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Abstract

Chronic graft-versus-host disease (cGVHD) is an immune-mediated disorder characterized

by chronic inflammation and fibrosis. Rho-associated coiled-coil-containing protein kinases
(ROCKS) are key coordinators of tissue response to injury, regulating multiple functions, such
as gene expression and cell migration, proliferation and survival. Relevant to cGVHD and
autoimmunity, only the ROCK2 isoform drives a pro-inflammatory type 17 helper T (Th17)
cell response. Moreover, ROCK?2 inhibition shifts the Th17/regulatory T (Treg) cell balance
toward Treg cells and restores immune homeostasis in animal models of autoimmunity and
cGVHD. Furthermore, the selective inhibition of ROCK2 by belumosudil reduces fibrosis by
downregulating both transforming growth factor-p signaling and profibrotic gene expression,
thereby impeding the creation of focal adhesions. Consistent with its anti-inflammatory and
antifibrotic activities, belumosudil has demonstrated efficacy in clinical studies, resulting in an
overall response rate of >70% in patients with cGVHD who failed 2 to 5 prior lines of systemic
therapy. In summary, selective ROCK2 inhibition has emerged as a promising novel therapeutic
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approach for treating cGVHD and other immunologic diseases with unique mechanisms of action,
targeting both immune imbalance and detrimental fibrotic responses.
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1. Introduction

Since the discovery of the ROCK pathway more than 20 years ago [1], an increasing

body of research has continued to unravel the myriad effects of this pathway in controlling
tissue response to stress and injury [1,2]. Dysregulated ROCK activity has been associated
with a wide spectrum of diseases, ranging from cardiovascular [3] and neurologic [4]
disorders to immune-mediated [5] and fibrotic [6] diseases. Although the 2 ROCK isoforms,
ROCK1 and ROCKZ2, share >90% homology within their kinase domains [7], the function
of these proteins is not redundant and depends on the cellular system where they are
expressed and activated [8-11]. More recently, extensive experimental data highlight the
specific contribution of the ROCK1 and ROCK?2 proteins in multiple disease states [3,12—
15], providing essential knowledge for the development of isoform-specific ROCK-targeted
therapies [12,15-17]. In this review, we discuss the current understanding of the role of the
ROCK?2 signaling pathway in the regulation of immune responses and fibrotic processes.
Here, we focus on the therapeutic potential of selective ROCK?2 inhibition in cGVHD, an
immune-mediated, life-threatening complication of alloHCT.

2. ROCK2, but not ROCK1, controls the balance between pro-
inflammatory and Treg cell subsets

ROCK signaling is critical in the coordination of T-cell-mediated immune responses,
including cellular movement, cell proliferation and the acquisition of the appropriate T-cell
effector phenotype [18-20]. ROCK signaling has been found to be upregulated in patients
with autoimmune disorders [21-25], including rheumatoid arthritis [21], SLE [22,23], giant
cell arteritis [24] and multiple sclerosis [25], as well as in animal models of type 1 diabetes
[26]. Although dysregulated ROCK activity has been associated with the development of
autoimmune responses through its broad effects on cytoskeletal dynamics in immune cells
[12,20,22,23], only the ROCK2 isoform has been shown to be integral in controlling the
balance between pro-inflammatory and Treg cell subsets [12]. Under Th17 cell-polarizing
conditions, ROCK2, but not ROCK1, phosphorylates IRF4, a transcription factor required
for IL-17 and IL-21 cytokine production [27-29]. Given the recognized contribution of these
cytokines to the development of autoimmunity, ROCK2 targeting effectively reduced clinical
scores and pathology in a range of preclinical animal models [30-32], including collagen-
induced arthritis [30], MRL-Ipr SLE [31] and trinitrobenzene sulfonic acid—induced colitis
[32].
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In studies with human cells, it was demonstrated that ROCK2, but not ROCK1, interacts
with pSTAT3 in T cells stimulated by Th17 cell-skewing conditions [33]. Furthermore,
ROCK?2 activity controls the formation of the ROCK2/STAT3/JAK2 complex [33], allowing
optimal STAT3 activation and Th17 cell-specific gene transcription [30,33,34]. In addition,
both ROCK?2 signaling and STAT3 phosphorylation are required for the development of the
Th17 cell-induced subset of Tth cells [31], a specialized T-cell subset that promotes the
production of self-reactive mature B cells and autoantibodies implicated in the pathogenesis
of autoimmune disorders [35]. Indeed, pharmacologic inhibition of ROCK2 decreased the
number and function of murine Tfh cells in vitro and in vivo, as well as decreased the
number and function of Tfh cells in cultures of normal human T cells or PBMCs from
patients with active SLE stimulated ex vivo [28,31].

In nonhematopoietic cells, ROCK proteins have been implicated in TGF- signaling, which
plays an instrumental role in controlling the generation of both pro-inflammatory Th17 cells
and immunosuppressive Treg cells [36,37]. Specifically, ROCK2 targeting increases STATS
phosphorylation, the percentage of Treg cells and IL-10 secretion while decreasing Th17
and Tth cells [30,31]. The immunomodulatory potential of selective ROCK?2 inhibition was
demonstrated in cell cultures, animal models and patients [30-32,38]. In the clinic, selective
ROCK?2 inhibition improved clinical symptoms in patients with psoriasis vulgaris that were
associated with attenuating Th17 cell-driven autoimmune responses while significantly
increasing IL-10 levels and the percentage of Treg cells [38]. These data suggest that
targeting of ROCK2 may therefore restore disrupted immune homeostasis through the
concurrent regulation of pro-inflammatory and Treg cell subsets (Fig. 1A) [12].

3. ROCKSs as profibrotic mediators

ROCK activation is driven by a variety of profibrotic signals, including mechanical

forces (increased tissue stiffness) and biochemical mediators (LPA, thrombin, TGF-B)
[13]. Although the role of ROCKSs as master regulators of cytoskeletal dynamics has

been well established, the activity of the ROCK1 and ROCK?2 isoforms is nonredundant
with distinct properties [39]. For example, evidence points to isoform-specific roles in

the regulation of actomyosin organization, cell polarity and cell migration via activation
of different intracellular targets [39]. ROCK1 initiates polarity through the formation of
stable actomyosin filament bundles, whereas ROCK2 generates contractile forces, locally
attenuates the small GTPase Racl that inhibits actin polymerization and mediates the
formation of the leading edge in migratory cells [40]. By using the small interfering RNA-
mediated ROCK isoform knockdown approach, ROCKZ2, but not ROCK1, was shown to
control LPA-induced monocytic migration and adhesion [41]. While ROCK1 is critical for
the formation of stress fibers and focal adhesions, ROCK2 controls cortical contractility and
phagocytosis of fibronectin by fibroblasts [8].

Changes in cytoskeletal dynamics by ROCKSs also lead to increased transcription of key
profibrotic genes (Fig. 1B) [13,42]. In particular, recent studies indicate that ROCK2
facilitates MRTF-mediated transcription and increased expression of smooth muscle actin
and CTGF [42-44]. Activation of these genes promotes the differentiation of fibroblasts into
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myofibroblasts and increases the production of collagen, both of which are key features of
fibrotic diseases [42].

Pharmacologic inhibition of ROCK activity using nonselective ROCK inhibitors has been
demonstrated by several groups to prevent fibrosis in animal models; however, the specific
contribution of each isoform to antifibrotic effects in vivo was unclear [42,45]. Knipe et al
reported that reduced expression of either ROCK1 or ROCK2 was sufficient to protect mice
from bleomycin-induced vascular leak and pulmonary fibrosis [46]. In addition, ROCK2, but
not ROCK1, regulates TGF-B—induced fibrotic gene expression in mesangial cells, urinary
albumin excretion and glomerulosclerosis in diabetic animals [44]. Deletion of ROCK2 in
cardiac fibroblasts diminished cardiac hypertrophy and fibrosis induced by angiotensin Il in
mice, suggesting that selective ROCK2 targeting may have therapeutic benefits in patients
with fibrotic diseases [43].

4. ROCK?2 is an emerging therapeutic target in cGVHD

Chronic GVHD remains a frequent complication of alloHCT [47-49] that is associated
with considerable morbidity [49], impaired quality of life [50] and late nonrelapse mortality
[49,51]. Chronic GVHD is an immune-mediated multiorgan disorder that is characterized by
persistent inflammation due to a dysregulated immune response and aberrant tissue repair
with fibrosis [52]. The initiation phase of the disease is characterized by the excessive
expansion and differentiation of naive alloreactive T-cell subsets, including Thl, Th17 and
Tth cells, driven by high levels of IL-1, IL-6 and TNF-a cytokines secreted in response

to tissue injury [53]. Th17 cells contribute to the pathogenesis of cGVHD by trafficking

to target organs and secreting 1L-17, IL-21, GM-CSF and CSF-1 [54]. These cytokines
subsequently recruit innate immune cells and promote their differentiation into pathogenic
phenotypes, leading to extensive tissue fibrosis through myofibroblast activation via TGF-p
signaling and collagen production in target organs [55-57]. Indeed, the disruption of CSF-1
signaling has been shown to deplete tissue macrophages and reduce cGVHD-associated
cutaneous and pulmonary fibrosis [54].

In addition, the B-cell arm of the adaptive immune response is also markedly dysregulated

in cGVHD owing to increased secretion of IL-21 and activation of Tth cells [58]. This can
lead to abnormal germinal center or extrafollicular B-cell expansion, followed by secretion
and deposition of auto- and alloreactive antibodies in target organs [59,60]. These antibodies
bind to the Fc receptor on macrophages, which further stimulates TGF-B secretion and tissue
fibrosis [53].

Another key event occurring during this phase of the disease is the development of a
relative deficiency of thymus-derived Treg cells [61]. Conditioning regimens used prior to
transplant, immunosuppressant-based prophylaxis post transplant and other factors cause
thymic injury that leads to failure of negative selection and reduced Treg cell production,
as well as increased Treg cell susceptibility to apoptosis that cannot be compensated

by increased Treg cell proliferation [52,61]. Several studies have reported that Treg
cell-boosting therapies, such as Treg cell infusion or administration of low-dose IL-2,
demonstrated clinical benefits in patients [54]. Thus, the pathogenesis of cGVHD is
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characterized by an imbalance in effector Th17/Tfh cells and Treg cells, resulting in the
inability to rebound the pro-inflammatory environment and a loss of immune tolerance,
which subsequently lead to the development of irreversible fibrosis and damage in target
organs [52,64].

Many of the cellular processes regulated by the ROCK2 signaling pathway, particularly
the control of immune cell abnormalities and fibrosis, are relevant to the pathophysiology
of cGVHD (Fig. 1C)[13,31,35,44,54]. Belumosudil, also known as KD025, is an
investigational novel oral selective ROCK?2 inhibitor that has 100-fold more selectivity

for the ROCK2 isoform than the ROCK1 isoform [16,30]. Although the unique functions
of the ROCK isoforms continue to be defined, selective ROCK?2 inhibition offers the
potential for specific therapeutic effects, such as restoring Th17/Treg cell balance and
reducing fibrosis, without the profound effect of dual ROCK1/2 inhibition that could be
harmful to patients [12,62]. Indeed, a placebo-controlled, randomized, phasel clinical study
showed that the oral administration of belumosudil was well tolerated, without significant
AEs, in healthy individuals. Moreover, an analysis of PBMCs revealed that belumosudil
effectively downregulated the secretion of pro-inflammatory cytokines IL-21 and IL-17
during stimulation ex vivo, which is consistent with the exclusive role of the ROCK2
isoform in the regulation of the Th17 pathway [30]. ROCK2 inhibition with belumosudil
significantly diminished disease severity in association with a decrease in Th17 cells and
the simultaneous upregulation of Treg cells in therapeutic animal models of cGVHD, such
as a multiorgan system cGVHD model with BOS and a sclerodermatous mouse GVHD
model. The improvememt in the clinical and immunologic symptoms was associated with a
significant reduction in targeted organ fibrosis in both models. Furthermore, a study using
human PBMCs from patients with active cGVHD demonstrated that belumosudil inhibited
the production of IL-21, IL-17 and IFNy, as well as decreased Tth cells, confirming the
therapeutic potential of ROCK2 inhibition in cGVHD [62].

The use of belumosudil has been investigated in a phase 2a study (KD025-208) that
included adult patients with steroid-dependent or steroid-refractory cGVHD who had
received 1 to 3 prior lines of systemic treatment. Patients were treated with belumosudil

at dosages of 200 mg once daily (n=17), 200 mg twice daily (n=16) or 400 mg once daily
(n=21) in 28-day cycles until disease progression [63]. The primary end point was ORR,
defined as PR or CR by the 2014 NIH cGVHD Consensus Criteria [63]. Data from 54
patients demonstrated an ORR of 65%, with >75% of responders achieving a response by
week 8 [63]. Responses were observed in all affected organ systems, including organs with
fibrotic disease. The median DOR was 35 weeks, with 1- and 2-year FFS rates of 47% and
33%, respectively [63]. The most common AEs included upper respiratory tract infection
(46%), diarrhea (33%), nausea (33%), increased liver function tests (33%), fatigue (33%)
and dyspnea (30%). However, AEs were overall consistent with those expected in patients
with cGVHD receiving corticosteroids [63].

A pivotal phase 2, open-label, randomized study (KD025-213, ROCKstar) of belumosudil
in patients with cGVHD who received at least 2 prior lines of systemic therapy is being
conducted; results have since been published. Patients were randomized to belumosudil
at dosages of 200 mg once daily (n=66) or 200 mg twice daily (n=66) and were treated
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to clinically significant progression. Analysis 12 months after completion of enroliment
indicated that both cohorts achieved the primary end point, with an ORR of 74% and 77%
in patients receiving belumosudil 200 mg once daily and 200 mg twice daily, respectively.
CR was observed in all affected organ systems. Similar to the KD025-208 study, AEs were
overall consistent with those expected in patients with cGVHD receiving corticosteroids.
The most commonly reported AEs included fatigue (38%), diarrhea (33%), nausea (31%),
cough (28%), upper respiratory tract infection (27%), dyspnea (25%), headache (24%),
liver-related AEs (24%), peripheral edema (23%), vomiting (21%) and muscle spasms
(20%) [64].

5. Future direction for clinical development of belumosudil

The critical role of ROCK?2 in regulating immune and fibrotic processes underscores

its potential as a therapeutic target for a number of autoimmune and fibrotic disorders
[12,35,42,43]. This potential led to preclinical studies in systemic lupus erythematosus
and multiorgan system cGVHD with BOS and scleroderma, and subsequently progressed
into clinical trials, including two phase 2 trials in patients with cGVHD treated with

prior lines of systemic treatment [31, 62—64]. Accordingly, the role of ROCK2 inhibition
with belumosudil is being explored in systemic sclerosis (scleroderma) [65], a chronic
autoimmune disease characterized by small vessel vasculopathy, dysregulated innate and
adaptive immunity and extensive fibrosis of the skin and visceral organs [66,67]. Currently
considered incurable, systemic sclerosis is associated with the highest mortality of all
rheumatic diseases [66,67]. Although the pathogenesis of this condition remains poorly
understood, ROCK signaling pathways have been implicated in facilitating the disease
through their broad effects in controlling vascular smooth muscle, differentiating fibroblasts
into myofibroblasts [67,68] and driving fibrosis through TGF-B—mediated mechanisms
and transcription of profibrotic genes [62,68,69]. Further, significant associations between
ROCK1, ROCKZ, RhoA and RhoC gene polymorphisms and systemic sclerosis have been
demonstrated [68].

Based on these findings, a phase 2 investigation of belumosudil is ongoing in patients

with diffuse cutaneous systemic sclerosis. Patients are being randomized to double-blinded
treatment with belumosudil 200 mg once daily, belumosudil 200 mg twice daily or matched
placebo for 28 weeks, followed by open-label treatment of 24 weeks. The primary end point
is CRISS score at 24 weeks, and secondary end points include CRISS response at 52 weeks,
lung fibrosis change via high-resolution computed tomography and AEs [65].

6. Conclusions

An extensive body of evidence has highlighted the crucial roles of ROCK2 in regulating
pro-inflammatory immune responses and fibrotic processes involved in the pathogenesis
of multiple diseases. Importantly, ROCK2-mediated effects on cytoskeletal dynamics and
intracellular inflammatory cascades provide a promising therapeutic target for multiple
immune-mediated and fibrotic disorders. Belumosudil, a selective ROCK2 inhibitor, has
demonstrated important immunomodulatory properties, ameliorating the symptoms of
cGVHD in both animal models and patients in clinical trials with this devastating disorder.
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The 200-mg QD belumosudil dose has been approved by the FDA for adult and pediatric
patients aged =12 years with cGVHD after failure of =2 prior lines of systemic therapy [70].
Additional clinical research is expected to further characterize the therapeutic potential of
ROCK?2 inhibition in cGVHD, as well as other autoimmune and fibrotic disorders.
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ABBREVIATIONS:
AE

alloHCT
BOS
cGVHD
CRISS
CSF-1
CTGF
FFS

GTPase Racl

GM-CSF
IFNy
IL-1

IL-2
IL-6
IL-10
IL-17
IL-21
IRF4
JAK2

LPA

adverse event

allogeneic hematopoietic cell transplant

bronchiolitis obliterans syndrome

chronic graft-versus-host disease

Combined Response Index for Systemic Sclerosis Score
colony-stimulating factor 1

connective tissue growth factor

failure-free survival

guanosine triphosphatase Ras-related C3 botulinum toxin
substrate 1

granulocyte-macrophage colony-stimulating factor
interferon y

interleukin 1

interleukin 2

interleukin 6

interleukin 10

interleukin 17

interleukin 21

interferon regulator factor 4

Janus-associated kinase 2

lysophosphatidic acid
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MRL-Ipr lymphoproliferation mutant

MRTF myocardin-related transcription factor

NIH National Institutes of Health

ORR overall response rate

PBMCs peripheral blood mononuclear cells

pSTAT3 phosphorylated signal transducer and activator of

transcription 3

RNA ribonucleic acid
ROCK rho-associated coiled-coil-containing protein kinase
ROCK1 rho-associated coiled-coil-containing protein kinase-1
ROCK?2 rho-associated coiled-coil-containing protein kinase-2
SLE systemic lupus erythematosus
STAT3 signal transducer and activator of transcription 3
STATS signal transducer and activator of transcription 5
Tth follicular helper T [cell]
TGF-B transforming growth factor-
Thi7 type 17 helper T [cell]
TNF-a tumor necrosis factor a
Treg regulatory T [cell]
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Highlights

. ROCK2 balances pro-inflammatory/Treg cell subsets via STAT3/STATS
phosphorylation

. ROCK?2 facilitates cell contractility and transcription of profibrotic genes

. Belumosudil, a selective ROCK?2 inhibitor, has shown clinical benefit in
cGVHD

. ROCK?2 inhibition has therapeutic potential for other autoimmune/fibrotic
disorders
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Fig 1. ROCK?2 controls the balance between pro-inflammatory and Treg cell subsets, regulates
cytoskeletal dynamics and profibrotic gene expression and drives both chronic inflammation and
fibrosis in cGVHD.

A) During pro-inflammatory immune response, ROCK2 specifically interacts with
phosphorylated STAT3. ROCK?2 activity is required for the formation of the JAK2/STAT3
complex in Th17 and Tth cells. Therefore, ROCK2 inhibition results in decreased activation
of STAT3 and other Th17/Tfh transcription factors, including IRF4, ROR-yT and Bcl6,
triggering the significant downregulation of both Th17 and Tfh cells. In addition, selective
ROCK2 inhibition promotes interaction of ROCK2 with JAK3, leading to the increased
phosphorylation of STATS5, the upregulation of Treg cells and the restoration of immune
homeostasis. B) Extracellular mediators, such as LPA, thrombin and TGF-B, as well as
mechanotransduction forces, activate the RhoA/ROCK signaling pathway and its numerous
downstream substrates. This results in the polymerization of G-actin to F-actin and the
formation of contractile fibers. ROCK-induced actin polymerization frees the transcription
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factor MRTF, which is normally sequestered in cytoplasm, to translocate to the nucleus
and initiate transcription of several profibrotic genes, including collagen, a-SMA, CTGF
and TGF-, resulting in changes to the cellular structure and an increase in tissue stiffness.
C) ROCK2 promotes the secretion of pro-inflammatory cytokines IL-17 and IL-21 via
STAT3 phosphorylation, consequently leading to the imbalanced activation of B cells and
monocytes/macrophages, which results in the excessive production of autoantibodies and the
secretion of profibrotic factors, respectively. The pro-inflammatory milieu downregulates the
number and function of immunosuppressive Treg cells to sustain the chronic inflammation.
In addition, ROCK2 facilitates MRTF-mediated transcription and increased expression

of smooth muscle actin and CTGF, stimulating the differentiation of fibroblasts into
myofibroblasts and the increased production of collagen, which promote the development
of fibrosis in target organs. Thus, ROCK2 is integral in the cross-talk between the
inflammatory and the fibrotic processes driving the pathology of cGVHD.

a-SMA, alpha smooth muscle actin; Bcl6, B-cell lymphoma 6; cGVHD, chronic graft-
versus-host disease; CSF-1, colony-stimulating factor-1; CTGF, connective tissue growth
factor; Foxp3, forkhead box P3; 1gG, immunoglobulin G; IL-10, interleukin 10; I1L-17,
interleukin 17; IL-21, interleukin 21; IRF4, interferon regulatory factor 4; JAK2, Janus-
associated kinase 2; JAK3, Janus-associated kinase 3; LPA, lysophosphatidic acid;

MRTF, myocardin-related transcription factor; PDGF-a., platelet-derived growth factor

a; ROCK2, rho-associated coiled-coil-containing protein kinase-2; RORyt, retinoic-acid-
receptor-related orphan nuclear receptor y; STAT3, signal transducer and activator of
transcription 3; STATS, signal transducer and activator of transcription 5; Tth, follicular
helper T [cell]; TGF-B, transforming growth factor B; Th17, type 17 helper T [cell]; Treg,
regulatory T [cell].
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