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Abstract 

Background: Dermal fibroproliferative disorders are forms of aberrant cutaneous wound 

healing, which can lead to the formation of hypertrophic scars (HTS). HTS develop after 

prolonged healing of deep dermal burns and are associated with excessive inflammation. HTS 

are characterized by exaggerated cell migration, increased fibroblast proliferation, and up-

regulated secretion of cytokines and extracellular matrix proteins. Fibroblasts, especially from 

the deep layers, are involved during the remodeling process and the excessive biosynthesis of 

extracellular matrix proteins. Mast cells (MC) have been implicated in fibrotic diseases and HTS 

development as they are present in significantly greater numbers than in normal skin and appear 

to degranulate and release pro-inflammatory as well as pro-fibrotic mediators in response to 

injury. Thus, we hypothesized that activated MC regulate dermal fibroblasts and play a 

significant role in HTS development.  

Methods: Fibroblasts were isolated from human HTS tissue and site-matched normal skin, and 

the superficial and deep layers of normal human skin. The fibroblasts were co-cultured with MC 

(LAD2) with or without stimulation with substance P. Fibroblast proliferation was quantified by 

cell counting. Collagen production was measured using the 4-hydroxyproline assay. 

Myofibroblast differentiation was assessed by flow cytometry. Matrix metalloproteinase-1 and 2, 

and transforming growth factor-beta 1 were quantified by Simple WES. Simple WES and ELISA 

measured decorin in the fibroblast lysate and cell culture medium. Fibroblast-populated collagen 

contraction was examined using a collagen lattice assay. 

Results: Activated MC significantly increased cell proliferation and reduced collagen production 

in normal skin fibroblasts (NS Fb), as well as superficial and deep dermal fibroblasts (DF). 

Myofibroblast differentiation was reduced significantly in NS Fb co-cultured with MC. 
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Activated MC significantly lowered decorin expression in the DF. Also, the levels of decorin in 

the medium of the NS Fb, and in the layered fibroblasts were significantly down-regulated after 

co-culturing with activated MC. Likewise, activated MC significantly decreased MMP-1 

expression in the DF, and lowered MMP-2 in NS Fb. Activated MC significantly decreased DF-

populated collagen gel contraction compared to the controls.  

Conclusions: In this study, activated MC regulated dermal fibroblasts, and exerted an important 

modulation of DF in vitro. Our results suggest the relation of activated MC and DF may be one 

of the key components for HTS development. 
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Chapter 1 Introduction 

Burn incidence around the world is high. It carries a deep burden in the patient’s life and 

the health system. According to the report from the World Health Organization in 2004, there are 

approximately 11 million of new cases of burn injuries every year worldwide, and a recent 

update in 2016 from the same organization estimates that 265,000 of those cases end in death [1, 

2]. The most recent repository from the American Burn Association, analyzing the last 10 years, 

presented a small decline in the mortality rate, from 3.9 % to 3.0 % in males and 4.1 % to 2.9 % 

in females [3]. It was only with the implementation of burn centers and the improvement in the 

management and care of the burn patients that the decline of the death ratio was possible [4, 5]. 

Nevertheless, the analysis from the World Health Organization in 2004 showed burns as one of 

the leading causes of disability [1, 6]. 

Burn injury is one of the leading causes of hypertrophic scar (HTS) formation. 

Prevalence studies show that approximately 70% of the burn patients will develop HTS [7, 8]. 

As mortality from burn injury has improved, research deepens into understanding the 

mechanisms behind HTS development. This chapter will review the literature about the concepts, 

consequences, and treatments of burn injury. It will also highlight the main cellular and 

molecular components of HTS formation before discussing the project based on the hypothesis 

that mast cells (MC) can regulate dermal fibroblasts. 

1.1 The skin structure 

The skin tissue is part of the integumentary system, which is structurally formed by 

different types of cells, hair, glands, and others [9-11]. Immune cells complement the barrier 

defense. Additionally, the skin also takes part in temperature regulation, excretory, and sensory 

functions. The skin accounts for up to 15 % of the body mass. Anatomically it is divided into 



2 
 

three layers: epidermis, the most external part; the dermis, the portion located in the middle; and 

hypodermis, or subcutaneous tissue [9, 10, 12]. The epidermis is avascular, and the nutrients 

flow from the dermal capillaries. It is mainly composed by keratinocytes. These cells form the 

five layers of the epidermis, also called Stratum. In the deepest layer, new cells are formed, and 

as they move up, tonofilaments provide strength. Finally, the external layer is constituted by 

dead cells and keratin. The other cells in the epidermis are melanocytes, Langerhans cells, and 

Merkel cells [10, 12]. Melanocytes are responsible for producing melanin and giving the skin 

color. Interestingly, melanocytes are present in similar quantity in different races. The difference 

in skin color is due to the amount of melanin produced by these cells. Although the epidermis is 

constituted with more keratinocytes than melanocytes, melanocytes share the melanin produced 

with keratinocytes, forming a considerably homogeneous skin color [10]. Langerhans cells are 

the first sentinels of immune defense in the skin. Lastly, Merkel cells are part of the sensorial 

system involved in the touch sensation.  

The dermis is divided into two regions: papillary and reticular [10]. The papillary region 

has capillaries. The reticular region is rich in collagen bundles and elastic fibers, forming a 

strong support for the skin. The main cells in the dermis are fibroblasts. They are responsible for 

organizing the extracellular matrix (ECM) and giving structure to the dermis. As part of the 

defense mechanisms, macrophages and MC can be found in this area.  

Vessels, nerves, and adipocytes from the subcutaneous tissue. Finally, the appendages in 

the skin are the pilosebaceous units formed by the hair, sebaceous glands, arrector pili muscles, 

and the apocrine and eccrine sweat glands. 
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1.2 Wound healing and hypertrophic scar formation 

The wound healing process is divided into four phases: hemostasis, inflammation, 

proliferation, and remodeling (Figure 1.1) [13-15]. In the normal wound healing process, the 

hemostasis phase, which lasts approximately 15 minutes, starts with vascular constriction 

induced by prostaglandins, circulating epinephrine, and thromboxane to stop the bleeding [16]. 

Concomitantly, clotting is induced by platelets and controlled by MC-derived tryptase-heparin 

complexes [16, 17]. Vascular permeability will be induced by the histamine and other cytokines 

released by MC marking the transition to the inflammation phase [13, 17]. At the beginning of 

the inflammation phase, growth factors, and cytokines act as chemoattractants for immune cells. 

Marked by redness, edema, and pain, the inflammation phase lasts around 5 days. It evolves with 

the presence of recruited immune cells such as MC, monocytes, T lymphocytes, and neutrophils 

in the wound site. These cells secrete a vast array of growth factors and cytokines. Consequently, 

the growth factors stimulate cell proliferation and fibroblast migration preparing for the next 

phase [13, 15]. The proliferation phase is noted for fibroblast proliferation and reepithelization 

with keratinocytes. Fibroblasts produce collagen to reform the ECM. Also, they differentiate into 

myofibroblasts, which act by helping wound closure. The proliferation phase lasts up to 6 weeks. 

Finally, enzymes such as matrix metalloproteinases (MMPs) and mechanisms such as the cell 

death control remodel the ECM by degrading collagen and promoting apoptosis, respectively.  

During the abnormal scarring process, the HTS will be formed due to a dysregulated 

response in each phase [14, 18, 19]. The hemostasis phase starts right after the injury. High 

levels of fibronectin remain for an extended period [20, 21].  Fibronectin has been shown to 

spread the platelets in the wound, helping cell migration, and adhesion. The inflammation phase 

is prolonged, and it is characterized by increased expression of cytokines such as transforming 
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growth factor (TGF), platelet-derived growth factor (PDGF) and interleukins (IL, e.g., IL-4 and 

IL-10). Immune cells such as macrophages and MC, already present in skin, secrete several pro-

inflammatory and pro-fibrotic cytokines [14, 22, 23]. Additionally, neutrophils and lymphocytes 

migrate to the wound site, increasing the inflammatory response. Burn injuries that affect deep 

layers of the skin have this inflammatory response accentuated, and consequently, they are more 

prone to develop HTS [18].  

In HTS formation, the proliferation phase is marked by persistent overproduction of 

collagen, fibronectin, and glycosaminoglycan (GAG) [13, 24]. Skin fibroblasts and keratinocytes 

become highly active, and the proliferation is increased [18]. The changes in the interactions 

between Langerhans cells with keratinocytes during scar formation are linked to HTS formation 

[25]. IL-1α, produced by both types of cells, is found to be down-regulated in HTS. This 

imbalance is associated with abnormal ECM formation. Proteoglycan dysregulation is found in 

HTS. Decorin is decreased in the HTS, while versican is increased [26, 27]. Also, collagenase 

activity and production are affected. In the HTS, MMP-1 and MMP-9 are down-regulated 

compared to normal skin [13, 28]. However, MMP-2 expression in the HTS and blood of burn 

patients were increased compared to controls [29, 30]. 

The injury depth of wounds can determine the outcomes of wound healing [31]. 

Superficial wounds usually heal in a short period of two weeks, and no surgical intervention is 

required [31, 32]. Deep wounds are more prone to cause HTS and are associated with longer 

healing time. The HTS characteristically occurs when the burn injury is deeper than 0.5 mm 

inside the reticular dermis zone (Figure 1.2) [31, 33]. One possible reason for the development 

of HTS is the difference between superficial fibroblasts (SF) in the papillary dermis and deep 

fibroblasts (DF) in the reticular dermis [34]. Studies have shown that DF express more pro-
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fibrotic characteristics such as lower levels of decorin and higher levels of TGF-β, connective 

tissue growth factor (CTGF), and collagen compared to SF [23, 31]. If the burn injury is deep 

enough to damage the papillary dermis, the DF are the ones in the wound site. Consequently, it is 

possible that they are the ones responsible for rearranging the wound. 

1.3 Burn disabilities 

Thousands of patients develop disabilities every year due to burn injury. According to the 

Institute for Health Metrics and Evaluation, the onus of burn disabilities has not changed much in 

the last 20 years; this includes environmental, behavioral and occupational risks (not specified in 

details) [35]. The years lived with disability (YLDs) is the measurement of the prevalence 

multiplied by the time lost with that condition [36, 37]. The burden of the disabilities is 

calculated by the sum of YLDs and the years of life lost due to premature death by that disorder; 

the unit is called disability-adjusted life years (DALYs). From 1995 to 2015, the YLDs 

associated with burns went from 13.67 to 8.92 YLDs per 100,000 patients  [35]. In the same 

period, the burn DALYs has reduced from 29.55 to 16.52 per 100,000 patients. Although those 

numbers are an important representation of the burn injuries, the real numbers may actually be 

higher. A considerable proportion of the cases happen in low- and middle-income countries such 

as Angola and India, two of the countries with the highest numbers of DALYs and YLDs 

associated with burn injuries, where the health system is not well developed, and the health 

information system is not adequately established [35, 38-42]. 

1.3.1 Physical and psychological disabilities  

The physical and psychological trauma caused by burn injuries have a lasting impact on 

the patient’s quality of life [43]. By evaluating the psychological and somatic symptoms behind 

the evolution of the scar, Bock et al. in 2006 and Mazharinia et al. in 2007 concluded there are 
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severe consequences in the life quality of these patients [44, 45]. As part of these studies, 

different points were assessed to show how detrimental the consequences of burns can be. They 

found important repercussions in many aspects: pain or pruritus; emotional fragility, reduced 

daily activities, difficulty with interpersonal relationships, lack of focus at work or school, poor 

self-esteem, and other psychological impairments. 

In many cases, patients suffer from psychological trauma [46]. Patients, especially 

children, have difficulties in returning to their normal life. Scars and deformities in the skin can 

affect their self-esteem and confidence. Moreover, during the healing process, the long 

treatments, the pain, and their appearance influence them emotionally. According to Zeitlin, in a 

follow up in children that suffered burn injuries, about 20 % of these patients remembered the 

incident, and up to 25 % had memories from the hospitalization [47]. These results were mainly 

attributed to the age of the child, especially those over 3 years old. In the same study, Zetlin 

showed that more than 20 % of the patients that suffered burn during childhood developed a fear 

of fire or hot water. Also, more than 40 % of these patients became cautious and hypervigilant, 

which persisted as they grew up. During adolescence, around 20 % of the patients had difficulty 

in dealing with the opposite sex. Also, the remaining scars impact their self-confidence.  In 

adults, a review by Sheffield et al. found that only around 10 % of the patients received 

psychiatric support [43]. The need for psychotherapy was highly associated with the long-term 

treatment of the wound.  

Consequences can also be seen in the physical trauma from burn injuries. Burn scars 

range from small cosmetic problems to important contractures [27]. Superficial lesions in the 

skin can cause discoloration, pain, tenderness, pruritus, and changes in skin texture [18]. In 

deeper lesions, starting from the superficial partial-thickness (second-degree), the scars can 
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drastically compromise skin structure. As a consequence of the damage, the patient may suffer 

from significant pain in the early recovery period. Moreover, an erythematous, raised, and 

pruritic scar can develop (Figure 1.3 A) [26]. Additionally, it disfigures the appearance of the 

patient, is associated with burn alopecia in the damaged area and promotes changes in the skin 

like stiffness and rough texture.  

In some instances, wound contraction is increased during the healing process. It can 

cause other negative outcomes such as joint contractures [48-50]. The scar is bulky and has an 

inelastic texture. If the scar occurs in joints (especially extremities) and face, it will limit 

movements and cause anatomical deformities (Figure 1.3 B) [51]. Structures like eyelids can be 

constricted becoming narrowed and immobilized. When considering the relevance of the area 

affected by burns, hands and arms are the body parts that are most exposed to the risk of this 

injury, accounting for 45 % of the cases [31]. From new adventurers, such as children exploring 

the home environment, to adults with their occupational and behavioral injuries, hands and arms 

hold almost half of the functional impairments. This kind of injury carries such importance that 

the American Burn Association considers mandatory referral of these cases to a burn center. 

1.3.2 Burn assessment 

Over the years and with the evolution of knowledge about the scarring process, scar 

scales were created to help with earlier diagnosis [52]. Since the treatment applied depends on 

the classification of the wound, it was imperative to create reliable and fast tools to be used. The 

depth classification, Wallace’s rule of 9, the Lund and Browder's chart, and the total body 

surface area (TBSA) are only used for quick assessments [53]. The depth classification divides 

the burn injury into three degrees: 1) first-degree burn or epithelial burn is the most superficial 

lesion; 2) second-degree burn involves up to the dermis. It can be subdivided in superficial 
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second-degree burn affecting the papillary dermis, and deep second-degree burn involving up to 

the reticular dermis; 3) third-degree burn is considered a full thickness burn. The Wallace’s rule 

of 9 applies the area of burn damage in percentage in the body, and it is used mainly in adults. 

The Lund and Browder's chart also expresses the area of burn injury in percentage and can be 

used to define the injury in children. Both methods provide the TBSA. They classify and 

determine the severity of the burn, and help define the initial treatment. Less than 10 % and 15 % 

of TBSA are considered minor burns in children and adults, respectively. Major burns are up to 

30 % and 35 %. Finally, critical burns are anything more than 30 % in children and 35 % in 

adults. From Garcia-Velasco in 1978 to Singer in 2007, scar scales evolved and went through 

adaptations [54]. Currently, the Patient and Observer Scar Assessment and the modified 

Vancouver Scar Scale are the ones mostly used [54, 55]. Assessment for scar diagnosis can be 

divided mainly into four groups: color, including vascularization and pigmentation; metric values 

such as volume, height, and extent; biomechanical properties (i.e., elasticity and stiffness); and 

hydration. Color evaluation can be very subjective and therefore, requires the support of different 

techniques such as laser, colorimetry, and computer analysis of photographs. Measures of scar 

volume require the application of ultrasound. These measurements are hard to acquire because 

accessibility to this equipment is difficult since it is expensive and time-consuming to use. The 

clinical assessment of depth of the burn and the risk of developing severe scars are based on the 

surgeon’s experience and has an accuracy of around 70 % [32, 56]. Thus, different methods and 

tools should be used in combination to improve the accuracy of the diagnosis of burn depth and 

scarring potential. 



9 
 

1.4 Burn rehabilitation, scar prevention, and treatments 

Even with advances in the care and rehabilitation of burn patients, the functional and 

aesthetic consequences remain a significant problem [19]. Treatments are often time-consuming 

and uncomfortable for patients [57]. Severe injuries might require many sessions of surgery. 

Surgeries in the early stages of the recovery aim to remove damaged and necrotic tissue. Once 

the healing process is over, surgery will be used to repair some areas by removing the formed 

scars. Also, it will be used to restore motor functions due to contractures. However, surgical 

interventions do not always evolve with good results. Furthermore, they are also associated with 

recurrence [18, 57]. Other procedures have also been used to improve the outcomes of HTS such 

as corticosteroid injection, compression therapy, splitting, serial casting and laser therapy [31, 

57, 58]. Each of these procedures will act in specific aspects of the HTS. Corticosteroids inhibit 

fibroblast proliferation and can reduce inflammation. Compression therapy accelerates scar 

maturation. Splinting and serial casting have their importance in preventing contractures. Lasers 

reduce scar size and erythema. However, these treatment modalities are time-consuming, often 

uncomfortable. 

Ideally, the patients are treated carefully to avoid complications. The treatments include 

prophylactic, current, and emerging therapies [13]. Pressure therapy is indicated as prophylaxis 

of HTS in a burn injury. It should be 23-24 hours per day for over 6 months [13, 19, 31]. Another 

treatment used to prevent HTS formation is silicone gel sheeting. It is applied 2 weeks after the 

wound healing started, and the treatment will last for 2 months. Flavonoid gels and creams have 

been used for HTS, but their results are not well established [13]. In the current therapies, 

surgical revision is the traditional treatment and can include methods such as linear excision or 

grafting. Corticosteroids are considered a second-line treatment for HTS in early stages when 



10 
 

other therapies have not been successful. The treatment regime is an intralesional injection in the 

papillary dermis per month over 3 months, and it can be extended to several months as needed. 

However, extended use of corticosteroid therapy can cause skin atrophy and telangiectasia [13, 

59]. Limited for small scars, cryotherapy is done with liquid nitrogen spray, and it may cause 

blistering and local pain [13, 19]. Laser therapy has shown to be efficient in young HTS [13, 51]. 

They are classified in nonablative selective (e.g., pulse-dye laser), and ablative nonselective 

(e.g., CO2 laser). They can be applied 2 to 6 sessions every 2 to 6 weeks. Finally, the emerging 

therapies there are the interferon as a promising therapy, and 5-Fluorouracil injections with good 

results for inflamed HTS. 

1.5 Cellular basis of HTS formation 

1.5.1 Fibroblasts and myofibroblasts 

Fibroblasts are present in different organs with specific attributes. Dermal fibroblasts are 

very important for skin physiology [60]. They are the most abundant cells in the dermis. In the 

skin, they have two subpopulations with considerably different characteristics. One population, 

SF, is located in the papillary region of the dermis, and the second one, DF, resides in the 

reticular region [34, 60]. Fibroblasts, the most common dermal cells that synthesize collagen, are 

involved in the biosynthesis of ECM. During reepithelization, fibroblasts produce fibroblast 

growth factor 7 and 10 (FGF-7 and 10), IL-6 and insulin-like growth factor 1 (IGF-1) [18]. The 

ECM deposition is controlled by CTGF, TGF-β and IGF-1 [18, 31]. While neovascularization 

can be influenced by vascular endothelial growth factor (VEGF) and CTGF, ECM remodeling is 

guided by TGF-β and PDGF. Alteration in the wound physiology will lead to an imbalance in 

proteoglycan production by fibroblasts [18]. In HTS, decorin was found reduced to 75 %, 

contrasting with up-regulation of versican [61].  Also, DF produce less decorin and more 
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versican, which indicates the involvement of fibroblasts from reticular dermis in the HTS 

formation [62].  

HTS is characterized by having more myofibroblasts than normal skin [63]. The 

fibroblasts undergo differentiation into proto-myofibroblasts, and later, into myofibroblasts [64, 

65]. These specialized cells express alpha-smooth muscle actin (α-SMA) and contribute to 

wound contraction. TGF-β1 induces α-SMA production in association with fibronectin, which 

helps explain the increased number of myofibroblasts in the HTS since both are up-regulated 

there [64, 66, 67]. More recently, versican, another up-regulated molecule in the HTS, has been 

suggested to help in fibroblast differentiation [68]. The mechanism appeared to involve TGF 

stimulation because the SMAD pathway was activated. At the end of the wound repair, if the 

tissue does not require the contractile, then myofibroblasts are degraded by apoptosis [63]. In 

HTS, where the degradation of myofibroblasts does not occur properly, some treatments have 

been proposed. In 2001, patients received treatment with interferon-alpha-2b (IFN-α2b) [57]. 

Results suggested the treatment reduced the number of myofibroblasts by inducing apoptosis. 

The contractile force of myofibroblasts is well known, and it is an important mechanism for 

wound healing progress. However, in HTS, this function is exaggerated. Thus,  the cytoskeletal 

elements of the cells will continue to be targeted for research and development of possible 

treatments [65]. 

1.5.2 Keratinocytes 

 Keratinocytes are the cells that compose the first barrier of the skin and create the 

epidermis. Keratinocytes work together with fibroblasts to form the basement membrane of the 

epidermis. [60]. Both secrete components, while keratinocytes arrange them. Keratinocytes are 

responsible for producing collagen type IV and VII, laminins, perlecan, TGF, ILs, and more. 
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Cooperation with fibroblasts is vital for skin physiology. Co-culture of keratinocytes and 

fibroblasts has shown to increase collagen IV production by both, and TGF-β2 expression by 

fibroblasts [69, 70]. Communication of these two cells correlates with the amount of keratinocyte 

growth factor 1 (KGF-1) [71]. Consequently, the up-regulation of KGF-1 can cause 

hyperproliferative epidermis. The absence of keratinocytes after the burn injury will cause an 

imbalance in the skin homeostasis due to late epithelialization and lack of communication with 

fibroblasts [25, 34, 72]. 

1.5.3 Mast Cells 

MC are intricate immune cells which have a complex and vast quantity of mediators and 

many possible pathways of activity [18, 73]. It is conceivable that MC orchestrate fibrosis by 

acting indirectly with their chemotaxins and recruiting other cells to act (Figure 1.4) [17]. 

Previous research has found a higher density of MC in the human HTS samples compared to 

human normal skin samples [74, 75]. These results suggested a relationship between MC and 

HTS development. 

MC have been implicated in fibrotic diseases in different tissues. For example, IL-13 

secreted by MC was associated with lung contraction and fibrosis [76]. Also, tryptase, a protease 

produced by MC, was isolated from lungs and applied on dermal fibroblasts in vitro, and 

stimulated fibroblast proliferation and collagen type I production [77]. 

MC are rich in granules and vesicles filled with a diversity of substances. The trafficking 

of these mediators is controlled by exocytosis and can be triggered by many different ways [73]. 

The exocytosis of different molecules depends on the type of stimuli. Also, mediator secretion 

can happen with or without degranulation. For example, neuropeptides such as substance P (SP) 

can stimulate the secretion of cytokines and chemokines through degranulation by the activation 
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of the natural killer receptors [78]. By contrast, lipopolysaccharides (LPS) can stimulate 

secretion of cytokines and chemokines without degranulation by activating the toll-like receptor 

4 (TLR4) [79]. The granules and vesicles contain amines, proteoglycans, proteases, enzymes, 

and cytokines. Histamine, TGF-β, tumor necrosis factor-alpha (TNF-α), IL-4, IL-13, and tryptase 

have been associated with HTS formation [18].  

The gap junction is an essential connection for communication between MC and 

fibroblasts. Gap junctions of mouse fibroblasts and MC increased collagen lattice contraction 

[80]. After determining the gap junction with coupling index through staining with Lucifer 

yellow and rhodamine (Rh)-dextran, a control group was treated with uncoupler trifluoromethyl 

ketone to inhibit the gap junction. Results showed that inhibition of gap junctions between MC 

and fibroblast reduced collagen contraction compared to the experimental group that had gap 

junctions maintained. In another experiment, rat MC and human fibroblasts increased the pro-

fibrotic activity in vitro reaffirming the gap junction relevance [81]. MC were pre-treated with 

calcein and co-cultured with fibroblasts. The communication between both cells was confirmed 

by the passage of calcein from MC to fibroblasts. An experimental group was treated with an 

inhibitor of the fatty acid amide to inhibit the gap junctions. In this study, fibroblasts co-cultured 

with MC increased collagen production and myofibroblast differentiation compared to co-

cultured fibroblasts with MC that had the gap junctions blocked.  

Human MC can be classified into MCT and MCTC according to the proteases they express 

(tryptase and chymase). Previous studies have shown that MC may differentiate into MCT or 

MCTC depending on the stimuli [73, 82]. The stimuli can originate from infection, inflammation, 

or cell migration through the tissue.   
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1.5.4 Neutrophils 

The neutrophils are granulocytes derived from myeloid stem cells. They infiltrate the 

wound at the beginning of the inflammatory phase [28]. Right after the hemostasis, neutrophils 

are attracted to the wound by the products of fibrinolysis [13, 18, 61]. These cells, once in the 

wound, secrete proinflammatory cytokines (IL-1α, IL-1β, IL-6, TNF-α), the collagenase MMP-8, 

and the gelatinase MMP-9 [18, 28, 83]. Therefore, neutrophils also influence the remodeling 

phase of wound healing. The neutrophils clean the wound of bacteria and detritus by 

phagocytosis [84]. Another previous finding was that after severe burns, neutrophils expressed 

elevated heat shock proteins which increased oxidative stress and down-regulated apoptosis, 

therefore leading to the prolonged presence of these cells in the wound [85, 86]. 

1.5.5 Monocytes 

 Secreted by macrophages and fibroblasts, the monocyte chemotactic protein-1 is an 

important chemokine that recruits monocytes to the wound site [50]. Other chemoattractants can 

also contribute to bringing monocytes from the bone marrow to the wound site. Monocytes 

respond to TGF-β1 and activated stromal cell-derived factor 1/ C-X-C chemokine receptor type 4 

(SDF-1/CXCR4) pathway [31]. Once in the skin, monocytes differentiate into macrophages [87]. 

Recently, the SDF-1/CXCR4 pathway has been the focus of research. SDF-1 was up-regulated in 

burn patients’ serum and HTS, which would continuously recruit CD14+ CXCR4+ cells and 

prolong the inflammation [50, 51]. A CXCR4 antagonist was tested to reduce monocytes 

trafficking into the wound in the human HTS-like nude mouse model, and as a consequence, the 

HTS characteristics were attenuated [88]. 

1.5.6 Macrophages 
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Macrophages play many roles in wound repair with their wide range of cytokines and 

phagocytic capacity [87]. Macrophages act from the inflammation phase. They stimulate 

revascularization, influence ECM organization, and skin reepithelialization [15, 18]. Macrophage 

fosters the transition from the inflammation phase to the proliferation phase by stimulating 

fibroblasts and keratinocytes [31]. During this transition between phases, they produce cytokines 

that control cell adhesion and migration. They release a considerable amount of cytokines: IL-1α, 

IL-1β, IL-6, TNF-α, TGF-β, FGF2, IGF-1, IL-1, FGF10, PDGF, and VEGF. Macrophages have 

been directly associated with HTS formation by overstimulating fibroblasts [89]. Macrophages 

increased secretion of TGF-β, FGF2, and IGF-1, which induced excessive collagen production 

by fibroblasts [18, 25]. The immune cell communication causes an interesting complementary 

loop of stimuli and activation. Macrophages and dendritic cells stimulate T lymphocytes to 

differentiate into T-helper 1, 2, 3 17, and T regulatory cells [50]. Then, the differentiated T 

lymphocytes activate macrophages into two subpopulations [61, 87, 89]. The first subpopulation 

called classically activated macrophages (M1) can be activated by T-helper 1 cell products, and 

they seem to act as an anti-fibrotic agent in the early phases of the wound healing. The second 

population is called alternatively activated (M2). They are activated by T-helper 2 cell products 

and act as a pro-fibrotic promoter [87]. Considerably more research is underway regarding 

macrophages, especially the fluctuation of subtypes during the wound healing process.  

1.5.7 Lymphocytes  

Lymphocytes are highly concentrated in HTS compared to the level found in the normal 

skin [18, 90]. T-lymphocytes are attracted to the wound by IL-15, and chemokines CXCL8 and 

CCL2. Also, they respond to SDF-1 chemoattractant stimuli [51, 91]. Once in the wound, 

lymphocytes are activated and release interleukins (e.g., IL-4, IL-5, IL-6, IL-10, IL-13, and IL-
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31) that impact the inflammation and ECM deposition. During an inflammatory response, T 

helper-1 cells can reduce fibrogenesis, while T helper-2 cells are associated with increased pro-

fibrotic cytokines capable of stimulating fibroblasts to produce collagen and fibronectin [13, 61]. 

Additionally, T helper-1 cells produce IFN-γ that inhibit T helper-2 cells in producing IL-4 

(which is a potent pro-fibrotic cytokine) and stimulate macrophages to produce IL-12, an anti-

fibrotic cytokine [13, 18, 31]. Similarly to other cells involved in the wound healing, T-cells are 

also a source of TGF-β1 [50, 62, 91].  

1.6 Molecular basis of HTS formation 

1.6.1 Growth factors 

TGF-α is a protein from the epidermal growth factor (EGF) family [18, 92]. Macrophages 

and keratinocytes produce it in the wound area. Once TGF-α binds to the EGF receptor, it 

initiates cell proliferation in the wound healing process [93-95].  

TGF-β is a cytokine from the transforming growth factor superfamily [96]. Three 

isoforms have been well documented: TGF-β1, TGF-β2, and TGF-β3 [97]. It is produced by 

different cells such as macrophages, MC, platelets, fibrocytes, and fibroblasts. With a vast range 

of action, TGF-β controls cell proliferation, differentiation, homeostasis, cell cycle, and more 

[13, 84]. On the other hand, a malfunction could also cause abnormal wound healing process 

such as HTS [96]. Previous experiments showed higher expression of TGF-β1 in HTS [50, 87]. 

In a sequence of stressors over the burn injury, followed by the inflammatory process and wound 

healing, the constant production and activation of TGF-β1 is suggested to differentiate 

fibroblasts into myofibroblasts [98]. It contributes to HTS formation by producing extra collagen 

and increasing contraction [85, 98]. M2 macrophages also produce large amounts of TGF-β1 that 

is associated with HTS development [89]. Additionally, researchers have found a higher 

https://en.wikipedia.org/wiki/Epidermal_growth_factor
https://en.wikipedia.org/wiki/Transforming_growth_factor
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expression of TGF-β1 produced by DF compared to SF [62, 85]. Because of the broad 

capabilities of TGF-β, it has been targeted for treatment in different fields, including in HTS 

formation [61, 84]. In the skin, TGF-β3 is the only cytokine from the family that has been 

suggested to have anti-scarring function [18, 50, 51]. Treatments with intradermal injection of 

TGF-β3 improved the macro characteristics of the scars [84]. Although TGF-β3 (commercially 

called Avotermin or Juvista) did well through the clinical trial phases I and II, it failed in 

advanced clinical trials and did not reach the clinical market [99-101]. 

PDGF is a disulfide-bonded dimeric glycoprotein that belongs to the group of growth 

factors, and it has five isoforms (AA, AB, BB, CC, and DD) [51, 102, 103]. It has been 

correlated with the pathophysiology of HTS [25]. It was first discovered in platelets, but later 

also found produced by macrophages, MC, keratinocytes, fibrocytes, and fibroblasts [18, 104]. 

PDGF affects the inflammation phase, neovascularization, and ECM deposition. Along with 

TGF-β1, PDGF has been shown to help myofibroblast differentiation in vitro [91]. The first three 

isoforms have been implicated in that process, together with stimulating collagen formation and 

cell adhesion in fibrotic diseases such as lung fibrosis [19, 105, 106]. 

Secreted by platelets, macrophages, MC, and fibroblasts, EGF is a small molecule with 

the function best represented by reepithelialization [107]. It helps to recruit cells, especially 

keratinocytes and fibroblasts from surrounding the wound, to accelerate wound closure [13, 

107]. Another role of EGF is its capacity to control the production of MMPs by fibroblasts [108-

110]. Previously, tests involving SP and EGF increased proliferation of fibroblasts in vitro [111]. 

VEGF including six different growth factors (A, B, C, D, E and placenta growth factor), 

is produced by MC, platelets, neutrophils, macrophages, keratinocytes, and fibroblasts, and 

stimulates neovascularization [18, 112]. Similarly to other growth factors, VEGF also works as a 
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chemoattractant for pericytes and smooth muscle cells that help neovascularization [107]. MC 

can secrete VEGF by selective release without degranulation, and it acts mainly as a vasodilator 

[113]. VEGF is one of many cytokines and growth factors capable of transcriptionally activating 

MMPs [83]. Interestingly, VEGF was found in higher concentration in SF compared to DF in 

culture [34]. 

IGF-1 works together with growth hormone to modulate insulin [114]. It is secreted by 

platelets, T-cells, fibroblasts, and macrophages, and it can stimulate cell recruitment into the 

wound [13, 15, 107]. IGF-1 has been shown to increase keratinocyte mobility in vitro. Also, it 

stimulates fibroblasts and myofibroblasts to produce collagen [14, 22, 115, 116]. IGF-1 working 

synergistically with EGF increases keratinocyte proliferation [22]. Along with TGF-β1, the 

expression of IGF-1 was found higher in the HTS compared with site-matched normal skin [31, 

117]. It was proposed that since sebaceous and sweat glands store IGF-1, once the burn injury 

damages these structures, IGF-1 will be released in the wound and stimulate pro-fibrotic 

characteristics on fibroblasts.  

CTGF is produced by fibroblasts and endothelial cells. Together with TGF-β1, CTGF 

increases collagen production, myofibroblast differentiation, and cell proliferation [18, 19, 31, 

118]. This molecule is present in fibrotic diseases such as scleroderma, and it has been associated 

with HTS development [22, 119]. This idea of CTGF as a factor for HTS formation was 

supported when researchers found that CTGF was increased in the HTS fibroblasts compared 

with normal fibroblasts [120]. Later, they showed that normal fibroblasts stimulated with TGF-

β1 increased CTGF expression, which is similar to what is found in HTS formation. Another 

inference is about the location of the fibroblasts in the skin and their differences. DF expressed 

more CTGF than SF from normal human skin [51, 62]. Also, CTGF has been implicated as a 
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regulator of MMPs and tissue inhibitors of metalloproteinases (TIMPs), and it indirectly works 

on angiogenesis by stimulating VEGF production [121]. 

FGF is a big family of 22 members produced by many cells such as fibroblasts, 

neutrophils, and macrophages [14, 22]. All FGF are associated with cell proliferation from 

different tissues except FGF-7, which seems to be exclusive to epithelial cells [122]. FGF-1 and 

FGF-2 are associated with angiogenesis, and FGF-2 is highly present in the wound healing 

process [22]. In the proliferation of fibroblasts, FGF-1 facilitates the cell cycle to enter the G1 

phase and enhance mitosis [14]. Like many other growth factors, FGFs have been targeted for 

treatment or tested as treatment. Basic FGF (bFGF) was used to increase neovascularization in a 

model for skin, although it showed an enhanced trend, no significant improvement was identified 

in this study [123].  

1.6.2 Proteoglycans 

Proteoglycans such as decorin and versican have been widely studied and analyzed in 

wound healing. Decorin, the main proteoglycan in the skin, regulates TGF-β1 and interacts with 

collagen, playing an essential role in fibrillogenesis and cell proliferation. It is produced and 

secreted by fibroblasts and epithelial cells and has been associated with HTS when it is down-

regulated [49, 97, 124, 125]. Initially, it was demonstrated that HTS tissue expressed less decorin 

than site-matched normal skin from burn patients [26, 27]. It was found to be suppressed in HTS 

for approximately 1 year [49]. Decorin organizes the ECM by attaching to the collagen type 1 C-

terminus (the name was given due to how this protein “decorates” collagen) [126-128]. It also 

binds to other types of collagen, but most importantly, it binds to TGF-β1 and helps control its 

activity [13]. In a study to quantify decorin in the skin from two different age groups, young 

patients (20-30 years old) expressed more decorin than aged patients (>80 years old) and the 
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GAG size of the decorin in the second group was smaller [129]. Perhaps this could be one of the 

causes of poor healing in older patients. To improve the expression of decorin in the tissue and 

avoid HTS formation, researchers treated mice with calcium channel blocker (verapamil), 

interferon and corticosteroid (kenacort) in a nude mouse model with human skin graft [130]. 

Decorin gene expression was significantly increased compared to the untreated group.  

Versican, in contrast with decorin, is highly present in HTS [27]. Versican is a strong 

hydrophilic molecule. It was implicated in disarranging the fibrils of ECM contributing to HTS 

formation. [61, 68, 131]. Versican also stimulates fibroblast differentiation into myofibroblasts. 

This molecule was initially described as a facilitator of cell adhesion, but it was versatile in its 

capabilities, and hence, the name versican was suggested [132]. Versican can be found in four 

different isoforms (V1, V2, V3, and V4), three with GAG and V3 without it. Versican interacts 

with cell-surface proteins such as CD44, EGF receptor, and integrins, and it also connects to 

ECM proteins such as fibronectin, fibrillin, and hyaluronan [133]. Overexpression of V1 

stimulates fibroblast differentiation in culture [68]. In a comparison between normal skin and 

HTS tissue, versican IHC staining was strongly present in the HTS while it was found in low 

expression in the normal tissue [14, 27]. Versican was up-regulated in DF compared to SF, 

suggesting DF is likely responsible for HTS formation [34, 60, 62].  

1.6.3 Histamine 

Mainly produced by MC and basophils, histamine is famous for its roles in allergic 

responses and vasodilatation [84, 134, 135]. In HTS, it is possibly the most important cause of 

the redness and the itching symptom [19]. In heart remodeling diseases, histamine was highly 

present, especially associated with edema. Histamine is present in the plasma, and perhaps in the 

wound site, is increased right after the burn injury and peaks around 1 hour after the injury [136]. 
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This is likely correlated with the necessity of vasodilation to help cell migration into the wound 

site. Another function of histamine is to stimulate the production of growth factors by fibroblasts 

such as FGF-2 [137]. Histamine stimulates wound closure (scratch model) by keratinocyte 

migration and reduces apoptosis in vitro [138]. In a wound healing study, histamine has shown to 

influence fibroblast proliferation and cell migration in vitro [139]. Dermal fibroblasts stimulated 

with histamine in vitro changed toll-like receptors (TLRs) expression [140]. While TLR4, 5 and 

10 were up-regulated, histamine decreased the expression of TLR 2, 3, 6, 7, 8 and 9. This 

information crosslinks with other research where TLRs are associated with HTS formation, 

especially the inflammatory response induced by TLR4 [112]. 

1.6.4 Proteases 

Tryptase and chymase are proteases produced by MC. Much work has been done to 

understand these two enzymes and their relation with fibroblasts in fibrosis development. Both 

have been shown to activate TGF-β1 [141]. Tryptase was said to be responsible for helping 

wound repair, acting as a chemoattractant for immune cells (especially macrophages), being a 

proinflammatory molecule, and stimulating fibroblast mitogenesis and collagen production 

[142]. Dermal fibroblast proliferation was increased after dose-dependent addition of tryptase in 

culture [143]. Moreover, tryptase from activated human MC increased α-SMA expression in 

fibroblasts and increased collagen lattice contraction [144]. Also, human mast cell-1 (HMC-1) 

sonicates or isolated tryptase increased fibroblast proliferation and up-regulated type 1 collagen 

synthesis of dermal fibroblasts and procollagen type 1 c-peptide in the supernatant [77, 145]. 

Compared to normal skin tissue, tryptase was found at a constant level, while chymase was 

found significantly reduced in new and old scars [146].  
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Chymase also has been related to inflammatory stimuli, fibroblast proliferation, vascular 

permeability (by breaking epithelial cells junctional complexes) and fibrosis [113, 147, 148]. In a 

guinea pig model that received human chymase, increased eosinophils and neutrophils in the skin 

was observed [149]. Another experiment using a chemotaxis chamber technique, chymase was 

responsible for promoting chemotactic activity in monocytes and neutrophils [150]. Human 

intestinal smooth muscle cells were cultured with purified dermal chymase, and procollagen was 

cleaved to a fibril-form collagen product [151]. In HTS formation, chymase continues to be 

investigated. 

1.6.5 Matrix metalloproteinases (MMPs) 

MMPs are a big family of 25 enzymes present in the ECM [13]. Growth factors and 

cytokines are responsible for stimulating MMP production by fibroblasts and keratinocytes [18]. 

Directly associated with TIMPs, an imbalance between these two types of proteins can lead to 

scars [19, 50]. Collagenases and gelatinases are MMP subtypes. They are responsible for the 

organization and degradation of ECM [28, 83, 152]. MMP-1 is a collagenase enzyme that is 

down-regulated in HTS [153]. Its main activity is to cleave collagen type III, and secondarily it 

can digest gelatin and other collagen types (VII, VIII, and X) [28]. To complement the ECM 

structure regulation, MMP-2 and MMP-9 cleave collagen types IV, V, VII, and X. The 

gelatinase MMP-2, in a study done with quantitative zymography, was found up-regulated in 

HTS compared to normal skin [29]. Also, MMP-2 can cleave the latency-associated protein 

(LAP) portion of TGF-β1 and activate it [154]. MMP-9 is another gelatinase that is down-

regulated in HTS [29]. Interestingly, mice are known to not develop scars. Scientists have shown 

that MMP-9 is up-regulated during the wound healing period in mice [155], and it was postulated 

that high levels of MMP-9 could explain how these animals have wound healing without forming 
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scars. Recently our lab has shown that M2 macrophages reduced MMP-1 activity in human 

dermal fibroblasts [89]. Since M1 macrophages are involved in normal wound healing by 

stimulating MMP-1 production by fibroblasts, targeting M2 specifically for treatment might 

normalize MMP-1 expression and activity.  

1.6.6 Substance P 

The neuropeptide SP has been used in the study of fibrosis, and it was found to stimulate 

fibroblast differentiation [156-159]. Previously, SP showed the capacity to act as a 

chemoattractant for monocytes, neutrophils, and fibroblasts [160]. SP is regularly used for MC 

degranulation experiments. In a study where shock and psychological stress were applied to 

mice, SP expression associated with MC degranulation was increased, suggesting that stressed 

neurons can secrete enough SP to activate MC [161].  

Interestingly, not only neurons but also monocytes and macrophages can produce SP 

[162, 163]. Researchers have measured the level of SP in normal skin, burned skin wound, and 

HTS tissues from patients [164]. They found a higher concentration of SP in the HTS, suggesting 

its possible importance in the pathophysiology of HTS development. MC degranulation 

stimulated by SP through the neurokinin receptor activation is capable of stimulating the 

secretion of cytokines, chemokines, and lysosome enzymes [73].  

1.7. Research summary and thesis formulation 

With an array of growth factors and cytokines, MC can stimulate fibroblast proliferation. 

In a dose-dependent manner, tryptase increased the fibroblast proliferation rate [143]. Proteases 

activated TGF-β1, which is a mitogenic factor for fibroblasts [141]. Histamine increases FGF-2 

production, as previously described, and augments fibroblast proliferation [22].  
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Type I and type III collagen are present in the skin. Their ratio during the scarring 

process varies, and an imbalance between both leads to HTS [18, 165, 166]. As outlined above, 

the direct application of tryptase stimulated fibroblasts to produce collagen type I [77].  

Myofibroblasts are responsible for wound contraction. They are present in normal wound 

healing, and their numbers are increased in HTS [63-65]. The influence of histamine or protease-

activated TGF-β1 on fibroblasts induces myofibroblast differentiation [18, 141, 144].  

During the development of wound healing, an imbalance of the physiological protein 

profile leads to the HTS formation. TGF-β1 is up-regulated, while decorin is down-regulated in 

the HTS [61]. In a human scar model in nude mice, treatment with INF-α2b up-regulated decorin 

expression [130]. Since MC are known to produce IFN-α and IFN-β [113], it is possible that 

decorin expression in fibroblasts would increase after co-culture with activated MC. 

Moreover, it is possible that the impact of MC mediators on fibroblasts could interfere in 

the ECM organization by reducing MMP production. The growth factor EGF can mediate MMP 

production by fibroblasts [109, 110]. Therefore, MC can contribute to change the MMP 

production, since MC is a source of EGF [167].  

Exaggerated skin contraction is a characteristic of HTS [19, 52]. The communication 

between MC and fibroblasts through gap junctions increases collagen lattice contraction [80, 81]. 

Examining fibroblast-mediated collagen contraction in co-cultures with MC would provide some 

insight into scar development.  

Previously, studies have shown that DF and HTS fibroblasts express more pro-fibrotic 

characteristics than SF and normal fibroblasts, respectively [33, 62]. SF and DF are 

phenotypically different, and the DF are suspected of contributing to HTS formation. Also, as 
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mentioned before, the HTS skin showed higher MC density compared to normal skin. Therefore, 

it is possible that MC might influence the pro-fibrotic characteristics of DF or cause some 

changes in normal skin fibroblasts similar to HTS fibroblasts. 

Given this background, we hypothesized that activated MC regulate deep dermal 

fibroblasts similarly to HTS characteristics. 

In this research, we investigated the effects of activated MC on human dermal fibroblasts 

from normal skin and compared to HTS skin fibroblasts as a control. Also, we tested the effect of 

activated mast cells in layered fibroblasts and compared the response of superficial and deep 

fibroblasts. We tested fibroblast proliferation, collagen production, myofibroblast differentiation, 

collagen gel contraction, and production of TGF-β1, decorin, and MMPs. Normal skin 

fibroblasts were cultured with activated MC and compared to HTS fibroblasts.  
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1.8. Figures 

 

Figure 1.1. The wound healing process.  

(A) The normal wound healing is characterized by a short inflammation phase and with the 

recruitment of immune cells [13].  The second phase is associated with fibroblast, keratinocyte, 

and endothelial cell proliferation. Lastly, the matrix remodeling phase is an equilibrium between 

biosynthesis and degradation. (B) Excessive scar formation with exacerbated inflammatory 

activation overlapping with the cell proliferation phase and late remodeling phase. 
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Figure 1.2. Wound depth and its relation with HTS formation. 

Representative image from human skin [31]. The skin is presented with two subpopulations of 

fibroblasts. These cells are divided by a virtual critical depth around 0.56 mm. If the skin wound 

is deeper than the critical depth, it is likely to heal with HTS. 
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Figure 1.3. Hypertrophic scars. 

(A) Erythematous, raised, and thickened scars [50]. (B) Scars after burn injuries on limbs and 

face restraining movements [51]. 
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Figure 1.4. Mast cells and wound healing.  

The roles of MC in the phases of wound healing [17]. During the hemostasis phase, histamine 

secreted will cause vascular permeability. Also, MC secrete heparin and tryptase. These two 

molecules will connect to serglycin proteoglycans (SGPG) and form complexes that control 

clotting. In the inflammation phase, MC secrete cytokines and growth factors that recruit more 

immune cells to the wound site. Next, MC stimulate fibroblast proliferation by secreting 

histamine and proteases. Lastly, during the remodeling phase, MC proteases activate MMPs to 

help the ECM degradation. 

  

Mast cell 
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Chapter 2 The Regulation of Human Dermal Fibroblasts by Mast Cells In Vitro 

2.1 Introduction 

 Millions of patients develop scars every year due to trauma, surgeries, burns, lacerations, 

abrasions, piercings, and vaccinations [1]. Aberrant wound healing can lead to the formation of 

hypertrophic scars (HTS) [2]. HTS can be painful, pruritic, and erythematous. They are raised, 

thickened, and elevated above the level of normal skin, but typically are confined to the borders 

of the original injury. They may cause contractures of the tissues, and usually undergo partial 

resolution over time. HTS characteristically occur during the prolonged healing process in deep 

dermal burns. They will progress with excessive inflammation, associated with exaggerated 

immune cell migration, increased fibroblast proliferation, overproduction of collagen, and 

abnormal secretion of growth factors and cytokines [3, 4].  

In the HTS, fibroblasts are the major cells involved during the remodeling process and 

the excessive biosynthesis of ECM. Mast cells (MC), which are well known to play a role in 

allergy, are filled with many granules rich in histamine and proteases and are also linked to 

wound healing disorders [1, 5]. MC have been implicated in fibrotic diseases in different tissues 

and the development of HTS [6-11]. By degranulating in response to injury, MC release pro-

inflammatory and pro-fibrotic mediators. The presence of increased numbers of MC in the skin, 

lungs, heart, kidney, during the wound healing remodeling process, has been well documented 

[12, 13]. However, the challenge is in determining the role MC play in the development of HTS 

and the mechanism by which they promote the changes in the tissue, or more specifically, in the 

fibroblasts. MC are intricate defense cells which contain a vast quantity of mediators and many 

possible activation pathways that could be implicated in HTS formation [7, 14]. Previous work 
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conducted in our laboratory has demonstrated that fibroblasts from deep dermal layers closely 

resemble fibroblasts derived from HTS as compared to superficial layers of the dermis [15].    

It is our hypothesis that activated MC have an essential role in transforming dermal 

fibroblasts similar to HTS fibroblasts (HTS Fb) by selectively increasing their pro-fibrotic 

features of deep dermal fibroblasts as compared to superficial dermal fibroblasts. 

2.2 Materials and Methods  

2.2.1 Fibroblast isolation and culture 

 Human skin was collected from patients following approval of the University of Alberta 

Ethics Committee, (protocol number Pro00023826) with informed consent from the donors. For 

this study, skin biopsies were used to extract paired dermal fibroblasts from HTS and site-

matched normal skin from seven burn patients. Layered fibroblasts from the superficial and deep 

dermis of normal skin were extracted from seven patients that underwent elective 

abdominoplasty for cosmetic purposes. 

Fibroblasts were isolated and cultured following established protocols in our laboratory 

[15, 16]. For the paired fibroblasts, patient biopsies were washed with PBS, and immersed in 

Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific Inc., Waltham, MA) 

supplemented with 10 % fetal bovine serum (FBS) and 100 U/ml penicillin and 100 µg/ml 

streptomycin (Thermo Fisher Scientific Inc.). The hypodermis was removed with sterile scissors. 

The tissue was submerged in dispase II solution 2.5 U/ml (Sigma-Aldrich Canada Co., Oakville, 

ON) and kept at 4 °C for 20 hours to detach epidermis from the dermis. The solution was 

aspirated, and tissue washed with PBS. The dermis was minced into small pieces inside a 50 ml 

conical tube, and 10 ml of collagenase type I solution 40 U/ml (Sigma-Aldrich Canada Co.) was 
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added and kept for 1 hour in a shaker incubator (Marshall Innova 4,000, New Brunswick 

Scientific Co., Enfield, CT) at 37°C. The cells were pelleted by centrifugation (Beckman 

centrifuge, Palo Alto, CA) at 1,000 rpm for 10 minutes at room temperature. The supernatant 

was aspirated, and cells were washed with 10 ml of DMEM twice to remove ECM fibrils and 

debris. Cells suspended in 10 ml of DMEM were seeded in the T75 flasks. Cells were incubated 

(Thermo Fisher Scientific Inc.) at 37 °C, 5 % CO2, and 95 % air. The medium was changed every 

48 hours. Cells were cultured until 80 % cell confluency was achieved, they were then detached 

from the flask with 3 ml of 1xTrypsin/EDTA (0.25 %, wt./vol.), and reseeded into a new flask.  

For fibroblasts from different skin layers, abdominoplasty skin tissue was washed with 

PBS. The process for harvesting the fibroblasts from different layers followed the previously 

described protocol [15]. Briefly, the dermatome (Padgett Instruments, Plainsboro, NJ) was set to 

0.5 mm, and the tissue was cut into five layers. The first layer of the dermis was used to collect 

the superficial fibroblasts, while the fifth and last layer was used for collecting deep fibroblasts. 

Middle layers were discarded. Any fat tissue was removed with sterile scissors. The superficial 

layer was submerged in dispase solution and kept at 4°C for 20 hours to detach epidermis from 

the first layer of the dermis. The superficial and deep layers of the dermis went through the same 

protocol described previously for the paired fibroblast isolation.  

2.2.2 LAD2 mast cells 

 Laboratory of Allergic Diseases 2 (LAD2) is a mast cell line generously provided by Dr. 

Dean Befus, University of Alberta, Edmonton, AB. MC were cultured following the protocol 

developed by Kirshenbaum [17]. Cryovials with 10
7
 cells per 1.5 ml of pZerve cryopreservative 

solution (Sigma-Aldrich Canada Co.) were thawed, and cell viability was checked. Procedures 

continued if the viability of the cells was higher than 80 %. MC were kept in pZerve with the 
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addition of 100 µl prepared StemPro-34 (Thermo Fisher Scientific Inc.) containing 200 ng/ml 

recombinant human stem cell factor (rhSCF) (PeproTech, Rocky Hill, NJ). Cells were divided in 

a 6 well plate and placed in the shaker platform (Boekell shaker) to oscillate cells at 60 rpm for 6 

hours at room temperature. Every 30 minutes, the cells were checked for clumps or debris and 

gently dispersed as needed. After 6 hours, an additional 500 µl StemPro-34 was added 

containing 200 ng/ml rhSCF and transferred to the incubator (Thermo Fisher Scientific Inc.) at 

37 °C, 5 % CO2 and 95 % air. The medium was changed within the first 24 hours by 

centrifugation at 1,000 rpm for 5 minutes at room temperature (Beckman centrifuge, Palo Alto, 

CA). 

Fifty % of the medium was replaced every 7 days. Cells were kept to a ratio of 10 ml of 

medium per 1 million cells.  The media contained 100 ng/ml of rhSCF to support cell viability 

and growth. Cells were kept growing for no more than 11 months following the manufacturer’s 

recommendation to not use the same stock for more than 12 months. During the study, LAD2 

were tested for mycoplasma twice and were found free of infection. 

2.2.3 Co-culture of fibroblasts and MC 

 Preliminary conditions were tested to determine the MC cell line and substance P (SP) 

concentration (Figure A-1). SP is a neuropeptide secreted by neurons and macrophages in the 

skin, and it is well established as an MC degranulation stimulator [18-20]. Also, initial tests were 

performed to define the media ratio and the Fb/MC ratio for co-culture (Figure A-2). Fibroblasts 

at passage 3 were seeded at a density of 100,000 cells in the T25 flask with 3 ml of DMEM and 

incubated at 37 °C, 5 % CO2, and 95 % air for 24 hours to allow the fibroblasts to acclimatize 

and attach to the flask (Figure 2.1). The media was changed to 3 ml of StemPro/DMEM in 2:3 

ratio and 100,000 MC were loaded to the co-culture for another 24 hours. SP was added to the 
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medium at a final concentration of 10 µM to activate the MC and then incubated for 48 hours 

before fibroblasts were collected for analysis.  

The experimental groups consisted of untreated normal skin fibroblasts (NS Fb); NS Fb 

and SP (NS Fb+SP); NS Fb and unstimulated MC (NS Fb+MC); NS Fb and activated MC with 

SP as the experimental group (NS Fb+SP+MC); and HTS Fb. In addition, superficial fibroblasts 

(SF) and deep fibroblasts (DF) were treated in the same fashion as NS Fb groups. 

2.2.4 Cell proliferation assay 

 After the co-culture with fibroblasts, MC were removed by gently washing out with PBS. 

Fibroblasts were detached with trypsin-EDTA (0.25 %, wt./vol.) after 2 minutes incubation at 

37°C, 5% CO2, 95% air. Cells were placed in 50 ml conical tubes, and 10 ml of DMEM was 

added to neutralize the trypsin. Fibroblasts were centrifuged at 1,000 rpm for 5 minutes. The 

supernatant was discarded, and cells were resuspended with 1 ml of PBS. Finally, cells were 

stained with trypan blue, and the living cell number was counted using a TC10
TM

 Automated 

Cell Counter (Bio-Rad, Hercules, CA). 

2.2.5 Hydroxyproline colorimetric assay 

 Collagen production was tested using hydroxyproline colorimetric assay kit (Sigma-

Aldrich Canada Co.) following the company’s protocol. Supernatants of the co-culture medium 

were collected and stored at -20°C and the fibroblast numbers were counted. All samples were 

thawed, and the experiment was performed in duplicates. A standard curve was created with 

hydroxyproline standard with 0 (blank), 0.2, 0.4, 0.6, 0.8, and 1.0 µg/well. For the sample 

preparation, 100 l of samples were added into pressure-tight polypropylene vials with 

polytetrafluoroethylene-lined cap. The samples were hydrolyzed with 100 l of concentrated 
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hydrochloric acid 12 M (Sigma-Aldrich Canada Co.) at 120C for 3 hours. After cooling at 

room temperature, 4 mg of activated charcoal was added to absorb colored impurities, and 

samples were centrifuged at 10,000  g for 3 minutes. Fifty l of supernatant was transferred to 

96 well plates and dried under vacuum at 60C in a convection oven (APT Line VD, Binder 

GmbH, Bohemia, NY) for 2 hours. One hundred l of the chloramine T buffer mixture was 

added, and the oxidized samples were allowed to cool at room temperature for 5 minutes. One 

hundred l of 4-(dimethylamino) benzaldehyde reagent was added to each well and incubated for 

90 minutes at 60 C to form the chromophore. Absorbance was measured at 560 nm (A560) 

using a Varioskan Lux plate reader (Thermo Fisher Scientific Inc.). The 4-hydroxyproline 

concentration was calculated using the formula C = Sa/Sv where Sa is the amount of 

hydroxyproline in the sample (g) from standard curve; Sv is the sample volume (L) added into 

the wells; C is the concentration of hydroxyproline in the sample.  The result was corrected for 

cell number. 

2.2.6 Flow Cytometry for myofibroblast differentiation 

Fibroblasts were blocked with 10% FBS for 15 minutes to reduce non-specific staining, 

followed by cell fixation with 2 % formaldehyde for 10 minutes, and permeabilized with 0.05 % 

saponin (Sigma-Aldrich Canada Co.) for 10 minutes. Samples were washed with 2 % BSA/PBS. 

Cells were incubated in a solution of PE-conjugated mouse anti-human α-SMA antibody (R&D 

Systems Inc., Minneapolis, MN) 1:10 concentration and rabbit anti-human tryptase (Abcam, 

Cambridge, UK) 1:100 dilution in 2 % BSA/PBS for 30 minutes on ice and protected from light. 

Isotype negative controls were a 1:10 dilution in 2 % BSA/PBS of mouse anti-human PE-

conjugated IgG2a isotype control (MACS® Miltenyi Biotec Inc., Auburn, CA) and 1:100 IgG 

from rabbit serum (Sigma-Aldrich Canada Co.). APC-conjugated goat anti-rabbit secondary 
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antibody (Santa Cruz Biotechnology, Dallas, TX) was added at 1:100 dilution in 2% BSA/PBS 

for 30 minutes on ice and protected from light. Cells were washed with PBS and analyzed by 

Attune NxT Flow Cytometer (Thermo Fisher Scientific Inc.). Analyzed groups included 

unstained cells as blank control, isotype control, and the samples stained for both antibodies. 

Tryptase was included in the staining process to certify that collected cells did not include MC in 

the samples. Results were analyzed by FlowJo v10 software.  

2.2.7 Simple WES assay for TGF-β1, decorin, MMP-1, and MMP-2 protein expression 

 Fibroblasts were collected after MC were washed away from the co-culture with PBS. 

The cells were lysed with 100 μl of 1xRIPA buffer (Millipore Ltd., Canada, ON) and 1 μl 

proteinase inhibitors cocktail containing 104 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride 

hydrochloride, 0.085 mM of aprotinin, 4 mM bestatin, 1.4 mM N-(trans-Epoxysuccinyl)-L-

leucine 4-guanidinobutylamide, 2 mM leupeptin, and 1.5 mM pepstatin A (Sigma-Aldrich 

Canada Co.). With a 28 gauge needle, the solution was aspirated back and forward ten times. The 

samples were kept on ice, vortexed for 30 sec every 5 minutes for a total three times over 15 

minutes. The tubes were centrifuged at 12,000 rpm for 20 minutes at 4 °C, and the supernatant 

was collected. The total protein was measured by the Pierce
TM

 BCA protein assay (Thermo 

Fisher Scientific Inc.) following the standard protocol provided by the company. The primary 

antibodies used were goat anti-human TGF-β1 (R&D Systems Inc.), mouse anti-human decorin 

(R&D Systems Inc.), mouse anti-human MMP-1 (R&D Systems Inc.) and goat anti human 

MMP-2 (R&D Systems Inc.). For secondary antibodies, goat anti-mouse horseradish peroxidase-

conjugated antibodies (Protein simple, San Jose, CA) and rabbit anti-goat horseradish 

peroxidase-conjugated (R&D Systems Inc.) were used. Following the company’s protocol for 

12-230 kDa separation system, fluorescent master mix diluted four-fold was added to the lysate 
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(1,000 μg/ml of protein solution). Along with the biotinylated ladder, the cell lysates were 

denatured in a water bath at 95 C for 5 minutes. The lysate samples, ladder, primary and 

secondary antibodies, antibody diluent, and luminol-peroxide mix, were loaded in the plate. 

Using the Simple WES machine parameters (Protein Simple), the incubation time was set at 60 

minutes for the primary antibody, and 30 minutes for the secondary antibody. The results were 

detected by chemiluminescence peaks and quantified using the software Compass for Simple 

WES (version 3.1.8). Final results were normalized by the cell numbers from each sample used 

to prepare the lysates. The calculation was done with the following formula: (total protein from 

the lysate / cell number) x (WES signal / protein loaded) = chemiluminescence (chem)/cell. 

2.2.8 Enzyme-linked immunosorbent assay (ELISA) for decorin  

 Level of decorin in the cell culture medium was determined by ELISA following the 

company’s protocol (R&D Systems Inc.). The 96-well ELISA plate was pre-coated with 100 μl 

of decorin capture antibody per well, and it was left at room temperature overnight. The plate 

was washed with 0.05 % tween 20 in PBS before it was blocked with 300 μl of 1 % BSA in PBS 

in each well and incubated at room temperature for 1 hour followed by washing with 0.05 % 

tween 20 in PBS. 100 μl of the samples were added and incubated for 2 hours at room 

temperature. After incubation, the plate was rewashed. One hundred μl of the decorin detection 

antibody was added to each well, covered with a new adhesive strip and incubated for 2 hours at 

room temperature. Aspiration and washing of the wells were repeated three times. One hundred 

μl of the working dilution of streptavidin-horseradish peroxidase was added, then incubated for 

20 minutes at room temperature and protected from light. After aspiration and washing, 100 μl of 

substrate solution was added to each well and incubated for 20 minutes at room temperature. 

Fifty μl of stop solution was added to each well. Varioskan Lux plate reader (Thermo Fisher 
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Scientific Inc.) was used to read the optical density of each well at 450 nm and 540 nm. Readings 

at 540 nm were subtracted from the readings at 450 nm for wavelength correction. Decorin 

concentration was calculated based on the standard curve. Final results were normalized for the 

cell number of each sample previously counted. 

2.2.9 Collagen lattice contraction assay 

 The collagen lattice assay was performed in a combination of our laboratory protocol 

with the protocol from the company. Fibroblasts were collected after co-culture with MC. The 

collagen gel lattice was prepared with 5x10
4
 fibroblasts in 485 μl of DMEM, 15 μl of 7.5 % 

NaHCO3 solution, 100 μl of 10x PBS and 400 μl of Cultrex 3D Culture Matrix Rat Collagen I 

(R&D Systems Inc.).  One ml of fibroblast-populated collagen gel lattice was added in a 12-well 

plate. Gel polymerization was complete after 2 hours in the incubator at 37 °C, 5 % CO2, and 95 

% air. The gel was detached with 22 gauge needle, and 2 ml of DMEM was added gently to 

detach the gel and avoid bubbles. Each sample was conducted in duplicate. On a lightbox, 

pictures were taken every 24 hours for 4 days. The lattice diameter was measured by Fiji ImageJ, 

and the gel contraction is expressed in percentage of the original size. 

2.2.10 Statistical analysis 

 The analysis was performed with GraphPad Prism version 6 (GraphPad Software, San 

Diego, CA). Comparison within the normal skin fibroblasts (NS Fb) was made by Repeated 

Measures One-Way ANOVA followed by Tukey’s post-hoc test. Comparison between NS Fb 

and HTS Fb was made by Repeated Measures One-Way ANOVA and Sidak’s post-hoc test. 

Comparison within-groups and between-groups of the superficial and deep layers of skin groups 

were made by Repeated Measures Two-Way ANOVA and Sidak’s post-hoc test. Results are 
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expressed in the graphs as mean ± standard deviation (SD) and p value <0.05 was considered 

significant. 

2.3 Results 

2.3.1 Fibroblast proliferation was increased by MC 

 To determine the influence of MC on fibroblast proliferation, NS Fb were co-cultured 

with MC that were activated with SP. Activated MC significantly increased NS Fb numbers 

compared to the untreated NS Fb (4.66x10
5
 vs. 2.73x10

5
) (Figure 2.2 A). Also, activated MC 

increased NS Fb numbers to levels similar to HTS Fb (4.66x10
5
 vs. 4.32x10

5
). Not activated 

mast cells significantly increased NS Fb proliferation compared to untreated (3.64x10
5
 vs. 

2.73x10
5
).  

 Activated MC significantly increased superficial fibroblast (SF) numbers compared to the 

untreated SF (6.57x10
5
 vs. 3.54x10

5
) (Figure 2.2 B). Non-activated mast cells significantly 

increased SF proliferation compared to untreated (4.55x10
5
 vs. 3.54x10

5
). Activated MC 

significantly increased deep fibroblast (DF) numbers compared to untreated DF (4.18x10
5
 vs. 

2.33x10
5
). SF had a significantly greater cell number than DF, and comparison between SF and 

DF in the other condition had similar results.  

2.3.2 Collagen production was reduced by activated MC 

Collagen production was determined using the hydroxyproline colorimetric assay. 

Hydroxyproline is an important collagen component. It is mainly found in the collagen structure. 

Therefore, it can be used as a collagen production indicator. Activated MC significantly 

decreased collagen production by NS Fb compared to untreated NS Fb (0.55 vs. 0.99 pg/ml/cell) 

(Figure 2.3 A).  
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 Activated MC significantly decreased the collagen production by SF compared to 

untreated SF (0.32 vs. 0.62 pg/ml/cell) (Figure 2.3 B). In parallel, activated MC significantly 

decreased the collagen production by DF compared to untreated DF (0.48 vs. 0.96 pg/ml/cell). 

SF had significantly lower collagen production than DF (0.62 vs. 0.96 pg/ml/cell), but this 

distinction was not present in MC co-cultures. 

2.3.3 Myofibroblast differentiation in the NS Fb was reduced by MC 

To assess fibroblast differentiation into myofibroblasts, cells were stained for α-SMA and 

quantified by flow cytometry. Activated or non-activated MC, significantly decreased the 

number of α-SMA positive cells in NS Fb compared to untreated NS Fb (1.00 % and 1.04 % vs. 

1.68 %, respectively) (Figure 2.4 A).  

 Although there was a trend towards a reduction of the α-SMA positive cells in the co-

culture of activated MC with SF and DF compared to untreated SF and DF, no significant 

differences were observed (Figure 2.4 B). 

2.3.4 TGF-β1 expression in the lysate did not change with MC 

Analyzed by Simple WES, activated MC did not change TGF-β1 expression in NS Fb 

compared to untreated NS Fb (Figure 2.5 A). Although it was not statistically significant, HTS 

Fb produced more TGF-β1 than untreated NS Fb and NS Fb co-cultured with activated MC. No 

significant difference was found among all conditioned groups of the SF and DF (Figure 2.5 B). 

2.3.5 MMP-1 expression in DF lysate was reduced by MC 

 Activated MC did not change the expression of MMP-1 in the NS Fb (Figure 2.6 A). No 

difference was found in the MMP-1 expression in any condition of NS Fb compared to HTS. 

Activated or non-activated MC significantly decreased MMP-1 expression in DF compared to 
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untreated DF (1.00 and 1.43 vs. 2.62 chem/cell, respectively). A significant difference in MMP-1 

expression was found between SF and DF (1.30 vs. 2.62
 
chem/cell) (Figure 2.6 B). 

2.3.6 MMP-2 expression in NS Fb lysate was reduced by activated MC 

 Activated MC significantly decreased NS Fb MMP-2 expression compared to the 

untreated NS Fb (58.38 vs. 32.70 chem/cell). (Figure 2.7 A). HTS produced significantly less 

MMP-2 than untreated NS Fb (25.70 vs. 58.38 chem/cell). There were no significant changes 

found in the SF and DF groups (Figure 2.7 B). 

2.3.7 Decorin expression in DF lysate was reduced by MC 

Decorin expression in the lysate from NS Fb co-cultured with activated MC decreased 

compared to untreated NS Fb, although not significantly (Figure 2.8 A). HTS Fb expressed 

significantly less decorin than untreated Fb (80.75 vs. 221.80). Activated MC significantly 

decreased decorin expression in DF compared to untreated DF (169.30 vs. 379.40 chem/cell).  

(Figure 2.8 B). 

2.3.8 Decorin secretion was reduced in NS Fb and DF media by MC, and it was reduced 

in SF media by activated MC 

The decorin secreted by fibroblasts in the medium was measured by ELISA. Activated or 

not MC significantly reduced the decorin secretion in NS Fb compared to untreated NS Fb (1.97 

and 2.00 vs. 3.37 pg/ml/cell, respectively) (Figure 2.9 A). Also, activated or not MC 

significantly decreased decorin secretion compared to HTS Fb (1.97 and 2.00 vs. 4.56 pg/ml/cell, 

respectively).  

Activated MC significantly decreased decorin secretion in SF compared to untreated SF 

(2.03 vs. 4.48 pg/ml/cell) (Figure 2.9 B). Additionally, activated or not activated MC 
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significantly decreased the decorin secretion in DF compared to untreated DF (2.89 and 4.10 vs. 

6.60 pg/ml/cell, respectively).  

2.3.9 The collagen lattice contraction was reduced in DF previously cultured with 

activated MC  

Fibroblast-mediated gel contraction was measured by collagen lattice contraction assay. 

There was a decreasing trend in the gel contraction in NS Fb cultured with activated or not MC, 

but not statistically significant (Figure 2.10 A). HTS showed a similar pattern of gel contraction 

over time as the other samples. 

 Not activated MC significantly reduced collagen gel contraction of SF compared to 

untreated SF at 96 hours (34.6 vs. 29.2 % of the original size) (Figure 2.10 B). For the DF, 

activated MC significantly decreased collagen gel contraction compared to untreated DF at 24 

hours (69.2 vs. 57.0 %), at 72 hours (41.9 vs. 33.3 %) and at 96 hours (30.9 vs. 24.9 %). Still in 

the DF group, not activated MC significantly reduced collagen contraction compared to 

untreated DF at 72 hours (40.4 vs. 36.2 %) and at 96 hours (30.5 vs. 24.9 %). Comparison 

between SF and DF showed that SF induced significantly less gel contraction than DF at 24 

hours (66.3 vs. 57.0 %), at 72 hours (39.2 vs. 33.3 %), and at 96 hours (29.2 vs. 24.9 %). 

 2.4 Discussion 

 HTS is a complication of burn injury, formed once the injury damages a critical depth of 

the skin, associated with an increased inflammatory response [2, 21-23]. Researchers over the 

years have been investigating the cells and molecules that are associated with HTS formation 

[21, 24-31]. Currently, the field has expanded to uncover the mechanisms of how HTS evolve 

and to test new treatments in animal models [32-36]. 



62 
 

 The presence of MC as a pivotal player in scar formation has been described in the skin 

and other organs in the development of fibrosis. MC are multifunctional cells in the skin. They 

contain many growth factors, enzymes, cytokines, and chemokines, which broaden their function 

[14, 37]. Their interactions with DF have been suggested as a reason for prolonged inflammation 

and the development of HTS [15, 26, 38-40].  

In this study, activated MC were tested to determine if they can regulate normal dermal 

fibroblasts and if superficial and deep dermal fibroblasts would respond differently to activated 

MC in vitro. The results would provide a better understanding of how MC regulate fibroblasts in 

wound healing of damaged skin and potentially offer new treatment strategies for deep burns and 

other injuries to the skin to prevent and treat fibroproliferative disorders.  

 From previous findings in the literature, fibroblast proliferation in vitro was stimulated by 

different substances produced by MC, including tryptase, chymase, and histamine [29, 30, 37, 

41-44]. In our co-culture system, the presence of non-activated MC significantly increased 

fibroblast proliferation compared to control. This was likely associated with the normal secretory 

flux from constitutive exocytosis [45]. MC cytokine secretion can occur without the need for 

activation [14]. Known as constitutive exocytosis, MC secrete their molecules in the absence of 

defined stimuli. However, in our experiments, with activated MC, a significant increase was 

noted in fibroblast proliferation in NS Fb to reach similar rates as HTS Fb. The same was 

observed in both SF and DF.  

MC secrete their molecules through the regulated exocytosis known as degranulation. In 

this case, MC degranulate after a specific stimulus such as activation by SP. Hence, this 

augmentation in the proliferation with the activation of the MC was probably related to the 

degranulation of large vesicles containing growth factors, proteinases, and histamine. Also, our 
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results confirmed previous results where untreated SF showed a faster proliferation rate 

compared to untreated DF [15].  

 HTS are known to contain larger amounts of collagen I and III than normal skin [1, 2, 

46]. Tryptase from human lung tissue has shown to increase type I collagen production in human 

dermal fibroblasts in vitro [41]. In this previous study, direct exposure to tryptase increased total 

collagen production without controlling for proliferative effects. However, in contrast with the 

direct effects of tryptase on collagen production by fibroblasts, our study showed a significant 

reduction in collagen production on a per-cell basis. Activated MC had similar effects on both SF 

and DF, down-regulating collagen production, which differs from what is expected in the 

development of HTS. Finally, untreated DF produced more collagen than untreated SF, was 

expected based on previously published data by our group [15]. Differences found in our results 

are likely associated with the total collagen production being computed by cell number. Also, 

collagen was measured by colorimetric assessment of hydroxyproline in the supernatant. In this 

case, we did not differentiate the collagen type that were being produced. Therefore, we cannot 

determine if, even with the reduction of total collagen production, the specific type of collagen 

was up- or down-regulated. 

 HTS tissues are known to contain more myofibroblasts than normal skin tissues [47]. 

Histamine and TGF-β1 were found to stimulate myofibroblast differentiation [7, 48, 49]. 

However, our results showed significantly fewer α-SMA positive cells after NS Fb were co-

cultured with activated MC. In this study, fibroblast proliferation was significantly increased 

after stimulation by activated MC in 48 hours. Therefore, it is possible that the fibroblasts were 

in an accelerated cell cycle that did not allow cell differentiation in this time frame of the co-

culture. In SF and DF, there was also a reduction of myofibroblast differentiation with activated 
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MC. However, it was not statistically significant, which may be due to the variability between 

cell lines or the down-regulation of myofibroblast differentiation during the increased 

mitogenesis induced by activated MC.  

 In previous literature, it is well documented that TGF-β1 is overexpressed in the HTS 

tissues [1, 2, 50]. No literature was found associating MC with stimulating TGF-β1 production in 

NS Fb. However, M2 macrophages, which are also associated with HTS formation, have been 

shown to stimulate TGF-β1 production in NS Fb [32]. Therefore, we considered the possibility 

that activated MC would exert similar effects since macrophages and MC share similarities in 

molecular profile [7, 14, 51, 52]. Although it was not statically significant, a trend can be noted 

showing that HTS Fb produce more TGF-β1 than NS Fb. Activated MC did not influence TGF-

β1 expression in NS Fb, SF, and DF. The unexpected results could be associated with the method 

applied. Although measuring secreted TGF-β1 in the supernatant could provide a better view of 

the effect of MC on its production and secretion, the difficulty in measuring TGF-β1 secreted in 

the medium would be to identify if it was produced by MC or fibroblasts. Another possibility is 

that after 48 hours of post-MC activation, the stimuli of fibroblasts to produce TGF-β1 has 

passed, and production was normalized. Therefore, measuring the TGF-β1 protein expression by 

Simple WES, or the mRNA levels by a reverse transcription-polymerase chain reaction in 

different time points after the MC activation could provide a better understanding of its effect on 

fibroblasts.  

 In this study, one of the objectives was to investigate the regulation of MMPs production 

in fibroblasts by MC. MMPs are proteins found in the ECM with an essential role in wound 

remodeling and regeneration [53]. MMP-1 was reported to be down-regulated in the HTS. [54]. 

Interestingly, MMP-2 was found up-regulated in burn patients’ sera, and MMP-2 activity was 
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found to be increased in HTS compared to normal tissue [55, 56]. These results were suggested 

to be a physiological mechanism to improve the remodeling process, even though it could not 

counter the higher production of collagen in the HTS development. In our experiments protein 

expression was measured in the cell lysates by Simple WES. Activated MC did not significantly 

change MMP-1 in the NS Fb, although a reducing trend was observed. Similarly, MMP-1 

expression was lower in the HTS Fb compared to untreated NS Fb, but again, not statistically 

significant. These results could be related to the time point when they were tested. In the layered 

fibroblasts, we were able to detect important changes. DF expressed significantly more MMP-1 

than SF. Activated MC regulation was more prominent on the DF than on SF. DF co-cultured 

with activated MC had MMP-1 expression significantly reduced compared to untreated DF.  

Contrasting with the literature, our results showed a significantly lower expression of 

MMP-2 in the HTS Fb compared to NS Fb. This could be associated with the method applied. 

While we tested in the cell lysate at 48 hours, previous researchers checked MMP-2 expression 

in the sera and MMP-2 activity in the tissue. Activated MC significantly decreased MMP-2 

expression on NS Fb compared to untreated NS Fb. However, activated MC did not regulate 

evident changes in the SF or DF groups.  

It is possible that at any point after stimulation by activated MC, MMPs protein 

expression inside the fibroblasts could have varied. Therefore, a better understanding of the 

effects of activated MC on MMPs production in fibroblasts could be developed by assessing 

MMPs mRNA expression over time by reverse transcription-polymerase chain reaction. 

Complementary information about the protein level overtime in the lysate could be acquired by 

Simple WES. 
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In HTS, decorin has been found to be down-regulated compared to normal skin [21, 57-

59]. In previous literature, in the human HTS animal model treated with interferon (IFN-α), 

decorin was up-regulated [33]. Given the fact that MC are known to produce IFN-α and IFN-β 

[29, 60], it is possible that activated MC might regulate decorin production by dermal fibroblasts. 

First, we measured decorin from the cell lysate by Simple WES. With a small but statistically 

insignificant trend, activated MC reduced decorin expression in the untreated NS Fb. Our results 

confirmed that untreated NS Fb express significantly more decorin than HTS Fb. Once again, 

activated MC exerted more influence on DF than on SF. Activated MC significantly down-

regulated decorin expression on DF compared to untreated DF. To confirm these results, ELISA 

was used to quantify decorin in the supernatant. After NS Fb were co-cultured with MC, the 

levels of decorin were significantly reduced compared to untreated controls independent of the 

MC activation state. This result suggests that MC can interfere in decorin expression by secreting 

factors in a manner independent of classical degranulation. In SF there was a significant 

reduction of decorin secretion with activated MC, while in DF there was a significant reduction 

of decorin with MC independent of activation. Co-culture with activated MC exerted pro-fibrotic 

characteristics in decorin expression. 

 HTS is known to be rigid and contracted [22, 61]. Also, in previous studies, MC have 

been shown to increase collagen gel contraction [62-65]. Our results showed no significant 

difference between any conditions of NS Fb in gel contraction studies, as well as NS Fb 

compared to HTS Fb. A trend over time can be observed of activated MC reducing SF collagen 

contraction compared to untreated SF, although it was not significant. However, DF pre-cultured 

with activated MC significantly decreased collagen gel contraction. DF also contracted the gel 

lattice at a significantly faster rate than SF, as we have reported previously [15]. The apparent 
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differences in our results compared to the literature may be in part attributed to the fact that other 

investigations treated the fibroblasts embedded in the lattice with the MC directly or the 

conditioned media of the MC to stimulate the myofibroblast contraction. In our research, 

fibroblasts were stimulated with MC during the co-culture and collected after 48 hours, 

separately from MC, for studies of only the fibroblasts on the contraction of collagen lattices.  

 Overall, in this study, activated MC regulated pro-fibrotic characteristic on NS Fb by 

significantly increasing fibroblast proliferation. Additionally, MC decreased decorin secretion 

similarly to what is found in HTS tissues. Moreover, activated MC promoted significant 

reductions in myofibroblast differentiation and collagen production compared to control 

fibroblasts. Down-regulation of myofibroblast differentiation and collagen production can lead to 

an abnormal healing process with longer time to wound repair and closure. Therefore, this can 

extend the proliferation phase in wound healing, which can also translate in later over-production 

of collagen associated with the increased fibroblasts population. Activated MC did not have a 

direct influence in the NS Fb on TGF-β1 expression after 48 hours. However, this result 

represents only a single time point in the production of this protein, and perhaps do not show the 

effect of activated MC on fibroblasts concerning TGF-β1 production. Activated MC had a major 

impact on MMP-2 expression by reducing its expression in NS Fb. The down-regulation of 

MMP-2 in a wound healing scenario would weaken the capability for the tissue to rearrange the 

ECM. In cases where deep wounds occur, these results suggest that the effects of activated MC 

in DF could be one of the causes for HTS development. In the DF, activated MC increased 

proliferation, which is compatible with what is found in HTS. Also, collagen production was 

reduced, which in combination with decreased collagen gel contraction, suggest that activated 
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MC depress the abilities of DF to close the wound. Finally, by decreasing MMP1 and down-

regulating decorin in DF, activated MC would compromise the scar remodeling process. 

 2.5 Conclusion 

In this study, activated MC played a regulatory role in dermal fibroblasts. In some 

experiments, not activated MC was sufficient to promote changes. However, once MC were 

activated, a more prominent fibroblast regulation was observed. Activated MC stimulated NS Fb 

proliferation, down-regulated collagen production, and lowered MMP-2 expression. Also, 

activated or not MC reduced the decorin secretion, and decreased myofibroblast differentiation 

in the NS Fb.  

MC exerted certain stimulation in SF, but MC modulation was considerably more 

important in DF. Activated MC regulated SF and DF by increasing proliferation, and decreasing 

collagen production. However, in DF, activated MC down-regulated MMP-1 expression, reduced 

decorin expression and secretion, and reduced collagen gel contraction. Taken together, our 

results suggest that the relation of activated MC and DF is one of the key components for HTS 

development.   
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2.6 Figures 

 

Figure 2.1. Fibroblast and MC co-culture model.  

One hundred thousand fibroblasts cultured from hypertrophic scars, site-matched normal skin, or 

the superficial and deep layers of normal skin dermis were cultured in the T25 flask with 3 ml of 

DMEM in the incubator (37 °C, 5 % CO2, and 95 % air) for 24 hours. The media was changed 

on the second day with StemPro and DMEM in a ratio of 2:3. On the same day, the same number 

of MC was loaded for co-culture. Twenty-four hours after co-culture, SP was added at a 

concentration of 10 µM to stimulate MC degranulation. After another 48hours, MC were washed 

off, and fibroblasts were collected for further analysis.  
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Figure 2.2. Dermal fibroblast proliferation.  

Dermal fibroblasts were seeded at a concentration of 100,000 per flask and were co-cultured for 

48 hours with the indicated conditions. Collected fibroblasts were counted by the cell counter 

machine, and only live cells were included. The cell number is displayed as mean ± SD. (A) The 

conditions are represented by the untreated NS Fb,  NS Fb with SP, NS Fb co-cultured with MC 

(activated by SP or not), and the HTS Fb. * p<0.05, ** p<0.01, *** p<0.001, n=7. (B) Similar 

experiments were performed using SF and DF. * p<0.05, ** p<0.01, *** p<0.001, n=7. 
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Figure 2.3. Dermal fibroblasts collagen production.  

Dermal fibroblasts were cultured for 48 hours after introduction of each condition. The medium 

was collected, and collagen in the supernatant of fibroblasts was assessed by the 4-

hydroxyproline assay kit. The results are displayed as the mean ± SD of pg/ml/cell. (A) The 

conditions are represented by the untreated NS Fb,  NS Fb with SP, NS Fb co-cultured with MC 

(activated by SP or not), and the HTS Fb. * p<0.05, n=7. (B) Similar experiments were 

performed using SF and DF. * p<0.05, ** p<0.01, *** p<0.001, n=7. 
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Figure 2.4. Dermal fibroblast differentiation into myofibroblast.  

Dermal fibroblasts were co-cultured for 48 hours. Collected fibroblasts were stained for α-SMA 

and tryptase. The α-SMA-expressing cells were quantified by flow cytometry. The results are 

displayed as mean ± SD (% of total fibroblasts). (A) The conditions are represented by the 

untreated NS Fb,  NS Fb with SP, NS Fb co-cultured with MC (activated by SP or not), and the 

HTS Fb. * p<0.05, n=7. (B) Similar experiments were performed using SF and DF, n=7. (C) 

Representative images of the flow cytometry samples of the NS Fb group and HTS Fb. 
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Figure 2.5. TGF-β1 expression in dermal fibroblasts. 

Collected fibroblasts were lysed, and total protein concentration was measured by the Pierce
TM

 

BCA protein assay. TGF-β1 was assessed by Simple WES. The TGF-β1 protein expression is 

displayed as mean ± SD in chem/cell. (A) The conditions are represented by the untreated NS 

Fb, NS Fb with SP, NS Fb co-cultured with MC (activated by SP or not), and the HTS Fb, n=7. 

(B) The SF or DF conditions are the untreated Fb, Fb with SP, and Fb co-cultured with MC 

(activated by SP or not), n=7. (C) Representative image of the TGF-β1 expression in the NS Fb 

after co-cultured with MC (activated by SP or not) and SP, and NS or HTS Fb without any 

treatment.  
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Figure 2.6. MMP-1 expression in dermal fibroblasts. 

Dermal fibroblasts were co-cultured for 48 hours and collected for analysis. Fibroblasts were 

lysed and total protein measured by the Pierce
TM

 BCA protein assay, and MMP-1 was assessed 

by Simple WES. Results are displayed as mean ± SD in chem/cell. (A) The conditions are 

represented by the untreated NS Fb, NS Fb with SP, NS Fb co-cultured with MC (activated by 

SP or not), and the HTS Fb, n=7. (B) The SF or DF conditions are the untreated Fb, Fb with SP, 

and Fb co-cultured with MC (activated by SP or not). n=7. * p<0.05, ** p<0.01, n=7. 
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Figure 2.7. MMP-2 expression in dermal fibroblasts.  

Dermal fibroblasts were co-cultured for 48 hours and collected for analysis. Fibroblasts were 

lysed and total protein measured by the Pierce
TM

 BCA protein assay, then MMP-2 was assessed 

by Simple WES. Results are displayed as mean ± SD in chem/cell. (A) The conditions are 

represented by the untreated NS Fb, NS Fb with SP, NS Fb co-cultured with MC (activated by 

SP or not), and the HTS Fb. * p<0.05, ** p<0.01, n=7. (B) The SF or DF conditions are the 

untreated Fb, Fb with SP, and Fb co-cultured with MC (activated by SP or not), n=7. 
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Figure 2.8. Decorin expression in dermal fibroblasts.  

Dermal fibroblasts were co-cultured for 48 hours and collected for analysis. Fibroblasts were 

lysed and total protein measured by the Pierce
TM

 BCA protein assay, then decorin was assessed 

by Simple WES. Results are displayed as mean ± SD in chem/cell. (A) The conditions are 

represented by the untreated NS Fb, NS Fb with SP, NS Fb co-cultured with MC (activated by 

SP or not), and the HTS Fb. * p<0.05, n=7. (B) The SF or DF conditions are the untreated Fb, Fb 

with SP, and Fb co-cultured with MC (activated by SP or not). * p<0.05, ** p<0.01, n=7. 
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Figure 2.9. Decorin secretion by dermal fibroblasts.  

Decorin secreted into the supernatant by fibroblasts after co-cultured with MC were measured by 

ELISA, and results are displayed as mean ± SD in pg/ml/cell. (A) The conditions are represented 

by the untreated NS Fb,  NS Fb with SP, NS Fb co-cultured with MC (activated by SP or not), 

and the HTS Fb. * p<0.05, n=7. (B) The SF or DF conditions are the untreated Fb, Fb with SP, 

and Fb co-cultured with MC (activated by SP or not). * p<0.05, ** p<0.01, n=7. 
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Figure 2.10. Fibroblast-populated collagen gel contraction assay.  

Dermal fibroblasts were co-cultured with MC for 48 hours. Collected fibroblasts (MC-free) were 

seeded into the collagen gel lattice. The gel contraction was monitored over time, and pictures 

were taken every 24 hours. Results are displayed as mean ± SD by size in % of the original size. 

(A) The conditions are represented by the untreated NS Fb, NS Fb with SP, NS Fb co-cultured 

with MC (activated by SP or not), and the HTS Fb, n=7. (B) The SF or DF conditions are the 

untreated Fb, Fb with SP, and Fb co-cultured with MC (activated by SP or not). * p<0.05, ** 

p<0.01, n=7. (C) Representative images of SF or DF-populated collagen gel lattice at 96 hours. 
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Chapter 3. Conclusions and future directions 

 In this study, the effects of activated MC with SP on human dermal fibroblasts were 

examined in our co-culture model. Normal dermal fibroblasts were used to receive the 

treatments, and the results were compared to site matched HTS Fb. Additionally, the different 

responses from fibroblasts from two matched populations, papillary (superficial) and reticular 

(deep) dermis, were tested for the effects of activated MC. 

 In our hypothesis, activated MC would promote pro-fibrotic response on DF in culture 

(Figure 3.1). Activated MC regulated dermal fibroblasts in almost all testing. The fact that we 

could not find significant changes in the TGF-β1 expression in the lysate is very likely related to 

the time point that was tested. Testing TGF-β1 before and right after the stimulation, additionally 

to the results that we have, would provide a better understanding regarding how TGF-β1 

expression fluctuate in a time course. Also, we verified that, although activated MC regulate SF, 

activated MC exerted a more expressive modulation on DF. Finally, not activated MC reduced 

MMP-1 expression and decorin secretion on DF. However, activated MC had a stronger effect 

on DF decreasing the expression of these two molecules compared to not activated MC.  

Part of the results corroborated with previous publications (Figure 3.2). In contrast, we 

also found results inconsistent with our expectations. In the HTS what we see is higher collagen 

production, more myofibroblasts, and more contraction. It is possible that the differences in the 

results from what we expected are due to the time point when these experiments were performed, 

or to the fact that we corrected the results to the cell numbers. However, it is important to 

consider that with reduction of collagen production, reduction of myofibroblasts differentiation 

and decreased collagen contraction, it will prolong the wound closure. Consequently, if a wound 
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takes longer to heal, it is more prone to develop HTS [1]. Therefore more experiments are 

needed to confirm and extend the results.  

Additional experiments could provide a further explanation for our results. For example, 

testing TIMPs in the Simple WES would give the opportunity to check the ratio of MMP/TIMPs 

to correlate it with MMPs activity, wound healing, and ECM organization [2-5]. Also measuring 

the expression of decorin, and MMPs in different time points would provide a broader 

understanding of protein expression overtime after the activated MC stimuli. For future 

experiments, further exploration of the regulation of fibroblast proliferation by activated MC 

could be tested. For example, TGF-β1, which is found in high concentration in the HTS, up-

regulates cyclin-dependent kinase inhibitors (CKI) such as p21, p27, and p53 [6-8]. These CKI 

are responsible for regulating cell proliferation and cell death (apoptosis) [9, 10] and could be 

studied in co-cultures. 

In the field, there is very few research that used LAD2 as MC source for their 

experiments compared to HMC-1. HMC-1 are a very well tested and experimented MC cell line. 

However, they are considered immature MC [11]. LAD2 have a better potential to mimic the 

MC found in the skin. This could also have been another factor for having different results from 

what we found in the literature. 

This research was valuable because we confirmed that activated MC could regulate 

dermal fibroblasts and that DF are key cells for the HTS formation. Additionally, we tested a co-

culture model of human dermal fibroblasts and MC. With this model, we can stimulate MC to 

degranulate and explore different regulatory mechanisms on dermal fibroblasts. In the future, it 

could be a useful model to test different pathways or to test new drugs that may improve burn 

injury healing. 
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 3.1 Figures 

 

Figure 3.1. Summary of activated MC effect on dermal fibroblasts.  

Summary of the results for every experiment comparing the changes that activated MC regulated 

on dermal fibroblasts. Blues circles represent results that not activated MC also regulated DF. 

The two arrows in the DF group for proliferation, MMP-1, and decorin in the media shows that, 

although not activated MC also regulated DF, activated MC exerted a more expressive regulation 

on these cells.  
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Figure 3.2. Results in perspective. 

Image adapted with our results highlighted [12]. Yellow boxes represent the results that were 

regulated by activated MC and represent what is found in the HTS. The white box shows the 

only result that was not significantly different after co-culture with MC. Red boxes are the results 

that were regulated by activated MC, but they are contrary to what is found in the HTS. 

  



93 
 

References: 

1. Cubison TC, Pape SA, Parkhouse N. Evidence for the link between healing time and the 

development of hypertrophic scars (HTS) in paediatric burns due to scald injury. Burns. 

2006;32(8):992-9. 

2. Armstrong DG, Jude EB. The role of matrix metalloproteinases in wound healing. J Am 

Podiatr Med Assoc. 2002;92(1):12-8. 

3. Gill SE, Parks WC. Metalloproteinases and their inhibitors: regulators of wound healing. 

Int J Biochem Cell Biol. 2008;40(6-7):1334-47. 

4. Ladwig GP, Robson MC, Liu R, Kuhn MA, Muir DF, Schultz GS. Ratios of activated 

matrix metalloproteinase-9 to tissue inhibitor of matrix metalloproteinase-1 in wound fluids are 

inversely correlated with healing of pressure ulcers. Wound Repair Regen. 2002;10(1):26-37. 

5. Leroy V, Monier F, Bottari S, Trocme C, Sturm N, Hilleret MN, Morel F, Zarski JP. 

Circulating matrix metalloproteinases 1, 2, 9 and their inhibitors TIMP-1 and TIMP-2 as serum 

markers of liver fibrosis in patients with chronic hepatitis C: comparison with PIIINP and 

hyaluronic acid. Am J Gastroenterol. 2004;99(2):271-9. 

6. Klopfleisch R, Gruber AD. Differential expression of cell cycle regulators p21, p27 and 

p53 in metastasizing canine mammary adenocarcinomas versus normal mammary glands. Res 

Vet Sci. 2009;87(1):91-6. 

7. Zhang X, Wharton W, Donovan M, Coppola D, Croxton R, Cress WD, Pledger WJ. 

Density-dependent growth inhibition of fibroblasts ectopically expressing p27(kip1). Mol Biol 

Cell. 2000;11(6):2117-30. 

8. Gartel AL, Tyner AL. The role of the cyclin-dependent kinase inhibitor p21 in apoptosis. 

Mol Cancer Ther. 2002;1(8):639-49. 



94 
 

9. Dong S, Sun Y. MicroRNA-22 may promote apoptosis and inhibit the proliferation of 

hypertrophic scar fibroblasts by regulating the mitogen-activated protein kinase 

kinase/extracellular signal-regulated kinase/p21 pathway. Exp Ther Med. 2017;14(4):3841-5. 

10. Hiromura K, Pippin JW, Fero ML, Roberts JM, Shankland SJ. Modulation of apoptosis 

by the cyclin-dependent kinase inhibitor p27(Kip1). J Clin Invest. 1999;103(5):597-604. 

11. Radinger M, Jensen BM, Kuehn HS, Kirshenbaum A, Gilfillan AM. Generation, 

isolation, and maintenance of human mast cells and mast cell lines derived from peripheral 

blood or cord blood. Curr Protoc Immunol. 2010;Chapter 7:Unit 7 37. 

12. Gauglitz GG, Korting HC, Pavicic T, Ruzicka T, Jeschke MG. Hypertrophic scarring 

and keloids: pathomechanisms and current and emerging treatment strategies. Mol Med. 

2011;17(1-2):113-25. 

 



95 

Bibliography: 

 

Abe M, Kurosawa M, Ishikawa O, Miyachi Y, Kido H. Mast cell tryptase stimulates both human 

dermal fibroblast proliferation and type I collagen production. Clin Exp Allergy. 

1998;28(12):1509-17. 

Albrecht M, Frungieri MB, Kunz L, Ramsch R, Meineke V, Kohn FM, Mayerhofer A. Divergent 

effects of the major mast cell products histamine, tryptase and TNF-alpha on human 

fibroblast behaviour. Cell Mol Life Sci. 2005;62(23):2867-76. 

Amini-Nik S, Yousuf Y, Jeschke M. Scar management in burn injuries using drug delivery and 

molecular signaling: Current treatments and future directions. Adv Drug Deliv Rev. 

2018;123:135-54. 

Angola MoHotRo. National Health Development Plan 2012-2025. Government of Angola - 

Ministry of Health website2014. 

Armour A, Scott PG, Tredget EE. Cellular and molecular pathology of HTS: basis for treatment. 

Wound Repair Regen. 2007;15 Suppl 1:S6-17. 

Armstrong DG, Jude EB. The role of matrix metalloproteinases in wound healing. J Am Podiatr 

Med Assoc. 2002;92(1):12-8. 

Artuc M, Hermes B, Steckelings UM, Grutzkau A, Henz BM. Mast cells and their mediators in 

cutaneous wound healing--active participants or innocent bystanders? Exp Dermatol. 

1999;8(1):1-16. 

Association AB. 2016 National Burn Repository - Report of Data From 2006-2015. American 

Burn Association, 2016. 



96 
 

Bangert C, Brunner PM, Stingl G. Immune functions of the skin. Clin Dermatol. 2011;29(4):360-

76. 

Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. Growth factors and 

cytokines in wound healing. Wound Repair Regen. 2008;16(5):585-601. 

Baum CL, Arpey CJ. Normal cutaneous wound healing: clinical correlation with cellular and 

molecular events. Dermatol Surg. 2005;31(6):674-86; discussion 86. 

Beer TW, Baldwin H, West L, Gallagher PJ, Wright DH. Mast cells in pathological and surgical 

scars. Br J Ophthalmol. 1998;82(6):691-4. 

Bennett NT, Schultz GS. Growth factors and wound healing: biochemical properties of growth 

factors and their receptors. Am J Surg. 1993;165(6):728-37. 

Bennett NT, Schultz GS. Growth factors and wound healing: Part II. Role in normal and 

chronic wound healing. Am J Surg. 1993;166(1):74-81. 

Berman B, Viera MH, Amini S, Huo R, Jones IS. Prevention and management of hypertrophic 

scars and keloids after burns in children. J Craniofac Surg. 2008;19(4):989-1006. 

Bock O, Schmid-Ott G, Malewski P, Mrowietz U. Quality of life of patients with keloid and 

hypertrophic scarring. Arch Dermatol Res. 2006;297(10):433-8. 

Bombaro KM, Engrav LH, Carrougher GJ, Wiechman SA, Faucher L, Costa BA, Heimbach 

DM, Rivara FP, Honari S. What is the prevalence of hypertrophic scarring following 

burns? Burns. 2003;29(4):299-302. 

Bonner JC. Regulation of PDGF and its receptors in fibrotic diseases. Cytokine Growth Factor 

Rev. 2004;15(4):255-73. 

Brigham PA, McLoughlin E. Burn incidence and medical care use in the United States: 

estimates, trends, and data sources. J Burn Care Rehabil. 1996;17(2):95-107. 



97 
 

Brigstock DR. Regulation of angiogenesis and endothelial cell function by connective tissue 

growth factor (CTGF) and cysteine-rich 61 (CYR61). Angiogenesis. 2002;5(3):153-65. 

Brusselaers N, Pirayesh A, Hoeksema H, Verbelen J, Blot S, Monstrey S. Burn scar assessment: 

a systematic review of different scar scales. J Surg Res. 2010;164(1):e115-23. 

Caley MP, Martins VL, O'Toole EA. Metalloproteinases and Wound Healing. Adv Wound Care 

(New Rochelle). 2015;4(4):225-34. 

Carthy JM, Meredith AJ, Boroomand S, Abraham T, Luo Z, Knight D, McManus BM. Versican 

V1 overexpression induces a myofibroblast-like phenotype in cultured fibroblasts. PLoS 

One. 2015;10(7):e0133056. 

Castagnoli C, Trombotto C, Ariotti S, Millesimo M, Ravarino D, Magliacani G, Ponzi AN, Stella 

M, Teich-Alasia S, Novelli F, Musso T. Expression and role of IL-15 in post-burn 

hypertrophic scars. J Invest Dermatol. 1999;113(2):238-45. 

Clemmons DR. The relative roles of growth hormone and IGF-1 in controlling insulin 

sensitivity. J Clin Invest. 2004;113(1):25-7. 

Cheng S, Chan A, Fong S, Lam M, Leung A, Lee P, Tsang J, Wong J, Wu A. Outcome studies 

for burn patients in Hong Kong: patients' satisfaction. Burns. 1996;22(8):623-6. 

Chiang RS, Borovikova AA, King K, Banyard DA, Lalezari S, Toranto JD, Paydar KZ, Wirth 

GA, Evans GR, Widgerow AD. Current concepts related to hypertrophic scarring in 

burn injuries. Wound Repair Regen. 2016;24(3):466-77. 

Cho SH, Lee SH, Kato A, Takabayashi T, Kulka M, Shin SC, Schleimer RP. Cross-talk between 

human mast cells and bronchial epithelial cells in plasminogen activator inhibitor-1 

production via transforming growth factor-beta1. Am J Respir Cell Mol Biol. 

2015;52(1):88-95. 



98 
 

Colwell AS, Phan TT, Kong W, Longaker MT, Lorenz PH. Hypertrophic scar fibroblasts have 

increased connective tissue growth factor expression after transforming growth factor-

beta stimulation. Plast Reconstr Surg. 2005;116(5):1387-90; discussion 91-2. 

Connor C, Averburg D, Miralles M. Angola Health System Assessment 2010: Bethesda; 2010 

[cited 2016 December 02]. Available from: http://healthsystemassessment.org/wp-

content/uploads/2012/06/Angola_HSA_Report_Final_7_9_20101.pdf. 

Dabiri G, Tumbarello DA, Turner CE, Van de Water L. Hic-5 promotes the hypertrophic scar 

myofibroblast phenotype by regulating the TGF-beta1 autocrine loop. J Invest Dermatol. 

2008;128(10):2518-25.Duncan MR, Frazier KS, Abramson S, Williams S, Klapper H, 

Huang X, Grotendorst GR. Connective tissue growth factor mediates transforming 

growth factor beta-induced collagen synthesis: down-regulation by cAMP. FASEB J. 

1999;13(13):1774-86. 

Demo SD, Masuda E, Rossi AB, Throndset BT, Gerard AL, Chan EH, Armstrong RJ, Fox BP, 

Lorens JB, Payan DG, Scheller RH, Fisher JM. Quantitative measurement of mast cell 

degranulation using a novel flow cytometric annexin-V binding assay. Cytometry. 

1999;36(4):340-8. 

Desmouliere A, Chaponnier C, Gabbiani G. Tissue repair, contraction, and the myofibroblast. 

Wound Repair Regen. 2005;13(1):7-12. 

Ding J, Ma Z, Liu H, Kwan P, Iwashina T, Shankowsky HA, Wong D, Tredget EE. The 

therapeutic potential of a C-X-C chemokine receptor type 4 (CXCR-4) antagonist on 

hypertrophic scarring in vivo. Wound Repair Regen. 2014;22(5):622-30. 

Dong S, Sun Y. MicroRNA-22 may promote apoptosis and inhibit the proliferation of 

hypertrophic scar fibroblasts by regulating the mitogen-activated protein kinase 

http://healthsystemassessment.org/wp-content/uploads/2012/06/Angola_HSA_Report_Final_7_9_20101.pdf
http://healthsystemassessment.org/wp-content/uploads/2012/06/Angola_HSA_Report_Final_7_9_20101.pdf


99 
 

kinase/extracellular signal-regulated kinase/p21 pathway. Exp Ther Med. 

2017;14(4):3841-5. 

Douaiher J, Succar J, Lancerotto L, Gurish MF, Orgill DP, Hamilton MJ, Krilis SA, Stevens RL. 

Development of mast cells and importance of their tryptase and chymase serine proteases 

in inflammation and wound healing. Adv Immunol. 2014;122:211-52. 

Dunkin CS, Pleat JM, Gillespie PH, Tyler MP, Roberts AH, McGrouther DA. Scarring occurs at 

a critical depth of skin injury: precise measurement in a graduated dermal scratch in 

human volunteers. Plast Reconstr Surg. 2007;119(6):1722-32; discussion 33-4. 

Dwyer DF, Barrett NA, Austen KF, Immunological Genome Project C. Expression profiling of 

constitutive mast cells reveals a unique identity within the immune system. Nat Immunol. 

2016;17(7):878-87. 

Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: molecular and cellular 

mechanisms. J Invest Dermatol. 2007;127(3):514-25. 

Engrav LH, Garner WL, Tredget EE. Hypertrophic scar, wound contraction and hyper-

hypopigmentation. J Burn Care Res. 2007;28(4):593-7. 

Eto H, Suga H, Aoi N, Kato H, Doi K, Kuno S, Tabata Y, Yoshimura K. Therapeutic potential of 

fibroblast growth factor-2 for hypertrophic scars: upregulation of MMP-1 and HGF 

expression. Lab Invest. 2012;92(2):214-23. 

Evaluation IfHMa. GBD Compare 2015 [cited 2016 2 December]. Available from: 

http://vizhub.healthdata.org/gbd-compare/. 

Fang F, Huang RL, Zheng Y, Liu M, Huo R. Bone marrow derived mesenchymal stem cells 

inhibit the proliferative and profibrotic phenotype of hypertrophic scar fibroblasts and 

keloid fibroblasts through paracrine signaling. J Dermatol Sci. 2016;83(2):95-105. 

http://vizhub.healthdata.org/gbd-compare/


100 
 

FierceBiotech. Juvista EU Phase 3 trial results 2011 [cited 2019]. Available from: 

https://www.fiercebiotech.com/biotech/juvista-eu-phase-3-trial-results. 

Foley TT, Ehrlich HP. Through gap junction communications, co-cultured mast cells and 

fibroblasts generate fibroblast activities allied with hypertrophic scarring. Plast Reconstr 

Surg. 2013;131(5):1036-44. 

Gailit J, Marchese MJ, Kew RR, Gruber BL. The differentiation and function of myofibroblasts 

is regulated by mast cell mediators. J Invest Dermatol. 2001;117(5):1113-9. 

Galli SJ, Nakae S, Tsai M. Mast cells in the development of adaptive immune responses. Nat 

Immunol. 2005;6(2):135-42. 

Garbuzenko E, Nagler A, Pickholtz D, Gillery P, Reich R, Maquart FX, Levi-Schaffer F. Human 

mast cells stimulate fibroblast proliferation, collagen synthesis and lattice contraction: a 

direct role for mast cells in skin fibrosis. Clin Exp Allergy. 2002;32(2):237-46. 

Gartel AL, Tyner AL. The role of the cyclin-dependent kinase inhibitor p21 in apoptosis. Mol 

Cancer Ther. 2002;1(8):639-49. 

Gauglitz GG, Korting HC, Pavicic T, Ruzicka T, Jeschke MG. Hypertrophic scarring and 

keloids: pathomechanisms and current and emerging treatment strategies. Mol Med. 

2011;17(1-2):113-25. 

Ghahary A, Shen YJ, Wang R, Scott PG, Tredget EE. Expression and localization of insulin-like 

growth factor-1 in normal and post-burn hypertrophic scar tissue in human. Mol Cell 

Biochem. 1998;183(1-2):1-9. 

Gill SE, Parks WC. Metalloproteinases and their inhibitors: regulators of wound healing. Int J 

Biochem Cell Biol. 2008;40(6-7):1334-47. 

http://www.fiercebiotech.com/biotech/juvista-eu-phase-3-trial-results


101 
 

Goldsmith LA, Katz SI, Gilchrest BA, Paller AS, Leffell DJ, Wolff K. Fitzpatrick's Dermatology 

in General Medicine. 8th ed. United States: New York : McGraw-Hill Professional; 

2012. 

Golechha M. Healthcare agenda for the Indian government. Indian J Med Res. 2015;141(2):151-

3. 

Grinnell F. Fibronectin and wound healing. J Cell Biochem. 1984;26(2):107-16. 

Gruber BL. Mast cells in the pathogenesis of fibrosis. Curr Rheumatol Rep. 2003;5(2):147-53. 

Gruber BL, Kew RR, Jelaska A, Marchese MJ, Garlick J, Ren S, Schwartz LB, Korn JH. Human 

mast cells activate fibroblasts: tryptase is a fibrogenic factor stimulating collagen 

messenger ribonucleic acid synthesis and fibroblast chemotaxis. J Immunol. 

1997;158(5):2310-7. 

Guha Krishnaswamy DSC. Mast Cells - Methods and Protocols.  Methods in Molecular Biology: 

Humana Press Inc; 2006. p. 306-17. 

Guhl S, Babina M, Neou A, Zuberbier T, Artuc M. Mast cell lines HMC-1 and LAD2 in 

comparison with mature human skin mast cells--drastically reduced levels of tryptase 

and chymase in mast cell lines. Exp Dermatol. 2010;19(9):845-7.  

Gutowska-Owsiak D, Selvakumar TA, Salimi M, Taylor S, Ogg GS. Histamine enhances 

keratinocyte-mediated resolution of inflammation by promoting wound healing and 

response to infection. Clin Exp Dermatol. 2014;39(2):187-95. 

Hall JE, Guyton AC. Guyton and Hall textbook of medical physiology. Philadelphia, PA: 

Philadelphia, Pa. : Saunders/Elsevier; 2011. 

Hannink M, Donoghue DJ. Structure and function of platelet-derived growth factor (PDGF) and 

related proteins. Biochim Biophys Acta. 1989;989(1):1-10. 



102 
 

Health NIo. Disability  [cited 2016 2 December]. Available from: 

https://www.nimh.nih.gov/health/statistics/disability/index.shtml. 

Heimbach D, Engrav L, Grube B, Marvin J. Burn depth: a review. World J Surg. 1992;16(1):10-

5. 

Heldin CH, Eriksson U, Ostman A. New members of the platelet-derived growth factor family of 

mitogens. Arch Biochem Biophys. 2002;398(2):284-90. 

Hermes B, Feldmann-Boddeker I, Welker P, Algermissen B, Steckelings MU, Grabbe J, Henz 

BM. Altered expression of mast cell chymase and tryptase and of c-Kit in human 

cutaneous scar tissue. J Invest Dermatol. 2000;114(1):51-5. 

He S, Walls AF. Human mast cell chymase induces the accumulation of neutrophils, eosinophils 

and other inflammatory cells in vivo. Br J Pharmacol. 1998;125(7):1491-500. 

Hildebrand KA, Zhang M, Befus AD, Salo PT, Hart DA. A myofibroblast-mast cell-

neuropeptide axis of fibrosis in post-traumatic joint contractures: an in vitro analysis of 

mechanistic components. J Orthop Res. 2014;32(10):1290-6. 

Hinz B. Formation and function of the myofibroblast during tissue repair. J Invest Dermatol. 

2007;127(3):526-37. 

Hinz B, Gabbiani G. Mechanisms of force generation and transmission by myofibroblasts. Curr 

Opin Biotechnol. 2003;14(5):538-46. 

Hiromura K, Pippin JW, Fero ML, Roberts JM, Shankland SJ. Modulation of apoptosis by the 

cyclin-dependent kinase inhibitor p27(Kip1). J Clin Invest. 1999;103(5):597-604. 

Holdsworth SR, Summers SA. Role of mast cells in progressive renal diseases. J Am Soc 

Nephrol. 2008;19(12):2254-61. 

http://www.nimh.nih.gov/health/statistics/disability/index.shtml


103 
 

Igarashi A, Nashiro K, Kikuchi K, Sato S, Ihn H, Fujimoto M, Grotendorst GR, Takehara K. 

Connective tissue growth factor gene expression in tissue sections from localized 

scleroderma, keloid, and other fibrotic skin disorders. J Invest Dermatol. 

1996;106(4):729-33. 

Ishida Y, Gao JL, Murphy PM. Chemokine receptor CX3CR1 mediates skin wound healing by 

promoting macrophage and fibroblast accumulation and function. J Immunol. 

2008;180(1):569-79. 

Jang S, Park JS, Won YH, Yun SJ, Kim SJ. The expression of toll-like receptors (TLRs) in 

cultured human skin fibroblast is modulated by histamine. Chonnam Med J. 

2012;48(1):7-14. 

Janiszewski J, Bienenstock J, Blennerhassett MG. Picomolar doses of substance P trigger 

electrical responses in mast cells without degranulation. Am J Physiol. 1994;267(1 Pt 

1):C138-45. 

Jing C, Jia-Han W, Hong-Xing Z. Double-edged effects of neuropeptide substance P on repair of 

cutaneous trauma. Wound Repair Regen. 2010;18(3):319-24. 

Johnson-Wint B. Do keratinocytes regulate fibroblast collagenase activities during 

morphogenesis? Ann N Y Acad Sci. 1988;548:167-73. 

Kahler CM, Herold M, Reinisch N, Wiedermann CJ. Interaction of substance P with epidermal 

growth factor and fibroblast growth factor in cyclooxygenase-dependent proliferation of 

human skin fibroblasts. J Cell Physiol. 1996;166(3):601-8. 

Kahler CM, Sitte BA, Reinisch N, Wiedermann CJ. Stimulation of the chemotactic migration of 

human fibroblasts by substance P. Eur J Pharmacol. 1993;249(3):281-6.  



104 
 

Kawana S, Liang Z, Nagano M, Suzuki H. Role of substance P in stress-derived degranulation 

of dermal mast cells in mice. J Dermatol Sci. 2006;42(1):47-54. 

Kirshenbaum AS, Akin C, Wu Y, Rottem M, Goff JP, Beaven MA, Rao VK, Metcalfe DD. 

Characterization of novel stem cell factor responsive human mast cell lines LAD 1 and 2 

established from a patient with mast cell sarcoma/leukemia; activation following 

aggregation of FcepsilonRI or FcgammaRI. Leuk Res. 2003;27(8):677-82. 

Kischer CW, Bunce H, 3rd, Shetlah MR. Mast cell analyses in hypertrophic scars, hypertrophic 

scars treated with pressure and mature scars. J Invest Dermatol. 1978;70(6):355-7. 

Kischer CW, Wagner HN, Jr., Pindur J, Holubec H, Jones M, Ulreich JB, Scuderi P. Increased 

fibronectin production by cell lines from hypertrophic scar and keloid. Connect Tissue 

Res. 1989;23(4):279-88. 

Klopfleisch R, Gruber AD. Differential expression of cell cycle regulators p21, p27 and p53 in 

metastasizing canine mammary adenocarcinomas versus normal mammary glands. Res 

Vet Sci. 2009;87(1):91-6. 

Kofford MW, Schwartz LB, Schechter NM, Yager DR, Diegelmann RF, Graham MF. Cleavage 

of type I procollagen by human mast cell chymase initiates collagen fibril formation and 

generates a unique carboxyl-terminal propeptide. J Biol Chem. 1997;272(11):7127-31. 

Konig A, Bruckner-Tuderman L. Epithelial-mesenchymal interactions enhance expression of 

collagen VII in vitro. J Invest Dermatol. 1991;96(6):803-8. 

Kuehn HS, Radinger M, Gilfillan AM. Measuring mast cell mediator release. Curr Protoc 

Immunol. 2010;Chapter 7:Unit7 38. 



105 
 

Kulka M, Alexopoulou L, Flavell RA, Metcalfe DD. Activation of mast cells by double-stranded 

RNA: evidence for activation through Toll-like receptor 3. J Allergy Clin Immunol. 

2004;114(1):174-82. 

Kulka M, Sheen CH, Tancowny BP, Grammer LC, Schleimer RP. Neuropeptides activate human 

mast cell degranulation and chemokine production. Immunology. 2008;123(3):398-410. 

Kupietzky A, Levi-Schaffer F. The role of mast cell-derived histamine in the closure of an in 

vitro wound. Inflamm Res. 1996;45(4):176-80. 

Kwan P, Hori K, Ding J, Tredget EE. Scar and contracture: biological principles. Hand Clin. 

2009;25(4):511-28.  

LaBorde P. Burn epidemiology: the patient, the nation, the statistics, and the data resources. Crit 

Care Nurs Clin North Am. 2004;16(1):13-25. 

Lacy P, Stow JL. Cytokine release from innate immune cells: association with diverse membrane 

trafficking pathways. Blood. 2011;118(1):9-18. 

Ladwig GP, Robson MC, Liu R, Kuhn MA, Muir DF, Schultz GS. Ratios of activated matrix 

metalloproteinase-9 to tissue inhibitor of matrix metalloproteinase-1 in wound fluids are 

inversely correlated with healing of pressure ulcers. Wound Repair Regen. 

2002;10(1):26-37. 

Lakshminarayanan S. Role of government in public health: Current scenario in India and future 

scope. J Family Community Med. 2011;18(1):26-30. 

Lawrence JW, Mason ST, Schomer K, Klein MB. Epidemiology and impact of scarring after 

burn injury: a systematic review of the literature. J Burn Care Res. 2012;33(1):136-46. 

Lee KC, Joory K, Moiemen NS. History of burns: The past, present and the future. Burns 

Trauma. 2014;2(4):169-80. 



106 
 

Leroy V, Monier F, Bottari S, Trocme C, Sturm N, Hilleret MN, Morel F, Zarski JP. Circulating 

matrix metalloproteinases 1, 2, 9 and their inhibitors TIMP-1 and TIMP-2 as serum 

markers of liver fibrosis in patients with chronic hepatitis C: comparison with PIIINP 

and hyaluronic acid. Am J Gastroenterol. 2004;99(2):271-9. 

Levick SP, Melendez GC, Plante E, McLarty JL, Brower GL, Janicki JS. Cardiac mast cells: the 

centrepiece in adverse myocardial remodelling. Cardiovasc Res. 2011;89(1):12-9. 

Liu H, Ding J, Ma Z, Zhu Z, Shankowsky HA, Tredget EE. A novel subpopulation of peripheral 

blood mononuclear cells presents in major burn patients. Burns. 2015;41(5):998-1007. 

Li WW, Guo TZ, Liang DY, Sun Y, Kingery WS, Clark JD. Substance P signaling controls mast 

cell activation, degranulation, and nociceptive sensitization in a rat fracture model of 

complex regional pain syndrome. Anesthesiology. 2012;116(4):882-95. 

Li Y, Liu Y, Xia W, Lei D, Voorhees JJ, Fisher GJ. Age-dependent alterations of decorin 

glycosaminoglycans in human skin. Sci Rep. 2013;3:2422. 

Lodish H, Berk A, Zipursky L, Matsudaira P, Baltimore D, Darnell J. Molecular Cell Biology. 

4th edition ed. New York: W. H. Freeman and Company; 2000. 

Lorentz A. Corecognition of pathogens: an important trigger for mast cell response? Int Arch 

Allergy Immunol. 2011;154(3):183-4. 

Machesney M, Tidman N, Waseem A, Kirby L, Leigh I. Activated keratinocytes in the epidermis 

of hypertrophic scars. Am J Pathol. 1998;152(5):1133-41. 

Manuel JA, Gawronska-Kozak B. Matrix metalloproteinase 9 (MMP-9) is upregulated during 

scarless wound healing in athymic nude mice. Matrix Biol. 2006;25(8):505-14. 

Margulis A, Nocka KH, Brennan AM, Deng B, Fleming M, Goldman SJ, Kasaian MT. Mast 

cell-dependent contraction of human airway smooth muscle cell-containing collagen 



107 
 

gels: influence of cytokines, matrix metalloproteases, and serine proteases. J Immunol. 

2009;183(3):1739-50.  

Margulis A, Nocka KH, Wood NL, Wolf SF, Goldman SJ, Kasaian MT. MMP dependence of 

fibroblast contraction and collagen production induced by human mast cell activation in 

a three-dimensional collagen lattice. Am J Physiol Lung Cell Mol Physiol. 

2009;296(2):L236-47. 

Marshall JS. Mast-cell responses to pathogens. Nat Rev Immunol. 2004;4(10):787-99. 

Massague J. TGFbeta signalling in context. Nat Rev Mol Cell Biol. 2012;13(10):616-30. 

Mathers C, Fat DM, Boerma JT, Organization WH. The global burden of disease : 2004 update. 

Geneva, Switzerland: World Health Organization; 2008. vii, 146 p. 

Mazharinia N, Aghaei S, Shayan Z. Dermatology Life Quality Index (DLQI) scores in burn 

victims after revival. J Burn Care Res. 2007;28(2):312-7. 

McCollum PT, Bush JA, James G, Mason T, O'Kane S, McCollum C, Krievins D, Shiralkar S, 

Ferguson MW. Randomized phase II clinical trial of avotermin versus placebo for scar 

improvement. Br J Surg. 2011;98(7):925-34. 

McCurdy JD, Lin TJ, Marshall JS. Toll-like receptor 4-mediated activation of murine mast cells. 

J Leukoc Biol. 2001;70(6):977-84. 

McInnes C, Wang J, Al Moustafa AE, Yansouni C, O'Connor-McCourt M, Sykes BD. Structure-

based minimization of transforming growth factor-alpha (TGF-alpha) through NMR 

analysis of the receptor-bound ligand. Design, solution structure, and activity of TGF-

alpha 8-50. J Biol Chem. 1998;273(42):27357-63. 



108 
 

Mimura Y, Ihn H, Jinnin M, Asano Y, Yamane K, Tamaki K. Epidermal growth factor affects 

the synthesis and degradation of type I collagen in cultured human dermal fibroblasts. 

Matrix Biol. 2006;25(4):202-12. 

Monstrey S, Hoeksema H, Verbelen J, Pirayesh A, Blondeel P. Assessment of burn depth and 

burn wound healing potential. Burns. 2008;34(6):761-9. 

Moon SE, Dame MK, Remick DR, Elder JT, Varani J. Induction of matrix metalloproteinase-1 

(MMP-1) during epidermal invasion of the stroma in human skin organ culture: 

keratinocyte stimulation of fibroblast MMP-1 production. Br J Cancer. 

2001;85(10):1600-5. 

Moon TC, Befus AD, Kulka M. Mast cell mediators: their differential release and the secretory 

pathways involved. Front Immunol. 2014;5:569.  

Moyer KE, Saggers GC, Ehrlich HP. Mast cells promote fibroblast populated collagen lattice 

contraction through gap junction intercellular communication. Wound Repair Regen. 

2004;12(3):269-75. 

Murray CJL, Abraham J, Ali MK. The state of US health, 1990-2010: burden of diseases, 

injuries, and risk factors. JAMA. 2013;310(6):591-608. 

Nedelec B, Shankowsky H, Scott PG, Ghahary A, Tredget EE. Myofibroblasts and apoptosis in 

human hypertrophic scars: the effect of interferon-alpha2b. Surgery. 2001;130(5):798-

808. 

Nedelec B, Shankowsky HA, Tredget EE. Rating the resolving hypertrophic scar: comparison of 

the Vancouver Scar Scale and scar volume. J Burn Care Rehabil. 2000;21(3):205-12. 

Neely AN, Clendening CE, Gardner J, Greenhalgh DG, Warden GD. Gelatinase activity in 

keloids and hypertrophic scars. Wound Repair Regen. 1999;7(3):166-71. 



109 
 

Neill T, Schaefer L, Iozzo RV. Decorin: a guardian from the matrix. Am J Pathol. 

2012;181(2):380-7.  

Niessen FB, Andriessen MP, Schalkwijk J, Visser L, Timens W. Keratinocyte-derived growth 

factors play a role in the formation of hypertrophic scars. J Pathol. 2001;194(2):207-16. 

Niessen FB, Schalkwijk J, Vos H, Timens W. Hypertrophic scar formation is associated with an 

increased number of epidermal Langerhans cells. J Pathol. 2004;202(1):121-9. 

Niessen FB, Spauwen PH, Schalkwijk J, Kon M. On the nature of hypertrophic scars and 

keloids: a review. Plast Reconstr Surg. 1999;104(5):1435-58. 

Ogura H, Hashiguchi N, Tanaka H, Koh T, Noborio M, Nakamori Y, Nishino M, Kuwagata Y, 

Shimazu T, Sugimoto H. Long-term enhanced expression of heat shock proteins and 

decelerated apoptosis in polymorphonuclear leukocytes from major burn patients. J Burn 

Care Rehabil. 2002;23(2):103-9. 

Ojeda SR, Ma YJ, Rage F. The transforming growth factor alpha gene family is involved in the 

neuroendocrine control of mammalian puberty. Mol Psychiatry. 1997;2(5):355-8. 

Organization. WH. Burn. WHO website2016 [updated September 2016; cited 2016 December 

2]. Available from: http://www.who.int/mediacentre/factsheets/fs365/en/. 

Orgel JP, Eid A, Antipova O, Bella J, Scott JE. Decorin core protein (decoron) shape 

complements collagen fibril surface structure and mediates its binding. PLoS One. 

2009;4(9):e7028. 

Oskeritzian CA. Mast cells and wound healing. Adv Wound Care (New Rochelle). 2012;1(1):23-

8. 

Overed-Sayer C, Rapley L, Mustelin T, Clarke DL. Are mast cells instrumental for fibrotic 

diseases? Front Pharmacol. 2013;4:174. 

http://www.who.int/mediacentre/factsheets/fs365/en/


110 
 

Pascual DW, Bost KL. Substance P production by P388D1 macrophages: a possible autocrine 

function for this neuropeptide. Immunology. 1990;71(1):52-6. 

Rabello FB, Souza CD, Farina Junior JA. Update on hypertrophic scar treatment. Clinics (Sao 

Paulo). 2014;69(8):565-73. 

Ramos C, Montano M, Cisneros J, Sommer B, Delgado J, Gonzalez-Avila G. Substance P up-

regulates matrix metalloproteinase-1 and down-regulates collagen in human lung 

fibroblast. Exp Lung Res. 2007;33(3-4):151-67. 

Ramshaw JA, Shah NK, Brodsky B. Gly-X-Y tripeptide frequencies in collagen: a context for 

host-guest triple-helical peptides. J Struct Biol. 1998;122(1-2):86-91. 

Reed CC, Iozzo RV. The role of decorin in collagen fibrillogenesis and skin homeostasis. 

Glycoconj J. 2002;19(4-5):249-55. 

Rothe MJ, Kerdel FA. The mast cell in fibrosis. Int J Dermatol. 1991;30(1):13-6. 

Saaiq M, Zaib S, Ahmad S. Early excision and grafting versus delayed excision and grafting of 

deep thermal burns up to 40% total body surface area: a comparison of outcome. Ann 

Burns Fire Disasters. 2012;25(3):143-7. 

Sahota PS, Burn JL, Brown NJ, MacNeil S. Approaches to improve angiogenesis in tissue-

engineered skin. Wound Repair Regen. 2004;12(6):635-42. 

Santos FX, Arroyo C, Garcia I, Blasco R, Obispo JM, Hamann C, Espejo L. Role of mast cells in 

the pathogenesis of postburn inflammatory response: reactive oxygen species as mast cell 

stimulators. Burns. 2000;26(2):145-7. 

Sayani K, Dodd CM, Nedelec B, Shen YJ, Ghahary A, Tredget EE, Scott PG. Delayed 

appearance of decorin in healing burn scars. Histopathology. 2000;36(3):262-72. 



111 
 

Serini G, Bochaton-Piallat ML, Ropraz P, Geinoz A, Borsi L, Zardi L, Gabbiani G. The 

fibronectin domain ED-A is crucial for myofibroblastic phenotype induction by 

transforming growth factor-beta1. J Cell Biol. 1998;142(3):873-81. 

Scott JR, Muangman PR, Tamura RN, Zhu KQ, Liang Z, Anthony J, Engrav LH, Gibran NS. 

Substance P levels and neutral endopeptidase activity in acute burn wounds and 

hypertrophic scar. Plast Reconstr Surg. 2005;115(4):1095-102. 

Scott PG, Dodd CM, Ghahary A, Shen YJ, Tredget EE. Fibroblasts from post-burn hypertrophic 

scar tissue synthesize less decorin than normal dermal fibroblasts. Clin Sci (Lond). 

1998;94(5):541-7. 

Scott PG, Ghahary A, Tredget EE. Molecular and cellular aspects of fibrosis following thermal 

injury. Hand Clin. 2000;16(2):271-87. 

Scott PG, McEwan PA, Dodd CM, Bergmann EM, Bishop PN, Bella J. Crystal structure of the 

dimeric protein core of decorin, the archetypal small leucine-rich repeat proteoglycan. 

Proc Natl Acad Sci U S A. 2004;101(44):15633-8. 

Scott PG, Dodd CM, Tredget EE, Ghahary A, Rahemtulla F. Immunohistochemical localization 

of the proteoglycans decorin, biglycan and versican and transforming growth factor-beta 

in human post-burn hypertrophic and mature scars. Histopathology. 1995;26(5):423-31. 

Scholzen T, Armstrong CA, Bunnett NW, Luger TA, Olerud JE, Ansel JC. Neuropeptides in the 

skin: interactions between the neuroendocrine and the skin immune systems. Exp 

Dermatol. 1998;7(2-3):81-96. 

Sheffield CG, 3rd, Irons GB, Mucha P, Jr., Malec JF, Ilstrup DM, Stonnington HH. Physical and 

psychological outcome after burns. J Burn Care Rehabil. 1988;9(2):172-7. 



112 
 

Shoulders MD, Raines RT. Collagen structure and stability. Annu Rev Biochem. 2009;78:929-

58.  

Smola H, Thiekotter G, Baur M, Stark HJ, Breitkreutz D, Fusenig NE. Organotypic and 

epidermal-dermal co-cultures of normal human keratinocytes and dermal cells: 

Regulation of transforming growth factor alpha, beta1 and beta2 mRNA levels. Toxicol 

In Vitro. 1994;8(4):641-50. 

So K, McGrouther DA, Bush JA, Durani P, Taylor L, Skotny G, Mason T, Metcalfe A, O'Kane 

S, Ferguson MW. Avotermin for scar improvement following scar revision surgery: a 

randomized, double-blind, within-patient, placebo-controlled, phase II clinical trial. Plast 

Reconstr Surg. 2011;128(1):163-72. 

Sorrell JM, Baber MA, Caplan AI. Site-matched papillary and reticular human dermal 

fibroblasts differ in their release of specific growth factors/cytokines and in their 

interaction with keratinocytes. J Cell Physiol. 2004;200(1):134-45. 

Sorrell JM, Caplan AI. Fibroblast heterogeneity: more than skin deep. J Cell Sci. 2004;117(Pt 

5):667-75. 

Sriram G, Bigliardi PL, Bigliardi-Qi M. Fibroblast heterogeneity and its implications for 

engineering organotypic skin models in vitro. Eur J Cell Biol. 2015;94(11):483-512. 

Suzuki H, Miura S, Liu YY, Tsuchiya M, Ishii H. Substance P induces degranulation of mast 

cells and leukocyte adhesion to venular endothelium. Peptides. 1995;16(8):1447-52. 

Tan EM, Qin H, Kennedy SH, Rouda S, Fox JWt, Moore JH, Jr. Platelet-derived growth factors-

AA and -BB regulate collagen and collagenase gene expression differentially in human 

fibroblasts. Biochem J. 1995;310 ( Pt 2):585-8. 



113 
 

Tani K, Ogushi F, Kido H, Kawano T, Kunori Y, Kamimura T, Cui P, Sone S. Chymase is a 

potent chemoattractant for human monocytes and neutrophils. J Leukoc Biol. 

2000;67(4):585-9. 

Theoharides TC, Alysandratos KD, Angelidou A, Delivanis DA, Sismanopoulos N, Zhang B, 

Asadi S, Vasiadi M, Weng Z, Miniati A, Kalogeromitros D. Mast cells and inflammation. 

Biochim Biophys Acta. 2012;1822(1):21-33.  

Tiwari VK. Burn wound: How it differs from other wounds? Indian J Plast Surg. 2012;45(2):364-

73. 

Tredget EE. Pathophysiology and treatment of fibroproliferative disorders following thermal 

injury. Ann N Y Acad Sci. 1999;888:165-82. 

Tredget EE, Nedelec B, Scott PG, Ghahary A. Hypertrophic scars, keloids, and contractures. 

The cellular and molecular basis for therapy. Surg Clin North Am. 1997;77(3):701-30. 

Tredget EE, Shankowsky HA, Pannu R, Nedelec B, Iwashina T, Ghahary A, Taerum TV, Scott 

PG. Transforming growth factor-beta in thermally injured patients with hypertrophic 

scars: effects of interferon alpha-2b. Plast Reconstr Surg. 1998;102(5):1317-28; 

discussion 29-30.  

Tredget EE, Shen YJ, Liu G, Forsyth N, Smith C, Robertson Harrop A, Scott PG, Ghahary A. 

Regulation of collagen synthesis and messenger RNA levels in normal and hypertrophic 

scar fibroblasts in vitro by interferon alfa-2b. Wound Repair Regen. 1993;1(3):156-65. 

Tomasek JJ, McRae J, Owens GK, Haaksma CJ. Regulation of alpha-smooth muscle actin 

expression in granulation tissue myofibroblasts is dependent on the intronic CArG 

element and the transforming growth factor-beta1 control element. Am J Pathol. 

2005;166(5):1343-51. 



114 
 

Ulrich D, Noah EM, von Heimburg D, Pallua N. TIMP-1, MMP-2, MMP-9, and PIIINP as 

serum markers for skin fibrosis in patients following severe burn trauma. Plast Reconstr 

Surg. 2003;111(4):1423-31. 

Ulrich D, Ulrich F, Unglaub F, Piatkowski A, Pallua N. Matrix metalloproteinases and tissue 

inhibitors of metalloproteinases in patients with different types of scars and keloids. J 

Plast Reconstr Aesthet Surg. 2010;63(6):1015-21. 

UNICEF. UNICEF Annual Report 2015 Angola 2015 [cited 2016 December 2]. Available from: 

https://www.unicef.org/about/annualreport/files/Angola_2015_COAR.pdf. 

van der Kleij HP, Ma D, Redegeld FA, Kraneveld AD, Nijkamp FP, Bienenstock J. Functional 

expression of neurokinin 1 receptors on mast cells induced by IL-4 and stem cell factor. J 

Immunol. 2003;171(4):2074-9. 

van der Veer WM, Bloemen MC, Ulrich MM, Molema G, van Zuijlen PP, Middelkoop E, 

Niessen FB. Potential cellular and molecular causes of hypertrophic scar formation. 

Burns. 2009;35(1):15-29. 

Veerappan A, O'Connor NJ, Brazin J, Reid AC, Jung A, McGee D, Summers B, Branch-Elliman 

D, Stiles B, Worgall S, Kaner RJ, Silver RB. Mast cells: a pivotal role in pulmonary 

fibrosis. DNA Cell Biol. 2013;32(4):206-18. 

Vitte J. Human mast cell tryptase in biology and medicine. Mol Immunol. 2015;63(1):18-24. 

Wang J, Dodd C, Shankowsky HA, Scott PG, Tredget EE, Wound Healing Research G. Deep 

dermal fibroblasts contribute to hypertrophic scarring. Lab Invest. 2008;88(12):1278-90. 

Wang J, Hori K, Ding J, Huang Y, Kwan P, Ladak A, Tredget EE. Toll-like receptors expressed 

by dermal fibroblasts contribute to hypertrophic scarring. J Cell Physiol. 

2011;226(5):1265-73. 

http://www.unicef.org/about/annualreport/files/Angola_2015_COAR.pdf


115 
 

Wang M, Zhao D, Spinetti G, Zhang J, Jiang LQ, Pintus G, Monticone R, Lakatta EG. Matrix 

metalloproteinase 2 activation of transforming growth factor-beta1 (TGF-beta1) and 

TGF-beta1-type II receptor signaling within the aged arterial wall. Arterioscler Thromb 

Vasc Biol. 2006;26(7):1503-9.  

Wang R, Ghahary A, Shen Q, Scott PG, Roy K, Tredget EE. Hypertrophic scar tissues and 

fibroblasts produce more transforming growth factor-beta1 mRNA and protein than 

normal skin and cells. Wound Repair Regen. 2000;8(2):128-37. 

Werner S. Keratinocyte growth factor: a unique player in epithelial repair processes. Cytokine 

Growth Factor Rev. 1998;9(2):153-65. 

Werner S, Grose R. Regulation of wound healing by growth factors and cytokines. Physiol Rev. 

2003;83(3):835-70. 

Widgerow AD. Hypertrophic Burn Scar Evolution and Management. Wound Healing Southern 

Africa. 2013;6:79-86. 

Wight TN, Kang I, Merrilees MJ. Versican and the control of inflammation. Matrix Biol. 

2014;35:152-61. 

Wilgus TA, Wulff BC. The importance of mast cells in dermal scarring. Adv Wound Care (New 

Rochelle). 2014;3(4):356-65. 

Wygrecka M, Dahal BK, Kosanovic D, Petersen F, Taborski B, von Gerlach S, Didiasova M, 

Zakrzewicz D, Preissner KT, Schermuly RT, Markart P. Mast cells and fibroblasts work 

in concert to aggravate pulmonary fibrosis: role of transmembrane SCF and the PAR-

2/PKC-alpha/Raf-1/p44/42 signaling pathway. Am J Pathol. 2013;182(6):2094-108. 

Yamaguchi Y, Mann DM, Ruoslahti E. Negative regulation of transforming growth factor-beta 

by the proteoglycan decorin. Nature. 1990;346(6281):281-4. 



116 
 

Yamamoto T, Hartmann K, Eckes B, Krieg T. Mast cells enhance contraction of three-

dimensional collagen lattices by fibroblasts by cell-cell interaction: role of stem cell 

factor/c-kit. Immunology. 2000;99(3):435-9. 

Yang SY, Yang JY, Hsiao YC, Chuang SS. A comparison of gene expression of decorin and 

MMP13 in hypertrophic scars treated with calcium channel blocker, steroid, and 

interferon: a human-scar-carrying animal model study. Dermatol Surg. 2017;43 Suppl 

1:S37-S46. 

Zeitlin RE. Long-term psychosocial sequelae of paediatric burns. Burns. 1997;23(6):467-72. 

Zhang K, Garner W, Cohen L, Rodriguez J, Phan S. Increased types I and III collagen and 

transforming growth factor-beta 1 mRNA and protein in hypertrophic burn scar. J Invest 

Dermatol. 1995;104(5):750-4. 

Zhang X, Wharton W, Donovan M, Coppola D, Croxton R, Cress WD, Pledger WJ. Density-

dependent growth inhibition of fibroblasts ectopically expressing p27(kip1). Mol Biol 

Cell. 2000;11(6):2117-30. 

Zhang Z, Li XJ, Liu Y, Zhang X, Li YY, Xu WS. Recombinant human decorin inhibits cell 

proliferation and downregulates TGF-beta1 production in hypertrophic scar fibroblasts. 

Burns. 2007;33(5):634-41. 

Zimmermann DR, Ruoslahti E. Multiple domains of the large fibroblast proteoglycan, versican. 

EMBO J. 1989;8(10):2975-81. 

Zhu Z, Ding J, Ma Z, Iwashina T, Tredget EE. Alternatively activated macrophages derived from 

THP-1 cells promote the fibrogenic activities of human dermal fibroblasts. Wound 

Repair Regen. 2017;25(3):377-88. 



117 
 

Zhu Z, Ding J, Ma Z, Iwashina T, Tredget EE. The natural behavior of mononuclear phagocytes 

in HTS formation. Wound Repair Regen. 2016;24(1):14-25. 

Zhu Z, Ding J, Shankowsky HA, Tredget EE. The molecular mechanism of hypertrophic scar. J 

Cell Commun Signal. 2013;7(4):239-52. 

Zhu Z, Ding J, Tredget EE. The molecular basis of hypertrophic scars. Burns Trauma. 2016;4:2. 

 

  



118 
 

Appendices 

Appendix 1. To test function and to define the concentration of substance P to use, β-

hexosaminidase secretion using the chromogenic test was performed [1-4]. Concentrations of SP 

lower than 50 nM have been shown to generate MC membrane response, but no degranulation 

occurred [5]. Therefore, for this thesis, the terms degranulation and activation was used 

interchangeably referring to the SP stimuli received by MC followed by exocytosis of granules. 

HMC-1 and LAD2 were tested by the β-hexosaminidase assay. The initial selection of SP 

concentrations for MC activation was based on published literature [5-8]. The initial set of SP 

concentrations was 0.1 µM, 1.0 µM, and 10 µM plus no treatment with SP and assays were 

performed in triplicate. Results are expressed by the percentage of β-hexosaminidase released 

per condition. The minimal range of concentrations of SP to achieve β-hexosaminidase release of 

at least 20 % was determined. While HMC-1 performed below the minimal range, LAD2 

achieved maximum degranulation with SP concentration at 10 µM (Figure A-1.A). The second 

set of LAD2 was tested to verify β-hexosaminidase maximum secretion and to determine the best 

SP concentration to activate LAD2. Using SP concentrations at 2 µM, 5 µM, 10 µM, 20 µM, and 

40 µM, LAD2 activation started at 5 µM, and maximum degranulation response was achieved at 

10 µM (Figure A-1.B). With these results, LAD2 was selected along with the SP concentration 

of 10 µM to activate MC degranulation. 
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Figure A-1. MC degranulation assay. The β-Hexosaminidase assay was performed on HMC-1 

and LAD2 to assess cell activation and optimum SP concentration. A) Initial tests with [SP] at 

0.1 µM, 1.0 µM and 10 µM (n=3). B) LAD2 were tested for a new set of [SP] 2 µM, 5 µM, 10 

µM, 20 µM and 40 µM (* p<0.05 n=3). 

Appendix 2. The next step was to optimize the culture conditions for both cells cultured 

together. A set of six different medium combinations were tested with the following ratios of 

StemPro/DMEM: 1:0, 1:1, 3:2, 4:1, 1:4 and 2:3, and experiments were performed in triplicates. 

The cells were observed for five days. Ratios containing more StemPro than DMEM caused 
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clumping, cell death, and poor growth (Figure A-2.A). Ratios with more DMEM improved the 

fibroblast proliferation to a standard doubling rate after 48 hours. For the co-culture model, the 

initial cell ratio was based on our preliminary results, where Fb/MC ratio of 4:1 in the normal 

skin was observed, and it was also based on published literature [8-11]. Further experiments 

included Fb/MC ratios 1:1 and 2:1 (Figure A-2.B). After five days of co-culture, 1:1 ratio 

showed favorable fibroblast growth. Hence, the cell ratio chosen for this study was 1:1. 
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Figure A-2. Media and cell ratio tests. A) Different media ratios between StemPro and DMEM 

were used to culture fibroblasts (1:0, 1:1, 3:2, 4:1, 1:4, and 2:3). Cell development and growth 

were monitored over five days (n=3). (B) Fb/MC were seeded at 4:1, 2:1 and 1:1 cell ratio and 

observed during five days (Arrows pointing to MC in the co-culture; n=3). 
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