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Abstract
Animal models are crucial for the study of fibrosis. Keloids represent a unique type of fibrotic
scarring that occurs only in humans, thus presenting a challenge for those studying the
pathogenesis of this disease and its therapeutic options. Here, several animal models of fibrosis
currently in use are described, emphasizing recent progress and highlighting encouraging
challenges.
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Introduction

Many of the challenges associated with the study of keloid scarring arise from our
incomplete understanding of the disease and its pathobiology. Keloids have been proven to
involve multi-factorial and complex processes with many pathologic etiologies identified.
Accumulating evidence indicates certain genetic susceptibilities and traits, however, the
underlying pathogenesis and the principal signaling pathways remain to be defined in further
precision.

Keloid scarring has been known to occur only in fomo sapiens. No other animal species,
including non-human primates, have been found to naturally develop scar tissue comparable
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to that of human keloids. Thus, keloids represent a disease process that is uniquely human,
and establishes a challenging precedent to overcome.

In any disease process, studying etiology and progression in the host organism would be
optimal. However, given the ethical and medical risks this would pose to patients, animal
model equivalents have been sought as a surrogate to allow for in-depth analysis to take
place. Generally, these models have been developed in one of two ways: (a) Engineer a
comparable degree of fibrosis in an animal that does not normally develop it, or (b)
Transplant human-derived tissue and/or cells into a host animal for /n vivo analysis (Table
1). Both avenues have the same goal of giving researchers a reliable way of measuring and
studying fibrosis, and each has its own set of specific challenges to overcome. Despite these
challenges, animal models hold value in approximating events that occur in humans and can
help lead to better understanding of the disease, with therapeutic implications.

Animal models

Genetic Models of Fibrosis: Tight skin mouse 1 and 2 (Tsk)

Excessive collagen deposition is the hallmark of many fibrotic conditions. Systemic sclerosis
(SSc) is a devastating disorder in which collagen deposition affects the skin and internal
organs, leading to poor survival rate (< 65% at 10 years) in extreme cases with no
identifiable cause [1]. The tight skin 1 and 2 ( 7sk1/2) mutant mouse strains were identified
as animal models to study scleroderma and SSc and have been used extensively to test
various therapeutic modalities [2,3]. The 7skZ/+mouse spontaneously occurred following
partial in-frame duplication of the fibrillin-1 gene, located on mouse chromosome 2 [2]. In a
similar fashion, the 7s5k2/+ mouse was identified from the offspring of a male 101/H mouse
following administration of ethylnitrosourea, a mutagenic agent, developing gain-of-function
missense mutations in Co/3a1 on chromosome 1 [3-5]. Both mouse strains develop tightness
in the skin of the interscapular region, thickened dermis, and abnormal dermal structural
components. Similarly, the mutations that occur in both strains are inherited in an autosomal
dominant fashion, with homozygous mutations in both strains resulting in death /n utero
[2,3]. As a model for scleroderma, both the 7skZ/2+mouse strains demonstrate appreciable
cutaneous fibrosis, as early as 2-3 weeks postnatal. However, as a model for trauma-induced
fibrosis, such as keloids, neither model adequately recapitulates the disease. Wound healing
in both 7skmodels is delayed, occurring 5-6 weeks post-injury compared with 2—-3 weeks in
wild-type (WT) mice [4,6]. This is thought to be due, in part, to the structural and tensile
forces the surrounding skin has on the forming granulation tissue. Once sufficient
granulation tissue has formed, the tensile force it exerts over the surrounding wound edge
exceeds that of the surrounding wound edge and wound closure slowly occurs [4,6]. Both
Tsk strains offer a unique vantage point into systemic cutaneous fibrosis in the mouse, and
have proven useful for studying other forms of fibrosis. More study is needed, however, to
assess the wound healing process in these animal models and their applicability in the study
of keloids.
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Trauma-induced animal models

Duroc Pig—Wound healing in the Duroc pig has been described as a close analogue to
human hypertrophic scarring (HS). Following dermatomal injury, deep wounds are
permitted to heal, and as early as 3 weeks post-injury they begin to elicit signs of thickened
scarring: raised, firm, hyperpigmented scars are noted [7-9]. The degree of fibrosis
achieved, while not fully comparable to human HS, does demonstrate excess collagen
production. Histologic appearance reveals an increase in dermal thickness following deep
wounding, increased numbers of myofibroblasts, mast cells and increased collagen fibers in
whorls and nodules [8,9]. Transforming growth factor-f (TGF-§) gene expression is
increased at early timepoints following injury, slowly declining to levels similar to uninjured
skin by 5 months post-injury. Expression of decorin, a proteoglycan involved in the
formation of collagen fibrils, is reduced while collagen types I and 111, insulin-like growth
factor-1 (IGF-1), versican, and nitric oxide are elevated in the early post-wound timeframe
with decline in the subsequent weeks to months as the wound matures [9,10]. These changes
in protein expression coupled with the gross and histological examination have led to the
proposal that this model is an appropriate analogue for studying fibroproliferation [10].
However, scarring in this model occurs most often following deep dermal injury and is not
considered hypertrophic by nature, rather it is simply a “thick” scar with features that
approach HS development [9]. Severe effects of keloids and HS, including disfigurement
and contractures, are limited in this animal model, and the scars that do develop are not
invasive in the surround tissue, a hallmark of keloids [8,9]. While this model does not fully
recapitulate human scarring, it is a close approximation to human HS development and
could prove useful for testing anti-fibrotic treatment modalities.

Rabbit ear model—The rabbit ear model, which was first developed in the late 1960s,
involves the creation of a sizeable wound, either through electro-cautery, incisional shaving
or excision on the ventral surface of the ear of a rabbit. The extent of scarring in the rabbit
ear has been compared to that of hypertrophic scar formation in humans, and is readily
visible as early as 3—4 weeks post-trauma [11-13]. Grossly, the lesions appear as raised, firm
papules and have been known to persist, in some cases in excess of 60 days [12,13].
Histopathologic features can include horizontally arranged collagen fibers, increased
vascular tissue and mild chronic inflammation. Finally, corticosteroid therapy has been
shown to reduce the dermal thickness and fibrosis observed in the rabbit ear model, akin to
the effects observed in the treatment of hypertrophic scars and keloids in humans. This
model has been well documented and used to study the efficacy of many proposed anti-
fibrotic treatments, however, it does not recapitulate the findings observed in keloid
development [7,13-16]. The scar tissue present is limited in its development, does not
extend beyond the confines of the original wound, and the degree of collagen-matrix
production observed does not approach the thickened, haphazardly arranged collagenous
bundles seen in keloids. This is due to the rabbit’s ability to heal as the initial wound created
must be of sufficient size to yield adequate scar formation [13,14]. Ultimately, the scar that
develops in the rabbit ear model has been shown to be useful in testing anti-fibrotic
therapies, however, it is unsuitable for elucidating the pathomechanisms underlying keloid
development in humans.
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Horse “Proud Flesh”—Horses have been known to develop exuberant granulation tissue,
also known in the equine community as “proud flesh,” given the excessive degree to which it
can progress. Proud flesh develops on the extremities of the horse, where skin tension lines
are at a maximal and where healing by secondary intention occurs most often following
trauma, as approximation of the wound edges is difficult [17,18]. Immobilization of the area
is not practical in the horse, thus repeated damage and trauma to the site of injury can occur,
making what began as a localized injury a much more drawn out process, leading to
protracted healing. Histopathologic analysis of proud flesh reveals increased numbers of
fibroblasts and minimal vascularity in the deep dermis as well as increased amounts of
haphazardly arranged collagen, although not to the same extent as occurs in keloids [17].
Importantly, the wound healing process concludes without continued production of dense
type | collagen meshwork as is seen in keloid pathology, allowing for better resolution of the
wound defect. While there may be some similarities between the wound repair processes in
horses and in humans, the practicality of using this model as a viable alternative to study
tissue fibrosis poses a new subset of technical challenges many researchers would be unable
to overcome.

Chemically-induced Fibrosis

Bleomycin Model—Bleomycin is a glycopeptide antibiotic isolated from the bacterium
Streptomyeces verticillius, and has subsequently been used as an anti-cancer therapy in the
treatment of a variety of cancers, notably Hodgkin’s lymphoma and squamous cell
carcinoma [19]. In addition to inducing strand breaks in DNA, bleomycin acts as an
inflammatory mediator both systemically and at the site of administration. A major adverse
effect of this systemic reaction is pulmonary toxicity which has limited its use in humans
[19-21]. Ironically, it is this adverse effect that has been exploited to study fibrosis in a
variety of different disorders [21-23]. Injections of bleomycin have been used since the
1980s to induce fibrosis in many organ systems, most notably in the skin and lungs. In a
mouse model for idiopathic pulmonary fibrosis, single or repeated intra-tracheal doses of
bleomycin yield a readily observable degree of fibrosis in a relatively short timeframe
[24,25]. In the skin, bleomycin can be administered to produce a localized area of cutaneous
fibrosis, the most common route of administration being direct subcutaneous injection.
Given the difficulty and variability repeated daily injections can pose, however, newer
models have emerged using sustained release of bleomycin via subcutaneously implanted
osmotic pumps, eliminating the need for daily injections [21,22,26]. This administration
method reduces injection site variability and provides a more consistent distribution of
lesions in affected skin [22,26].

Bleomycin itself acts as an inflammatory mediator and elicits a strong inflammatory reaction
at the site of administration. Many pro-inflammatory cytokines, such as interleukin (IL)-1f,
IL-4, IL-6 and CXCL2, are found to be upregulated in the skin of mice injected with
bleomycin [21,22]. Additionally, many inflammatory cells, including CD45™ leukocytes,
F4/80* macrophages, CD3™ T lymphocytes and mast cells as well as a-smooth muscle actin
(aSMA) positive myofibroblasts, are found in higher numbers in the skin of bleomycin-
treated animals versus control [21,22,27]. A downstream effect of this intense inflammatory
process is tissue fibrosis and increased collagen deposition. Both dermal thickness and
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hydroxyproline content of bleomycin-injected skin are 2—-3 fold higher than control
[21,22,26,27].

For studying the early inflammatory and immune component of fibrosis, the bleomycin
model has an advantage. Many fibrotic conditions, including keloids, have been shown to
have an inflammatory component that, in part, helps to drive fibrosis early on in scar
development [28]. However, many other factors, such as hypoxia, genetic susceptibility and
trauma, known to influence abnormal wound healing and scarring, are not encountered in
this model. Furthermore, the fibrosis observed is self-limiting and dissipates with recovery
of organ function less than 6 weeks post-cessation of bleomycin administration [19].
Additionally, the level and degree of fibrosis observed can be difficult to quantify. Many
studies utilize dermal thickness as an indicator for fibrosis, and while this does reveal the
effects of the drug, use of this metric is limited by sample area selection and observer bias.
Dermal thickness is not uniformly increased in most specimens, with some exhibiting
patches of increased dermal thickness as the bleomycin is dispersed throughout the skin
[19,22]. Newer models utilizing sustained release of the drug via osmotic pump implantation
have improved on this limitation, however, constant administration is still required for a long
duration to achieve the desired effect [21,22].

The reactive fibrosis generated in this model has been used as an analogue to study
scleroderma, idiopathic pulmonary fibrosis, hypertrophic scarring, and keloids, however it
does not accurately reflect the pathogenesis of any of these diseases [19,21,26]. While it
may not represent one particular model of disease, it has proven useful for testing various
anti-fibrotic therapies, some of which are currently being investigated in clinical trials
[19,29,30].

Reactive Oxygen Species Model—Reactive oxygen species (ROS) have been
implicated in the pathogenesis of SSc [31]. Dermal fibroblasts taken from the skin of SSc
patients have been known to produce large amounts of ROS and specific autoantibodies have
been shown to induce ROS production [31]. Four specific types of ROS-inducing substances
have been used to recapitulate the features found in SSc patients in mouse models of
disease: hypochlorous acid (HOCL); hydrogen peroxide (H,05); peroxynitrites (ONOQ™);
and superoxide anions (O,7). Each of these agents has been used to induce localized and
systemic forms of fibrosis. Mice injected subcutaneously on a daily basis develop increased
dermal thickness and collagen content, on par with bleomycin, compared to control [31-33].
Fibroblast proliferation when subjected to HOCL treatment is increased by almost 1.5-fold
compared to treatment with PBS or bleomycin [31]. Additionally, the effects observed in the
ROS model are not limited to dermal fibrosis; animals treated with ROS agents develop
systemic reactions leading to pulmonary fibrosis and renal involvement [31,33]. Circulating
concentrations of anti-DNA topoisomerase 1 and anti-CENP-B antibodies are elevated in
both the ROS and bleomycin mouse models, signifying that both types of agents signal a
systemic immune-mediated reaction, similar to SSc patients. However, TGF-f appears not to
play a significant role in the ROS model, as its expression is not detected in the lesional skin
of mice injected with ROS agents [31].
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This model for fibrosis is similar to but distinct from the bleomycin model. A strong
immune-mediated reaction is initiated from the administration of the ROS-generating agent,
however the particular fibrotic pathways that are activated are independent from classical
fibrotic signaling cascades. This model provides additional insight into tissue fibrosis,
however, how it relates to keloid pathology remains to be seen.

Humanized animal model equivalents

Direct xenograft/tissue graft—Initial approaches toward establishing a mouse model
for keloids included grafting keloid tissue onto immunodeficient mouse strains, particularly
athymic nude mice [34,35].

In theory, the resulting xenografts could then be studied in a variety of ways from discerning
specific fibrotic signaling pathways to testing various therapeutic agents /7 vivo. This
approach has several advantages: the model itself is comparable to studying the specific
human tissue in an /n vivo environment while limiting the impact of environmental factors;
not one cell type is studied, preserving the complex human cell-cell interactions in both the
epidermis and dermis; cells, specifically fibroblasts, that thrive in a 3-dimensional
organotypic environment continue to grow in such an environment.

Keloid xenografts can maintain viability for several weeks to months after transplantation,
with evidence of angiogenesis and continued dermal collagen production [35-37]. In the
immediate days to weeks following transplantation, xenografts display dense collagenous
nodules and whorls similar to human hypertrophic scars with evidence of angiogenesis. In
one report, Yang et a/. describe full-thickness skin grafts maintaining viability in athymic
nude mice up to 6 months following transplantation [37]. However, on average after several
months most xenografts lose weight (>50%) and collagen and matrix production decreases
[35,37,38].

The athymic nude mouse has been used extensively in transplant studies due to its lack of
functioning T-cells thus displaying limited graft rejection [39,40]. However, the immune
system is not fully absent in athymic nude mice as they still maintain functioning innate and
humoral adaptive immune systems, including functioning natural killer cells. This can affect
graft viability, specifically from solid human tissues, and limits the overall effectiveness of
this model [40,41]. Additionally, resident immune cells in the graft tissue and/or enhanced
antigenicity of the skin may further promote graft rejection [37].

While the xenograft model has demonstrated success in the short term, limited longevity,
degree of fibrosis and the potential for rejection have prevented it from universal acceptance
as a model for keloid pathology [41].

Tissue-Engineered Model—Attempts at utilizing donor-derived keloid tissue have
allowed for the development of dermal tissue-equivalent models to study fibrosis. In these
models, fibroblasts isolated and cultured from donor-derived keloid tissue are grown in 3-
dimensional scaffolding materials and studied either as /n vitro models or implanted in
immunocompromised mice and analyzed as /7 vivo models. Both types of models rely
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heavily upon cells maintaining their cellular phenotypes once removed from their tissue of
origin.

When cultured in Matrigel, a commercial mixture of basement membrane and other ECM
proteins, keloid fibroblasts maintain their elevated expression of Col1, MMP9and MMP13.
Upon exogenous decorin administration, a GAG involved in collagen fibril organization,
expression of Col1, MMPI1, MMP13are downregulated while MAMPIremains unaffected
[42]. Wang et al. [43] demonstrated that keloid fibroblasts can maintain their viability and
growth when dynamically seeded, /.e. cultured in suspension in specially-designed rotary
cell-culture chambers, onto poly(lactic-co-glycolic acid) (PLGA) biomaterials and are
implanted subcutaneously in athymic nude mice. Grossly, the fibroblast-containing scaffolds
maintain their weight post-implantation and histologically demonstrate increased collagen
deposition, mostly type I collagen, within the scaffold matrix, with significant
neovascularization from the host animal. In a similar model where a collagen sponge was
used as the scaffolding material, keloid fibroblast scaffolds demonstrated increased weight
and greater amounts of ground substance and glycosaminoglycan deposition compared to
control scaffolds [44].

Use of ex vivotissue engineering models to study keloid pathogenesis is relatively recent
and holds potential. As previously stated, this model is entirely dependent upon fibroblasts
maintaining their cellular phenotype in culture once removed from their native environment.
This emerging model does show promise for studying particular aspects of keloid pathology,
and readily allows for testing different therapies [45].

Conclusions

Animal models aid researchers in elucidating underlying mechanisms of disease and allow
for therapeutic interventions to be studied in a controlled environment. Selecting the
appropriate model is a crucial first step in the design of a well-thought out study, one that
can have a large impact on our understanding of disease and patient outcomes. The number
of animal models presented here reflect our incomplete understanding of keloid scarring and
abnormal wound healing. While each model can be used for a specific purpose, none are
true models recapitulating the complex features of keloid development and progression. Key
endpoints need to be defined in order to classify one model as being the “gold standard” by
which others should be compared: reliability and reproducibility of results; systematic
approach of measuring fibrosis, both histologically, chemically and molecularly;
applicability to pharmacologic drug testing. While keloids have only been found to occur in
humans, the various models presented herein provide means to study fibrotic diseases in
further detail, with pharmacologic implications, the keloid being a paradigm of skin fibrosis.
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Abbreviations

HS

hypertrophic scar

IGF-1 insulin-like growth factor-1

IL

ROS

SSc

Interleukin
reactive oxygen species

systemic sclerosis

TGF-B transforming growth factor-f
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Highlights
Genetic animal models with diffuse skin fibrosis have been encountered,
including Tight Skin Mutant Mouse (TSK) 1 and 2.

Trauma-induced scarring (rabbit ear model) and chemically-induced fibrosis
(bleomycin) can serve as models for fibrotic diseases.

Keloids, the paradigm of fibrotic skin diseases, are uniquely human, and there
are no naturally occurring animal models.

Recently, implantation of biodegradable 3-dimensional scaffolds impregnated
with human keloid cells, into immuno compromised mice has been developed as
an /in vivo model of keloids.

Availability of animal models for fibrotic diseases allows testing of novel anti-
fibrotic pharmacologic agents
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Figure 1. Tsk/+ and Bleomycin Models
Hematoxylin & Eosin and Masson’s Trichrome staining of wild-type +/+ (A, C), Tsk/+ (B,

D), PBS-treated (E,F) and bleomycin-treated (G, H) cutaneous sections. Genetic mutation in
fibrillin-1 gene in the 7sk/+ mouse leads to thickened dermis with abundant collagen in both
upper and lower dermis (B & D, sub-panniculus carnosus) compared to control (A & C).
Daily administration of bleomycin elicits a strong inflammatory reaction in the host animal
which, in turn, leads to increased dermal thickness and fibrosis (A & C) compared to control
(B & D). Images of 7sk mouse reproduced from: Manne, J., Markova, M., Siracusa, L.,
Jimenez, S.A. “Collagen content in skin and internal organs of the Tight Skin Mouse: An
animal model of scleroderma. Biochemistry Research International. \fol 2013, 1-8.
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Figure 2. Bio-Scaffold Model
PLA scaffolds (B & C) are dynamically seeded and subcutaneously implanted into immune-

deficient mice (A). Upon retrieval, the scaffolds demonstrate marked neovascularization
from the host animal, and continued collagen production (D, E: H&E staining, F: Sirius red
staining).
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