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Abstract The increased incidence of non-healing skin
wounds in developed societies has prompted tremendous re-
search efforts on the complex process known as Bwound
healing^. Unfortunately, the weak relevance of modern wound
healing research to human health continues to be a matter of
concern. This review summarizes the current knowledge of
the cellular mechanisms that mediate wound closure in the
skin of humans and laboratory animals. The author highlights
the anatomical singularities of human skin vs. the skin of other
mammals commonly used for wound healing research (i.e. as
mice, rats, rabbits, and pigs), and discusses the roles of stem
cells, myofibroblasts, and the matrix environment in the repair
process. The majori ty of this review focuses on
reepithelialization and wound closure. Other aspects of wound
healing (e.g. inflammation, fibrous healing) are referred to
when relevant to themain topic. This review aims at providing
the reader with a clear understanding of the similarities and
differences that have been reported over the past 100 years
between the healing of human wounds and that of other
mammals.
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Introduction

Epidermal healing, or reepithelialization, is the renewal of the
epidermis that has been damaged by a wound or a burn.
Epidermal healing is a chief concern for wound repair since
all wounds are intended to ultimately be covered with an ep-
ithelium. The endpoint of epidermal healing is wound closure,
i.e. restitution of the epidermal continuum, so that the new
differentiated epidermis can act as a physical, chemical, and
bacteriological barrier (one of skin’s vital functions).

The increased incidence of non-healing wounds has
prompted tremendous research efforts on the complex process
known as Bwound healing^. Unfortunately however, the clin-
ical realities of non-healing wounds are often found discon-
nected from the questions addressed by modern research pro-
jects. One obvious cause for this divergence is the extraordi-
nary variability in wound presentation (size, depth, history of
wound care, co-morbidities, etc.). This makes Bwounds^ dif-
ficult to model. The other obvious cause for inadequate clin-
ical relevance is the poor reliability of in vitro and animal
models for human wounds. An evaluation of 25 potential
wound therapies revealed 15 years ago that human trials and
experimental studies agree in only 57 and 53 % of cases when
pre-clinical research was conducted in vitro and in small ani-
mals, respectively (Sullivan et al. 2001). The agreement rate
reaches 78 % when research was conducted in pigs. Because
pig research is cumbersome (due to the animal’s long life span
and higher husbandry costs), most research remains conduct-
ed in small animals. Meanwhile, the human relevance of
wound healing research continues to be a matter of concern
(Gordillo et al. 2013).

Here, I will summarize the similarities and differences in
the skin anatomy between humans and the animals used for
wound healing research (mostly the mouse, rat, rabbit and
pig). I will then review the cellular mechanisms of epidermal
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healing in humans and other mammals. Other aspects of the
wound healing process (e.g. inflammation, fibrous healing)
will be referred to when relevant to the main topic. Lastly,
the majority of the work conducted on human wounds may
appear dated to the youngest reader (in fact published well
before Bthe Internet^ was first introduced in the ‘60s). Most
of these ‘dated’ papers established basic principles of human
healing that have not been repeated since. They remain as
relevant to the understanding of human wounds as they were
when first published, and are therefore worth revisiting.

Mammalian skin anatomy

Mammalian skin is comprised of three layers: the epidermis
that comprises the surface of the skin, the dermis, and the deep
hypodermis (also called subcutaneous adipose layer). The
skin is also populated by appendages (hair follicles, sebaceous
and sweat glands), nerves, sensory corpuscles, and vascula-
ture. Among all these structures, the epidermis is the part
being restored during the reepithelialization process. This lay-
er will be described in greater detail. Other components of the
skin such as the dermis and skin appendages also have impor-
tant supporting roles in the reepithelialization process: they
provide nutritional and mechanical support and supply pro-
genitor cells for the restoration of the epidermis. Species sim-
ilarities and differences in each of these compartments are
likely to greatly impact the entire reepithelialization process.

The epidermis

The human epidermis is a stratified epithelium made of
keratinocytes organized in layers (Fig. 1). The deepest
(basal) layer lies on a basement membrane at the dermal-
epidermal junction. Basal keratinocytes can proliferate and
give rise to daughter cells that migrate towards the skin surface
in supra-basal layers. Keratinocyte upward migration is ac-
companied by a controlled, approximately 2–4 week-long,
maturation program that ultimately leads to the formation of
fully differentiated corneocytes. Corneocytes are polygonal
squames devoid of nuclei and cytoplasmic organelles, loaded
with highly cross-linked proteins, and surrounded by a lipid-
rich matrix (Elias et al. 1977). Corneocytes make the outer-
most layer of the skin (the stratum corneum) highly hydropho-
bic. The stratum corneum serves as waterproof barrier that
prevents water egress and xenobiotic ingress through the skin.
Its barrier function makes the skin a vital organ. Restoring this
vital barrier is the goal of the reepithelialization process.

The epidermis of mice, rats, and rabbits is of similar orga-
nization but much thinner than the human epidermis (com-
prises a total of two to three layers) (Gabbiani et al. 1978;
Montagna 1984b). The epidermis of hairy animals is also
typically smooth at the dermal epidermal junction

(Montagna 1972). The epidermis of domestic pigs is closer
to that of human skin: both form ridges at the dermal-
epidermal junction and have intersecting lines that form a
pattern on their external surface. However, the pig’s epidermis
contains high levels of alkaline phosphatase in its supra-basal
layers (feature solely found in pigs) and amuch denser stratum
corneum compared to humans (Montagna and Yun 1964).

The evolution of human skin

Many aspects of the anatomy of the skin (pigmentation, der-
mis, adipose tissue, skin appendages) are unique to humans
compared to non-human mammals. The singularity of human
skin has developed late during evolution, when the genus
Homo (and its only surviving species H. sapiens) developed
via its adaptation to endurance running (Bramble and
Lieberman 2004). Many energetic, skeletal, and stabilizing
features facilitated this evolution. A sine qua non condition
to endurance running is the ability to dissipate the metabolic
heat generated by prolonged muscle activity. To achieve en-
during thermoregulation, drastic changes have been made to

Fig. 1 Organization of the human epidermis. The human skin epidermis
is a stratified epithelium comprised of four levels (or strata) on most body
sites. These strata are (from deep to superficial): (1) the basal layer (or
stratum basale), a unique layer in unwounded skin that contains
proliferative keratinocytes and inter-follicular keratinocyte stem cells;
(2) the spinous layer (stratum spinosum) is made of several layers of
polyhedral keratinocytes that have lost their proliferation potential and
initiated differentiation; (3) the granular layer (stratum granulosum). Its
granulated appearance in hematoxylin and eosin staining is due to the
presence of kerato-hyalin granules, which are filled with proteins highly
cross-linked with keratin filaments; and (4) the horny layer (stratum
corneum), made of 15–20 layers of cornified (dead) cells devoid of
nucleus or cytoplasmic organelles. In addition, a stratum lucidum can
be distinguished between stratum granulosum and stratum corneum in
the thick skin of the palms and soles. In older publications, the reader
might commonly find the description of a Malpighian layer (which
comprises stratum spinosum and stratum granulosum), prickle cells
(cells of the stratum spinosum in which many desmosomes can be
seen), or prickle cell layer (stratum spinosum)
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the skin. These changes include reduction in body hairs
(which typically act as insulators), apparition of eccrine sweat
glands on hair-baring skin (to allow evaporative heat loss),
extra innervation (which connects sweat glands to the hypo-
thalamus and its heat set-point), and increased vascularization
(to feed sweat glands and to regulate skin blood flow). As a
result, a human being can generate up to four liters of sweat
per hour through his/her skin to maintain constant body tem-
perature (Sato et al. 1989).

Reduced body hair

Human hair follicle density varies upon skin sites. In
Caucasians, hair follicle density is the highest on the head
and face (~800/cm2), lowest on the lower leg and upper arm
(~50/cm2), and similar on chest, abdomen, back, and forearms
(65–95/cm2) (Szabo 1967). Since these initial numbers were
introduced, several other studies have found slightly lower
hair follicle densities on human skin: ~350/cm2 on the head,
~25/cm2 on legs and arms, and ~35/cm2 on chest and forearms
(Hwang and Baik 1997; Sinclair et al. 2005; Rittié et al.
2013a).

Hair follicle density is also relatively low in the domestic
pig, but only when considering adult animals (~10–20/cm2) as
opposed to neonatal pigs (~730/cm2) (Ferry et al. 1995;
Mangelsdorf et al. 2014). In contrast, small animals typically
used for wound healing research have an abundant fur with
follicle density assessed as high as ~1600/cm2 in rat,
1800/cm2 in rabbit, and ~5000/cm2 in mouse skin
(Mangelsdorf et al. 2014).

The hair follicle and associated sebaceous and apocrine
glands (when present for the latter) form the Bhair follicle
complex^ (Bpilosebaceous unit^ in humans). Hair follicle
complexes are grouped by two or three in all animals and this
feature was maintained in humans (Meyer 2009). In humans,
pigs, and guinea pigs, each follicle has its own inherent
rhythm. In most rodents however, follicles are synchronized
by groups and cycle by waves (Stenn and Paus 2001). In
rodents, each hair follicle is connected to two sebaceous
glands (on opposite sides) whereas there is only one seba-
ceous gland per hair follicle in pigs and humans (Bigelman
and Mertz 2004). The basic morphological organization of
hair follicle complexes is similar in all animals although struc-
tural details may vary among species (Montagna 1967).

Apparition of eccrine sweat glands on hair-baring skin

All mammals have eccrine sweat glands on their paws (palms
and soles in apes and humans). In addition, humans are unique
in that they have millions of bodily eccrine sweat glands dis-
tributed throughout their hair-baring skin. Although structur-
ally alike and producing a similar water-based sweat, these
two types of eccrine sweat glands form two distinct sub-

categories based on their function and characteristics. Sweat
is made on the palms and soles to increase adherence and grip.
Palm and sole sweat glands react primarily to psychogenic
signals (such as fear and stress), for they primarily respond
to adrenergic stimulation. In contrast, bodily sweat glands
produce sweat to regulate body temperature. They are con-
trolled by the hypothalamus and primarily respond to cholin-
ergic effectors (as for salivation and digestion) (Marples 1965;
Cui and Schlessinger 2015). Indicative of their different
phylogenic origin, paws and body eccrine sweat glands appear
at different times during development (16th vs. 22nd week in
humans, respectively), both from invagination of the epider-
mis (Siver et al. 1964; Marples 1965; Montagna 1984b).

Eccrine sweat glands are independent from pilosebaceous
units. They are made of a coiled tubular epithelium associated
in its coiled secretory portion with myoepithelial cells that
allow sweat excretion. Eccrine sweat glands are solitary and
evenly distributed throughout the skin, although their density
varies upon skin sites (Sato and Sato 1983; Hwang and Baik
1997). Their coil is closely associated in the deep dermis with
nerve endings, adipose pockets, and vasculature.

In pigs, so-called Beccrine^ sweat glands are histologi-
cally distinct (they are branched tubular glands with a se-
cretory epithelium), and are found only on the snout, lips
and carpal organ (Montagna and Yun 1964). On the rest of
the skin, pigs have another type of gland: the Bapocrine^
sweat glands. The term Bapocrine sweat gland^ is a remark-
able misnomer for two reasons: 1) these glands have little
to do with sweating, and 2) they have a merocrine (not
apocrine) type of secretion (i.e. cells remain intact upon
secretion). Apocrine glands are coiled tubular epithelial
glands associated with hair follicles and are thus part of
the hair follicle complex. They have an oily secretion that
discharges within or near the tip of the infundibulum
(Montagna 1972). They produce lubricant for the fur and
are thought to protect skin from rain in animals with other-
wise thin stratum corneum [such as in hoofed animals (e.g.
horses, camels) and non-human primates (e.g. gorillas,
orangutans)]. In humans, apocrine sweat glands develop
from virtually all hair follicles between the 20th and
the 24th week of development, but regress soon after
(Montagna 1984a) except in the axillae, areola of nipple,
and genital areas, where they fully develop after puberty
(Saga 2002).

Increased vascularization

The skin of human beings is highly vascularized compared to
non-human mammals. Blood enters human skin via small
arteries that branch to arterioles, which branch again into cap-
illaries (Fagrell 1984). Human skin vascularization supplies a
superficial plexus that allows increased skin blood flow (and
heat loss by convection), nutritional capillaries that feed the
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epidermis, and deeper vascularization connected with hair fol-
licles and eccrine sweat glands (which produce sweat from
plasma). All are connected through numerous vertical seg-
ments and anastomoses (Fagrell 1984). Once blood has passed
the capillaries, it exits the skin through one or more systems of
venous plexuses (Fagrell 1984). In all, human skin blood sup-
ply greatly exceeds what is needed for metabolism (Montagna
1984b).

The vasculature of porcine skin resembles that of humans
for the presence of a lower, a mid-dermal and a sub-epidermal
plexus (Forbes 1967), although the sub-epidermal vascular
plexus is significantly less dense in porcine than in human
skin (Vardaxis et al. 1997). Porcine skin also has less vascu-
lature around the hair follicles and sebaceous glands vs. hu-
man skin (Montagna and Yun 1964). Comparatively, small
rodents have a rudimentary vasculature consisting of two
horizontal networks: the primary network is above the
panniculus carnosus and below the adipose tissue, while the
dermal network encircles the neck of hair follicles. Vertical
vessels connecting the two networks run along the regularly-
spaced large hair follicles [shown in haired and hairless mice:
(Rea 1968; Forbes and Urbach 1969)]. Relative paucity of
vertical connection makes the depth at which the blood cir-
culates hardly controllable [shown in hairless mouse:
(Argenbright and Forbes 1982)]. Thus, rodent hair-baring
skin has low basal and stimulated blood flow [shown in
haired mouse: (Forbes and Urbach 1969) and in rat:
(Rendell et al. 1993)]. In contrast, hare and rabbit ear skins,
which fulfill a thermoregulation function, are also highly
vascularized (Montagna 1984b).

Anatomical compensations and compensatory losses

To compensate for the loss of hair (and related insulation),
human skin acquired an adipose layer that is much thicker
than in smaller mammals, albeit variable among skin sites
(Fig. 2). Sensory innervation is also more developed in
humans than other mammals (Montagna 1977).

Extra skin features have been lost during evolution. Pig and
humans are tight-skinned animals, as opposed to most other
mammals such as mice, rats or rabbits that are loose-skinned
animals. The latter is characterized by the presence of a
panniculus carnosus, a layer of striated muscle lying beneath
a relatively thin adipose layer. The panniculus carnosus makes
the skin independent from deeper muscles and allows large
skin movements (the skin thus appears unattached or loose).
The panniculus carnosus is particularly important in the con-
text of wound healing: its rich vascular supply constantly irri-
gates the wound bed [shown in rabbits: (Billingham and
Russell 1956)], and it promotes a strong wound contraction
that reduces the diameter of a wound by half during the first
24 h of healing [shown in rabbits: (Billingham and Russell
1956; Snowden et al. 1982)].

Implication for wound healing research

Pig and human skin appear anatomically close, or at least
closer to each other than to the skin of mice, rats, or rabbits.
Indeed, pigs and humans both have an epidermis and dermis
thickness combined of ~1–3 mm (Ferry et al. 1995). The hair
is sparser in both species when compared to most other mam-
mals, and their dermal connective tissue contains elastic fibers
(absent in rodents and rabbits). Epidermis and vascularization
are comparable, and they both are devoid of panniculus
carnosus (except for some remnants on a few sites
(Greenwood 2010)), and thus do not contract their wounds
early on. In contrast, humans have pilosebaceous units that
are devoid of apocrine glands, and have millions of eccrine
sweat glands throughout their bodies.

All things considered, anatomical similarities and differ-
ences between species might begin to explain that the porcine
model is the best prognosticator of human outcome for testing
wound healing treatments (Sullivan et al. 2001). We will see
below that this agreement rate is higher for some aspects of the
wound healing process (including reepithelialization) and
lower for others (dermal healing).

Phases of skin repair

The term Bwound healing^ designates a complex series of
biological processes that are typically described as the succes-
sion of three overlapping phases: inflammation, tissue forma-
tion (or proliferation phase), and tissue remodeling (Fig. 3).
The inflammation phase is sometimes sub-divided into vascu-
lar response (hemostasis) and cellular response (inflamma-
tion). Overall, the inflammation phase consists in platelet ac-
tivation that leads to formation of a fibrin clot and secretion of
chemotactic agents followed by recruitment of neutrophils
(cleanse the wound of foreign particles including bacteria),
T-cells (sustain inflammation and recruit monocytes), and ac-
tivation of macrophages (clear out debris) (Martin and Muir
1990; Clark 1996; Mehendale and Martin 2001; Havran and
Jameson 2010; Su and Richmond 2015). The role of the in-
flammatory phase is to cleanse the wound from foreign cells
and molecules before rebuilding the skin.

The tissue formation phase consists in repairing the wound
site by restoring the different parts of the skin that have been
damaged: epidermis (by a process called reepithelialization,
the focus of this review), dermis, and other structures (blood
vessels, nerves, pilosebaceous units, and eccrine sweat
glands). The nature of the wound will dictate not only the
cellular mechanisms by which the tissue formation phase will
take place, but also the time required for its completion (see
below).

The last stage of the wound healing reaction is the
remodeling phase, during which all of the processes that
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were activated until this point will be gradually turned off.
This maturation phase will tentatively normalize epider-
mal-thickness, cellular content, extra-cellular matrix com-
position, and blood vessel count as close as possible to a
pre-wound stage. Depending on the initial wound, the
end-result can be anywhere from very close to the un-
wounded skin, to severely altered both cosmetically and
functionally.

It is conventionally described that one phase needs to wind
down before the next phase takes place. For example, the
waning of the inflammatory phase is a pre-requisite for the
deposition of extracellular matrix in the wound bed (dermal
tissue formation). While an arbitrary partition in ‘phases’ is
useful for teaching and description purposes, it undermines
the fact that the wound healing process is continuous and that
all wounds are somewhat heterogeneous in their progression

Fig. 2 Human subcutaneous adipose tissue varies in thickness and
organization among skin sites. HE staining of excised skin obtained
postmortem from the posterior aspect of heel (a), the plantar aspect of
heel (b), the sacrum (c) and the center of the gluteus maximus (d). The

three layers that comprise human skin are shown. Note that the adipose
layer can be more than 1 cm-thick on some skin sites. Reproduced from
(Arao et al. 2013) with permission

Fig. 3 Phases of skin repair. The
wound healing process is
typically described as the
succession of three overlapping
phases: inflammation, tissue
formation (or proliferation phase),
and tissue remodeling. See text
for details. This depiction derives
mostly from the study of animal
wounds and illustrates a wound
repair process more segregated
and less context-dependent than
it is
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through the wound healing phases. For instance, while study-
ing shallow human wounds, we commonly saw one portion of
a wound in the inflammatory phase (evidenced by heavy in-
flammatory infiltrate) while another area has already
progressed in the tissue formation phase (evidenced by type
I collagen deposition) (L. Rittié, unpublished observation).
Thus, wound healing phases often overlap within a given
wound. This phenomenon is probably of bigger impact for
large wounds.

Wound phases partitions were also mostly established from
studying wounds in laboratory animals. Importantly, the study
of deep excisional wounds in humans revealed no correlation
between neutrophil counts and the age of the wound, demon-
strating that neutrophils persist during the healing of large
healthy human wounds (Butterworth 1992). This is not the
case in large white pigs (Dyson et al. 1988). Thus, albeit
Butterworth's results remain to be confirmed, readers need to
bear in mind that the wound healing phases described in
Fig. 3: i) derive mostly from studying animal wounds; ii) is
probablymost useful for didactic purposes; iii) depict a wound
repair process more segregated and less context-dependent
than it truly is.

The nature of the wound dictates the repair
mechanism

Successful wound reepithelialization depends on the effective
occurrence of each event of the first two phases of the wound
healing process. The amount of t ime needed for
reepithelialization to complete depends on many factors, in-
cluding specifics of the wound (e.g. location, depth, size,
cleanness) and age of the patient (Du Noüy 1916a, b;
Gillman et al. 1955).

Skin wounds can be of variable depth and thus can affect
one or more skin layers. To describe the nature of a lesion,
wounds are typically classified as partial- or full-thickness
wounds (Fig. 4). Partial-thickness wounds involve the epider-
mis and may involve a portion of the dermis. These wounds
can be further classified in Bsuperficial^ and Bdeep^ partial-
thickness wounds, depending on the amount of dermis lost.
Typically, epithelial-derived adnexal structures such as hair
follicles, sebaceous glands, apocrine glands and/or eccrine
sweat glands remain partially intact in a partial-thickness
wound. Whether superficial or deep, a partial-thickness
wound heals primarily by reepithelialization (Van Winkle
1968). In contrast, full-thickness wounds destroy the dermis,
and possibly more. They do not heal by reepithelialization
alone but require formation of a so-called granulation tissue
to fill the void of the wound before epithelial covering.

Three main approaches are used to treat a wound. The
simplest one, or primary intention, deals with uninfected sur-
gical sites or clean wounds with minimal tissue loss, and

consists in closing the wound with sutures. Healing by sec-
ondary intention typically allows the repair process to restore
larger tissue losses. It lets the wound close itself by a process
of reepithelialization, with or without contraction of the un-
derlying tissues (depending on species and wound depth; see
below). Third intention healing, which relates to more com-
plex wounds, aims at leaving the wound intentionally open for
some time (for observation, disinfection, or debridement) and
suture the woundwhen clean (Dimick 1988). In humans, most
clean full-thickness wounds are sutured (with or without
grafting) and thus heal by primary intention; epidermal repair
then consists in merging the two edges of epidermis brought
together. Two common exceptions are the wounds resulting
from excision of pilonidal sinuses and hidradenitis
suppurativa lesions. Both are frequently treated by excision
and healing by secondary intention. The reepithelialization
reaction then reaches its full significance, as a larger surface
needs to be covered with new keratinocytes.

Reepithelialization of partial-thickness wounds

Partial-thickness wounds are rarely studied in small furred
animals: i) their epidermis is about 50 μm-thick, which makes
performing partial-thickness wounding a challenge; and ii) the
extremely high hair density in small furred animals exagger-
atedly intensifies the rate of reepithelialization. Hairless spe-
cies are generally preferred. Among them, humans and pigs
both have a skin thick enough to allow repeatable partial-
thickness wounding; hence they are the most commonly
studied.

Sequence of events leading to wound closure

In humans and pigs, tissue injury causes the wound healing
response to take effect, starting with hemostasis and inflam-
mation (Clark 1996). The nature of a wound is likely to deter-
mine the length of the inflammatory phase. Larger wounds
with greater blood loss require longer hemostasis, while
wounds that can be kept closed with simple pressure will clot
faster. Similarly, a sharp injury (e.g. incision, laser wounds)
will heal faster than those that generate necrotic tissue.
Comparing self-inflicted razor and sodium sulfide (chemical
burn) wounds, Bishop observed that chemical wounding kills
cells below the level at which dead tissue is produced (Bishop
1945). Similarly, thermal injuries extend beyond the initial
burn (Tiwari 2012), and if no adequate measure is taken to
improve microcirculation around the initial burn, the adjacent
zone of stasis (i.e. where microcirculation has stopped but
cells are not quite dead) will undergo necrosis a few days
post-burn. In all, necrotic tissue may progressively widen the
initial injury and thereby act as an inhibitory factor for the
wound healing process. Removal of necrotic tissue (or
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debridement) is recommended for optimal healing (Bishop
1945; Lu et al. 2002).

Hemostasis produces a blood clot that covers the wound.
Thin blood clots will later be dissolved by the serous fluid that
oozes through the dermis (termed Bexudate^). Exudate is rich
in adhesion molecules such as fibronectin, fibrin, and
vitronectin that serve as chemoattractants and adhesion sub-
strates to various cell types (Clark 1996). The wound surface
begins to dry out and form a scab ten to eighteen hours post-
partial-thickness wounding. Sometimes referred to as
Bslough^ in moist wounds, the scab is initially a surface layer
of fibrin and dead cells (largely polymorphonuclear neutro-
phils). The scab is pervious to liquid vapors and thus dries out
from the top down until the wound bed equilibrates and is
rewetted from below (Winter 1972). Some smaller animals
form several scabs that get successively rejected and reformed
[e.g. guinea pigs: (Zahir 1965)].

The reepithelialization phase obviously overlaps with the
inflammatory phase since migratory activity of epithelial cells

has been detected within a few hours of injury [shown in
human incisional wounds: (Odland and Ross 1968) and do-
mestic pig partial-thickness wounds: (Winter 1972)]. In pigs,
new epidermis originates from hair follicles underlying the
wound, apocrine gland ducts, and wound margin (Van
Winkle 1968; Winter 1972; Miller et al. 1998). The latter
represents only 10 % of the new epidermis, with 90 % origi-
nating from appendages within the wound (Winter 1972). In
humans, the epidermis mostly originates from the piloseba-
ceous units and eccrine sweat glands underlying the wound,
with also little contribution of the wound margin (Rittié et al.
2013a). In glabrous areas (devoid of hairs) such as palms, the
new epidermis originates solely from eccrine sweat glands
(Rittié et al. 2013a). In humans, all cells in the outer layer of
the sebaceous glands and the outer root sheath of the hair
follicle (including the bulge, main stem cell niche) express
the proliferation marker Ki-67 for at least 5 days post-
wounding, both in young and elderly skin (Rittié et al.
2016). In eccrine sweat glands, all cells of the outer layer of

Fig. 4 Mechanisms of healing of partial- and full-thickness wounds in
human skin. a Unwounded human skin is highly vascularized and
contains hair follicles and eccrine sweat glands in a ratio 1:3 on most
body sites. b–d Partial-thickness wounds involve the epidermis and
may involve a portion of the dermis. They heal primarily by
reepithelialization. New epidermis forms from outgrowths of eccrine
sweat glands and pilosebaceous units underlying the wound.
Keratinocyte migration from the wound edge is minimal. Wounds heal

with minimal scarring and skin structure is minimally altered in the
repaired site. e–g) Full-thickness wounds destroy the dermis (and
possibly more). They do not heal by reepithelialization alone but
require formation of a granulation tissue to fill the void of the wound
before epithelial covering. After healing, the wound site bares a scar.
Skin structure remains greatly modified with disappearance of
appendages and altered vasculature
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the absorption portion (but almost none in the secretory por-
tion) are proliferative during the reepithelialization process
(Rittié et al. 2016). This observation suggests the presence
of stem cells in human eccrine sweat glands, but their location
and properties have yet to be established (see below).

Overall, the appendage configuration of human and pigs is
such that no outgrowth has to migrate farther than half the
distance that separates two adnexal structures before meeting
another outgrowth moving in the opposite direction. The max-
imal distance to cover to reepithelialize partial thickness
wounds is approximately 1 mm in pigs (Winter 1972), and
500 μm in humans (Rittié et al. 2013a). This feature makes the
reepithelialization much more efficient than if keratinocytes
had to migrate all the way across the surface of the wound.
Accordingly, 200-μm-deep partial-thickness wounds are fully
reepithelialized in 6 days in pigs (Winter 1972) and in 8 days
in young human adults (Rittié et al. 2013a).

Importance of stem cells for skin repair

The reepithelialization process requires abundant new cells to
replace the keratinocytes that have been lost by injury. Adult
stem cells, which are cells able to not only self-renew through-
out adult life but also generate progeny with differentiation
potential, have received exceptional attention. We will briefly
review the current knowledge of the involvement of stem cells
during wound repair, bearing in mind the following caveat:
most of our understanding of adult stem cell physiology
comes from studies in mice, which allow lineage tracing (i.e.
genetic introduction of a stable marker into a single cell to
trace all the progeny of that cell over time). Lineage tracing
experiments require genetic manipulation and are thus not
compatible with human experimentation. Therefore, mouse
observations remain potentially applicable to human healing
(until proven irrelevant). They might be only partially perti-
nent considering what is already known about many species
singularities. For instance, stem cell markers often have a pat-
tern of expression that is different in mouse vs. human skin.
One example is CD34, a marker of bulge stem cells in mice
(Arwert et al. 2012) that is excluded from the bulge region and
expressed by non-stem cells in humans (Poblet et al. 1994;
Ohyama et al. 2006; Rittié et al. 2009). Conversely, Lrig1-
positive cells (which are thought to maintain the interfollicular
epidermis in both species) are located in the upper hair follicle
(isthmus) in mice (Page et al. 2013) but in the basal layer of
the epidermis in humans (Jensen and Watt 2006). These dif-
ferences are important and might hamper translation of mouse
stem cell research to humans.

Skin epithelial adult stem cells

Under normal homeostatic conditions, various epithelial stem
cell populations maintain the differentiated lineages that make

the epithelial structures of the skin: hair follicle stem cells and
sebaceous gland stem cells maintain the hair follicle com-
plexes, and stem cells in the interfollicular epidermis maintain
the epidermis (Blanpain and Fuchs 2014; Donati and Watt
2015). Epithelial stem cell populations do not form all at the
same time during development. The hair follicle stem cells are
specified in the earliest stages of hair follicle morphogenesis
and later give rise to sebaceous gland stem cells [shown in
mice: (Nowak et al. 2008)]. It is assumed that eccrine sweat
glands are maintained by their own stem cell populations as
well, although human bodily eccrine sweat glands are remark-
ably devoid of mitosis in basal conditions, suggesting an ex-
tremely low cell turnover [shown in humans: (Holyoke and
Lobitz 1952; Lobitz et al. 1954; Rittié et al. 2013a, 2016)].
However, this turnover dramatically increases upon wounding
[shown in humans: (Lobitz et al. 1954; Rittié et al. 2013a,
2016)] or in eccrine sweat glands of skin located near surgical
sites (Morimoto and Saga 1995). These observations suggest
the presence of adult stem cells in bodily eccrine sweat glands,
as it is the case of paw stem cells in mice (Lu and Fuchs 2014).
Whether the stem cell characteristics of mouse paw eccrine
sweat glands can be translated to human bodily eccrine sweat
gland cells is an open question that should be careful explored
not only based on species differences, but also based on the
anatomical differences existing between these two
appendageal sub-categories described above.

Stem cell response to wounding

Adult stem cells have an extraordinary plasticity, a term used
to describe the functional adaptation they undergo to produce
progeny they normally do not maintain. For instance, bulge
hair follicle stem cells are activated upon full-thickness
wounding and produce progeny in the interfollicular epider-
mis for reepithelialization [shown in mice: (Taylor et al.
2000)]. This contribution is temporary as hair follicle stem
cell tracers disappear from the interfollicular epidermis several
weeks post-wounding [shown in mice: (Ito et al. 2005)]. The
dramatic increase in mitotic activity in bodily eccrine sweat
glands upon wounding noted above suggests that eccrine
sweat gland stem cells also contribute progeny for
reepithelialization. Eccrine sweat glands are able to repair
their acrosyringium (intra-epidermal portion of the sweat
gland) upon damage to the stratum corneum [shown in
humans: (Lobitz et al. 1954) and mice: (Lu et al. 2012)]. In
mice, epidermal scratch wound triggered a very minimal epi-
dermal infiltration of sweat gland-derived cells after
wounding (Lu et al. 2012), suggesting that many regenerative
cells of the hyper-proliferative epidermis originated from
neighboring epidermis. Whether the injury was too mild to
clearly establish that eccrine sweat gland could contribute to
epidermal repair in these studies remains a possibility. In
humans, complete removal of epidermis triggers a
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proliferation response that is limited to the absorption portion
(straight duct) of the gland (Rittié et al. 2016), suggesting that
potential sweat gland stem cells are located in the duct and not
the coil.

After full-thickness wounding, migrating hair follicle stem
cells lose hair follicle markers and adopt an epidermal differ-
entiation program (Blanpain and Fuchs 2014). This is a com-
mon trait: stem cell plasticity is accompanied by loss of the
corresponding stem cells’ original markers. The mechanism
for this switch is unknown. It was proposed that stem cell
characteristics are provided by the cell environment as op-
posed to endogenous cell properties (Rompolas et al. 2013),
and that damage to their niche depletes the hair follicle stem
cell population (Matsumura et al. 2016). This interesting pos-
sibility could have important implications for cutaneous
wound healing since damage to the extracellular matrix is a
hallmark of skin aging (Rittié and Fisher 2015).

Use of stem cells for wound healing

Stem cells transplantations have been used for wound healing
since the early 1800s: split thickness skin grafting is used to
treat extensive wounds and burns. The graft is harvested as the
top portion of the skin from a donor site. It can be further
processed through a mesher that creates small slits in the graft
so the graft can be extended to cover large surfaces (Semer
and Adler-Lavan 2001). The graft provides new epidermis
and its stem cells for reepithelialization, while the donor site
heals as partial thickness wound via its appendageal stem
cells. While progress in being made on characterizing and
harvesting many types of stem cells to treat wounds in a more
direct way, clinical use of stem cells remains hampered by cell
preparation techniques, delivery techniques, and impact of the
micro-environment on cell behavior (Ennis et al. 2013;
Duscher et al. 2016).

Importance of the keratinocyte migration substrate

The keratinocytes of appendage outgrowths that form the new
epidermis migrate in a plane between viable and non-viable
tissue. In a sharp wound, this plane resides between the scab
and the dermal surface [e.g. shown in (Rittié et al. 2016)]. In a
burn or a dehydrated wound, it is deeper (i.e. beneath the layer
of necrotic dermis). Migration within this plane is accompa-
nied by increased collagenase expression in keratinocytes
within 24 h of wounding [shown in full-thickness wounds
on human buttocks (Inoue et al. 1995)]. Collagenolytic activ-
ity is probably a characteristic response of the epidermis to
wounding since it was also detected in various types of ulcers
and ulcerated pyogenic granulomas [shown on various body
sites (Saarialho-Kere et al. 1993)]. In all cases, keratinocytes
require a healthy substrate to form viable outgrowths
(Hartwell 1929). The importance of the keratinocyte

migration substrate is highlighted in the case of ulcers that
do not heal and in wounds of elderly subjects. In the former,
lack of suitable substrate make cells pile up at the wound
margin and form a more differentiated epithelial border that
impede further migration (Hartwell 1929; Bishop 1945). In
the latter, degraded collagen matrix (a hallmark of aged and
photoaged skin (Rittié and Fisher 2015)) is a poor substrate
that prevents keratinocytes from forming cohesive out-
growths. Reepithelialization of elderly skin is thereby delayed
vs. that of young skin (Rittié et al. 2016). Mechanisms for this
observed phenomenon are unclear. It is becoming increasingly
accepted that the strength of cell-cell cohesion is dictated by
mechanical forces between cells and their substrate (Discher
et al. 2005; Maruthamuthu et al. 2011). It is thus plausible that
the reduced rigidity of aged skin (Pailler-Mattei et al. 2013),
and thus of the migrating keratinocyte environment, would
lessen cells’ cohesiveness and slow down reepithelialization
of partial thickness wounds. More research is needed to clarify
this interesting possibility.

Effects of wound dressings on reepithelialization

Drying of the scab is accompanied by important compaction
of underlying tissues and thereby impairs optimal
reepithelialization. Indeed, epidermal migration over a moist
wound bed is twice faster than over a desiccated one [first
described in pigs by (Winter 1962) and later confirmed in
many other species including humans, see (Jonkman 1989)].
Removal of the scab and contact with air also slows
keratinocyte migration (Hartwell 1929). Occlusive wound
dressings can prevent these two phenomena and improve
reepithelialization rate [shown in pigs: (Winter 1962) and
humans: (Hinman and Maibach 1963), both using polyethyl-
ene films].

Importantly, the use of an occlusive wound dressing early
on limits tissue dehydration and thereby redirects the course of
epithelial migration (Winter 1972; Jonkman 1989). It was
suggested that a wound dressing has to be applied within
two hours of wounding and for at least twenty-four hours to
efficiently promote reepithelialization [shown in pigs:
(Eaglstein et al. 1988)]. The mechanism for this effect remains
unclear and this observation has yet to be replicated.

Optimal physical properties of a wound dressing include
being proof to liquids yet permeable to liquid vapors (original
vapor-proof dressings caused wound maceration and in-
creased risk of bacterial growth). The blister roof of a super-
ficial burn fulfills these requirements: if removed, the under-
lying tissue dries out as a result of exposure to the air and
forms a crust. The resulting wound is more painful, heals
slower, and has reduced cosmetic outcome at one year than
when the blister was drained and the epidermis layer left intact
[case-report on lower leg: (Forage 1962)]. The composition of
occluding dressings is also important. For instance,
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polyurethane films appear superior to petroleum jelly in re-
lieving pain, accelerating wound healing and reducing pig-
mentation and scarring [shown in skin graft donor site (Li
et al. 2013)]. The relative efficiency of various plastic films
was proposed to be directly linked to the oxygen permeability
of these films and to their ability to increase oxygen tension in
serous exudates bathing keratinocytes (Winter 1971, 1972).
Many wound dressings are now commercially available and
careful consideration is needed before selecting a particular
wound dressing for a given situation (Dabiri et al. 2016).

Fibrous healing: a pre-requisite
for reepithelialization of full-thickness wounds

Full-thickness wounds differ from partial-thickness wounds
in that they lack a base for keratinocyte repopulation. Even
if traces of epithelial appendage remain in the wound bed, it
was perceived early on that Bthe follicle waits until the
derma is ready^ (Bishop 1945). Adipose is a poor substrate
for keratinocytes and has been categorized as Binimical to
epithelial progression^ in human wounds (Hartwell 1929).
Indeed, the presence of a thin layer of fat is sufficient to
prevent two epidermal tongues from merging with each oth-
er, even over a period of 73 days (Hartwell 1929).
Therefore, a full-thickness wound requires a prior Bfibrous^
healing (defined as healing that occurs in the dermis, fat, or
fascia) prior to reepithelialization.

As mentioned earlier, the presence of a panniculus
carnosus provide a tremendous initial advantage to loose-
skinned animals in that muscle contraction reduces the wound
area by about 50%within the first twenty-four hours of repair.
This feature does not exist in humans or pigs. Interestingly, the
panniculus carnosus-mediated initial wound contraction is
strongly inhibited by wound dressings [shown in rabbits:
(Billingham and Russell 1956; Snowden et al. 1982)]. To
potentially increase relevance of wound healing studies, many
research experiments in rabbits and rodents are performed
removing the panniculus carnosus during wounding. As de-
tailed above however, human skin has many additional singu-
larities, including the thickness of its adipose tissue (Fig. 2).
The nature of the tissue underlying the wound is thus likely to
differ between species, even when the panniculus carnosus is
removed in loose-skinned animals. It is thus not surprising
that all studies performed on human wounds revealed impor-
tant differences in fibrous healing between humans and labo-
ratory animals (Carrel and Hartmann 1916; Hartwell 1930;
Butterworth 1992).

Dermal regeneration and fibroblast infiltration

In all cases (after initial contraction or in tight-skinned
animals) the wound repair process requires a Bfilled^

wound bed prior to epidermal repair. In humans, this is
also true for partial-thickness wounds that reach the retic-
ular dermis (Bishop 1945). Different portions of the dermis
have different regeneration capabilities: the papillary (sub-
epidermal) dermis regenerates the fastest, followed by the
mid-dermis and the lower reticular dermis (Bishop 1945).
When granulation do start in the lowest portion of the re-
ticular dermis, Bishop observed that granulation islands
start at the site of hair follicles, even when the epithelial
component of the hair follicle has been destroyed by the
injury. Granulation islands then grow individually until
they merge with each other. Thus, the connective tissue
sheath surrounding human hair follicles was thought to
have distinct cellular and molecular properties that made
it important for the repair of human wounds (Bishop 1945).
Progress to decipher the details of these properties has been
slow but this possibility remains undeniably attractive
(Jahoda and Reynolds 2001; Gharzi et al . 2003;
Richardson et al. 2005).

Granulation tissue consists in a dense population of
macrophages, fibroblasts, and blood vessels embedded in
a loose matrix of collagen fibers (primarily made of type I
collagen associated with other types of collagen and gly-
coproteins), fibronectin, and hyaluronic acid (Clark 1985).
Granulation tissue matrix is deposited in the wound bed by
fibroblasts. When the wound is deep enough so that no
dermis or dermal cells remains in the wound bed, granula-
tion tissue must be produced entirely by fibroblasts
imported from outside the wound site. The origin of fibro-
blasts forming the granulation tissue in these cases has yet
to be firmly resolved. Several possibilities have been pro-
posed. Early studies in rabbits identified the perivascular
sheaths (those surrounding blood-vessels below the
panniculus carnosus) and its pericytes as origin for granu-
lation fibroblasts (Hadfield 1963). Stromal elements pres-
ent in the adipose layer (including vessels) were also pro-
posed [in rabbits: (Hadfield 1963) and pigs: (Miller et al.
1998)]. Another valid possibility is the deposition of
blood-circulating hematopoietic cells with mesenchymal
characteristics (fibrocytes) in the wound site [mostly
shown in mice: (Abe et al. 2001; Wu et al. 2007; Suga
et al. 2014; Rinkevich et al. 2015)]. In all, it is possible
and likely that multiple sub-populations of fibroblasts con-
tribute together to supplying fibroblasts for the elaboration
of granulation tissue. As a matter of fact, the term Bfibro-
blasts^ designates a very heterogeneous population of
cells. Although all fibroblasts specialize in extracellular
matrix deposition in connective tissues, different subtypes
do so to various extents (Suga et al. 2014; Rinkevich et al.
2015). Fibroblasts in different skin sites may have different
embryonic origin (Driskell and Watt 2015) and no single
marker is borne by all fibroblast lineages. This makes the
identification of the origin of fibroblasts in granulation
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tissue both fascinating and challenging. This topic is
poised to generate additional important studies.

Granulation tissue formation

Regardless of their origin, new fibroblasts colonize the provi-
sional matrix laid down in the early phases of wound repair
and start forming granulation tissue by producing a collagen-
and cellular fibronectin-rich matrix. Fibrin clot and early gran-
ulation tissue is especially rich in plasma fibronectin. It is
interesting to note that fibroblasts in granulation tissue align
themselves in the same axis as fibronectin; and collagen is
subsequently orientated in the same way (Butterworth
1992). During granulation tissue expansion, collagen fibers
and fibroblasts become oriented parallel to the dermal-
epidermal junction and along expected lines of stress.

The extracellular matrix composition changes over time
and promotes the maturation of resident fibroblasts into
myofibroblasts via a feedback mechanism. Myofibroblasts
were first identified as differentiated cells that promote dermal
wound contraction (Gabbiani et al. 1971). The first step of
fibroblast differentiation is its conversion into Bproto-
myofibroblast^. Proto-myofibroblasts form more mature ad-
hesion complexes with the extracellular matrix than fibro-
blasts do, and lay down the first collagen bundles (Hinz
2010). Proto-myofibroblasts pre-organize the extracellular
matrix by exerting small contraction forces via their stress
fibers (containing F-actin but negative for alpha-smooth mus-
cle actin) [shown in rats: (Hinz et al. 2001a)]. Subsequent
acquisition of alpha smooth muscle actin in association with
contractile actin/myosin-containing stress fibers completes the
differentiation into myofibroblasts. Alpha smooth muscle
actin-containing stress fibers confer myofibroblasts at least a
twofold stronger contractile activity compared with alpha
smooth muscle actin-negative proto-myofibroblasts in culture
(Hinz et al. 2001b).

Biomechanics is a key controller of the myofibroblast dif-
ferentiation process: as the composition of the extracellular
matrix evolves, so does its stiffness. In rat wounds, the provi-
sional matrix stiffness increases over time: 0.01–10 kPa for
the fibrin clot, ~18 kPa in a 7 day-old granulation tissue, and
~50 kPa in a 12 day-old granulation tissue [Young’s modulus
values determined by atomic force microscopy: (Hinz 2010)].
These values are in line with the stiffness needed to induce
proto-myofibroblast and myofibroblast phenotypes in culture
(i.e. 3–5 and 16–20 kPa, respectively) (Hinz 2010). It is ex-
pected that a similar increase in granulation tissue stiffness
takes place in human wounds (although likely with different
kinetics, see below). It is also likely that additional extracel-
lular matrix properties (e.g. biochemical composition) greatly
influence fibroblast phenotype and thereby granulation tissue
formation and scar tissue deposition (Rittié 2015). Future
studies should shed light on these possibilities.

Granulation tissue contraction

Myofibroblasts promote wound contraction [shown in rats:
(Gabbiani et al. 1971), and humans: (Ryan et al. 1974)].
Contraction refers to the centripetal movement of the wound
margin that aims at reducing the size of the wound bed. Proto-
myofibroblast- and myofibroblast-containing granulation tis-
sue generates contractile forces proportional to the granulation
tissue volume [shown in rabbits: (Higton and James 1964)].
This observation explains that larger wounds that contain
more granulation tissue contract more and close at a faster
pace than smaller wounds [shown in humans and dogs:
(Carrel and Hartmann 1916) and confirmed in humans:
(Butterworth 1992)].

Whether myofibroblasts are necessary to wound contrac-
tion has been questioned. Proto-myofibroblasts are indeed
nine times more abundant than fully differentiated
myofibroblasts in human granulation tissue (Berry et al.
1998). Traction forces generated by proto-myofibroblasts as
they migrate on a compliant substrate are also sufficient to
contract collagen matrices in 3D cultures (Bell et al. 1979).
These observations argue against the need for a specialized
contractile cell in granulation tissue. The requirement for dif-
ferentiated myofibroblasts was also argued against using a
granulation tissue excision approach [shown in guinea pigs:
(Watts et al. 1958) and pigs: (Gross et al. 1995)]. A species-
associated difference is possible based on the observation that
myofibroblasts associate with thin collagen fibers in rat gran-
ulation tissue while they associate exclusively with thick col-
lagen bundles in humans (Berry et al. 1998). In all, it is plau-
sible that traction forces and contraction forces may be able to
at least compensate for each other. In pigs, the appearance of
myofibroblasts in granulation tissue coincides with tissue con-
traction (Welch et al. 1990). In humans however, alpha
smooth actin-positive myofibroblasts are detected whether
the wound is in a contraction phase or not, and regardless of
fibroblast orientation (Butterworth 1992). In addition to their
contractibility, myofibroblasts have the particularity to com-
municate with each other via gap junction (Gabbiani et al.
1978). It is thus plausible that they form multicellular contrac-
tile units during wound contraction, thereby ensuring an even
shrinkage of the granulation tissue, regardless of the local size
of the collagen network. Additional work will be needed to
test this interesting possibility.

Wound contraction results from the shortening and
compacting of collagen fibers within the granulation tissue
(Watts et al. 1958; Hinz et al. 2001a; Tomasek et al. 2002).
In vitro studies have shown that myofibroblasts use a ratchet
mechanism to contract the surrounding matrix: they pull on
the surrounding collagen fibrils to create loops, shorten the
fibril, and pull again (Castella et al. 2010). How the collagen
matrix gets shortened (to a point of no longer requiring active
cell contraction to maintain tissue tension) remains unsolved.

Cellular mechanisms of skin repair 113



Various authors regularly propose that cross-linking of the
extracellular matrix mediates the compacting process but the
permanent nature of collagen cross-links seems at odds with
the dynamic nature of the subsequent remodeling phase
(Tomasek et al. 2002).

The concept of matrix shortening and compaction helps
understand the following longstanding observation: the great-
er the contraction, the less residual scar deposited. Human
wounds at extremities contract little whereas wounds on the
lower back (sacro-coccygeal pilonidal sinus excisions) con-
tract a lot (Berry et al. 1998). As a result, filling is much less
in the latter (was estimated at 12.5 % of the wound volume)
compared to the former (Berry et al. 1998). The factors that
dictate the deposition of scar tissue and amount of contraction
remain unclear. The number of soluble factors shown in var-
ious models to modulate myofibroblasts properties is virtually
endless (Hinz et al. 2012). It is plausible that the origin of
fibroblasts initially colonizing the wound bed dictates their
ability to deposit extracellular matrix, differentiate into
myofibroblasts, and/or contract a wound. More research is
needed to test this hypothesis.

Many differences exist in the mechanisms of fibrous
healing between humans and animals. So many that
Hartwell, comparing humans with rabbits, dogs, pigs, and
pigeons, regarded these processes as Bextremes of a spectrum^
(Hartwell 1930, 1955). These differences include (but are not
limited to): i) mitoses were easier detected in animal wounds;
ii) while the human fat was considered the main location for
fibrous healing, the pattern of subcutaneous fat in animals,
including pigs, was very different; iii) animal wounds had
larger vessels than human ones; iv) the morphology of cells
identified by Hartwell as macrophages was different. In addi-
tion, wound contraction occurs after a lag period in dogs,
rabbits, and guinea pigs (Carrel and Hartmann 1916; Higton
and James 1964). In humans however, this does not seem to be
the case and granulation tissue contracts as the wound bed fills
(Carrel and Hartmann 1916). These examples make the trans-
lation of fibrous healing from small animals to humans
difficult.

Studying the histology of deep human wounds with repeat-
ed biopsies, Butterworth was the first to describe a layered
organization of the granulation tissue, as follows and summa-
rized in Fig. 5a. The bottom half is a fibroblast layer (com-
prised of matrix-embedded proto-myofibroblasts and
myofibroblasts oriented with bundles running horizontally to
the wound and perpendicularly to the few capillaries present).
The fibroblast layer is overlaid by a capillary layer (comprised
of longitudinally oriented capillaries, withmany inflammatory
cells and fibroblasts), itself topped by a loose connective tis-
sue layer (avascular and containing sparse cells of various
types), the latter being capped by slough (Butterworth
1992). Although the layers’ thicknesses vary between patients
and as healing progresses, each layer represents roughly 50,

25, 15, and 10% of the depth of the granulation tissue, respec-
tively. As the wound progresses, the thickness of the fibroblast
and capillary layers tend to increase while the superficial
slough thins out (Butterworth 1992). The cellular composition
of the capillary layer established by Butterworth over the
course of the healing process is depicted in Fig. 5b.
Interestingly, Butterworth also noted a strong correlation be-
tween the capillary layer measured thickness and healing
progress recorded the week prior to biopsy. The function of
the capillary layer is not known and is possibly to serve as a
feeding layer, new cell production layer, or both. In any case,
it will be interesting to elucidate the potential meaning of this
correlation. Importantly, over-granulating (non-healing)
wounds did not show a layered organization (Butterworth
1992).

The end of contraction either coincides with healing com-
pletion, or precedes it by a few days. The granulation tissue
then evolves into a scar, which involves a massive decrease in
cellularity. It is believed that apoptosis mediates this phenom-
enon [shown in rats: (Desmoulière et al. 1995)].

Reepithelialization of full-thickness wounds

A second particularity of full-thickness wounds is that when
the adnexal structures are completely destroyed, the
reepithelialization must proceed entirely from the wound mar-
gins. Surprisingly, very few human studies have focused spe-
cifically on the cellular mechanisms of reepithelialization of
full-thickness wounds. This could be due to the observed ten-
dency of the sides of a human full-thickness wound to flop
inward, or to the ethical consideration of sampling large open
wounds. It is usually accepted that reepithelialization from the
wound margin is similar whether the wound is partial thick-
ness or not. More research is needed to confirm this
longstanding belief. Meanwhile, I will describe below the cel-
lular mechanisms of expansion of marginal epidermis as it has
been thus far described in the skin of humans compared to
other mammals.

Leapfrog mechanism of reepithelialization
from the wound edge

Early observations indicated that the bordering epithelium in a
one day-old human wound extends slightly over the ends of
the incised dermis, creating an Bextension membrane^ (or epi-
dermal tongue). The epidermal tongue is formed by the supra-
basal cells of the spinous layer as opposed to the cells of the
basal layer [shown in humans: (Hartwell 1929; Bishop 1945),
and pigs: (Winter 1972)]. Basal keratinocytes adhere to the
dermal-epidermal junction by focal adhesions and
hemidesmosomes (multi-protein complexes that mediate ad-
hesion between the keratinocytes’ actin and keratin filaments,
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respectively, and the papillary dermis). Disruption of these
adhesive structures (by genetic mutation, circulating autoanti-
bodies, or burn) causes blistering of the skin (Turcan and
Jonkman 2015). In healthy skin however, these anchors are
very strong. No mechanism of detachment after injury has
been described, except in the larval amphibians (Weiss
1961). Therefore, that the supra-basal cells of the stratum
spinosum are indeed the cells initially forming the epidermal
tongue sounds energy-efficient. Presumably, this would imply
that spinous keratinocytes, which were initially committed to
differentiation while in the intact epidermis, are capable of
reverting back to a less differentiated type (since they can
eventually produce progeny to form the new epidermis (Van
Winkle 1968)). This has yet to be clearly demonstrated.

The formation of the epidermal tongue is accompanied by
a keratinocyte Bactivation^ that involves cytoskeleton reor-
ganization through production of specific Bactivation^ kera-
tin proteins, distinct from the keratins present in healthy
epidermis. Typically, keratins 6, 16, and 17 are characteristic
markers of activated keratinocytes during reepithelialization
(Coulombe 1997; Freedberg et al. 2001). Many activated
keratinocytes also produce cytoplasmic processes towards
the wound site [shown in humans: (Odland and Ross
1968), dogs: (Winstanley 1975), and rats: (Gabbiani et al.
1978)], and supra-basal epidermal keratinocytes within the
advancing wound margin express cytoplasmic actin
[humans: (Ortonne et al. 1981)]. In rat skin, keratinocytes
at the wound edge harbor irregular configuration with more
intercellular space and less desmosomes (intercellular adhe-
sion structures that mediate resistance to mechanical stress)
(Gabbiani et al. 1978). This observation has yet to be con-
firmed in human skin.

Epidermal keratinocytes subsequently advance the epider-
mal tongue and spread across the wound bed. Many studies
have revealed that epidermal repair engages single cell migra-
tion (Hartwell 1929; Bishop 1945; Weiss 1961; Winter 1972)
(see below), as opposed to corneal repair in which cells mi-
grate Bin sheets^ (Zhao et al. 2003). Activated keratinocytes
migrate out of the marginal epidermis and the new epidermis
builds-up by successive implantation of cells on the wound
surface at the leading edge (Hartwell 1929; Winter 1972), as
follows. The first supra-basal cell of the advancing epidermis
becomes elongated and stretches over the basal cell under-
neath it. The supra-basal cell reaches the wound bed substrate
and becomes basal. Supra-basal cells from the marginal epi-
dermis are simultaneously renewed by proliferation of basal
keratinocytes within the wound margin and the epidermal
tongue. The epidermis progresses as the next supra-basal
keratinocyte of the wound edge undergoes a similar process.
The epidermis is thus said to advance over the wound in a
Bleapfrog^ fashion (Winter 1972; Clark 1988). Increased mi-
totic activity in basal keratinocytes extends into the adjacent
normal epidermis for up to six millimeters [observed in
humans after tape stripping: (Williams and Hunter 1957) and
partial thickness wounds: (L. Rittié, unpublished observa-
tions)]. Differentiation accompanies the advancement of the
epithelial tongue (Hartwell 1929; Rittié et al. 2013b). Basal
keratinocytes of the advancing tongue (or appendages out-
growths in the case of partial thickness wounds) also harbor
characteristics of keratinocyte activation, i.e. mitotic activity
[shown in humans: (Williams and Hunter 1957; Rittié et al.
2013a, 2016)], and less desmosomes but more gap junctions
than in control epidermis [shown in rats: (Gabbiani et al.
1978) and humans: (Ortonne et al. 1981)].

Fig. 5 Organization of human granulation tissue as deducted from the
work of Rosalind Butterworth (Butterworth 1992). a Schematic of the
layered organization of the granulation tissue of large full-thickness
human wounds healing by second intension. The ‘fibroblast’ layer is
mostly populated by proto-myofibroblasts and myofibroblasts, and
inflammatory cells are intravascular. Capillaries are present but they are
few, large and mature. The capillary layer is the most cellular (see details
in b). The loose connective tissue layer contains few, but viable, cells of

varying type, and no endothelial cells or formed capillaries. The
superficial slough contains fibrin and dead cells. Numbers to the right
are average thickness of respective layer inμm. bCellular composition of
the capillary layer of human granulation tissue in the course of healing.
Graphs were prepared according to raw data presented in (Butterworth
1992) from 80 biopsies. The cellularity of the capillary layer (the most
cellular of all) remains fairly constant throughout healing
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It is often cited that keratinocyte migration precedes
proliferation during reepithelialization. This phenomenon
was reported from early studies when mitosis was evi-
denced by observation of a typical microscopic morpholo-
gy of dividing cell nuclei, and when authors were assuming
epithelial repair was similar across species, from freshwa-
ter muscle epithelium to human skin (Arey 1932). These
controversial views were clarified by Viziam and collabo-
rators in rabbit wounds using colchicine (arrests cells in
mitosis’ metaphase) and tritiated thymidine (labels DNA
upon replication). Interestingly, they showed that mitoses
were present prior to migration in rabbits although they
were not visible in colchicine-untreated wounded animals
(Viziam et al. 1964). This description is reminiscent of
Bishops’ work, which describes thickening of the periph-
eral margin in instances when the epidermis had to wait for
the granulation tissue to form before migrating (Bishop
1945). Early presence of dividing cells after wounding
has since been confirmed with more modern methods in-
cluding immunohistochemistry [e.g. (Rittié et al. 2013a,
2016)].

Composition of the provisional matrix

The protein composition of the substrate on which
reepithelialization occurs is not fully elucidated. When the
basement membrane is destroyed by the injury, keratinocytes
are believed to progress on a provisional matrix [shown to be
made of various proteins in various species and reviewed in
(Clark 1996)]. For human wounds, the exact nature of the
proteins that promote expansion of the new epidermis re-
mains unclear. In the case of partial thickness wounds, plasma
fibronectin and fibrinogen are deposited during hemostasis
soon after injury. After a few days, in animal models, cellular
fibronectin produced by infiltrating fibroblasts and macro-
phages still serves as a provisional matrix together with plas-
ma fibronectin [shown in rat xenographs on immunosup-
pressed mice: (Clark et al. 1983)]. In situ secretion of fibro-
nectin as temporary provisional matrix by the keratinocytes
directly present at the front edge of migration has also been
suggested by (Jonkman 1989). However, the αvβ6 integrin
(fibronectin receptor), although temporarily expressed early
on by migrating keratinocytes during reepithelialization of
wounded xenographed human skin (Breuss et al. 1995), is
not expressed in human wounds until 7 days post-wounding
(Haapasalmi et al. 1996). The latter diminishes the likelihood
that fibronectin alone would serve as provisional matrix in
human wounds. Interestingly, we showed that migrating hu-
man appendage outgrowths are surrounded by laminin γ2
secreted by keratinocytes at the margin of outgrowths, as
early as the outgrowth forms, and throughout the
reepithelialization process [(Rittié et al. 2016) and (L. Rittié,
unpublished observations)]. This could be a human-specific

trait because laminin is not expressed by migrating
keratinocytes in pig skin (Stanley et al. 1981). Whether lam-
inin γ2 serves as substrate for keratinocyte adhesion or is
produced in response to contact with type I collagen or scab
tissue is not currently known. Other studies have shown that
migrating human keratinocytes do not produce the other typ-
ical components of the basement membrane (such as type IV
and type VII collagens) (Larjava et al. 1993). In all, the exact
composition of the provisional matrix that promotes
keratinocyte progression over the wound bed remains un-
clear. More modern analytical techniques such as proteomics
should elucidate this important question in the near future.

To what extent the basement membrane is restored after
wounding in human skin is also not fully known. The base-
ment membrane appears restored 21 days after linear incision
in human forearms (Odland and Ross 1968). However, none
of the studies demonstrating complete restoration of the
dermal-epidermal junction after excisional wounds in vivo
were conducted in humans [reviewed in (Woodley and
Briggaman 1988)]. Future studies should elucidate this impor-
tant point.

Stimuli for epithelial migration and proliferation

Factors enabling and stimulating epidermal regeneration re-
main ill-defined. A Bfree edge effect^ [by analogy with repair
of blood vessels (Clark 1988)] and/or local release of growth
factors are often cited (the latter mostly based on in vitro stud-
ies). There must also be migration clues contained in regions
where reepithelialization occurs since keratinocytes always
find their way between dead and healthy tissue. Keratinocyte
migration is facilitated by collagenase production [shown in
guinea pigs: (Grillo and Gross 1967) and humans: (Saarialho-
Kere et al. 1993)] and possibly by enhanced phagocytic acti-
vity by keratinocytes at the leading edge [as shown in the
healing rat palate: (Gibbins 1968) or human skin after linear
incisions: (Odland and Ross 1968)]. Wound dressings reduce
keratinocyte mitotic rate [shown after tape stripping in
humans: (Van Winkle 1968)], suggesting that surface dehy-
dration may stimulate epidermal mitosis. In full thickness hu-
man wounds, epithelial cells proliferate and migrate to cover
the surface of each separate granulation, but do not extend
beyond its margin before adjacent granulations coalesce
(Bishop 1945). Conversely, Bover-granulation^ frequently ap-
pears to inhibit reepithelialization in otherwise healthy
looking wounds (Butterworth 1992). Lack of innervation does
not prevent the reepithelialization of partial thickness human
wounds (Wagner 1964). In all, it appears that the new epithe-
lium heals the wound surface only after granulation tissue has
matured to a stage permitting implantation of migrating epi-
thelial cells (Bishop 1945). The nature of this Bmaturation^
remains unclear to this day.
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Conclusions

Wound reepithelialization is a complex process that is highly
dependent on species and contextual circumstances, even in
the absence of impeding factors (that include co-morbid clin-
ical conditions, aging, poor tissue perfusion, malnutrition, un-
relieved pressure to the surface of the wound, immune sup-
pression, malignancy, infection, obesity, medications, etc.) In
this review, we have detailed several aspects of the wound
healing process and highlighted similarities and differences
between mammals. Many more studies are needed to answer
numerous remaining questions. The selection of an appropri-
ate animal model is a critical decision for any wound-healing
study. Anatomical specificities, type of injury, nature of the
wound, size of the injury, wound treatments are all important
factors that should be considered when designing wound
healing research protocols. The goal of any investigator
selecting a model should be to find a situation that simplifies
(yet mimics) the wound process as it occurs in humans to test
potential therapeutic approaches. In many cases, humans
might be the only appropriate model.

Three factors potentially limit the rate of epithelial cover-
age: infection (length and intensity of the inflammatory
phase), keratinocyte cornification (contact with air), and the
presence of a non-optimal migration base (wound bed). The
first two factors are nowadays fairly well controlled with ther-
apy: the use of antibiotics in the mid-20th century provided
the greatest advance in wound care since the development of
antiseptics, and animal models developed at the end of the
20th century have greatly facilitated improvements of wound
dressing materials and techniques. Much remains to be
learned to successfully develop therapies aimed at optimizing
the keratinocyte migration base. Hopefully, the 21st century
will facilitate great discoveries in this area.
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