblasts in partial-thickness burn wound scars re-
generate elastic fibers. The procollagen I production was higher in hypertrophic scars
than in normotrophic scars, demonstrating that this effector function of fibroblasts is
dysregulated under these conditions, In chapter 3.2 we showed that keratinocytes
produce TGF-B1, which is an important stimulatory factor for both elastogenesis and
collagenesis [34-37].

Besides the increased production of procollagen 1, the production of collagenases, the
enzymes mediating collagen degradation, is impaired in fibroblasts from hypertrophic
scars [38,39]. Together this leads to the accumulation of excessive extracellular ma-
trix in hypertrophic scars.

Keratinocytes are able to produce collagenases themselves. This is particularty im-
portant during re-epithelialization when collagenases are neccssary for facilitation of
the movement of keratinocytes over the collagen-rich dermis [40]. Keratinocytes can
also upregulate the production of collagenases in fibroblasts [4 1], emphasizing the
balancing role keratinocytes may play in the net amount of collagen present in human
skin,
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Conclusions

We conclude that keratinocytes fulfil important regulatory functions in the epider-
mal-dermal crosstalk during the burn wound healing process (figure 1), and propose
that the absence of these regulatory activities in the epidermis during the early phase
of the wound healing process contributes to hypertrophic scarring. This is supporied
by the observations made when a burn wound is covered with a mesh graft. A mesh
graft is a skin graft used to increase the surface of a split skin graft by making a wire-
netting structure in the grafted skin. In a part of the patients treated with a mesh graft,
hypertrophy will occur in the places where the epidermis did not cover the woundbed.
Sites where epiderinis was present from the beginning, generally heal in level with the
surrounding skin (figure 2). The excessive amount of collagen synthesis in the ab-
sence of an epidermis suggests that epidermal cells normally prevent excessive ma-
trix synthesis via interactive signaling,
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Figure 1. Cartoon illustrating the key players in the wound healing process.

In the early inflanumatory phase platelets produce an anthology of vasoactive mediators, proteases, growth
factors and chemotactic factors to recruit granulocytes, macrophages and Iymphocyies,

Macrophages play a critical role in the transition between inflammation and repair, because they provide a
second wave of growth factors and chemotactic fuctors necessary to promote the formation of granulation
tissue. Granulation tissue supports the new epidermis.

Keratinocytes will then migrate over the wounded area and proliferate. By production of several eytokines
and growth factors, they become important regutators of neovascularization, matrix formation, re-epithe-
lialization and remodeling,
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The pattern of the healed mesh graft shows two interesting points. First, the influence
of the eptdermis is strictly limited (o the transplanted area, as only the places where
the original epidermis of the graft was present, show normotrophic healing. This

Figure 2. Burn wound scar on the leg of an 18-year-old man, treated with a mesh graft, Note the mild
hypertrophy al the places where the graft did not cover the bum wound.

suggests the regulating factors produced by the epidermal cells act only locally. Sec-
ond, the epidermal cells need to downregulate the fibroblast activity at a certain time
point in the healing process. When epidermal cells are missing in the first weeks of
the burn wound healing process, fibroblast collagen synthesis proceeds and hyper-
wrophic scarring is the result. This is supported by the clinical observation that burn
wounds that take longer than 3 weeks to re-epithelialize have a higher rate of hyper-
trophy [42}. Once the process of hypertrophy has started, it is probably difficult to
stop, as delayed re-epithelialization will not prevent hypertrophic scar formation.

In a study where keratinocyles were seeded on the surface of fibroblast-populated
type I collagen gels (lattices), it was observed that a 50% decrease in the amount of
procollagen type [ and type ITl mRNA was found in the fibroblasts of the lattices after
2 and 4 days, compared with lattices without keratinocytes. No significant modula-
tion was found of other extracellular matrix proteins, like collagen types 1V and VI,
elastin and laminin [41]. This suggests a direct relationship between the absence of
keratinocytes and hypertrophic scar formation, and that other cells in the epidermis,
like Langerhans cells, seem to be less relevant for the regulation of extracellular
matrix formation. Comparison of fibroblasts of hypertrophic scars with normal fi-
broblasts demonstrated that hypertrophic scar fibroblasts showed a higher collagen
type T and type III mRNA expression and that they produced more collagen than
fibroblasts from normal skin [43,44].

These were exactly the same extracetlular matrix proteins of which the amount of
mRNA was reduced in the fibroblasts of the lattices seeded with keratinocytes as
mentioned above. These two studies together with our own in vivo observations,
suggest not enly a direct relationship between the keratinocytes and the fibrobiasts in
vitro, but also in hypertrophic scar formation in vivo,
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Not all patients in similar circumstsnces will develop hypertrophy, so other factors
influence this process as well. It is known that black and Asian people are 10 limes
more susceplible (o keloid and hypertrophic scar formation than Caucasians, sug-
gesting a genetic predisposition [45].

Future research

Further research is needed to unravel the precise molecular interactions between
keratinoeyles, (throblasts and the other effector cells in wound healing. In vitro stud-
ies on the influence of different cytokines and growth factors, produced by
keratinocytes, on the proliferation and function of fibwoblasts should give more in-
sight info the Factors involved in the crosstalk between these cell {ypes. As fibroblasts
in scars are in a potentiaily activated state, it is important that in studies on hyper-
trophic scar fibroblasts the comparison is made with fibroblasts from normotrophic
scars and not with fibroblasts from normal skin, as often has been done so far [46-511.
In vivo sludies are crucial to increase the insight into the interaction of the different
cell types, as the complex interacticns in the skin can never be fully repreduced in
vitro. For example, TGF-B 1, a potent inhibitor of keratinocyte proliferation in vitro,
can act stimulatory as well as inhibitory on keratinocyte proliferation in mouse skin
in vivo [52].

In situ hybridization studies whereby different cytokines and growth factors in
keratinocytes, fibroblasts and endothelial cells are closely monitored at different time
peints, should also give more insight into the factors influencing the wound healing
process. In vivo studies using antagonists against these factors or neutralizing anti-
baodies, can give important additional, functional information. As hypertrophic scar-
ring is a process unique 0 man [53], research in other species is unlikely to give
answers to the ctiopathology of this disorder.

Left-right comparison studies with skin biopsies taken from burn patients whereby
one part of the burn is treated with particular growth lactors or inhibitors, and an-
other part not, should be extremely valuable. However, such studies are likely diffi-
cult to perform from both the patient’s and a medical ethical point of view. Already in
the present study we encountered quite some difficulties in collecting biopsies tfrom
bugn patients.
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SUMMARY

During wound healing, a sequence of inflammation, tissue regeneration and reorgani-
zation results in the formation of mature scar tissue. Skin repair after burning is
essentially similar to healing after simple trauma, yet burn-related ischaemia, hy-
poxia and edema slow down wound healing. The process of burn wound healing can
result in a normally healed wound or in an abnormally healed wound, for exampie a
chronic ulcer or a hypertrophic scar. Besides disabling contractures and disturbing
cosmetic aspects, hypertrophic scars also cause a variable degree of discomfort, such
as severe itching,

The aim of this study was to search for factors in the burn scar which can be respon-
sible for the formation of a hypertrophic scar and which may explain the clinical
complaints such as pain and itch.

In our study, 29 burn patients were included which were treated at the Burn Center of
the Red Cross Hospital in Beverwijk, The Netherlands. One month post-burn, i.e.
when re-epithelialization was usually completed, 3 mm skin biopsies were taken of
two partial-thickness burn-sites and of a control unburned skin-site. Three and six
months later, biopsies were taken from the same burn-site as the 1 month post-burn
biopsy. To investigate the involvement of keratinocytes, immune cells, neuropeptides
and fibroblasts in burn wound healing and in particular in hypertrophic burn wound
healing, we evaluated their presence by immunohistochemistry, electron microscopy
and in situ hybridization in biopsy sections.

In chapter 3.1 we describe the analysis of the biopsies for markers of keratinocyte
profiferation, differentiation and activation (keratins 5, 10, 16 and 7, filaggrin,
transglutaminase and CD36). We observed a higher expression of these markers in
the epidermis of scars at | month post-burn, compared with normal control skin of
healthy persons. There was a striking difference between normotrophic and hyper-
trophic scars at 4 months post-burn, Keratinocytes in hypertrophic scars displayed a
higher level of proliferation, differentiation and activation than did normotrophic
scars. At 7 months post-burn all keratinocyte proliferation and differentiation mark-
ers showed a normal expression, but the epithelial activation marker CD36 remained
upregulated in both normotrophic and hypertrophic scars. We hypothesized that the
development of hypertrophic scarring is not an isolated dermal defect, but rather the
result of a defect in the crosstalk between dermal and epidermal cells.

Chapter 3.2 describes the expression of the growth factors TGF-B1, -2, -B3, bFGF
and VEGF in the epidermis, which was analyzed by using both immunohistochemis-
try and in situ hybridization. We observed a higher expression of alt growth factors
studied in the epidermis of scars at 1 month post-burn than in control unburned skin.
At 4 months the keratinocytes still displayed a higher expression of TGF-B3 and
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bFGF, but the expression of TGF-B1, TGF-P2 and VEGF in the epidermis had nor-
malized. The expression of TGF-[33 in the epidermis of hypertrophic scars was slightly
higher than in normotrophic scars. At 7 months post-burn all growth factors studied
showed a normal expression in the keratinocyltes. Our results suggest that keratinoeytes
are not “bystanders” in the repair process, mainly important for re-epithelialization,
but also regulate the scar maturation.

The role of the dermal compartment in the spontaneous healing of partial-thickness
burns is discussed in chapter 4. In chapter 4.1 we investigated the participation of
immune cells in burn wound healing by using immunohistochemistry and markers
characteristic for Langerhans cells, monocytes, macrophages, granulocytes, T helper
and T cytotoxic lymphocytes, B lymphocytes, NK cells and mast cells, The infiltrate
in the { month old burn scar consisted predominantly of granulocytes, monocytes,
macrophages, T helper lymphocytes and B tymphocytes. After 4 and 7 months, most
immune cell numbers had turned to normal, but mast cell and Langerhans cell num-
bers were still increased compared with normal control skin. No ditfercnce was ob-
served in immune cell numbers from normotrophic and hypertrophic scars, We con-
clude that phagocytes and lymphocytes likely play a role in the early phase of the
burn wound healing process, but not in the process of hypertrophic scarring. Further-
more, Langerhans cells and mast celis may be regulatory cells in the remodeling
phase of burn wound healing.

In chapter 4.2 we studied the outgrowth of neuropeptide containing nerves in the burn
wound scars by using immunochistochemistry and Protein gene product 9.5 (PGP 9.5)
lor the detection of nerves, and substance P, neurokinin A, calcitonin gene-related-
peptide, vasoactive intestinal peptide and neuropeptide Y for the detection of neu-
ropeptides. We showed that nerve fibers regenerate in spontancously healed partial-
thickness burns, in both the dermis and the epidermis. The regeneration increased in
the coarse of time, but never reached the levels present in control unburned skin. We
found a significantly higher number of nerve fibers in normotrophic scars compared
with hypertrophic scars. This suggests a possible regulating role for nerves in the
scar tissue remodeling phase and hypertrophic scar formation. However, the number
of neuropeptide containing nerves did not differ between normotrophic and hyper-
trophic scars, suggesting that the studied neuropeptides do not have a major influ-
ence.

Finally, in chapter 4.3 we describe the regeneration of elastic fibers and the produc-
tion of collagen by fibroblasts by using both electron microscopy and immunohis-
tochemistry. Furthermore, we detected TGF-B1 mRNA by in situ hybridization. We
showed that the expression of procollagen I was increased in post-burn scars and that
it remained elevated at least 7 months post-burn. Procollagen | was significantly
more abundant in hypertrophic scars than in normotrophic scars, both at 4 and 7
months post-burn.

Elastic fibers were detected in the newly formed papillary dermis of burn scars al-
ready at I month post-burn, suggesting that elastogenesis by fibroblasts starts early
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in the burn wound healing process, However, the quantity and architecture of normal,
healthy elastin was not reached within the observation period of 7 months of this
study.

The fibroblasts in the burn scars expressed a higher level of TGF-B1 mRNA at all
intervals post-burn, compared with fibroblasts in control unburned skin. This is in
agreement with other studies that showed that TGF-P1 contributes to increased col-
lagen and elastin synthesis. We conclude that the synthesis of collagen and elastic
fibers in partial-thickness burn scars is a rapidly starting process which continues for
several months,

Untif recently it was thought that both the cause and the consequences of hyper-
trophic scars were situated in the dermis. The reason for this is that microscopically
the difference between normotrophic and hypertrophic scars lies in the dermis. In the
hypertrophic scar there is an extensive collagen deposition, and the collagen fibers
are not arranged regularly. From our studies we conclude that the development of
hypertrophic scarring is not an isolated dermal defect, but rather the result of a defect
in the crosstalk between dermis and epidermis. The keratinocytes exhibit important
local regulatory functions in the burn wound healing process. The hypertrophic heal-
ing, which is ofien observed after severe burn injuries, may well be due to the absence
of these regulatory activities of the epidermis in the early phase of the wound healing
process.

Future research on burn wound heating and the etiopathology of hypertrophic scar
formation should include molecular interactions between keratinocytes, fibroblasts
and the other effector cells in wound healing. In vitro studies on the intluence of
different cytokines and growth factors, produced by keratinocytes, on proliferation
and function of fibroblasts should give more insight into the factors involved in the
crosstatk between these cell types. In situ hybridization studies whereby different
cytokines and growth factors in keratinocytes, fibroblasts and endothelial celis are
closely monitored at different time points, should give additional insight, In vivo
studies using antagonists against these factors or neutralizing antibodies can supple-
ment these data with functional information. Such studies are crucial as the complex
interactions in the skin can never be reproduced in vitro.

As hypertrophic scarring is a process unique to man, research should focus on hu-
mans, because research in other species is highly unlikely 1o lead to relevant answers
to questions on the etiopathology of this problem,






SAMENVATTING

De genezing van een wond verloopt schematisch in drie fasen:

1) de ontstekingsfase, waarbij het lichaam op de verwonding hetzelfde reageert als
bij een ontsteking: er ontstaat roodheid, warmte, een zwelling en pijn.
Granulocyten, lymfocyten en macrofagen voorkomen infectie van het wondgebied
en produceren diverse groeifactoren en cytokinen die nodig zijn voor een goede
wondgenezing;

2} deregeneratiefase, waarbij de opperhuid, de bloedvaten en het bindweefsel op-
nieuw worden aangemaakt,

3) de remodelleringsfase of maturatiefase, waarbij er een herstructurering van het
bindweefsel plaatsvindt als gevolg waarvan het weefsel van de littekens sterker
wondt,

Brandwonden genezen op dezelfde manier als andere wonden, zoals snijwonden, al-
leen gaat het proces langzamer, Dit komt doordat bij verbrandingen vaak een grool
oppervlak is aangedaan en er in de wond ecn tijdelijk gebrek aan zuurstof en voe-
dingsstoffen is.
Als tijdens de remodelleringsfase cen overmaat aan bindweefsel in de lederhuid wordt
gemaakt, en/of dit onvoldoende wordt afgebroken, kan er een zogenaamd hypertrofisch
litteken ontstaan, in tegenstelling tot een normaal, normotroof litteken. Zo’n
hypertrofisch litteken is niet alleen cosmetisch storend, maar kan ook aanleiding tot
klachten geven, zoals jeuk en pijn. Dit komt relatief veel voor bij kinderen. Hiervoor
is tot dusver geen afdoende behandeling, omdat inzicht in de corzaak van het ontstaan
van deze hypertrofe littekenvorming grotendeels ontbreekt. De meest gebruikte be-
handeling is de toepassing van druk door middel van strakke elastische kieding, zodat
het litteken als het ware geen ruimte heeft om vit (e groeien,
Het doel van het onderzoek dat in dit proefschrift is beschreven, was het vergroten
van het inzicht in de genezing van (weedegraads brandwonden en met name in de
achtergrond van de vorming van hypertrofische littekens en de daarmee gepaard gaande
klachten.
Hiertoe werden bij 29 pati€nten van het Brandwondencentrum van het Rode Kruis
Ziekenhuis in Beverwijk huidbiopten afgenomen. De biopten werden afgenomen van
een conservatief behandelde rweedegraads brandwond, en van onverbrande huid als
controle, één maand na het ontstaan van de brandwond. Na 4 en 7 maanden werden
opnienw huidbiopten afgenomen. De biopten werden genomen van zowel de normotrofe
als hypertrofe littekens die zich in deze brandwonden hadden ontwikkeld. De
huidbiopten werden vervolgens met behulp van immunohistochemie, in situ hybridisatie
en elektronenmicroscopie onderzocht.
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In hoofdstuk 3.1 wordt het herstel van de opperhuid (epidermis) na verbranding be-
schreven, Dit werd bestudeerd met behulp van markers die karakteristiek zijn voor de
proliferatie, differentiatie en activatie van de opperhuideellen, de keratinocyten (keratine
5, 10, 16 en 17, filaggrine, transglutaminase en CD36). Een maand na de verbran-
ding komen deze markers in verbrande huid verhoogd tot expressie ten opzichte van
nortale huid. Na 4 maunden is er een verschil te zien tussen hypertrofe en normotrofe
littekens, In de hypertrofe littekens is niet alleen de activatie, maar ook de proliferatie
en differentiatie van de keratinocyten nog steeds verhoogd, terwijl de keratinocyten
van de normotrofe littekens alleen nog tekenen van verhoogde activiteit vertonen, Na
7 maanden is dit verschil verdwenen. De keratinocyten van beide soorten littekens
brengen dan wel nog steeds de activatiemarker CD36 tot expressie. Geconcludeerd
kan worden dat bij een hypertroof liticken de afwijkingen niet alleen te vinden zijnin
de lederhuid (derinis), maar ook in de epidermis. De vorming van een hyperiroof
littcken is waarschijnlijk niet een geisoleerd dermaal defect, maar meer het gevolg
van een defecte interactie (crosstalk) tussen de dermis en de epidermis.

In hoofdstuk 3.2 is de productie van de groeifactoren TGF-B1, -B2, -B3, bEGF and
VEGEF door de keratinocyten onderzocht met behulp van zowel immunohistochemie
als in situ hybridisatie. Na | maand produceerden de keratinocyten deze groeifactoren
in verhoogde mate. Na 4 maanden kwam TGF-[3 in keratinocyten van hypertrofe
littekens verhoogd tot expressie in vergelijking met normotrofe littekens. De productie
van alle groeifactoren nam vervolgens af en was na 7 maanden in de littekens verge-
lijkbaar met normale huid.

Onze resultaten geven aan dat de keratinocylen tijdens het wondgenezingsproces niet
alieen betrokken zijn bij de vorming van nieaw epitheel ter bedekking van het onder-
liggend weefsel, mauar ook direct of indirect invloed uvitoefenen op andere cellen die
betrokken zijn bij het wondgenezingsproces.

In hoofdstuk 4.1 wordt de aanwezigheid van diverse typen immuuncellen tijdens het
wondgenezingsproces beschreven. Na | maand zijn de volgende typen witte bloedcel-
len in de zich herstellende wond aanwezig: granulocyten, monocyten, macrofagen,
helper T lymfocyten en B lymfocyten. Deze cellen zouden dus van invloed kunnen
zijn op de vroege fase van het wondgenezingsproces. Na 4 en 7 maanden zijn hun
aantallen genormaliseerd; wel komen Langerhanscellen en mesteellen dan in verhoogde
aantallen voor. Wij vonden geen verschii in het aantal immuuncelien tussen normotrofe
en hypertrofe littekens. Het is mogelijk dat de Langerhanscellen, samen met de mest-
cellen in de dermis, in brandwondlittekens een regulerende functie hebben in de
remodelleringsfase van de wondgenezing.

Hoofdstuk 4.2 beschrijft de uitgroei van neuropeptide-bevattende zenuwen in de
brandwondlittekens. We caderzochten dit met behulp van immunchistochemie van
PGP 9.5 voor de detectie van zenuwen, en substance P, neurokinine A, calcitonine
gene-related-peptide, vasoactief intestinaal peptide en neuwropeptide Y als
neuropeptiden. Reeds na | maand waren er zowel in de dermis als in de epidermis
zenuwen aanwezig. Het aantal zenuwen nam progressief toe, maar na 7 maanden was
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het aantal nog steeds niet gelijk aan dat in normale huid. In hypertrofe littekens werd
minder vitgroei van zenuwen waargenomen dan in normotrofe, hetgeen erop zou kun-
nen wijzen dat zenuwen mogelijk een regulerende functie in de remodelleringsfase
hebben. Neuropeptiden-bevattende zenuwen kwamen echter nauwelijks voor in de
brandwondlittekens, wat suggereert dat zij geen belangrijke invloed unitoefenen op het
brandwondgenezingsproces.

Hoofdstuk 4.3 beschrijft de uitgroei van elastische en collagene vezels in het bind-
weefsel van brandwondlittekens met behulp van immunohistochemie, elektronen
microscopie en in situ hybridisatie. We namen waar dat elastische vezels al vrij snel
na de verbranding weer worden aangemaakt in brandwondlittekens. De hoeveelheid
en de morfologie van de elastische vezels was na 7 maanden echter nog steeds afwij-
kend in vergelijking met normale huid.

De aanmaak van collageen type [ was verhoogd tijdens het brandwondherstelproces.
In hypertrofe brandwondlittckens was er een grotere aanmaak van collageen type I
dan in normotrofe, wat de grotere hoeveelheid bindweefsel in de hypertrofe littekens
verklaart. TGF-f1 mRNA bleek in verhoogde mate tot expressie te komen in de
fibroblasten van brandwondlittekens. Dit is een belangrijke waarneming, omdat
TGE-B1 een regulerende groeifactor is voor de aanmaak van zowel collageen als
elastine door fibroblasten.

Tot nog toe werd gedacht dat de hoofdoorzaak en het gevolg van hypertrofe littekens
in de dermis gelegen was, Het onderzoek dat in dit proefschrift wordt beschreven,
toont aan dat de epidermis hier ook bij betrokken is. Waarschijnlijk is de interactie
tussen de keratinocyten en de fibroblasten belangrijk voor de functie van zowel de
fibroblasten als de keratinocyten. Indien de keratinocyten ontbreken in de vroege fase
van het brandwondgenezingsproces, is de kans groter dat de fibroblasten teveel bind-
weefsel gaan vormen.

Verder onderzoek is nodig om de precieze oorzaak van de vorming van hypertrofe
littekens de achterhalen. Daarbij moet met name aandacht worden geschonken aan de
groeifactoren en cytokinen die door keratinocyten kunnen worden geproduceerd, Aan-
gezien hypertrofe littekens niet voorkomen bij dieren, zijn studies met mensen onont-
beerlijk.
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LIST OF ABBREVIATIONS

ABC avidin-biotin complex

APAAP alkaline phosphatase anti-alkaline phosphatase
APES aminopropyltriethoxysilane

BCIP bicholylindolyl phosphate

bFGF basic fibroblast growth factor

CGRP calcitonin gene-related-peptide

EGF epidermal growth factor

FGF fibroblast growth factor

ICAM-1 intercellular adhesion molecule- 1
IFN-y interferon-y

TIGF insulin-like growth factor

IL-1 interleukin-1

1L.-6 interleukin-6

KGF keratinocyte growth factor

MMP matrix metalloproteinase

NBT nitro blue tetrazolitn

NEKA neurokinine A

NPY neuropeptide Y

PBS phosphate-buffered saline

PDGE platelet-derived growth factor
PGP 9.5 protein gene product 9.5

SsC standard saline citrate

SEM standard error of the mean

SP substance P

TGF-o transforming growth factor-o
TGF-f3 transforming growth factor-f
TNF-0. tumor necrosis factor-o,
VCAM-1  vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor

VIP vasoactive intestinai peptide
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hierbij hartelijk danken.

Speciaal wil ik een paar mensen uit deze grote groep lichten:

Allereerst mijn ouders, Heve papa en mama, bedankt voor jullie nimmer aflatende
steun. Papa, zonder u was ik nooit zo ver gekomen, dan was ik immers al bij de
klinische chemie in het 1° jaar blijven steken...

Ook richt ik een speciaal dankwoord tot mijn beide paranimfen: Richard (en Nelly!)
en Talip. Wat moest ik zonder jullie...7!
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Verder zijn er veel andere mensen die hebben bijgedragen aan de totstandkoming van
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Natuurlijk alle 29 patiénten die geparticipeerd hebben in het onderzoek, zonder hen
was het nooit gelukt!

En verder André Vooys, Anne Tio, Anmemicke Bres, oh nee, ten Bokum, Annet
Wierenga, Arjen Companjen, Corine van Helden, Daniélle Korpershoek, Erik,
Charlotte en Alex, Erna van Eenennaam, Errol Prens, Geertje de Korte, Gellof van
Steenis, Hemmo Drexhage, Henk Janse, Ineke van de Kraats, Ingrid Boere, Tngrid
Schrijver, Johanneke Ruseler, Jolanda Bouma (ja, je staat erin!), Jon Laman, Joost
Hegmans, Leo van Lieshout, Liv Wei, Marcel de Klerk, Marie-José Melief, Marjan
van Meurs, Martijn Schrama, Paul Croughs, Paul Mulder, Paul van Zuijlen, Piet van
der Heul, Pim de Boer, Raan Ramrattan, Renate Witsters, Reno Debets, Rob Benner,
Roger Troost, Rudi, Anja, David en Jefta, Tar van Os, Theo van der Kwast, Trudeke
Maoller, Wim Ang, en natuurlijk alle mensen uit Beverwijk: van het Brandwonden-
centrum, van de Brandwondenpoli, van de Brandwonden Stichting en van de Weten-
schappelijke Onderzoeksafdeling.

Dank!

“En overigens, wees gewdarschinvd; er is geen einde aan het maken van veel boe-
ken en veel doorvorsen is afinatting voor het lichaam. Van al het gehoorde is het
slotwoord: Viees God en anderhoud Zijn geboden, want dit geldt voor alle men-
sei,” Prediker 12: 12-13

Eveline.
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