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Highlights.

e Serine-Threonine kinases are a large group of enzymes that regulate multiple

intracellular processes.

e TGF-B Receptors and ROCK are Serine-Threonine kinases that play crucial roles in

the development and maintenance of fibrosis.

e Novel TGF-B and ROCK inhibitors are promising potential antifibrotic therapeutic

agents.

Abstract

Serine-threonine kinases mediate the phosphorylation of intracellular protein targets, transferring
a phosphorus group from an ATP molecule to the specific amino acid residues within the target
proteins. Serine-threonine kinases regulate multiple key cellular functions. From this large group
of kinases, transforming growth factor beta (TGF-B) through the serine-threonine activity of its
receptors and Rho kinase (ROCK) play an important role in the development and maintenance of
fibrosis in various human diseases, including systemic sclerosis. In recent years, multiple drugs
targeting and inhibiting these kinases, have been developed, opening the possibility of becoming
potential antifibrotic agents of clinical value for treating fibrotic diseases. This review analyzes the
contribution of TGF- 8 and ROCK-mediated serine-threonine kinase molecular pathways to the
development and maintenance of pathological fibrosis and the potential clinical use of their

inhibition.
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Introduction.

Protein kinases are key regulators in a wide array of physiological processes ranging from cellular
growth and division to apoptosis (1, 2). Their effects are mediated by phosphorylation of diverse
intracellular protein targets, a process that involves the transposition of a phosphorus (as a
phosphorylium ion) from an ATP molecule to the specific amino acid residues within the target
protein (2-4). Target phosphorylation by protein kinases is crucial in activating intracellular
pathways and is precisely regulated as it can be subsequently reversed by phosphoprotein
phosphatases (5, 6). A schematic representation of the mechanism of action of serine-threonine
kinases is displayed in Fig 1A. Dysregulation of the normal dynamic phosphorylation-
dephosphorylation equilibrium plays a role in numerous pathological conditions including

inflammatory diseases, cancer, metabolic diseases, and fibrosis.

Depending on the type of amino acid targeted by the protein kinases, they have been classified
as serine-threonine, tyrosine, aspartic-glutamic acid, histidine, and mixed amino acid kinases (2,
7, 8). Despite of being numerous, only few serine-threonine kinases have been explored as
potential drug targets, suggesting that drug discovery targeting these enzymes may still be in its

infancy opening a vast opportunity for the development of novel therapeutic interventions.

Considering the unmet need for effective antifibrotic treatments for systemic sclerosis (SSc),
morphea, and other rheumatic diseases with an associated fibrotic phenotype such as interstitial
lung disease associated with rheumatoid arthritis; we focus this review on TGF-3 and Rho/ROCK
serine-threonine kinase-mediated pathways given their relevance in the pathogenesis of the
fibrotic process. TGF- was among the earliest and is the most potent profibrotic factor discovered
(9, 10). Owing to its wide cellular distribution, TGF-B plays a crucial role on the development and

maintenance of pathologic fibrosis, whereas ROCK was found to be key in the organization of the



cytoskeleton (11, 12). More recently was discovered that ROCK and TGF-B receptors following
their activation exert their action through serine-threonine phosphorylation. However, only in the
last decade, the recent advances in the development of specific kinase inhibitors targeting these
pathways have allowed effective potential therapeutic interventions. These advances have
resulted in the recent approval by regulatory agencies’ of nintedanib for SSc-related interstitial
lung disease (SSc-ILD) and fibrotic ILD phenotype associated with other rheumatic diseases (13-
15). However, given the inherent redundancy of the fibrotic molecular pathways, we are currently
still far from the goal of reversing or stopping fibrosis and the development of novel antifibrotic

drugs to improve clinical outcomes is largely needed.

For this review the Pubmed database was searched utilizing several combinations of the
keywords “serine threonine kinases”, “inhibition”, “fibrosis” including studies published in English
language, from 01/01/2010 to date. In a second step, the review was restricted to publications

containing the terms “TGF-B” and “ROCK” and inhibitors tested on phase 1 to phase 3 clinical

trials.

TRANSFORMING GROWTH FACTOR BETA, (TGF-B8) AND TGF-B RECEPTOR FAMILY

TGF-B comprises a large family of pleiotropic proteins, coded by thirty-three different genes, that
regulate multiple developmental and physiological processes ranging from embryogenesis and
cell differentiation to inflammation and wound repair (16, 17). The interaction of TGF- molecules
with their respective transmembrane receptors triggers the phosphorylation-mediated activation
of the receptor serine-threonine kinase and the initiation of multiple intracellular pathways that

involve numerous molecular mediators (18).

TGF-B1 is considered the most important among the TGF-B family of proteins, owing to its
participation in numerous and crucial cell functions. Following TGF-B1 synthesis and before being

secreted, an important cleavage occurs between amino acids 278 and 279, resulting in the



separation of a C-terminal product, the latency-associated peptide (LAP), and an N-terminal
region, the mature TGF-B (19, 20).These domains, however, continue to be maintained together
by non-covalent bonds. The LAP plays a double role, facilitating TGF- secretion but at the same
time keeping it in an inactive state. Consequently, TGF-B is secreted to the extracellular
compartment as an inactive dimer (21, 22) with the LAP preventing it from direct interaction with
its receptors. Once secreted the TGF-B-LAP complex binds to extracellular matrix (ECM) proteins,
most prominently fibrillin (23). To become activated and able to interact with its receptors, the
ECM-bound TGF-B complex undergoes a series of events, including cleavage by serine
proteases such as matrix-metalloproteases (MMPs) and the tolloid-like family of proteases such
as the BMP-1 (18, 22, 24). An alternative activation of TGF-f is mediated by the interaction of an
integrin receptor (av6 in fibroblasts) (25) which can produce mechanical stress forces causing

changes in the LAP quaternary structure that allow the release of TGF- molecules (26).

Following its release from the LAP complex, TGF-B binds to the transmembrane receptor TGF-
B receptor Il (TBRII) that is expressed in all human cells studied. This ligand binding recruits the
co-receptor TBRI and phosphorylates a serine/threonine residue of the TGF-BRI. Following
phosphorylation, the TGF-BRI forms heterodimers with TBRII and becomes functionally activated.
Five types of TBRII and seven TRRI receptors have been described in different human cells types.

The TBRI are known as activin receptor-like kinase (ALK) 1 to 7 (27-30).

Upon its activation, TBRI phosphorylates various members of the Smad family of intracellular
proteins, specifically, Smad2 and Smad3. These are collectively termed receptor-activated
Smads (R-SMADs). Following phosphorylation, R-Smads bind with the co-Smad, Smad4,
forming a molecular complex that is able to translocate into the nucleus and associate with
transcription factors modulating the expression of target genes (31). These pathways are
schematically represented in Figure 2 and are known as the TGF-f3 canonical pathway. In parallel

to these canonical pathways, TBRI also activates non-canonical pathways that contribute to the



fibrotic phenotype, such as JAK/STAT, ERK, MAPK, and c-ABL (Figure 2). Although these
pathways are involved in numerous cellular functions and molecular pathways, including fibrotic
pathways they will not be discussed further because they are associated with tyrosine kinase

phosphorylation (32).

Numerous studies have shown that the activation of TGF-f3 canonical pathways promotes tissue
myofibroblast accumulation through either the activation of quiescent tissue fibroblasts, or the
phenotypic conversion of various cell types, including endothelial, adipose and epithelial cells,
into myofibroblasts (33-36). During this trans-differentiation process, the original cell types loss
their original receptors and acquire mesenchymal cell functions including the expression of
smooth muscle actin (a-SMA) receptors, adhesion molecules such as cadherins, and other
cytoskeletal related markers such as vimentin and paladin (37-39). Myofibroblasts have been
recognized to be the crucial cellular elements involved in the development of tissue fibrosis in
SSc and other fibrotic diseases. Myofibroblasts share biological features of fibroblasts, such as
the ability to synthesize large amounts of ECM proteins, and display contractile cytoskeleton
features of smooth muscle cells (40). These features allow the activated myofibroblasts not only
to secrete excessive amounts of collagen and other ECM proteins, contributing to the fibrotic
tissue stiffness, but also to respond to the surrounding tissue stiffness by biomechanical
interaction. Myofibroblast contraction is transmitted by the cytoskeletal stress actin fibers trough
the ECM via focal adhesions (41, 42). Conversely, ECM mechanical stress has been shown to
promote latent TBG-f activation by releasing it from the LAP complex without the required
proteolytic cleavage of active TGF- from the LAP complex, also through myofibroblast response
mediated by stretch-sensitive membrane channels; resulting in a subsequent increased
expression of ECM proteins (43, 44). The assembly of stress actin fibers in myofibroblasts is
mediated by Rho-ROCK pathways. The persistent activation of myofibroblasts causes a profound

and prolonged profibrotic state in tissues, with subsequent target organ damage. Consequently,



TGF-B signaling is considered to be a crucial component in the development of various fibrotic

diseases (45-50).

Given its ubiquity, it is not surprising that the TGF-3 canonical pathways are tightly regulated at
many levels. The regulation of the availability of TGF-f is dependent on the LAP and its release,
whereas, the availability of TBRI (and its Smad substrates) is tightly controlled through
ubiquitination. Furthermore, it has been postulated that endocytosis and lipid raft-caveolar
internalization play a regulatory role on TBR availability (41, 51-53). Another level of regulation is
exerted by phosphatases that revert the effects of the kinases. In this respect, the
dephosphorylation by the protein phosphatase 1 catalytic subunit gamma (PP1c) inhibits TGF-f3
pathways. This phosphatase, forms a ternary complex with the subunit GADD34cx, the inhibitory
Smad (I-Smad) SMAD7, and TBRI, preventing the activation of Smad2/3, thus serving as a
negative feedback mechanism inhibiting TGF-f pathways. In addition, SMAD7 also recruits
SMURF1, SMURF2, NEDD4-2, or WWP1, resulting in TBRI ubiquitination and degradation and

a subsequent decrease in downstream signaling (18, 54).

Inhibition of TGF-B as an antifibrotic strategy:

Owing to the fact that TGF- is a crucial regulator of myofibroblast differentiation and activation,
and to its potent effects stimulating the expression of genes encoding fibrotic ECM molecules; it
plays a crucial and most important role in the development and establishment of multiple fibrotic
conditions including SSc (40, 55). Consequently, inhibition of TGF-B-initiated pathways provides
a highly relevant target for the development of effective novel drugs to treat SSc and other
diseases characterized by the excessive ECM deposition in the affected tissues. TGF-f signaling
can be inhibited by several mechanisms including: 1) Reduction of TGF- mRNA expression by

antisense oligonucleotides (56, 57); 2) blockage of TGFBR serine-threonine Kinase activity by



small protein inhibitors; or 3) by monoclonal antibodies blocking TGF-f3 receptors or preventing
TGF-B binding to its receptors through soluble decoy receptors (56). Most of these inhibitors have
been tested in clinical trials for different types of cancer. Despite the lack of clinical trials for fibrotic
diseases, it is important to review and summarize the experience available regarding the safety

and tolerability of these potential antifibrotic interventions.

Antisense Oligonucleotides:

Antisense Oligonucleotides (ASOs) are small-sized single-stranded nucleotides that based on
their sequence homology bind to their complementary mRNA inducing translational arrest by
inhibition of ribosomal activity and interference with mRNA, resulting in marked downregulation
of the expression of the genes encoding the target protein (58). The therapeutic potential of ASOs,
however, has been limited because unmodified ASOs are rapidly degraded by nucleases present
in biological fluids and poorly internalization through the cell membrane. To address these major
problems, various chemical modifications have been developed to enhance nuclease resistance,
prolong tissue half-life, increase affinity and potency and reduce non-sequence-specific toxicity
(59). These modified ASOs have been tested clinically in various malignancies but have not been

applied to fibrotic disorders.

Trabedersen (AP 12009):

Trabedersen is an ASO designed to be complementary to the human TGF-f2 mRNA, causing a
marked decrease in TGF-B production. Clinically, this antisense compound has been assessed
in three Phase l/ll-studies for the treatment of patients with recurrent or refractory malignant
glioma. Although patients tolerated the administration of Trabedersen without any major adverse
event, it should be noted that this compound was administered intratumorally (60). A large phase
I clinical trial has been initiated (Clinical trial identifier NCT00761280) to evaluate the intratumoral
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infusion, every other week, for a maximum of 21 weeks in patients with recurrent or refractory

anaplastic astrocytoma or secondary glioblastoma vs standard chemotherapy.

Another antisense nucleotide compound against TGF-1 mRNA (AP 11014) is currently in pre-

clinical development for non-small cell lung cancer (NSCLC) and prostate cancer (61, 62).

Small molecule inhibitors:

Small molecule inhibitors are ATP-competitive specific inhibitors of the serine/threonine kinase
activity. Schematic representation of the mechanism of action of serine-threonine kinase inhibitors
is displayed in Fig 1B. In the case of TGF-B, they specifically inhibit the Smad pathway by
occupying the ATP binding space of the TGF- kinase domain (ALK5 or ALK1), blocking the
phosphorylation of Smad2/Smad3 proteins and the TGF-f downstream canonical activation
pathways (63). Given the fact that in fibroblasts the TBRI implicated in overproduction of fibrotic
tissue macromolecules are ALKS5, we will review exclusively the ALK-5 inhibitors in this section.
ALK-5 inhibitors have been reported to exhibit antifibrotic effects in lung fibrosis models by

strongly inhibiting the differentiation of fibroblasts into myofibroblasts (64-66).

Galunisertib (LY2157299)

Galunisertib is a small molecule inhibitor of ALK5-TBRI that strongly inhibits Smad2
phosphorylation, downregulating TGF-B-activated Smad and non-Smad pathways in pancreatic,
lung, ovarian, and colorectal cancer cells (54, 67, 68). In early clinical trials, this small molecule
has displayed an acceptable safety profile, with no evidence of cardiac toxicity, a primary concern
with first-generation TGF-f inhibitors (69). However, cases of thrombocytopenia and pulmonary
embolism have been described in a trial that tested it in patients with glioma, being the main dose-
limiting toxicity effects (70). The safety of galunisertib was confirmed by multiple studies, either
as a monotherapy or in combination with chemotherapy or checkpoint inhibitors for different types
of solid organ malignancies (71-73). Although there are no studies of galunisertib as an antifibrotic
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drug, it is a promising antifibrotic molecule owing to its potent effects inhibiting the TGF-B

canonical pathways.

Vactosertib (EW-7197)

Vactosertib is a novel inhibitor of ALK5-TBRI. It has been recently developed as a more potent
and specific inhibitor than galunisertib. Vactosertib demonstrated strong inhibition of TGF-$1-
induced Smad signaling in breast tumor cells. (74-76). It is currently being tested in early-phase
clinical trials for several cancer types in combination with chemotherapy or immune checkpoints
inhibitors. Very interestingly, Vactosertib is being currently studied in combination with imatinib, a
tyrosine kinase inhibitor for patients with advanced desmoid tumors (Clinical trial NCT03802084).
This combination would be expected to also exert a robust antifibrotic effect considering that
imatinib has been shown to block non-Smad fibrotic pathways and, therefore, may potentiate the

antifibrotic effects of Vactosertib caused by Smad signaling inhibition.

Drug design of novel ALK5- TBRI inhibitors is evolving and new drugs such as LY3200882 are

being added to the ones with more advanced clinical development (77, 78)

Monoclonal receptor Antibodies and Fusion Constructs:

Neutralizing antibodies to TGF-B receptors have shown to prevent organ fibrosis in different
animal models (79, 80). This strategy for blocking TGF- 8 has been explored very early in clinical

trials, including SSc patients.

Metelimumab (CAT-192 OK JV)

Metelimumab is an IgG4 monoclonal antibody with specific neutralizing activity against TGF{1.
The first clinical trial of TGF- neutralizing antibodies in SSc patients compared the administration
of metelimumab intravenously at baseline and at weeks 6, 12, and 18; at three different doses

versus placebo in 45 patients with early (defined as having the disease for 18 months or less) and
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progressive diffuse cutaneous SSc (dc-SSc). In this trial, a change in modified Rodnan Skin Score
(mRSS) at 24 weeks was the primary outcome. This trial failed to show improvement in primary
and secondary outcomes. Four deaths were recorded during the study, all of them were reported
in the study drug arm but none was attributed to the study drug. It has been suggested that
blockage of TGF-( in very early active phases of SSc, may have cause unintended effects by

blocking the anti-inflammatory effect of TGF-3 (55, 81)

The most common adverse event leading to drug discontinuation was disease progression and
worsening dyspnea on exertion. The limited receptor specificity and the low binding affinity of this
antibody, as well as the co-existence of substantial skin T cell infiltrates without additional

immunosuppression, may have negatively affected the outcome (47, 81).

Fresolimumab (GC1008)

Fresolimumab is a fully human monoclonal antibody directed against TGF-f1, 2 and 3.
Fresolimumab demonstrated acceptable safety and preliminary evidence of antitumor activity in
a phase | trial on patients with previously treated malignant melanoma or renal cell carcinoma, in
a phase Il trial on 13 patients with malignant pleural mesothelioma, and in a phase Il trial on 23

patients with metastatic breast cancer (82-84).

In an open label trial, enrolling patients with early dc-SSc, fifteen patients received Fresolimumab
in two 1 mg/kg dose at weeks 0 and 4, or one 5 mg/kg initial dose. The analysis of treated patients
demonstrated rapid inhibition of TGF-B-regulated gene expression, measured as the expression
of the TGF-3 dependent genes THBS-1 and COMP; along with parallel and statistically significant
improvement in the mRSS from week 4 to 17 in comparison to the mRSS at baseline (85). A

remarkable observation was that the mRSS returned to values near baseline at week 24.
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AVID200

AVID200 is a receptor ectodomain TGF-f trap fused with an Fc antibody domain that inhibits
TGF-B1 and 3 at picomolar concentrations. (86, 87). It has been evaluated in an open label, dose-
escalation Phase | clinical trial (NCT03831438) to determine its safety, pharmacokinetics,
pharmacodynamics, and anti-fibrotic activity in patients with diffuse SSc. At the time of the first
interim report, six patients with dc-SSc, mRSS equal or greater than 15 and less than 5 years of
disease duration had been recruited. All patients showed improvement of mRSS at 6 weeks and
four out of six patients continued to display an improved mRSS at 12 weeks after the last
administered dose compared to baseline, and in five patients there was a decrease in the
expression of pre-defined biomarkers of activated TGF-B. No serious adverse events were

recorded except for mild dizziness, increased serum levels of muscle enzymes and anemia (88).

RAS HOMOLOG (Rho) FAMILY-ASSOCIATED PROTEIN KINASE

The Rho family of GTP-ases comprise a group of phylogenetically well-preserved small signaling
G proteins that regulate multiple aspects of intracellular actin dynamics. RhoA, a member of this
family that has been extensively studied, plays a crucial role in the modeling and organization of
the cytoskeleton. Consequently, it participates in cell adhesion, migration, division and
transformation, and other functions such as apoptosis and metabolism (89, 90). The Rho-
associated protein kinase (ROCK) is an important downstream effector of RhoA with
serine/threonine kinase activity (91). The description of the crystal structure of ROCK (92, 93),
ignited the discovery of numerous novel scaffold ROCK inhibitors, and improved the
understanding of the mechanisms of action of previously described direct and indirect ROCK

inhibitors such a fasudil and statins (94-96).

There are two isoforms of ROCK; ROCK1 and ROCKZ2, with high overall sequence homology (97)

and up to 92% of homology of sequences in their kinase domains. (97, 98). Both isoforms are
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widely distributed in different tissues (90, 97, 99). Recent studies have actually shown that
ROCK1 and ROCK2 have a different intracellular compartmental distribution with a high level of

functional coordination, as demonstrated when driving cell polarity and synapse formation (100).

ROCK exerts its key regulatory effect on the cytoskeleton by several mechanisms: 1) activating
the LIM kinase, which inactivates actin-depolymerization activity, favoring elongation, stabilization
and increase density of the actin network. The increased number of stable actin filaments reduces
cell migration (101); 2) ROCK activates the motor protein myosin Il by phosphorylation of the
myosin light chain (MLC), leading to actin-myosin stress fiber formation and resulting in the net
shortening of actin fibers; and 3) through the activation of other proteins that are also important
regulators of the actin-myosin interaction such as adducing, ezrin/radixin/moesin (ERM), and

forming homology domain protein 1 (FHOD1), among others.

As discussed above, the differentiation of myofibroblasts and their ECM protein production are
strongly stimulated by external mechanical forces not only during the normal process of scar
formation but also during pathological fibrotic disorders such as SSc. Interactions between the
stress actin fibers of the myofibroblast cytoskeleton and the tissue mechanical forces are
translated into biochemical signals that increase the transcription of genes involved in contraction,
migration, and ECM overproduction and accumulation (102). In this regard, RhoA/ROCK signaling
pathways (diagrammatically illustrated in Figure 3) play an essential role by controlling
myofibroblast differentiation and transduction of mechanical forces (103). Inhibition of
RhoA/ROCK has been shown to halt TGF-B induced myofibroblast differentiation (104-106)
through inhibition of serum response factor (SRF), a member of the MADS box-containing
transcription factor family. This effect limits the availability of its co-factor MRTF that is linked to
non-polymerized actin (G-actin) when the myofibroblast is not able to maintain the actin stress
fibers. Blockage of this pathway halts the myofibroblast activation and differentiation caused by

TGF-B, PDGF, and lysophosphatidic acid (LPA) in myofibroblasts from healthy donors and SSc
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patients (107, 108). Another important pro-fibrotic pathway that is activated by Rho/ROCK actin
stress fiber formation involves the Yes-associated protein (YAP) and its transcriptional co-
activator TAZ. In myofibroblasts, the stiffness of their surrounding ECM can mechano-activate
YAP/TAZ, promoting the excessive ECM proteins production (109). This results in a further
increase in tissue stiffness, thus establishing a feed-forward loop of fibroblast activation and tissue

fibrosis. The regulation of this pathway is not yet fully elucidated. (110, 111)

ROCK also has a role in the downstream signal translation of the TGF- canonical pathway as
ROCK inhibition prevents Smad2/3 phosphorylation and inhibits collagen | production (111-113).
This effect has been demonstrated to halt fibrosis in fibroblasts from keloids and from affected
dermis from SSc patients, as well as in various animal models of fibrosis. Furthermore, ROCK1
can directly phosphorylate JAK2, an important non-canonical TGF-B pathway (114). Another
important process of myofibroblast generation, mediated by TGF-3 and ROCK is the endothelial
mesenchymal transdifferentiation or EndoMT(33), a process that requires the activation of
transcription factors such as Snail, Slug, and Twist through TGF- Smad and non-Smad
pathways. ROCK-dependent increased free SRF (Figure 3) induce Snail expression, contributing

to the EndoMT process. (33, 115)

Inhibiting ROCK as an antifibrotic strategy:

Following the detailed description of ROCK structure and the progressive understanding of the
role of ROCK in multiple pathophysiological processes including fibrosis, numerous ROCK
inhibitors have been developed. Almost all ROCK inhibitors have been designed as a mirror of
their earlier counterpart, tyrosine kinase inhibitors, as competitive inhibitors of their ATP binding
pocket. Initially, classic ROCK inhibitors were isoquinoline-based and derivatives, but newer
compounds have been recently discovered. The differences in pharmacodynamics and

pharmacokinetics of these inhibitors have been comprehensively reviewed recently (94).
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A recent step in improving the therapeutic window for the ROCK inhibitors was the development
of ROCK2-specific inhibitors that display improved tolerance to systemic administration and cause
less hypotension. Two of these compounds were studied: SAR407899, for their use in erectile
dysfunction and pulmonary hypertension (NCT00914277), but their clinical development was
discontinued, and the more specific ROCK2 inhibitor, SLX-2119 (Belumosudil), described in detalil

below was further pursued for its antifibrotic and anti-inflammatory properties (116, 117).

Belumosudil.

SLX-2119 (more recently labeled as KD025 or Belumosudil) was developed as an Indazole
derivative ROCK inhibitor. Belumosudil is a very specific inhibitor of ROCK2 serine/threonine
kinase activity with IC50 values of 60—-110 nM for ROCK2 and greater than 10 uM for ROCK1

(118).

Initially, this drug was explored for the treatment of idiopathic pulmonary fibrosis (IPF), chronic
graft versus host disease (cGVHD), and moderate to severe psoriasis because it inhibits ROCK2-
mediated signaling pathways, which play significant roles in pro-and anti-inflammatory pathways
and in immune cell responses (119-121). A genomic study in human cells demonstrated that the
drug also affects oxidative phosphorylation, WNT signaling, angiogenesis, and KRAS signaling

(122).

Belumosudil arrested the progression and reverted the changes of cGVHD in multiple animal
models (123). In peripheral blood mononuclear cells (PBMC) isolated from patients with active
cGVHD, Belumosudil showed inhibition of the secretion of interferon gamma, IL-21, IL-17,
decreased phosphorylated STAT3, and reduced the protein expression of interferon regulatory

factor 4 (IRF4) and B-cell lymphoma 6 (BCL6) (123).

A long-term follow-up of a phase 2 study that enrolled three sequential cohorts of patients with
active cGVHD despite prior therapy totaling 54 patients, receiving 200 mg QD, 200 mg BID, and

15



400 mg QD of Belomosudil were followed for 33-39 weeks. The primary endpoint was the overall
response rate (ORR). A remarkable 65% (51%, 77%) reduction of ORR of was achieved across
the cohorts and improvement was observed in multiple organs. Remarkably, the responses were
rapid and were achieved within the first 8 weeks in the majority of patients. The most common
adverse events were upper respiratory infections, diarrhea, nausea, fatigue, dyspnea, and

peripheral edema (120).

Belumosudil is also being tested in an ongoing trial in IPF patients (NCT02688647), expected to
include about 36 IPF patients previously treated with nintedanib or pirfenidone that will be
randomized to receive 400 mg QD or standard-of-care treatment. Interim data collected after 24
weeks, included 20 patients on Belumosudil and 9 patients receiving standard of care, showed
that the Belumosudil arm prevented the median decline of total forced vital capacity (FVC) by
73%, and the median decline in FVC predicted compared to standard of care by 50%. A current
phase Il trial on SSc patients taking either belumosudil or placebo for 24 weeks followed by 24

weeks of open-label for both arms is currently underway.

The rapid and progressive discovery of novel serine-threonine inhibitors of crucial pro-fibrotic
kinases, is opening a new potential therapeutic approach for rheumatic diseases with
predominant fibrotic component such as SSc, morphea, eosinophilic fasciitis, or other diseases
with associated tissue fibrosis such as interstitial lung disease associated to rheumatoid arthritis,
antisynthesase syndrome, among others. It should be emphasized, however that Phase Il and Il
trials will be needed to corroborate the utility and safety of this approach, but the recent approval
by regulatory agencies of tyrosine kinase inhibitors such as nintedanib demonstrate that specific
kinase inhibitors can have a therapeutic role in the treatment of fibrotic diseases with a reasonable
safety profile. Inhibiting serine-threonine specific pathways allows a more specific inhibition of the

fibrotic process than inhibiting upstream cytokines without the associated immune suppression,
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thus rendering them potentially suitable for combination therapy with antimetabolites or cytokine

inhibitors.

Disclosure statement: The authors declare no conflict of interest.

References:

1. Taylor SS, Kornev AP. Protein kinases: evolution of dynamic regulatory proteins. Trends Biochem
Sci. 2011;36(2):65-77.

2. Manning G, Plowman GD, Hunter T, Sudarsanam S. Evolution of protein kinase signaling from
yeast to man. Trends Biochem Sci. 2002;27(10):514-20.

3. Knighton DR, Zheng JH, Ten Eyck LF, Ashford VA, Xuong NH, Taylor SS, et al. Crystal structure of

the catalytic subunit of cyclic adenosine monophosphate-dependent protein kinase. Science.
1991;253(5018):407-14.

4, Knighton DR, Zheng JH, Ten Eyck LF, Xuong NH, Taylor SS, Sowadski JM. Structure of a peptide
inhibitor bound to the catalytic subunit of cyclic adenosine monophosphate-dependent protein kinase.
Science. 1991;253(5018):414-20.

5. Villafranca JE, Kissinger CR, Parge HE. Protein serine/threonine phosphatases. Curr Opin
Biotechnol. 1996;7(4):397-402.

6. Shi Y. Serine/threonine phosphatases: mechanism through structure. Cell. 2009;139(3):468-84.
7. Capra M, Nuciforo PG, Confalonieri S, Quarto M, Bianchi M, Nebuloni M, et al. Frequent

Alterations in the Expression of Serine/Threonine Kinases in Human Cancers. Cancer Research.
2006;66(16):8147-54.

8. Lee JC, Adams JL. Inhibitors of serine/threonine kinases. Curr Opin Biotechnol. 1995;6(6):657-61.
9. Roberts AB, Sporn MB, Assoian RK, Smith JM, Roche NS, Wakefield LM, et al. Transforming
growth factor type beta: rapid induction of fibrosis and angiogenesis in vivo and stimulation of collagen
formation in vitro. Proc Natl Acad Sci U S A. 1986;83(12):4167-71.

10. Sporn MB, Roberts AB, Wakefield LM, Assoian RK. Transforming growth factor-beta: biological
function and chemical structure. Science. 1986;233(4763):532-4.

11. Matsui T, Amano M, Yamamoto T, Chihara K, Nakafuku M, Ito M, et al. Rho-associated kinase, a
novel serine/threonine kinase, as a putative target for small GTP binding protein Rho. Embo j.
1996;15(9):2208-16.

12. Chihara K, Amano M, Nakamura N, Yano T, Shibata M, Tokui T, et al. Cytoskeletal
rearrangements and transcriptional activation of c-fos serum response element by Rho-kinase. J Biol
Chem. 1997;272(40):25121-7.

13. Lamb YN. Nintedanib: A Review in Fibrotic Interstitial Lung Diseases. Drugs. 2021;81(5):575-86.
14. Martin-Lopez M, Carreira PE. Antifibrotics in systemic sclerosis. Best Pract Res Clin Rheumatol.
2021:101671.

15. Khanna D, Lescoat A, Roofeh D, Bernstein EJ, Kazerooni EA, Roth MD, et al. SYSTEMIC
SCLEROSIS-ASSOCIATED INTERSTITIAL LUNG DISEASE: How to incorporate two Food and Drug
Administration-approved therapies in clinical practice. Arthritis Rheumatol. 2021.

17



16. Fujio K, Komai T, Inoue M, Morita K, Okamura T, Yamamoto K. Revisiting the regulatory roles of
the TGF-beta family of cytokines. Autoimmun Rev. 2016;15(9):917-22.

17. Derynck R, Budi EH. Specificity, versatility, and control of TGF-beta family signaling. Sci Signal.
2019;12(570).

18. Tzavlaki K, Moustakas A. TGF-beta Signaling. Biomolecules. 2020;10(3).

19. Blanchette F, Day R, Dong W, Laprise MH, Dubois CM. TGFbetal regulates gene expression of its
own converting enzyme furin. J Clin Invest. 1997;99(8):1974-83.

20. Dubois CM, Laprise MH, Blanchette F, Gentry LE, Leduc R. Processing of transforming growth
factor beta 1 precursor by human furin convertase. J Biol Chem. 1995;270(18):10618-24.

21. Lopez AR, Cook J, Deininger PL, Derynck R. Dominant negative mutants of transforming growth
factor-beta 1 inhibit the secretion of different transforming growth factor-beta isoforms. Mol Cell Biol.
1992;12(4):1674-9.

22. Khalil N. TGF-beta: from latent to active. Microbes Infect. 1999;1(15):1255-63.

23. Wipff J, Allanore Y, Boileau C. [Interactions between fibrillin-1 and tgf-beta: consequences and
human pathology]. Med Sci (Paris). 2009;25(2):161-7.

24, Ge G, Greenspan DS. BMP1 controls TGFbetal activation via cleavage of latent TGFbeta-binding
protein. J Cell Biol. 2006;175(1):111-20.

25. Munger JS, Huang X, Kawakatsu H, Griffiths MJ, Dalton SL, Wu J, et al. The integrin alpha v beta 6
binds and activates latent TGF beta 1: a mechanism for regulating pulmonary inflammation and fibrosis.
Cell. 1999;96(3):319-28.

26. Dong X, Zhao B, lacob RE, Zhu J, Koksal AC, Lu C, et al. Force interacts with macromolecular
structure in activation of TGF-. Nature. 2017;542(7639):55-9.

27. Miyazawa K, Miyazono K. Regulation of TGF-B Family Signaling by Inhibitory Smads. Cold Spring
Harb Perspect Biol. 2017;9(3).

28. Heldin CH, Moustakas A. Signaling Receptors for TGF-B Family Members. Cold Spring Harb
Perspect Biol. 2016;8(8).

29. Goumans MJ, Valdimarsdottir G, Itoh S, Lebrin F, Larsson J, Mummery C, et al. Activin receptor-
like kinase (ALK)1 is an antagonistic mediator of lateral TGFbeta/ALKS5 signaling. Mol Cell.
2003;12(4):817-28.

30. Finnson KW, Parker WL, ten Dijke P, Thorikay M, Philip A. ALK1 opposes ALK5/Smad3 signaling
and expression of extracellular matrix components in human chondrocytes. J Bone Miner Res.
2008;23(6):896-906.

31. Meng XM, Nikolic-Paterson DJ, Lan HY. TGF-B: the master regulator of fibrosis. Nat Rev Nephrol.
2016;12(6):325-38.

32. Finnson KW, Almadani Y, Philip A. Non-canonical (non-SMAD2/3) TGF-B signaling in fibrosis:
Mechanisms and targets. Semin Cell Dev Biol. 2020;101:115-22.

33. Piera-Velazquez S, Jimenez SA. Endothelial to Mesenchymal Transition: Role in Physiology and in
the Pathogenesis of Human Diseases. Physiol Rev. 2019;99(2):1281-324.

34. Marangoni RG, Korman B, Varga J. Adipocytic Progenitor Cells Give Rise to Pathogenic
Myofibroblasts: Adipocyte-to-Mesenchymal Transition and Its Emerging Role in Fibrosis in Multiple
Organs. Curr Rheumatol Rep. 2020;22(11):79.

35. Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat ML, Gabbiani G. The myofibroblast: one
function, multiple origins. Am J Pathol. 2007;170(6):1807-16.

36. Darby IA, Hewitson TD. Fibroblast differentiation in wound healing and fibrosis. Int Rev Cytol.
2007;257:143-79.

37. Goumans MJ, Liu Z, ten Dijke P. TGF-beta signaling in vascular biology and dysfunction. Cell Res.
2009;19(1):116-27.

18



38. Medici D, Potenta S, Kalluri R. Transforming growth factor-B2 promotes Snail-mediated
endothelial-mesenchymal transition through convergence of Smad-dependent and Smad-independent
signalling. Biochem J. 2011;437(3):515-20.

39. van Meeteren LA, ten Dijke P. Regulation of endothelial cell plasticity by TGF-B. Cell Tissue Res.
2012;347(1):177-86.

40. Hinz B, Phan SH, Thannickal VJ, Prunotto M, Desmouliére A, Varga J, et al. Recent developments
in myofibroblast biology: paradigms for connective tissue remodeling. Am J Pathol. 2012;180(4):1340-
55.

41. Vander Ark A, Cao J, Li X. TGF-B receptors: In and beyond TGF-f signaling. Cell Signal.
2018;52:112-20.

42. Hinz B, McCulloch CA, Coelho NM. Mechanical regulation of myofibroblast phenoconversion and
collagen contraction. Exp Cell Res. 2019;379(1):119-28.
43, Moore SW, Roca-Cusachs P, Sheetz MP. Stretchy proteins on stretchy substrates: the important

elements of integrin-mediated rigidity sensing. Dev Cell. 2010;19(2):194-206.

44, Pakshir P, Noskovicova N, Lodyga M, Son DO, Schuster R, Goodwin A, et al. The myofibroblast at
a glance. J Cell Sci. 2020;133(13).

45, Border WA, Noble NA. Transforming growth factor beta in tissue fibrosis. N Engl J Med.
1994;331(19):1286-92.

46. Pohlers D, Brenmoehl J, Loffler I, Miiller CK, Leipner C, Schultze-Mosgau S, et al. TGF-beta and
fibrosis in different organs - molecular pathway imprints. Biochim Biophys Acta. 2009;1792(8):746-56.
47. Varga J, Whitfield ML. Transforming growth factor-beta in systemic sclerosis (scleroderma).
Front Biosci (Schol Ed). 2009;1:226-35.

48. Jiménez SA, Castro SV, Piera-Velazquez S. Role of growth factors in the pathogenesis of tissue
fibrosis in systemic sclerosis. Curr Rheumatol Rev. 2010;6(4):283-94.

49. Lafyatis R. Transforming growth factor B--at the centre of systemic sclerosis. Nat Rev Rheumatol.
2014;10(12):706-19.

50. Biernacka A, Dobaczewski M, Frangogiannis NG. TGF-f signaling in fibrosis. Growth Factors.
2011;29(5):196-202.

51. Del Galdo F, Lisanti MP, Jimenez SA. Caveolin-1, transforming growth factor-beta receptor
internalization, and the pathogenesis of systemic sclerosis. Curr Opin Rheumatol. 2008;20(6):713-9.

52. Meyer C, Liu Y, Dooley S. Caveolin and TGF-B entanglements. J Cell Physiol. 2013;228(11):2097-
102.

53. Gvaramia D, Blaauboer ME, Hanemaaijer R, Everts V. Role of caveolin-1 in fibrotic diseases.
Matrix Biol. 2013;32(6):307-15.
54, Dzieran J, Fabian J, Feng T, Coulouarn C, llkavets I, Kyselova A, et al. Comparative analysis of

TGF-beta/Smad signaling dependent cytostasis in human hepatocellular carcinoma cell lines. PLoS One.
2013;8(8):e72252.

55. Gyorfi AH, Matei AE, Distler JHW. Targeting TGF-B signaling for the treatment of fibrosis. Matrix
Biol. 2018;68-69:8-27.

56. Nagaraj NS, Datta PK. Targeting the transforming growth factor-beta signaling pathway in
human cancer. Expert Opin Investig Drugs. 2010;19(1):77-91.

57. Hawinkels LJ, Ten Dijke P. Exploring anti-TGF-f therapies in cancer and fibrosis. Growth Factors.
2011;29(4):140-52.

58. Chan JH, Lim S, Wong WS. Antisense oligonucleotides: from design to therapeutic application.
Clin Exp Pharmacol Physiol. 2006;33(5-6):533-40.

59. Adachi H, Hengesbach M, Yu YT, Morais P. From Antisense RNA to RNA Modification:
Therapeutic Potential of RNA-Based Technologies. Biomedicines. 2021;9(5).

19



60. Bogdahn U, Hau P, Stockhammer G, Venkataramana NK, Mahapatra AK, Suri A, et al. Targeted
therapy for high-grade glioma with the TGF-beta2 inhibitor trabedersen: results of a randomized and
controlled phase Ilb study. Neuro Oncol. 2011;13(1):132-42.

61. Parichatikanond W, Luangmonkong T, Mangmool S, Kurose H. Therapeutic Targets for the
Treatment of Cardiac Fibrosis and Cancer: Focusing on TGF-B Signaling. Frontiers in Cardiovascular
Medicine. 2020;7(34).

62. Schlingensiepen K-H, Bischof A, Egger T, Hafner M, Herrmuth H, Jachimczak P, et al. The TGF-
betal antisense oligonucleotide AP 11014 for the treatment of non-small cell lung, colorectal and
prostate cancer: Preclinical studies. Journal of Clinical Oncology. 2004;22(14_suppl):3132-.

63. Jin CH, Krishnaiah M, Sreenu D, Subrahmanyam VB, Rao KS, Lee HJ, et al. Discovery of N-((4-
([1,2,4]Triazolo[1,5-a]pyridin-6-yl)-5-(6-methylpyridin-2-yl)-1H-imidazol-2-yl)methyl)-2-fluoroaniline
(EW-7197): A Highly Potent, Selective, and Orally Bioavailable Inhibitor of TGF-B Type | Receptor Kinase
as Cancer Immunotherapeutic/Antifibrotic Agent. Journal of Medicinal Chemistry. 2014;57(10):4213-38.
64. Higashiyama H, Yoshimoto D, Kaise T, Matsubara S, Fujiwara M, Kikkawa H, et al. Inhibition of
activin receptor-like kinase 5 attenuates bleomycin-induced pulmonary fibrosis. Exp Mol Pathol.
2007;83(1):39-46.

65. Koh RY, Lim CL, Uhal BD, Abdullah M, Vidyadaran S, Ho CC, et al. Inhibition of transforming
growth factor-f via the activin receptor-like kinase-5 inhibitor attenuates pulmonary fibrosis. Mol Med
Rep. 2015;11(5):3808-13.

66. Terashima H, Aonuma M, Tsuchida H, Sugimoto K, Yokoyama M, Kato M. Attenuation of
pulmonary fibrosis in type | collagen-targeted reporter mice with ALK-5 inhibitors. Pulm Pharmacol Ther.
2019;54:31-8.

67. Alsina-Sanchis E, Figueras A, Lahiguera A, Vidal A, Casanovas O, Graupera M, et al. The TGFbeta
pathway stimulates ovarian cancer cell proliferation by increasing IGF1R levels. Int J Cancer.
2016;139(8):1894-903.

68. Dituri F, Mazzocca A, Fernando J, Peidro FJ, Papappicco P, Fabregat |, et al. Differential Inhibition
of the TGF-beta Signaling Pathway in HCC Cells Using the Small Molecule Inhibitor LY2157299 and the
D10 Monoclonal Antibody against TGF-beta Receptor Type II. PLoS One. 2013;8(6):e67109.

69. de Gramont A, Faivre S, Raymond E. Novel TGF-beta inhibitors ready for prime time in onco-
immunology. Oncoimmunology. 2017;6(1):e1257453.
70. Rodon J, Carducci MA, Sepulveda-Sanchez JM, Azaro A, Calvo E, Seoane J, et al. First-in-human

dose study of the novel transforming growth factor-beta receptor | kinase inhibitor LY2157299
monohydrate in patients with advanced cancer and glioma. Clin Cancer Res. 2015;21(3):553-60.

71. Ikeda M, Takahashi H, Kondo S, Lahn MMF, Ogasawara K, Benhadji KA, et al. Phase 1b study of
galunisertib in combination with gemcitabine in Japanese patients with metastatic or locally advanced
pancreatic cancer. Cancer Chemother Pharmacol. 2017;79(6):1169-77.

72. Melisi D, Garcia-Carbonero R, Macarulla T, Pezet D, Deplanque G, Fuchs M, et al. Galunisertib
plus gemcitabine vs. gemcitabine for first-line treatment of patients with unresectable pancreatic
cancer. Br J Cancer. 2018;119(10):1208-14.

73. Herbertz S, Sawyer JS, Stauber AJ, Gueorguieva |, Driscoll KE, Estrem ST, et al. Clinical
development of galunisertib (LY2157299 monohydrate), a small molecule inhibitor of transforming
growth factor-beta signaling pathway. Drug Des Devel Ther. 2015;9:4479-99.

74. Son JY, Park SY, Kim SJ, Lee SJ, Park SA, Kim MJ, et al. EW-7197, a novel ALK-5 kinase inhibitor,
potently inhibits breast to lung metastasis. Mol Cancer Ther. 2014;13(7):1704-16.

75. Tsauo J, Song HY, Choi EY, Kim DK, Kim KY, Park JH, et al. EW-7197, an oral transforming growth
factor beta type | receptor kinase inhibitor, for preventing peritoneal adhesion formation in a rat model.
Surgery. 2018;164(5):1100-8.

20



76. Kim B-G, Malek E, Choi SH, Ignatz-Hoover JJ, Driscoll JJ. Novel therapies emerging in oncology to
target the TGF-f3 pathway. Journal of Hematology & Oncology. 2021;14(1):55.

77. Xu G, Zhang Y, Wang H, Guo Z, Wang X, Li X, et al. Synthesis and biological evaluation of 4-
(pyridin-4-oxy)-3-(3,3-difluorocyclobutyl)-pyrazole derivatives as novel potent transforming growth
factor-p type 1 receptor inhibitors. Eur J Med Chem. 2020;198:112354.

78. Pei H, Parthasarathy S, Joseph S, McMillen W, Xu X, Castaneda S, et al. LY3200882, a novel,
highly selective TGFBRI small molecule inhibitor. Cancer Research. 2017;77(13 Supplement):955-.

79. Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De La Cruz MC, Hong SW, Isono M, et al. Long-term
prevention of renal insufficiency, excess matrix gene expression, and glomerular mesangial matrix
expansion by treatment with monoclonal antitransforming growth factor-beta antibody in db/db
diabetic mice. Proc Natl Acad Sci U S A. 2000;97(14):8015-20.

80. McCormick LL, Zhang Y, Tootell E, Gilliam AC. Anti-TGF-beta treatment prevents skin and lung
fibrosis in murine sclerodermatous graft-versus-host disease: a model for human scleroderma. J
Immunol. 1999;163(10):5693-9.

81. Denton CP, Merkel PA, Furst DE, Khanna D, Emery P, Hsu VM, et al. Recombinant human anti—
transforming growth factor B1 antibody therapy in systemic sclerosis: A multicenter, randomized,
placebo-controlled phase I/Il trial of CAT-192. Arthritis & Rheumatism. 2007;56(1):323-33.

82. Morris JC, Tan AR, Olencki TE, Shapiro Gl, Dezube BJ, Reiss M, et al. Phase | study of GC1008
(fresolimumab): a human anti-transforming growth factor-beta (TGFbeta) monoclonal antibody in
patients with advanced malignant melanoma or renal cell carcinoma. PLoS One. 2014;9(3):e90353.

83. Stevenson JP, Kindler HL, Papasavvas E, Sun J, Jacobs-Small M, Hull J, et al. Immunological
effects of the TGFbeta-blocking antibody GC1008 in malignant pleural mesothelioma patients.
Oncoimmunology. 2013;2(8):e26218.

84. Formenti SC, Lee P, Adams S, Goldberg ID, Li X, Xie MW, et al. Focal Irradiation and Systemic
TGFbeta Blockade in Metastatic Breast Cancer. Clin Cancer Res. 2018;24(11):2493-504.

85. Rice LM, Padilla CM, McLaughlin SR, Mathes A, Ziemek J, Goummih S, et al. Fresolimumab
treatment decreases biomarkers and improves clinical symptoms in systemic sclerosis patients. J Clin
Invest. 2015;125(7):2795-807.

86. Kim BG, Malek E, Choi SH, Ignatz-Hoover JJ, Driscoll JJ. Novel therapies emerging in oncology to
target the TGF-B pathway. J Hematol Oncol. 2021;14(1):55.

87. Yap TA, Lakhani NJ, Araujo DV, Ahnert JR, Chandana SR, Sharma M, et al. AVID200, first-in-class
TGF-beta 1 and 3 selective and potent inhibitor: Safety and biomarker results of a phase | monotherapy
dose-escalation study in patients with advanced solid tumors. Journal of Clinical Oncology.
2020;38(15_suppl):3587-.

88. Lafyatis R, Spiera R, Domsic R, Papazoglou A, Ligon C, Zinger Morse CM, et al. THU0329 SAFETY,
TARGET ENGAGEMENT, AND INITIAL EFFICACY OF AVID200, A FIRST-IN-CLASS POTENT AND ISOFORM-
SELECTIVE INHIBITOR OF TGF-BETA 1 AND 3, IN PATIENTS WITH DIFFUSE CUTANEOUS SYSTEMIC
SCLEROSIS (DCSSC): A PHASE 1 DOSE ESCALATION STUDY. Annals of the Rheumatic Diseases.
2020;79(Suppl 1):394-5.

89. Loirand G. Rho Kinases in Health and Disease: From Basic Science to Translational Research.
Pharmacol Rev. 2015;67(4):1074-95.

90. Shimizu T, lhara K, Maesaki R, Amano M, Kaibuchi K, Hakoshima T. Parallel coiled-coil
association of the RhoA-binding domain in Rho-kinase. J Biol Chem. 2003;278(46):46046-51.

91. Shahbazi R, Baradaran B, Khordadmehr M, Safaei S, Baghbanzadeh A, Jigari F, et al. Targeting
ROCK signaling in health, malignant and non-malignant diseases. Immunol Lett. 2020;219:15-26.

92. Jacobs M, Hayakawa K, Swenson L, Bellon S, Fleming M, Taslimi P, et al. The structure of dimeric
ROCK | reveals the mechanism for ligand selectivity. J Biol Chem. 2006;281(1):260-8.

21



93. Yamaguchi H, Miwa Y, Kasa M, Kitano K, Amano M, Kaibuchi K, et al. Structural basis for
induced-fit binding of Rho-kinase to the inhibitor Y-27632. ) Biochem. 2006;140(3):305-11.

94, Feng Y, LoGrasso PV, Defert O, Li R. Rho Kinase (ROCK) Inhibitors and Their Therapeutic
Potential. ] Med Chem. 2016;59(6):2269-300.

95. Wei Y-H, Liao S-L, Wang S-H, Wang C-C, Yang C-H. Simvastatin and ROCK Inhibitor Y-27632
Inhibit Myofibroblast Differentiation of Graves’ Ophthalmopathy-Derived Orbital Fibroblasts via RhoA-
Mediated ERK and p38 Signaling Pathways. Frontiers in Endocrinology. 2021;11(1109).

96. Rosenbloom J, Saitta B, Gaidarova S, Sandorfi N, Rosenbloom JC, Abrams WR, et al. Inhibition of
type | collagen gene expression in normal and systemic sclerosis fibroblasts by a specific inhibitor of
geranylgeranyl transferase I. Arthritis Rheum. 2000;43(7):1624-32.

97. Nakagawa O, Fujisawa K, Ishizaki T, Saito Y, Nakao K, Narumiya S. ROCK-l and ROCK-II, two
isoforms of Rho-associated coiled-coil forming protein serine/threonine kinase in mice. FEBS Lett.
1996;392(2):189-93.

98. Hartmann S, Ridley AJ, Lutz S. The Function of Rho-Associated Kinases ROCK1 and ROCK2 in the
Pathogenesis of Cardiovascular Disease. Front Pharmacol. 2015;6:276.

99. Jugdutt BI, Idikio HA. Apoptosis and oncosis in acute coronary syndromes: assessment and
implications. Mol Cell Biochem. 2005;270(1-2):177-200.

100. Yoneda A, Multhaupt HA, Couchman JR. The Rho kinases | and Il regulate different aspects of
myosin |l activity. J Cell Biol. 2005;170(3):443-53.

101. Maekawa M, Ishizaki T, Boku S, Watanabe N, Fujita A, lIwamatsu A, et al. Signaling from Rho to
the actin cytoskeleton through protein kinases ROCK and LIM-kinase. Science. 1999;285(5429):895-8.
102.  Sandbo N, Dulin N. Actin cytoskeleton in myofibroblast differentiation: ultrastructure defining
form and driving function. Transl Res. 2011;158(4):181-96.

103.  Carthy JM. TGFbeta signaling and the control of myofibroblast differentiation: Implications for
chronic inflammatory disorders. J Cell Physiol. 2018;233(1):98-106.

104. ItohY, Kimoto K, Imaizumi M, Nakatsuka K. Inhibition of RhoA/Rho-kinase pathway suppresses
the expression of type | collagen induced by TGF-beta2 in human retinal pigment epithelial cells. Exp Eye
Res. 2007;84(3):464-72.

105. Kita T, Hata Y, Arita R, Kawahara S, Miura M, Nakao S, et al. Role of TGF-beta in proliferative
vitreoretinal diseases and ROCK as a therapeutic target. Proc Natl Acad Sci U S A. 2008;105(45):17504-9.
106. Nagai Y, Matoba K, Kawanami D, Takeda Y, Akamine T, Ishizawa S, et al. ROCK2 regulates TGF-§-
induced expression of CTGF and profibrotic genes via NF-kB and cytoskeleton dynamics in mesangial
cells. Am J Physiol Renal Physiol. 2019;317(4):F839-f51.

107.  Sakai N, Chun J, Duffield JS, Wada T, Luster AD, Tager AM. LPAl-induced cytoskeleton
reorganization drives fibrosis through CTGF-dependent fibroblast proliferation. Faseb j.
2013;27(5):1830-46.

108. Small EM. The actin-MRTF-SRF gene regulatory axis and myofibroblast differentiation. J
Cardiovasc Transl Res. 2012;5(6):794-804.

109. NoguchiS, Saito A, Nagase T. YAP/TAZ Signaling as a Molecular Link between Fibrosis and
Cancer. Int ) Mol Sci. 2018;19(11).

110. Yu B, Sladojevic N, Blair JE, Liao JK. Targeting Rho-associated coiled-coil forming protein kinase
(ROCK) in cardiovascular fibrosis and stiffening. Expert Opin Ther Targets. 2020;24(1):47-62.

111. Milenkovic U, llg MM, Zuccato C, Ramazani Y, De Ridder D, Albersen M. Simvastatin and the
Rho-kinase inhibitor Y-27632 prevent myofibroblast transformation in Peyronie's disease-derived
fibroblasts via inhibition of YAP/TAZ nuclear translocation. BJU Int. 2019;123(4):703-15.

112.  Kamaraju AK, Roberts AB. Role of Rho/ROCK and p38 MAP kinase pathways in transforming
growth factor-beta-mediated Smad-dependent growth inhibition of human breast carcinoma cells in
vivo. J Biol Chem. 2005;280(2):1024-36.

22



113. JiH, Tang H, Lin H, Mao J, Gao L, Liu J, et al. Rho/Rock cross-talks with transforming growth
factor-B/Smad pathway participates in lung fibroblast-myofibroblast differentiation. Biomed Rep.
2014;2(6):787-92.

114. HuangH, Kong D, Byun KH, Ye C, Koda S, Lee DH, et al. Rho-kinase regulates energy balance by
targeting hypothalamic leptin receptor signaling. Nat Neurosci. 2012;15(10):1391-8.

115. PengH, LiY, Wang C, Zhang J, Chen Y, Chen W, et al. ROCK1 Induces Endothelial-to-
Mesenchymal Transition in Glomeruli to Aggravate Albuminuria in Diabetic Nephropathy. Sci Rep.
2016;6:20304.

116. Feng, LoGrasso PV. Rho kinase inhibitors: a patent review (2012 - 2013). Expert Opin Ther Pat.
2014;24(3):295-307.

117. Defert O, Boland S. Rho kinase inhibitors: a patent review (2014 - 2016). Expert Opin Ther Pat.
2017;27(4):507-15.

118. LeeJH, Zheng Y, von Bornstadt D, Wei Y, Balcioglu A, Daneshmand A, et al. Selective ROCK2
Inhibition In Focal Cerebral Ischemia. Ann Clin Transl Neurol. 2014;1(1):2-14.

119.  Zanin-Zhorov A, Weiss JM, Trzeciak A, Chen W, Zhang J, Nyuydzefe MS, et al. Cutting Edge:
Selective Oral ROCK2 Inhibitor Reduces Clinical Scores in Patients with Psoriasis Vulgaris and Normalizes
Skin Pathology via Concurrent Regulation of IL-17 and IL-10. J Immunol. 2017;198(10):3809-14.

120. Jagasia M, Lazaryan A, Bachier CR, Salhotra A, Weisdorf DJ, Zoghi B, et al. ROCK2 Inhibition With
Belumosudil (KD025) for the Treatment of Chronic Graft-Versus-Host Disease. J Clin Oncol.
2021:Jc02002754.

121.  Knipe RS, Tager AM, Liao JK. The Rho kinases: critical mediators of multiple profibrotic processes
and rational targets for new therapies for pulmonary fibrosis. Pharmacol Rev. 2015;67(1):103-17.

122.  ParkJ, Chun KH. Identification of novel functions of the ROCK2-specific inhibitor KD025 by
bioinformatics analysis. Gene. 2020;737:144474.

123.  Flynn R, Paz K, Du J, Reichenbach DK, Taylor PA, Panoskaltsis-Mortari A, et al. Targeted Rho-
associated kinase 2 inhibition suppresses murine and human chronic GVHD through a Stat3-dependent
mechanism. Blood. 2016;127(17):2144-54.

23



Figure 1:

Serine-Threonine kinases mechanism of action

Serine-threonine Kinases (STK) transfer a phosphate group from an ATP molecule to a serine or
threonine residue of their specific substrates. Serine-threonine inhibitors block the ATP cleft,
abrogating the phosphorylation process.

Figure 2:

TGF-B Fibrosis Pathways

After its synthesis, TGF-B is released to the extracellular space in an inactive state linked to the
LAP protein. Through interactions with fibrillin or integrin receptors, TGF-B is released from LAP
and binds to its cell membrane receptor. This binding causes activation of Canonical (SMAD) and
non-canonical (hon-SMAD) pathways. Canonical pathway: the binding of TGF- the formation
of TGFBR heterodimers that phosphorylate a serine-threonine residue in SMAD2 and SMAD3 (r-
SMADs). This reaction is inhibited by SMAD7. r-SMADs require to interact with SMAD4 to be
translocated inside the nucleus. Non-canonical pathway: On the other hand, TGFBR also
phosphorylate tyrosine residues activating ERK/MEK, MKK/JNK/P38, JAK/STAT and Src/c-Abl (
non-SMAD pathways).The overall effect of these intracellular pathways cause activation of
myofibroblasts and increased production of extracellular matrix proteins

Abbreviations: TGF-B: Transforming growth Factor beta, LAP: Latency associated peptide, ERK:
Extracellular regulated kinase, MEK: Mitogen-activated protein kinase, MKK: Mitogen-activated protein
kinase, JNK: c-Jun N-terminal kinase, JAK: Janus kinase, c-abl: c-Abelson tyrosine kinase.

Figure 3:

Rho-ROCK kinase intracellular fibrotic pathways: G protein-Coupled Receptors (Ang Il, ET-1,
PDGF-BB, among others) activate ROCK through Rho activation. This pathway is inhibited by Rac.
ROCK exerts its pro-fibrotic activity through multiple mediators: Activation of Adducin and ERM
favors the elongation and polymerization of actin (F-Actin). This process increases the availability
of free MRTF that is coupled with the non-polymeric actin (G-Actin). MRTF interacts with its co-
factor, Serum Response Factor (SRF) to activate genes decreasing myofibroblast apoptosis and
promoting myofibroblast differentiation and proliferation. ROCK also activates LIM Kinases,
promoting stabilization of F-Actin by inhibition of its de-polymerization. Furthermore, ROCK
stimulates the Myosin Light Chain kinase promoting Actin-Myosin mediated cell contraction. This
contraction generates mechanical interaction between cell surface integrins and the extracellular
matrix, causing release of tissue TGF-B from the LAP. In addition, ROCK also have a direct role on
the activation of SMAD and JAK 2.
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Abbreviations: Ang Il: Angiotensin Il, PDGF: Platelet Derived Growth Factor, ET-1:Endothelin 1, ROCK :
Rho Kinase, ERM: Ezrin/radixin/moesin, MRTF: Myocardin Related Transcription Factor, SRF: Serum

Response Factor TGF-B:Transforming growth Factor beta, LAP: Latency associated peptide, JAK: Janus
Kinase.
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