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Abstract

Fibrotic disorders, including the inflammatory connective tissue disease systemic sclerosis
(SSc), contribute to 45% of deaths in the Western world. Currently there is no universally
agreed-upon treatment for fibrosis. The CCN family of matricellular proteins are tightly
spatiotemporally regulated proteins involved in development and wound healing, and are
aberrantly expressed in fibrotic disease, including in SSc. CCN1 and CCN2 are overexpressed
in SSc and contribute to the progression of animal models of fibrosis. CCN3 is reciprocally
regulated to CCN1 and CCN2 and has been shown to suppress CCN2-mediated fibrogenic
activity in kidney fibrosis. This led to the development of therapeutic peptides based on CCN3
(BLR-200), which have anti-fibrotic activity in vitro. The exact mechanisms of CCN protein
activity in dermal fibrosis, including the anti-fibrotic ability of CCN3, have not yet been
elucidated. Given this, | tested the hypothesis that CCN protein dysregulation permits a pro-
fibrotic microenvironment, leading to increased myofibroblast activation and collagen
deposition, that can be prevented by treatment with CCN3-based peptides. First, | used cell
culture models to investigate CCN regulation in dermal fibroblasts and found that CCN1 and
CCN2 were reciprocally expressed to CCN3 through divergent non-canonical TGFf signaling
pathways. Moreover, in cell culture, CCN3 overexpression inhibited CCN2 protein expression
in dermal fibroblasts. Second, | used a murine model of bleomycin-induced SSc dermal fibrosis
to assess the ability of BLR-200 to prevent fibrosis and impair early fibroblast response to a
pro-inflammatory microenvironment. | found that BLR-200 prevented fibrosis in bleomycin-
induced SSc fibrosis, as indicated by impairment of skin thickening, collagen deposition, and
myofibroblast activation. Furthermore, BLR-200 treatment prevented bleomycin-induced
CCN1 and CCNZ2 expression. Finally, through single-cell RNA-sequencing analysis, | found
that BLR-200 impaired the ability of collagen-expressing fibroblasts to respond to bleomycin-
induced inflammatory-driven fibrosis. BLR-200 prevented overexpression of pro-
inflammatory genes including 116, Cxcl2, and NLRP3 inflammasome markers. The results
presented here suggest that CCN proteins play an important role in dermal fibrosis. Targeting
the pro-fibrotic activity of CCN1 and CCN2 using endogenously derived CCN3-based peptides
can prevent multiple pro-fibrotic changes and represents a novel therapeutic approach for

treatment of SSc fibrosis.
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Lay Summary

Fibrotic diseases such as systemic sclerosis (scleroderma; SSc) currently have no therapy.
These diseases are characterized by extensive scar tissue deposition (largely comprised of
collagen), resulting in tissue dysfunction, organ failure, and often death. Patients with SSc will
often experience severe scar tissue formation in their skin and internal organs, leading to a
significant decrease in quality of life. In the scar tissue, excessive mechanical tension is
responsible for the maintenance of the scar. The cells within scar tissue, known as fibroblasts,
contribute to this mechanical tension and are essential for fibrosis. A group of proteins called
Cellular Communication Network (CCN) proteins are also involved in maintenance of this scar
tissue. Two members of this group, CCN1 and CCNZ2, are expressed in scar tissue and promote
the mechanical tension that drives scar tissue formation. A related member of the group, CCN3,
is not found in scar tissue, and might act to inhibit the effects of CCN1 and CCNZ2. In my thesis,
| investigate this group of proteins in skin fibrosis, and test whether therapeutic treatment based
on CCN3 can block skin fibrosis in mice. First, | found that CCN3 inhibited CCN2 in skin
fibroblasts, indicating the potential of CCN3 to prevent the fibrotic activity of CCN2 in skin
fibrosis. Second, | found that CCN3-based treatment prevented excessive scar tissue deposition
and all the general features of skin fibrosis in mice. Furthermore, CCN3-based treatment
inhibited CCN1 and CCN2 in these mice. | also found that CCN3-based treatment impaired
the ability of fibroblasts to contribute to the fibrosis. Overall, my thesis contributes to our
knowledge of the role of CCN proteins in dermal fibrosis. These results also emphasize the
therapeutic potential of CCN3 and CCN3-based therapies for the treatment of skin fibrosis in

SSc and potentially other fibrotic diseases.
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Chapter 1

1 Introduction

Approximately 45% of the deaths in the developed world result from diseases that have a
fibrotic component (Borthwick et al., 2013). However, there are currently no specific anti-
fibrotic therapies approved for clinical use. My thesis advances the concept that targeting
CCN proteins, by using a 14 amino acid CCN3-derived peptide, represents a novel, viable
anti-fibrotic approach. Thus, the implications of my thesis are of high potential clinical

impact.

The extracellular matrix (ECM), an extensive network consisting of a variety of
extracellular proteins such as collagens, enzymes, and glycoproteins, is essential for
development and structural integrity of tissues, including the skin (Kielty & Shuttleworth,
1997). During tissue repair, in response to inflammation, mesenchymal cells such as
fibroblasts proliferate and migrate into the wound where they synthesize, adhere to, and
contract new ECM (Singer & Clark, 2008). The specialized activated fibroblasts that
execute this function are called myofibroblasts, which are characterized by their highly
contractile nature (Gabbiani et al., 1971; Hinz, 2010, 2016). If there is a failure to transition
back to normal tissue homeostasis, myofibroblasts persist in the site of injury, resulting in
the excessive production and contraction of ECM that characterizes scar tissue (Kendall &
Feghali-Bostwick, 2014; Walraven & Hinz, 2018). Excessive scar tissue causes chronic
fibrotic disease such as liver cirrhosis, diabetes, pulmonary hypertension, and
cardiovascular disease (Wynn, 2008). Fibrosis can affect individual organs, or be systemic,
such as in the autoimmune connective disease systemic sclerosis (SSc; scleroderma). In its
diffuse form, patients with SSc experience fibrosis of the skin, liver, kidney, pancreas, oral
cavity, and lungs (Allanore et al., 2015; Elhai et al., 2015). As such, we anticipate that
understanding and characterizing fibrogenesis in SSc will greatly enhance our ability to
treat this and other fibrotic conditions.



1.1 Overview of Systemic Sclerosis

SSc is a complex autoimmune disease involving the connective tissues of many organs
(Asano, 2018; Elhai et al., 2015; McCray & Mayes, 2015). Although the etiology of SSc
is largely unknown, its pathological manifestations generally result from three distinct
processes: (1) production of autoantibodies, due to an abnormal innate and adaptive
immune response; (2) fibroproliferative vasculopathy; and (3) persistent myofibroblast
activation, leading to excessive accumulation of ECM in the skin, blood vessels and the
internal organs (Allanore et al., 2015; Cutolo et al., 2019; Varga & Abraham, 2007). It is
unlikely that the presence of autoantibodies directly contributes to the pathology of SSc
but rather appears to merely be representative of a generally heightened immune response
(Stern and Denton, 2015). However, it is generally accepted that vascular dysfunction and
fibrosis are the principal drivers of the clinical features of SSc (Stern and Denton, 2015).
My thesis specifically focuses on developing strategies to control the skin fibrosis observed
in SSc.

In North America, the prevalence of SSc is estimated to be approximately 20-40 cases per
100,000 population; but there may be as many as 40,000 SSc patients in Canada
(Thompson & Pope, 2002; Zhong et al., 2019). Worldwide, the annual incidence of SSc
ranges from 10.9 cases/million to 43 cases/million (Gabrielli et al., 2009). The exact cause
of SSc is unknown, however, it is likely to be initiated when genetically predisposed
individuals excessively respond to as-yet-unidentified environmental stimuli (Allanore et
al., 2015). Clinical symptoms can range from mild to severe, and include sclerodactyly,
loss of mobility, generalized pain, Raynaud’s phenomenon, telangiectasia, impaired oral
hygiene, and pruritis (Elhai et al., 2015). SSc has two subsets based on the extent of skin
involvement: limited cutaneous SSc (IcSSc) and diffuse cutaneous SSc (dcSSc). LcSSc
involves localized fibrosis of the skin with minimal systemic involvement, while dcSSc
has widespread skin and internal organ involvement (Asano, 2018; Elhai et al., 2015;
Leask, 2015). Major organ involvement often leads to high mortality and poor survival; in
particular, pulmonary fibrosis and pulmonary arterial hypertension cause more than half of
SSc-related health events (Denton et al., 2018).



1.1.1  Fibrosis in Systemic Sclerosis

In patients with SSc, early pathological changes in clinically involved connective tissue
include vasculopathy, which can manifest clinically as Raynaud’s phenomenon (Cutolo et
al., 2019; Manetti et al., 2013; Maurer et al., 2014; Stern and Denton, 2015). Vascular
damage and endothelial dysfunction lead to infiltration of immune mediators, including
macrophages and T helper cells (Kreuter et al., 2009; Roumm et al., 1984; Taroni et al.,
2017). This immune cell infiltration leads to an aberrant local immune response, resulting
in the release of several pro-inflammatory and pro-fibrotic cytokines, such as interleukin-
1 (IL-1), IL-4, IL-6, IL-13, and transforming growth factor-beta isoforms (TGFp) (Clark
et al., 2015; King et al., 2018). This permits a pro-fibrotic microenvironment, which
promotes activation of myofibroblasts within the affected lesion. In addition, epigenetic
changes in SSc myofibroblasts have been shown to contribute to their activation. For
example, altered patterns of histone acetylation can result in increased expression of pro-
fibrotic genes (Wang et al., 2006). Collectively, this results in a persistent activated

phenotype of myofibroblasts that leads to pathologic fibrosis in SSc.

1.2 The Myofibroblast

The main effector cells in fibrosis are a type of differentiated, highly contractile fibroblast
termed myofibroblasts (Hinz, 2010). Since their original discovery (Gabbiani et al., 1971),
considerable progress has been made in understanding their role in normal physiology and
pathological conditions. Myofibroblasts characteristically overexpress alpha-smooth
muscle actin (aSMA; ACTAZ2), which is organized into stress fibers that exert mechanical
forces on the surrounding ECM through focal adhesions (Desmouliére et al., 1993; Hinz et
al., 2017). Myofibroblasts are essential during normal tissue repair, but abnormally
persistent in fibrotic disease (Gabbiani, 2003). During wound healing, fibroblasts
differentiate into myofibroblasts in response to cytokines such as TGF. Once activated,
myofibroblasts contribute to wound healing by synthesizing ECM components such as type
I collagen and fibronectin, as well as contracting the surrounding environment, facilitating
wound closure (Gabbiani et al., 1971; Tomasek et al., 2002). When tissue repair is
complete, myofibroblasts will clear from the wound area, via apoptosis or deactivation

(Desmouliere et al., 1995; Hinz, 2016). In fibrotic conditions, such as SSc, myofibroblasts



persist, leading to a prolonged increase in deposition and contraction of ECM, ultimately
resulting in an abnormally stiff microenvironment (Kissin et al., 2006; Wynn, 2008). This
matrix stiffness acts in a feed-forward, autocrine manner to further promote activation of
myofibroblasts, leading to persistent, pathological fibrosis (Hinz et al., 2019; Parker et al.,
2014).

There is much debate in the field regarding the origin of activated myofibroblasts in
pathological fibrosis. However, it is widely agreed-upon that myofibroblasts within fibrotic
lesions possess complex cellular heterogeneity. Recent developments in cell-lineage
tracing and single-cell RNA-sequencing (sScCRNA-seq) to detect various cellular markers
has shed some light on the contributions of several cell types to this heterogenous
population. Tissue resident fibroblasts have been shown to contribute to the activated
myofibroblast pool in nearly all injured or fibrotic organs, including the kidney (Asada et
al., 2011), liver (Iwaisako et al., 2014), eye (Funderburgh et al., 2003; Marino et al., 2017),
heart (Kanisicak et al., 2016), and the skin (Rinkevich et al., 2015; Tsang et al., 2019). In
contrast, several reports have identified perivascular progenitor cells as the main
contributors to the myofibroblast population in fibrotic tissue (di Carlo & Peduto, 2018).
Pericytes, or pericyte-like progenitor cells, were shown to give rise to activated
myofibroblasts in models of kidney (Humphreys et al., 2010; Lin et al., 2008), lung (Hung
et al., 2013), liver (Mederacke et al., 2013) and skin fibrosis (Dulauroy et al., 2012).
Furthermore, fibro-adipogenic progenitors (FAPs) have been shown to contribute to
skeletal muscle fibrosis (Joe et al., 2010). Therefore, it is hypothesized that a dominant
portion of activated myofibroblasts in fibrotic tissue arise from progenitor cells. Given the
complexity of fibrosis, the origin of myofibroblasts may also be dependent on the tissue
being examined. Interestingly, there is considerable evidence suggesting that resident
tissue fibroblasts exhibit plasticity and can acquire a progenitor cell phenotype capable of
forming multiple different sub-types of fibroblasts (Contreras et al., 2019; Takahashi &
Yamanaka, 2006; Tsang et al., 2019). For example, resident connective tissue fibroblasts
in muscle are phenotypically and biochemically equivalent to stromal FAPs in vitro
(Contreras et al., 2019). Furthermore, collagen-expressing resident dermal fibroblasts
acquire a progenitor-like cell intermediate while differentiating into activated

myofibroblasts (Tsang et al., 2019). Thus, while several myofibroblast origins have been



suggested, it is highly likely that plastic tissue resident fibroblasts are the principal

contributors to this population, especially in the dermis.

In a murine model of bleomycin-induced dermal fibrosis, an important source of activated
myofibroblasts is a collagen-lineage pericyte-like progenitor cell expressing the
transcription factor SRY-Box transcription factor 2 (SOX2) (Liu et al., 2014; Tsang et al.,
2020). SOX2 is a marker of progenitor cells in the mesoderm and regulates several genes
involves in self-renewal and differentiation (Kopp et al., 2008). SOX2-expressing
myofibroblasts in bleomycin-induced dermal fibrosis also stain positively for pro-fibrotic
markers including aSMA, type I collagen, Cellular communication network factor 2
(CCN2; formerly CTGF) and CCNL1 (formerly CYR61) (Tsang & Leask, 2014). Further
studies have revealed that these SOX2-expressing myofibroblasts are derived from
collagen type I alpha 2 (COL1A2)-expressing fibroblasts, suggesting that type I collagen-
expressing cells acquire a progenitor cell-like intermediate in the process of phenotypically
switching to persistently activated myofibroblasts (Tsang et al., 2019). These SOX2-
expressing progenitors are also required for bleomycin-induced dermal fibrosis (Liu et al.,
2013). Thus, it appears that the plasticity of tissue resident fibroblasts plays an important
role in dermal fibrogenesis. That said, fibroblasts themselves are heterogeneous, and it
remains unclear as to which fibroblast subpopulations contribute to and/or differentiate into
myofibroblasts in fibrosis. Indeed, understanding the origin of myofibroblasts and
molecular mechanisms leading to persistent myofibroblast activation can give insights into
fibrogenesis and provide the basis for novel anti-fibrotic treatments. My thesis aims to

identify the collagen-linage fibroblast subpopulations essential for dermal fibrosis.

1.2.1  TGFp and Adhesive Signaling

The most well-characterized mediator of myofibroblast differentiation is TGFf. In normal
wound healing, TGFP plays a role in the transition of fibroblasts into myofibroblasts, thus
facilitating wound closure (Desmouliére et al., 1993; Kane et al., 1991). In pathological
fibrosis, activated TGFp signaling persists and plays a major role in development of
harmful scar tissue in fibrotic lesions (Kissin et al., 2002; Roberts et al., 1986). In SSc,
TGFB expression is dysregulated, and a TGFp-responsive mRNA signature in

myofibroblasts correlates with the severity of fibrosis (Sargent et al., 2010; Sfikakis et al.,



1993). TGFP mainly elicits its effect on fibroblasts by inducing signaling pathways that
result in transcription of genes responsible for cell adhesion, proliferation, and ECM
production (Kissin et al., 2002; Malmstrom et al., 2004; Verrecchia & Mauviel, 2002).
Canonical TGFp signaling mediates the early response of fibroblasts to TGF through
activation of the TGFp receptor type | (Activin linked kinase 5; ALK5) and downstream
activation of the SMAD family of proteins (Extensively reviewed by Massagué, 1998). In
fibroblasts, TGFp-induced activation of the ALKS5/SMAD pathway can drive the
expression of pro-fibrotic genes and a contractile phenotype (Holmes et al., 2001; Ishida
et al.,, 2006; K. Thompson et al., 2014). However, TGFp-induced pro-fibrotic gene
expression appears to be differentially regulated in myofibroblasts cultured from SSc
patients (Holmes et al., 2001). Although inhibition of ALKS5 in SSc myofibroblasts results
in reduced expression of type 1 collagen, the overexpression of aSMA and pro-fibrotic
CCN2 were not inhibited (Chen et al., 2006), suggesting that alternative signaling pathways
mediate the effects of TGFp.

Indeed, it has been well demonstrated that a non-canonical, mechanosensitive, pro-
adhesive signaling pathway plays a crucial role in the ability of TGFp to promote fibrosis
(Leask, 2020a). This pathway, mediated through activation of integrins and focal adhesion
kinase (FAK), is constitutively active in lesional SSc myofibroblasts (Lagares et al., 2012;
Thannickal et al., 2003). Overexpression and over-activation of FAK is also a hallmark of
the activated myofibroblast phenotype in SSc; inhibition of FAK suppresses this
phenotype, including inhibition of aSMA, CCN2, and contraction ability (Mimura et al.,
2005; Shi-Wen et al., 2012). Furthermore, in other cell culture models of fibrosis, inhibition
of FAK results in prevention of TGFB-induced aSMA expression, stress fiber formation
and cellular hypertrophy (Kuk et al., 2015; Liu et al., 2007; Murphy-Marshman et al.,
2017). Integrin activation at the cell surface leads to FAK phosphorylation in
myofibroblasts; activated FAK then forms a complex with Src proto-oncogene non-
receptor tyrosine kinase (SRC) and induce a complex signaling cascade involving several
pro-adhesive signal transducers including ras-related family small GTPase 1 (RAC1),
mitogen-activated protein kinase 1 (extracellular signal-regulated Kkinase; ERK),
phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase kinase 1 (MEK1),

and mitogen-activated protein kinase kinase kinase 7 (TGFp-activated kinase 1; TAK1)



(Figure 1-1) (Extensively reviewed by Leask, 2020a). Downstream transcriptional
(co)factors of this adhesive signaling pathway include activator protein 1 (AP1), early
growth response 1 (EGR1) and the yes-associated protein 1 (YAPL)/transcriptional
coactivator with PDZ-binding motif (TAZ) complex (Figure 1-1) (Dupont et al., 2011;
Leask, 2020a). The YAP1-TAZ complex is an important sensor and mediator of
mechanotransduction, and its transcriptional targets include multiple pro-fibrotic factors
including aSMA and CCN2 (Dupont et al., 2011; Leask et al., 2003; Nallet-Staub et al.,
2014; Shi-wen et al., 2021), which can feed forward in an autocrine manner, promoting
further ECM contraction and mediating the expression of fibrosis-related genes. Notably,
YAP1 activation and nuclear localization are observed in lesional SSc fibroblasts,
suggesting a potential role in SSc pathogenesis (Toyama et al., 2018). Furthermore,
inhibition of YAP1 in dermal fibroblasts in vitro results in loss of the persistent
myofibroblast phenotype, including ECM contraction and overexpression of aSMA and
CCNZ2 (Shi-wen et al., 2021). Collectively, these data indicate that myofibroblasts possess
an intrinsically active autocrine pro-adhesive signaling loop, mediated by FAK/YAP1
signaling, that both responds to and produces mechanical tension within the fibrotic
microenvironment, thus contributing to the persistent activated myofibroblast phenotype.
Accordingly, targeting this feedback loop represents a potential therapeutic approach for

treatment of fibrosis.



ECM

. a integrins

= 0 FAK
PTEN — 1\ rac1
A S
e N\ 3
v\ \ e

58
i
A

R

ERK  NOX4

‘ \ ‘ \ )

| J ™ ROS
| \ \

v 4 ¥ «v

MRTFA/YAP/TAZ  junB Spl egrl
O ' O . | a-SMA, CCN2 expression

Myofibroblast persistence

Figure 1-1. Integrated network of pro-adhesive signaling resulting in myofibroblast

persistence in SSc.

(Reprinted from Figure 1. The hard problem: Mechanotransduction perpetuates the
myofibroblast phenotype in scleroderma fibrosis. Leask A. Wound Repair and
Regeneration. 2021; 29(4): 582-587)



1.2.2  Therapies Targeting TGFf3 and Adhesive Signaling

Given its prominent role in fibrosis, TGFf has been well-studied as an anti-fibrotic target.
Multiple therapeutic strategies targeting TGF have progressed into clinical trials for
various indications. Metelimumab (CAT-192), an antibody targeting TGFf1, underwent a
phase I/11 clinical trial in early dcSSc patients (Clinicaltrials.gov, NCT00043706), but
showed no significant efficacy, due to low binding affinity in vivo (Denton et al., 2007).
Fresolimumab, a monoclonal antibody that targets all TGFf isoforms, was evaluated in an
open-label phase | clinical trial in dcSSc (Clinicaltrials.gov, NCT01284322). Trial results
showed that fresolimumab treatment reduced TGFp-regulated gene expression and had
positive outcomes on skin fibrosis (Rice et al., 2015). However, further clinical trials have
not yet been initiated, likely due to serious concerns raised by an increased incidence of
keratocanthomas and squamous cell carcinomas in patients (Lacouture et al., 2015). The
emergence of these skin lesions is likely due to on-target effects of fresolimumab (Morris
et al., 2014). In addition, anti-TGFp treatments are often associated with several safety
concerns emerging from off-target effects, due to the highly pleiotropic nature of TGFj
(Gyorfi et al., 2018). For example, TGFp exhibits crucial anti-inflammatory effects, and
mice with homozygous deletion of TGF die 3-4 weeks after birth due to severe systemic
inflammation (Shull et al., 1992). Furthermore, serum levels of TGF in patients with
dcSSc were lower than healthy controls, and inversely correlated with more severe skin
fibrosis, suggesting that TGFB may be sequestered in active involved SSc (Dziadzio et al.,
2005). Collectively, these data indicate that a more specific anti-fibrotic should be

considered.

Anti-fibrotic treatments aimed at inhibition of FAK/adhesive signaling have shown
promising results in animal models (Kinoshita et al., 2013; Lagares et al., 2012). However,
FAK inhibitors have shown very little clinical efficacy in anti-fibrotic indications. Since
FAK signaling can play a role in several cellular processes, including migration,
proliferation, and survival, inhibiting FAK can have deleterious effects on normal
physiology, including healthy tissue repair (Dugina et al., 2001; 1li¢ et al., 1995; Schaller,
2010). Several integrin-targeting anti-fibrotic strategies have also been tested in clinical

trials, with mixed success. Abituzumab, an integrin av antibody, entered phase | clinical
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trials for lung disease in SSc, however the trial was terminated early due to difficulties
enrolling suitable study participants (Clinicaltrials.gov, NCT02745145). Further studies
have yet to be initiated. BG000111, an integrin avp6 antibody, was withdrawn from phase
Il clinical trials for IPF due to health and safety concerns (Clinicaltrials.gov,
NCT03573505). GSK3008348, a small molecule inhibitor of integrin avf36, also underwent
phase I clinical trials for IPF and showed a relatively good safety profile (Clinicaltrials.gov,
NCT03069989). GSK3008348 has shown promising anti-fibrotic effects in animal models,
however clinical trials have been temporarily placed on hold (John et al., 2020; Slack et
al., 2021). Currently, the most advanced integrin-targeting therapy in clinical trials is the
dual integrin avPB1/avpB6 inhibitor, PLN-74809, which is currently in phase Il for IPF and
primary sclerosing cholangitis (PSC) (Clinicaltrials.gov, NCT04396756; NCT04480840).
While PLN-74809 has shown promise for treatment of IPF and PSC, targeting integrin p6
in dermal fibrosis may not be as effective due to the important role of integrin B1 in dermal
fibroblasts (Liu et al., 2009, 2010). Given the issues with current therapies, targeting
specific downstream mediators of adhesive signaling may be a preferable anti-fibrotic

strategy.

For example, CCNZ2, one of six members of the Centralized Communication Network
(CCN) family of matricellular proteins, is induced in response to integrin/FAK/YAP1
mediated adhesive signaling, while also playing an important role in activation of integrins
at the cell surface (Chen et al., 2001; Graness et al., 2006; Lau, 2016; Shi-wen et al., 2021).
Thus, this ‘matricellular’ protein appears to contribute to the autocrine nature of this pro-
adhesive signaling loop in myofibroblasts. In fact, studies on the CCN family of
matricellular proteins in the context of fibrosis has shown that their dysregulation
significantly contributes to fibrogenesis (Liu et al., 2011; Quesnel et al., 2019). Therefore,

CCN proteins may provide a more specific target on which to base an anti-fibrotic therapy.

1.3 Matricellular Proteins

Matricellular proteins are a group of adhesive proteins secreted into the ECM (Chiodoni et
al., 2010). They do not contribute to the structural elements within the microenvironment;
however, they have extensive function in mediating the dynamic biochemical and

mechanical changes of the ECM to surrounding cell populations (Bornstein, 2009). This
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function is achieved by their ability to interact with cell-surface receptors, cytokines,
growth factors, hormones, and structural components of the ECM (Bornstein, 2006;
Bradshaw, 2016). The expression of matricellular proteins is highly spatially and
temporally regulated. Their expression is higher in developing tissue but is generally low
in adult tissue (Bradshaw, 2016). However, tissue response to injury results in robust
overexpression of particular matricellular proteins, where they mediate a wide variety of
critical biological processes including ECM organization, inflammation, cell migration,
differentiation, wound healing, and fibrosis (Bornstein, 2009; Chiodoni et al., 2010;
Prakoura & Chatziantoniou, 2017). Additionally, the contribution of dysregulated
matricellular proteins to fibrogenesis in SSc has been well-established (Feng & Gerarduzzi,
2020). Since matricellular proteins often have local and context-specific effects on the
surrounding ECM, they represent an ideal specific target for drug intervention.

1.4 Centralized Communication Network Family

The CCN family of matricellular proteins is a group of six secreted proteins that show
expression patterns that are dysregulated in connective tissue pathologies, including in SSc
(Leask & Abraham, 2006). The most prominent members of the family, CCN1, CCN2, and
CCNB3 (formerly NOV), were originally discovered in the early 1990s (Bradham et al.,
1991; Joliot et al., 1992; O’Brien et al., 1990; Perbal et al., 2018). Since their discovery,
extensive research has been done to understand the complex range of CCN protein activity.
The structure of CCN proteins includes four distinct conserved modules: an insulin-like
growth factor binding protein (IGFBP) domain, a Von Willebrand factor (VWC) domain,
a thrombospondin (TSP)-like domain, and a cysteine knot C-terminal (CT) domain
(Holbourn et al., 2008). Each of these regions has been shown to bind a number of different
cell surface receptors, including integrins and heparin-sulfate-proteoglycans (HSPGs) such
as syndecan 4 and perlecan (Nishida et al., 2003; Todorovicg et al., 2005). Depending on
the specific situation, CCNs have been shown to bind and mediate signaling through a wide
variety of integrins including: avf3, ovps, aspz, asP1, allbBz, aMp2, and aDp2 (Extensively
reviewed by Lau, 2016). Although several integrin binding domains have been identified
on CCN proteins, they do not contain the canonical integrin-binding RGD-sequence (Lau,

2016). Additional CCN binding partners include components of the ECM such as
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fibronectin, and growth factors such as TGFB (Abreu et al., 2002; Chen et al., 2004;
Hoshijima et al., 2006). Thus, the suspected role of CCN proteins is to integrate and
modulate cellular responses to the local environment. Depending on the composition of the
microenvironment, for example, the presence of proteins and receptors with which they
interact, CCN proteins can mediate a range of biological functions. They have been shown
to contribute to cell adhesion, migration, proliferation, differentiation, apoptosis, survival,
and senescence (Blom et al., 2001; Chen et al., 2000; Ellis et al., 2003; Feng et al., 2019;
Gao & Brigstock, 2004; Grotendorst & Duncan, 2005; Jia et al., 2017; Jun & Lau, 2017,
Kireeva et al., 1996; Lafont et al., 2009; Latinkic et al., 2003; Lin et al., 2005; Sakamoto
et al., 2002; Su et al., 2020; Todorovicg et al., 2005). Due to their often-subtle, context-
dependent effects, the exact mechanisms by which CCN proteins function in pathological
conditions such as fibrosis are still unclear, despite extensive studies. Nonetheless, we do
know that CCN1, CCN2, and CCN3 are spatiotemporally regulated during tissue repair
and dysregulated during fibrosis (Igarashi et al., 1996; Quesnel et al., 2019; Riser et al.,
2009; Rittié et al., 2011). Thus, studying this dysregulation may provide insight into
mechanisms of fibrosis, and targeting these CCN proteins may represent a novel

therapeutic approach.

1.4.1 CCN2: A Bona Fide Therapeutic Target in Fibrosis

The most well-studied of the CCN family is CCN2, especially in the context of fibrosis.
While CCN2 is essentially absent from healthy adult tissue, it is potently induced by TGFf3
and overexpression of CCN2 is a hallmark of fibrosis in nearly all fibrotic conditions,
including SSc, IPF, PSC, muscular dystrophy, diabetic nephropathy, myocardial fibrosis,
atherosclerosis, gingival hyperplasia, and hepatic fibrosis (Gressner et al., 2006; lgarashi
et al., 1996; Koitabashi et al., 2008; Nguyen et al., 2006; Sato et al., 2000; Sun et al., 2008;
Yao et al., 2017). In fibroblasts, TGFp induces CCN2 expression through the canonical
ALK5/SMAD pathway, as well as through the non-canonical pro-adhesive signaling
pathways mediated by FAK/YAP1 (Mori et al., 1999). CCN2 is a prototypical target of
YAPL, and its expression is highly responsive to mechanotransduction (Shi-wen et al.,
2021). In pathological conditions, such as SSc, pro-adhesive signaling is required for
constitutive CCN2 upregulation; whereas inhibition the ALK5/SMAD pathway in



13

fibroblasts does not appreciably affect CCN2 expression (Chen et al., 2006; Holmes et al.,
2001, 2003; Ponticos et al., 2009; Shi-wen et al., 2009). CCN2 likely plays its role in
fibrosis by creating a microenvironment permissive for induction of an aggressive fibrotic
response. This is evidenced by previous studies showing that co-injection of CCN2 with
TGFp results in a sustained fibrotic response in mice, whereas TGF[} alone only causes a
transient fibrotic response (Mori et al., 1999; Yanagihara et al., 2020). It should also be
noted that CCN2 does not mediate the downstream effects of TGFf, but rather modulates
and amplifies the ability of TGFf to promote fibrosis (Leask, 2020b). This is also supported
by the observation that loss of CCN2 expression in fibroblasts does not impair normal
cutaneous wound healing (Thompson, et al., 2014). Therefore, the effects of CCN2 seem

to be specific to fibrotic conditions.

Many studies have shown that anti-CCN2 strategies are effective in blocking fibrogenesis,
including in the kidney, lung, heart, liver, muscle, and skin (Barbe et al., 2020; George &
Tsutsumi, 2007; Hong et al., 2018; Makino et al., 2017; Phanish et al., 2010; Ponticos et
al., 2009). Genetic analysis using animal models has revealed several context- and cell-
specific effects of CCN2 in fibrosis. In a mouse model of muscular dystrophy, conditional
knock-out of CCN2 from myofibers resulted in protection from the dystrophic phenotype
(Petrosino et al., 2019). CCN2 expression is also required in mouse models of hepatic
fibrosis (Pi et al., 2015). Our lab has shown that fibroblast-specific CCN2 expression is
required for fibrogenesis in the bleomycin-induced murine model of SSc dermal fibrosis.
In these experiments, conditional knockout of CCN2 in collagen-expressing fibroblasts
was sufficient to prevent bleomycin-induced increase in skin thickness, collagen
deposition, and myofibroblast activation (Liu et al., 2011). Our lab has also shown that
CCN2 expression by fibroblasts is required for skin and lung fibrosis caused by
overactivation of adhesive/Akt signaling (Liu et al., 2013; Parapuram et al., 2011, 2015).
Moreover, in dermal fibrosis, CCN2 is required for the differentiation of resident
fibroblasts into activated myofibroblasts, through a SOX2-expressing progenitor cell
intermediate (Tsang et al., 2019). Thus, in addition to modulating the fibrotic effects of
TGFB, CCN2 appears to play an important role in mediating the differentiation of
progenitor cell intermediates into persistently active myofibroblasts (Hutchenreuther &
Leask, 2016; Tsang et al., 2019)
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1.4.2 FG-3019

Despite the evidence that CCN2 may represent a viable anti-fibrotic target, there is
currently no approved therapy targeting CCN2. However, FG-3019, a humanized
monoclonal antibody targeting CCN2, has recently shown promise in animal models and
clinical trials (Brenner et al., 2016). FG-3019 has been shown to effectively block
metastasis in mouse models of pancreatic cancer, as well as prevent fibrosis in mouse
models of IPF, skeletal muscle fibrosis, and SSc (Barbe et al., 2020; Bickelhaupt et al.,
2017; Makino et al., 2017; Sakai et al., 2017). FG-3019 is currently in phase IlI clinical
trials for [IPF (Clinicaltrials.gov, NCT04419558), Duchene muscular dystrophy
(Clinicaltrials.gov, NCTO04632940), and pancreatic cancer (Clinicaltrials.gov,
NCTO03941093). Moreover, in phase Il clinical trials for IPF, FG-3019 was shown to be
effective in reducing fibrotic biomarkers, had positive outcomes on pulmonary function,
and reduced the extent of pulmonary fibrosis in SSc patients with IPF (Raghu et al., 2016).
The antibody also underwent phase I/l clinical trials for diabetic nephropathy
(Clinicaltrials.gov, NCT00913393), and showed promising initial results (Adler et al.,
2010). However, these studies did not progress into phase 111 (or were not reported), which
could be due to lack of efficacy because of issues achieving antibody tissue penetration
into target regions. It still remains unclear as to how FG-3019 actually works; however, it
may function by clearing CCN2 from tissues into the circulation (Brenner et al., 2016).
Evidence also suggests that FG-3019, due to target-mediated elimination, has unusually
rapid clearance and short half-life (Brenner et al., 2016). Thus, administration of higher
and more frequent doses is likely necessary to achieve biological efficacy. Although FG-
3019 represents an exciting advancement in the field of CCN biology, other therapeutic

approaches should continue to be explored.

1.4.3 CCNL1in Fibrosis

CCN1 is the second-most studied of the CCN family. In cell culture, CCNL1 is induced in
fibroblasts by TGFB in a manner dependent on pro-adhesive FAK/YAP1 signaling
pathways, sharing this regulatory pathway with CCN2 (Kuk et al., 2015; Murphy-
Marshman et al., 2017; Shi-wen et al., 2021; Thompson et al., 2014). CCN1 also shares a
similar modular structure with CCN2, and both proteins have been found to interact with
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many of the same integrins and cell-surface receptors, through which they can modulate
adhesive signaling in fibroblasts (Chaqour, 2020; Chen et al., 2001; Lau, 2016). Although
CCNL1 likely represents an anti-fibrotic target, studies examining the exact role of CCN1
in fibrotic models have yielded differing results. This is likely due to the context-specific
effects of CCN proteins in general. Thus, the role of CCN1 will depend on the presence of
the specific integrins and cell surface receptors with which it interacts. CCN1 expression
is increased in inflammatory conditions and fibrosis, including IPF and SSc (Gardner et
al., 2006; Grazioli et al., 2015; Krupska et al., 2015; Lau, 2011). In SSc, CCN1 has been
shown to play a role in the early inflammatory stages of the disease, evidenced by CCN1
overexpression in dermal fibroblasts from the fibrotic lesions of patients with early onset
dcSSc (Gardner et al., 2006; Quesnel et al., 2019). It has also been shown that CCN1 plays
a pro-inflammatory role in the pathogenesis of psoriasis by promoting expression of
immune mediators and subsequent keratinocyte activation (Sun et al., 2015, 2017).
Conversely, CCN1 has also been reported to have anti-fibrotic effects in liver fibrosis, and
overexpression of CCNL1 in portal myofibroblasts suppressed the extent of fibrogenesis in
the liver (Borkham-Kamphorst et al., 2018; Kim et al., 2013). One reason for these effects
could be that CCN1 overexpression induces a potent unfolded protein response leading to
apoptosis of myofibroblasts, therefore limiting excessive collagen deposition in this model
(Borkham-Kamphorst et al., 2016).

Our lab has previously shown that CCN1 expression by fibroblasts is required for
development of bleomycin-induced dermal fibrosis (Quesnel et al., 2019). In this study,
loss of CCN1 expression in collagen-expressing dermal fibroblasts resulted in impaired
collagen alignment and decreased mMRNA expression of the collagen cross-linking genes
prolyl-4-hydroxylase (P4hal), lysyl oxidase (Lox) and procollagen-lysine,2-oxoglutarate
5-dioxygenase 2 (Plod2) (Quesnel et al., 2019). This led to the hypothesis that CCN1
contributes to fibrosis by increasing the organization and stability of fibrillar collagen
within the ECM. In another study, blockade of CCN1 expression was also shown to prevent
inflammatory fibrosis in a model of renal fibrosis (Lai et al., 2013, 2014). Although there
are overlapping pro-fibrotic functions between CCN1 and CCNZ2, it appears that both have
distinct roles in pathological fibrosis. Therefore, a useful anti-fibrotic therapy may aim at
blocking both CCN1 and CCNZ2.
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1.4.4  CCN3: A Potential Anti-Fibrotic Therapy

CCNS3 has been studied much less than CCN1 and CCN2 but has been observed to have
unique effects in pathological conditions. In initial reports, CCN3 treatment had inhibitory
effects on proliferation of chicken embryonic fibroblasts, while CCN1 and CCN2 had
proliferative effects (Perbal, 2001). This provided the first evidence that CCN proteins may
be differentially regulated and that CCN3 may act as a negative regulator of the

pathological effects of other CCNs.

Indeed, many other studies have confirmed that CCN3 has opposing effects to CCN1 and
CCN2 in vitro and in vivo (Jun & Lau, 2011). In mouse cartilage, CCN3 and CCN2 are
reciprocally regulated and have opposing effects on chondrocyte differentiation (Kawaki
et al., 2008). CCN3 also has inhibitory effects on vascular smooth muscle cell migration,
while CCN1 and CCN2 have stimulatory effects (Shimoyama et al., 2010). Moreover,
CCNB3 has anti-proliferative effects on mesangial cells and fibroblasts, directly opposing
the proliferative effects of CCN1 and CCN2 (Ren et al., 2014; van Roeyen et al., 2008). It
has also been reported that CCN3 opposes the tumour promoting effects of CCNL1 in
multiple models of cancer (Bleau et al., 2005). In the context of fibrosis, CCN3 has been
shown to exhibit anti-fibrotic properties and directly opposes the pro-fibrotic effects of
CCN1 and CCN2 (Lemaire et al., 2010). In mouse embryonic fibroblasts, CCN3
overexpression results in repression of TGFp-induced CCN2 mRNA expression, as well
as pro-fibrotic markers including aSMA (Abd El Kader et al., 2012; Lemaire et al., 2010).
CCN3 inhibition in hepatic stellate cells results in increased expression of CCN2 and other
fibrogenic markers including fibronectin, aSMA and type I collagen (Borkham-Kamphorst
etal., 2012). In this study, it was found that adenoviral overexpression of CCN2 suppressed
CCNB3 expression (Borkham-Kamphorst et al., 2012). In addition, CCN3 expression has
antagonistic effects on TGFB-mediated fibrogenic matrix assembly in a cell culture model
of SSc (Lemaire et al., 2010).

The role of CCN3 in models of kidney fibrosis has also been extensively studied. In an in
vitro model of diabetic renal fibrosis, CCN3 and CCN2 work in a yin/yang-like manner to
regulate fibrosis development. Addition of CCN3 in this model prevented TGFpB-induced

pro-fibrotic gene expression and phenotypic changes (Riser et al., 2009). In response to
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TGFp treatment, mesangial cells increase expression of CCN2, while suppressing CCN3
expression (Riser et al., 2010). In a mouse model of diabetic nephropathy, treatment with
recombinant human CCN3 (rhCCN3) was able to prevent markers of primary and
secondary renal fibrosis gene activation including CCN2, type I collagen, and plasminogen
activator inhibitor-1 (PAI-1). In this study, rhCCN3 treatment also prevented mesangial
matrix expansion, podocyte loss, and glomerular hypertrophy, as well as attenuated normal
renal function (Riser et al., 2014). Collectively, there is abundant evidence that CCN3 may
act as an endogenous antagonist of the pro-fibrotic activity of CCN1 and CCN2.

1.4.5 BLR-200: Therapeutic Peptides Based on CCN3

Building on the observed anti-fibrotic role of endogenous CCN3, a small peptide based on
CCN3 (BLR-200) was developed by BLR Bio, as a potential therapy to treat fibrotic
disease (Riser et al., 2015). BLR-200 is a 14 amino acid peptide that is based on a specific
sequence of endogenous CCN3, with proprietary modifications to increase stability.
According to an issued patent, BLR-200 blocks mesangial cell adhesion to CCN2 and
inhibits the ability of pro-fibrotic agents to provoke collagen expression in dermal
fibroblasts in vitro (U.S. Patent No. 9114112B2, 2015). In addition, BLR-200 was able to
prevent fibrosis and promote favourable matrix remodeling of the tumour
microenvironment in a murine model of orthotopic pancreatic ductal carcinoma (Resoyi et
al., 2020).

The use of therapeutic peptides to treat fibrotic diseases, such as SSc, has several important
advantages over other potential anti-fibrotic therapies. Currently, there is considerable
attention on the use of antibodies, such as FG-3019, to treat fibrotic conditions. A major
problem with antibody treatment is poor tissue distribution and limited ability to penetrate
solid tissues (Epenetos et al., 1986), such as excessively fibrotic skin (Piersma et al., 2020).
The use of small, stable peptides circumvents this issue. In preliminary pharmacokinetic
studies, intraperitoneal injection of BLR-200 results in biologically relevant tissue
distribution to the pancreas and kidneys (Andrew Leask and Bruce Riser, unpublished
data). Antibody treatments also carry the inherent risk of side effects due to
immunogenicity (Harding et al., 2010). This could pose an even bigger risk in SSc patients,

who experience dysregulated autoimmunity (Stern and Denton, 2015). Since BLR-200 is
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designed based on an endogenously expressed protein, the risk of off-target side effects is
relatively low. Indeed, toxicity studies have shown that high doses of BLR-200 are well
tolerated by mice, with no observable adverse effects (Andrew Leask and Bruce Riser,
unpublished data). In addition, therapeutic peptides are easier to synthesize than antibodies,
and are therefore less expensive to produce (Marqus et al., 2017). This could have a
significant financial impact for patients seeking treatment. Overall, BLR-200 represents a
promising novel therapeutic treatment for fibrotic disorders that involve CCN protein
dysregulation, including SSc. My thesis aims to determine the specific anti-fibrotic effects

of BLR-200 in an animal model of SSc dermal fibrosis.

1.5 Objective and Hypothesis

Since their initial discovery in the 1990s, CCN proteins have been studied extensively.
However, due to their complex context-dependent effects and ability to interact with a
myriad of proteins, the exact mechanism of CCN activity in pathological conditions
remains unknown (Leask, 2020b). Their activity can differ depending on specific cell type
and the composition of the ECM. Thus, they likely have different functions depending on
the clinical stage of disease. We do know that CCN1 and CCN2 are highly upregulated
during dermal fibrosis and have pro-fibrotic effects (Liu et al., 2011; Quesnel et al., 2019).
In contrast, CCN3 has been shown to have anti-fibrotic effects (Riser et al., 2014).
However, it is unclear how this yin/yang-like relationship is regulated and contributes to
fibrosis. Further research is required to determine the exact pathways governing the
regulation of CCN proteins, especially in the context of fibrosis. Moreover, in vivo studies
are required to evaluate the exact biological roles of CCN proteins, since cell culture
models are unable to truly recapitulate the intricate complexities of the ECM. Thus, to
assess the anti-fibrotic effects of CCN3, animal models are required. The aim of this thesis
is to address these gaps in knowledge. Based on the available data, the overarching
hypothesis of this thesis is that CCN protein dysregulation permits a pro-fibrotic
microenvironment, leading to increased dermal ECM deposition and myofibroblast

activation, that can be prevented by treatment with CCN3-based peptides.
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Chapter 2

2 Yin/Yang expression of CCN family members:
Transforming growth factor-B1, via ALKS5/FAK/MEK1,
induces CCN1 and CCN2, yet suppresses CCN3,
expression in human dermal fibroblasts

2.1 Introduction

Fibrosis, as a pathology, is characterized by the excessive deposition of extracellular matrix
(ECM), comprised principally of type I collagen, resulting in scar tissue that ultimately
culminates in organ dysfunction and, often, death. Collectively, fibrosis and fibrosis-
associated disorders account for ~45% of the deaths in the Western world (Borthwick et
al., 2013). As a feature of end-stage disease, the contribution of fibrosis to human disease
would be expected to rise due to an increasingly aging population. Fibrotic conditions of
the skin include: hypertrophic scars that occur in response to burns or wounding, keloids,
or scleroderma, in which skin (and internal organs) progressively scars resulting in
dermatological effects such as itching, skin tightness and reduced mobility (Allanore et al.,
2015; Schulz et al., 2018).

The effector cell of fibrosis is the myofibroblast, which responds to profibrotic cytokines
such as TGFP by increasing production, contraction, adhesion, and remodeling of the
surrounding extracellular matrix (Leask & Abraham, 2004; Schulz et al., 2018). Initially it
was believed, owing to its profound in vitro and in vivo effects and its potent upregulation
in wound healing and fibrosis, that targeting TGFp and its canonical signaling pathways
would have profound palliative effects on fibrotic conditions. However, it is now widely
appreciated that TGFp is not an appropriate therapeutic target due to lack of efficacy
relative to observed side effects. This problem was surmised a priori, leading to the search
in the early 1990s for downstream effectors or cofactors of TGFf that may have more
selective profibrotic effects (Dammeier et al., 1998). Indeed, parallel studies examining:
(1) non-canonical TGFp signaling; (2) the mechanobiology of the profibrotic effector cell,
the myofibroblast; and (3) collagen structure conclusively established that an enhanced,

autocrine pro-adhesive signaling pathway was essential to promote and sustain fibrosis
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(Liu et al., 2009; Shi-Wen et al., 2009; Thannickal et al., 2003; van der Slot et al., 2003;
Walraven & Hinz, 2018). The convergence of these experimental approaches, namely
those examining, on one hand, the identification of cofactors/downstream mediators of
TGFp and, on the other hand, an autocrine pro-adhesive signaling loop in promoting and
sustaining fibrosis, have supported the hypothesis that targeting the cellular
microenvironment may be an appropriate therapeutic approach (Huang & Ogawa, 2012;
Leask, 2013a; Schulz et al., 2018). In particular, the CCN family of secreted pro-adhesive
matricellular proteins are of interest (Leask, 2013b; Riser et al., 2015). CCN2, which is
induced in fibroblasts by the potent profibrotic cytokine TGFf, was hypothesized as being
a mediator of fibrosis as early as the mid-1990s (Dammeier et al., 1998; Holmes et al.,
2001; lgarashi et al., 1993). Indeed, conditional knockout strategies have shown CCN2
expression by fibroblasts is required for fibrosis in a variety of mouse models (Kinashi et
al., 2017; Leask, 2013b; Liu et al., 2011; Makino et al., 2017; Petrosino et al., 2019).
Conversely, CCN2 is not required for cutaneous tissue repair (Liu et al., 2014),
emphasizing its selective profibrotic action and its potential utility as a specific anti-fibrotic
target. Significantly, an anti-CCN2 antibody strategy (FG-3019) is currently undergoing
Phase 111 trials for idiopathic pulmonary fibrosis (Raghu et al., 2016).

In addition to CCN2, the related CCN-family member CCN1 has context-specific
profibrotic effects (Kurundkar et al., 2016). Thus, clinically, a more effective strategy
might be to target both CCN1 and CCN2 simultaneously. In that regard, another member
of the CCN family, CCN3, is reciprocally regulated by CCN2 in a model of diabetes (Riser
et al., 2009, 2010), in glomerular cell proliferation (van Roeyen et al., 2008), and
chondrocyte differentiation (Kawaki et al., 2008). Moreover, CCN3 protein has anti-
fibrotic effects in a model of diabetic nephropathy (Riser et al., 2014). These data have led
to the hypothesis that a high CCN2:CCN3 ratio drives fibrosis and that normalizing this
ratio by adding CCN3 may have anti-fibrotic effects (Perbal, 2018; Riser et al., 2015).
Furthermore, reciprocal regulation of CCN1 and CCN3 activities had also been previously
discussed (Bleau et al., 2005). However, no studies have simultaneously examined the
regulation of CCN1, CCN2, and CCN3, possibly because, until recently, the concept of all
three proteins being members of the same family and therefore worthy of studying them

simultaneously has not achieved widespread recognition (Perbal, 2018; Perbal et al., 2018).
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To begin to address this conceptual deficit, | elected to add TGFB1 to human dermal
fibroblasts and simultaneously monitor the expression of CCN1, CCN2 and CCNS3.
Moreover, | used chemical signal transduction inhibitors to identify if a common pathway
mediates TGFf1’s effects on CCN1, CCN2 and CCN3. Our data provide new and valuable
insights into the reciprocal regulation of CCN proteins in fibroblasts and into the signaling
mechanisms downstream of TGFp1 in driving expression of key profibrotic mediators in
fibroblasts.

2.2 Methods
2.2.1  Cell Culture

All cell culture experiments were performed using primary human foreskin fibroblasts
obtained from healthy humans (American Type Culture Collection CRL2094) that were
previously shown to differentiate into myofibroblasts in the presence of TGFB1 or
mechanical tension (Murphy-Marshman et al., 2017). Cells were cultured to passage 8 in
high glucose DMEM (Invitrogen) supplemented with 10% FBS and 1% antibiotic-
antimycotic solution. Cells were plated on tissue culture plastic at a density of 60000
cells/plate and grown overnight at 37°C in a humidifier containing 5% CO,. At
approximately 70% confluence, cells were serum starved by replacing high glucose
DMEM with low glucose DMEM containing 0.5% FBS and 1% antibiotic-antimycotic
solution. After serum starving overnight, cells were pre-treated with either DMSO (Sigma,
20 uM) or one of the following small molecule inhibitors: SB-431542 (Tocris, 10 uM),
PF573228 (Sigma, 10 uM), (5Z)-7-oxozeaenol (Tocris, 400 nM), U0126 (Sigma, 30 uM),
or Verteporfin (Sigma, 695 nM). TGFB1 (R&D Systems, 0.3 uM) was added 30 minutes
after inhibitors for either 6 hours (for RNA collection) or 24 hours (for protein collection).

2.2.2  Generation of CCN3-overexpressing Fibroblasts

Custom lentiviral particles were designed and obtained from Sigma-Aldrich. CCN3
overexpressing cells were generated using a CSTORFV Mission TRC3 Custom Human
ORF Lentivirus (pLX317) containing a specifically designed CCN3 expression vector.
Transduction control cells were generated using an ORFBFPV Mission TRC3 ORF GFP

Lentivirus. For transduction, human foreskin fibroblasts were incubated with viral particles
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at a multiplicity of infection of 1.5 supplemented with 5 pg/mL Polybrene for 24 hours.
Successfully transduced cells were selected for using puromycin as described by the

manufacturer (Sigma-Aldrich). Surviving cells were cultured to passage 8.

2.2.3 Quantitative Real-Time Polymerase Chain Reaction (QPCR)

Total RNA was obtained from treated cells after 6-hour treatments described above. TriZol
extraction using phenol-chloroform was used to isolate RNA from cell lysates to be used
for real-time PCR. RNA concentrations and integrity were measured via Nanodrop 2000
(Thermo Scientific). A total of 1 pg of RNA from each sample was reverse transcribed
using gScript Supermix (QuantaBio), producing cDNA. SYBR green real-time PCR was
then performed by combining cDNA (7 ng/well), SYBR master mix (Thermo Scientific)
and gene specific primers. Signal changes were detected using a ViiA 7 Real-Time PCR
System (Thermo Scientific). The following gene specific primers were purchased from
Life Technologies for use in our experiment: CCN1, CCN2, CCN3, EDN1, ITGA11 (Table
1). Samples were run in triplicate and expression values were standardized to control values
from ACTB primers using the AACt method. Biological repeats are indicated. GraphPad
Prism software was used to perform a one-way ANOVA with Tukey’s post-hoc test to
determine statistical significance.

Target | Forward (5’ to 3°) Reverse (5° to 3°)

ACTB CCTCGCCTTTGCCGATCC CGCGGCGATATCATCATCG
CCN1 CGGCTCCCTGTTTTTGGAAT TTGAGCACTGGGACCATGAA
CCN2 GAGGAGTGGCTGTGTGACG TCTTCCAGTCGGTAACCGC
CCN3 GTGCTACTGCCTGAGCCTAA CTGTAAGCTGCAAGGGTAAGG
ITGA1l | CTGTGGCCAGGGTTCACG TGTAGCCAAAGAAGGCGGTC
EDN1 AGAAACAGTCTTAGGCGCTGA | TGGACTGGGAGTGGGTTTCT

Table 2-1. Primers used for gPCR.
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2.2.4 Western Blot

Proteins were harvested using radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 100 mM Tris-HCI pH 7.4, 1% NP40, 0.1% SDS, 5 mM EDTA, 1X protease inhibitor
cocktail) from cells after 24-hour treatment. Protein concentrations were approximated
using a BCA protein assay kit (Thermo Scientific), according to instructions provided by
the distributor. An equal amount of protein (50 pg) was added to each well of an SDS-
PAGE polyacrylamide gel (5% stacking, 10% separating). Protein samples were resolved
and then transferred to a nitrocellulose membrane. Membranes were blocked in 5% non-
fat skim milk in TBST (100mM Tris-HCI, pH 7.4, 0.01% Tween-20) for 1 hour, and then
incubated with primary antibody overnight at 4°C in 5% milk solution. The following
antibodies were used: anti-CCN1 (1:1000; abc102; Santa Cruz), anti-CCN2 (1:500;
sc14939; Santa Cruz) and anti-ACTB (1:8000; A1978; Sigma-Aldrich). Anti-CCN3
antibody (dilution 1:2000), was used as described in the paper disclosing the generation of
the antibody (Kyurkchiev et al., 2004). Membranes were washed thoroughly in TBST and
then incubated with HRP-conjugated secondary antibody for 1 hour. Horseradish
peroxidase-conjugated donkey anti-goat (705-036-147), donkey anti-rabbit (711-036-152)
and donkey anti-mouse (715-035-150) were obtained from Jackson Immunoresearch
Laboratories. Membranes were washed thoroughly and then exposed to SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific) for 5 minutes before visualization

using X-ray film.

2.3 Results

2.3.1 TGFB1 induces CCN1/CCN2 expression and CCN1/CCN2
protein levels yet suppresses CCN3 expression in human
dermal fibroblasts via ALK5S

To begin to assess if, in human dermal fibroblasts, TGFB1 affects CCN1, CCN2 and CCN3

regulation in a yin/yang fashion, we treated serum starved cells overnight and then cultured

them with or without TGFB1 for an additional 6 h (for RNA analysis) or 24 h (for protein
analysis). RNA and protein were harvested. For our protein analysis, consistent with
previous studies, we examined total cell extracts to capture CCN proteins in the process of

being secreted through the Golgi (Chen et al., 2001). In our initial experiments, as a control,
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we also treated cells in the presence or absence of an ALKS5 inhibitor, as ALKS5 is the TGFf
type | receptor for fibroblasts (Leask & Abraham, 2004). As expected, TGFB1 induced
CCN1/CCN2 expression and CCN1/CCN2 protein levels, consistent with prior studies
(Holmes et al., 2001; Thompson et al., 2014) (Figure 2-1). Moreover, consistent with prior
studies, ALKS5 inhibition blocked TGFB1 induced CCN1 expression and CCN1 protein
levels in human dermal fibroblasts (Thompson et al., 2014) (Figure 2-1). Furthermore,
TGFp1 also induced CCN2 expression and CCN2 protein levels in a fashion sensitive to
ALKS inhibition; conversely, TGFB1 suppressed CCN3 expression; this was also blocked
by addition of ALKS5 inhibitor (Figure 2-1).

However, to our surprise, CCN3 protein levels were undetectable in human dermal
fibroblasts either in the presence or absence of added TGFB1 (Figure 2-1). Conversely,
CCN3 was readily detected in NCI-H295R cells, a pluripotent adrenocortical carcinoma
cell line established by A.F. Gazdar and associates (Gazdar et al., 1990) from a carcinoma
of the adrenal cortex. These cells are known to express abundant levels of CCN3
(Kyurkchiev et al., 2004), indicating the validity of our method of detecting CCN3 protein
(Figure 2-1). That is, CCN3 protein does not appear to be basally expressed by proliferating
human dermal fibroblasts [Previous studies have shown that low levels of intracellular
CCNS3 are produced in fibroblasts in culture; in growing cells the expression of CCN3
protein is quickly downregulated; (Scholz et al., 1996)]. Collectively however, these data
are consistent with the idea that, at least at the mRNA level, TGFB1 has opposing effects
on CCN1 and CCN2 as compared to CCN3 in human dermal fibroblasts and that this effect
is mediated by ALKS5.
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Figure 2-1. TGFp1-responsiveness of CCN1, CCN2 and CCN3 is sensitive to ALK5

inhibition in human dermal fibroblasts.

Human dermal fibroblasts were cultured, and serum starved overnight, prior to pre-
treatment with an ALKS5 inhibitor, SB431542 (10 uM). After pre-treatment, cells were
incubated either with or without TGFB1 (0.3 uM). (A) Total RNA was extracted 6 hours
after treatment and subjected to real-time PCR to detect changes in CCN1, CCN2 and
CCN3 gene expression. Results are expressed as mean +/- SD. Statistical differences were
determined using one-way ANOVA with Tukey’s post-hoc test (*p<0.05,
n=6). (B) Protein was extracted 24 hours after treatment and equal amounts of protein (50
ug) were resolved using SDS-PAGE. Western blot analysis was performed using
antibodies against CCN1 (37 kDa), CCN2 (38 kDa) and CCN3 (49 kDa). ACTB (42 kDa)
was used as a loading control. Representative blots are shown (n=3). (C) CCN3 protein is
readily detected basally in NCI-H295R cancer cells but not in human dermal fibroblasts.



45

2.3.2 TGFB1induces CCN1 and CCN2 in human dermal fibroblasts
via FAK
Prior data from our group and others has suggested that an autocrine pro-adhesive signaling
loop operating through focal adhesion kinase (FAK) sustains fibrosis, and FAK appears to
mediate TGF’s profibrotic effects (Liu et al., 2007; Shi-Wen et al., 2012; Thannickal et
al., 2003). To extend our current data, we then assessed whether addition of a FAK inhibitor
could affect the ability of TGFB1 to modulate expression of CCN1, CCN2, and CCN3 in
human dermal fibroblasts. We conducted experiments similar to those described above,
however we cultured cells in the presence or absence of TGFB1 and the presence or absence
of the FAK inhibitor PF573228. We found that PF573228 blocked TGFpB1-induced
CCN1/CCN2 expression and CCN1/CCN2 protein levels in human dermal fibroblasts
(Figure 2-2). TGFB1-suppressed CCN3 expression was insensitive to PF573228 (Figure 2-
2). Given the profibrotic roles of CCN1 and CCNZ2, these results emphasize the critical,
central role of adhesive signaling operating through FAK in mediating fibrogenic responses

in response to TGFp1.
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Figure 2-2. TGFB1-responsiveness of CCN1 and CCN2 is sensitive to FAK inhibition

in human dermal fibroblasts.

Human dermal fibroblasts were cultured, and serum starved overnight, prior to pre-
treatment with a FAK inhibitor, PF573228 (10 uM). After pre-treatment, cells were
incubated either with or without TGFB1 (0.3 uM). (A) Total RNA was extracted 6 hours
after treatment and subjected to real-time PCR to detect changes in CCN1, CCN2 and
CCN3 gene expression. Results are expressed as mean +/- SD. Statistical differences were
determined using one-way ANOVA with Tukey’s post-hoc test (*p<0.05,
n=4). (B) Protein was extracted 24 hours after treatment and equal amounts of protein (50
ng) were resolved using SDS-PAGE. Western blot analysis was performed using
antibodies against CCN1 (37 kDa) and CCN2 (38 kDa). ACTB (42 kDa) was used as a

loading control. Representative blots are shown (n=3).
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2.3.3 TGFB1 induces CCN1/CCN2 expression and CCN1/CCN2
protein levels yet suppresses CCN3 expression in human
dermal fibroblasts via MEK1

Prior data from our group has indicated that TGFB-induced CCN2 expression occurs via
MEK1/ERK (Leask et al., 2003). To assess if the ability of TGFB1 to induce CCN1
expression and suppress CCN3 expression depended on MEK1, we repeated our studies in
the presence or absence of the MEKZ1 inhibitor U0126. As anticipated, consistent with our
prior reports, TGFB1 induced CCN2 expression and CCN2 protein levels in a manner that
was impaired by U0126 (Leask et al., 2003) (Figure 2-3). Similarly, addition of U0126
significantly impaired the ability of TGFB1 to induce CCN1 expression and CCN1 protein
levels in human dermal fibroblasts (Figure 2-3). Finally, addition of U0126 did not
significantly impaired the ability of TGFB1 to suppress CCN3 expression in human dermal
fibroblasts, although U0126 reduced baseline CCN3 expression (Figure 2-3). These data
emphasize the central role of MEK1 in mediating the fibrogenic responses of TGF1.
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Figure 2-3. TGFpl-responsiveness of CCN1 and CCN2 is sensitive to MEK1

inhibition in human dermal fibroblasts.

Human dermal fibroblasts were cultured, and serum starved overnight, prior to pre-
treatment with a MEKL inhibitor, U0126 (30 uM). After pre-treatment, cells were
incubated either with or without TGFB1 (0.3 uM). (A) Total RNA was extracted 6 hours
after treatment and subjected to real-time PCR to detect changes in CCN1, CCN2 and
CCNB3 gene expression. Results are expressed as mean +/- SD. Statistical differences were
determined using one-way ANOVA with Tukey’s post-hoc test (*p<0.05,
n=3). (B) Protein was extracted 24 hours after treatment and equal amounts of protein (50
ug) were resolved using SDS-PAGE. Western blot analysis was performed using
antibodies against CCN1 (37 kDa) and CCN2 (38 kDa). ACTB (42 kDa) was used as a

loading control. Representative blots are shown (n=3).
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2.3.4 TGFB1induces CCN1 and CCN2 in human dermal fibroblasts
via TAK1
Mitogen-activated protein kinase kinase kinase 7 (MAP3K?7), also known as TAK1 (TGFp-
activated kinase 1), once activated, is an upstream activator of MKK/JNK and p38 by the
phosphorylation and activation of MAP Kkinase kinases such as MAP2K1/MEK1,
MAP2K3/MKK3, MAP2K6/MKK6 and MAP2K7/MKK?7. TAK1 deletion blocks TGFp-
induced alpha-smooth muscle actin expression in mouse embryonic fibroblasts, and, in
gingival fibroblasts, the TAK1 inhibitor (5Z)-7-Oxozeaenol blocks the ability of TGFB1 to
induce CCN2 expression (Kuk et al., 2015; Shi-Wen et al., 2009). To extend these studies,
we assessed the ability of (5Z)-7-Oxozeaenol to block the effect of TGFB1 on CCNL1,

CCN2, and CCN3 expression in human dermal fibroblasts.

We found that, when applied to human dermal fibroblasts, (5Z)-7-Oxozeaenol treatment
impaired TGFB1-induced CCN1/CCN2 expression and CCN1/CCN2 protein levels;
however, TGFB1-suppressed CCN3 expression was not significantly affected by (5Z)-7-
Oxozeaenol (Figure 2-4). These data suggest that the mechanism by which TGF1 induces
CCN2 and CCN1 is divergent from that mediating TGFB1-suppressed CCN3 expression.



50

A CCN1 CCN2 CCN3
.
25 . . 20- ” - 20
& 2.0 ) % . —t—
£ £ 15 £ 1.5
£ £ £
015 9] 3]
o o —
3 T 3 10 310
w 1.0 w * w
3 3 —= 3 T
@ 5. ¢ 5 - 0.5
E E E
0.0 0- 0.0
' N N N " N N N Y N "y N
& & & A & & O R & & O ]
® ¥ & e & ¥ & & & ¥ & &
& o> 4° > +° >
A e a®° & a® e
& & M i & &
& S & g & g
A° AP 2P
" X N
& K &
B TGFB1 - + - +
(5Z)-7-oxozeaenol - - + +
CCN1
B-actin
CCN2
B-actin

Figure 2-4. TGFpB1-responsiveness of CCN1 and CCN2, but not CCN3, is sensitive to

TAK inhibition in human dermal fibroblasts.

Human dermal fibroblasts were cultured, and serum starved overnight, prior to pre-
treatment with a TAKL1 inhibitor, (5Z)-7-Oxozeaenol (400 nM). After pre-treatment, cells
were incubated either with or without TGFB1 (0.3 uM). (A) Total RNA was extracted 6
hours after treatment and subjected to real-time PCR to detect changes in CCN1, CCN2
and CCN3 gene expression. Results are expressed as mean +/- SD. Statistical differences
were determined using one-way ANOVA with Tukey’s post-hoc test (*p<0.05,
n=6). (B) Protein was extracted 24 hours after treatment and equal amounts of protein (50
ug) were resolved using SDS-PAGE. Western blot analysis was performed using
antibodies against CCN1 (37 kDa) and CCN2 (38 kDa). ACTB (42 kDa) was used as a

loading control. Representative blots are shown (n=3).



51

2.3.5 TGFB1induces CCN1 and CCN2 in human dermal fibroblasts
via YAP1
Previously, we showed that CCN2 expression was promoted by the mechanosensitive
oncogene YAP1 (Leask et al., 2003). Subsequently, the literature has used both CCN1 and
CCN2 as stereotypical genes induced by the hippo/YAP1-TAZ pathway (Zhou et al.,
2016). Given these observations and the potential importance of mechanotransduction in
mediating pathological fibrosis, we ascertained if the selective YAP1 inhibitor verteporfin
(Wang et al., 2016) could impair the effect of TGFB1 on CCN1, CCN2 and CCN3

expression in human dermal fibroblasts.

In our experiments, exposure to verteporfin impaired the ability of human dermal
fibroblasts to respond to TGFB1 by increasing CCN1/CCN2 expression and CCN1/CCN2
protein levels (Figure 2-5). However, YAP1 inhibition did not significantly affect the
ability of TGFB1 to suppress CCN3 expression and, in fact, appeared to enhance the
suppressive effect of TGFB on CCN3 expression (p = 0.06) (Figure 2-5). These data are
consistent with the notions that verteporfin might be used to suppress the fibrogenic effects
of TGFp1 on fibroblasts; and that the mechanism underlying the ability of TGF1 to induce
CCN2 and CCNL1 differs from that through which TGFB1 suppresses CCN3 expression.
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Figure 2-5. TGFpB1-responsiveness of CCN1 and CCN2, but not CCN3, is sensitive to

Y AP inhibition in human dermal fibroblasts.

Human dermal fibroblasts were cultured, and serum starved overnight, prior to pre-
treatment with the YAP inhibitor verteporfin (695 nM). After pre-treatment, cells were
incubated either with or without TGFB1 (0.3 uM). (A) Total RNA was extracted 6 hours
after treatment and subjected to real-time PCR to detect changes in CCN1, CCN2 and
CCNB3 gene expression. Results are expressed as mean +/- SD. Statistical differences were
determined using one-way ANOVA with Tukey’s post-hoc test (*p<0.05,
n=6). (B) Protein was extracted 24 hours after treatment and equal amounts of protein (50
ng) were resolved using SDS-PAGE. Western blot analysis was performed using
antibodies against CCN1 (37 kDa) and CCN2 (38 kDa). ACTB (42 kDa) was used as a

loading control. Representative blots are shown (n=3).
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2.3.6  Overexpression of CCN3 suppresses TGFB1-induced CCN2
protein expression

As CCN3 has in vivo effects opposing that of CCN2, CCN3 has been proposed to be a
potential anti-fibrotic treatment (Riser et al., 2015). To examine the possible mechanism
underlying such an activity, we generated human dermal fibroblasts overexpressing CCN3.
In these cells, TGFB1 was able to induce CCNL1 protein levels; however, the ability of
TGFB1 to induce CCN2 protein was significantly impaired (Figure 2-6A and 2-6B).
Unsurprisingly, as: (a) in transduced fibroblasts CCN3 was overexpressed under the control
of the non-TGFp-responsive CMV promoter; and (b) loss of CCN2 does not impair the
ability of TGFp to induce expression of fibrogenic mMRNA in cultured dermal fibroblasts
(Liu et al., 2011), overexpression of CCN3 was not (a) suppressed by the addition of
TGF1; and (b) able to impair the ability of TGFB1 to induce the mRNA expression of the
fibrogenic markers endothelin-1 (EDN1) or integrin alpha 11 (ITGA11) (Cipriani et al.,
2015; Schulz et al., 2018; Shi-Wen et al., 2006) (Figure 2-6C).
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Figure 2-6. CCN3 overexpression impairs TGFp1-induced CCN2 protein expression.

Human dermal fibroblasts were transduced with lentiviral particles containing a CCN3
expression vector, while transduction-control cells were transduced with lentiviral particles
containing a control expression vector. (A) CCN3 overexpression was confirmed via gPCR
and Western blot analysis. CCN3-transduced cells show significantly more CCN3
expression and CCN3 protein levels (49 kDa) than transduction-control cells. Statistical
differences were determined using an unpaired t-test (*p<0.05, n=3). (B) Cells were serum
starved overnight and then treated with or without TGFp1 (0.3 uM). Protein was extracted
24 hours after treatment and equal amounts of protein (50 pg) were resolved using SDS-
PAGE. Western blot analysis was performed using antibodies against CCN1 (37 kDa) and
CCN2 (38 kDa). ACTB (42 kDa) was used as a loading control. Representative blots are
shown (n=3). Densitometry analysis was performed using ImageJ software and statistical
differences were determined using one-way ANOVA with Tukey’s post-hoc test
(*p<0.05). (C) Total RNA was extracted after treatment with or without TGFB1 (0.3 uM)
and subjected to real-time PCR to detect changes in CCN3, EDN1, and ITGA1l. Results
are expressed as mean +/- SD. Statistical differences were determined using one-way
ANOVA with Tukey’s post-hoc test (*p<0.05, n=3).
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2.4 Discussion

The connective tissue microenvironment is being increasingly appreciated as playing a
central role in promoting chronic disease (Hutchenreuther & Leask, 2018; Schulz et al.,
2018). Specifically, the CCN family of matricellular proteins show altered expression
patterns in connective tissue disease and are emerging targets for therapeutic intervention
(Jun & Lau, 2011). CCN proteins share a similar structure, and have limited in vitro effects,
making the development of relevant cell-based bioassays extremely difficult;
consequently, it is necessary to study the functional role of CCN proteins in vivo (Leask,
2013b; Perbal, 2018). Of these, CCN2 (CTGF) is the most studied; indeed, anti-CCN2
antibodies are in clinical development (Raghu et al., 2016). Other CCN family members
may have different functional roles in vivo, and indeed, may have opposing effects (Perbal,
2018). Of the other CCN proteins, CCN1 and CCN3 are the most studied; data published
thus far suggest that, in vivo, CCN1 may have context-dependent profibrotic effects,
whereas CCN3 may be anti-fibrotic (Kawaki et al., 2008; Riser et al., 2009, 2010, 2014;
van Roeyen et al., 2008). However, until now, no study has simultaneously compared the
regulation of CCN1, CCN2 and CCN3 in response to the profibrotic protein TGFB1 in
cultured dermal fibroblasts. Our data suggest that CCN1/CCN2 expression and
CCN1/CCN2 protein levels are induced by TGFB1 via a similar pathway; conversely
CCN3 expression is reduced by TGFpB1 through a pathway that is divergent; that is, not
involving MEK1, YAP1 or TAK1. These data are consistent with the general hypothesis
that CCN1 and CCNZ2 are regulated in a yin/yang fashion opposite to CCN3 and with a
hypothesis that, in vivo, restoring a CCN1/2:CCN3 balance may be of therapeutic value
(Perbal, 2018; Riser et al., 2015). Similar to previous data showing that CCN2-deficient
dermal fibroblasts retained TGFp-responsiveness (Liu et al., 2011), overexpressing CCN3
in human dermal fibroblasts had no appreciable effect on the ability of TGFp to induce
MRNA expression of EDN1 or ITGA1l. It should be reiterated that, in vivo, loss or
blockade of CCN2 expression severely impairs fibrogenesis, including myofibroblast
differentiation, in a fashion that does not appear to involve canonical TGFp signaling
(Hutchenreuther et al., 2018; Kinashi et al., 2017; Leask, 2013b; Liu et al., 2011; Makino
etal., 2017; Petrosino et al., 2019; Rebolledo et al., 2019). Since CCN proteins have limited

ex vivo effects and instead act to integrate signaling emanating from multiple, distinct,
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cellular sources (Perbal, 2018), direct testing of the potential anti-fibrotic role of CCN3
requires the use of animal models. However, these data suggest that CCN3 may work by

blocking CCN2 expression in an as-yet-unidentified mechanism.

Our studies investigating the mechanism of how non-canonical TGFp signaling activates
CCN1 and CCNZ2 expression support the notion that FAK, ERK, TAK1 and YAP1 promote
fibrogenic responses. The involvement of adhesive signaling via FAK and ERK (Li et al.,
2018; Schulz et al., 2018; Shi-Wen et al., 2012) in promoting TGFp signaling, and fibrosis
IS consistent with prior reports in other systems. YAPL is known to activate genes in
response to mechanotransduction; however, relatively few reports have examined the effect
of verteporfin in blocking TGFp’s fibrogenic responses. Indeed, only two other reports
have examined this question. Specifically, verteporfin was shown to reduce TGFp
responses in NRK renal cells and in conjunctival fibroblasts (Futakuchi et al., 2018; Szeto
et al., 2016). This result is of potential long-term clinical application as verteporfin is in

clinical use for macular degeneration (Gibault et al., 2016).

Collectively, our data provide new and valuable insights into the coordinated and opposite
regulation of the key CCN family members CCN1, CCN2 and CCN3 in human dermal
fibroblasts and are consistent with the hypothesis that alterations in the regulation of CCN
proteins in response to fibrogenic stimuli may be important in driving fibrogenic responses.
Our results showing that overexpression of CCN3 in fibroblasts reduces the ability of TGFj
to induce CCN2 protein expression are consistent with that notion and support the idea that
CCNB3-based peptides may function by inhibiting CCN2 activity. Our results are also
consistent with the notion that TGFp induces fibrogenic responses in fibroblasts via non-
canonical pro-adhesive/mechanotransductive pathways and that targeting this pathway, for

example, by using verteporfin, may be of value.
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Chapter 3

3  Therapeutic peptides based on CCN3 prevent fibrosis in
a mouse model of systemic sclerosis

3.1 Introduction

Fibrotic conditions, such as the often-fatal disease systemic sclerosis (SSc), are
characterized by a loss of extracellular matrix (ECM) homeostasis and dysregulation of the
normal wound healing process, leading to the excessive deposition of ECM components,
such as collagen and fibronectin, resulting in pathological scarring that can result in organ
failure and death (Leask, 2015; Schulz et al., 2018). In patients with SSc, a number of
tissues are affected by fibrosis. In its diffuse form, patients may develop excessive fibrosis
in their skin, liver, kidney, oral cavity, and lungs. Symptoms can range in severity and often
include ulcers, tight and itchy skin, loss of mobility, and pulmonary hypertension (Allanore
et al., 2015; Belloli et al., 2008; Czirjak et al., 2008; Lorand et al., 2014). Currently, there
IS no approved treatment available for SSc patients. This issue is due, in part, to the lack of
suitable, specific targets, as well as a lack of unbiased, reliable, non-invasive methods for
tracking disease progression (Varga & Abraham, 2007). These observations highlight the
need to characterize the disease, as well as determine a suitable target on which to base

therapeutic intervention.

In fibrotic lesions, resident fibroblasts within the ECM become activated and differentiate
into myofibroblasts (Hinz, 2010). A critical indicator that distinguishes clinically involved
from clinically uninvolved tissue in SSc patients is the presence of myofibroblasts
(Rajkumar et al., 2005). Recent evidence suggests that the myofibroblast population in
fibrotic lesions are derived, at least in part, from collagen-lineage resident dermal
fibroblasts that become activated through a progenitor cell-like intermediate (Liu et al.,
2014; Tsang et al., 2019). These myofibroblasts intrinsically possess abnormally active
adhesive signaling and will excessively synthesize, adhere to and contract ECM. Activated
myofibroblasts are characterized by excessive collagen secretion and overexpression of the
highly contractile protein a-smooth muscle actin (aSMA) which contributes to the

increased mechanical tension of fibrotic tissue (Hinz, 2015). Increased mechanical tension
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in the ECM can lead to further activation of resident fibroblasts into active myofibroblasts
(Hinz, 2019). Thus, fibrosis is maintained by an autocrine, pro-adhesive signaling loop.
Broad targeting of this pathway may have deleterious effects on normal physiology. Thus,
targeting specific downstream mediators of this feedback loop may represent a viable anti-

fibrotic therapy.

A growing body of evidence has shown that the Cellular Communication Network (CCN)
family of matricellular proteins is an important contributor to myofibroblast activation, and
sustained adhesive and contractile signaling in fibrosis (Leask, 2013; Leask & Abraham,
2006; Perbal, 2004). The CCN family comprises six secreted proteins containing highly
similar modular structure. Although originally thought to act as traditional growth factors,
it is now known that the CCN proteins primarily function by modulating the signaling of
other ECM molecules, such as transforming growth factor § (TGFp) (Leask & Abraham,
2004). CCN proteins are known to play a role in development, inflammation, tissue repair,
and a broad range of pathological processes including fibrosis and cancer (Chen & Lau,
2009; Perbal, 2013). The activity of CCN proteins is complex and highly context-
dependent, with varying responses depending on the biological system. Thus, it is essential

to study CCN protein function in vivo.

The most well studied member of the CCN family, CCN2 (formerly CTGF) is induced in
differentiated myofibroblasts during wound healing and is overexpressed in fibrotic
disease, as illustrated by the presence of CCNZ2 in the blister fluid of SSc patients (Holmes
et al., 2011; Leask, 2013). CCN2 is a key, selective downstream mediator of fibrosis in
multiple fibrotic models, including cardiac, renal and hepatic fibrosis (Dorn et al., 2018;
Parapuram et al., 2015; Phanish et al., 2010; Rachfal & Brigstock, 2003). In fact, CCN2
expression by fibroblasts is required for fibrosis development in bleomycin-induced dermal
fibrosis (Liu et al., 2011). Furthermore, CCNZ2 is required for recruitment and activation of
collagen-lineage resident dermal fibroblasts into aSMA-expressing myofibroblasts (Liu et
al., 2014, Tsang et al., 2019).

Another member of the CCN family, CCN1 (formerly CYRG61), has structural and
functional similarities to CCN2 in vitro and in vivo (Jun & Lau, 2011; Perbal, 2018).
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Although the role of CCNL1 in pathological processes such as fibrosis is less known, CCN1
has been shown to play a context-dependent role in promoting inflammatory responses,
including in SSc (Kubota & Takigawa, 2007; Quesnel, 2019). CCNL1 is also induced by
pro-fibrotic stimuli in vitro (Thompson et al., 2014). Like CCN2, CCN1 expression by
fibroblasts is required for bleomycin-induced dermal fibrosis, and likely plays a crucial
role in collagen deposition and accumulation in the dermis (Quesnel et al., 2019).
Altogether, there is ample evidence that CCN1 and CCN2 represent viable anti-fibrotic
targets.

Recent work has shown that another member of the CCN family, CCN3, is reciprocally
regulated to CCN1 and CCN2 in several cell types, and also exhibits opposing functional
behaviour (Abd El Kader et al., 2012; Lemaire et al., 2010; Perbal, 2018; Riser et al., 2009).
Furthermore, treatment with recombinant human CCN3 (rhCCN3) was able to block and
reverse fibrosis in a mouse model of diabetic nephropathy (Riser et al., 2014). Taken
together, these results suggest that CCN3 may act as an endogenous antagonist of CCN1
and CCNZ2 activity. These discoveries led to the development of a proprietary CCN3-based
peptide (BLR-200) based on regions of CCN3 responsible for its anti-fibrotic effects in
vivo. Initial studies have shown that BLR-200 can block mesangial cell adhesion to CCN2
and inhibit the ability of pro-fibrotic agents to provoke collagen expression in dermal
fibroblasts in vitro (U.S. Patent No. 9114112B2, 2015). Thus, BLR-200 may represent a
novel therapeutic approach for treatment of dermal fibrosis. However, the effects of CCN3,
or CCN3 derivatives, on dermal fibrosis have yet to be studied. In this report, | aim to fill
these gaps in knowledge. Using the bleomycin-induced model of SSc dermal fibrosis, |
will investigate the anti-fibrotic potential of the CCN3-based peptide BLR-200.

3.2 Methods

3.2.1  Bleomycin-Induced Model of Dermal Fibrosis

Bleomycin sulfate (0.1 units/100 ml per injection; Sigma) or vehicle (PBS, 100 ml per
injection) was injected subcutaneously into a single location on the flank of wild-type
C57BL/6J (Jackson Laboratories) mice once daily for 28 days. Bleomycin-treated mice

were further divided into two treatment groups, which were injected intraperitoneally 3
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times per week with either scrambled peptide (10 pg/kg) or BLR-200 (10 pg/kg). At the
end of the treatment period, mice were sacrificed via CO2 inhalation, and skin and RNA
samples were collected for analysis. All animal protocols were approved by the Animal
Care and Veterinary Services at Western University.

3.2.2  Histological Assessment of Skin Thickness

Skin samples were fixed in a 4% paraformaldehyde (Sigma) solution overnight at 4°C, and
were subsequently processed, and embedded in paraffin wax. The embedded samples were
then sectioned (5um), using a Leica microtome, and collected on Superfrost Plus slides
(Thermo Fisher). Skin sections were deparaffinized using Xylenes (Sigma) and rehydrated
by successive immersion in descending concentrations of alcohol. Sections were then
stained with haematoxylin (Sigma) for 1 minute, rinsed in water, and counterstained with
eosin-y (Thermo-Fisher) for 7 minutes. Sections were visualized on a Zeiss Imager M2m
microscope (Carl Zeiss, Jena, Germany). For each section, 4-6 images were taken at
random. Two different depths were analyzed for each mouse. Dermal thickness of the
sections was measured using Northern Eclipse software. Measurements were analyzed by

one-way ANOVA with Tukey’s post hoc test (p<0.05).

3.2.3 Histological Collagen Analysis

Skin samples were fixed, processed, embedded, and sectioned as described above. Skin
sections were deparaffinized using Xylenes (Sigma) and rehydrated by successive
immersion in descending concentrations of alcohol. The sections were then subjected to
Masson’s trichrome stain, as previously described (Quesnel et al., 2019). Sections were
visualized on a Zeiss Imager M2m microscope. For each section, 4-6 images were taken at
random. Collagen deposition and density were analyzed using ImageJ by measuring the
percent area of the dermis stained with alanine blue. Measurements were analyzed by one-
way ANOVA with Tukey’s post-hoc test (p<0.05).

Skin sections were also stained with picrosirius red to further analyze collagen content.
Briefly, skin sections were subjected to incubation in a solution of 0.1% Sirius red (Sigma)
in saturated picric acid (Thermo Fisher) for 60 minutes, followed by two washes with 0.5%

acetic acid (Sigma). Sections were visualized under circularly polarized light to assess
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collagen fibrillar hue through collagen birefringence properties. Images were taken at a
constant light intensity, a fixed 45° angle to the polarizing filter, and the same analyzer was
used to facilitate consistent comparisons. For each section, 4-6 images were taken at
random. Collagen viewed using this method will appear different colours depending on
fiber thickness and spatial orientation, with the colour changing from blue to yellow to
orange to red as fiber density increases. These properties were used to determine the
proportion of different collagen colours within the dermis, a method which has been used
to quantitatively analyze collagen content (Rich and Whittaker, 2005). The relative colour
content of the images can be obtained using ImageJ to separate the digital images into their
hue, saturation, and value components, as previously described (Armstrong, 2019). Using
this method, the relative amount of red, orange, yellow, and blue pixels within a given
range can be expressed as a proportion of the total number of pixels representing collagen.
The measurements were analyzed using a one-way ANOVA with Tukey’s post hoc test
(p<0.05).

3.2.4  Immunohistochemistry

3.2.4.1 3,3-Diaminobenzidine (DAB) Immunostaining

Skin samples were fixed, processed, embedded, and sectioned as described above. Skin
sections were deparaffinized using Xylenes (Sigma) and rehydrated by successive
immersion in descending concentrations of alcohol. Sections were then stained using the
Vectastain ABC Kit (Vector Laboratories). In brief, skin sections were subjected to
sodium-citrate antigen retrieval for 30 minutes at 98°C. Non-specific binding was blocked
by incubating slides with diluted 2.5% normal goat serum. Sections were then incubated
with primary antibodies against aSMA (1:400; Abcam, ab5694) and YAP/TAZ (1:200;
Cell Signaling, D24E4). This was followed by incubation with biotinylated secondary
antibody, and then Vectastain ABC Reagent (Avidin DH, Biotinylated Horseradish
Peroxidase H). Primary antibody binding was then visualized by incubation with ImmPact
DAB peroxidase substrate (Vector Laboratories) and sections were counterstained with
hematoxylin. Sections were visualized on a Zeiss Imager M2m using Zen Pro software.

For each section, 4-6 images were taken at random and the proportion of positively stained
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cells per field of view were measured using ImageJ. Measurements were analyzed by one-
way ANOVA with Tukey’s post-hoc test (p<0.05).

3.2.4.2 Immunofluorescence

Skin samples were fixed, processed, embedded, and sectioned as described above. Skin
sections were deparaffinized using Xylenes (Sigma) and rehydrated by successive
immersion in descending concentrations of alcohol. The sections were then subjected to
sodium-citrate antigen retrieval for 30 minutes at 98°C, followed by blocking in a solution
of 10% normal serum, 0.1% Triton X-100 (Sigma) and PBS for 1 hour. Slides were then
incubated with primary antibody diluted in blocking solution overnight at 4°C. The primary
antibodies used were: anti-CCN1 (1:200; Millipore, ABC102), anti-CCN2 (1:100; Santa
Cruz, Sc-365970), anti-CCN3 (1:1000, antibody used as described by Kyurkchiev et al.,
2004), and anti-Sox2 (1:200; Santa Cruz, Sc-365823). After incubation with primary
antibody, sections were rinsed and incubated with the appropriate secondary antibody
conjugated to Alexa Fluor 647 (Thermo Fisher) for 1 hour. Sections were then
counterstained with 4°,6-diamidino-2-phenylindole (DAPI; Thermo Fisher) and imaged on
a Zeiss fluorescence microscope using Northern Eclipse software. For each section, 4-6
images were taken at random and the amount of positively stained cells in the dermis were

assessed.

3.2.5 Quantitative Real-Time Polymerase Chain Reaction (QPCR)

To collect RNA for gPCR analysis, skin tissue samples were first subjected to bead
homogenization using a BeadBug homogenizer (Sigma). RNA was then purified from the
samples using TRIzol reagent (Thermo Fisher) to solubilize biological material, followed
by phenol-chloroform phase separation. The aqueous phase containing RNA was collected
from the samples, and RNA was precipitated using isopropanol and collected by
centrifugation at 12,000 rpm for 15 minutes at 4°C. The RNA pellet was then washed three
times using 90% ethanol before resuspension in RNase-free water (Qiagen). RNA
concentration and integrity were measured via Nanodrop and 1 pg of RNA was reverse
transcribed using gScript cDNA SuperMix (Quantabio), producing a cDNA library. SYBR
green real-time PCR was then performed by combining cDNA (7ng/well), SYBR master
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mix (Thermo Fisher) and gene specific primers. Signal changes were detected using a

ViiA7 Real-Time PCR System. The following gene-specific primers used: Acta2, Ccnl,

Ccn2, Ccn3, Itgall, Sox2, Yapl, Plod2, and Lox. Samples were run in triplicate and

expression values were standardized to control values from Rn18s primers using the AACt

method. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc

test (p<0.05).
Target | Forward (5’ to 3°) Reverse (5’ to 3”)
Rn18s | GTAACCCGTTGAACCCATT CCATCCAATCGGTAGTAGCG
Acta2 CATCCGACACTGCTGACA AGGTCTCAAACATAATCTGGGTC

A

Ccenl TCTGCGCTAAACAACTCAACGA | GCAGATCCCTTTCAGAGCGG
Cen2 TGCTGTGCATCCTCCTACCG CAGAGAGCGAGGAGCACCAA
Ccn3 GCGGGGAGAGTTGTTCTGAG GTCTCCCTCTGGAACCATGC
Itgall | CGCTGTGAATCAGACGAGGT CCCACAGGGCTATTCTTGT
Sox2 CTCCGCAGCGAAACGACAG AGTCGGCATCACGGTTTTTG
Yapl GAACTCGGCTTCAGGTCCTC AGGGTCAAGCCTTGGGTCTA
Plod2 CAGGAACATGGGCATGGATTTC | GACGTGTCACAAGAGGAGCAA
Lox AAATGGGTATCCAACAAATGGC | GTGCGTTAGAGGACAACAGGA

Table 3-1. Primers used for gPCR.
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3.2.6  Proteomic Analysis

Proteomic analysis was carried out in collaboration with colleagues from the Proteomic
Resource Facility (PRF) in the Department of Pathology at the University of Michigan,
where mass spectrometry-based Tandem Mass Tag (TMT, Thermo Fisher) was employed.
Full skin protein samples were homogenized and digested with trypsin. Protein fragments
were individually labeled with one of ten isobaric mass tags following the manufacturer’s
protocol. After labelling, equal amounts of peptide from each condition were mixed. The
labelled proteins were then fractionated by 2D-liquid chromatography, using basic pH
reverse-phase separation followed by acidic pH reverse-phase. The samples were analyzed
on a high-resolution, tribrid mass spectrometer (Orbitrap Fusion Tribrid, Thermo Fisher)
using conditions optimized by the PRF. MultiNotch MS3 approach was employed to obtain
accurate quantitation of the identified proteins. Data analysis was performed using
Proteome Discoverer (v 2.3, Thermo Fisher). MS2 spectra were searched against the
SwissProt reviewed mouse protein database (downloaded on 2019-06-29) using the
following search parameters: MS1 and MS2 tolerance were set to 10 ppm and 0.6 Da,
respectively; carbamidomethylation of cysteines (57.02146 Da) and TMT labeling of
lysine and N-termini of peptides (229.16293 Da) were considered static modifications;
oxidation of methionine (15.9949 Da) and deamidation of asparagine and glutamine
(0.98401 Da) were considered variable. Identified proteins and peptides were filtered to
retain only those that passed <2% false-discovery rate (FDR) threshold of detection.
Quantitation was performed using reporter ion intensity extracted from high-quality MS3
spectra within a £10 PPM window centered on the theoretical m/z value of each reporter
ion. Reporter ion intensities were corrected for isotopic impurities of different TMT
reagents as specified by the manufacturer. Only those peptide reporter ion intensities with
an average signal-to-noise ratio of 9 and <40% co-isolation interference were considered
for quantification. Differential protein expression between conditions, normalizing to
control (PBS) for each subject’s specimens separately was established using edgeR
(Robinson et al., 2010). Then, results for individual proteins from six mice per treatment
were pooled. Fold change ratios were produced for either bleomycin + scrambled mice or

bleomycin + BLR-200 mice, relative to PBS. Differentially expressed proteins were
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filtered based on a £1.8-fold cut-off (p<0.05). Reactome V69 (reactome.org) was used for

pathway enrichment analyses.

3.3 Results

3.3.1 BLR-200 prevents bleomycin-induced changes in skin
thickness and collagen organization
To begin to assess the effect of BLR-200 on bleomycin-induced dermal fibrosis, skin
sections were histologically examined using H&E and trichrome staining. Skin thickness
and collagen deposition are commonly the most observable fibrotic changes that occur in
bleomycin-induced dermal fibrosis (Liu et al., 2011; Quesnel et al., 2019). In the scrambled
peptide control group (BLM; bleomycin), bleomycin injections caused an increase in
dermal thickness; a change that was impaired in mice receiving BLR-200 treatment (BLR-
200) (Figure 3-1). BLM mice also had increased collagen deposition in the dermis and
exhibited consistently disorganized collagen organization (Figure 3-2A). These changes in

collagen deposition and organization were diminished in BLR-200 mice.

To further assess fibrotic changes in collagen, gPCR analysis was employed to assess the
MRNA expression of Plod2 and Lox, genes that encode proteins that promote collagen
crosslinking. PLOD2 hydroxylates lysine residues of collagen telopeptides, thus increasing
the amount of pyridinoline cross-links, which promote irreversible accumulation of
collagen in fibrotic tissue (Gjaltema et al., 2015; van der Slot et al., 2003). LOX facilitates
the accumulation of stable collagen by increasing the amount of covalent cross-linking in
collagen strands (Chen et al., 2018). Both PLOD2 and LOX protein expression are
increased in fibroblasts isolated from lesional areas of SSc patients (Meyringer et al., 2007;
Nguyen et al., 2021; van der Slot et al., 2003). In this study, BLR-200 treatment prevented
the bleomycin-induced increase in Plod2 and Lox mRNA expression (Figure 3-2B).

Finally, picrosirius red staining was used, in combination with circularly polarized light,
as a highly sensitive means to visualize collagen fibers. Fibrillar hue was used to assess
structural changes in collagen in mice treated with bleomycin +/- scrambled peptide (BLM)
or BLR-200 (BLR-200). BLM mice contained a significantly higher proportion of

yellow/orange-stained collagen, representing newly synthesized collagen (Figure 3-2C)
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(Armstrong, 2019). BLR-200 impaired this bleomycin-induced increase in newly

synthesized collagen.

Overall, these results suggest that BLR-200 treatment impairs general fibrotic changes

associated with bleomycin-induced dermal fibrosis.
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Figure 3-1. BLR-200 prevents the bleomycin-induced increase in skin thickness.

Bleomycin sulfate (0.1 units/100 ml per injection) or PBS (100 ml per injection) was
injected subcutaneously into a single location on the flank of wild-type C57BL/6J mice
once daily for 28 days. Bleomycin-treated mice were further divided into two treatment
groups, which were injected intraperitoneally 3 times per week with either 10 pg/kg
scrambled peptide (BLM) or 10 pg/kg BLR-200 (BLR-200). At the conclusion of the
experiment, dermal tissue was fixed and stained with H&E. Representative images are
shown. Dermal thickness measurements were taken at 3 different points along 2 depths of
skin, averaged for each mouse, and compared among treatment groups (one-way ANOVA
with Tukey’s post hoc test; *p<0.005).
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Figure 3-2. BLR-200 prevents bleomycin-induced collagen changes in the dermis.

Wild-type C57BL/6J mice were either treated with PBS (n=6), bleomycin + scrambled
peptide (BLM; n=6), or bleomycin + BLR-200 (BLR-200; n=6) (A) Dermal tissue was
stained with Masson’s trichrome stain to examine histological changes in collagen
organization. Images were taken at 3 different points along 2 different depths of skin.
Representative images are shown. The percent area of the dermal layer stained for
trichrome was determined using ImageJ (one-way ANOVA with Tukey’s post hoc test;
**p<0.002; *p<0.05). (B) Total RNA was obtained from skin and subjected to SYBR
Green real-time PCR. Primers were used to detect collagen cross-linking genes Plod2 and
Lox. Relative gene expression, compared to the housekeeping gene Rn18s, was determined
using the AACt method (one-way ANOVA and Tukey’s post-host test; **p<0.002;
*p<0.05). (C) Skin sections were stained with picrosirius red and collagen birefringence
properties were analyzed to investigate newly synthesized collagen and fiber density. A

one-way ANOVA and Tukey’s post-host test were used to analyze the data (*p<0.05).
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3.3.2 BLR-200 treatment prevents the bleomycin-induced increase
in aSMA-positive myofibroblasts
A hallmark of progressive fibrosis is the presence of activated myofibroblasts characterized
by the expression of the highly contractile aSMA (Gabbiani, 2003). In order to assess the
amount of myofibroblasts expressing aSMA, skin sections from the fibrotic lesion were
examined using DAB immunostaining with an anti-aSMA antibody. Compared to PBS-
injected control mice, mice subcutaneously injected with bleomycin showed, in the
presence of scrambled peptide, a significant increase in the amount of aSMA-expressing
myofibroblasts in the dermis. This increase in number of aSMA-expressing myofibroblasts
in the presence of bleomycin was significantly decreased in the presence of BLR-200
(Figure 3-3A). Finally, RNA was extracted from whole skin and subjected to SYBR Green
gPCR with primers detecting Acta2 (murine gene encoding aSMA) and showed similar
trends (Figure 3-3B). These results indicate that BLR-200 treatment is able to prevent

activation of highly contractile myofibroblasts in the fibrotic lesion.
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Figure 3-3. BLR-200 impairs bleomycin-induced increase in aSMA-expressing

myofibroblasts.

Wildtype C57BL/6J mice were either treated with PBS (n=6), bleomycin + scrambled
peptide (BLM; n=6), or bleomycin + BLR-200 (BLR-200; n=6). (A) Fixed dermal tissue
sections were incubated with an anti-aSMA antibody and antibody localization was
visualized using DAB chromogen. Representative images are shown. The percentage of
fibroblasts positive for aSMA was determined using ImageJ (one-way ANOVA and
Tukey’s post hoc test; **p<0.002; *p<0.05). (B) Total RNA was extracted from the skin
and subjected to SYBR Green real-time PCR using primers detecting Acta2 (murine gene
encoding aSMA). Relative Acta2 expression, compared to the housekeeping gene Rn18s,
was determined using the AACt method (one-way ANOVA and Tukey’s post-hoc test;
*p<0.05).
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3.3.3 Proteomic analysis reveals that BLR-200 prevents the

bleomycin-induced increase in ECM-related proteins
To further assess the effect of BLR-200 on bleomycin-induced dermal fibrosis, | employed
an unbiased proteomic approach. Protein was extracted from full skin and subjected to
tandem mass-tag mass spectrometry. Protein expression for BLM mice and BLR-200 mice
was normalized to protein expression in the control PBS mice, producing fold change
differences. A list of upregulated proteins in each experimental group was generated using
a 1.8-fold cut-off (p<0.05). Out of the upregulated proteins in BLM mice, 124/235 were
prevented by BLR-200 treatment (Figure 3-4A). Proteins that were induced in BLM mice,
but not BLR-200 mice were analyzed using the Reactome pathway database. It was found
that several ECM-related pathways were prevented by BLR-200 treatment, including
extracellular matrix organization (R-MMU-1474244), assembly of collagen fibrils and
other multimeric structures (R-MMU-2022090), laminin interactions (R-MMU-3000157)
and collagen formation (R-MMU-1474290) (Figure 3-4B). Further analysis revealed that
BLR-200 treatment specifically prevents induction of several ECM-associated proteins,
including laminin (lam)a5, lama3, lamb3, lamc2, nectin-2, pecam-1, and fibromodulin
(Figure 3-4C). Laminins, glycoproteins in the extracellular matrix, promote cell adhesion
and migration; they may also play a role in fibroblast proliferation (Domogatskaya et al.,
2012; Liu et al., 2020). Fibromodulin, a proteoglycan that plays a role in collagen fibril
assembly (Kalamajski et al., 2016), has been linked to cardiac remodeling and liver fibrosis
(Andenzs et al., 2018; Mormone et al., 2012). Nectin-2 and Pecam-1, cell adhesion
molecules, enhance inflammation, cell adhesion, and cell migration (Woodfin et al., 2007;
Yamada et al., 2017). Collectively, these results provide further evidence that BLR-200
prevents bleomycin-induced skin fibrosis.
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Figure 3-4. BLR-200 prevents changes in protein expression patterns associated with

bleomycin-induced dermal fibrosis.

Wildtype C57BL/6J mice were either treated with PBS (n=6), bleomycin + scrambled
peptide (BLM; n=6), or bleomycin + BLR-200 (BLR-200; n=6). Total protein was
extracted from the skin and subjected to tandem mass-tag mass spectrometry. Relative
protein expression for BLM mice and BLR-200 mice was normalized to the control PBS
group, generating fold change differences for all detected proteins. A list of upregulated
proteins in each experimental group was generated using a 1.8-fold cut-off (p<0.05). (A)
Venn diagram showing that 124 proteins that were induced in BLM mice are prevented by
BLR-200 treatment. (B) Reactome pathway analysis of bleomycin-induced proteins that
were prevented by BLR-200 treatment shows that the many of the top pathways prevented
include ECM-associated processes, including Keratinization, extracellular matrix
organization, collagen formation, and laminin interactions. (C) Examining fold change
differences of individual proteins revealed that specific laminins (a3, a5, b3, c2) and
fibrosis-related proteins (nectin-2, pecam-1, fiboromodulin) were prevented by BLR-200
treatment. A student’s t-test was used to analyze differences in fold change (*p<0.05).
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3.3.4 BLR-200 prevents the bleomycin-induced increase in CCN1
and CCN2 expression

Both CCN1 and CCN2 are markers and mediators of bleomycin-induced skin fibrosis (Liu
et al., 2011; Quesnel et al., 2019). Furthermore, | have shown that CCN1 and CCN2 are
reciprocally regulated to CCN3 in response to TGFB1 in dermal fibroblasts. Moreover,
ample evidence suggests that CCN3 may have inhibitory activity on CCN1 and CCN2
(Riser et al., 2014). Based on these observations, | anticipated that the CCN3-based
peptide, BLR-200, would suppress the bleomycin-induced increases in CCN1 and CCN2
protein and mRNA expression. To test this notion, I used immunohistochemistry, to detect
protein localization within the dermis, and gPCR, to detect mRNA expression. As
anticipated the detected protein levels of both CCN1 and CCN2 were significantly
increased in the dermis of BLM mice; however, these increases were not observed in BLR-
200 treated mice (Figure 3-5A and Figure 3-5B). Similar results were observed when gene
expression of Ccnl and Ccn2 was detected. Conversely, no significant alterations in CCN3
protein localization or Ccn3 gene expression were observed with any treatment (Figure 3-
5C).
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Figure 3-5. BLR-200 treatment prevents bleomycin-induced changes in CCN1 and
CCN2.

Wildtype C57BL/6J mice were either treated with PBS (n=6), bleomycin + scrambled
peptide (BLM; n=6), or bleomycin + BLR-200 (BLR-200; n=6). Dermal tissue was fixed,
stained and visualized by immunohistochemistry with primary antibodies against CCN1,
CCNZ2, and CCN3. Representative images are shown. Total RNA was also extracted from
the skin and subjected to SYBR Green real-time PCR using primers detecting Ccnl, Ccn2
and Ccn3. Relative mRNA expression, compared to the housekeeping gene Rn18s, was
determined using the AACt method (one-way ANOVA and Tukey’s post-hoc test;
*p<0.05). BLR-200 prevents bleomycin-induced increase in (A) CCN1 and (B) CCN2
protein and mMRNA expression. (C) No significant changes were observed with CCN3

expression.
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3.3.5 BLR-200 prevents the bleomycin-induced increase of the

plasticity marker SOX2 in the reticular dermis
The origin of pro-fibrotic aSMA-expressing myofibroblasts is unclear, although emerging
evidence suggests these cells are derived from plastic dermal fibroblasts via a progenitor
cell-like intermediate (Chadli et al., 2019; Tsang et al., 2019). In bleomycin-induced skin
fibrosis, a majority of myofibroblasts stain positive for the progenitor/plasticity marker
SOX2 (Liu et al., 2014). Furthermore, CCN2 expression by SOX2-expressing cells has
been shown to contribute to recruitment of these progenitor cells to the fibrotic lesion in
bleomycin-induced fibrosis (Tsang & Leask, 2014). | therefore wanted to test the
hypothesis that BLR-200 could reduce the appearance/recruitment of SOX2-positive cells
to the dermis. To test this notion, skin sections were stained with an anti-SOX2 antibody.
SOX2-positive cells were significantly increased in the reticular dermis of BLM mice, but
not in BLR-200 mice (Figure 3-6A). In models of melanoma metastasis, a subset of aSMA-
expressing myofibroblasts (myoCAFs) express high levels of both SOX2 and a1 integrin;
this subtype of myoCAFs negatively correlates with disease-free survival (Tsang et al.,
2019; Zeltz et al., 2019). Moreover, al1 integrin expression contributes to myofibroblast
differentiation in multiple fibroblast types in vitro (Talior-VVolodarsky et al., 2012; Tsang
etal., 2019). Accordingly, whole skin tissue samples were also subjected to qPCR to detect
Sox2 and Itgall mRNA expression. | found that both Sox2 and Itgall expression were
increased in BLM mice; these increases were prevented by BLR-200 treatment (Figure 3-
6B).
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Figure 3-6. BLR-200 treatment prevents expression of the plasticity marker SOX2.

Wildtype C57BL/6J mice were either treated with PBS (n=6), bleomycin + scrambled
peptide (BLM; n=6), or bleomycin + BLR-200 (BLR-200; n=6). (A) Dermal tissue was
fixed, stained and visualized by immunohistochemistry with primary antibodies against
SOX2. Representative images are shown. (B) Total RNA was extracted from the skin and
subjected to real-time PCR using primers detecting Sox2 and ItgAl1l. Relative Sox2 and
Itgall expression, compared to the housekeeping gene Rn18s, was determined using the
AACt method (one-way ANOVA and Tukey’s post-hoc test; *p<0.05).
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3.3.6  The anti-fibrotic activity of BLR-200 is likely downstream of
YAP1 mechanotransduction signaling

Upregulation and activation of the mechanosensitive transcriptional cofactor YAP1
promotes the perpetuation of pro-contractile myofibroblasts that are essential for fibrosis
(Schulz et al., 2018; Shi-wen et al., 2021). Constitutive nuclear localization of activated
YAPL is also a feature of fibroblasts derived from the fibrotic lesions of SSc patients
(Toyamaetal., 2018). Since BLR-200 treatment is able to prevent multiple fibrotic changes
in bleomycin-induced fibrosis, | wanted to assess the expression of YAPL in the dermis of
experimental mice. To assess the number of cells expressing YAP1, skin sections were
examined using DAB immunostaining with an anti-YAP1 antibody. Compared to PBS-
injected mice, BLM mice showed, in the presence of scrambled peptide, a significant
increase in the number of YAP1-expressing cells in the dermis. Unexpectedly, the number
of YAP1-expressing cells was not significantly altered by BLR-200 treatment (Figure 3-
7A). Whole skin sections were also subjected to SYBR Green gPCR analysis with primers
for Yapl and showed no significant changes (Figure 3-7B). Although the nuclear
localization of YAP1 was not assessed, these results indicate that BLR-200 may be
exhibiting its anti-fibrotic effects downstream of YAP mechanotransduction signaling.
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Figure 3-7. BLR-200 treatment does not significantly effect bleomycin-induced

changes in YAPL1 expression in the dermal layer.

Wildtype C57BL/6J mice were either treated with PBS (n=6), bleomycin + scrambled
peptide (BLM; n=6), or bleomycin + BLR-200 (BLR-200; n=6). (A) Fixed dermal tissue
sections were incubated with an anti-YAPL antibody and antibody localization was
visualized using DAB chromogen. Representative images are shown. The percentage of
fibroblasts positive for YAP1 was determined using ImageJ (one-way ANOVA with
Tukey’s post hoc test; *p<0.002; *p<0.05). (B) Total RNA was extracted from the skin
and subjected to SYBR Green real-time PCR using a primer for Yapl. Relative Yapl
expression, compared to the housekeeping gene Rn18s, was determined using the AACt
method (one-way ANOVA and Tukey’s post-hoc test; *p<0.05).
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3.4 Discussion

Currently, only limited treatment options exist for SSc patients, highlighting the need to
identify novel anti-fibrotic therapies. In recent years, mechanisms underlying fibrogenesis,
including in SSc, have been the target of many studies. The CCN family of matricellular
proteins has emerged as an important player in the development of skin and organ fibrosis
in SSc. Prominent members of this family, CCN1 and CCN2 are upregulated in the
connective tissue of early onset SSc patients and likely have pro-fibrotic effects (Dziadzio
et al., 2005; Gardner et al., 2006; Sonnylal et al., 2010). In contrast, CCN3 is
downregulated in SSc (Xu Shiwen and Richard Stratton, unpublished data), and has anti-
fibrotic effects in multiple models of fibrosis, including the kidney (Riser et al., 2014). In
this report, | show that targeting the regulation and activity of CCN proteins using BLR-
200, a proprietary 14 amino acid peptide corresponding to an amino acid sequence within

CCNS3, prevents fibrosis in the bleomycin-induced model of SSc.

Mice injected subcutaneously with bleomycin exhibit vasculopathy, leading to
inflammatory changes that recapitulate those which occur in the early stages of SSc
(YYamamoto et al., 1999; Yamamoto & Katayama, 2011). Localized inflammation permits
a fibrotic ECM, leading to activation of myofibroblasts and deposition of collagen,
culminating in skin thickening due to fibrosis (King et al., 2018). A hallmark of fibrotic
disease is the persistent presence of activated contractile myofibroblasts characterized by
expression of aSMA (Darby et al., 1990). In this study, BLR-200 prevented the bleomycin-
induced increase in skin thickness, collagen deposition and aSMA-expressing activated
myofibroblasts. These are classical markers of bleomycin-induced dermal fibrosis and
these data indicate that BLR-200 can prevent generalized fibrotic changes in this model.
These results closely align with previous studies showing that loss of CCN2 by fibroblasts
prevents bleomycin-induced fibrosis (Liu et al., 2011), supporting the idea that BLR-200
has effects mirroring CCN2 deficiency. My data also show that BLR-200 prevented the
bleomycin-induced changes in collagen synthesis, organization, and mRNA expression of
collagen cross-linking genes Plod2 and Lox. PLOD?2 is upregulated in fibrotic conditions,
including in SSc, and promotes irreversible accumulation of collagen (Nguyen et al., 2021;

van der Slot et al., 2003). LOX also facilitates over-accumulation of stable collagen in
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fibrotic conditions (Chen et al., 2018). Stable, irreversible collagen deposition is a hallmark
of fibrotic disorders and contributes to the mechanical tension and subsequent
myofibroblast activation within the fibrotic microenvironment. Thus, prevention of Plod2
and Lox expression is an important finding in this study. Previous studies have also shown
that CCN1 plays a pro-fibrotic role in facilitating collagen synthesis and accumulation in
the skin, and loss of CCNL1 has direct effects on mRNA expression of Plod2 and Lox
(Quesnel et al., 2019). Collectively, these data indicate that the anti-fibrotic activity of
BLR-200 operates through preventing the pro-fibrotic activity of both CCN1 and CCN2.

Providing further support of this idea, my data also indicate that BLR-200 treatment
prevents the bleomycin-induced increase in Ccnl and Ccn2 mRNA expression. Moreover,
the number of cells expressing either CCN1 or CCNZ2 in the dermis was prevented by BLR-
200 treatment. As previously mentioned, CCN3 has been proposed to be an endogenous
inhibitor of CCN2 and has opposing effects to both CCN1 and CCN2 in models of diabetic
nephropathy (Riser et al., 2009). Until now, the ability of CCN3 to prevent CCN1 and
CCN2 expression in animal models of dermal fibrosis has not been studied. Thus, my
findings provide valuable insights on the anti-fibrotic activity of CCN3. It is not known
whether CCN3 has a direct inhibitory effect on the regulation of these proteins, or if this
inhibition is downstream of BLR-200’s effects. Further studies will be required to

determine the exact mechanism of BLR-200 activity.

Unbiased proteomic analysis revealed that BLR-200 prevented the bleomycin-induced
increase in expression of ECM-related proteins. In my analysis, | found that bleomycin-
induced fibrosis caused an increase in proteins related to ECM organization and collagen
formation, including nectin-2, pecam-1, fiboromodulin, and several laminins (a5, a3, b4, and
c3). Treatment with BLR-200 attenuated these changes. Fibromodulin is upregulated in
multiple models of fibrosis and plays a role in collagen fibril assembly, having been shown
to directly interact and enhance the activity of LOX (Andenas et al., 2018; Kalamajski et
al., 2016; Mormone et al., 2012). Thus, BLR-200 treatment seems to be affecting multiple
facets of bleomycin-induced collagen deposition and organization. Laminins promote cell
adhesion, differentiation, migration, and proliferation (Domogatskaya et al., 2012). They

are upregulated in multiple fibrotic conditions including liver fibrosis and in the serum of
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patients with SSc (Kanaizuka et al., 1991; Santos et al., 2005). They have also been shown
to facilitate the TGFpB-induced expression matrix degrading enzymes in synovial
fibroblasts (Hoberg et al., 2007). Moreover, Lama5 has been shown to modulate fibroblast
proliferation and adhesive signaling in epidural fibrosis (Liu et al., 2020). Collectively,
these data further emphasize the ability of BLR-200 to prevent fibrosis in the bleomycin

model of skin fibrosis.

Previous experiments examining the origin of myofibroblasts in the fibrotic lesions of
bleomycin-induced dermal fibrosis have revealed that plastic dermal fibroblasts become
induced to express the progenitor cell marker SOX2, and these cells become activated into
an aSMA-expressing myofibroblast, in a CCN2-dependent manner (Liu et al., 2014; Tsang
& Leask, 2014). BLR-200 treatment prevented the bleomycin-induced overexpression of
Sox2 mRNA and reduced the number of SOX2-positive cells in the reticular dermis. Taken
together with the finding that BLR-200 prevented the number of aSMA-expressing
myofibroblasts, my data indicate that BLR-200 treatment likely impairs the CCN2-

dependent activation of plastic dermal fibroblasts into myofibroblasts.

Recent evidence suggests that the persistent activated myofibroblast phenotype in fibrotic
lesions occurs due to a constitutively activated, pro-adhesive and mechanotransducive
autocrine signaling loop. One of the key mediators of mechanotransduction in
myofibroblasts is the transcriptional cofactor YAP1. YAP1 is activated downstream of
adhesive signaling and mediates the transcription of several pro-fibrotic and pro-adhesive
factors, including aSMA and CCN2 (Dupont et al., 2011; Leask et al., 2003; Shi-wen et
al.,, 2021). Increasing expression of these genes contributes to a pro-fibrotic
microenvironment that further stimulates myofibroblast activation. Since YAP1 is a known
mediator of this response, | wanted to investigate the effects of BLR-200 on its expression.
Unexpectedly, BLR-200 treatment did not appear to have any significant effects on the
bleomycin-induced increase in expression of YAPL. Since BLR-200 prevents expression
of downstream targets of YAP1, including Ccnl and Ccn2, | expected to see alterations in
YAP1 expression. Thus, these data indicate that the anti-fibrotic effects of BLR-200 are
likely downstream of YAP1 signaling. It is worth noting that | could not assess the nuclear

localization of YAP1. Activated YAP1 translocates to the nucleus, and constitutive nuclear
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localization of YAPL is a feature of fibroblasts from SSc patients (Toyama et al., 2018).
Therefore, it is not known whether the observed YAP1-positive cells were expressing
activated YAPL. In future studies, this should be taken into consideration. Collectively,
these results shed light on the highly specific anti-fibrotic effects of BLR-200 and highlight

the need to elucidate the exact mechanism of action.

Overall, my results show remarkable consistency with previous studies aimed at targeting
CCN2 using the monoclonal antibody FG-3019 in an Angiotensin Il (Ang Il)-induced
model of dermal fibrosis. (Makino et al., 2017). In this study, FG-3019 treatment mitigated
Ang ll-induced fibrosis, as visualized by a reduction in skin thickness, collagen deposition,
and the number of aSMA-expressing myofibroblasts. FG-3019 is currently in phase 11
clinical trials for IPF (Clinicaltrials.gov, NCT04419558), Duchene muscular dystrophy
(Clinicaltrials.gov, NCTO04632940), and pancreatic cancer (Clinicaltrials.gov,
NCT03941093). Since BLR-200 and FG-3019 have similar anti-fibrotic effects in dermal
fibrosis, this may reflect the ability to extend the therapeutic applications of BLR-200.
Considering that antibody treatments often lack efficacy in fibrotic conditions due to
difficulties with tissue penetration (Brenner et al., 2016; Epenetos et al., 1986; Piersma et

al., 2020), BLR-200 may represent a more viable therapeutic approach.

The bleomycin-induced model is well-established in the study of SSc dermal fibrosis
(Yamamoto, 2006). After 28 days, the fibrotic lesion of injected mice adequately
recapitulates the fibrotic skin of SSc patients. For that reason, this model is ideal for
investigating the overall fibrotic changes prevented by BLR-200 at this endpoint. However,
at this point in the model, active inflammation is not usually occurring (Yamamoto &
Katayama, 2011). Therefore, a limitation of this study is that the early pro-inflammatory
stages of fibrogenesis cannot be assessed. To assess the effects of BLR-200 on active
inflammation, future studies should focus on earlier timepoints in the model, for example
after 10 days. A more comprehensive examination of BLR-200’s effects at multiple

timepoints would also provide valuable insights on the mechanism of action.

The mechanism of CCN protein activity, including their exact contribution to pathological

conditions such as fibrosis, has remained elusive. Considering their highly context-
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dependent effects, evaluation of their biological activity unquestionably requires the use of
animal models. Cell culture models and in vitro assays are severely limited by their
inability to recapitulate the specific components of a pathological microenvironment. Thus,
to truly understand the biological significance of specific CCN proteins, for example the
anti-fibrotic role of CCN3, animal models should be used. To date, very few studies have
investigated the anti-fibrotic activity of CCN3 in vivo. For the first time, | have shown that
a CCN3-based therapy impairs the establishment of fibrosis in a murine model of SSc
dermal fibrosis, including prevention of CCN1 and CCN2 expression. This emphasizes the
therapeutical potential of using CCN3-based peptides to treat fibrosis and highlights the

importance of studying CCN proteins in animal models of disease.
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Figure 3-8, Supplementary Figure 1. BLR-200 does not have any significant effect on

normal healthy tissue.

Wild-type C57BL/6J mice were treated with PBS + scrambled peptide (n=6) or PBS +
BLR-200 (n=6). (A) At the conclusion of the experiment, dermal tissue was fixed and
stained with H&E. Representative images are shown. Dermal thickness measurements
were taken at 3-6 random points in each section, averaged for each mouse, and compared
(students t-test; *p<0.05). (B) Dermal tissue was stained with Masson’s trichrome stain to
examine histological changes in collagen organization. Images were taken at 3-6 random
points in each section. Representative images are shown. The percent area of the dermal
layer stained for trichrome was determined using ImageJ (student’s t-test; *p<0.05). (C)
Total RNA was extracted from the skin and subjected to SYBR Green real-time PCR using
primers detecting Ccnl, Ccn2, Ccn3, Lox, and Plod2. Relative mRNA expression,
compared to the housekeeping gene Rn18s, was determined using the AACt method (one-
way ANOVA and Tukey’s post-hoc test; *p<0.05).
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Chapter 4

4  Single-cell RNA-sequencing reveals that therapeutic
peptides based on CCN3 impair early inflammatory and
fibrotic changes in a mouse model of systemic sclerosis

4.1 Introduction

Fibrotic conditions are characterized by the excessive deposition of extracellular matrix
(ECM) components, often due to dysregulation of the normal wound healing process,
leading to pathological scarring that can result in organ failure and, ultimately, death
(Schulz et al., 2018; Walraven & Hinz, 2018). An example of such a fibrotic condition is
the autoimmune connective tissue disorder systemic sclerosis (SSc). Patients with SSc
often experience progressive fibrosis of the skin and internal organs, including the lung,
heart, gastrointestinal tract, and kidneys (Leask, 2015). The mortality rates associated with
SSc are frequently high, and patients will often die from lung fibrosis (Denton et al., 2018).
There is currently no approved therapy for SSc, in part due to its unknown etiology,
highlighting the need to further characterize the mechanism underlying disease. Since SSc
shares similar features with other fibrotic disorders, understanding the molecular basis of

SSc may reveal pertinent information regarding pathological fibrosis in general.

In SSc patients, a notable early pathological change in clinically involved connective tissue
is vascular injury, which leads to infiltration of immune mediators, such as activated T-
cells and macrophages (Allanore et al., 2015; Cutolo et al., 2019). Infiltration of these
immune cells results in the release of several pro-inflammatory and pro-fibrotic cytokines,
including interleukin-1 (IL-1), IL-6, and transforming growth factor § (TGFp) isoforms
(King et al., 2018; Muangchan & Pope, 2012). These cytokines promote a pro-fibrotic
microenvironment which activates keratinocytes and fibroblasts, leading to fibrosis (King
et al., 2018; Russo et al., 2021).

The critical responder cell type responsible for fibrogenesis, including in SSc, is a
particular type of activated fibroblast, termed the myofibroblast (Chen et al., 2005;
Gabbiani, 2003; Hinz, 2010, 2015). One of the defining features of activated
myofibroblasts is the expression of the highly contractile protein a-smooth muscle actin
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(aSMA) (Gabbiani, 2003). Once activated, myofibroblasts will excessively synthesize
ECM components such as type | collagen and fibronectin, as well as adhere to and contract
the surrounding ECM (Hinz, 2015). Although myofibroblast differentiation is required for
normal wound repair, in this process myofibroblasts disappear, due to apoptosis, after
wound closure (Desmouliére et al., 1995). Conversely, in pathological fibrosis,
myofibroblasts persist. As immune infiltration causes fibroblasts to differentiate into
myofibroblasts, studying how fibroblasts respond to the inflammatory microenvironment
should provide valuable contributions to our overall understanding of fibrogenesis.

The Cellular Communication Network (CCN) family of matricellular proteins is the subject
of many recent studies, as their collective action has been shown to contribute to
fibrogenesis (Leask, 2020b). In general, CCN proteins play a role in modulating cellular
responses to the local microenvironment, by directly binding to adhesion receptors, such
as integrins, as well as by acting as co-factors for other regulatory molecules (Lau, 2016;
Leask, 2020b). The wide array of actions mediated by CCN proteins depends on the
presence of the proteins and receptors with which they interact (Leask, 2020b). Therefore,
their contribution to pathological conditions, such as fibrosis, is extremely context- and
stage-specific, specifically integrating signals that are occurring in a specific location, at a

specific point in time.

CCN2 is induced in differentiated myofibroblasts during wound healing and is widely
accepted as a marker of myofibroblasts in pathological fibrosis (Perbal, 2018).
Furthermore, CCN2 expression by fibroblasts is required for fibrosis in multiple mouse
models of SSc (Liu et al., 2011, 2013). CCN1 expression by fibroblasts is also required for
dermal fibrosis in mouse models, and likely plays an important role in collagen
organization (Quesnel et al., 2019; Shi-wen et al., 2021). Of clinical importance, Both
CCNL1 and CCNZ2 expression are increased in the fibrotic lesions of early onset diffuse SSc
patients, providing evidence that these proteins may play crucial roles in SSc fibrosis
(Holmes et al., 2011). Furthermore, CCN1 and CCN2 deletion from fibroblasts had no
significant effects on the normal wound healing process (Liu et al., 2014; Quesnel et al.,
2019). Considering these specific effects of CCN1 and CCN2 on fibrosis, targeting these

proteins may represent a potential anti-fibrotic approach.
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Another member of the CCN family, CCN3, is reciprocally regulated to CCN1 and CCN2
in several cell types, often exhibiting opposing functional behaviour; thus, CCN3 may act
as an endogenous antagonist of the pro-fibrotic activity of CCN1 and CCN2 (Abd EI Kader
etal., 2012; Lemaire et al., 2010; Perbal, 2018; Riser et al., 2015). For example, treatment
with recombinant human CCN3 blocks and reverses fibrosis in a mouse model of diabetic
nephropathy (Riser et al., 2009, 2014). These observations culminated in the development
of a proprietary CCN3-derived peptide (BLR-200) which mimicked the in vivo anti-fibrotic
ability of intact, full-length CCN3. According to an issued patent, BLR-200 blocks
mesangial cell adhesion to CCN2 and inhibits the ability of pro-fibrotic agents to provoke
collagen expression in dermal fibroblasts in vitro (U.S. Patent No. 9114112B2, 2015).
Therefore, BLR-200 may represent a novel therapeutic option for SSc.

In my previous chapter, | showed that BLR-200 treatment prevents progressive dermal
fibrosis in the bleomycin-induced model of SSc. This model mimics the initial stages of
SSc dermal fibrosis, histologically and biochemically, and thus is useful to study
fibrogenesis (Yamamoto, 2017; Yamamoto et al., 1999). Repeated subcutaneous injection
of bleomycin causes a short-lived inflammatory response that leads to progressive fibrosis
after 3-4 weeks (Yamamoto, 2006). | have shown that BLR-200 prevents fibrotic changes
after 28 days. However, the effect of BLR-200 on the response of fibroblasts to
inflammation, prior to the development of fibrosis, remains to be determined.

Previous studies employing standard analytical techniques aimed at understanding the
central mechanisms that drive pathological fibrosis have shown limited progress. These
limitations are largely due to the complexity and heterogeneity of tissue changes that occur
during fibrogenesis. However, the use of unbiased single-cell RNA-sequencing (SCRNA-
seq) may offer the potential to overcome such limitations. Recent studies have shown that
scRNA-seq analysis of fibroblast heterogeneity in fibrosis provides useful information on
the diversity of aberrant cell populations present in fibrotic lesions (Deng et al., 2021,
Vorstandlechner et al., 2020). Furthermore, unbiased transcriptomic analysis could further

our understanding of key mechanistic mediators of fibrosis.
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In the experiments reported in this chapter, | employ unbiased scRNA-seq and proteomic
analysis to investigate how fibroblasts respond to the inflammatory microenvironment in
bleomycin-induced dermal fibrosis at day 10, and determine if the CCN3-derived peptide,
BLR-200, can modify this response. To study this fibroblast response, | will use transgenic
mice to isolate and sequence COL1A2-expressing dermal fibroblasts (Bou-Gharios et al.,
1996; Denton et al., 2001). This collagen-expressing fibroblast population has been shown
to contribute to bleomycin-induced dermal fibrosis in a CCN2-dependent manner (Liu et
al., 2014, Tsang et al., 2019). My aim is to characterize the contribution of these collagen-
expressing resident dermal fibroblasts to the heterogenous fibroblast subpopulation in
response to the pro-inflammatory stage of bleomycin-induced fibrosis. Understanding the
heterogenous fibroblast population in fibrotic disease, and how it responds to an anti-
fibrotic treatment such as BLR-200, will provide invaluable insight into the overall process

of fibrogenesis.

4.2 Methods

4.2.1 Bleomycin-Induced Model of Dermal Fibrosis

Bleomycin sulfate (0.1 units/100 ml per injection; Sigma) or vehicle (PBS, 100 ml per
injection) was injected subcutaneously into a single location on the flank of genetically
modified Colla2-Cre(ER)T;Ro0sa26mTmG C57BL/6J mice once daily for 10 days.
Bleomycin-treated mice were further divided into two treatment groups, which were
injected intraperitoneally 3 times per week with either scrambled peptide (10 pg/kg) or
BLR-200 (10 pg/kg). At the end of the treatment period, the mice were sacrificed via CO>
inhalation. Skin samples were collected for proteomic analysis, and fibroblasts were
isolated from the skin of mice for single-cell RNA-sequencing analysis. All animal
protocols were approved by the Animal Care and Veterinary Services at Western

University.
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4.2.2  Generation of Genetically Modified Colla2-
Cre(ER)T;Rosa26mTmG Mice for Fibroblast Isolation and
Proteomic Analysis

Mice were hemizygous for tamoxifen-dependent Cre recombinase under the control of the

fibroblast specific proa2 collagen promoter (Colla2-Cre(ER)-T) (Denton et al., 2001) and

homozygous for a double fluorescent reporter transgene (mT/mG) integrated into the

Gt(ROSA)26Sor locus (Jackson Laboratories) that results in the expression of membrane-

targeted tdTomato (RFP) prior to Cre-mediated excision and membrane-targeted GFP after

excision. This genetically modified model has been extensively described in previous
publications (Liu & Leask, 2013; Tsang et al., 2019). The Colla2-Cre(ER)-T mice possess

a fibroblast-specific enhancer, initially identified by the laboratory of Benoit de

Crombrugghe (Bou-Gharios et al., 1996), subcloned upstream of the Colla2 minimal

promoter. This construct permits transgene expression specifically in fibroblasts and not in

other type | collagen-expressing cells (Ponticos et al., 2004).

Polymerase chain reaction and agarose gel electrophoresis was used to genotype the DNA
of the experimental animals for appropriate expression of Cre and mTmG, as previously
described (Liu et al., 2013; Tsang et al., 2019). To induce membrane-targeted GFP
expression in Colla2-expressing cells, 3-week-old mice were injected intraperitoneally
with a tamoxifen suspension (0.1 mL of 10 mg/mL 4-hydroxitamoxifen, Sigma) over 5
days. The mice were then subjected to bleomycin-induced fibrosis as described above in
Section 4.2.1.

4.2.3 Isolation of Fibroblasts

To isolate fibroblasts from the skin of treated mice, skin samples from the injection site
were incubated in a solution of 2 mg/mL collagenase (Gibco) in DMEM (Thermo Fisher)
for 3 hours at 37°C. The connective tissue layer was then scraped off, added to 5mL
DMEM and mixed until homogenous. The solution was then centrifuged for 1 minute at
500 rpm. The supernatant layer containing cells of the connective tissue layer was then
collected and centrifuged for 5 minutes at 2000 rpm. The supernatant was removed, and
the cell pellet was then resuspended in a solution of 3% FBS (Gibco) in PBS and filtered
through a 40 pum cell strainer (Sigma). The filtered solution was centrifuged for 5 minutes
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at 2000 rpm, the supernatant was discarded, and the cell pellet was resuspended in
ammonium-chloride-potassium (ACK) buffer (Thermo Fisher) and incubated on ice for 10
minutes, to remove red blood cells. The cells were then centrifuged for 5 minutes at 2000
rpm and washed twice with 3% FBS in PBS, before being stained with SYTOX Blue
(Thermo Fisher) as per the manufacturer’s instructions. 30x10° cells/mL were then
subjected to fluorescence activated cell sorting (FACS) using a FACSAria 11 cell sorter
(BD Biosciences) at the London Regional Flow Cytometry Facility. Forward- and side-
scatter were used to select individual cells. A 405 nm laser was then used to select cells
negative for SYTOX Blue. The remaining cells were sorted into Colla2-lineage-positive
(488 nm) and Colla2-lineage-negative (561 nm) based on expression of GFP and
tdTomato, respectively. Colla2-lineage-positive cells (GFP+) were frozen down at -80°C
in 100% DMSO (Sigma), then sent away for single-cell RNA-sequencing analysis.

4.2.4  Single-cell RNA-Sequencing Analysis

Colla2-lineage-positive (GFP+) fibroblasts from our experiment were sent for single-cell
RNA-sequencing by the Princess Margaret Genomics Center at the University of Toronto.
Samples were prepared as outlined in 10X protocol (10X Genomics). Cells were thawed,
washed, counted, and suspended in PBS (Life Technologies) +0.04% BSA (Miltenyi).
Sample viability and cell counting was performed using a haemocytometer (Thermo
Fisher). Following counting, the appropriate volume for each sample was calculated for a
target capture of 2000 cells and loaded onto a 10x single cell B chip. After droplet
generation, samples were transferred onto a pre-chilled 96 well plate (Eppendorf), heat
sealed and incubated overnight in a Veriti 96-well thermocycler (Thermo Fisher). The next
day, sample cDNA was recovered using Recovery Agent provided by 10x and
subsequently cleaned up using a Silane DynaBead (Thermo Fisher) mix as outlined by the
manufacturer’s instructions. Purified cDNA was amplified for 12 cycles before being
cleaned up using SPRIselect beads (Beckman Coulter). Samples were diluted 9:1 (elution
buffer (Qiagen):cDNA) and run on a Bioanalyzer (Agilent Technologies) to determine
cDNA concentration. cDNA libraries were prepared as outlined by the Single Cell 3’
Reagent Kits v3 user guide with modifications to the PCR cycles based on the calculated

cDNA concentration.
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The molarity of each library was calculated based on library size as measured by the
bioanalyzer and gPCR amplification data (Sigma). Samples were pooled and normalized
to 10 nM, then diluted to 2 nM using elution buffer with 0.1% Tween20 (Sigma). Each 2
nM pool was denatured using 0.1 M NaOH at equal volumes for 5 minutes at room
temperature. Library pools were further diluted to 20 pM using HT-1 (lllumina) before
being diluted to a final loading concentration of 14 pM. 150 ul from the 14 pM pool was
loaded into each well of an 8-well strip tube and loaded onto a cBot (Illumina) for cluster
generation. Samples were sequenced on a HiSeq 2500 with the following run parameters:

Read 1 — 26 cycles, read 2 — 98 cycles, index 1 — 8 cycles.

Approximately 2000 cells were captured from each sample and subjected to 30-50,000
reads per cell. Data filtering and analysis was performed using Cell Ranger (10X Genomic,
v2.1.0) and Loupe Browser Software (10X Genomics, v5.1). Genes expressed in fewer
than 5 cells were removed from analysis and cells were removed if they expressed fewer
than 300 genes. Data were normalized to 10,000 UMI/cell and converted to log scale. Using
Loupe Browser software, a set of the most variable genes were identified, and principal
component analysis (PCA) was then performed to generate Uniform Manifold
Approximation and Projection for dimension reduction (UMAP) plots to visualize cell
populations based on similar gene expression. Gene Ontology (GO) analysis was
performed on the top 100 most representative genes per cluster, which were queried into
the Gene Functional Annotation Tool from DAVID Bioinformatics Database (v6.8). The
top GO terms with a p-value < 0.05 were chosen to analyze fibroblast subpopulations,
consistent with previously published data (Ascension et al., 2021; Deng et al., 2021; Solé-
Boldo et al., 2020; Vorstandlechner et al., 2020). Loupe Browser software was also used
to generate violin plots showing the Log2 Max Count for genes in each cluster. Specific
genes known to be involved in dermal fibrosis and the inflammatory response were

examined.

4.2.5 Proteomic Analysis

Proteomic analysis was carried out in collaboration with colleagues from the Proteomic
Resource Facility (PRF) in the Department of Pathology at the University of Michigan,

where mass spectrometry-based Tandem Mass Tag (TMT, Thermo Fisher) was employed.



115

Full skin protein samples were homogenized and digested with trypsin. Protein fragments
were individually labeled with one of ten isobaric mass tags following the manufacturer’s
protocol. After labelling, equal amounts of peptide from each condition were mixed. The
labelled proteins were then fractionated by 2D-liquid chromatography, using basic pH
reverse-phase separation followed by acidic pH reverse-phase. The samples were analyzed
on a high-resolution, tribrid mass spectrometer (Orbitrap Fusion Tribrid, Thermo Fisher)
using conditions optimized by the PRF. MultiNotch MS3 approach was employed to obtain
accurate quantitation of the identified proteins. Data analysis was performed using
Proteome Discoverer (v 2.3, Thermo Fisher). MS2 spectra were searched against the
SwissProt reviewed mouse protein database (downloaded on 2019-06-29) using the
following search parameters: MS1 and MS2 tolerance were set to 10 ppm and 0.6 Da,
respectively; carbamidomethylation of cysteines (57.02146 Da) and TMT labeling of
lysine and N-termini of peptides (229.16293 Da) were considered static modifications;
oxidation of methionine (15.9949 Da) and deamidation of asparagine and glutamine
(0.98401 Da) were considered variable. Identified proteins and peptides were filtered to
retain only those that passed <2% false-discovery rate (FDR) threshold of detection.
Quantitation was performed using reporter ion intensity extracted from high-quality MS3
spectra within a £10 PPM window centered on the theoretical m/z value of each reporter
ion. Reporter ion intensities were corrected for isotopic impurities of different TMT
reagents as specified by the manufacturer. Only those peptide reporter ion intensities with
an average signal-to-noise ratio of 9 and <40% co-isolation interference were considered
for quantification. Differential protein expression between conditions, normalizing to
control (PBS) for each subject’s specimens separately was established using edgeR
(Robinson et al., 2010). Then, results for individual proteins from six mice per treatment
were pooled. Fold change ratios were produced for either bleomycin + scrambled mice or
bleomycin + BLR-200 mice, relative to PBS. Differentially expressed proteins were
filtered based on a +1.8-fold cut-off. Reactome V69 (reactome.org) was used for pathway

enrichment analyses.



116

4.3 Results

4.3.1 Proteomic analysis reveals that BLR-200 treatment prevents
early fibrotic changes in bleomycin-induced fibrosis
To assess the ability of BLR-200 to suppress pro-fibrotic protein expression in the initial,
inflammatory stages of bleomycin-induced fibrosis, 1 employed an unbiased proteomic
approach. C57BL/6 mice were subjected to bleomycin-induced skin fibrosis, either in the
presence of a scrambled control peptide (BLM), or BLR-200 (BLR-200). Ten days after
the initiation of bleomycin injection, protein was extracted from full skin and subjected to
tandem mass-tag spectrometry. Protein expression for BLM mice or BLR-200 mice was
normalized to protein expression in control PBS mice, producing fold change differences.
A list of upregulated proteins (>1.8-fold cut-off) in each experimental group was generated.
Out of the upregulated proteins in BLM mice, 50/106 were prevented by BLR-200
treatment (Figure 4-1A). Proteins induced in BLM mice, but not BLR-200 mice were
analyzed using the Reactome pathway database. It was found that several pathways
involved in keratinocyte activation and myofibroblast contraction were prevented by BLR-
200, including formation of the cornified envelope (R-MMU-6809371), keratinization (R-
MMU-6805567), and smooth muscle contraction (R-MMU-445355) (Figure 4-1B).
Further analysis of specific proteins revealed that BLR-200 prevented several keratins
known to be involved in epithelial activation (Figure 4-1C). Keratinocytes are upregulated
in the early stages of hyperproliferative disorders including in SSc (Aden et al., 2008;
Nikitorowicz-Buniak et al., 2014) and their activation leads to production of pro-fibrotic
cytokines, thereby influencing the activation of local fibroblasts (Coulombe, 1997; Lane &
McLean, 2004). Keratin 1, 14, 16, and 6 are also upregulated in the epidermis of fibrotic
lesions in SSc patients and keratinocyte-fibroblast interactions are abnormal in SSc
(McCoy etal., 2017; Russo et al., 2021). Several protein markers of early fibrogenesis were
also prevented by BLR-200 treatment (Figure 4-1D). Myosin light chain 6b and
tropomyosin 3 contribute to transformation of fibroblasts into myofibroblasts (Fujimura et
al., 2011; Malmstrom et al., 2004). Fibrillin-1 and dermatopontin are involved in cell-
matrix interactions and play important roles in ECM formation and organization (Kissin et
al., 2002; Okamoto & Fujiwara, 2009). Collectively, these data suggest that BLR-200 can

suppress early, inflammatory-driven changes in bleomycin-induced dermal fibrosis.
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Pathway name

Entities pValue

R-MMU-6809371 Formation of the cornified envelope 9.99E-16
R-MMU-6805567 Keratinization 4.57E-12
R-MMU-1266738 Developmental Biology 2.16E-07
R-MMU-446107 Type I hemidesmosome assembly 0.001619
R-MMU-2022377 Metabolism of Angiotensinogen to Angiotensins 0.003367
R-MMU-445355 Smooth Muscle Contraction 0.01129
R-MMU-1307965 betaKlotho-mediated ligand binding 0.015847
R-MMU-1433557 Signaling by SCF-KIT 0.020322
R-MMU-8957275 Post-translational protein phosphorylation 0.024
R-MMU-5661270 Formation of xylulose-5-phosphate 0.026274
Regulation of Insulin-like Growth Factor (IGF) transport and uptake by
R-MMU-381426 Insulin-like Growth Factor Binding Proteins (IGFBPs) 0.027312
R-MMU-72187 mRNA 3'-end processing 0.036054
APEXI-Independent Resolution of AP Sites via the Single Nucleotide
R-MMU-5649702 Replacement Pathway 0.036593
R-MMU-189085 Digestion of dietary carbohydrate 0.036593

Markers of epithelial activation

Protein Abundance Ratio (BLM:PBS) Abundance Ratio (BLR-200:PBS)
Keratin 16 12.634 0.968
Keratin 6 5.842 0.828
Keratin 5 3.399 1.155
Keratin 14 2.788 1.107
Keratin 1 2.341 0.903
Fillagrin 2277 1.524
Hornerin 2.033 1.492

Markers of early fibrogenesis/myofibroblast activation

Protein Abundance Ratio (BLM:PBS) Abundance Ratio (BLR-200:PBS)
Myosin light chain 6b 2.385 1.542
Fibrillin-1 2.380 1.149
Tropomyosin 3 1.869 1.291
Dermatopontin 1.813 1.564
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Figure 4-1. BLR-200 prevents early fibrotic changes in the proteome of bleomycin-

induced dermal fibrosis.

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3). Total protein was extracted from the skin and
subjected to tandem mass-tag mass spectrometry. Relative protein expression for BLM
mice and BLR-200 mice was normalized to the control PBS group, generating fold change
differences for all detected proteins. A list of upregulated proteins in each experimental
group was generated using a 1.8-fold cut-off. (A) Venn diagram showing that 50 out of
106 proteins induced in BLM mice are prevented by BLR-200 treatment. (B) Reactome
pathways analysis of bleomycin-induced proteins that were prevented by BLR-200
treatment shows that the top pathways prevented involve keratinocyte activation and
smooth muscle contraction. (C) Analysis of fold change differences for proteins that were
prevented by BLR-200 treatment. Markers of epithelial activation (keratin 16, keratin 6,
keratin 5, keratin 14, keratin 1, fillagrin, and hornerin), markers of early fibrogenesis
(fibrillin-1 and dermatopontin) and myofibroblast activation (myosin light chain 6b and

tropomyosin 3) were prevented by BLR-200 treatment.
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4.3.2 Single-cell RNA-sequencing reveals fibroblast heterogeneity

in the fibrotic lesion of experimental mice
To further analyze if BLR-200 suppressed the early, inflammatory stage of bleomycin-
induced fibrosis, | assessed if BLR-200 affected the ability of fibroblasts to be activated in
response to the inflammatory microenvironment. Previously, our lab has shown that
collagen-lineage fibroblasts were required for fibrogenesis (Liu, et al., 2014; Tsang et al.,
2019; Tsang & Leask, 2014). To begin to address if BLR-200 could affect activation, in
response to inflammation, of collagen-lineage fibroblasts, SCRNA-seq was employed to
first identify the collagen-linage fibroblasts subpopulations that are activated in response
to inflammation. | labelled collagen-expressing synthetic fibroblasts with GFP using a
fibroblast specific Colla2-derived promoter/enhancer (Bou-Gharios et al., 1996). Three-
week-old Colla2-Cre(ER)-T;Gt(ROSA)26mTmG mice were injected with tamoxifen to
activate Cre, enabling expression of the GFP reporter in collagen-lineage fibroblasts, and
mice were subsequently subjected to bleomycin-induced skin fibrosis in the presence of
BLR-200 (BLR-200) or scrambled peptide (BLM) (Figure 4-2). After 10 days of treatment,
mice were sacrificed, and fibroblasts were extracted from the dorsal skin. Fluorescence
activated cell sorting was then used to isolate GFP-expressing collagen-lineage fibroblasts.
Isolated collagen-lineage fibroblasts were then subjected to SCRNA-seq analysis. Quality
control steps were performed by Cell Ranger to remove low quality cells (as described in
Methods 4.2.5), and the transcriptomes of approximately 2000 cells from each treatment
group were obtained.

In my initial analysis, unsupervised Uniform Manifold Approximation and Projection
(UMAP)-clustering revealed that collagen-lineage fibroblasts gave rise to 7 cell clusters
with distinct expression profiles (Figure 4-3A). It has previously been reported that, in
human dermal tissue, fibroblasts can be divided into four main subpopulations based on
known marker genes and functional annotations: secretory-papillary, secretory-reticular,
mesenchymal, and inflammatory (Deng et al., 2021; Solé-Boldo et al., 2020). Based on
these previous reports, | compared known markers with the most representative genes in
each of cluster (Supplemental Files) and used Gene Ontology (GO) functional pathway
analysis (Supplementary Figure 4-1A-C) to identify the distinct fibroblast subpopulations.
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In the treatment groups, | identified two inflammatory fibroblast subpopulations (IF1, IF2),
three secretory-reticular fibroblast subpopulations (SC1, SC2, SC3), and one mesenchymal
fibroblast subpopulation (MES) (Figure 4-3A). One cell cluster in each treatment group
had high expression of markers for mitochondrial interference and were classified as
“unknown”. The inflammatory fibroblast subpopulations expressed high levels of
inflammatory markers C-X-C motif chemokine ligand 13 (Cxcl13), colony stimulating
factor 2 (Csf2), and interleukin-33 (1133) (Figure 4-3B). GO functional pathway analysis
for these populations showed enriched cytokine- and chemokine-mediated signaling,
neutrophil chemotaxis, positive regulation of chemokine production, and positive
regulation of prostaglandin secretion (Supplementary Figure 4-1A-C). The reticular
secretory fibroblast subpopulations expressed high levels of secretory markers matrix Gla
protein (Mgp) and sparc-like 1 (Sparcll) (Figure 3C). GO functional pathway analysis for
these populations showed enriched extracellular matrix organization, protein folding,
positive regulation of cell adhesion, and collagen fibril formation (Supplementary Figure
4-1A-C). Collectively, 1 have shown that transcriptomic analysis of fibroblast
subpopulations in the fibrotic lesions of experimental mice reveals specific fibroblast

heterogeneity consistent with previously reported literature.
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Figure 4-2. Isolation of collagen-lineage fibroblasts from the fibrotic lesion of mice

subjected to bleomycin-induced dermal fibrosis.

(A) Hlustration of workflow for labeling and isolation of collagen-lineage fibroblasts for
scRNA-seq analysis. Collagen-lineage fibroblasts were labeled with GFP using a fibroblast
specific collagen promoter/enhancer. Briefly, experimental mice were hemizygous for
tamoxifen-dependent Cre recombinase under the control of the fibroblast specific proa2
collagen promoter (Colla2-Cre(ER)-T; Denton et al., 2001) and homozygous for a double
fluorescent reporter transgene (mT/mG) integrated into the Gt(ROSA)26Sor locus
(GT(ROSA)26mTmG; Muzumdar et al., 2007). At 3 weeks of age, mice were injected with
tamoxifen to induce GFP expression. After two weeks, bleomycin sulfate (0.1 units/100 pl
per injection) or PBS (100 pl per injection) was injected subcutaneously into a single
location on the flank of the mice once daily for 10 days. Bleomycin-treated mice were
further divided into two treatment groups, which were injected intraperitoneally 3 times
per week with either 10 pg/kg scrambled peptide or 10 pg/kg BLR-200. At the conclusion
of the experiment, dermal tissue from the fibrotic lesion was collected. Fibroblasts were
extracted from the dermis and GFP-expressing cells were isolated by fluorescence
activated cell sorting (FACS) before being subjected to scRNA-seq analysis. (B)
Fibroblasts were isolated from the fibrotic lesions using FACS, based on their expression
of GFP.
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Figure 4-3. Identification of collagen-lineage fibroblast subpopulations in bleomycin-

induced dermal fibrosis.

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3) for 10 days. At the conclusion of the experiment,
collagen-lineage fibroblasts were extracted and isolated by FACS. Isolated cells were
subjected to scRNA-seq analysis and approximately 2000 cells from each treatment were
sequenced. (A) Unsupervised UMAP clustering of cells in each treatment group yielding a
total of 7 distinct clusters among the different treatments, comprising 2 inflammatory
fibroblast clusters (IF1, 1F2), 3 reticular-secretory fibroblast clusters (SC1, SC2, SC3), 1
mesenchymal fibroblast cluster (MES), and 1 unknown cluster. (B) Violin plots of
inflammatory fibroblast marker genes for cell type identification. Inflammatory fibroblast
markers include: Cxcl13, Csf2, 1133. (C) Violin plots of reticular-secretory fibroblast
marker genes for cell type identification. Reticular-secretory fibroblast markers include:

Mgp and Sparcll.
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4.3.3 BLR-200 treatment prevents the bleomycin-induced increase
in 116 and Cxcl2 expression in the inflammatory fibroblast
subpopulation

| next wanted to assess transcriptomic changes occurring in the fibroblast subpopulations

among treatment groups. It was clear from the UMAPs that there was a shift in the

inflammatory fibroblast subpopulation (IF1) relative to the reticular secretory
subpopulations (Figure 4-3A). Thus, | sought to determine the gene expression changes
that were causing this shift. | looked at the list of most variable genes and identified that
interleukin-6 (116) and Cxcl2 were expressed at higher levels in the IF1 inflammatory
subpopulation of BLM mice compared to PBS; however, this increase was impaired in the

IF1 inflammatory subpopulation of BLR-200 mice (Figure 4-4A; 4-4B). IL-6 plays a

pivotal role in driving acute inflammation and has also been shown to contribute to

unresolved inflammation in fibrosis, including in SSc (Fielding et al., 2014; Johnson et al.,

2020; Kawaguchi, 2017; Khan et al., 2012). CXCL2 is a chemokine that plays a role in

many inflammatory processes and is also upregulated in the dermal fibroblasts of SSc

patients (Johnson et al., 2015; Sahin & Wasmuth, 2013). Altogether, these data indicate
that BLR-200 prevented pro-inflammatory transcriptomic changes in collagen-lineage
dermal fibroblasts responding to bleomycin-induced dermal fibrosis.
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Figure 4-4. BLR-200 prevents the bleomycin-induced transcriptomic changes in the

inflammatory fibroblast subpopulation.

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3) for 10 days. At the conclusion of the experiment,
collagen-lineage fibroblasts were extracted and isolated by FACS. Isolated cells were
subjected to scRNA-seq analysis and approximately 2000 cells from each treatment were
sequenced. (A) Unsupervised UMAP clustering of cells reveals that BLM mice have a shift
in the inflammatory subpopulation. The inflammatory subpopulation of BLM mice
expresses higher levels of the pro-fibrotic, pro-inflammatory 116. Cells are coloured based
on Log2(116 expression). (B) Violin plots showing Log2 expression of 116 and Cxcl2. BLR-
200 prevents the bleomycin-induced increase in gene expression of 116 and Cxcl2 in the

inflammatory fibroblast subpopulation.
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4.3.4 BLR-200 prevents expression of an NLRP3 inflammasome-
related gene signature

To continue my assessment of BLR-200 on bleomycin-induced pro-inflammatory changes
among fibroblast subpopulations, | analyzed the list of most variable genes for each cluster
and used violin plots to compare expression of several genes of interest. As exhibited by
UMAPs (Figure 4-5A) and violin plots, | found that BLR-200-treated mice had impaired
expression of interleukin-18 (1118), toll-like receptor 2 (Tlr2), interleukin-1 receptor type
1 (111r1), and interleukin-1 receptor type 2 (111r2) (Figure 4-5B; 4-5C; 4-5D; 4-5E). This
impairment was most obvious in the IF1 inflammatory subpopulation. This genetic
signature is associated with activation of the NLRP3 inflammasome, which has been
implicated in fibrogenesis in the liver, kidney, and lung (Colak et al., 2021; Hsu et al.,
2021; Rastrick & Birrell, 2014). Moreover, activation of the inflammasome also mediates
the early innate immune response in patients with SSc, and an inflammasome-related gene
signature is associated with a more aggressive fibroblast in SSc (Artlett et al., 2011;
Henderson et al., 2018; Martinez-Godinez et al., 2015). These results provide further
evidence that BLR-200 can impair the early, inflammatory changes of bleomycin-induced
dermal fibrosis.
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Figure 4-5. BLR-200 prevents expression of an NLRP3 inflammasome-related gene

signature.

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3) for 10 days. At the conclusion of the experiment,
collagen-lineage fibroblasts were extracted and isolated by FACS. Isolated cells were
subjected to scRNA-seq analysis and approximately 2000 cells from each treatment were
sequenced. (A) Unsupervised UMAP clustering of cells reveals that expression of NLRP3
inflammasome markers 1118 and TIr2 is lower in BLR-200 treated mice. Cells are coloured
based on Log2(l118 and TIr2 expression). Violin plots also reveal that BLR-200 impairs
expression of inflammasome-related markers (B) 1118, (C) TIr2, (D) ll1r1, and (E) l11r2.
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4.3.5 BLR-200 specifically prevents the bleomycin-induced

increase in the pro-fibrotic transcription factor Egrl
To further assess the ability of BLR-200 to prevent early, inflammatory changes in
bleomycin-induced dermal fibrosis, I wanted to investigate transcriptomic changes in
expression of pro-fibrotic transcription factors. Once again, | analyzed the list of most
variable genes, and used violin plots to compare the expression of several genes of interest.
In the secretory-reticular (SC2) fibroblast subpopulation of BLM mice, expression of early
growth response-1 (Egrl) was increased; a change that was prevented by BLR-200
treatment (Figure 4-6A). EGR1, a multifunctional transcription factor, promotes fibroblast
activation and fibrotic gene expression; an EGR1 gene expression signature is upregulated
in a cohort of dcSSc patients (Bhattacharyya et al., 2013). EGR1 also mediates the early
influx of inflammatory cells into fibrotic lesions and plays a role in regulating TGFf3
activity in pathological matrix remodeling (Wu et al., 2009).

To assess whether BLR-200 specifically suppressed Egrl or more generally impaired
expression of transcription factors known to promote fibrosis, | investigated if addition of
BLR-200 also impeded the increased expression of members of the Activator Protein 1
(AP1) transcription factor complex (Avouac et al., 2012; Ponticos et al., 2009; Wernig et
al., 2017). However, BLR-200 had minimal effects on bleomycin-induced increase in Fosb
and Junb (Figure 4-6B). These results are consistent with the notion that BLR-200
selectively affects particular aspects of the fibroblast activation in response to
inflammatory stimuli, and thus would appear to represent an extremely specific anti-
fibrotic drug.
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Figure 4-6. BLR-200 has specific effects on pro-fibrotic transcription factors.

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3) for 10 days. At the conclusion of the experiment,
collagen-lineage fibroblasts were extracted and isolated by FACS. Isolated cells were
subjected to scRNA-seq analysis and approximately 2000 cells from each treatment were
sequenced. (A) Violin plot showing Log2 expression of Egrl. BLR-200 prevents the
bleomycin-induced increase in gene expression of Egr-1 in the Secretory-reticular (SC2)
subpopulation. Violin plots of Activator protein (AP1) transcription factor complex

components, showing Log?2 expression of (B) Fosb and (C) Junb.
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4.3.6 BLR-200 prevents the appearance of a mesenchymal
fibroblast subpopulation
After identifying multiple fibroblast subpopulations in each treatment group, | noticed that
a mesenchymal fibroblast subpopulation (MES) was present in PBS and BLM mice, but
not in BLR-200 treated mice. This mesenchymal subpopulation was characterized by
expression of genes involved in development of the vasculature, skeletal system, and
connective tissue (Ascension et al., 2021; Deng et al., 2021; Solé-Boldo et al., 2020)
(Supplementary Figure 4-1A-B). This subpopulation was confirmed in my study using
UMAPs (Figure 4-7A) and violin plots (Figure 4-7B) looking at expression of
angiopoietin-1 receptor (Tek), protein odd-skipped-related 2 (Osr2), and secreted frizzled-
related protein 2 (Sfrp2), which are all involved in mesenchymal processes (Ascension et
al., 2021; Solé-Boldo et al., 2020). In BLR-200 mice, these markers did not appear at a
significant level in any of the identified subpopulations. Additionally, this mesenchymal
subpopulation expressed Wnt family member 10b (Wnt10b) and endothelin-1 (Ednl), both
of which have been implicated in fibrogenesis in SSc (Chadli et al., 2019; Fonseca et al.,
2006; Kogak et al., 2020) (Figure 4-7C; 4-7D). This is consistent with recent evidence
suggesting that a mesenchymal fibroblast subpopulation is crucial in fibrotic skin diseases
such as SSc (Deng et al., 2021). These results therefore indicate that BLR-200 treatment
may prevent the formation of a potentially pro-fibrotic mesenchymal-like fibroblast

subpopulation.



136

PBS BLM BLR-200

Lop2 Expression
(Tek. 0372, §fip2)

40

00

B Log2 Expression Tek Log2 Expression Osr2 Log2 Expression Sfip2

PBS

BLM

BLR-200




137

C Log2 Expression Wnt10b D Log2 Expression Ednl

PBS 1 PBS
& \-\ .\’ \\} e‘, \¢\ »
$ & Q

BLM BLM

BLR-200 BLR-200

Figure 4-7. BLR-200 prevents the appearance of a mesenchymal fibroblast

subpopulations.

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3) for 10 days. At the conclusion of the experiment,
collagen-lineage fibroblasts were extracted and isolated by FACS. Isolated cells were
subjected to scRNA-seq analysis and approximately 2000 cells from each treatment were
sequenced. (A) Unsupervised UMAP clustering of cells reveals that expression of
mesenchymal markers Tek, Osr2, and Sfrp2 are not appreciably present in BLR-200 treated
mice. Cells are coloured based on Log2 expression of Tek, Osr2, and Sfrp2. (B) Violin
plots showing Log2 expression of Tek, Osr2 and Sfrp2. BLR-200 treated mice do not
appreciably express these mesenchymal markers in any fibroblast subpopulations. Violin
plots showing Log2 expression of (C) Wnt10b and (D) Edn1. BLR-200 treatment prevents

expression of these pro-fibrotic genes.
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4.4 Discussion

Currently, there is no approved therapy for treating the fibrosis observed in SSc. This
deficiency can be attributed to multiple factors, including: (a) the etiology of SSc is
relatively unknown; (b) knowledge gaps in the understanding of fibrogenesis; and (c) a
lack of well-defined in vivo animal models to test potential anti-fibrotic therapies. The CCN
family of matricellular proteins has emerged as an important player in fibrogenesis (Leask,
2020). CCN1 and CCNZ2, the most-studied members of the family, are upregulated in the
connective tissue of early-onset SSc patients, and have pro-fibrotic effects (Sonnylal et al.,
2010). CCNL1 plays arole in collagen organization and has pro-inflammatory activity (Lau,
2011; Quesnel et al., 2019). CCN2 promotes a pro-fibrotic microenvironment by
contributing to the persistent activation of myofibroblasts (Liu et al., 2011; Tsang et al.,
2019). In contrast, CCN3 is downregulated in SSc (Xu Shi-wen and Richard Stratton,
unpublished data), and has specific anti-fibrotic effects in kidney fibrosis (Riser et al.,
2014). In this chapter, | show that targeting the regulation and activity of CCN proteins
using BLR-200, a proprietary CCN3-derived peptide, can suppress specific early
inflammatory and pro-fibrotic responses in the bleomycin-induced model of SSc dermal
fibrosis. Furthermore, | use scRNA-seq to define the heterogenous collagen-lineage
fibroblast subpopulation in the early inflammatory stage of bleomycin-induced fibrosis.

To investigate the early inflammatory stage of bleomycin-induced fibrosis, | analyzed
tissue obtained 10 days post-initiation of bleomycin injection. This stage of the model
precedes major fibrotic changes in the microenvironment, such as excessive collagen
deposition (Yamamoto & Katayama, 2011). Early pro-fibrotic changes, such as
keratinocyte and myofibroblast activation usually occur at this stage of fibrogenesis
(Gabbiani, 2003; McCoy et al., 2017). My proteomic analysis revealed that BLR-200
treatment prevented these early pro-fibrotic changes. Notably, | found that markers of
keratinocyte activation (keratin 1, 14, 15, 6) were prevented by BLR-200 treatment. These
keratins are upregulated in the epidermis of fibrotic lesions in SSc patients (Aden et al.,
2008; Nikitorowicz-Buniak et al., 2014). Previous studies have also shown that activated
SSc keratinocytes likely play a role in early myofibroblast activation, through release of

pro-fibrotic cytokines that can prime fibroblasts to become activated and to be hyper-
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reactive to fibrotic stimuli (Aden et al., 2010; McCoy et al., 2017). Thus, impairing
keratinocyte activation is an important anti-fibrotic effect elicited by BLR-200. Protein
expression of other markers of early fibrogenesis and myofibroblast activation were also
prevented by BLR-200, including fibrillin-1, dermatopontin, myosin light chain 6b, and
tropomyosin 3 (Fujimura et al., 2011; Kissin et al., 2002; Malmstrom et al., 2004; Okamoto
& Fujiwara, 2009). Collectively, these data indicate that BLR-200 can inhibit the increased
inflammation-driven pro-fibrotic protein expression observed 10 days post-initiation of

bleomycin injection.

Given the fact that, in SSc, keratinocyte activation precedes fibrotic changes in the
microenvironment and promotes myofibroblast differentiation (Aden et al., 2010; McCoy
etal., 2017), itis likely that fibroblasts within the lesional dermis are just starting to become
activated 10 days post-initiation of bleomycin injection. Investigation of the transcriptomic
changes occurring in fibroblasts at this point, and how they are affected by BLR-200,
would therefore provide valuable information on potential mechanisms underlying

fibrogenesis.

Thus, I employed unbiased scRNA-seq analysis to investigate the specific effects of BLR-
200 on the heterogenous myofibroblast population and how it responds to early
inflammatory changes in bleomycin-induced dermal fibrosis. Several recent studies have
used scRNA-seq to characterize major fibroblast subpopulations in the dermis (Deng et al.,
2021; Solé-Boldo et al., 2020). Solé-Boldo and colleagues sought to decipher fibroblast
heterogeneity in aging human skin. The authors isolated and sequenced total cells from
full-thickness skin samples. In young, healthy skin, they identified a fibroblast population
that could be subdivided into four major subpopulations showing differential functional
annotations. These subpopulations include an inflammatory subset, a secretory-reticular
subset, a secretory-papillary subset, and a mesenchymal subset (Solé-Boldo et al., 2020).
In a similar study, Deng and colleagues confirmed the presence of these four main
subpopulations in human keloid scars (Deng et al., 2021). One caveat is that neither of
these studies examined the role of these fibroblast subpopulations in active fibrosis.
Furthermore, they were unable to make conclusions on the origin of these fibroblast

subpopulations. Thus, their contributions to fibrogenesis remain to be determined. My
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study contributes to this gap in knowledge. | used a GFP reporter construct to postnatally
label resident Colla2-expressing dermal fibroblasts. This population has been shown to
contribute to the activated myofibroblast population in bleomycin-induced fibrosis (Liu et
al., 2014; Tsang et al., 2019). Labelling these “pre-myofibroblasts” before they become
activated provides distinct advantages in studying cellular changes in the early stages of
fibrogenesis. My scRNA-seq analysis revealed that, in a murine model of dermal fibrosis,
collagen-expressing dermal fibroblasts can give rise to fibroblast subpopulations that
closely resemble previously identified inflammatory, secretory-reticular, and
mesenchymal subpopulations. Notably, | did not observe a secretory-papillary
subpopulation. This was not unexpected, as collagen-lineage myofibroblasts, which
actively contribute to fibrosis, are not generally associated with the papillary dermis
(Driskell & Watt, 2015).

To identify the fibroblast subpopulations in my experiment, | used functional pathway
analysis, which provides a consistent guideline for functional annotation and subsequent
fibroblast identification. In this report, the inflammatory subpopulations were enriched for
pathways involved in cytokine- and chemokine-mediated signaling, neutrophil chemotaxis,
positive regulation of chemokine production, and positive regulation of prostaglandin
secretion. The secretory-reticular fibroblast subpopulations were enriched for pathways
involved in extracellular matrix organization, protein folding, positive regulation of cell
adhesion, and collagen fibril formation. Finally, the mesenchymal fibroblast
subpopulations were enriched for pathways involved in skeletal system development,
regulation of vasculature development, connective tissue development and cartilage
development. I also used expression of known markers for inflammatory (Csf2, Cxcl13, Il-
33), secretory-reticular (Mgp, Sparcll) and mesenchymal (Tek, Osr2, Sfrp2) fibroblasts to
provide further confirmation for this classification (Deng et al., 2021; Philippeos et al.,
2018; Valenzi et al., 2019; Vorstandlechner et al., 2020). Although these markers differ
slightly from previous scRNA-seq studies, this is likely due to species differences and
general differences in experimental approach. Collectively, these data builds upon previous
experiments investigating fibroblast heterogeneity (Deng et al., 2021; Solé-Boldo et al.,
2020) and extends their classification of fibroblast subpopulations into a murine model of

dermal fibrosis. Furthermore, investigation of BLR-200’s specific effect on these fibroblast
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subpopulations will allow us to determine the exact contribution of these cell types to

dermal fibrosis.

One of the most obvious changes observed in my scRNA-seq data was the bleomycin-
induced shift in the inflammatory fibroblast subpopulation (IF1), which was at least
partially prevented by BLR-200. | found that a bleomycin-induced 11-6/Cxcl2 expression
pattern was contributing to this shift in the inflammatory subpopulation. IL-6 is a known
pro-fibrotic cytokine and has long been recognized as an early marker of dermal fibrosis
in SSc (Feghali et al., 1992; Hasegawa et al., 1998). Previous studies have also shown that
prevention of IL-6 signaling attenuates bleomycin-induced dermal fibrosis (Kitaba et al.,
2012). CXCL2 has been shown to play a role in multiple forms of fibrosis and is also
upregulated in SSc (Johnson et al., 2015; King et al., 2018; Sahin & Wasmuth, 2013). Thus,
impairment of these pro-fibrotic cytokines represents an important early step in prevention
of fibrogenesis. Collectively, these data are consistent with the hypothesis that BLR-200

can prevent early pro-inflammatory changes in bleomycin-induced fibrosis.

Previous experiments have revealed the critical involvement of the NLRP3 inflammasome
in promoting the early inflammatory events that result in fibrosis (Colak et al., 2021; Hsu
et al., 2021; Martinez-Godinez et al., 2015). The NLRP3 inflammasome is a group of
multimeric protein complexes involved in the innate immune response (Kelley et al., 2019).
Toll-like-receptors (TLRs) play a role in activating intracellular NLRP3 inflammasome
proteins, which results in activation and secretion of 1L-18 and IL-1p (Henderson et al.,
2018). In SSc, NLRP3 inflammasome-related genes are overexpressed, including IL18,
IL1pB, and TLRs (Broen et al., 2012; Martinez-Godinez et al., 2015). Moreover, NLRP3
inflammasome activation has been shown to contribute to myofibroblast activation and
collagen secretion in fibroblasts (Artlett et al., 2011, 2017). Artlett and colleagues also
showed that the NLRP3 inflammasome plays a crucial role in development of bleomycin-
induced dermal fibrosis (Artlett et al., 2011). My scRNA-seq data reveals that BLR-200
impaired expression of NLRP3 inflammasome markers including 1118, TIr2, 111r1, and
[11r2. Given that activation of the inflammasome is a crucial early inflammatory change in
fibrosis, this further emphasizes the ability of BLR-200 to impair fibrogenesis. To date, no

studies have examined the direct relationship between CCN proteins and inflammasome
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activity in pathological fibrosis. Therefore, it is not known whether the effects of BLR-200
on inflammasome activation are direct or indirect. However, CCN2 and inflammasome-
related genes have been shown to be co-expressed in cardiac fibrosis, suggesting a potential
relationship (Chandra et al., 2021).

Upon further assessment of scRNA-seq data, | found that BLR-200 also prevents the
bleomycin-induced increase in Egrl expression. This was most apparent in the secretory-
reticular fibroblast subpopulation (SC2). EGR1 is a transcription factor that responds to
cellular stress, integrating extracellular signals and orchestrating early-immediate cellular
responses to injury (Bhattacharyya, Wu, et al., 2011). EGR1 is overexpressed in the fibrotic
tissue of SSc patients and induces an “EGR1 responsive gene signature” that is enriched in
an inflammatory subset of dcSSc patients, thus likely plays a role in mediating the early
inflammatory stage of fibrosis (Bhattacharyya, Sargent, et al., 2011). Moreover, Wu and
colleagues showed that Egrl-null mice had an impaired inflammatory response and
attenuated dermal fibrosis in response to bleomycin (Wu et al., 2009). | also investigated
expression levels of other transcription factors known to be involved in fibrosis, including
the AP1 transcription factor complex (Avouac et al., 2012). scRNA-seq analysis revealed
increased expression of Fosb and Junb in response to bleomycin, however BLR had no
observable effects on this change. Although unexpected, these results are consistent with
the notion that BLR-200 selectively affects particular aspects of fibroblast activation, thus
would appear to represent an extremely specific anti-fibrotic drug. The fact that EGR1
likely plays a role in mediating the early inflammatory stage of fibrogenesis is also

significant in this case.

Another intriguing observation from my scRNA-seq data was the absence of the
mesenchymal fibroblast subpopulation in BLR-200 treated mice. This subpopulation was
characterized based on the expression of Tek, Osr2, and Sfrp2, and enrichment of
functional pathways involved in development and differentiation (Deng et al., 2021; Solé-
Boldo et al., 2020). The significance of this subpopulation in the context of fibrosis is not
exactly clear. Although this mesenchymal subpopulation does not appear to display
“traditional” pro-fibrotic expression patterns, it does express Wnt10b and Ednl, both of

which have been implicated in SSc fibrogenesis (Fonseca et al., 2006; Kocak et al., 2020).
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Therefore, this subpopulation may have slight pro-fibrotic activity. Furthermore, other
scRNA-seq studies have reported that a mesenchymal fibroblast subpopulation is
implicated in the fibrogenesis (Deng et al., 2021). Moreover, mesenchymal-like fibroblasts
may be “primed” to induce a myofibroblast signature in response to the fibrotic
microenvironment in SSc (Taki et al., 2020). Thus, the ability of BLR-200 to prevent this
mesenchymal fibroblast subpopulation may have important implications on fibrogenesis in
SSc. Future studies should be aimed at dissecting the significance of this subpopulation.
Since this study was limited to a single timepoint, further studies aimed at investigating
this mesenchymal subpopulation at multiple timepoints throughout fibrogenesis would be

valuable.

In this chapter, | utilized unbiased scRNA-seq analysis to identify multiple fibroblast
subpopulations in a model of dermal fibrosis that are consistent with previous observations
(Ascensidn et al., 2021; Solé-Boldo et al., 2020). These findings contribute to the overall
understanding of fibroblast heterogeneity in bleomycin-induced dermal fibrosis.
Furthermore, this study has built a base for further, more detailed analyses aimed at
elucidating the exact roles of the diverse fibroblast populations in dermal fibrosis.

This study also reveals that that BLR-200, a CCN3-derived peptide, effectively prevented
early pro-inflammatory changes in collagen-lineage fibroblasts and had specific inhibitory
effects on the pro-fibrotic transcription factor EGR1. Preventing these changes likely
impairs the formation of a pro-fibrotic microenvironment that permits activation and
perpetuation of myofibroblasts. Thus, | have shown, for the first time, that CCN3 has anti-
fibrotic effects, through impairment of the early inflammatory response in collagen-lineage
fibroblasts, in an in vivo model of dermal fibrosis. This has widespread implications for the
study of CCN proteins in fibrosis and further emphasizes the importance of studying this

family of matricellular proteins in animal models.

A limitation of this study was the inability to complete immunohistological verification of
the changes observed in my scRNA-seq analysis. This was due to the absence of reliable
antibodies for the relevant markers, and limited tissue available for histology. Nevertheless,

| have shown that BLR-200 prevents early pro-inflammatory and pro-fibrotic changes in a
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murine model of SSc dermal fibrosis, emphasizing the therapeutic potential of using
CCNB3-based peptides to treat fibrosis.
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4.5 Supplementary Figures
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Figure 4-8, Supplementary Figure 1. Functional pathway assessment of fibroblast

subpopulations identified in ScRNA-seq analysis

Mice were treated with either PBS (n=3), bleomycin + scrambled peptide (BLM; n=3) or
bleomycin + BLR-200 (BLR-200; n=3) for 10 days. At the conclusion of the experiment,
collagen-lineage fibroblasts were extracted and isolated by FACS. Isolated cells were
subjected to scRNA-seq analysis and approximately 2000 cells from each treatment were
sequenced. Graphs showing the top enriched Gene Ontology (GO) terms in each fibroblast
subpopulation, sorted by p-value. (A) PBS, (B) BLM, and (C) BLR-200.
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Chapter 5

5 Discussion

5.1 Overview

The overall objective of my thesis was to investigate the expression and contribution of
CCN proteins in dermal fibrosis and to determine if therapeutic peptides based on CCN3
represent a novel anti-fibrotic strategy. Since their discovery in the early 1990s, CCN
proteins have been shown to play a role in a wide range of cellular processes including:
cell adhesion, migration, proliferation, differentiation, survival, and apoptosis (Lau, 2016;
Perbal, 2004). Thus, it is not surprising that they have been implicated in several
pathological conditions, including: inflammation, retinopathy, cancer, and fibrotic
conditions such SSc (Leask, 2020b; Riser et al., 2015). SSc is a chronic disease
characterized by vascular abnormalities, dysregulated inflammation, and diffuse fibrosis
of the skin and internal organs (Varga & Abraham, 2007). Although much progress has
been made in deciphering the complex pathophysiology of SSc, there is still no viable
disease-modifying treatment, and patients often experience significant morbidity and
mortality (Cutolo et al., 2019). In SSc, CCN1 and CCN2 are upregulated in fibrotic lesions
of early-onset patients with diffuse cutaneous disease (Holmes et al., 2003; Quesnel et al.,
2019). CCNL1 likely plays a role in mediating the formation of organized collagen fibres
and may contribute to early inflammatory changes (Quesnel et al., 2019). Fibroblast-
specific expression of CCN2 plays a role in promoting a pro-fibrotic microenvironment
through the recruitment and sustained activation of myofibroblasts (Liu et al., 2011; Tsang
et al., 2019). On the other hand, CCN3 is reciprocally regulated to CCN1 and CCN2 in
multiple cell types, and has anti-fibrotic effects opposing CCN2 in renal fibrosis (Riser et
al., 2014). This prompted BLR Bio, a start-up company, to develop a proprietary CCN3-
based peptide, BLR-200, that mirrors the anti-fibrotic effects of full length CCN3 (U.S.
Patent No. 9114112B2, 2015). Thus, targeting the activity and regulation of CCN1 and
CCN2 indirectly, for example, by using BLR-200, may represent a novel therapeutic
approach for SSc.
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Despite substantial available evidence of CCN protein involvement in fibrosis, there is still
a considerable gap in knowledge. The exact mechanisms by which CCN proteins are
regulated, and function in vivo remains elusive. Many studies on CCN protein activity have
been conducted in vitro using 2-dimensional cell culture models. Although these studies
can be useful to decipher simple regulatory mechanisms, they often lack significance in a
biological context, as CCN protein activity is crucially dependent on the 3-dimensional
composition of the cellular microenvironment (Leask, 2020b). It is imperative to use
animal models to truly understand the physiological function of this unique family of
matricellular proteins. Furthermore, few studies have focused on the specific anti-fibrotic
role of CCN3 in dermal fibrosis. The aim of my thesis is to contribute to these gaps in

knowledge.

5.2 Regulation of CCN Proteins in Dermal Fibroblasts

The first study reported in my thesis investigates the reciprocal regulation of CCN1, CCN2,
and CCN3 in human dermal fibroblasts in an in vitro model of fibrosis. In this series of
experiments, I used TGFB1 to stimulate human dermal fibroblasts, and simultaneously
monitored the MRNA and protein expression of CCN1, CCN2, and CCN3. I also used
chemical signal transduction inhibitors to identify common pathways mediating the effects
of TGFB1 on CCN1, CCN2, and CCN3 expression. My findings confirmed that mRNA
expression of CCN1 and CCN2 are reciprocally regulated to CCN3 in response to TGFp1
in human dermal fibroblasts. Furthermore, my data suggest that CCN1/CCN2 mRNA
expression and CCN1/CCN2 protein levels are induced via a similar pro-adhesive pathway
involving FAK, MEK1, TAK1, and YAPL. Conversely, CCN3 mRNA is reduced by
TGFp1 through a divergent pathway, that does not involve MEK1, YAP1, or TAK1. These
data are consistent with literature showing that CCN1 and CCN2 are expressed in a
yin/yang fashion opposite to CCN3 (Abd EI Kader et al., 2012; Riser et al., 2010, 2015).
These results contribute to the overall understanding of CCN protein regulation and
provide implications for CCN protein regulation in dermal fibrosis in vivo. These results
are also consistent with the notion that non-canonical pro-adhesive TGFp signaling
promotes a fibrogenic response in fibroblasts (Chaqour, 2020; Leask, 2020a). Moreover,
the ability of a YAP1 inhibitor to prevent TGFB1-induced CCN1 and CCN2 expression
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also sheds new light on the involvement of YAP1 in mediating the pro-fibrotic effects of
TGFp in dermal fibroblasts.

An unexpected problem | encountered during this study was the inability to detect CCN3
protein by Western blot, either in the presence or absence of TGFB1. However, I was able
to detect CCN3 protein in NCI-H295R cells, a tumor cell line that expresses CCN3 (Gazdar
etal., 1990; Kyurkchiev et al., 2004), indicating the validity of my methods. Based on this,
and previous literature, |1 concluded that CCN3 protein is not basally expressed in
proliferating human dermal fibroblasts. Previous studies have shown that low levels of
intracellular CCN3 are produced in fibroblasts in cultures, however, in growing cells the
expression of CCN3 protein is quickly downregulated (Scholz et al., 1996). To examine
the potential role of CCN3 in regulating fibrogenic responses, it was necessary, therefore,
for me to generate CCN3-overexpressing human dermal fibroblasts using lentiviral

transduction.

In CCN3-overexpressing human dermal fibroblasts, the ability of TGFB1 to induce CCN2
protein expression was significantly impaired. Consistent with previous reports showing
that CCN2-deficient dermal fibroblasts retained TGFp-responsiveness in vitro (Liu et al.,
2011), CCN3 overexpression had no significant effect on the ability of TGFB1 to induce
MRNA expression of the pro-fibrotic biomarkers endothelin-1 and integrin alpha 11. Since
in vivo loss or inhibition of CCN2 expression severely impairs fibrogenesis, including
myofibroblast activation, in a TGFB-independent manner (Chen et al., 2006; Holmes et al.,

2001), studying the full activity of CCN proteins in animal models is imperative.

In summation, the data from this report provide valuable insights into the coordinated and
opposite regulation of CCN1, CCN2, and CCN3 in human dermal fibroblasts. Furthermore,
| have shown that CCN3 may have inhibitory effects on CCN2, thus supporting in vivo
testing of the anti-fibrotic effects of CCN3, for example, with CCN3-based peptides.
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5.3 Evaluating CCN3-Based Peptides in an Animal
Model of SSc Dermal Fibrosis

One of the most representative murine models of SSc is the bleomycin-induced model. In
this model, daily subcutaneous bleomycin injection induces an early inflammatory
response characterized by the presence of mononuclear and mast cells, resembling early
inflammatory changes in SSc (Yamamoto et al., 1999). Early immune infiltration in the
lesional dermis results in an inflammatory microenvironment that drives fibrosis. This
inflammatory response, however, is short-lived and diminishes after 1-2 weeks of daily
injection, at which point, progressive fibrosis occurs in the dermis. After 3-4 weeks of daily
injection, dermal thickness increases, with excessive accumulation of collagen and
appearance of aSMA-expressing myofibroblasts, mimicking the fibrotic features of
lesional SSc fibrosis (Yamamoto, 2017). Thus, the bleomycin-induced model provides a
valuable tool to investigate fibrotic changes at multiple stages that resemble those seen in
patients with SSc.

In my thesis, | chose to investigate the effect of the CCN3-based peptide, BLR-200, at two
separate timepoints. First, | investigated the ability of BLR-200 to prevent progressive
dermal fibrosis 28 days post-initiation of bleomycin injection. This allows for investigation
of the overall anti-fibrotic ability of BLR-200. Second, | investigated the ability of BLR-
200 to prevent inflammatory changes 10 days post-initiation of bleomycin injection. At
this timepoint, the effect of BLR-200 on pro-inflammatory and pro-fibrotic responses to
bleomycin-induced fibrosis can be assessed. Both timepoints can provide valuable insight

into the potential anti-fibrotic activity of CCN3-based peptides in SSc dermal fibrosis.

5.3.1 CCN3-Based Peptides Prevent Bleomycin-Induced Fibrosis

In this experiment, bleomycin or PBS was injected subcutaneously into the flank of mice
once daily for 28 days. Bleomycin-treated mice were further divided into two treatment
groups, which received intraperitoneal injections of either BLR-200 or a scrambled
peptide. After 28 days, dermal tissue was collected and analyzed by histology, gPCR, and
proteomics. In my initial analysis, | found that BLR-200 treatment prevented the

bleomycin-induced increase in skin thickness and collagen deposition. Furthermore, qPCR
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analysis revealed that BLR-200 prevented expression of mRNAs encoding the collagen the
cross-linking genes Plod2 and Lox. These genes are involved in promoting stably cross-
linked collagen strands and are upregulated in multiple fibrotic disorders (Chen et al., 2018;
van der Slot et al., 2003). I next analyzed expression of aSMA, the prototypical marker of
activated myofibroblasts (Desmouliere et al., 1993). Based on histological and qPCR
analysis, | found that BLR-200 treatment prevented the bleomycin-induced increase in

aSMA -expressing myofibroblasts in the dermis.

I next wanted to investigate CCN1 and CCN2 expression via histology and g°PCR. My data
indicate that BLR-200 effectively prevented the bleomycin-induced increase in Ccnl and
Ccn2 mRNA expression. Similarly, the number of CCN1- and CCN2-positive cells in the
dermis were prevented. This is consistent with my previous finding that CCN3
overexpression inhibited CCN2 protein expression in dermal fibroblasts. Moreover, these
data indicate that, in vivo, CCN3 may also have inhibitory effects on CCN1 expression.
My results are also consistent with literature showing that loss of CCN2 impairs skin
thickening, collagen deposition, and appearance of aSMA-expressing cells in bleomycin-
induced fibrosis (Liu etal., 2011, 2014). This is the first study to report, in an in vivo model
of dermal fibrosis, that CCN3-based treatment can regulate CCN1 and CCN2 expression.
It is not known whether this effect is direct or indirect, thus mechanistic studies should be
employed in the future. For example, future studies investigating the potential binding
partners of BLR-200 would be extremely useful in deciphering this issue. Protein binding
assays, including library screening of potential binding partners for BLR-200 would
provide valuable information. These experiments would allow us to determine if BLR-200
acts by direct binding to CCN1 and/or CCNZ2, or by binding to other factors that prevent
CCN1 and/or CCN2 expression and activity. Of course, it is also possible that BLR-200

acts through a completely different anti-fibrotic mechanism.

Collectively, my data reveal that BLR-200 potently impairs bleomycin-induced skin
fibrosis, as demonstrated by prevention of dermal thickening, collagen deposition,
activated aSMA-expressing myofibroblasts, and expression of CCN1 and CCN2.
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To expand my investigation, | collaborated with colleagues from the Proteomic Resource
Facility (PRF) in the Department of Pathology at the University of Michigan to employ
proteomic analysis of skin samples using mass spectrometry-based Tandem Mass Tag.
Proteomic analysis of whole skin samples revealed that BLR-200 prevented several
proteins involved in ECM organization (fiboromodulin, nectin-2, pecam-1) and pro-fibrotic
laminin interactions (lamab, lama3, lamb3, lamc2). The use of this analytical approach
offers valuable unbiased analysis of the dermal proteome and provides further evidence of
the anti-fibrotic effect of BLR-200.

| also analyzed expression of the progenitor cell marker SOX2. Previous studies have
shown that collagen-lineage dermal fibroblasts, through a SOX2-expressing progenitor
cell-like intermediate, contribute to the activated aSMA-expressing myofibroblast
population in bleomycin-induced fibrosis (Liu et al.,, 2014; Tsang et al., 2019).
Furthermore, CCN2 is required for recruitment and activation of this SOX2-positive
myofibroblast population (Tsang & Leask, 2014). My results indicate that BLR-200
prevented the bleomycin-induced increase in Sox2 mRNA expression and reduced the
number of SOX2-positive cells in the fibrotic reticular dermis. This finding is consistent
with my observation that BLR-200 can prevent activated aSMA-expressing myofibroblasts
in the fibrotic lesion. Thus, my data indicate that BLR-200 treatment likely impairs the
CCNZ2-dependent recruitment and activation of collagen-lineage dermal fibroblasts in
bleomycin-induced dermal fibrosis.

| also show that BLR-200 did not have any significant effects on the expression of the
mechanosensitive transcriptional cofactor YAPL. This was unexpected, as YAP1 has been
shown to respond to and mediate the pro-adhesive signaling pathway in active
myofibroblasts (Shi-wen et al., 2021). Since my data also show that expression of YAP1
target genes including Ccnl, Ccn2, and Acta2 (aSMA) were prevented by BLR-200, it
appears that BLR-200’s anti-fibrotic effects are either downstream or independent of YAP1

signaling.

The overall results of the second report in my thesis demonstrate that therapeutic treatment

with a CCN3-based peptide prevents fibrotic changes in the bleomycin-induced model of
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SSc dermal fibrosis. At this time, this is the first study demonstrating that targeting CCN
proteins using a CCN3-based therapeutic approach prevents fibrotic changes in an animal
model of dermal fibrosis. These results represent an exciting discovery in the field and
warrant further studies to determine the exact anti-fibrotic mechanisms of CCN3 in SSc

dermal fibrosis.

For example, an alternative pre-clinical method to investigate BLR-200’s ability to prevent
SSc fibrosis would be to test the peptides in a 3-dimensional cell culture model of human
SSc. Advancements in 3-dimensional cell culture technologies have made it possible to
develop advanced physiologically relevant 3-dimensional models of SSc in vitro (De Pieri
et al., 2021). A 3D model examining the response of patient-derived SSc fibroblasts to
BLR-200 treatment would provide ample valuable information. This experiment would
allow us to examine the direct effect of BLR-200 on SSc fibroblasts. For instance, one
could determine if BLR-200 treatment results trans-differentiation, deactivation, or
potentially apoptosis of these fibroblasts. Furthermore, one could test if the effects of BLR-
200 on SSc fibroblasts are transient or permanent. All of these insights would have

significant clinical impact.

5.3.2 CCN3-Based Peptides Impair Fibroblast Response to The
Inflammatory Microenvironment

In the final study reported in my thesis, | used unbiased proteomic and sSCRNA-seq analysis

to investigate the ability of BLR-200 to suppress specific early inflammatory and pro-

fibrotic responses in bleomycin-induced fibrosis after 10 days. The animal experiments

were performed exactly the same as my previous report, except tissue samples were

collected 10 days post-initiation of bleomycin injection.

Once again, | collaborated with colleagues from the PRF at the University of Michigan to
analyze overall proteomic changes using mass spectrometry. | found that BLR-200
prevented the bleomycin-induced increase in markers of keratinocyte activation including
keratinl, keratin6, keratinl4, and keratinl5. Keratinocyte activation represents an early
inflammatory response in the epidermis of fibrotic lesions, including in SSc (Aden et al.,
2008; Nikitorowicz-Buniak et al., 2014). | also found that BLR-200 prevented markers of
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myofibroblast activation including fibrillin-1, dermatopontin, tropomyosin, and myosin
light chain 6b (Fujimura et al., 2011; Kissin et al., 2002; Malmstrom et al., 2004; Okamoto
& Fujiwara, 2009). Thus, my results indicate that BLR-200 inhibits inflammation-driven
pro-fibrotic protein expression observed 10 days post-initiation of bleomycin injection.
Considering that, in SSc, keratinocyte activation precedes fibrotic changes in the
microenvironment and promote myofibroblast activation (Aden et al., 2010; McCoy et al.,
2017), it is likely that fibroblasts in the fibrotic lesion are in the early stages of activation
after 10 days of bleomycin injection. Given this observation, | next wanted to investigate
the transcriptomic changes occurring in the activating fibroblasts at this point, and the
effect of BLR-200 on these changes.

Thus, to further investigate the ability of BLR-200 to prevent early inflammatory and pro-
fibrotic responses in bleomycin-induced fibrosis, | used scRNA-seq to investigate
transcriptomic changes in the activating collagen-lineage fibroblast population. The use of
scRNA-seq provides an unbiased approach to decipher fibroblast heterogeneity and
identify gene signatures capable of predicting biological activity (Haque et al., 2017). In
this report, 1 used a transgenic mouse line to postnatally label Colla2-expressing resident
dermal fibroblasts with membrane-targeted GFP (Bou-Gharios et al., 1996; Denton et al.,
2001). This population is known to become activated and contribute to the myofibroblast
population in bleomycin-induced fibrosis (Tsang et al., 2019). Thus, labelling these “pre-
myofibroblasts” allows for investigation of cellular changes in cells undergoing
myofibroblast activation in response to the inflammatory microenvironment. At the
conclusion of the experiment, fibroblasts were isolated from the dorsal skin of the mice,
and collagen-lineage (GFP+) cells were sorted by FACS. These cells were then subjected
to sScCRNA-seq. As expected, my initial SSRNA-seq analysis revealed that collagen-lineage
myofibroblasts exhibited considerable heterogeneity in bleomycin-induced fibrosis.
Among the treatment groups, | identified 7 different fibroblast subpopulations that could
be roughly classified into 3 major groups, including an inflammatory subset, a secretory-

reticular subset, and a mesenchymal-like subset.

Next, I investigated the effects of BLR-200 on these fibroblast subpopulations. | found that

BLR-200 impaired a bleomycin-induced transcriptomic shift in the inflammatory
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fibroblast subpopulation (IF1). Upon investigation of the genes responsible for this shift, |
found that BLR-200 impaired the bleomycin-induced increase in 116 and Cxcl2, both of
which have been implicated in early fibrogenesis in SSc (Feghali et al., 1992; Johnson et
al., 2015). 1 also found that BLR-200 treatment prevented the bleomycin-induced
overexpression of NLRP3 inflammasome markers, including 1118, TlIr2, 111r1, and 111r2.
Inflammasome activation is an early inflammatory event in fibrogenesis in multiple organs,
including the lung, kidney, liver, and dermis (Colak et al., 2021; Hsu et al., 2021; Rastrick
& Birrell, 2014). Furthermore, an inflammasome-related gene signature is overexpressed
in SSc and may play a role in myofibroblast activation and excessive collagen deposition
(Artlett et al., 2011; Martinez-Godinez et al., 2015). Thus, my data indicate that BLR-200
can impair early pro-inflammatory changes implicated in creating a pro-fibrotic

microenvironment.

Another interesting finding in this report was that BLR-200 prevented the bleomycin-
induced increase in Egrl expression in the secretory-reticular (SC2) fibroblast
subpopulation. EGR1, a transcription factor that mediates early cellular responses to injury,
is also overexpressed in the fibrotic tissue of SSc patients (Bhattacharyya, Wu, et al., 2011).
Moreover, EGR1 overexpression is implicated in an inflammatory subset of SSc patients,
indicating its potential role in mediating early inflammatory events in fibrogenesis
(Bhattacharyya, Sargent, et al., 2011). Interestingly, BLR-200 treatment failed to prevent
the bleomycin-induced increase in expression of other pro-fibrotic transcription factors,
including Fosb and Junb (Avouac et al., 2012). This is consistent with the notion that BLR-

200 has very specific anti-fibrotic effects.

Finally, my scRNA-seq analysis revealed that BLR-200 prevented the appearance of a
mesenchymal fibroblast subpopulation. This mesenchymal subpopulation was
characterized by enrichment of functional pathways involved in development and
differentiation (Solé-Boldo et al., 2020). Previous studies have reported that a
mesenchymal-like fibroblast subpopulation contributes to dermal fibrosis, and this
population may actually be primed to over-respond to fibrotic stimuli (Deng et al., 2021;

Taki et al., 2020). Therefore, BLR-200 may be preventing the appearance of a highly pro-
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fibrotic subpopulation. However, the exact role of this mesenchymal cluster in my study is

not known and requires further investigation.

To date, sScCRNA-seq studies have mainly focussed on dissecting fibroblast heterogeneity
in dermal fibrosis (Ascension et al., 2021; Deng et al., 2021; Philippeos et al., 2018; Solé-
Boldo et al., 2020). While this provides useful information, very few studies have
investigated this heterogeneity in response to a pro-inflammatory, pro-fibrotic
microenvironment. Thus, my thesis greatly contributes to this gap in knowledge. My results
also emphasize the important contribution of collagen-expressing dermal fibroblasts to the
heterogenous fibroblast subpopulation in bleomycin-induced dermal fibrosis. Furthermore,
I have shown that therapeutic peptides based on CCN3 impair early pro-inflammatory and

pro-fibrotic responses in this collagen-lineage fibroblast population.

It is important to note that the bleomycin-induced model of SSc, while one of the more
useful tools for studying SSc fibrosis, is still an animal model. Thus, it is a simplification
of a much more complex human disorder. Nevertheless, the findings within my thesis still
provide novel information on the pathogenic mechanisms of fibrosis and will potentially
contribute to the overall understanding of mechanisms underlying human SSc.

The data generated during my thesis represent a valuable starting point for an extensive
study aimed at full assessment of the ability of BLR-200 to prevent fibrosis. Since
fibrogenesis is a highly spatially and temporally regulated process, investigating multiple
different timepoints in the bleomycin-induced model would provide greater insight into the
exact anti-fibrotic effects of BLR-200. For example, investigating changes 5 days post-
initiation of bleomycin injection would allow us to determine the effect of BLR-200 on the
robust inflammatory response that occurs immediately following vascular injury.
Furthermore, investigating changes 15 days post-initiation of bleomycin injection would
provide insight on BLR-200’s effects during the transition from the inflammatory phase to
the actively fibrotic phase of the model. A longitudinal study of this nature would likely
reveal the contribution and fate of the observed mesenchymal-like fibroblast
subpopulation. Moreover, while my scRNA-seq studies provide valuable, novel

information on fibroblast heterogeneity in bleomycin-induced dermal fibrosis,
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investigation of multiple timepoints would greatly build upon characterization of this
model. This would have a significant impact on our overall understanding of fibrosis and

positively impact pre-clinical testing of other potential anti-fibrotic therapies.

Investigating the effect of BLR-200 on established fibrosis will also uncover valuable
therapeutic information. My thesis focusses on the ability of BLR-200 to prevent fibrosis
and impair the early response to inflammation. This is clinically important, especially in
early dcSSc, when fibrogenesis is actively occurring (Asano, 2018). However, future
studies should aim at determining if BLR-200 can reverse established fibrosis in the
bleomycin-induced model of SSc. In this experiment, BLR-200 injections would begin at
28 days post-initiation of bleomycin injection, once dermal fibrosis has been established.
If BLR-200 can promote resolution or reversal of fibrosis, this would have a substantial
impact on treatment of SSc and fibrotic diseases in general.

54 Summary

In summation, | have shown that, in dermal fibroblasts, CCN1 and CCNZ2 are reciprocally
regulated to CCN3 through differential use of non-canonical TGFp signaling pathways.
Furthermore, | have shown that CCN3-based peptides treat fibrosis in an animal model of
SSc dermal fibrosis and impair the ability of collagen-expressing fibroblasts to respond to
the inflammatory microenvironment. Thus, my thesis provides important evidence
supporting the therapeutic potential of CCN3-based peptides in treatment of fibrotic

disorders, a finding that may have significant clinical impact.
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Appendix B: Ethics Approvals

Ethics approval for use of animals was granted under the Animal Use Protocol 2010-253
(Below).

Western

AUP Number: 2010-253

PI Name: Leask, Andrew

AUP Title: The Role Of Adhesi ing In Fibrog
Approval Date: 12/02/2014

Official Notice of Animal Use Subcommittee (AUS) Approval: Your new Animal Use Protocol (AUP) entitled "The Role Of Adhesi ling In Fi " has been APPROVED by the
Animal Use Subcommittee of the University Council on Animal Care. This approval, although valid for four years, and is subject to annual Protocol Renewal 2010-253::5

1. This AUP number must be indicated when ordenng animals for this project
2 Animals for other projects may not be ordered under this AUP number
3. Purchases of animals other than through this system must be cleared through the ACVS office. Health certificates will be required

The holder of this Animal Use Protocol is responsible to ensure that all i safety o ( iation safety, general laboratory safety) comply with institutional safety
standards and have received all necessary approvals. Please consult directly with your institutional safety oﬁ"cers
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