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Abstract

Hypertrophic scars (HTS) are caused by trauma or burn injuries to the deep dermis
and can cause cosmetic disfigurement and psychological issues. Our lab has established a
human HTS-like nude mouse model, in which the grafted human skin develops red,
raised, and firm scarring, resembling hypertrophic scars seen in humans. Macrophages
play a key role in the wound healing process and can be divided into classically activated
macrophages (M1) and alternatively activated macrophages (M2). Monocytes, M1 and
M2 macrophages belong to the mononuclear phagocyte system (MPS). Studies suggest
that M2 macrophages are pro-fibrotic and might contribute to HTS formation. In order to
test that M2 macrophages contribute to HTS formation, three consecutive experiments

were conducted.

The first experiment was to test the effect of M2 macrophages on the fibrogenic
activities of the cultured human dermal fibroblasts (HDF). In this study, resting state
(MO0), M1 and M2 macrophages differentiated from the human monocytic THP-1 cell line
were used to co-culture with HDF for 48, 96 and 144 hours. The differentiation and
polarization from THP-1 cells to M0, M1 and M2 macrophages were characterized by
flow cytometry and cell cycle analysis. Cell sorting was performed to purify MO and M2
macrophages. Cell proliferation, collagen synthesis, myofibroblast formation, gene
expression of anti-fibrotic and pro-fibrotic factors, MMP-1 activity, and cytokine
concentration were investigated. Results showed differentiation of MO and polarization of
M1 and M2 macrophages. M2 macrophages promoted the fibrogenic activities of co-

cultured HDF by facilitating cell proliferation, increasing the collagen content, alpha-
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SMA expressing cells, expression of the pro-fibrotic genes and concentration of M2
macrophage related factors, as well as decreasing the expression of the anti-fibrotic genes
and MMP-1 activity. These findings reinforce the pro-fibrotic role of M2 macrophages,
suggesting therapeutic strategies in fibrotic diseases should target M2 macrophages in the

future.

The second experiment was to explore the natural behavior of MPS in the human
HTS-like nude mouse model. Thirty athymic nude mice received human skin grafts
(xenograft) and another thirty mice received mouse skin grafts (allograft) as controls. The
grafted skin and blood were harvested at 1, 2, 3, 4 and 8 weeks. Wound area, thickness,
collagen morphology and level, the cell number of myofibroblasts, M1 and M2
macrophages in the grafted skin were investigated. Xenografted mice developed
contracted and thickened scars while the xenografted skin resembled human hypertrophic
scar tissue based on enhanced thickness, fibrotic orientation of collagen bundles,
increased collagen level and infiltration of myofibroblasts. In the xenografted skin, M1
macrophages were found predominantly at 1 to 2 weeks while M2 macrophages were
abundant at 3 to 4 weeks post-grafting. This understanding of the natural behavior of
mononuclear phagocytes in our mouse model provides evidence for the role of
macrophages in human dermal fibrosis and suggests that macrophage depletion in the

subacute phases of wound healing might reduce or prevent HTS formation.

The third experiment was to study the effect of systemic macrophage depletion on
scar formation at the subacute phase of wound healing. Thirty-six athymic nude mice that
received human skin transplants were randomly divided into macrophage depletion group

and control group. The former received intraperitoneal injections of clodronate liposomes
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while the controls received sterile saline injections on day 7, 10, 13 post-grafting. Wound
area, scar thickness, collagen abundance and collagen bundle structure, mast cell
infiltration, myofibroblast formation, M1 and M2 macrophages together with gene
expression of M1 and M2 related factors in the grafted skin were investigated at 2, 4 and
8 weeks post-grafting. The skin grafts from the control group developed contracted,
elevated and thickened scars while the grafted skin from the depletion group healed with
significantly less contraction and elevation. Significant reductions in myofibroblast
number, collagen synthesis and hypertrophic fiber morphology as well as mast cell
infiltration were observed in the depletion group compared to the control group.
Macrophage depletion significantly reduced M1 and M2 macrophage number in the
depletion group 2 weeks post-grafting as compared to the control group. Systemic
macrophage depletion at subacute phase of wound healing showed reduced scar
formation. These findings provide evidence for the pro-fibrotic role of M2 macrophages
in human dermal fibrosis as well as insight into the potential benefits of specifically

depleting M2 macrophages in vivo.
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Chapter 1

The Molecular and Cellular Mechanisms of Hypertrophic
Scars

A Portion of this work came from the papers published in:

1. Zhu Z, Ding J, Shankowsky HA, Tredget EE. The molecular mechanism of
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1.1 Hypertrophic scars (HTS)

HTS are considered to be a dermal form of fibroproliferative disorders that are caused
by aberrant wound healing due to injuries to the deep dermis, including burn injury,
laceration, abrasions, surgery and trauma. HTS are red, raised, rigid and can cause
pruritus, pain and joint contracture. HTS formed in the facial area can cause cosmetic

disfigurement, which result in psychological and social issues (1, 2) (Figure 1.1).
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Figure 1.1. Patients with HTS. A 24-year-old Caucasian male, 11 months after a 21%

TBSA burn. This patient developed HTS, resulting in cosmetic and functional problems



that included restricted opening of mouth and tight web spaces of fingers that limited
range of motion on hands (From Tredget EE, Levi B, Donelan MB. Biology and
principles of scar management and burn reconstruction. Surg Clin North Am. 2014

Aug;94(4):793-815. With permission).

1.1.1 The physiology of wound healing in the skin

Wound healing can be divided into four stages: hemostasis, inflammation,
proliferation and tissue remodeling (3). In these four stages, there are complicated
interactions within a complex network of pro-fibrotic and anti-fibrotic molecules, such as

growth factors, proteolytic enzymes and extracellular matrix (ECM) proteins (4, 5).

The first stage is hemostasis, which relates to the clotting cascade and the formation
of a provisional wound matrix. These changes occur immediately after injury and are
completed within hours (6). Clotting factors from the injured skin (extrinsic system) and
aggregation of thrombocytes or platelets after exposure to collagen fibers (intrinsic
system) are activated. The exposed collagen also triggers platelets to begin secreting
cytokines and growth factors (7). The provisional wound matrix serves as a scaffold
structure for the migration of leukocytes, keratinocytes, fibroblasts and endothelial cells.
Platelets induce the vasoconstriction in order to reduce blood loss followed by secretion
of a number of inflammatory factors including serotonin, bradykinin, prostaglandins and

most importantly histamine, which activate the inflammatory phase.



In the inflammatory phase, polymorphonuclear neutrophils (PMNs) are the first
inflammatory cells that are recruited to the inflamed site and are present there for 2-5
days. Several mediators such as tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1B) and IL-6 are released by the neutrophils in order to amplify the inflammatory
response (8). Monocytes are attracted by the inflammatory mediators and differentiate
into macrophages soon after they migrate into the wound site. The main functions of
macrophages are phagocytosis of pathogens and cell debris as well as the release of
growth factors, chemokines and cytokines which will push the wound healing process

into the next stage.

The proliferation stage consists of angiogenesis, re-epithelialization, and granulation
tissue formation. The process of angiogenesis is commenced by growth factors such as
vascular endothelial growth factor (VEGF) released by activated endothelial cells from
uninjured blood vessels. The new blood vessels differentiate into arteries and venules by
recruitment of pericytes and smooth muscle cells (9). Re-epithelialization is essential for
the re-establishment of tissue integrity, which is ensured by local keratinocytes at the
wound edges and epithelial stem cells from skin appendages such as hair follicles or
sweat glands (10). Granulation tissue formation is the last step in the proliferation phase,
characterized by accumulation of a high density of fibroblasts, granulocytes,
macrophages, capillaries and collagen bundles, which replace the provisional wound
matrix formed during the inflammation stage. The predominant cells in this tissue are
fibroblasts, which produce types I and III collagen and ECM substances, providing a

structural framework for cell adhesion and differentiation (11). Later, myofibroblasts



induce wound contraction by virtue of their multiple attachment points to collagen and

help to reduce the surface area of the scar (12).

The remodeling stage is already initiated while the granulation tissue is formed.
During the maturation of the wound, COL3, which was produced in the proliferation
stage, is replaced by the stronger COL1 which is oriented as small parallel bundles and

contributes to the basket-weave collagen formation in normal dermis (13).

1.1.2 The pathological features of HTS

The physiological process of normal wound healing will not result in HTS formation.
However, if abnormalities occur during the wound healing process, the delicate balance
of ECM degradation and deposition will be disrupted. Either insufficient degradation and
remodeling of ECM due to an imbalance in expression of matrix metalloproteinases
(MMPs) (14) or excessive ECM deposition caused by increased activity of fibroblasts
and myofibroblasts (15) might lead to HTS formation. One common mechanism that
burn patients often end up with HTS formation is the chronic inflammation or infection
due to the severity of the injury, which prolongs the wound healing process and leads to
excessive scarring (16). This prolonged inflammatory phase will lead to HTS formation

such as increased vessel and cell number as well as excessive collagen deposition (17).



1.1.3 Depth of dermal injury is an important factor leading to HTS formation

The depth of injury is critical to HTS formation and of great clinical importance. The
difference between superficial and deep injuries determines how these wounds heal and
the severity of the scarring (18). Superficial wounds generally heal within 2 weeks
without HTS formation and surgical treatment while deep wounds are prone to HTS and
often require surgical interventions such as skin grafting and/or anti-scar procedures. In
an experimental dermal scratch model done by the author’s laboratory (19, 20), a
specially designed and constructed jig was used to create progressively deeper wounds on
a burn patient after informed consent. The wounds were along the lines of relaxed skin
tension and were 6 cm long, 0 to 0.75mm deep at one end (superficial wound [SW]) and
0.76 to 3 mm deep (deep wound [DW]) at the other end. The SW of the wound scratch
model healed with minimal scarring while the DW resulted in HTS that were red, raised,
itchy scar confined to the site of injury. This result suggests there is a critical value of
depth of the injury beyond which scar formation rather than tissue regeneration occurs

(Fig. 1.2 and 1.3).
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Fig. 1.2. Regeneration occurs in superficial wounds while scarring occurs in deeper
wounds. (From Kwan P, Hori K, Ding J, Tredget EE (2009) Scar and contracture:

biological principles. Hand Clin 25(4):511-28; with permission)
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Fig. 1.3 Creation of deep and superficial scratch wounds and histological analysis of
resulted scars. A, Jig used to create the scratch wound model. B, Wound created on the
anterior thigh. C, Scratch wound 70 days post-wounding. D, Deep and superficial wound
scar. E, Deep wound scar tissue stained with hematoxylin and eosin staining (H&E). F,
Superficial wound scar tissue stained with H&E. Double-headed arrows in e and f
indicate average thickness of epithelium. Arrowheads point to cells. Black arrows point
to blood vessels. White arrows point to collagen. DW, deep wound; SW, superficial
wound; DWS, deep wound scar; SWS, superficial wound scar (From Honardoust D,
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Varkey M, Marcoux Y, Shankowsky HA, Tredget EE (2012) Reduced decorin,
fibromodulin, and transforming growth factor- B 3 in deep dermis leads to hypertrophic

scarring. J Burn Care Res 33(2):218-27; with permission)

1.1.4 Differences between HTS and keloids

HTS and keloids are both caused by abnormal wound healing and are characterized
by pathologically excessive fibrosis in the skin (21). Sometimes the differentiation
between HTS and keloids can be difficult and lead to incorrect identification, which may

result in inappropriate treatment (22).

HTS are mostly caused by trauma or burn injury to the deep dermis and do not extend
beyond the boundary of the original injury. Keloids can develop after minor injuries and
may even spontaneously form on the sternal region without obvious injury, which will
project beyond the original wound borders (23, 24). HTS are red, raised and mostly linear
in any regions of the body while keloids appear as pink to purple, shiny, rounded
protuberances and are commonly seen in sternal skin, shoulder, upper arms and earlobe.
HTS usually appears within a few months of injury, regresses in one or more years and
can cause contractures when joint regions are affected, whereas, keloids might take years
to develop, grow for years and do not cause contracture. Keloids are commonly seen in

darker skin population and have never been reported in albino populations (25).

HTS are characterized by abundant alpha-smooth muscle actin (a-SMA) producing

myofibroblasts together with more type III collagen (COL3) than COL1. On the contrary,



there are no a-SMA producing myofibroblasts and a mixture of COL1 and COL3 are
found in keloid tissue (21). The collagen bundles in keloids are thick, large and closely
packed adjacent to epidermis, whereas fine, well-organized parallel-to-epidermis collagen
bundles are found in HTS (26). Adenosine triphosphate (ATP) in keloids remained at
higher level for a long time while ATP levels decreased over time in HTS (27). An
investigation of the expression of three proteins of the p53 family in keloids and HTS
showed that the level of p53 protein was higher in keloids compared to HTS. Protein p73
was elevated only in HTS and no difference was found between keloids and HTS of the
level of p63 (28). An in vitro analysis of ECM contraction by fibroblasts isolated from
different scars showed that HTS fibroblasts had a consistently higher basal level of fibrin
matrix gel contraction than keloid fibroblasts (29). Despite all of these differences, HTS
and keloids possess similar features including excessive ECM deposition such as high
collagen content and rich proteoglycan levels within the dermis and subcutaneous tissue
(30). The treatment for HTS and keloids are similar but HTS has a better prognosis for

surgical excision because keloids have a much higher recurrence rates (16).

1.1.5 Complications of HTS

Complications of HTS include pain, pruritus, immobility of joint region,
disfigurement and psychological issues. Pain and pruritus might not be as devastating as
other complications, but they are significant complaints for many patients with HTS and
they have been shown to persist for decades. The pain patients with HTS experience is

often neuropathic pain, which is caused by dysfunction in the peripheral or central
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nervous system due to the primary injury. The neuropathic pain symptoms complained of
patients with HTS are pins and needles, burning, stabbing, shooting or electric sensations
(31). The mechanism of pruritus is not well understood, but it is associated with
histamine, which is released by mast cells and implicated as a primary mediator of
itchiness (32). Patients who developed HTS also suffer from reduced functional range of
motion due to joint contractures, and disfigurement due to HTS tissue formed in the
visible area of the body, which can lead to psychological problems or even social issues.
A cross-sectional descriptive study showed that patients with HTS suffered from pain,
joint stiffness, limitation in walking or running for an average of 17 years since their burn
injury (33). With all these complications, patients with HTS have complicated psychiatric
disorders, including concern of body image, anxiety, depression, low self-esteem and
posttraumatic stress. They have a need for psychological counseling and rehabilitation,
especially for those who are economically disadvantaged or with preexisting mental
illness (34). However, a study focused on adolescents with disfiguring burn scars showed
that instead of viewing themselves as less personally competent than unburned
adolescents, they exhibited a similar or higher degree of self-worth as compared to their

peers (35).

1.1.6 Treatments of HTS

The outcome of HTS is quite different because of the varied injured sites, severity of
the injuries, and treatments the patients receive which leads to a variety of therapeutic

strategies between surgeons and hospitals (36). Current treatment of HTS remains time-
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consuming, expensive and with few consistently successful approaches. One of the
difficulties is that the outcome of HTS formation varies between patients, locations and
conservative interventions. So it is extremely difficult for surgeons to predict whose scar
would need surgical excision or whose scar might resolve on its own by the time the
patient heals with flat and soft scar (17). In 2002, Mustoe et al. reported a qualitative
overview of the available clinical literature by an international advisory panel of experts
and provided evidence-based recommendations on prevention and treatment of HTS,
which was considered as an outline for scar management (37). Surgical excision
combined with adjuvant therapies such as steroids, pressure garments and silicone gel is
still the most common current management (38). There are similar studies published in
2014 by Gold et al. (39, 40), which tried to standardize scar management by establishing
safe and effective treatment options in order to apply in routine clinical practice. They
conducted a comprehensive search of the MEDLINE database over the past 10 years and
suggested that the most significant advances were laser therapy (41) and 5-fluorouracil
(42). Emerging therapies for HTS were also reported such as bleomycin (43), onion

extract gel (44, 45), and Botulinum toxin A (46).

At present, a variety of therapeutic options that are available to treat HTS can be

divided into surgical and non-surgical treatment.
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1.1.6.1 Surgical therapy for HTS

Surgical excision is common management when used in combination with steroids
and/or silicone gel sheeting. However, surgical excision of HTS without adjuvant therapy
is associated with a high rate of recurrence, ranging from 50% to 80% (47). HTS
resulting from excessive tension or wound complications can be treated effectively with
surgery options including intramarginal excision, skin grafts, local flaps and free flaps
combined with surgical taping and silicone gel sheeting. However, these technique are

not suitable for immature scar.

There are two major kind of lasers, ablative nonselective lasers such as CO; laser and
nonablative selective lasers such as pulse-dye laser. Ablative lasers might carry a higher
risk while nonablative lasers have the advantage of improving scars without incision or
wounding. The flash lamp-pumped pulsed dye laser is most extensively used to refine
scars by causing direct destruction of the blood vessels and an indirect effect on the

surrounding collagen, which result in collagen modeling and wound contraction (48).

1.1.6.2 Non-surgical therapy for HTS

Non-surgical management of HTS includes the use of pressure garments, intralesional
corticosteroid administration, silicone gel sheets and so on. Pressure garment are

commonly used and are supplied by several companies based on individual patient

13



measurements (49). Pressure therapy should be applied 24 hours a day until the scar is
mature. The optimum pressure for effective treatment is still unknown, but the pressures
applied should exceed capillary pressure and recommend that pressure be maintained
between 24 and 30 mm Hg (37). The possible mechanism of pressure garment may relate
to reduced fibroblast proliferation, decreased collagen synthesis and increased

myofibroblast apoptosis (50, 51).

Intralesional corticosteroid administration is also widely used to alleviate HTS.
Triamcinolone acetonide is the most commonly used corticosteroid. The administration
should be confined to the dermal region of the scar with 10 to 40mg/ml at 2- to 6-weeks
interval (52). Silicone gel is a cross-linked polymer of dimethylsiloxane, which has been
used for treatment of immature scar. Applying silicone gel sheet topically is a
noninvasive and relatively safe treatment since it may decrease the volume of HTS (53).
It has been shown that silicone gel sheets may accelerate scar maturation and improve
pigmentation, vascularity, pliability, pain and itchiness associated with HTS (54). Thus,
prophylactic use of topical silicone gel following scar revision surgery may prevent the

development of recurrent HTS (55).

14



1.2 Molecular basis of HTS

1.2.1 Cytokines in HTS formation

1.2.1.1 IL-1a and TNF-a inhibit HTS

IL-1 has two subtypes, IL-1a and IL-1B. IL-1a was found to promote the release of
MMPs, activate MMP-1 and stimulate the degradation of ECM (56, 57). Thus, decreased
levels of IL-1a may lead to ECM accumulation and HTS. The expression of IL-1a was
found significantly lower in HTS than in normal skin from patients following breast
reduction surgery (58). Quite different from IL-1a, IL-1f is found to be over-expressed in

HTS compared to normal skin (59).

TNF-a participates in the early inflammation stage and the ECM remodeling phase.
TNF-a expression was shown to be decreased in HTS compared to normal skin, which
indicated that TNF-a may be important for wound healing and HTS might be partially a
consequence of a decreased amount of TNF-a (60). Another experiment demonstrated
that TNF-a could suppress transforming growth factor beta-1 (TGF-B1)-induced
myofibroblasts phenotypic genes such as a-SMA at the mRNA level as well as at the

Smad signaling pathway of TGF-1 (61).
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1.1.1.2 Inappropriate release of IL-6 leads to HTS

IL-6 is also involved in the wound healing process. It is one of the major regulators of
macrophages for stimulation, angiogenesis and ECM synthesis (62). IL-6 could also
cause fibrotic diseases such as pulmonary fibrosis and scleroderma (63, 64). In addition,
IL-6 was reported to be highly expressed in fibroblasts from HTS tissue compared to
normal fibroblasts, influencing scar formation by modulating fibroblasts (65). In order to
further investigate the function of IL-6, fibroblasts from HTS were treated with IL-6.
Results showed an absence of any up-regulation of MMP-1 and MMP-3, indicating that
suppression of MMPs may play a role in the excessive accumulation of collagen formed
in HTS (66). In fetal fibroblasts, there was less IL-6 produced compared to adult
fibroblasts and the addition of exogenous IL-6 caused scar formation instead of scarless

wound healing (67). However, IL-6 knock-out mice showed delayed wound healing (68).

1.2.1.3 IL-10 plays an important role in scarless wound healing by regulating pro-

inflammatory cytokines

IL-10 is produced by T helper cells and it could mediate the growth or functions of
various immune cells including T cells and macrophages. It has been established that IL-
10 acts as a key anti-inflammatory cytokine, which could limit or terminate the
inflammatory processes (69). Neutralizing antibodies of IL-10 were administered into

incisional wounds in mice and the results demonstrated an inhibited infiltration of
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neutrophils and macrophages and an over-expression of monocyte chemotactic protein-1
(MCP-1), IL-1B, TNF-a (70) and IL-6 (71). This is supported by another study that IL-10
significantly inhibited lipopolysaccharide (LPS)-induced IL-6 production at a
transcriptional level (72). A study tried to evaluate whether IL-10 could change the
innervated conditions of full thickness excisional wounds created on the dorsal surface of
CD1 mice. The results showed only temporary changes during the wound healing process
but no significant changes at 84 days after treatment. However, wounds treated with IL-
10 recovered similarly to normal skin compared to the wounds treated with PBS (73).
Another experiment reported that scar appeared in IL-10 knockout fetal mice compared
to scarless wound healing in the control group (74). A more recent study showed that IL-
10 could provide an optimal environment for fetal and postnatal scarless wound healing
(75). A similar study also over-expressed IL-10 but in adult murine wounds. The results
showed that increased IL-10 reduced inflammation, collagen deposition and created

improved wound healing conditions (76).

1.2.1.4 Anti-fibrotic molecules, decorin (DCN) and interferon-alpha2b (IFN-a2b)

inhibit HTS formation by inhibiting TGF-f and regulating fibroblasts

Recently, more research focused on small leucine-rich proteoglycans (SLRPs), a
small component of ECM molecules, which contain several repeated leucine-rich regions
and cysteine residues. The major SLRPs are DCN, biglycan, lumican, and fibromodulin

(77). The most common SLRPs studied is DCN, which is abundantly expressed in the
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dermis and connective tissue (78). As well, it appears to promote collagen fibrillogenesis,
cell differentiation and inhibits the bioactivity of growth factors such as TGF-B (79). We
have reported different levels of DCN in burn wounds with suppressed expression for the
first 12 months, then significantly higher expression after one to two years, decreasing to
resemble the expression seen in normal skin after three years (80). DCN is considered to
be an inhibitor of TGF-B. Animal studies using bleomycin-injected mice treated with
adenovirus vector-derived DCN showed that DCN significantly reduced the fibrosis
caused by bleomycin by blocking the fibrotic effect of TGF-f (81). Wang et al.
previously reported that deep dermal fibroblasts might contribute to HTS formation
because of a decrease in DCN production (82). What’s more, DCN was used to treat
superficial and deep dermal fibroblasts where increased cell apoptosis was seen in
superficial dermal fibroblasts compared to deep dermal fibroblasts, suggesting DCN-
induced apoptosis might play an anti-fibrotic role (19). Further study was performed to
clarify the interaction between SLRPs and TGF-B1 in superficial and deep wounds to
demonstrate how the decreased expression of DCN and increased presence of TGF-1 in

deep dermal fibroblasts contributes to the formation of HTS (83).

IFN could be divided into three subtypes, type 1 IFN (including IFN-a and IFN-f),
type 2 IFN [IFN-y, known as a T helper type 1 (Thl) cytokine] and type 3 IFN (IFN-A)
(84). IFN-a is produced by leukocytes and fibroblasts, while IFN-y is produced by T
lymphocytes such as activated T cells (85). IFN-a and IFN-y could decrease cell
proliferation and collagen synthesis in normal and HTS fibroblasts in vitro (86). IFN-a2b
is an antiviral drug originally used for viral infections and some forms of cancer and has

recently been shown to increase collagenase mRNA levels and activity and reduce the
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activity of tissue inhibitors of metalloproteinases-1 (TIMP-1) (87), thereby decreasing
HTS formation. Further studies were carried out focusing on IFN-02b because of the
anti-fibrotic effects it exhibited. IFN-a2b exposure to matched pairs of human HTS and
normal fibroblasts could inhibit wound contraction by decreasing fibroblast-populated
collagen lattices (88). Patients with severe HTS treated with IFN-02b showed a
significant improvement in scar quality and volume during the therapy with a significant
decrease in serum TGF- levels (89). Treating HTS and normal fibroblasts with IFN-02b
or IFN-y demonstrated that TGF-f protein production was antagonized in part by the
down-regulation of TGF-B1 mRNA levels (90). Additionally, IFN-02b treatment
decreased angiogenesis in HTS tissue (82). In a double blind placebo controlled trial in
21 burn patients, the administration of IFN-a2b to burn patients down-regulated stromal
cell-derived factor-1 (SDF-1)/ C-X-C chemokine receptor type 4 (CXCR4) signaling in
HTS tissues limiting the formation of HTS (91), supporting the contention that IFN-a2b

is an anti-fibrotic protein inhibiting HTS formation.

1.2.1.5 Chemokines contribute to HTS formation by recruiting monocytes into

wound sites

Chemokines are small 8-10 kilodalton proteins that induce chemotaxis in responsive
cells surrounding the site of injury. They can be divided into four types depending on the
spacing and location two cysteine residues in the molecules and include CC, CXC, C and

CX3C subfamilies (92).
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SDF-1, also known as CXCL12, belongs to CXC group. SDF-1 is similarly expressed
in humans, swine and rat skin and is produced by pericytes, endothelial cells and
fibroblasts (93). CXCR4 is a CXC chemokine receptor and it exclusively binds to SDF-1,
which is unique among receptors because most chemokines have more than one receptor
and most receptors have more than one ligand (94). SDF-1/CXCR4 signaling pathway
mediates the migration of hemotopoietic cells from fetal liver to bone marrow (95), and
could also stimulate angiogenesis by recruiting progenitor cells (96). Studies focused on
the functions of SDF-1/CXCR4 signaling have suggested that it involves not only in the
tumor metastasis and vascularization but also in the pathogenesis of fibroproliferative
diseases (97, 98). Recent studies found up-regulated SDF-1 expression in the HTS tissue
and serum of the burn patients as well as increased number of CD14" CXCR4" cells in
the peripheral blood mononuclear cells, which suggested that SDF-1/CXCR4 signaling
could recruit these CXCR4" cells such as monocytes to the prolonged inflamed injured
site and contribute to HTS formation (99). In order to further verify the role of SDF-
1/CXCR4 signaling in HTS formation, the CXCR4 antagonist CTCE-9908 was used to
inhibit the SDF-1/CXCR4 effect on the human HTS-like nude mouse model. The study
showed that CTCE-9908 significantly attenuated scar formation and contraction, reduced
the number of macrophages in the tissue, which was differentiated and replenished by
CXCR4 expressing monocytes in the circulation (100). These findings support the role of
SDF-1/CXCR4 in HTS formation and suggest an important role of macrophages in HTS

formation.

Another chemokine involved in the formation of HTS is MCP-1. It belongs to the CC

chemokine subfamily and has two receptors, CCR2 and CCR4 (101). Being a major
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chemoattractant, it is secreted by macrophages, endothelial cells and fibroblasts. MCP-1
recruits monocytes and dendritic cells to the inflammatory sites (102, 103). A previous
study showed that MCP-1 could stimulate fibroblast collagen production in the lung
through an up-regulation of endogenous TGF-f (104). A later experiment investigated the
role of MCP-1 in fibrosis using MCP-1 knockout mice. Results showed that fibrosis was
diminished in MCP-1 knockout mice compared to the bleomycin-induced fibrosis control
group (105). Enhanced release of MCP-1 by keloid CD14" cells stimulated fibroblast
proliferation through the protein kinase B signaling pathway and might trigger keloid
development (106). A study from our research group demonstrated a significant increase
of MCP-1 expression in fibroblasts from HTS compared to normal fibroblasts further

suggesting a dominant role for MCP-1 in fibrotic diseases (107).

1.2.2 Growth factors in HTS formation

1.2.2.1 TGF-p plays a pivotal role in HTS formation

TGF-B is one of the most important growth factors that regulate tissue regeneration,
cell differentiation, embryonic development and regulation of the immune system (108-
110). Recent studies showed that TGF- not only involves in normal wound healing
processes but also contributes to fibroproliferative disorders such as pulmonary fibrosis
(111) and HTS (112). TGF-p has three isoforms, TGF-B1, TGF-f2 and TGF-B3 (113).
Shah et al. used the neutralizing antibody to TGF-B1 and TGF-B2 in cutaneous wounds of
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adult rodents and found reduced cutaneous scarring formation (114). A subsequent study
from Shah and colleagues reported that exogenous addition of TGF-f3 to cutaneous rat
wounds reduced scarring, indicating that TGF-f1 and TGF-B2 were related to cutaneous
scarring while TGF-33 should be considered as a therapeutic agent against scarring (115).
A more recent study treated the rabbit ear wounds with anti-TGF-B1, 2, 3 monoclonal
antibodies at different time points of wound healing and early injection of antibodies
showed delayed wound healing while the injections of middle or later time points
remarkably reduced HTS formation, which implicated the indispensable roles of TGF-f1,
2, 3 in early stage of wound healing (116). The transcriptional factor forkhead box
protein O1 (FOXOI1) has recently been found to be important as a regulator in wound
healing. It exerts its effect through regulation of TGF-f1 expression from oxidative stress.
The absence of FOXOI1 reduced TGF-f1 expression and led to impaired re-
epithelialization of wounds (117). TGF-B has multiple surface receptors, but TGF-$3
receptor I (TGF-BRI) and TGF-BRII appear to be the predominant forms. TGF-BRI was
found to be increased while TGF-BRII was decreased in HTS (118). Another experiment

verified that truncated TGF-BRII could inhibit scar formation in rat wounds (119).

There are various types of signaling pathways for TGF-B1. The most important one is
the Smad pathway (Fig. 1.4). Smads are intracellular regulatory signal transduction
proteins that respond to activation of the TGF-B receptor complex. Smad proteins can be
classified into three categories, the receptor-regulated Smads (R-SMADs), the common
mediator Smads (Co-SMADs) and the inhibitory Smads (I-SMADs) (120). Classically,
intracellular signaling of TGF-B1 is initiated after latent TGF-$ binding proteins are

dissociated from the complex. The activated TGF-1 is released and binds to TGF-BRII,
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which then activates the TGF-BRI. These two receptors are a ligand-dependent complex
of heterodimeric transmembrane serine/threonine kinases. There are two isoforms of
TGF-BRIs that are involved in the signaling pathway known as activin-receptor-like
kinase 1 and 5 (ALK 1 and ALK 5) (121). The signaling pathway progresses when R-
SMADs are phosphorylated by ALK 1 and ALK 5 respectively (ALK1 phosphorylates
Smad 1, 5, 8 and ALKS5 phosphorylates Smad 2, 3). The activated R-SMADs combine
with the common mediator Smad 4 and then translocate into the nucleus where they
function as transcription factors or participate in transcriptional control of other specific
genes involved. -SMADs (Smad 6 and Smad 7) antagonize the effects of the other two
types of Smads, the R-SMADs and Co-SMADs by binding to TGF-BRI. In this way,
phosphorylation of the R-SMADs and Smad 4 are inhibited. Thus, I-SMADs are
considered to be the negative feedback regulators in the signaling pathway (122).
Decreased expression of Smad 7 in primary fibroblasts appears to decrease expression of
COL1 and COL3 in a number of inflammatory disorders leading to fibrosis (123, 124).
Non-Smad signaling pathways such as mitogen-activated protein kinase (MAPK),
extracellular signal-regulated kinases and the c-Jun N-terminal kinases pathway have also
been implicated with TGF-f signaling, but the exact mechanisms are not yet clear (125,

126).
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Fig 1.4. The TGF-f1 Smad signaling pathway contributes to HTS. TGF-BRI is
activated after TGF-B1 binds to TGF-BRIL. R-SMADs are then phosphorylated by ALK1
and ALK 5, two isoforms of TGF-BRI. The activated R-SMADs bind with Smad 4 and
then translocate into nucleus and act as transcription factors. -SMADs antagonize the

effects of the R-SMADs and Co-SMADs.

Many studies indicate that aberrant TGF-f3 expression plays a pivotal role in HTS

formation. For example, a previous study showed that the serum level of TGF-1 was up-
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regulated locally and systemically in burn patients and a significant clinical improvement
in scar quality and volume was obtained after IFN-a2b therapy, which was associated
with normalization of serum TGF-B1 (89). Treatment of site-matched HTS and normal
fibroblasts with IFN-a2b and IFN-y showed antagonized TGF-B1 protein production,
down-regulation of TGF-f1 mRNA levels (90). Tredget et al. made superficial partial-
thickness ear wound and full-thickness back wounds on a transgenic mouse over-
expressing TGF-B1 in order to investigate the endogenous derived TGF-1 on wound re-
epithelialization. The findings suggested that over-expression of TGF-1 speeded the rate
of wound closure in partial-thickness wounds; whereas, over-expression of TGF-B1
slowed the rate of wound re-epithelialization in full-thickness wounds (127). Another
study created superficial and deep horizontal dermal scratch experimental wounds on the
anterior thigh of adult male patients in order to characterize the related expression of
TGF-B1 and TGF-B3. HTS formed after injuries to the deep dermis while superficial
wounds healed with minimal or no scarring. Higher TGF-B1 and lower TGF-33
expression was found in deep wounds compared to superficial wounds, suggesting the

pivotal role of TGF-B1 in HTS formation (83).

1.2.2.2 Connective tissue growth factor (CTGF) acts as a downstream mediator of

TGF-p1 signaling pathway and is involved in HTS formation

CTGF, also known as CCN2, is a pleiotropic cytokine that is induced by TGF-1 in

dermal fibroblasts and is considered to be a downstream mediator of TGF-B1 (128). The
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main role of CTGF is to interact with signaling proteins such as TGF-B1 for the
regulation of cell proliferation, differentiation, adhesion, ECM production and
granulation tissue formation (129, 130). This collaboration between CTGF and TGF-B1
has contributed to the pro-fibrotic properties of TGF-1 confirming the role of CTGF for

TGF-B1 induction as a co-factor of gene expression.

The expression of CTGF was found to be increased in cultured fibroblasts from HTS,
keloids and chronic fibrotic disorders (131). In addition, cultured fibroblasts from HTS
showed an increased expression of CTGF after stimulation by TGF-B (132). In order to
evaluate the role of CTGF in HTS formation, a rabbit animal model was established by
Sisco at el. Antisense therapy was used to inhibit the expression of CTGF. Real-time
reverse transcription polymerase chain reaction demonstrated an increased expression of
CTGF in scar tissue and decreased CTGF expression after the intradermal injection of
antisense oligonucleotides. The study showed that inhibition of CTGF at different times
in wound healing has a substantial effect on reducing HTS (133). Another experiment
used CTGF small interfering RNA (siRNA) to successfully block the increase in CTGF
mRNA levels and the result demonstrated that CTGF could regulate the gene expression
of ECM, tissue inhibitor metalloproteinases and partial function of TGF-B1 (134). In
order to elucidate the pathophysiological function of CTGF, CTGF knock-out mice were
used in the experiment and those mice died immediately after birth due to malformation
of the rib cages. As well, the embryonic fibroblasts from this animal model showed an
inability of adhesion and a-SMA formation. All these results suggest that CTGF

functions in ECM adhesion and production (135, 136).
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Taken together, CTGF acts as a downstream mediator of the TGF-B1 signaling
pathway, directly involved in ECM synthesis and assists with TGF-B1 in the pathogenesis

of HTS.

1.2.2.3 Platelet-derived growth factor (PDGF) is essential to wound healing and the

over-expression of PDGF is important in the formation of HTS

PDGEF has five isoforms, including PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC and
PDGF-DD which function via the activation of three transmembrane receptor tyrosine
kinases (137). PDGF is produced by degranulated platelets in the early phase of the
wound healing process and it is also secreted by macrophages during the proliferative
phase of wound healing (138). In wound healing-impaired mice, the expression of PDGF
and their receptors decreased (139). Moreover, PDGF showed reduced expression in
chronic human non-healing ulcers compared to the fresh surgically created acute wounds
(140). All these studies support the important role of PDGF in wound healing. However,
PDGEF also has an important role in several fibrotic diseases including scleroderma, lung
and liver fibrosis by promoting the growth and survival of myofibroblasts (141). PDGF
was found to mediate the deposition of collagen in fibroblasts and it was highly over-
expressed in both the epidermis and the dermis of HTS. Over-production of collagen was
not only related to high levels of TGF-B1, but also with increased expression of PDGF
(142). Another experiment showed that PDGF stimulated myofibroblast formation and

increased TGF-BRI and TGF-BRII expression (143).
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Although there are a lot of studies showing that PDGF plays a role in the

pathogenesis of HTS, the exact molecular mechanism is still unknown.

1.2.2.4 Inhibitory effect of basic fibroblast growth factor (bFGF) on HTS via the
regulation of collagen production, myofibroblast differentiation and TGF-f receptor

expression

Fibroblast growth factors (FGFs) are a large family of growth factors that consist of
22 members with similar structural polypeptides. They have four receptors, which are
transmembrane protein tyrosine kinases (144, 145). Among the growth factors that play
roles in wound healing, bFGF is particularly important (146). bFGF is produced by
keratinocytes and is found in the early stages of wound healing. It stimulates growth and
differentiation of several types of cells, such as fibroblasts (147). In a rat model, bFGF
was detected in granulation tissue including regenerated epidermis and newborn
capillaries (148). As well, bFGF was found to promote wound healing by stimulating
angiogenesis and granulation tissue proliferation (149). However, bFGF might inhibit the

granulation tissue formation by promoting apoptosis (150) and affect tumor growth (151).

Evidence for the importance of bFGF in the pathogenesis of HTS was provided by
Tiede et al. that bFGF reduced a-SMA expression by inhibiting myofibroblast
differentiation and it also decreased TGF-BRI and TGF-BRII expression (143). In a rabbit
HTS ear model, bFGF was applied every day for three months and the wounds showed

decreased collagen expression and increased MMP-1 expression such that bFGF
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appeared to have a negative effect on scar formation (152). In humans bFGF was
administered to acute incisional wounds after suturing and the patients remained free
from HTS (153). Hepatocyte growth factor (HGF) and MMP-1 have been demonstrated
to have an anti-scarring effect (154). In a more recent study the expressions of HGF and
MMP-1 were highly regulated in bFGF treated HTS and normal fibroblasts. The highly
regulated MMP-1 expression might contribute to the increase of type I and type III
collagen degradation, which leads to reduced scar formation. In vitro, bFGF treatment
significantly decreased scar weight and the amount of collagen in nude mice that
underwent human scar tissue transplantation (155). Therefore, bFGF can inhibit HTS
formation and the mechanism might be related to the regulation of collagen production,

myofibroblast differentiation and inhibition of TGF-f receptor expression.

1.2.3 MMP-1, 2, 9 are involved in the formation of HTS regulated by TIMPs

The MMPs are a number of zinc-dependent proteinases, which are known for their
critical role in the tissue remodeling process (156, 157). The most particular characteristic
of MMPs is the function of the proteolytic cleavage of collagen and degradation of other
elements of the ECM (158). There are at least 23 types of MMPs. TIMPs are the specific
proteins that regulate the function of MMPs and four specific types of TIMPs exist which

block the activity of MMPs by binding to them in a 1:1 ratio (159).

The over-expression of MMPs could result in an imbalance between ECM

production and degradation, which could lead to chronic ulcers (160). Alternately, the
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alterations of MMPs and TIMPs expression could cause liver cirrhosis the result of a
reduction of collagen degradation and excessive accumulation of ECM (161). As
mentioned, TGF-B1 acts as a potent inducer of the differentiation of myofibroblasts by
stimulating the expression of a-SMA and it reduces the activity of MMPs by stimulating
TIMPs synthesis in fibroblasts. In this way, the degradation process of ECM by MMP is
abrogated. Meanwhile, the ECM deposition by fibroblasts is promoted by TGF-1. All

of these features contribute to the formation of HTS (162).

Many types of MMPs and TIMPs are considered to be related to HTS formation.
Several studies showed that MMP-1 expression is decreased in HTS which is an
important transcriptional change in HTS and its reversal could be a new therapeutic
approach for the treatment of HTS (155, 163). Ghahary et al. showed that differentiated
keratinocyte-releasable stratifin (14-3-3 sigma) could stimulate MMP-1 expression in
dermal fibroblasts through c-fos and p38 MAPK pathway (164), which may control
degradation of the major dermal ECM components and provide useful targets for clinical
intervention of HTS formation (165). However, this stimulatory effect could be
suppressed by insulin treatment (166). A subsequent study showed that the levels of
MMP-2 and MMP-9 were up-regulated by the interaction between fibroblasts and

keratinocytes, which may favor resolution of accumulated ECM components (167).

An early study showed that decreased expression of TIMP-1 with the subsequent
increased secretion of MMPs caused delayed healing of chronic ulcers (168). A study
using athymic nude mice as an animal model showed that MMP-9 was up-regulated in
scarless wound healing (169). Similar experiments demonstrated that the expressions of

MMP-1 and MMP-9 were highly regulated in scarless fetal rat wounds (170). A human
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study of HTS, keloids, atrophic scars from different patients and different regions of the
body suggested that MMP-9 played a leading role in scar-free healing (171). A more
recent study showed that by transfection of Smad interacting protein 1 (SIP1) to the HTS
fibroblasts, MMP-1 expression was up-regulated while COL1A2 was decreased. As well,
the knockdown of SIP1 in normal fibroblasts up-regulated COL1A2 levels induced by
TGF-B1. All these findings suggest that SIP1 could be a regulator of skin fibrosis and
SIP1 depletion in HTS could result in the up-regulation of COL1A2 and the down-
regulation of MMP-1, leading to excessive accumulation of ECM along with formation
of HTS (172). Decreased levels of MMP-2, MMP-9 and increased levels of TIMP-1 were
found in patients with HTS suggesting that the elevated systemic TIMP-1 concentration
might contribute to tissue fibrosis, leading to HTS formation (173). A recent experiment
compared TIMP-1 expression in normal skin and HTS, and the result exhibited relatively
strong expression of TIMP-1 in HTS biopsies in contrast with very low levels of TIMP-1

in normal skin (174).

1.3 The cellular mechanism of HTS

1.3.1 Keratinocytes and mast cells participate in scar pathogenesis

It is well accepted that fibroblasts and myofibroblasts play essential roles in fibrotic
diseases due to their abilities to generate excessive collagen in abnormal wound healing

conditions (175, 176). However, growing evidence suggests that other cells actively
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participate in scar pathogenesis, for example, keratinocytes and mast cells (177, 178).
When co-cultured with keratinocytes, fibroblasts exhibited significant proliferation
activity (179). The proliferation of dermal fibroblasts can also be stimulated by
intercommunication of epidermal keratinocytes while decreasing the collagen production
(180). The activated keratinocytes in HTS tissue showed abnormal epidermal-
mesenchymal interactions due to delayed re-epithelialization and prolonged epidermal
inflammation, indicating that abnormal wound healing such as severe burn injuries may
end up with HTS formation because the regulation of keratinocytes to fibroblasts is
impaired (181). However, independently co-culturing layered fibroblasts and
keratinocytes on collagen-glycosaminoglycan scaffolds, aiming to assess the influence of
keratinocytes and layered fibroblasts on the characteristics of tissue-engineered skin,
showed that keratinocytes reduced fibrotic remodeling of the scaffolds by deep dermal
fibroblasts, demonstrating an anti-fibrotic role of keratinocytes on layered fibroblasts in a
3D microenvironment (182). In addition mast cells appear to activate fibroblasts through
gap junction intercellular communication (GJIC), indicating that mast cell-fibroblast
GJIC may also play a role in fibrosis (183). Eliminating the mast cell or its GJIC with
fibroblasts may prevent HTS formation or reduce the severity of fibrosis (184). Mast cells
are able to stimulate the proliferation of fibroblasts by releasing biological mediators such
as histamine, chymase and tryptase via degranulation, which leads to the promotion of
fibrogenesis (185, 186). Additionally, histamine is able to enhance the effect on fibroblast
migration and proliferation in vitro (187). More histamine was found in HTS mast cells
compared to normal skin mast cells after stimulation by a neuropeptide, substance P

(188). In an in vivo experiment, histamine was found significantly elevated in the plasma
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of patients with HTS compared to age-matched normal volunteers (189). The elevated
histamine can cause vasodilation and itchiness, resulting in the typical pruritic behavior

that severely affects patients with HTS (190).

1.3.2 Differences in cellular characteristics of normal dermal and HTS fibroblasts

Fibroblasts are the most common cell in connective tissue and are one of the key
elements in wound healing. The main function of fibroblasts is to maintain the physical
integrity of connective tissue, participate in wound closure as well as produce and
remodel ECM (38, 191). However, fibroblasts from HTS behave quite differently than
normal fibroblasts. HTS tissue has greater amounts of fibroblasts that exhibit an altered
phenotype than normal skin (176). HTS fibroblasts show higher expression of TGF-1
than normal fibroblasts (192). The increase or prolonged activity of TGF-B1 leads to an
overproduction and excess deposition of collagen by fibroblasts that often result in HTS
formation (115). HTS fibroblasts have demonstrated reduced mRNA for collagenase as
well as net reductions in the ability to digest soluble collagen as compared to their normal
paired fibroblasts (193). HTS fibroblasts are also found to have a reduced ability to
synthesize nitric oxide (NO), an important mediator of growth factor signaling, which
regulates wound healing and collagenase through its anti-proliferative and anti-microbial
effects (194). HTS fibroblasts differentiate into myofibroblasts and can account for
increased ECM synthesis and contraction of tissue. They are a particular phenotype

which differ from fibroblasts by their expression of a-SMA (195). HTS myofibroblasts
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are less sensitive to apoptotic signals, coupled with their ability to produce more collagen
and less collagenase than fibroblasts, may play an important role in HTS formation (196,

197).

1.3.3 Systemic response of Th1, Th2 and Th3 to HTS formation

The development of HTS involves a complicated interaction between inflammation
and the immune response. Recent research suggests that it is not only the severity of
inflammation, but the type of immune response links to the fibrotic conditions (198).
Wounds of thymectomized rats depleted of CD4" lymphocytes showed a significant
decrease in ultimate strength, resilience and toughness while wounds of animals depleted
of CD8" lymphocytes showed a significant increase in ultimate strength, resilience and
toughness, suggesting that CD4" lymphocytes play a very important role in wound
healing (199). As well, it is known that CD4" T lymphocytes predominate in HTS tissue
with less CD8" T lymphocytes (200). Once activated by antigen presenting cells such as
macrophages and dendritic cells, CD4" T lymphocytes could differentiate into five
subtypes of cells known as Thl, Th2, Th3, Th17 and T regulatory cells. Thl and Th2
cells are the main subtypes defined in the murine model and each has a distinct cytokine
profile (201). Thl cells express IL-2, IFN-y and IL-12 while Th2 cells express 1L-4, IL-5
and IL-10. Thl cytokines contribute to increased collagenase activity and matrix
remodeling, which is anti-fibrotic and in contrast, Th2 cytokines are known to be pro-

fibrotic (202). According to the different effects caused by Thl and Th2 cytokines, HTS
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fibroblasts are subject to a Th2 influence by presenting reduced collagenase activity and

reduced nitric oxide synthase activity (194).

A burn mouse model showed diminished production of IL-2 and a shift in the Th2
phenotype with increased production of IL-4 and IL-10, indicating an inhibitory effect on
Th1 function (203). Our group examined the Th1/Th2 cytokine ratio of 12 burn patients
with HTS 4 weeks post-burn which showed a significant decrease in the Th1/Th2 ratio
compared with 13 controls. The IL-4 levels in the patient group were significantly higher
than controls and IFN-y levels were significantly lower at 1 month post-burn, suggesting
a role of the Th2 cytokine following burn injury (204). Another study detected serum
cytokine levels from 22 burn patients showed elevated Th2 levels of IL-4 and IL-10, and
reduced Thl levels of IFN-y and IL-12. IL-4 mRNA levels in HTS tissue was increased,

while IFN-y mRNA levels were decreased compared to normal skin (205).

Another study reported an increase in the frequency of CD4"/ TGF-B-producing T
cells in the peripheral blood and HTS of burn patients (206). Medium derived from CD4"
T lymphocytes of burn patients was used to treat cultured dermal fibroblasts and results
showed increased cell proliferation, collagen synthesis and a-SMA as well as a
significant up-regulation of TGF-f3 compared to fibroblasts treated with medium derived
from the CD4" T lymphocytes of normal subjects. We suspect that these CD4"/TGF-
producing T cells are identical to Th3 cells which are enhanced by TGF-f, IL-4 and IL-
10. Thus, a polarized Th2 systemic immune response enhances the subsequent
development of Th3 cells that are capable of producing TGF- inhibits Thl cytokine

expression and finally contributes to HTS formation (Fig. 1.5).
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Fig 1.5. Hypothetical diagram of the role of Th1/Th2/Th3 cells in stimulating bone
marrow stem cells to healing wounds. (From Armour A, Scott PG, Tredget EE (2007)
Cellular and molecular pathology of HTS: basis for treatment. Wound Repair Regen

15:S6-17; with permission).

1.3.4 Macrophages are involved in HTS formation

Macrophages were first discovered by a Russian scientist, Elie Metchnikoff, in 1884
(207), which are an essential component of innate immunity and play a central role in the

inflammation and host defense (208). They are differentiated from newly recruited
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monocytes from the circulation and are considered to play a vital role in the whole wound
healing process as recent studies showed that impaired wound healing was associated
with decreased numbers of macrophage infiltrating at the injured site (209, 210). In
addition, macrophages produce pro-inflammatory cytokines such as TNF-a, IL-1p, IL-6,
IFN-y, which promote inflammation but also stimulate fibroblast proliferation.
Macrophages can also produce TGF-B, which will stimulate myofibroblast proliferation
(5). However, pathological functioning of macrophages in the abnormal wound healing

process can lead to disordered wound healing, including the formation of HTS (211).

Macrophages have two phenotypes, classically activated macrophages or the so called
M1 macrophages and alternatively activated macrophages or the so called M2
macrophages (198). The classification of M1 and M2 can be chased back to the early
1990s that IL-4 was found to induce inflammatory macrophages to adopt an alternative
activation phenotype, distinct from that induced by IFN-y (212). In the 2000s, this
classification gained popularity and lots of reviews adopted the statement that M1
macrophages can be activated by LPS and IFN-y, alone or in combination while M2
macrophages are activated by Th2 cytokines IL-4 or IL-13 in vitro (198, 213-215). This
statement is also supported by many in vitro studies that M1 and M2 macrophages can be
differentiated from human blood monocyte-derived macrophages or human monocytic
cell line using LPS and IFN-y or IL-4 and IL-13 respectively (216-218). Additionally,
granulocyte macrophage colony-stimulating factor and macrophage colony-stimulating
factor are considered to be the stimuli of M1 and M2 macrophages respectively,
according to Fernado et al. in 2006 (219). After reassessment of the recent research,

Fernado et al. proposed eight years later that the macrophage activation should be
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governed by complex combinations of stimuli such as growth factors, cytokines,
interaction with pathogens and mechanism of resolution (220). However, a study
conducted by Mills CD et al. in 2000 proved otherwise that M1 and M2 macrophage
activities do not need the presence of T or B lymphocytes. In that study, macrophages
from T and B lymphocyte-deprived mice still produced distinct metabolic products of M1
and M2 macrophages (221). This finding has been recognized recently and more
researchers realize the fact that T-lymphocyte-derived cytokines such as IFN-y or IL-4
may facilitate macrophage polarization, but it doesn’t mean that the macrophage

polarization could not occur without T lymphocytes (222).

Mahdavian et al. reported that M1 and M2 macrophages have distinct opposite
functions in the wound healing process (211). M1 macrophages can induce MMP-1
secretion and promote ECM degradation while M2 macrophages can secret large amount
of TGF-B1, which can stimulate myofibroblast transformation and lead to ECM
deposition. It is also hypothesized that a prolonged inflammatory phase will attract more
macrophages, and those macrophages will initially be more of a pro-inflammatory M1
phenotype and then switch to a more pro-fibrotic M2 phenotype due to more intense
stimuli from the microenvironment (223). The most distinct difference between M1 and
M2 macrophages is based on the catabolism of L-arginine. M1 macrophages express
nitric oxide synthase 2 (NOS2), which converts L-arginine to citrulline and NO while M2
macrophages express arginase-1 (Arg-1), which catabolizes L-arginine to ornithine, a
precursor of polyamines and proline (221). The difference in catabolism between the two
macrophage subsets might explained their distinct opposite functions in homeostasis and

immunoregulation (211). Growing evidence suggests that M2 macrophages are not
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constituted by a uniform population but can be further subdivided into M2a, M2b, M2c
(215, 224). M2a macrophages are induced by IL-4 and IL-13, which are involved in the
anti-parasitic immune response and are considered to be pro-fibrotic. M2b macrophages
are induced by IL-1B, LPS and immune complexes while M2¢ macrophages are induced
by IL-10, TGF-B and glucocorticoids (215). The fourth type, M2d macrophages, are
characterized by switching from a M1 phenotype into an angiogenic M2-like phenotype,

which termed M2d by Leibovich et al. (225).

1.3.4.1 Polarized macrophages maintain tissue homeostasis under non-inflammatory

conditions

Under injury, M1 macrophages are found to be predominant in the inflammatory
phase while M2 macrophages are found to dominate the proliferation and tissue
remodeling phase (226). In the inflammatory phase, M1 macrophages exhibit pro-
inflammatory function by secreting pro-inflammatory cytokines such as IL-1p, IL-6,
TNF-a, NO, resulting in antimicrobial processes that contribute to the killing of invading
organisms (227). They phagocytize tissue debris as well as dead cells and present the
fragments of the pathogens to T helper cells. However, in the proliferation and tissue
remodeling phase, the balance of macrophage activation toward an M2 phenotype occurs
in order to promote clearance of debris, inhibit the production of inflammatory mediators
and restore tissue homeostasis. M2 macrophages produce immunoregulatory cytokines

such as IL-10 (228, 229) and promote angiogenesis and tissue repair by secreting VEGF,
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PDGF and TGF-B1 (110, 230). VEGF promotes angiogenesis while PDGF and TGF-f1
stimulate fibroblast differentiation into myofibroblasts contributing to tissue regeneration.
Additionally, M2 macrophages control the quantity of ECM by regulating the production
of MMPs and TIMPs (231). M2 macrophages also express immunoregulatory proteins

such as IL-10 that can decrease inflammatory response and promote wound healing (228,

229).

1.3.4.2 The role of polarized macrophages in fibrosis

Fibrosis is the excessive deposition of fibrous tissue in an organ or tissue after a
reparative or reactive process. It can be benign but can also be used to describe the
pathological state in response to disease-related injury that triggers a complex cascade of
cellular and molecular reactions. This fibrogenic response may ultimately result in
cellular dysfunction and organ failure if it progresses over a prolonged period of time
(232). 1t 1s proposed that fibrosis has four major phases (233). The first phase is initiation
of the reaction to primary injury to the organ, for example, epithelial damage. The second
phase is the infiltration of inflammatory cells (neutrophils, monocytes, macrophages,
mast cells, lymphocytes and eosinophils) and elevated pro-fibrotic cytokine expression,
which leads to the third phase of the elaboration of ECM. The fourth phase is about the
dynamic deposition and insufficient degradation of ECM, which promotes progression of
fibrosis and ultimately organ failure (234). The common types of fibrosis in organs are

pulmonary fibrosis (PF), renal fibrosis (RF), liver fibrosis (LF), cardiac fibrosis and so on.
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The key role of macrophages in promoting fibrosis has been demonstrated. For example,
selective depletion of macrophages during ongoing injury in CDI11b-diphtheria toxin
receptor mice caused a reduction in LF (235). As for polarized macrophages, M1
macrophages are mainly correlated to metabolic disorders (236), autoimmune diseases
(237) and so on, but not fibrosis. On the contrary, numerous studies have implicated the
role of M2 macrophages in the pathogenesis of fibrosis. In a RF model, depletion of M2
macrophages but not M1macrophages inhibited RF while adoptive transplantation of M2
macrophages deteriorated RF (238, 239). As CCL18 stimulates collagen production in
lung fibroblasts, an interaction between M2 macrophages and lung fibroblasts, involving

a CCL18-driven positive feedback loop, may perpetuate fibrosis in PF (240).

1.3.4.3 Macrophages involve in HTS formation via SDF-1/CXCR4 chemokine

pathway

Although studies suggest a close relationship between SDF-1/CXCR4 signaling and
macrophage infiltration in the formation of HTS, more studies on the interaction between
the two are still needed. Meanwhile, the roles of macrophage phenotypes in different
phases of abnormal wound healing, like HTS-like nude mouse model, are to be
investigated. Here we hypothesize that the monocytes, CXCR4 expressing cells in the
circulation, will be attracted to the injured site via the SDF-1/CXCR4 signaling pathway
due to concentration differences between the circulation and local tissue as well as the

chemotactic effect of SDF-1. The monocytes then differentiate into M1 macrophages
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(nuclear factor-kappa B [NF-«kB] and signal transducer and activator of transcription
[STAT] 1 signaling pathways) and M2 macrophages (STAT3 and STAT6 signaling
pathways) (241). M1 macrophages secret pro-inflammatory cytokines such as IFN-y, IL-
1B, TNF-a, IL-6, IL-8 and generate reactive oxygen and NO through the activation of
NOS2. On the other hand, M2 macrophages inhibit the NOS2 activity via the activation
of arginase-1. The distinct opposite and complementary functions of M1 and M2
macrophages will eventually lead to normal wound healing. However, in prolonged
inflammatory environment such as wounds from severe thermal injury, large amounts of
TGF-B1 can be produced together with increased myofibroblast proliferation, which will

result in ECM deposition and finally HTS formation (Figure 1.6).
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Fig 1.6. The roles of monocytes and polarized macrophages in HTS formation. We
hypothesize that monocytes in the blood are recruited to the injured site via the SDF-
1/CXCR4 signaling pathway and differentiate into polarized macrophages. The polarized
M1 and M2 macrophages then exert their functions via various signaling pathways and

involve in wound healing and HTS formation.
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1.4 Conclusions and experimental design

Despite the complexity of HTS, more attention has been drawn to the molecular and
cellular mechanism of HTS for technological and scientific advances such as the
establishment of new animal models and in vitro techniques. In this chapter, four phases
of normal wound healing are discussed before outlining the pathogenesis of HTS,
illustrating the delicate balance of ECM deposition and degradation which influences the
outcome of the wound healing process. Differentiating HTS from keloids is also
important because the clinical and molecular mechanisms are different leading to distinct
therapeutic outcomes. HTS formation is a dynamic, complex process that involves
interactions between multiple factors such as cytokines, growth factors, MMPs as well as
inflammatory cells. The role of cytokines such as IL-1, TNF-a, IL-6 and IL-10; growth
factors such as TGF-B, CTGF, PDGF and bFGF as well as MMPs in HTS formation were
discussed. Inflammatory cells such as keratinocytes, mast cells and macrophages are
considered to be involved in HTS formation. As growing studies are focusing on the roles
of polarized macrophages in fibrotic diseases, we focus on the role of polarized
macrophages in HTS formation. The following chapters introduce experiments that are
designed and conducted in vitro and in vivo in order to investigate the role of polarized
macrophages in HTS formation, hoping to provide novel findings and potential new

treatment and prevention of HTS.

Macrophages can be divided into classically activated macrophages (M1) and
alternatively activated macrophages (M2) (198). Studies have reported that Ml

macrophages are pro-inflammatory while M2 macrophages are pro-fibrotic (211, 223).
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Thus, we hypothesized that M2 macrophages could promote the fibrogenic activities of
human dermal fibroblasts by co-culture. An in vitro experiment was designed and

conducted.

We also hypothesized that phase-dependent systemic depletion of macrophages
would reduce HTS formation. Two in vivo experiments were designed. The first
experiment was to investigate the natural behavior of M1 and M2 macrophages in the
grafted skin as well as monocytes in the blood during the formation of HTS using the
human HTS-like nude mouse model. The second experiment was to explore whether the
phase dependent systemic depletion of macrophages based on the first in vivo experiment

would reduce HTS formation.

The experiments would be able to provide evidence for the pro-fibrotic role of M2
macrophages in HTS formation and potential clinical strategy to the treatment and

prevention of HTS.
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Chapter 2

Alternatively Activated Macrophages Derived from THP-1
Cells Promote the Fibrogenic Activities of Human Dermal

Fibroblasts

This chapter has been submitted to Wound Repair and Regeneration on April 15, 2016,

and 1s currently under review.
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2.0 Abstract

Macrophages play a key role in the wound healing process and can be divided into
M1 macrophages and M2 macrophages. Fibroblasts maintain the physical integrity of
connective tissue, participate in wound closure as well as produce and remodel
extracellular matrix. Macrophages have a close relationship with fibroblast by affecting
the production of MMP-1 for faster wound closure and myofibroblast differentiation
from fibroblasts. In this study, resting state (M0), M1 and M2 macrophages differentiated
from the human monocytic THP-1 cell line were used to co-culture with human dermal
fibroblasts (HDF) for 48, 96 and 144 hours to investigate the effect of macrophage
subsets on the fibrogenic activity of fibroblasts. The differentiation and polarization from
THP-1 cells to MO, M1 and M2 macrophages were characterized by flow cytometry and
cell cycle analysis. Cell sorting was performed to purify MO and M2 macrophages. Cell
proliferation, collagen synthesis, myofibroblast formation, gene expression of anti-
fibrotic and pro-fibrotic factors, MMP-1 activity, and cytokine concentration were
investigated. Results showed differentiation of MO and polarization of M1 and M2
macrophages. M2 macrophages promoted the fibrogenic activities of co-cultured HDF by
facilitating cell proliferation, increasing the collagen content, a-SMA expressed cells,
expression of the pro-fibrotic genes and concentration of M2 macrophage related factors,
as well as decreasing the expression of the anti-fibrotic genes and MMP-1 activity. These
findings reinforce the pro-fibrotic role of M2 macrophages, suggesting therapeutic

strategies in fibrotic diseases should target M2 macrophages in the future.
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2.1 Introduction

Macrophages exist as resident tissue-specific cells and act as key innate immune cells
by phagocytizing tissue debris, dead and apoptotic cells. They also act as antigen
presenting cells in response to various pathogens, which bridge the innate and adaptive
immunity in order to reestablish homeostasis. In the processes of inflammation and
infection, macrophages are activated and replenished by circulating blood monocytes that
are recruited to the tissue (1, 2).

The wound microenvironment influences the phenotypic polarization of
macrophages, which can be classified into two activation states based on their reactions
to different stimuli, the M1 macrophages and the M2 macrophages (3). M1 macrophage
polarization can be induced by lipopolysaccharide (LPS) and IFN-y; whereas, M2
macrophage polarization can be induced by IL-4 and IL-13 (4). M1 macrophages are
found in the inflammatory phase of wound healing and are characterized by the
production of pro-inflammatory cytokines including TNF-a, IL-18, IL-6 and IL-12;
whereas, M2 macrophages are more found in the proliferation phase and are related to
tissue repair and fibrosis with the production of TGF-1f, IL-10 and IL-1a (5, 6).

Fibroblasts are the most abundant cells in connective tissue and are one of the key
elements in the healing wound where they function to restore the physical integrity of
connective tissue via wound closure through the production and remodeling of the ECM
via the differentiation into myofibroblasts (7). Macrophages have a close relationship
with fibroblasts in the wound healing process. During the inflammatory phase, M1
macrophages produce pro-inflammatory cytokines and facilitate the wound healing
process by inducing fibroblasts to produce MMP-1, which enhances ECM degradation.
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During the proliferation phase in the abnormal wound healing, M2 macrophages produce
large amount of TGF-B1, which promotes myofibroblast formation from fibroblasts and
subsequent production of collagen, and excessive ECM deposition, leading to fibrosis (8,
9).

In order to determine how macrophages polarization modulates the fibrogenic
activities of human dermal fibroblasts, the human monocytic cell line THP-1, were
differentiated to the MO macrophages and then polarized into either the M1 or M2
macrophage phenotype in cell culture by Thl or Th2 cytokines (10). In this study, M1
and M2 macrophages differentiated from human THP-1 cell line were then co-cultured
with HDF. The effect of M1 and M2 macrophages on fibroblast regulation of collagen
synthesis, myofibroblast differentiation, and MMP-1 activity was investigated in addition
to the concentration of M1 and M2 macrophage related factors released into the co-

cultured media.

2.2 Materials and methods

2.2.1 Cell culture

Human monocytic THP-1 cells (ATCC, ATCC® TIB-202™) were purchased from
ATCC (were maintained in culture in Roswell Park Memorial Institute medium (RPMI)
1640 (GE Healthcare Life Sciences, Logan, UT) culture medium containing 10% of heat
inactivated fetal bovine serum (FBS) (PAA Laboratories. Inc, Etobicoke, ON) and
supplemented with 10 mM Hepes (Life Technologies Inc., #15630-080), I mM pyruvate
(Life Technologies Inc., #11360-039) and 1% Gibco® Antibiotic-Antimycotic (Life
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Technologies Inc., #15240-096). Treatment of THP-1 cells with phorbol 12-myristate 13-
acetate (PMA) was used as a method for MO macrophage differentiation by incubation of
THP-1 cells with 320 nM PMA (Sigma-Aldrich, #P8195) for 24 hours as previously
reported (11, 12). Thereafter MO macrophages were polarized into M1 macrophages by
incubation with 20 ng/ml of IFN-y (PeproTech, #AF-300-02) and 100 ng/ml of
lipopolysaccharide (LPS, Sigma-Aldrich, # L-2880) for a further 24 hours. M2
macrophages were obtained by incubation of MO macrophages with 20 ng/ml of IL-4
(PeproTech, #200-04) and 20 ng/ml of IL-13 (PeproTech, #200-13) for 24 hours.

HDF were harvested and isolated from abdominal skin obtained from female patients
underwent abdominoplasty with documented informed consent in their personal health
record. HDF were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Life
Technologies Inc., Burlington, ON) containing 4.5 g/l D-glucose, L-glutamine, 110 mg/1
sodium pyruvate, 1% Gibco® Antibiotic-Antimycotic (Life Technologies Inc., #15240-
096) and 10% of heat inactivated FBS (PAA Laboratories. Inc, Etobicoke, ON) in a 5%

CO> humidified incubator for 24 hours after seeding.

2.2.2 Cell cycle analysis

Cell cycle analysis was performed after propidium iodide staining and flow
cytometry as described earlier (13). Briefly, 1 x 10° THP-1 cells and M0 macrophages
were washed in phosphate-buffered saline (PBS), centrifuged and fixed in 4 ml ice cold
70% ethanol by incubation at 4 °C for 1 hour. The cells were then centrifuged and re-
suspended in PBS before they were treated with 100 ng/ml RNase A (Life Technologies

Inc., Burlington, ON) for 30 minutes at 37 °C. After washing, 50 pg/ml propidium iodide
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was added and the samples were analyzed in a BD FACSCanto II flow cytometer (BD
Biosciences, San Jose, CA). The distribution of cells in different phases of cell cycle was
estimated using FCS Express 4 Plus software (De Novo Software, LA, CA), which
reported the percentages of cells in synthesis (S) phase of the cell cycle using a DNA

histogram.

2.2.3 Confirmation of differentiation of M0, M1 and M2 macrophages

1 x 10° THP-1 cells and MO macrophages were washed in PBS and incubated with
human specific FcR blocking reagent (Miltenyi Biotec Inc., #130-059-901). The FcR
blocked cells were then incubated with FITC Mouse Anti-Human CD14 IgG antibody
(BD Biosciences, Cat. #555397). After washing and fixation, the two cell populations
were then detected by flow cytometry using a BD FACSCanto II (BD Biosciences, San
Jose, CA).

For the confirmation of M1 macrophage polarization, 1 x 10° cells were washed in
PBS, fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich, #P6148) followed by the
incubation with human specific FcR blocking reagent (Miltenyi Biotec Inc., #130-059-
901). FcR blocked cells were then incubated with 0.5% saponin (Sigma-Aldrich, #S2149)
to permeabilize the cell membrane for intracellular staining and then incubated with
rabbit polyclonal nitric oxide synthase 2 (NOS2) IgG antibody (Santa Cruz, Cat. #sc-651
FITC). For the confirmation of M2 macrophage polarization, 1 x 10° cells were washed
in PBS and incubated with human specific FcR blocking reagent (Miltenyi Biotec Inc.,
#130-059-901). The three populations of M0, M1 and M2 FcR blocked cells were then

incubated with the mouse anti-human CD163 APC IgG antibody (eBioscience, #17-1639-

74



42). The cells were analyzed in a flow cytometer, BD FACSCanto II (BD Biosciences,
San Jose, CA) and the percentages of the positive stained cells was determined using the

BD FACSDiva software (BD Biosciences, San Jose, CA).

2.2.4 Purification of M0 and M2 macrophages using cell sorting

In order to purify the MO and M2 macrophages for the co-culture with HDF, the M0
and M2 macrophages were mechanically detached from six well plates using a cell lifter.
The cells were washed with PBS and then incubated with human specific FcR blocking
reagent (Miltenyi Biotec Inc., #130-059-901). The MO macrophages then incubated with
FITC mouse anti-human CD14 IgG antibody (BD Biosciences, Cat. #555397) while the
M2 macrophages were incubated with the mouse anti-human CD163 FITC IgG antibody
(Biolegend, #333617). The M0 and M2 macrophages then underwent cell sorting using
FACSAria IIIU (BD Biosciences, San Jose, CA) in low speed mode using 100 u nozzle.
Fluorescence was detected with 530/30 nm band pass filter for CD14" FITC and CD163"
FITC antibodies. CD14" singlet cells were collected, centrifuged and then seeded into the
cell inserts respectively for co-culture with HDF. All procedures were performed using

aseptic technique.

2.2.5 Co-culture of HDF with M0, M1 and M2 macrophages

M1 macrophages and purified MO and M2 cells grown in cell inserts (1 x 10° cells
per insert) were co-cultured with HDF cells in six-well plates (BD Biosciences, #353046)

2 x 107 cells per well) in RPMI 1640 medium. After 48, 96, 144 hours of co-culture, the
p
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upper inserts were discarded and the medium in the six-well plates was collected and
stored at -20 °C for further analysis, and the HDF cells were harvested and used for

subsequent experiments.

2.2.6 Cell proliferation by MTT assay

Briefly, HDF were suspended and dispensed in 96-well plate after 48, 96 and 144
hours of co-culture. The cells were incubated with 300 pL of 5 mg/ml (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma-Aldrich,
#M2128) for 4 hours at 37 °C as previously described (14). The medium was removed
and then the purple crystals were dissolved with 1mL of acidified isopropanol (0.1 N
hydrochloric acid [HCI] in isopropanol). The plate was covered with aluminum foil and
gently shaken for 15 minutes before the absorbance was measured by ThermoMax
microplate reader (Molecular Devices, LLC. Sunnyvale, CA) at 550 nm with a reference

filter of 620 nm.

2.2.7 Collagen synthesis using liquid chromatography/mass spectrometry (LC/MS)

The amount of 4-hydroxyproline (4-Hyp) as a unique amino acid in collagen, was
measured by LC/MS as previously described (15). Briefly, the cell culture medium
samples collected after the co-culture of 48, 96 and 144 hours were treated with
acetonitrile to precipitate the collagen. The precipitates were dried with the speed vacuum
concentrator before they were hydrolyzed by 6N hydrochloric acid at 110°C overnight. A
known amount of 4-hydroxyproline-d; (4-Hyp-d3) as internal standard was added to the
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hydrolysate and then dried with the speed vacuum concentrator. The n-butyl ester reagent
was added to the mixture and heated at 110 °C for 30 minutes in order to produce the n-
butyl ester derivatives of 4-Hyp and 4-Hyp-ds. After drying, the residue was dissolved in
20% methanol and water before analyzing by LC/MS (Agilent Technologies, Santa Clara,
CA). 4-Hyp and 4-Hyp-ds were separated from the other compounds by LC, and then the
two pseudo molecular ions of 188" 4-Hyp n-butyl ester and 191" 4-Hyp-d3 n-butyl ester
were detected as the two ion peaks using the mass selective detection method on MS. The
calibration curve was constructed through a range of 4-Hyp over 6 concentrations using
the peak area ratio. The ratio was obtained by dividing 4-Hyp peak area by the internal
standard (4-Hyp-d3) and the amount of 4-Hyp in each sample was analyzed using the

calibration curve. The data was expressed in 4-Hyp (ng) / cell culture medium (ml).

2.2.8 Quantification of alpha-smooth muscle actin (a-SMA) positive cells in the co-

cultured HDF by flow cytometry

The a-SMA positive cells in the co-culture HDFs were quantified using flow
cytometry as previously described (16). Briefly, the HDF co-cultured with M0, M1 and
M2 macrophages for 48, 96 and 144 hours were collected, washed in PBS and fixed with
4% PFA (Sigma-Aldrich, #P6148) followed by the incubation with human specific FcR
blocking reagent (Miltenyi Biotec Inc., #130-059-901). The FcR blocked cells were then
incubated with 0.5% saponin (Sigma-Aldrich, #S2149) to permeabilize the cell
membranes and then incubated with PE mouse anti human a-SMA IgG2a antibody (R&D

Systems, Inc., #IC1420P). The cells were analyzed in a flow cytometer, BD FACSCanto
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IT (BD Biosciences, San Jose, CA). The percentages of the positive cells was determined

using the FCS Express 4 Plus software (De Novo Software, LA, CA).

2.2.9 Quantitative polymerase chain reaction (qPCR) analysis of human pro-fibrotic

and anti-fibrotic Factors

HDF that were co-cultured with MO, M1 and M2 macrophages for 48, 96 and 144
hours were lysed using TRIzol reagent (Thermo Fisher Scientific., Waltham, MA). Total
RNA was extracted using RNeasy® mini kit (Qiagen, Hilden, Germany). Contamination
from genomic DNA was removed by DNAse digestion for 60 minutes. First strand cDNA
was synthesized using random primers in a first strand synthesis kit (Sigma, Oakville,
ON). gPCR was conducted using Power SYBR® Green PCR Master Mix in a 25ul tube
for a total reaction volume of 25ul, containing 1l first strand product, and 0.2uM gene
specific upstream and downstream primers for human pro-fibrotic and anti-fibrotic
factors. Human hypoxanthine-guanine phosphoribosyltransferase (HPRT) primers were
used as controls. Amplification and analysis were performed using an ABI 7300 real-time
system (Applied Biosystems, Foster City, CA). Cycling conditions were an initial
denaturation at 95°C for 3 minutes, followed by 40 cycles consisting of a 15-second

denaturation interval at 95° C, and a 30-second interval for annealing and primer

extension at 60°C. mRNA expression levels were normalized to the levels of human
HPRT for human pro-fibrotic and anti-fibrotic factors. Relative quantitation was
expressed as fold-induction compared with control conditions. Primers sequences were as
follows: HPRT, forward CGTCTTGCTCGAGATGTGATG and reverse
GCACACAGAGGGCTACAATGTG; MMP-1, forward TCGCTGGGAGCAAACACA
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and reverse TTGGCAAATCTGGCGTGAA; DCN, forward
TGAAGAAGCTCTCCTACATCC and reverse AAACTCAATCCCAACTTAGCC; TGF-
B1, forward ACCCACAACGAAATCTATGAC and reverse
GCTCCACTTTTAACTTGAGCC; COLI1A1, forward
CGAAGACATCCCACCAATCAC and reverse TCATCGCACAACACCTTGC; TIMP-1,
forward CGCTGACATCCGGTTCGT and reverse

GTGGAAGTATCCGCAGACACTCT.

2.2.10 Human MMP-1 activity assay

The cell culture supernatant in the six-well plates was collected after the co-culture
of HDF with M0, M1 and M2 macrophages for 48, 96 and 144 hours. MMP-1 activity in
the cell culture supernatant was quantified by fluorescent assay using the Fluorokine E
Human Active MMP-1 Fluorescent Assay Kit (R&D Systems, Inc., Minneapolis, MN)
according to the manufacturer’s protocol (17). The relative fluorescence units (RFU) was
determined using the Tecan Infinite® 200 fluorescence plate reader (Tecan Group Ltd.,
Minnedorf, Switzerland). The active MMP-1 concentration of each sample was

determined by the standard curve according to the manufacturer’s protocol.

2.2.11 Multiplex analysis of cytokines at 144 hours of co-culture

The cell culture supernatants in six-well plates was collected after co-culture of HDF

with MO, M1 and M2 macrophages for 144 hours. Simultaneous analysis of IFN-y, IL-1,
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TNF-a, IL-4, IL-10 and TGF-B1 were performed by Eve Technologies (Calgary, Alberta,
Canada) (18). The multiplex assay was performed using the Bio-PlexTM 200 system
(Bio-Rad Laboratories, Inc., Hercules, CA) and a Milliplex human cytokines kit
(Millipore, St. Charles, MO) according to their protocol. The concentration of cytokines
and TGF-B1 was calculated using the fluorescent intensity and the standard curve

acquired in each sample according to the manufacturer’s protocol.

2.2.12 Statistical analysis

All data were displayed as mean =+ standard error (SE) of the mean of at least three
independent experiments and were analyzed by STATA 12 for Windows (StataCorp LP,
College Station, TX). Statistical analysis was performed using a two-tailed unpaired
Student’s t-test or one-way analysis of variance (ANOVA) with the Bonferroni method. A

p-value of less than 0.05 (p< 0.05) was considered statistically significant.

2.3 Results

2.3.1 Differentiation of THP-1 cells to M0 macrophages

To determine the induction of MO macrophages from THP-1, the MO macrophages
and THP-1 cells were stained with CD14 fluorochrome, a general marker for
macrophages but not THP-1 cells (19). Few THP-1 cells stained positive for CD14;
whereas a significantly higher population of MO macrophages were CD14 positive as

compared to THP-1 cells (p<0.001) (Figure 2.1A). Cell cycle analysis on THP-1 cells and
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MO macrophages after differentiation revealed a significant reduction of MO

macrophages entering the S phase, as compared to THP-1 cells (p<0.001) (Figure 2.1B).
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Figure 2.1 Differentiation of THP-1 cells to M0 macrophages. CD14+ positive cells

between THP-1 cells and MO macrophages were analyzed by flow cytometry (A).

Percentages of cells entering the S phase from THP-1 cells and MO macrophages were

measured and analyzed using cell cycle analysis (B). Triplicate, ***p<0.001.
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2.3.2 Characterization of M1 and M2 macrophages as well as the purification of M0

and M2 macrophages

MO macrophages differentiated from THP-1 cells were treated with LPS/ IFN-y to
induce M1 macrophages and IL-4/IL-13 to induce M2 macrophage polarization. Figure
2.2A illustrates the morphological differences between the THP-1 cells, MO, M1 and M2
macrophages. THP-1 cells were small, oval cells while MO macrophages were larger with
more granules in the cytoplasm. M1 macrophages displayed a spindle-like morphology
with pseudopods while the majority of M2 macrophages adopted a rounded-shape with
dense granules and fewer pseudopods as compared to the M1 macrophages.

In order to further characterize the polarization of M1 and M2 macrophages, flow
cytometry using specific markers of M1 (NOS2) and M2 (CD163) macrophages were
performed on M0, M1 and M2 macrophages as previously reported (20). NOS2, a
specific marker for M1 macrophages, were solely expressed in M1 macrophages (77.2%),
as compared to those of MO and M2 macrophage (0.2%). Significant differences between
M1 and MO (p<0.001) as well as M1 and M2 (p<0.001) were observed (Figure 2.2B). A
significantly higher expression of CD163 was found in M2 macrophages, as compared to
MO (p<0.001) and M1 (p<0.001) macrophages (Figure 2.2C). Purification of M0 and M2
macrophages using cell sorting increased the proportion of M0 macrophages positively
staining for CD14 from 25.4% to 81.6% after the cell sorting; whereas, the percentages of
CD163 positive M2 macrophages increased from 19.8% to 83.6% as a result of cell

sorting (Figure 2.2D).
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Figure 2.2 Characterization of M1 and M2 macrophages as well as the purification
of M0 and M2 macrophages. Figure A shows different morphologic appearances of
THP-1 cells, MO, M1 and M2 macrophages. Percentages of positive stained M1 or M2
macrophages were analyzed using specific markers of M1 (NOS2) and M2 (CD163) by
flow cytometry (B, C). MO and M2 macrophages were purified using cell sorting (D). ,

*x%p<0.001.

2.3.3 M2 macrophages significantly increased proliferation of HDF in co-culture

As shown in Figure 2.3, the cell proliferation increased gradually in groups of the
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HDF, HDF+MO0, HDF+M1 and HDF+M2 over time; however, significantly higher of cell
proliferation were observed in the HDF co-cultured with M2 macrophages. There were
significant differences between HDF and HDF+M2 (p<0.05) as well as HDF+MO and
HDF+M2 (p<0.05) at 96 hours after co-culture. Significant differences were also found
between groups of HDF and HDF+M2 (p<0.01), HDF+MO0O and HDF+M2 (p<0.01) and
HDF+M1 and HDF+M2 (p<0.05) at 144 hours after co-culture. Within groups, there
were significant differences in the HDF group between 48 and 144h (p<0.01), 96 and
144h (p<0.01); HDF+MO group between 48 and 144h (p<0.001), 96 and 144h (p<0.01);
HDF+M1 group between 48 and 96h (p<0.05), 48 and 144h (p<0.001), 96 and 144h

(p<0.01); HDF+M2 group between 48 and 144h (p<0.01) after co-culture.
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Figure 2.3 M2 macrophages up-regulated the cell viability of co-cultured HDF.
Figure 2.3 shows cell proliferation of the four groups after 48, 96 and 144 hours of co-

culture. Triplicate, *p<0.05, ** p<0.01.

2.3.4 M2 macrophages increased the collagen synthesis of HDF in co-culture

Collagen synthesis was quantified by the measurement of 4-Hyp using LC/MS. At 96
and 144 hours, a similar trend was observed that collagen synthesis was significantly
lower in HDF co-cultured with M1 macrophages whereas collagen synthesis was

significantly higher in HDF co-cultured with M2 macrophages compared to the level of
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HDF co-cultured alone. No significant difference in collagen synthesis was found
between the media collected from the four groups after co-culture at 48 hours. There were
significant differences between HDF and HDF+M1 (p<0.01), HDF+MO0O and HDF+M1
(p<0.05), HDF+M1 and HDF+M2 (p<0.05) at 96 hours after co-culture. Significant
differences were also found between HDF and HDF+M1 (p<0.05), HDF and HDF+M2
(P<0.01), HDF+M1 and HDF+M2 (p<0.001) at 144 hours after co-culture. In the
HDF+M2 group, there was significant difference between 48 and 144h (p<0.01) after co-

culture (Figure 2.4).
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Figure 2.4 M2 macrophages promoted collagen synthesis of co-cultured HDF. The
collagen synthesis were measured by LC/MS. The results are shown in Figure 2.4.

Triplicate, *p<0.05, **p<0.01, ***p<0.001.

2.3.5 M2 macrophages increase myofibroblast differentiation of HDF in co-culture

Myofibroblasts are characterized by the expression of a-SMA, which are
differentiated from the fibroblast population after pro-fibrotic stimulation (21). To
determine the effect of MO, M1 and M2 macrophages on the co-cultured HDF, HDF from

the four groups were stained with a-SMA and analyzed by flow cytometry as illustrated
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in Figure 2.5A. Significant increases in a-SMA positive myofibroblasts were apparent by
144 hours when HDF were co-cultured with M2 macrophages (31.5%, p<0.05) compared
to the other three groups. In contrast, co-culture of HDF with M1 macrophages inhibited
myofibroblast differentiation to levels significantly below HDF co-cultured alone and
HDF in co-culture with MO macrophages.

As was shown in Figure 2.5B, there was no significant difference of a-SMA positive
cells between the four groups at 48 and 96 hours of co-culture. Significant differences
were found between groups of HDF and HDF+M1 (p<0.05), HDF and HDF+M2
(p<0.05), HDF+MO0O and HDF+M1 (p<0.05), HDF+M1 and HDF+M2 (p<0.01) at 144

hours of co-culture.
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Figure 2.5 M2 macrophages increase myofibroblast differentiation of HDF in co-
culture. Figure A shows the percentages of a-SMA positive cells after 144 hours of co-
culture (A). Figure B shows the differences in percentages of a-SMA positive cells

between the four groups after 48, 96 and 144 hours of co-culture. Triplicate, *p<0.05,

*%p<0.01.

2.3.6 The effect of M2 macrophages on anti-fibrotic and pro-fibrotic factor

expression

qPCR revealed the relative gene expression of anti-fibrotic factors and pro-fibrotic

factors in the co-cultured HDF over time during the experimental time course (Figure
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2.6). Anti-fibrotic factors, MMP-1 and DCN in the HDF+M1 group had a higher
expression compared to the HDF group while HDF+M2 group had a lower expression
compared to the HDF group at 96 and 144 hours in co-culture. Significant differences
were observed in the expression of MMP-1 between HDF and HDF+M1 (p<0.05),
HDF+M1 and HDF+M2 (p<0.05) at 96 hours; HDF and HDF+M1 (p<0.01), HDF+MO0
and HDF+M2 (p<0.01), HDF+M1 and HDF+M2 (p<0.05) at 144 hours. There were
significant differences in the expression of DCN between HDF+MO and HDF+Ml
(p<0.05), HDF+M1 and HDF+M2 (p<0.05) at 96 hours; HDF and HDF+M1 (p<0.05),
HDF+MO0 and HDF+M1 (p<0.01), HDF+M1 and HDF+M2 (p<0.05) at 144 hours of co-
culture.

The expression of pro-fibrotic factor, TGF-B1, was significantly higher in HDF co-
cultured with M2 macrophages at 96 hours compared to the HDF co-cultured with M1
macrophages and HDF co-cultured alone. Co-culture of HDF with M2 macrophages
increased the expression of COL1A1 at all the time points to levels significantly above
HDF co-cultured alone, whereas, HDF co-cultured with M1 macrophages decreased the
expression of COLIA1 at all the time points to levels significantly below HDF co-
cultured alone. The expression of TIMP-1 was significantly higher in the HDF+M?2 group
while the TIMP-1 expression was significantly lower in the HDF+M1 group at 96 and
144 hours compared to HDF group. Significant differences were observed in the
expression of TGF-f1 between HDF and HDF+MO (p<0.05), HDF and HDF+M2
(p<0.05), HDF+MO0O and HDF+M1 (p<0.05), HDF+M1 and HDF+M2 (p<0.05) at 96
hours of co-culture. There were significant differences in the expression of COL1AI

between HDF and HDF+M2 (p<0.01), HDF+M1 and HDF+M2 (p<0.001) at 48 hours;
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HDF and HDF+MO (p<0.05), HDF and HDF+M1 (p<0.05), HDF and HDF+M2
(p<0.05), HDF+MO and HDF+M2 (p<0.01), HDF+M1 and HDF+M2 (p<0.05) at 96
hours; HDF+MO0 and HDF+M1 (p<0.01), HDF+M1 and HDF+M2 (p<0.01) at 144 hours
of co-culture. Significant differences were found in the expression of TIMP-1 between
HDF and HDF+M1 (p<0.01), HDF+MO and HDF+M2 (p<0.05), HDF+M1 and
HDF+M2 (p<0.01) at 96 hours; HDF+MO and HDF+M2 (p<0.01), HDF+MI1 and

HDF+M2 (p<0.05) at 144 hours of co-culture.

91



MMP-1 _ DCN

Relative Gene Expression

Relative Gene Expression

Co-culture Time (Hours) Co-culture Time (Hours)

COL1A1 _ TIMP-1

-
(<] w
T

Relative Gene Expression
~
-

Relative Gene Expression
Relative Gene Expression

=]
L]

48 96 144

Co-culture Time (Hours) Co-culture Time (Hours) Co-culture Time (Hours)

HDF BEHDF+M0 OHDF+M1 WHDF+M2

Figure 2.6 Decreased expression of anti-fibrotic factors and increased expression of
pro-fibrotic factors in different group of co-cultured HDF. This figure reveals the
relative gene expression of anti-fibrotic factors (MMP-1, DCN) and pro-fibrotic factors
(TGF-B1, COL1A1, TIMP-1) in the four groups after the co-culture for 48, 96 and 144

hours. Triplicate, *p<0.05, **p<0.01, ***p<0.001.

2.3.7 M2 macrophages decreased and M1 macrophages increased MMP-1 activity in

co-cultured HDF

The effect of macrophages co-culture on HDF MMP-1/collagenase activity between
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the four groups was analyzed. As shown in Figure 2.7, M2 macrophages significantly
decreased MMP-1 activity in co-cultured HDF at all the time points. In contrast M1
macrophages increased the MMP-1 activity in the co-cultured HDF. There were
significant differences between groups of HDF+MO and HDF+M2 (p<0.01), HDF+M1
and HDF+M2 (p<0.05) at 48 hours; HDF+M1 and HDF+M2 (p<0.05) at 96 hours; HDF
and HDF+MO (p<0.05), HDF and HDF+M2 (p<0.01), HDF+MO0 and HDF+M2 (p<0.01),

HDF+M1 and HDF+M2 (p<0.05) at 144 hours of co-culture.
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Figure 2.7 M2 macrophages decreased and M1 macrophages increased MMP-1
activity in co-cultured HDF. MMP-1 activity assay was performed to investigate the
effect of M1, M2 macrophages on the co-cultured HDF after 48, 96 and 144 hours of co-

culture. Triplicate, *p<0.05, **p<0.01.

2.3.8 Significant differences in concentration of the M1 and M2 macrophage related

factors at 144 hours of co-culture

In order to explore the M0, M1 and M2 macrophage related factors in the co-cultured
media, the cell culture supernatant was collected after 144 hours of co-culture and

subjected to multiplex cytokine discovery assay. In Figure 2.8, IFN-y, IL-18 and TNF-a,
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M1 macrophage related factors with anti-fibrotic properties, were significantly higher in
the group of HDF co-cultured with M1 macrophages as compared to the other three
groups after 144 hours of co-culture. In contrast, the concentration of IFN-y, IL-1p and
TNF-a were significantly lower in HDF co-cultured with M2 macrophages compared to
the HDF co-cultured with M1 macrophages. There were significant differences in IFN-y
between groups of HDF and HDF+MO (p<0.05), HDF and HDF+M1 (p<0.001), HDF
and HDF+M2 (p<0.05), HDF+MO and HDF+M1 (p<0.01), HDF+M1 and HDF+M2
(p<0.001); in IL-1B between groups of HDF and HDF+MO (p<0.001), HDF and
HDF+M1 (p<0.001), HDF and HDF+M2 (p<0.001), HDF+M1 and HDF+M2 (p<0.05);
in TNF-a between groups of HDF and HDF+MO (p<0.01), HDF and HDF+MlI
(p<0.001), HDF and HDF+M2 (p<0.01), HDF+MO0O and HDF+M2 (p<0.05), HDF+M1
and HDF+M2 (p<0.01).

Similarly, the concentration of M2 macrophage related pro-fibrotic factors such as
IL-4, IL-10 and TGF-B1 was significantly higher in the group of HDF co-cultured with
M2 macrophages compared to the other three groups after 144 hours of co-culture,
whereas, HDF co-cultured with M1 macrophages significantly reduced the production of
IL-4, 1IL-10, and most importantly TGF-1 at all the time points to levels significantly
below HDF co-cultured with M2 macrophages. Significant differences were found in IL-
4 between the groups of HDF and HDF+M2 (p<0.01), HDF+MO0 and HDF+M?2 (p<0.01),
HDF+M1 and HDF+M2 (p<0.01); in IL-10 between the groups of HDF and HDF+MO0
(p<0.01), HDF and HDF+M1 (p<0.001), HDF and HDF+M2 (p<0.01), HDF+MO and
HDF+M2 (p<0.01), HDF+M1 and HDF+M2 (p<0.01); in TGF-B1 between the groups of

HDF and HDF+M1 (p<0.01), HDF and HDF+M2 (p<0.05), HDF+M0 and HDF+M1
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(p<0.01), HDF+M! and HDF+M2 (p<0.01).

IFNy —— IL-18 i TNF-a -
40 EETETT 10000 «
8000
- 30 .|
E E
=) S 6000
2,0l =9
4000 |
10 -
2000 |
ob [
IL-4 IL-10 " TGF-p1
8000 ke 100 — 3000
ik *
—] 80 —_—
- _|
4000
_g -g 60
=% =%

40

20

HDF B HDF+MO OHDF+M1 B HDF+M2

Figure 2.8 Multiplex analysis of cytokines at 144 hours of co-culture. The
concentration of IFN-y, IL-1B, TNF-a, IL-4, IL-10 and TGF-B1 was determined by

multiplex discovery assay after 144 hours of co-culture. Triplicate, *p<0.05, **p<0.01,

*x%p<0.001.

2.4 Discussion

Significant differences were found between the groups of HDF+M1 and HDF+M2
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after the co-culture especially after 96 and 144 hours, for example, HDF co-cultured with
M2 macrophages had higher proliferation ability, collagen synthesis, myofibroblast
differentiation, pro-fibrotic factor gene expression as well as lower anti-fibrotic factor
gene expression and MMP-1 activity compared to those in HDF co-cultured with M1
macrophages. These findings are similar to Song et al., who used human polarized
macrophage to co-culture with a human fibroblast cell line and suggested that M2
macrophages enhance while M1 macrophages inhibit the fibrogenesis of fibroblasts (22).
In the current study, MO macrophages were used together with M1 and M2 macrophages.
HDF co-cultured with MO macrophages did behave quite differently compared to the
HDF co-cultured with M1 or M2 macrophages, indicating that MO, M1 and M2
macrophages were three different cell populations and the polarization of M1 and M2
macrophages was successful.

In cell culture, THP-1 is a cell line in suspension that has potentially unlimited
proliferation ability while MO macrophages differentiated from THP-1 cells will stop
proliferating and become adherent. Therefore, cell cycle analysis was used to confirm the
correct differentiation from THP-1 cells to MO macrophages by quantifying the
percentages of cells entering the S phase. Our data showed that there was significantly
more THP-1 cells in S phase compared to those of MO macrophages, indicating a
successful differentiation from THP-1 cells to MO macrophages in our experiments.

Previous studies have adopted PCR to determine the polarization of M1 and M2
macrophages differentiated from THP-1 cells by analyzing the M1 and M2 mRNA gene
expression (23, 24). However, the mRNA expression is not always related to the protein

synthesis. Thus, flow cytometry was used to detect the percentages of positive stained
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MO, M1 and M2 macrophages using the relative expression of specific markers as
mentioned above. Furthermore, our study is a first to use cell sorting technique to enrich
the polarized macrophage cells before the co-culture. After cell sorting, the percentages
of M0 and M2 positive macrophages reached more than 80%, which was much higher
compared to those before the cell sorting. Cell sorting was not performed on Ml
macrophages because NOS2 is an intracellular marker, and the cell membrane required
permeabilization in order to get the fluorochrome antibody to NOS2 inside the cells,
which would have reduced M1 macrophage viability before the co-culture. In contrast,
the average percentage of NOS2 positive cells was 77%, which was considerably higher
than 24% of M2 positive macrophages using arginase-1 (Arg-1), a canonical marker for
murine M2 macrophages by flow cytometry reported by Jablonski et al. (25). This
suggests that the canonical markers of human (CD163) or murine (Arg-1) M2
macrophages only label low percentages of positively stained cells, suggesting the need
to explore additional novel markers for human M2 macrophages and additional methods
for polarization in future studies.

Macrophages can be divided into two subtypes, which have opposite activation states
and functions. However, macrophage phenotypes in vivo exhibit more complex
phenotypes in different phases of wound healing. For example, there is a predominance
of M1 macrophages in the inflammatory phase while a predominance of M2
macrophages exists in the proliferation phase (26). Nonetheless, mixed phenotypes of
macrophages may exist during transition between phases of wound healing (27).
Furthermore, there is growing recognition of the M2 macrophage subtypes, such as M2a,

M2b, M2c (28). A fourth subtype, termed M2d by Leibovich et al., switches from a M1
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phenotype into an anigogenic M2-like phenotype (29). Each subtype of M2 macrophages
has a different activation state and its own products, which would add more complexity
to the understanding of the role of M2 macrophages in vivo. Under such circumstances, it
is advantageous to examine THP-1 cells in vitro to define numbers of quantitated
polarized macrophages, which could be investigated similarly to the other studies where
THP-1 cells have been used for co-culture studies with well-established protocols (30,
31).

MMP-1, also known as interstitial or fibroblast collagenase, is an enzyme that plays a
profound role in the breakdown of ECM in normal wound healing processes like tissue
remodeling. It is also involved in the disease processes such as arthritis and cancer cell
metastasis (17, 32). In this study, HDF co-cultured with M1 macrophages increased the
MMP-1 activity while HDF co-cultured with M2 macrophages decreased the MMP-1
activity compared to the HDF. However, since both fibroblasts and macrophages produce
MMP-1, it may be that the co-cultured HDF or M1 macrophages or both are the source of
the increase of MMP-1 activity. In contrast, M2 macrophages appear to inhibit HDF from
secretion of MMP-1, decreasing its activity. On the whole, our findings suggest that M1
macrophages are anti-fibrotic whereas M2 macrophages play a pro-fibrotic role.

There was no direct contact between the polarized macrophages in the cell insert and
the HDF in the bottom of the wells during the co-culture. This suggests that factors
produced and secreted by the polarized macrophages on the cell insert were secreted into
the media of the co-culture with HDF, led to the different behavioral changes. Some of
these factors could include the fact that M1 macrophages metabolize L-arginine to nitric

oxide, which inhibits cell proliferation; whereas M2 macrophages metabolize L-arginine
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to ornithine, which promotes cell proliferation (33). The distinct opposite functions of the
two products made by M1 and M2 macrophages correlate with the result of MTT
proliferation assay in this study, where M2 macrophage had higher proliferation ability
compared to the M1 macrophage co-cultured HDF.

Very likely other factors including cytokines released into the co-culture media also
contributed to the dramatic differences in behavior of HDF. The multiplex cytokine
discovery assay demonstrated significant differences in patterns of multiple growth
factors released into the media over 144 hours of co-culture in our study. Our result
indicated that that the inflammatory cytokines secreted by M1 macrophages and fibrotic
factors secreted by M2 macrophages contributed to the behavioral changes between the
HDF co-cultured with M1 or M2 macrophages.

M1 macrophages showed an anti-fibrotic role in our study by inhibiting proliferation
of HDF, collagen synthesis, myofibroblast differentiation as well as increasing the MMP-
1 activity of HDF, which can be explained by the significantly higher concentration of
IFN-y, an inflammatory cytokine secreted by M1 macrophages. The behavioral changes
in HDF co-cultured with M1 macrophages were consistent with the findings from
previous published studies. For instance, inhibition of IFN-y resulted in accelerated
healing after burn injury by dampening collagen deposition and myofibroblast
differentiation (34). What’s more, Higashi et al. reported that IFN-y inhibits collagen
synthesis by interfering with TGF-f signaling pathway (35). However, our study only
exhibited an indirect effect of M1 macrophages on co-cultured HDF, the direct role of

IFN-y on HDF needs to be investigated in the future.

100



2.5 Conclusion

In conclusion, our study showed that M2 macrophages promotes the fibrogenic
activities of HDF by facilitating the cell proliferation, increasing the collagen synthesis
and myofibroblast differentiation, in part by enhancing the expression of the pro-fibrotic
factors and productions of M2 macrophage related factor while antagonizing the
expression of the anti-fibrotic genes and MMP-1 activity. Our study is a first to use cell
sort to purify macrophage subsets prior to co-culture. Moreover, our data reinforce the
pro-fibrotic role of M2 macrophages, which may be a strategic target for the treatment of

fibrotic diseases in the future.
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3.0 Abstract

HTS are caused by trauma or burn injuries to the deep dermis and are considered
fibrosis in the skin. Monocytes, M1 and M2 macrophages are mononuclear phagocytes.
Studies suggest that M2 macrophages are pro-fibrotic and might contribute to hypertrophic
scar formation. Our lab has established a human HTS-like nude mouse model, in which the
grafted human skin develops red, raised, and firm scarring, resembling hypertrophic scars
seen in humans. In this study, we observed the natural behavior of mononuclear phagocytes
in this nude mouse model of dermal fibrosis at multiple time points. Thirty athymic nude
mice received human skin grafts and an equal number of mice received mouse skin grafts
as controls. The grafted skin and blood were harvested at 1, 2, 3, 4 and 8 weeks. Wound
area, thickness, collagen morphology and level, the cell number of myofibroblasts, M1 and
M2 macrophages in the grafted skin, as well as monocyte fraction in the blood were
investigated at each time point. Xenografted mice developed contracted and thickened
scars grossly. The xenografted skin resembled human hypertrophic scar tissue based on
enhanced thickness, fibrotic orientation of collagen bundles, increased collagen level and
infiltration of myofibroblasts. In the blood, monocytes dramatically decreased at 1 week
post-grafting and gradually returned to normal in the following 8 weeks. In the xenografted
skin, M1 macrophages were found predominantly at 1 to 2 weeks post-grafting; whereas,
M2 macrophages were abundant at later time points, 3 to 4 weeks post-grafting coincident
with the development of fibrosis in the human skin tissues. This understanding of the
natural behavior of mononuclear phagocytes in vivo in our mouse model provides evidence
for the role of M2 macrophages in fibrosis of human skin and suggests that macrophage
depletion in the subacute phases of wound healing might reduce or prevent HTS formation.
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3.1 Introduction

Monocytes are derived from the bone marrow and circulate through the blood stream
before they are attracted into the local tissue after injury, where they replenish the local
population of tissue macrophages during the wound healing process (1). In addition to
retaining the phagocytic capacity of monocytes which functions to digest tissue debris and
dead cells, macrophages play a critical role in the innate and adaptive immunity (2). Thus
monocytes in the blood and macrophages in the tissue constitute the major cellular
components of mononuclear phagocyte system (MPS) (3).

Macrophages have an intimate relationship with wound healing by exerting diverse
functions in inflammation, proliferation and tissue remodeling phases. In response to
various signals from the local microenvironment, macrophages may polarize into two
distinct phenotypes, M1 or M2 macrophages (4). However, it has been shown that the
phenotypic change of macrophages is reversible, switching from one phenotype to another
depending on the microenvironment (5, 6), which underlines their plasticity. In normal
wound healing, M1 macrophages are observed in the early phases of tissue repair where
they exhibit a pro-inflammatory phenotype and produce cytokines such as TNF-a, IL-6,
IL-1pB; whereas, M2 macrophages are more typically seen in later phases of wound healing
and produce cytokines such as TGF-B1, IL-10 and IL-1a. They are also associated with
allergic and anti-parasite responses (7). M1 macrophages are considered to be anti-fibrotic
because they can inhibit fibroblast proliferation and collagen production. In contrast, M2
macrophages can enhance the pro-fibrotic activities of fibroblasts through stimulation of
proliferation and increased ECM production (8).
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To investigate the natural appearance of mononuclear phagocytes, monocytes in the
blood and macrophage phenotypes in scar tissues were analyzed during the development
of skin fibrosis at multiple time points after engraftment of human skin in the nude mouse

model.

3.2 Materials and methods

3.2.1 Harvesting of human split thickness skin grafts

Abdominal skin tissue were obtained from female patients who underwent
abdominoplasty with documented informed consent in their personal health record. Under
sterile condition, split thickness skin grafts (STSG) were harvested by using a Padgett
electric dermatome (Padgett Instruments, Inc., Kansas City, MO) set at 0.4 mm thickness.
Skin that was atrophic or had developed striae was avoided. The STSG were trimmed to a
consistent size using a 2.0 x 1.5 cm? template. The grafts were stored in DMEM

supplemented with 10% FBS until grafting.

3.2.2 Animals

Sixty 4-week-old male athymic nude mice (outbred) weighing 20 grams that lacked T-
cells due to absence of thymus were purchased from Charles River Laboratories
(Wilmington, MA, USA). They were rested for two weeks in a virus-free biocontainment
facility before grafting. The animal protocol was approved by the University of Alberta

Animal Care and Use Committee in accordance with the Canadian Council of Animal Care
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standards.

3.2.3 Establishment of human HTS-like nude mouse model

As previously described (9, 10), the mice were anesthetized using isoflurane
(Halocarbon Laboratories, River Edge, NJ). Surgical sites were disinfected using
Prepodyne Solution (West Penetone INC, Anjou, QC) and then wiped clean with 70%
ethanol. A 2.0 x 1.5 cm? region of dorsal full thickness skin was outlined using a template
and the skin was carefully excised using sharp dissection without damaging underlying
panniculus carnosus. Thirty mice were grafted with human STSG (xenografts) while
additional thirty mice received the excised full thickness mouse skin (allografts) as controls.
The grafts were then sutured using 4-0 braided silk suture (Ethicon, Somerville, NJ) and
covered with Xeroform (Covidien, Mansfield, MA) using a tie-over dressing to maximize
complete contact between the graft and the wound. The mice received hydromorphone
(Sandoz, Boucherville, QC), 0.05mg/ml subcutaneously for postoperative pain
management. The dressings and sutures were removed 1 week post-grafting under
isoflurane general anesthesia. The mice were euthanized at 1, 2, 3, 4, 8 weeks post-grafting.
Blood was obtained by cardiac puncture. Allografts and xenografts were excised at each

time point for further analysis.

3.2.4 Morphology of wounds by digital photography

Standardized digital photographs of the wounds were taken weekly after grafting with

ruler in order to record the scar formation over time. The area of the wounds was measured
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for assessment of wound contraction using ImageJ software (National Institutes of Health,
Bethesda, MD). The scale in the software was reset for each image to avoid magnification

CIrors.

3.2.5 Processing of graft specimens

The entire engrafted skin samples were harvested at different time points and prepared
for paraffin and cryosection blocks. Paraffin sections were stained for H&E staining,
Masson’s trichrome staining and immunohistochemistry (IHC) staining. Cryosection were

used for [HC staining.

3.2.6 Histology analysis of graft specimens

H&E and Masson’s trichrome stained tissues were imaged under bright field
microscopy (Nikon OPIPHOT-2, Nikon Instruments Inc., Melville, NY). Dermal thickness
in the grafts was analyzed by ImageJ software using a micrometer to standardize the
reference image. As previously described (11), the dermal thickness was defined as
distance (um) from epidermis to junction of the dermal-adipose layer. Three measurements
were obtained from each sample including the thickest, thinnest and midpoint region were

recorded and the mean value was calculated.

3.2.7 Collagen morphology analysis

Masson’s trichrome staining was used to show the morphology of collagen fibers,
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which showed green collagen fibers, red keratin and dark brown or black cell nuclei under
the bright field microscope. Collagen orientation index (COI) and collagen bundle packing
index (CBPI) were calculated using fast Fourier transformation (FFT) module in ImageJ
software to describe collagen bundle features in the grafts. The equation “1-width/height
ratio of the zeroth-order maximum” was used to calculate COI. The CBPI was calculated

using the distance between the centers of gravity of the first-order maxima through the

formula “A =794um / 0.5xd” (12).

3.2.8 Quantification of 4-Hyp in graft specimens

The amount of 4-Hyp, a unique amino acid in collagen, was measured by LC/MS as
previously described with modifications (13). Briefly, the skin sample (dry weight:
0.5~3.9mg) in a pyrex screw-capped glass tube was added to 6N HCI solution and then
hydrolyzed at 110°C overnight. A known amount of 4-Hyp-d; as internal standard was
added to the hydrolysate. The n-butyl ester reagent was added to the dried hydrolysate in
order to produce the n-butyl ester derivatives of 4-Hyp and 4-Hyp-ds. The samples were
analyzed by LC/MS (Agilent Technologies, Santa Clara, CA) monitored using Mass
Selective detection the ions 188 (4-Hyp n-butyl ester) and 191 (4-Hyp-d3 n-butyl ester).
The calibration curve was constructed through a range of 4-Hyp (6 points amount) using
the peak area ratio. The ratio was obtained by dividing 4-Hyp peak area by the internal
standard (4-Hyp-d3) peak area. The amount of 4-Hyp in each sample was analyzed using

the calibration curve. The data was expressed in 4-Hyp (ng) / dry weight sample (mg).
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3.2.9 Immunohistochemistry staining of myofibroblasts

For THC staining of myofibroblasts, paraffin sections were warmed for 20 minutes at
60°C in a vacuum oven and then underwent deparaffinization by xylene and rehydration
through decreasing concentrations of ethanol from 100% to 70%. After antigen retrieval
using 0.05% trypsin, the skin sections were incubated with 10% bovine serum albumin
(BSA) (Sigma-Aldrich, St. Louis, MO) to block non-specific binding, followed by
incubation with rabbit anti-human a-SMA antibodies (Millipore, Cat. # MABT381)
(1:1000) at 4°C overnight and biotinylated goat anti-rabbit IgG (H+L) (Vector Laboratories
Inc. Cat. # BA-1000) (1:500) at room temperature for one hour.

The tissue sections were then incubated using VECTASTAIN® ABC kit (Vector
Laboratories Inc., Cat. # PK-4005) and developed using diaminobenzidine (Sigma-Aldrich,
Cat. # D8001). The nuclei were counter-stained using hematoxylin. After dehydration, the
sections were mounted and checked under light microscope. Positive stained cells
excluding perivascular cells surrounding the blood vessels were counted in five random

high power fields (HPFs) for each sample.

3.2.10 Quantification of circulating monocytes using flow cytometry

1001 of blood collected by cardiac puncture was transferred to each 5 ml polystyrene
round-bottom tube (Falcon, Corning, NY') and incubated with mouse specific FcR blocking
reagent (Milte.nyi Biotec Inc., San Diego, CA) after the red blood cells (RBC) were lysed

using RBC lysis buffer (eBioscience, San Diego, CA). The FcR blocked cells were then

113



incubated with anti-CD11b-FITC (eBioscience, Cat. # 11-0112-81) and anti-CD115-APC
antibodies (eBioscience, Cat. # 17-1152-80). After washing and fixation, the monocyte
population was then detected by flow cytometry using a BD FACSCanto II (BD
Biosciences, San Jose, CA). The monocyte population was gated around CD115 and
CD11b double positive events (14). The data files were analyzed by FCS express 4.0

software (DeNovo Software; Los Angeles, CA).

3.2.11 Quantification of M1 & M2 macrophage by immunofluorescence staining

Cryosections were fixed in ice-cold acetone (Thermo Fisher Scientific Inc., Waltham,
MA) after warming and air-dried. After rinsing in PBS, sections were incubated with 10%
BSA to avoid non-specific binding, and then incubated with primary antibodies and
followed by specific secondary antibodies. For general marker of mouse macrophages, rat
anti-mouse F4/80 was detected (eBioscience, Cat. # 14-4801-82). The primary antibody
for M1 macrophages was rabbit polyclonal NOS2 IgG (Santa Cruz, Cat. # sc-651 FITC)
and goat polyclonal Arg-1 IgG antibody (Santa Cruz, Cat. # sc-18351) for M2 macrophages.
The secondary antibody was Alexa Fluor® 594 donkey anti-rat IgG (Life Technologies,
Cat. # A-21209) for F4/80 and Alexa Fluor® 488 donkey anti-goat IgG (Life Technologies,
Cat. # A-11055) for Arg-1. The slides were mounted with ProLong Gold anti-fade reagent
with DAPI (Life Technologies, Carlsbad, CA) after washing. Images were taken at the
lower dermis of the skin grafts using a confocal microscope (Leica TCS SP5, Leica
Microsystems, Concord, ON) with 63X optical lens. Double positive cells were counted

using image analysis software (LAS AF Lite, Leica Microsystems, Concord, ON).
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3.2.12 qPCR for cytokines from M1 and M2 macrophages

Skin grafts from allografted and xenografted mice were powdered using Mikro-
Dismembrator S (B. Braun Biotech Inc., Allentown, PA) and then lysed using TRIzol
reagent (Thermo Fisher Scientific., Waltham, MA). Total RNA was extracted using RNeasy
Mini Kit (Qiagen Sciences, Germantown, MD). A 0.5ug of total RNA was used for cDNA
synthesis using cDNA Syntheses Kit (Invitrogen). The qPCR was conducted using RT?
SYBR® Green qPCR Mastermix (Qiagen Sciences, Germantown, MD) and mouse primers
of TNF-a, forward GTAACGCCAGGAATTGTTGCTA and reverse
GGGAGTAGACAAGGTACAACCC; IL-6, forward
TCTATACCACTTCACAAGTCGGA and reverse GAATTGCCATTGCACAACTCTTT;
IL-1B, forward GAAATGCCACCTTTTGACAGTG and reverse
TGGATGCTCTCATCAGGACAG; TGF-B1, forward
CTTCAATACGTCAGACATTCGGG and reverse GTAACGCCAGGAATTGTTGCTA;
IL-10, forward GCTGGACAACATACTGCTAACC and reverse
GCTGGACAACATACTGCTAACC; IL-1a, forward
TCTCAGATTCACAACTGTTCGTG and reverse AGAAAATGAGGTCGGTCTCACTA.
Mouse  glyceraldehyde  3-phosphate = dehydrogenase = (GAPDH)  (forward
AGGTCGGTGAGAACGGATTTG and reverse GGGGTCGTTGATGGCAACA) was
used as a normalization/internal control (Eurofins MWG Operon, Huntsville, AL).
Amplification and analysis of cDNA were performed using the StepOnePlus Real-Time
System (Applied Biosystems, Foster City, CA). Relative gene expression was measure as
cycle threshold (Ct) and the data was displayed as fold change calculated by the equation
of 224¢t in which the AACt was normalized with individual internal control Ct value.
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3.2.13 Statistical analysis

Six mice were used in each group of each time point. Data were imported into STATA
12 for windows (StataCorp LP, Collage Station, TX) and displayed as mean + SE.
Statistical analysis was performed using a two-tailed unpaired student’s t-test or one-way
ANOVA with the Bonferroni method. A p-value of less than 0.05 (p< 0.05) was considered

statistically significant.

3.3 Results

3.3.1 Grafted human skin developed scar in the mouse model

The grafted skin remained viable throughout the whole experiment. One week post-
grafting, the grafted skin looked erythematous and moist after the dressing and sutures were
removed. Two weeks after the transplantation, the grafted skin in the allografted mice
healed much better than those in the xenografted mice. The wounds of xenografted mice
showed a prolong inflammation with obvious margin up to 2 weeks post-grafting before
developing a contracted, pigmented, thickened, raised scar progressively up to 8 weeks
post-grafting (Figure 3.1A) while no obvious scar thickening nor contraction were
observed in the allografted mice overtime. The figure at 0 week (OW) illustrates the skin
tissue thickness before grafting.

The grafted area was monitored and digitally photographed weekly. The wound areas

were then quantified by ImagelJ software to evaluate wound contraction (11). Compared to
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the initial graft, the area of wounds in the allografted mice reduced quickly in the first 2
weeks post-grafting and had no significant changes thereafter, while the wounds in
xenografted mice became progressively more contracted over time. There were significant
differences of wound area between 0 and 2 (p<0.01, p<0.05), 0 and 3 (p<0.01, p<0.001), 0
and 4 (p<0.01, p<0.001), 0 and 8 (p<0.01, p<0.001) weeks post-grafting in both allografted
and xenografted mice. At 8 weeks after grafting there was a significant decrease (p<0.05)
in wound size between allografted and xenografted mice (Figure 3.1B).

Compared to mouse skin, the engrafted human skin in the xenografted mice retained
the structural characteristics of human skin microscopically (Figure 3.1C). The graft
thicknesses at different time points were displayed as percentages of the original thickness
of the STSG before grafting. The skin thickness gradually increased from 1 to 4 weeks
post-grafting in xenografted mice and then decreased slowly thereafter. In allografted mice,
the graft thickness increased to a peak at 2 weeks and remained stable over time. There
were significant differences between 0 and 3 (p<0.05), 0 and 4 (p<0.05) weeks post-
grafting in xenografted mice. Significant differences were also found in 3 (p<0.05) and 4

(p<0.05) weeks between the allografted and xenografted mice (Figure 3.1D).
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Figure 3.1. Xenografted group developed scar at 8 weeks post-grafting. The
xenografted mice showed clear margin of wounds since 2 weeks post-grafting and
contracted scar formation 8 weeks post-grafting. In contrast, a favorable healing of wounds
was observed without redness, pigmentation or obvious contour in allografted mice since
2 weeks post-grafting (A). Wound area at different time points were measured and analyzed
(B). Digital photos of grafted skin were taken using H&E sections of normal STSG before
grafting and grafts from allografted and xenografted mice (C) at different time points. The
skin thickness was measured and analyzed (D). N=3, experiment was done in duplicate,

*p<0.05.
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3.3.2 Morphology of collagen fibers resembled human HTS in xenografts not

allografts

Masson’s trichrome stain was used to assess the morphology of collagen fiber or
bundles in the grafts. The collagen bundles in the xenografts were large and irregular up to
1 week post-grafting and then became smaller over time. A parallel pattern of collagen
bundles was seen at 8 weeks post-grafting exhibiting a striking similarity to human HTS
tissue, which was completely different from the basket-weave-like normal human skin
collagen bundles. However, collagen bundles in engrafted skins from allografted mice
showed a similar pattern to normal mouse skin at all the time points (Figure 3.2A).

COI value of “0” means collagen bundles are randomly oriented, such as those in
normal skin while “1” means collagen bundles are highly ordered, such as those in HTS,
which are in a parallel orientation. The CBPI represents the distance between collagen
bundles, thus being a measurement of collagen bundle density. A lower value of CBPI
represents higher collagen bundle density. Generally, COI is lower in normal skin tissue
but higher in HTS tissue, while CBPI is higher in normal skin but lower in HTS tissue.
Figure 3.2B showed the measurement of parameters needed for the calculation of COI and
CBPI. COI of xenografts increased over time and was significantly higher at 3, 4 and 8
weeks post-grafting compared to 0 week post-grafting (p<0.001). COI of allografted mice
reached maximum at 3 weeks post-grafting, decreased over time and COI at 3 weeks was
significantly higher than 0 week post-grafting (p<0.01). There were significant differences
between the two groups at 4 (p<0.01) and 8 (p<0.001) weeks post-grafting (Figure 3.2C).
CBPI of xenografted skin showed a decreased trend over time and significant differences
were found between 0 and 2 (p<0.01), 0 and 3 (p<0.01), 0 and 4 (p<0.001), O and 8

120



(p<0.001) weeks post-grafting, which was also consistent with the definition of CBPIL.
There were significant differences between the two groups at 0 (p<0.05), 1 (p<0.05), 2

(p<0.05) and 8 (p<0.01) weeks post-grafting (Figure 3.2D).
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Figure 3.2 Morphology of collagen fibers resembled human HTS in xenografts not
allografts. Engrafted skins from xenografted mice consisted of smaller bundles aligned in
a parallel fashion to the epidermis, which was close to human HTS tissue, but not normal
human skin with collagen bundles showing a basket-weave-like pattern with a more or less
random structure. However, collagen bundles from allografted mice showed similar pattern
between normal mouse skin and the other time points (A). COI and CBPI at different time
points were analyzed using FFT module. Figure B showed the measurement of parameters
needed for the calculation of COI and CBPI. The COI and CBPI of both groups were
showed in (C) and (D). N=3, experiment was done in duplicate, *p<0.05, ** p<0.01, ***

p<0.001.
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3.3.3 Increased number of myofibroblasts in xenografts and allografts

a-SMA is commonly considered as a marker of myofibroblasts (15), which is a special
type of fibroblasts that is abundant in human HTS (16). Representative images of
myofibroblast staining in xenografts and allografts were shown in Figure 3.3A. Figure 3.3B
showed changes of myofibroblast number in the two groups. In the allografts,
myofibroblast number reached its peak at 2 weeks post-grafting and decreased over time.
In the xenografts, the number of myofibroblasts dramatically increased at 2 weeks post-
grafting, reached the highest point up to 4 weeks post-grafting and then decreased sharply
at 8 weeks post-grafting. There was significant difference between 0 and 2 (p<0.001) weeks
post-grafting in the allografted mice while there were significant differences between 0 and
2 (p<0.001), 0 and 3 (p<0.001), 0 and 4 (p<0.001) and 0 and 8 (p<0.01) weeks as well as

4 and 8 (p<0.001) weeks post-grafting in the xenografted mice.

3.3.4 Significant increases of collagen in xenografts

4-Hyp is primarily found in protein collagen, which plays a key role together with
proline for collagen stability (17). The collagen composition can be determined by the
measurement of 4-Hyp by LC/MS, which was previously reported by our research group
(18). In the allografts, the level of 4-Hyp slowly increased over time but there was no
significant difference between all the time points. In the xenografts, the level of 4-Hyp
increased after the grafting and reached to the peak at 4 weeks and then decreased in 8
weeks post-grafting. Significant differences were found between 0 and 3 (p<0.05), 0 and 4
(p<0.05) weeks post-grafting in xenografted mice. There were significant differences
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between the two groups at all the time points (p<0.01) (Figure 3.3C).
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Figure 3.3 Increased number of myofibroblasts and collagen level in xenografted
group. Figure A showed representative images of a-SMA (brown) positive myofibroblasts
at various time points post-grafting in allografted and xenografted mice. a-SMA positive
cells were counted under light microscope in 5 HPFs in the dermis and the total number
was calculated and compared using ANOVA (B) Collagen level was determined by
measurement of 4-Hyp in the allografted and xenografted skin using LC/MS (C). N=3,

experiment was done in duplicate, *p<0.05, ** p<0.01, *** p<0.001.
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3.3.5 Monocyte fractions behaved similarly between the allografted and xenografted
mice at each time point

Monocyte populations were determined by the expression of CD115 and CDI11b
markers in the blood harvested at different time points post-grafting using flow cytometry.
Only the cells that were positive for both markers were considered to be monocytes. The
quadrant gate was set according to the isotype control. The double positive events were
gated and analyzed. Representative figures of monocyte fraction in allografted mice,
xenografted mice and isotype control 1 week post-grafting were shown (Figure 3.4A-C).
The fraction of monocytes at various time points was shown in a line chart (Figure 3.4D).
Three mice were used as negative controls and data were shown as 0 week post-grafting.
The changes of monocyte population were almost the same in both allografted and
xenografted mice. A sharp drop of fraction was observed 1 week post-grafting and then the
fraction gradually returned to normal at 8 weeks post-grafting. There were significant
differences at 1 week post-grafting (p<0.05) between the allografted and xenografted mice,
0 and 1 (p<0.001), 0 and 2 (p<0.001), 0 and 3 (p<0.001), 0 and 4 (p<0.05) weeks post-
grafting in the allografted mice as well as 0 and 1 (p<0.001), 0 and 2 (p<0.001), 0 and 3

(p<0.001) weeks post-grafting in xenografted mice.
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Figure 3.4 Monocyte fractions behaved similarly between the allografted and
xenografted mice at each time point. Representative images of monocyte fractions in
allografted (A) and xenografted mouse (B) and isotype control (C) 1 week post-grafting
were shown. The fractions of the monocytes were analyzed and compared within groups
at different time points using ANOVA and between groups at each time point using

student’s t-tests (D). N=3, experiment was done in duplicate, *p<0.05.

3.3.6 M1 and M2 macrophages change over time in xenografts and allografts

Grafted skin sections from both groups were analyzed for M1 and M2 macrophages
using immunofluorescent staining. The cells that co-expressed F4/80 (+)/NOS2 (+) were
identified as M1 macrophages while F4/80 (+) /Arg-1 (+) cells were identified as M2
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macrophages (orange, figure 3.5A1, A2). As mentioned in the method section, the number
of double positive cells was counted in five HPFs. M1 macrophages were found
predominantly at 1 to 2 weeks post-grafting in both allografted and xenografted mice then
the number decreased over time. In allografted mice, M2 macrophages appeared early at 1
week post-grafting, reached to maximum at 2 weeks post-grafting and then dropped sharply
over time, whereas, M2 macrophages in xenografted mice were abundant at later time

points, that is, 3 to 4 weeks post-grafting (Figure 3.5B).

F4/80 | Merge F4/80 | Merge

Allograft

127



Xenograft

F4/80 | Merge

128



- #- - Allograft —— Xenograft

—_ 120
® 120 _
o i
I o
2R x
H -]
2 80 5 80
*%k
E 5 i F*kk
o o
g §
| 40r S 40 b
o 2
o o
o [}
= 5
= o = 5 _.-%
1 2 3 4 8 0
1 2 3 4 8
Post-Grafting Time (Weeks) Post Grafting Time ]

Figure 3.5 M1 and M2 macrophages in xenografts were found abundant in different
time points. The M1 macrophages were identified as double positive for F4/80 (red) and
NOS2 (green). Similarly M2 macrophages were double positive for F4/80 (red) and Arg-1
(green). Representative image of dual stained of M1 (1 week post-grafting) and M2
macrophages (4 week post-grafting) (orange) were shown (A). The double positive cells
were counted under SHPFs and the total cell number of M1 and M2 macrophages in
allografted and xenografted mice was shown (B). N=3, experiment was done in duplicate,

*#p<0.01, ***#p<0.001.
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3.3.7 Relative gene expression of M1 and M2 macrophage related cytokines changed

over time in xenografts and allografts

gPCR revealed the relative gene expression of M1 and M2 macrophage related
cytokines (Figure 3.6) over time during the experimental time course, which were
consistent with the cell number changes of M1 and M2 macrophages over time post-
grafting. The expressions of TNF-a, IL-6 and IL-1B were found similarly between the
allografted and xenografted mice, which reached peak at 1 week post-grafting and the
expression decreased over time. There were significant differences in TNF-a at 1 (p<0.05)
and 2 (p<0.05) weeks; in IL-6 and IL-1p at 2 (p<0.05) and 4 (p<0.05) weeks post-grafting
between the allografted and xenografted mice. The highest expressions of TGF-f1, IL-10
and IL-la in xenografted mice were observed at later time points at 2 or 3 weeks post-
grafting and the expressions decreased thereafter; whereas the highest expression in
allografted mice were at 1 or 2 weeks post-grafting and then decreased over time. There
were significant differences between the allografted and xenografted mice in TGF-B1 at 2
(p<0.05), 3 (p<0.01) and 4 (p<0.05) weeks; in IL-10 at 3 (p<0.05) and 4 (p<0.05) weeks;
and in IL-1a at 3 (p<0.05) weeks post-grafting. In allografted or xenografted mice, there

was no significant difference between all the time points in each cytokine.
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Figure 3.6 Relative gene expression of M1 and M2 macrophage related cytokines
changed over time in xenografts and allografts. qPCR revealed the relative gene
expression of cytokines from M1 and M2 macrophages over time during the experimental
time course. In both allografted and xenografted mice, the expressions of TNF-a, IL-6 and
IL-1P in allografted and xenografted mice reached peak at 1 week post-grafting and then
decreased over time. The highest expressions of TGF-B1, IL-10 and IL-1a in allografted
mice were at 1 or 2 weeks post-grafting while the expressions in xenografted mice were
observed at later time points at 2 or 3 weeks post-grafting while. N=3, experiment was

done in duplicate, *p<0.05, **p<0.01.
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3.4 Discussion

Yang et al. first introduced the concept of establishing human HTS model by
transplanting full-thickness human skin on nude mice (19), which was a novel attempt
compared to other animal model such as rabbit ear model (20), red Duroc pig model (21)
and so on. Later our lab improved the model by transplanting human STSG on nude mice
and obtained a more obvious HTS formation compared to full-thickness skin graft (9). In
this study, significant differences in wound healing were found between the xenografted
mice and allografted mice by gross digital photos and histological analysis after successful
engraftment of human skin in the nude mouse model.

COI and CBPI was adopted as a quantitative method to evaluate the morphologic
differences between the collagen bundles at different time points post-grafting using the
Masson’s trichrome images. From our findings, the COI was higher and CBPI was lower
at 8 weeks post-grafting, which suggested the grafted skin resembled HTS tissue according
to the definition of COI and CBPI. The adoption of COI and CBPI transformed the original
qualitative information obtained from Masson’s trichrome staining into quantitative
comparable data, which substantially enhances the value of Masson’s trichrome staining
data.

One of the important findings in this study is the changes of monocyte fraction in the
blood after the establishment of human HTS-like nude mouse model. The fraction of
monocytes dramatically decreased in 1 week and then gradually came back to normal while
there was a remarkable increase of M1 and M2 macrophage number 1 week post-grafting.
These two observed behaviors suggest that there might be a replenishment of monocytes
from the peripheral blood to the wound area, which is similar to the findings of Mosser et
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al. (22) and Bain et al. (23). The latter claimed that the tissue-resident macrophages were
not derived from embryonic precursors in situ but was replenished constantly by blood
monocytes. In our animal model, we assumed that the monocytes infiltrated to the wound
area by migration shortly after grafting and the replenishment reached the peak level
around 1 week post-grafting, which might be associated with the sharp decrease of
monocyte fraction as well as the large increase of M1 and M2 macrophage number. Further
experiments would be necessary to support this potential relationship between these
behaviors. Another explanation for the sharp decrease of monocyte fraction might be a
relative increase in other cell populations such as B cell or NK cells. In addition, there is
still more to understand regarding the mechanism of monocyte replenishment in this animal
model. Wynn et al. claimed that not all the monocytes would replenish tissue resident
macrophages in mice and that inflammatory monocytes (Ly6c+) were the predominant
cells that replenished tissue macrophages by being recruited to the wound area while the
function of resident Ly6c- monocytes were more related to immune responses (24, 25).
Another study demonstrated Ly6c- monocytes would differentiate into M1 macrophages
and shift to the M2 phenotype later in a murine model of rheumatoid arthritis (26). In this
study, the circulating monocytes and their differentiation into Ly6c- or Ly6c+ cells was not
examined; however, in the future we plan to investigate the specific subsets or phenotypes
of monocytes and their roles in HTS formation in the HTS-like nude mouse model.

As mentioned above, M1 macrophages are predominant in early phases of wound
healing while M2 macrophages are abundant in later phases of wound healing. Our study
is the first to explicitly unravel the cell number changes for M1 and M2 macrophages at

different time points post-grafting in human HTS-like nude mouse model. In the allografted
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group, the peak of M2 macrophage number appeared 1 week earlier than the xenografted
group, which might be due to shorter inflammation phase and early transition to
proliferation phase. In the xenografted mice, M1 macrophages were seen more in the early
time points (1 to 2 weeks) post-grafting while M2 macrophages reached the highest number
3 weeks post-grafting. In xenografted mice, the relative gene expressions of Ml
macrophage specific cytokines, TNF-a, IL-6 and IL-1PB, were highly expressed at 1 to 2
weeks post-grafting while the gene expression of M2 macrophage specific cytokines, TGF-
B1, IL-10 and IL-10, were highly expressed at 2 to 3 weeks post-grafting, which were
consistent to the findings of cell number changes of M1 and M2 macrophages during the
grafting time course. In addition, the total number of M1 and M2 macrophages was
inversely correlated to the fraction changes of monocytes at each time point. At 8 weeks
post-grafting, M2 macrophages were the predominant ones in the grafted skin, which
supported the finding that M2 macrophages were fibrotic and their roles in HTS formation
(27, 28). The investigation of the fraction of monocytes in the blood and the number of M1
and M2 macrophages in the tissue offers a novel perspective to ponder the relationship
between natural changes of the MPS and the histological changes of human HTS-like nude
mouse model.

In Figure 3.5 of the dual staining of M1 and M2 macrophages, many F4/80 negative
but NOS2 or Arg-1 positive cells were shown. Many cells including neutrophils,
granulocytes, erythrocytes, dendritic cells, natural killer cells, endothelial cells and smooth
muscle cells can also express arginase-1 or NOS2 activity and these single positive cells
may also contribute to HTS formation. Thus, it will be very interesting to understand the

roles of these other cells in future experiments to determine their roles in HTS formation.
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It is suggested by Nishida et al. that the inhibition of M2 macrophages would reduce
the fibrotic response and it might be of therapeutic value to switch M2 macrophages to M1
phenotype (29). Furthermore, many studies investigated the role of macrophages in the
disease pathogenesis by performing macrophage depletion (30-32). Understanding the
natural behavior of MPS in this model will give us insight on future studies about when
and what specific phenotype of macrophages to deplete or the timing to perform plasticity
switching of macrophages in order to clarify the effect of M2 macrophages on HTS
formation.

Our group has reported that the SDF-1/CXCR4 signaling pathway was up-regulated
in burn patients (33) and by blocking this signaling pathway a significant reduction of
scarring was observed in human skin grafted nude mouse model (11), suggesting an
intimate relationship between HTS and this signaling pathway. At the same time, SDF-1
was found to be a potent chemoattractant that mediate the migration of the MPS (34, 35)
and is involved in the fibroproliferative disorders (36, 37) and tumor pathogenesis (38).
Furthermore, our group has also reported increased numbers of fibrocytes and
macrophages in the grafted skin using a similar animal model (10). All the findings suggest
that the migration of MPS plays a role in HTS formation.

Based on the previous findings from our lab and other research groups, we hypothesize
that SDF-1 is released by fibroblasts or endothelial cells due to the inflammatory signals
after skin injury occurs. The CXCR4 expressing cells in the circulation, mostly monocytes,
will be attracted to the wound site under the SDF-1/CXCR4 signaling pathway due to
concentration gradient as well as the chemotactic effect of SDF-1. The monocytes then

differentiate into polarized macrophages in response to stimulations from various
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inflammatory mediators. M1 macrophages are more abundant in the early phase of wound
healing and a remarkable activation of NF-xB and STAT1 signaling pathway will promote
M1 macrophages polarization whereas a predominance of STAT3 and STAT6 activation
promotes M2 macrophages polarization (39). M1 macrophages then exert the pro-
inflammatory function by secreting proinflammatory cytokines such as IFN-y, IL-13, TNF-
a, IL-6, IL-8, IL-12 and others. M1 macrophages also have the bactericidal ability by
generating reactive oxygen and nitrogen species such as nitric oxide through the activation
of NOS2. In contrast, the functions of M2 macrophages are more related to angiogenesis
and tissue repair. M2 macrophages inhibit the NOS2 activity via the activation of Arg-1.
What’s more, M2 macrophages can reduce the inflammatory response by secreting anti-
inflammatory cytokines such as IL-10, TGF-B1. The opposite and complementary
functions of M1 and M2 macrophages will eventually lead to normal wound healing. If
more intensive stimuli are generated in a prolonged inflammatory wound environment, for
example, a severely burned patient, where M2 macrophages appear to produce large
amounts of TGF-1 and induce myofibroblast proliferation, leads to more ECM deposition

and finally results in HTS formation.

3.5 Conclusion

Above all, the understanding of the natural behavior of MPS in vivo in our mouse
model provides evidence for the role of macrophages in fibrosis of human skin and
suggests that therapeutic attempts to deplete macrophages or alter their phenotypes is

likely best tested in the subacute phases of wound healing.
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Chapter 4

Systemic Depletion of Macrophages in the Subacute Phase of

Wound Healing Reduces Hypertrophic Scar Formation

This chapter has been published as: Zhu Z, Ding J, Ma Z, Iwashina T, Tredget EE.
Systemic Depletion of Macrophages in the Subacute Phase of Wound Healing Reduces
Hypertrophic Scar Formation. Wound Repair Regen. 2016 May 12. doi:

10.1111/wrr.12442. [Epub ahead of print].
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4.0 Abstract

HTS are caused by trauma or burn injuries to the deep dermis and can cause cosmetic
disfigurement and psychological issues. Studies suggest that M2-like macrophages are
pro-fibrotic and contribute to hypertrophic scar formation. A previous study from our lab
showed that M2 macrophages were present in developing hypertrophic scar tissues in
vivo at 3 to 4 weeks after wounding. In this study, the effect of systemic macrophage
depletion on scar formation was explored at the subacute phase of wound healing. Thirty-
six athymic nude mice that received human skin transplants were randomly divided into
macrophage depletion group and control group. The former received intraperitoneal
injections of clodronate liposomes while the controls received sterile saline injections on
day 7, 10, 13 post-grafting. Wound area, scar thickness, collagen abundance and collagen
bundle structure, mast cell infiltration, myofibroblast formation, M1 and M2
macrophages together with gene expression of M1 and M2 related factors in the grafted
skin were investigated at 2, 4 and 8 weeks post-grafting. The transplanted human skin
from the control group developed contracted, elevated and thickened scars while the
grafted skin from the depletion group healed with significant less contraction and
elevation. Significant reductions in myofibroblast number, collagen synthesis and

hypertrophic fiber morphology as well as mast cell infiltration were observed in the
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depletion group compared to the control group. Macrophage depletion significantly
reduced M1 and M2 macrophage number in the depletion group 2 weeks post-grafting as
compared to the control group. These findings suggest that systemic macrophage
depletion at the subacute phase of wound healing reduces scar formation, which provides
evidence for the pro-fibrotic role of macrophages in fibrosis of human skin as well as

insight into the potential benefits of specifically depleting M2 macrophages in vivo.

4.1 Introduction

As previously described, HTS are caused by trauma or burn injury to the deep dermis
and can lead to cosmetic disfigurement or cause limitations of joint mobility (1, 2). The
human HTS-like nude mouse model established by our lab develops scars resembling

human HTS tissue (3).

Macrophages are tissue-resident immune cells differentiated from monocytes, which
are blood-borne phagocytes (4). They provide a bridge between the innate and adaptive
immune systems and act as effectors and coordinators of inflammation and homeostasis
(5). In response to various microenvironment signals, macrophages exert their function
by differentiating into two functional subtypes, the M1 macrophages and the M2
macrophages (6). Recent studies have reported that M1 macrophages inhibit fibrogenesis
while M2 macrophages promote fibrogenesis (7, 8). In order to investigate the differential
role of macrophage subtypes in HTS formation, macrophages were depleted from the

systemic circulation 1 to 2 weeks (subacute phase of wound healing after the grafting)
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after human skin transplantation in the human HTS-like nude mouse model. Scar
formation and macrophage phenotypes in the grafted tissues were analyzed at multiple

time points.

4.2 Materials and methods

4.2.1 Preparation of human split thickness skin grafts

Abdominal skin tissue were obtained from female patients undergoing
abdominoplasty after documented informed consent recorded in their personal health
record. Under sterile conditions, STSG were harvested by using a Padgett electric
dermatome (Padgett Instruments, Inc., Kansas City, MO) set at 0.4 mm (0.016 inches)
thickness. Skin that was atrophic or had developed striae was avoided. The STSG were
trimmed to a consistent size using a 2.0 x 1.5 cm? template. The grafts were stored in

DMEM supplemented with 10% FBS until grafting.

4.2.2 Animals

Thirty-six 4-week-old male athymic nude mice that lacked T-cells due to absence of
thymus weighing 20 grams were purchased from Charles River Laboratories

(Wilmington, MA, USA). They were rested for two weeks in a virus antigen free
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biocontainment facility before grafting. The animal protocol was approved by the
University of Alberta Animal Care and Use Committee in accordance with the Canadian

Council of Animal Care standards.

4.2.3 Establishment of human HTS-like nude mouse model

As previously described (9), the mice were anesthetized using isoflurane
(Halocarbon Laboratories, River Edge, NJ). Surgical sites were disinfected using
Prepodyne Solution (West Penetone INC, Anjou, QC) and then wiped clean with 70%
ethanol. A 2.0 x 1.5 cm? region of dorsal full thickness skin was outlined using a
template and the skin was carefully excised using sharp dissection without damaging the
underlying panniculus carnosus. 36 mice were grafted with human STSG which were
sutured using 4-0 braided silk suture (Ethicon, Somerville, NJ) and covered with
Xeroform (Covidien, Mansfield, MA) using a tie-over dressing to maximize contact
between the graft and the wound bed. The mice received hydromorphone (Sandoz,
Boucherville, QC), 0.05mg/ml subcutaneously for postoperative pain management. The
dressings and sutures were removed 1 week post-grafting under isoflurane general
anesthesia. The mice in the depletion group received clodronate liposomes
(Clodrosome®, Encapsula NanoSciences LLC, Brentwood, TN) via intraperitoneal
injections while the control group received sterile saline at day 7, 10, 13 post-grafting.
The mice were euthanized at 2, 4, 8 weeks post-grafting. Spleen and skin graft tissues

were excised at each time point for further analysis.
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4.2.4 Morphology of wounds monitored by digital photography

Standardized digital photographs of the wounds with a micrometer were taken
weekly after grafting to record the thickness of scar tissue formed over time. The wound
area was measured using ImageJ software (National Institutes of Health, Bethesda, MD)
for assessment of wound contraction. The scale in the software was reset for each image

to control for magnification errors.

4.2.5 Processing of graft specimens

The spleen and transplanted human skin tissues were harvested at different time
points and embedded in paraffin blocks before sectioning for H&E staining, Masson’s

trichrome and IHC staining. Cryosections were used for IHC staining.

4.2.6 Histology analysis of graft specimens
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H&E and Masson’s trichrome stained tissue sections were imaged under bright field
microscopy (Nikon OPIPHOT-2, Nikon Instruments Inc., Melville, NY). Dermal
thickness in the grafts was analyzed by Image] software using a micrometer to
standardize the reference images as previously described (10). The dermal thickness was
defined as distance (um) from epidermis to junction of the dermal-adipose layer. Three
measurements were obtained from the thickest, thinnest and midpoint region from each

sample and the mean value was calculated.

4.2.7 Collagen morphology analysis

Masson’s trichrome staining was used to illustrate the morphology of collagen fibers,
which showed green collagen fibers, red keratin and dark brown or black cell nuclei
under bright field microscopy. As previously described (11), COI and CBPI were
calculated using FFT module in ImageJ software to describe collagen bundle morphology
in the grafts. The value of COI closer to 0 represents “randomly oriented” typical of
normal human skin, while value closer to 1 is “highly ordered”, which is similar to the
parallel pattern of collagen bundles seen in human HTS tissue. The CBPI represents the
distance between collagen bundles, where a lower value represents a higher density

similar to the high collagen bundle density seen in human HTS tissue.

4.2.8 Measurement of collagen abundance using LC/MS
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The amount of 4-Hyp, a unique amino acid in collagen, was measured by LC/MS as
previously described with modifications (12). Briefly, the skin sample (dry weight:
0.5~3.9mg) in a pyrex screw-capped glass tube was added to 6N HCI solution and then
hydrolyzed at 110°C overnight. A known amount of 4-Hyp-d3 as internal standard was
added to the hydrolysate. The n-butyl ester reagent was added to the dried hydrolysate in
order to produce the n-butyl ester derivatives of 4-Hyp and 4-Hyp-ds. The samples were
analyzed by LC/MS (Agilent Technologies, Santa Clara, CA) monitored using Mass
Selective detection the ions 188 (4-Hyp n-butyl ester) and 191 (4-Hyp-ds n-butyl ester).
The calibration curve was constructed through a range of 4-Hyp (6 points amount) using
the peak area ratio. The ratio was obtained by dividing 4-Hyp peak area by the internal
standard (4-Hyp-d3) peak area. The amount of 4-Hyp in each sample was analyzed using

the calibration curve. The data was expressed in 4-Hyp (ng) / dry weight sample (mg).

4.2.9 Toluidine blue staining for mast cell infiltration

Mast cells were detected using toluidine blue staining as previously described (9).
Briefly, paraffin sections were deparaffinized and rehydrated through five changes of a
decreasing ethanol gradient from 100% to 70%. Sections were stained in toluidine blue
(Fisher Scientific, Pittsburgh, PA) solution for 3 minutes, washed in distilled water and
dehydration through five changes of an increasing ethanol gradient from 70% to 100%.

Sections were cleared in two changes of xylene and mounted with glass coverslips. Mast
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cells were quantified by counting the number of reddish-purple cells in five random HPFs

in all sections and from each time point.

4.2.10 IHC staining of myofibroblasts and macrophages

For IHC staining of myofibroblasts in the skin and spleen, paraffin sections were
warmed for 20 minutes at 60°C in a vacuum oven and then deparaffinized by xylene and
rehydrated through concentrations of ethanol from 100% to 70%. After antigen retrieval
using 0.05% trypsin for myofibroblasts and 0.05% Protease Type XIV (Sigma-Aldrich,
Cat. # P5147) for macrophages, the skin sections were incubated with 10% BSA (Sigma-
Aldrich, St. Louis, MO) to block non-specific binding, followed by incubation with rabbit
anti-human a-SMA antibody (Millipore, Cat. # MABT381) (1:1000) or rat anti-mouse
F4/80 antibody (eBioscience, Cat. # 14-4801-82) at 4°C overnight and biotinylated goat
anti-rabbit IgG (H+L) (Vector Laboratories Inc. Cat. # BA-1000) (1:500) for a-SMA and
biotinylated rabbit anti-rat IgG (DAKO, Cat. # E0468) (1:500) for F4/80 at room

temperature for one hour.

The tissue sections were then incubated using VECTASTAIN® ABC kit (Vector
Laboratories Inc., Cat. # PK-4005) and developed using diaminobenzidine (Sigma-
Aldrich, Cat. # D8001). The nuclei were counter-stained using hematoxylin. After

dehydration, the sections were mounted and examined by light microscopy.
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For myofibroblasts, positive stained cells were counted in five random HPFs for each
sample excluding positive stained perivascular cells surrounding blood vessels. Positive
stained areas for F4/80 were imaged under bright field microscopy (Nikon OPIPHOT-2,

Nikon Instruments Inc., Melville, NY) at each time point.

4.2.11 Quantification of polarized macrophages (M1 and M2) by

immunofluorescence staining

Cryosections were fixed in ice-cold acetone (Thermo Fisher Scientific Inc., Waltham,
MA) after warming and air-dried. After rinsing in PBS, sections were incubated with 10%
BSA to avoid non-specific binding, and then incubated with primary antibodies and
followed by specific secondary antibodies. Rat anti-mouse F4/80 was used as a general
marker of mouse macrophages (eBioscience, Cat. # 14-4801-82). The primary antibody
for M1 macrophages was rabbit polyclonal NOS2 IgG (Santa Cruz, Cat. # sc-651 FITC)
and goat polyclonal Arg-1 IgG antibody (Santa Cruz, Cat. # sc-18351) for M2
macrophages. The secondary antibody was Alexa Fluor® 594 donkey anti-rat IgG (Life
Technologies, Cat. # A-21209) for F4/80 and Alexa Fluor® 488 donkey anti-goat IgG
(Life Technologies, Cat. # A-11055) for Arg-1. After washing, the slides were mounted
with ProLong Gold anti-fade reagent with DAPI (Life Technologies, Carlsbad, CA).
Images of the slides were taken using a confocal microscope (Leica TCS SP5, Leica
Microsystems, Concord, ON) and double positive cells were counted using image

analysis software (LAS AF Lite, Leica Microsystems, Concord, ON).
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4.2.12 qPCR analysis of human pro-fibrotic and anti-fibrotic factors and mouse

cytokines from skin grafts

Total RNA was extracted from snap frozen tissue specimens. Tissue was deep frozen
in liquid nitrogen, then homogenized using a micro-dismembrater (B. Braun Biotech Inc.,
Allentown, PA). The powder was reconstituted in TRIzol reagent (Thermo Fisher
Scientific., Waltham, MA). Total RNA was extracted using RNeasy® mini kit (Qiagen,
Hilden, Germany). Contamination from genomic DNA was removed by DNAse digestion
for 60 minutes. First strand cDNA was synthesized using random primers in a first strand
synthesis kit (Sigma, Oakville, ON). qPCR was conducted using Power SYBR® Green
PCR Master Mix in a 25ul tube for a total reaction volume of 25ul, containing 1l first
strand product, and 0.2uM gene specific upstream and downstream primers for human
pro-fibrotic and anti-fibrotic factors as well as cytokines released by M1 or M2
macrophages. Human HPRT and mouse GAPDH primers were used as controls.
Amplification and analysis were performed using an ABI 7300 real-time system (Applied
Biosystems, Foster City, CA). Cycling conditions were an initial denaturation at 95°C for
3 minutes, followed by 40 cycles consisting of a 15-second denaturation interval at 95°C,
and a 30-second interval for annealing and primer extension at 60°C. mRNA expression
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levels were normalized to the levels of human HPRT for human pro-fibrotic and anti-
fibrotic factors as well as mouse GAPDH for mouse cytokines from polarized
macrophages. Relative quantitation was expressed as fold-induction compared with

control conditions. Primers sequences were listed in Table 5.1, 5.2.
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Gene

Direction

Sequences 5'-3’

Homo Sapiens primers

HPRT

MAMEP-1

DCN

TGF-p1

CTGF

o-5MA

F

R

CCTCTTGCTCGAGATGCTGATG

CGCACACAGAGGGCTACAATCTG

TCGCTGGGAGCAAACACA

TTGGCAAATCTGGCGTGAA

TCAAGAAGCTCTCCTACATCC

AAACTCAATCCCAACTTAGCC

ACCCACAACGAAATCTATGAC

CGCTCCACTTTTAACTTGAGCC

TCCACCCGGGTTACCAATG

CAGCCGCCTCTGCTICTCTA

CACAAGAGTTACCGAGTTGCCTGATG

GCCCAGCGCAAACCTTCA

HPRET, bypoxanthine-guanine phosphonbosyltransferase; MMP-1, matrix

metalloproteinase-1; DCH, deconn; TGF-fl, transforming growth factor-beta 1; CTGE,

connective hissue growth factor; o-SMA | alpha-smooth musele achn.

TABLE 4.1 Sequences of human primers for qPCR

153



Gene DHrection Sequences 5'-3°

Mus musculns primers

GAPDH F AGCTCGCTGAGAACGGATITG
K GGCCTCGTTGATGGCAACA
TNF-a F CGTAACGCCAGGAATTGTTGCTA
K GGCACTAGACAAGGTACAACCC
-6 F TCTATACCACTTCACAAGCTCGGA
R GAATTGCCATTGCACAACTCTIT
IL-1f F CGAAATGCCACCTTTITGACACGTG
K TGCATGCTCTCATCAGGACAG
TGF-f1 F CTTCAATACGTCAGACATTCGGG
K GCTAACGCCAGGAATTGTTGCTA
IL-10 F GCTGCACAACATACTGCTAACC
R CCTGCACAACATACTGCTAACT
-1 F TCTCAGATTCACAACTCTITCCTG
K AGAAAATCAGCTCGGTCTCACTA

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; THF-a, fumor necrosis factor-alpha;
IL-6, mterlenkm &; IL-1f, interleukin 1 beta; TGF-fl, transforming growth factor-beta 1;

IL-10, interleukin 10; IL-1, interlevkin 1.

TABLE 4.2 Sequences of mouse primers for gPCR
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4.2.13 Statistical analysis

Six mice were used in each group of each time point. Data were imported into
STATA 12 for Windows (StataCorp LP, Collage Station, TX) and displayed as mean =+
SE. Statistical analysis was performed using a two-tailed unpaired student’s t-test or one-
way ANOVA with the Bonferroni method. A p-value of less than 0.05 (p< 0.05) was

considered statistically significant.

4.3 Results

4.3.1 Confirmation of macrophage depletion in spleen tissue

The spleen plays an important role as a reservoir for red blood cells and a center of
activity of the mononuclear phagocyte system where it contains 50% of the body’s
monocytes (13). In addition, the red pulp contains large number of macrophages that can
phagocytize ageing erythrocytes (14) and are strongly positive for F4/80 expressed by
mature macrophages rendering it a good marker for this population of cells (15). As
illustrated in Figure 4.1, there were red pulp macrophages in the spleens of the control
group; whereas little positive staining was seen in the depletion group at 2 weeks post-

grafting, indicating successful depletion of the red pulp macrophages by the clodronate
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liposomes. However, there was no significant differences between the two groups at
weeks 4 and 8 post-grafting, suggesting that macrophage numbers recovered in the

depletion group at those time points.

2 weeks 4 weeks 8 weeks

A

Control

Depletion

Figure 4.1 Confirmed macrophage depletion in spleen. Representative images of
spleen sections using immunohistochemistry staining for macrophages were shown.
There was positive stained area (brown) for red pulp macrophages in the control group
whereas there was minimal positive staining found in the depletion group at 2 weeks
post-grafting. However, there was no significant difference between the two groups at 4

and 8 weeks post-grafting.
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4.3.2 Clodronate liposomes reduced M1 and M2 macrophage number in the grafts

Macrophages in the grafted skin from both groups that co-expressed F4/80 (+)/NOS2
(+) were identified as M1 macrophages (Figure 4.2A), whereas F4/80 (+) /Arg-1 (+) cells
were identified as M2 macrophages (Figure 4.2B). M1 macrophages were found
predominantly at 2 weeks post-grafting in the control group; however, there was a
significant decrease in M1 macrophage number at 2 weeks post-grafting in the depletion
group (p<0.05) (Figure 4.2C). A similar significant decrease in M2 macrophage number
were observed in the depletion group at 2 weeks post-grafting (p<0.05) (Figure 4.2D);
however there were no significant differences at week 4 and 8 between the two groups.
Significant differences were found in the control group between weeks 2 and 4 (p<0.01),

2 and 8 (p<0.001) as well as weeks 2 and 8 (p<0.05), 4 and 8 (p<0.05) in the depletion

group.
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Figure 4.2 Clodronate liposomes reduced M1 and M2 macrophage number in the
grafted tissue at 2 weeks post-grafting. The M1 cells were identified as double positive
for F4/80 (red) and NOS2 (green). Similarly M2 cells were double positive for F4/80 (red)
and Arg-1 (green). Representative images of dual stained of M1 macrophages (orange)
(A) and M2 macrophages (orange) (B) at different time points post-grafting were shown.
The double positive cells were counted under SHPFs, the total cell number was analyzed
and the number of M1 and M2 macrophages was compared and analyzed (C, D). N=3,

experiment was done in duplicate. *p<0.05.
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4.3.3 Macrophage depletion improved scar formation

Each of the transplanted human skin grafts remained viable throughout the duration
of the experiment. One week post-grafting, the grafted skin looked erythematous and
moist after the dressing and sutures were removed. The wounds of control mice
developed contracted, pigmented, thickened, raised scars; whereas no obvious scar
contraction and thickening was observed in the depletion group at 8 weeks post-grafting
(Figure 4.3A). The figures at 0 week (OW) illustrate the skin tissue thickness before

grafting.

The wounds were digitally photographed weekly and the wound area was quantified
by Imagel software to evaluate wound contraction (10). As compared to the initial time
point after grafting, the transplanted human skin grafts in the depletion group contracted
slowly over time while the grafts in the control group became progressively more
contracted over time. There were significant differences of wound areas between the two
groups at 2 (p<0.01), 4 (p<0.01) and 8 (p<0.01) weeks post-grafting. Also, within each
group, there were significant differences between weeks 0 and 2 (p<0.01), 0 and 4
(p<0.001), 0 and 8 (p<0.001), 2 and 4 (p<0.001), 2 and 8 (p<0.001) in the control group,
as well as weeks 0 and 4 (p<0.01), 0 and 8 (p<0.001), 2 and 8 (p<0.05) in the depletion

group (Figure 4.3B).

The grafted human skin in both groups retained the structural characteristics of
human skin microscopically (Figure 4.3C). The graft thickness at different time points

was displayed as a percentage of the original thickness of the STSG before grafting. The
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skin thickness gradually increased from 2 to 4 weeks post-grafting in the control group
and then decreased slowly thereafter. The graft thickness of the depletion group increased
slower than the control group from 2 to 4 weeks and became stable at 8§ weeks post-
grafting. There were significant differences in 4 (p<0.05) and 8 (p<0.05) weeks post-
grafting between the two groups. Significant differences in graft thickness were also
found between weeks 0 and 4 (p<0.001), 0 and 8 (p<0.001), 2 and 4 (p<0.001), 2 and 8
(p<0.01) in the control group, as well as weeks 0 and 4 (p<0.01), 0 and 8 (p<0.01), 2 and

4 (p<0.01), 2 and 8 (p<0.01) in the depletion group (Figure 4.3D).

Control

Depletion
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Figure 4.3 Macrophage depletion improved scar formation. The wounds were
monitored by digital photography after grafting (A). Wound area at different time points
between the two groups were measured and analyzed (B). Images of H&E sections from
grafted skin of the two groups were taken together with normal STSG before grafting at
different time points (C). The skin thickness was measured and analyzed (D). N=3,

experiment was done in duplicate, *p<0.05, **p<0.01.
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4.3.4 Macrophage depletion improved collagen remodeling

Masson’s trichrome staining was used to assess the morphology of collagen fiber or
bundles in the grafts. The collagen bundles in the control group were larger and more
irregular and then became smaller over time. A parallel pattern of collagen bundles was
seen at 8 weeks post-grafting exhibiting a striking similarity to human HTS tissue, which
was substantially different from the basket-weave-like normal human skin collagen
bundles; whereas, collagen bundles in the depletion group showed similar pattern to

normal human skin at all the time points (Figure 4.4A).

FFT enables the simultaneous analysis of collagen bundles in a chosen area where
COI is lower in normal skin tissue but higher in HTS tissue. The CBPI represents the
distance between collagen bundles where a lower value of CBPI represents a higher
density, which resembles HTS tissue. COI of the control group increased sharply over
time while COI of the depletion group increased slowly until 4 weeks post-grafting and
decreased at 8 weeks post-grafting. There were significant differences between the two
groups at weeks 4 (p<0.001) and 8 (p<0.001) post-grafting. Significant differences in
COI were also found in the control group between weeks 0 and 2 (p<0.05), 0 and 4
(p<0.001), 0 and 8 (p<0.001), 2 and 4 (p<0.001), 2 and 8 (p<0.001), 4 and 8 (p<0.05)
(Figure 4.4B). CBPI of both groups showed a reduction over time but a faster decrease
was observed in the control group where more fibrotic collagen morphology was found,
which was significantly different between the two groups at 8 (p<0.001) weeks post-
grafting. Significant differences were also observed in the control group between weeks 0

and 2 (p<0.05), 0 and 4 (p<0.001), 0 and 8 (p<0.001), 2 and 4 (p<0.01), 2 and 8 (p<0.001)
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as well as between weeks 0 and 2 (p<0.01), 0 and 4 (p<0.01), 0 and 8 (p<0.001) in the

depletion group (Figure 4.4C).

Collagen protein was quantified by the measurement of 4-Hyp by LC/MS, as
previously reported (16). In the control group, the amount of collagen increased after the
grafting and reached a peak at week 4 and then decreased at 8 weeks post-grafting. In the
depletion group, the amount of collagen was similar, which increased slowly over time
until week 4 and decreased at 8 weeks post-grafting where a significant difference existed

between the two groups (p<0.01) (Figure 4.4D).
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Figure 4.4 Macrophage depletion improved collagen remodeling. Masson’s trichrome
staining showed collagen bundle morphology in the two groups after grafting as well as
in normal skin and HTS tissue (A). COI and CBPI at different time points were analyzed
using FFT module (B, C). Collagen level was determined by measurement of 4-Hyp in
the grafted skin of both groups using LC/MS (D). N=3, experiment was done in duplicate,

*p<0.05, ***p<0.001.

166



4.3.5 Macrophage depletion reduced mast cell infiltration and myfibroblast

differentiation

As shown in Figure 4.5A, positively stained reddish-purple murine mast cells
accumulated in the mouse skin close to the junction between the mouse skin on the left
and human grafts region (indicated by the dotted line) at 2 weeks post-grafting. Varying
degrees of mast cell infiltration from the mouse to human grafted skin was observed at
different time points. The peak of mast cell infiltration was observed at week 4 in both
groups while significantly fewer mast cells were seen in the human skin grafts in the
depletion group at week 8 (p<0.05) as compared to the control group. There were
significant differences between weeks 2 and 4 (p<0.05) in the control group as well as

weeks 2 and 4 (p<0.05), 4 and 8 (p<0.05) in the depletion group (Figure 4.5B).

As previously described, a-SMA is commonly used as a myofibroblast marker (17),
which are abundant in human HTS (18). Representative images of myofibroblast staining
in both groups were shown in Figure 4.5C. Figure 4.5D showed myofibroblast number
changes in both groups at different time points post-grafting. The number of
myofibroblasts in the control group increased dramatically at week 2, peaked at week 4
and then decreased sharply at week 8 post-grafting. Nevertheless, the number of
myofibroblasts in the depletion group showed a similar pattern but a slower increase at
weeks 2 to 4 post-grafting, which became significantly different between the two groups
at week 4 (p<0.05) and 8 (p<0.05) post-grafting. In addition, there were significant
differences between weeks 0 and 2 (p<0.001), 0 and 4 (p<0.001), 0 and 8 (p<0.001), 2

and 4 (p<0.05), 2 and 8 (p<0.05), 4 and 8 (p<0.001) in the control group as well as weeks
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0 and 2 (p<0.001), 0 and 4 (p<0.001), 0 and 8 (p<0.01), 4 and 8 (p<0.001), 2 and 8

(p<0.01), 4 and 8 (p<0.001) in the depletion group.
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Figure 4.5 Macrophage depletion reduced mast cell and myofibroblast infiltration.
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Various degrees of mast cell infiltration from mouse skin to human grafted skin was
observed at different time points post-grafting between the two groups (A). Toluidine
blue positive stained mast cells were counted and the total number was calculated and
analyzed (B). Representative images of a-SMA (brown) positive myofibroblasts in the
two groups at various time points post-grafting (C). a-SMA positive cells were counted
and the total number was calculated and analyzed (D). N=3, experiment was done in

duplicate, *p<0.05, ** p<0.01.
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4.3.6 Macrophage depletion decreased pro-fibrotic factor expression

gPCR revealed the relative gene expression of human anti-fibrotic factors and pro-
fibrotic factors in the grafted tissues over time during the experimental time course
(Figure 4.6). Anti-fibrotic factors such as MMP-1 and DCN had a higher expression in
the depletion group at all the time points compared to control group. However, the
expression of pro-fibrotic factors such as TGF-f1, CTGF and a-SMA were found higher
in the control group at all the time points compared to the depletion group. Significant
differences were observed between the two groups in the expression of MMP-1 at weeks
2 (p<0.05) and 4 (p<0.05), DCN at week 4 (p<0.05), TGF-B1 at week 8 (p<0.01), CTGF
at week 4 (p<0.05), a-SMA at weeks 2 (p<0.05) and 4 (p<0.05) post-grafting. In addition,
the expression of F4/80 in the spleen section showed a significant reduction in the

depletion group compared to the control group at 2 weeks post-grafting (p<0.05).
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Figure 4.6 Macrophage depletion increased anti-fibrotic and decreased pro-fibrotic
factor expression in the grafted tissue at various time points post-grafting. qPCR
revealed the relative gene expressions of anti-fibrotic factors (MMP-1, DCN) and pro-
fibrotic factors (TGF-B1, CTGF, a-SMA) in the grafted skins. The gene expressions of
anti-fibrotic factors had a higher expressions in the depletion group at all the time points
compared to control group. However, the gene expressions of pro-fibrotic factors were
found higher in the control group at all the time points compared to the depletion group.
In addition, the expression of F4/80 in the spleen section showed a significant reduction
in the depletion group compared to the control group at 2 weeks post-grafting. N=3,

experiment was done in duplicate, *p<0.05, **p<0.01.
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4.3.7 Macrophage depletion reduced expression of M1 and M2 related cytokines

Figure 4.7 showed the relative gene expression of mouse M1 macrophage related
cytokines (TNF-a, IL-6 and IL-1B) and mouse M2 macrophage related cytokines (TGF-
B1, IL-10 and IL-1a) at all the time points post-grafting. The expression of TNF-a, IL-6
and IL-1P were found much lower in the depletion group compared to the control group
at all the time points post-grafting. There were significant differences in TNF-a at week 2
(p<0.05); in IL-6 at weeks 2 (p<0.05), 4 (p<0.05), 8 (p<0.05) and IL-1p at week 2
(p<0.05) post-grafting. A similar pattern was also observed in the expression of TGF-p1,
IL-10 and IL-10, where lower expression was found in the depletion group as compared
to the control group at all the time points post-grafting. Significant differences were
found between the two groups in TGF-B1 at weeks 2 (p<0.05) and 4 (p<0.05); in IL-10 at

week 2 (p<0.05) and in IL-1a at weeks 2 (p<0.01) and 4 (p<0.05) post-grafting.
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Figure 4.7 Macrophage depletion reduced the expression of M1 and M2 related
cytokines. qPCR revealed the relative gene expression of cytokines from M1 and M2
macrophages over time during the experimental time course. The expressions of MI
cytokines such as TNF-a, I[L-6 and IL-1B were found much lower in the depletion group
compared to the control group at all the time points post-grafting. A similar pattern was
also observed in the expressions of M2 cytokines such as TGF-B1, IL-10 and IL-1a, that
is, much lower expressions were found in the depletion group compared to the control
group at all the time points post-grafting. N=3, experiment was done in duplicate,

*p<0.05, **p<0.01.
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4.4 Discussion

Previous literature has shown that the number of mast cells have increased in HTS
tissue and thus may be of importance in the development of fibrosis (3, 19). In this
experiment we found similar findings that there were increased mast cell number in the
control group and the decreased mast cell number in the depletion group. The
improvements in scarring seen in the depletion group of animals may due to the decrease
in mast cell number. In addition, we have found that the infiltration pattern of mast cells
in the mouse skin was different than that of the human skin grafts, which we felt is novel

and worthy of illustration.

It is possible that these human skin grafts contain a mixture of infiltrating murine
derived macrophages and human resident macrophages. However, human macrophages
resided in the skin are mainly found at the deeper layer of dermis; whereas, the human
skin grafts used in the experiments were split thickness and contained a portion of the
upper dermis, where there are normally smaller numbers of human macrophages. In
addition, we have looked for human macrophages in the split thickness skin grafts by
staining the skin with CD163, which is a specific marker for human macrophage. There
are few human macrophages that are carried in the transplanted human split thickness
skin grafts (Supplementary Figure 1). For these reasons we focused on murine
macrophages in this study and found abundant murine macrophages which had infiltrated
into the human skin grafts. Thus we feel it is unlikely that human macrophages, are a

substantial contributor to the development of HTS.
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Supplementary Figure 1. Few human macrophages were carried in the transplanted
human STSG. Human macrophages in the split thickness skin grafts were stained with
CD163, which is a specific marker for human macrophages. There were few human

macrophages that were carried in the transplanted human STSG.

In 1984, Nico Van Rooijen used liposome-encapsulated clodronate to deplete
macrophages systemically (20). Since then, liposomal clodronate has become a standard
choice for macrophage depletion studies where it reduced the severity of fibrotic diseases
such as renal fibrosis (21, 22), pulmonary fibrosis (23), systemic sclerosis (24), and liver
fibrosis (25); however, our study is the first to adopt macrophage depletion in the human
HTS-like nude mouse model. The mice in the depletion group that received the clodonate
liposome injections showed reduced numbers of M1 and M2 macrophages in the grafted

skin; reduced macrophages in splenic tissues, and decreased expression of M1 and M2
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related factors at 2 weeks post-grafting. As such, it suggests that systemic depletion of
macrophages was achieved and significant differences in scar formation was observed in
the depletion group. Macrophage depletion improved scar formation, collagen
remodeling; inhibited mast cell infiltration and myofibroblast transformation associated
with increased expression of anti-fibrotic factors and decreased pro-fibrotic factors in the
depletion group. These changes suggest macrophages have a critical role in many
elements of wound healing that lead to the formation of HTS and their depletion in

subacute phase of wound healing reduced HTS formation in vivo.

Lucas et al have recently demonstrated the essential role of macrophages in the early
phases of wound repair (26) where transgenic mice expressing the human diphtheria
toxin receptor under the control of the CD11b promoter (CD11b-DTR mice) were used to
selectively deplete macrophages from skin wounds at different phases of repair. Wounds
depleted of macrophages during the early stages of wound repair demonstrated markedly
attenuated wound repair. In addition, loss of macrophages in the early stage of excisional
healing impaired induction of granulation tissue formation, myofibroblast differentiation
and angiogenesis. To avoid impaired healing in the early phase of wound healing after
the grafting in this study, injection of clodronate liposomes began at day 7 when the
grafted wound had healed based on our previous study (11) where the natural abundance
of mononuclear phagocytes started to increase at 2 weeks and was maximal at 3 to 4
weeks post-grafting in the human HTS-like nude mouse model. In order to prevent the
increasing numbers of M2 macrophages which began at 2 weeks post-grafting, the last

injection of clodronate liposomes was given on day 13.
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A critical consideration in designing macrophage depletion experiments is the route
of administration of clodronate liposomes. In the preliminary experiments intravenous
injection via tail vein was difficult to perform and the tail vein was thrombosed readily in
the relatively small nude mice after injection of the viscous drug. Thus, we chose to
perform intraperitoneal injections to deliver clodronate liposomes due to the simplicity of
the technique. In addition, other studies have successfully depleted macrophages
systemically using intraperitoneal injection (27, 28). Intraperitoneal injected clodronate
liposomes are able to pass the parathymic lymph nodes that drain the peritoneal cavity,
enter the blood circulation via the larger lymph vessels such as ductus thoracicus. As a
consequence, macrophages of parathymic lymph nodes, liver and spleen are depleted.
Another advantage of the intraperitoneal route of delivery is the relatively large volume
that can be administered and repeated injections can be delivered such that a greater

number of macrophages can be depleted than by intravenous injections (29).

One limitation of this study is that the macrophage depletion by injections of
clodronate liposomes is not specific to M2 macrophages alone. Thus, it is possible that
the diminished scar formation in the depletion group may also be due to the depletion of
M1 macrophage population. However, the time of depletions in this study was selected
after the peak of M1 macrophages and before the maximum abundance of M2
macrophages based on our earlier experiments. Thus, the number of M1 macrophages
had begun to decrease by the time of the first injection of clodronate liposomes compared
to the number at 4 weeks post-grafting, suggesting that the majority M1 macrophages
were not affected. Conversely, the three injections of clodronate liposomes depleted the

M2 macrophages at 2 weeks post-grafting, suggesting that the systemic depletion of
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predominately M2 macrophages may be important in the development of HTS. In order
to more clearly establish that the diminished fibrosis in the depletion group is M2
macrophage-dependent, future experiments using adoptive transfer of M2 macrophages
after the systemic macrophage depletion may more specifically establish their importance.
However, M2 macrophages from bone marrow aspirates proven to be feasible (30) would
need to be purified, differentiated into M2 macrophages and the phenotype of these
targeted cells confirmed prior to the adoptive transfer. Furthermore, transgenic mouse

models may be another alternative approach to specific M2 depletion as reported (31, 32).

The dichotomy of macrophages into M1 and M2 macrophages as a classification of
the biology of mononuclear phagocytes may be oversimplified due to new evidence
suggesting that a wider spectrum of macrophage activation exists. For example, M2
macrophages can be further subdivided into M2a, M2b, M2c, and M2d subsets (33, 34).
These diverse functional phenotypes are induced by different stimuli encountered in the
dynamic changing microenvironments (35). Thus, it will challenging to investigate the

roles and the mechanisms of these functional subtypes of macrophages.

4.5 Conclusion

The systemic depletion of macrophage in subacute phase of wound healing reduced
scarring in transplanted human skin grafts in vivo. These findings provide evidence for
the pro-fibrotic role of macrophages in fibrosis of human skin. Future experiments are

needed in order to confirm that M2 macrophages alone contribute to the development of
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HTS, which will provide the basis for macrophage-centered diagnostic and therapeutic

strategies in the future.
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5.1 Conclusions and future directions

Since HTS are characterized by abundant a-SMA producing myofibroblasts
accumulation (1), cells that are involved in the activation of fibroblasts and
myofibroblasts are considered to directly or indirectly participate in HTS formation, such
as macrophages, mast cells, T lymphocytes, Langerhans cells, fibrocytes and
keratinocytes (2). Although there is evidence indicating that these cells might contribute
to HTS formation (3-7), macrophages among them play a far more important role in the
whole wound healing process from inflammation to tissue remodeling phase (8).
Macrophages are the majority leukocytes in the sterile wound. They are antigen
presenting cells and phagocytes that actively participate in innate and adaptive immune
responses. There are two types of macrophages, M1 and M2 macrophages. M1
macrophages produce pro-inflammatory cytokines such as TNF-a, IL-1B, IL-6, IFN-y,
which promote inflammation but also stimulate fibroblast proliferation (9). M2
macrophages produce TGF-B1, which stimulate myofibroblast proliferation. Abnormal
functioning of M2 macrophages might lead to overproduction of TGF-B1 resulting in

HTS formation.

Here, we focus on the role of polarized macrophages in HTS formation using in vitro
and in vivo experiments in order to confirm whether M2 macrophages have contributed to

HTS formation.

The in vitro experiment used THP-1 differentiated polarized macrophages to co-

culture with HDF. We showed that M2 macrophages promoted the fibrogenic activities
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of HDF while M1 macrophages exhibited an anti-fibrotic role in HDF behavior after co-
culture. Our results reinforce the findings from previous published studies that M1
macrophages are anti-fibrotic and M2 macrophages are pro-fibrotic (10). However, our
study only exhibited an indirect effect of polarized macrophages on co-cultured HDF. It
is the factors secreted by polarized macrophages into the conditioned media that cause
the behavioral changes of the co-cultured HDF, but we are not clear what exactly are
causing the changes. Future studies may focus on the detailed identification of the content
in the co-cultured media by proteomic analysis together with further cytokine assay
analysis, which will allow us to apply specific molecules directly to the HDF to achieve
similar behavioral changes comparing to the HDF that are co-cultured with M1 or M2

macrophages.

The first part of the in vivo experiment adopted the human HTS-like nude mouse
model to explore the natural behaviors of mononuclear phagocytes including monocytes
and polarized macrophages. We found that monocytes dramatically decreased at 1 week
post-grafting, correlated with the dramatic increase of M1 macrophages in the grafted
skin tissue. M1 macrophages were found predominantly at 1 to 2 weeks post-grafting;
whereas, M2 macrophages were abundant at 3 to 4 weeks post-grafting coincident with
the development of fibrosis in the human skin tissues after grafting. The findings of this
in vivo experiment shows indirect evidence for the role of M2 macrophages in human
dermal fibrosis and indicates an appropriate timing of macrophage depletion is at the

subacute phases of wound healing.

The second part of the in vivo experiment, in addition to using the same animal

model, depleted macrophages systemically using clodronate liposomes during 1 to 2
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week period post-grafting. The mice in the depletion group showed significantly reduced
the number of M1 and M2 macrophages at 2 weeks post-grafting together with reduced
scar formation. It confirmed that the systemic depletion of macrophages in subacute
phase of wound healing reduced scarring. One limitation of this experiment is that the
depletion of macrophages is systemic, not specific to M2 macrophages alone, which
means that we couldn’t rule out the effect of the depletion of M1 macrophages on the
diminished scar formation. However, M1 macrophages were shown to be anti-fibrotic in
the in vitro study, the depletion of M1 macrophages might have no effect on reducing
scar formation. The in vivo study conducted in the future should confirm the anti-fibrotic
role of M1 macrophages. In addition, future experiment should focus on the specific
depletion of M2 macrophages. Transgenic mouse models might be an approach to
conditionally deplete M2 macrophages. For example, with the integration of M2
macrophage gene sequence such as Arg-1, a myeloid cell-specific lysozyme M promoter
Cre/inducible diphtheria toxin receptor (LysMCre/iDTR) mice model (11) can become a
M2 macrophage specific depletion model. Once injected with diphtheria toxin, the Arg-1
gene expressing M2 macrophages inside the LysMCre/iDTR mice will be depleted.
However, the LysMCre/iDTR mice are not immunodeficient. The human skin would not
survive if transplanted on these mice. What type of fibrosis model could be adopted when
using this specific knockout model is the question remains to be solved. Another
alternative is to use the M2 macrophage neutralizing antibody. Recent studies focused on
cancer therapy has used anti-colony stimulating factor-1 receptor to deplete tumor

associated macrophages, also recognized as M2 macrophages (12, 13). We can use this
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neutralizing antibody to deplete M2 macrophages in our human HTS-like nude mouse

model. However, a detailed literature study and preliminary experiments are required.

Up until now, my focus is all about macrophages, which I believe are the key
element in the pathogenesis of HTS. However, HTS are multifactorial fibroproliferative
disorders, we cannot say for sure that macrophages alone contribute to HTS formation.
My future research plans should not only focus on macrophages. Below are some

additional ideas that I come up with during my PhD program.

In my previous clinical practice, patients who developed HTS after severe burn
injuries become predisposed to form HTS in different regions of the body. The injuries
need not to be severe, which makes me wonder that there might be some changes in the
immune system that occurred due to the first severe injury, which are higher than the
macrophages level, for examples, monocytes, bone marrow or even the DNA level. These
changes can lead to abnormal behavior of cells in the wound region and result in HTS
formation. It seems like there is a threshold that exists in the body. When a patient suffers
from serious injury, severe enough to pass the threshold, then the immune system
becomes hypersensitive. The bone marrow then produces sensitized blood borne cells
such as monocytes, fibrocytes that infiltrate to the injured site and exert their
hypersensitive functions compared to their normal functions in normal wound healing.
Our lab has already found increased number of fibrocytes in burn patients compared to
normal patients (14). A future potential research project may involve collection of
samples of the bone marrow, blood, skin from burn patients before and after injury, and
regular follow up for any patient who undergo another injury, hoping to find evidence

that there is a hypersensitivity mechanism for HTS formation.
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Recently, growing interests have focused on the therapeutic role of stem cells in HTS
formation (15, 16). Among the many subsets of mesenchymal stem cells, adipose-derived
stem cells are of particular interest because this is the primary type of stem cell found in
the dermal cones and hypodermis and they are relatively easy to harvest. Thus,
investigation of their role in HTS would be beneficial not only for developing new
treatment strategies, but also for understanding the pathophysiology of scar development.
Future studies could involve harvesting adipose-derived stem cells from the human skin
tissue and injection of them back to the human skin graft region and see if the stem cells

decrease scarring in our animal model.

In the in vivo study, an infiltration pattern of mouse mast cells from mouse skin to
human skin grafts was observed. Questions related to this mast cell infiltration remain
unanswered. For example, what is the roles of the mast cell subtypes (tryptase or
chymase positive) in this infiltration? What signaling pathway is involved? What is the
significance of the mast cell infiltration in the formation of HTS? A detailed literature

study and future research are needed.

The monocyte fractions in the blood were investigated in the in vivo study. However,
further investigations are needed. For instance, the subtypes of monocytes can be divided
by the staining of the marker Ly6c. Then we can try to answer the question of which
monocyte subtype differentiate into M1 macrophages and which monocyte subtype
differentiates into M2 macrophages by labeling the monocyte subtypes prior to the

grafting.

Taken together, the experiments conducted show an anti-fibrotic role of Ml

macrophages and a pro-fibrotic role of M2 macrophages. The in vivo experiments
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provide evidence for the pro-fibrotic role of M2 macrophages in HTS formation. Future
experiments are needed to confirm that specific M2 macrophage depletion contributes to
the development of HTS. We believe that our findings can be translated to future
therapeutic strategies to reduce or prevent the HTS formation in patients. For example, in
patients who suffer from injuries that could potentially develop HTS, we can either
deplete M2 macrophages using the neutralizing antibody, stop the polarization from M1
to M2 macrophages, or disable the function of M2 macrophages by blocking the SDF-

1/CXCR4 signaling pathway.
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