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Abstract

Introduction—Stroke is the third leading cause of death and a major cause of long-term
disability in the adult population. Growing evidence suggests that inflammation may play an
important role in the evolution of stroke. Because Rho-associated coiled-coil containing kinases
(ROCKSs) are important mediators of inflammation, they may contribute to stroke and stroke
recovery.

Areas covered—The pathophysiological role of ROCKs in mediating inflammation at different
phases of stroke, and the therapeutic opportunities for stroke prevention and stroke treatment with
ROCK inhibitors will be discussed.

Expert opinion—Inflammation is a double-edged sword during the evolution of stroke.
Immunomaodulation might provide a novel therapeutic approach for stroke prevention and stroke
treatment. ROCK plays an important role in mediating the inflammatory response following
vascular injury as well as platelet activation and thrombus formation. ROCK inhibitors have been
shown to be beneficial in stroke prevention, acute neuroprotection and chronic stroke recovery by
affecting inflammatory-mediated platelet and endothelial function, smooth muscle contraction and
neuronal regeneration. Thus, ROCK-mediated inflammation could be a potential therapeutic target
for stroke prevention and stroke treatment. However, the mechanism by which ROCKs regulate
the inflammatory response is unclear, and the role of the two ROCK isoforms in stroke and stroke
recovery remains to be determined.
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1. Introduction

Stroke is the third most common cause of death and is a leading cause of long-term
disability [1]. On average, stroke occurs every 40 s in the USA, and the mortality rate is
about 30%. The total cost of stroke to the USA is estimated at US$68 billion per year, and
the mean lifetime cost of ischemic stroke per patient is estimated to be US $140,048.
Approximately 30 — 50% of stroke survivors are functionally disabled. More than 65% of
the total cost for stroke is due to long-term care and lost productivity. Despite these
staggering costs, there are few effective therapies, which can prevent stroke and improve the
functional outcome of patients with ischemic stroke. Consequently, there is a pressing need
to identify biological targets for potential pharmacological interventions for stroke
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prevention and treatment. There is increasing evidence showing that the neuro-inflammatory
response is an important process that contributes to the risk of stroke as well as the acute and
chronic phase, and generates both beneficial and detrimental effects [2]. For example,
depending on the timing, severity, type of immune response and microenvironment, the
immune system can generate both positive and negative effects following stroke. Therefore,
it is important to fine-tune the immune response in order to harness the beneficial while
avoiding detrimental effects. In this review, the authors will discuss the diverse role of
ROCKs in inflammation during stroke evolution. A better understanding of the ROCK
pathway in inflammation may help foster development of innovative therapeutic strategies
for stroke prevention and treatment.

2. Function of ROCKs

Rho-GTPases function as signal transducers between cell surface receptors and intracellular
signaling pathways. There are three main subclasses of Rho-GTPases, including Rho, Rac
and Cdc42, whose activities are regulated by the binding of GTP [3]. These molecules play a
pivotal role in many cellular processes such as chemotaxis, contraction, proliferation and
apoptosis. One of the first downstream effectors of Rho are ROCKSs, which mediate actin
cytoskeletal changes through their effects on myosin light-chain (MLC) phosphorylation
[4,5]. Consequently, ROCKSs affect multiple actin cytoskeletal functions related to cell shape
and motility. However, ROCKs could also regulate other important non-cytoskeletal
signaling path ways. For example, ROCKs mediates upregulation of NAD (P)H oxidase
after treatment with angiotensin Il in myocardial hypertrophy [6]. ROCK decreases
endothelial nitric oxide (NO) synthase (eNOS) mRNA stability via post-transcriptional
regulation [7]. Furthermore, inhibition of ROCK activity leads to rapid phosphorylation and
activation of eNOS and cardiovascular protection [8]. Indeed, a potential pleotropic effect of
statin may be mediated via the inhibition of ROCKs. For example, statin treatment inhibits
ROCK activity, leading to the stabilization of eNOS mRNA and increased level of
endothelial-derived NO, which is neuroprotective [7,9].

ROCKSs have been found to play important roles in broad range of physiological functions,
including vascular smooth muscle contraction, vascular tone, blood flow, vascular
inflammation, cytoskeleton organization, cell adhesion and cell mobility [10]. Abnormal
ROCK activity has been observed in number of cardiovascular diseases, including
hypertension, pulmonary hypertension, atherosclerosis, cerebral and coronary vasospasm,
myocardial hypertrophy, myocardial ischemia-reperfusion injury and acute cerebral
ischemia [10]. Treatments with ROCK inhibitors such as fasudil has been found to be
beneficial for hypertension [11], pulmonary hypertension [12], ischemia stroke [13],
cerebral vasospasm after subarachnoid hemorrhage [14] and vasospastic angia [15].

The available ROCK inhibitors are non-selective ROCK inhibitors. There are two isoforms
of ROCKs, ROCK1 and ROCK?2. The two isoforms share a highly conserved amino-
terminal region with 92% homology in the kinase domain. The carboxyl-terminal region is
substantially differ ent between the two isoforms with 65% homology [16]. Both isoforms
can phosphorylate a variety of substrates such as MLC phosphatase, LIM kinase and ezrin—
radixin—moesin proteins. However, the specific functions of the two isoforms are largely
unknown. Increasing evidence suggests that ROCK1 and ROCK2 have different roles in
cellular and physiological function. ROCK1 is mainly expressed in the lung, liver, spleen,
kidney and testis, while ROCK2 is distributed mostly in the brain and heart [16]. Knockout
of ROCK1 in mice generates an omphalocele phenotype [17], whereas knockout of ROCK2
leads to intrauterine growth retardation and fetal death [18]. In haploinsufficient ROCK1*/-
mice, neointima formation, the levels of pro-inflammatory adhesion molecule expression
and leukocyte infiltration were reduced following vascular injury [19]. Knockdown of
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ROCK?2 but not ROCK1 by small interfering RNA (siRNA) inhibits natural killer-kappaB
(NK-kB) activation induced by lysophosphatidic acid (LPA), resulting in decreased
expression of adhesion molecules [20]. Therefore, it is important to determine the specific
function of ROCK1 and ROCK?2 in order to develop effective targeted treatment strategies.

3. ROCK-mediated inflammation as a risk factor for stroke

Recent evidence suggests a strong link between inflammation and the risk of stroke. Chronic
inflammatory disorders such as inflammatory bowel disease, vasculitis, rheumatoid arthritis
[21,22] and systemic lupus erythematosus (SLE) [23,24] are associated with an increased
risk of ischemic stroke. Furthermore, the link between inflammation and stroke also comes
from an increased incidence of stroke associated with systemic infection [25]. About 18 —
40% of patients with ischemic stroke had recent bacterial or viral infections [26]. Indeed, the
incidence of stroke is increased in influenza pandemics and in patients with chronic
infections such as periodontitis and chronic bronchitis. This is because inflammation could
affect stroke formation through multiple processes, including thrombaosis formation,
vasculopathy and atherosclerosis. This involves several different cell types such as platelets,
endothelial cells, monocytes, macrophages and T lymphocytes. Thus, there is recently
emerging concept of ‘thrombo-inflammatory’ cascade in acute ischemic stroke process
[27,28]. Because ROCKs mediate inflammation and thrombosis formation via affecting the
function of a wide variety of cell types, including vascular and inflammatory cells (as
summarized in Table 1), abnormal activation of ROCK could increase the risk of stroke. For
example, ROCK activity in peripheral leukocytes is elevated in humans within 48 h of an
acute ischemic stroke as compared with healthy controls [29]. In addition, it has been shown
that inhibition of ROCK may mediate the non-cholesterol or “pleiotropic’ effects of statins
in preventing ischemic stroke [30-32] and in inhibiting venous thromboembolic events [33].
Statins inhibit the formation of isoprenoid intermediates such as geranylgeranyl
pyrophosphate [34]. These isoprenoid intermediates are required for post-translational
modification and trafficking of Rho-GTPases [35]. Therefore, statins could inhibit the
activation of the Rho-ROCK pathway.

3.1 ROCK and platelet function

The adhesion of platelets to damaged blood vessels initiates thrombosis, which is the
precipitating event and final common pathway in ischemic strokes [36,37]. The cascade of
platelet adhesion, spreading, aggregation and thrombus formation is initiated by interaction
between the platelet receptor glycoprotein (GP)Ib and von Willebrand factor (vVWF) under
high shear stress [38]. VWF has been suggested as a potential target in stroke therapy [39].
Several studies indicate that high plasma level of VWF is associated with risk of ischemic
stroke [40,41]. In consistent with the clinical study, mice with deletion of VWF gene
(vWFT") have reduced infarct volume and improved neurological score after middle cerebral
artery occlusion (MCAO) [42].

Several collagen-binding proteins that are expressed on the platelets, including GPIV, GPVI
and integrin a1 regulates subsequent collagen-induced adhesion and aggregation.
Activated platelets also stimulate inflammatory response. Platelets that aggregate at the
injured sites secrete cytokines, including platelet-activating factor (PAF), macrophage
inflammatory protein (MIP)-1a, TGF-B, platelet-derived growth factor (PDGF) and LPA
which promote leukocyte recruitment, smooth muscle cell proliferation and collagen
synthesis. In addition, the platelet receptor-GPlIba not only binds to vVWF for platelet
adhesion, but also binds to macrophage-1 antigen (Mac-1) which mediates neutrophil
adhesion, transendothelial migration and phagocytosis [43]. Mac-1-deficient mice have less
infarct volume after transient middle cerebral artery occlusion [44]. Furthermore, GPVI
activation induces upregulation of pro-inflammatory cytokines including IL-1a and
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bradykinin. Mice with deficiency of bradykinin receptor B1 (B1R) have reduced infarct
volume after MCAO. Therefore, thrombosis and inflammation are closely coupled. Chronic
inflammation activates platelet aggregation and thrombosis formation, while activated
platelets stimulate further platelet and leukocyte recruitment.

Recent evidence suggests that the Rho/ROCK pathway is involved in platelet activation.
ROCK regulates the assembly of the platelet actin cytoskeleton. ROCK activates and indu
ces trafficking of platelet phosphatidylinositol 4-phosphoate 5-kinase (PIP5K) [45]. First,
PIP5K regulates actin dynamics by stimulating the production of phosphatidylinositol 4,5-
bisphosphate (PIP,) [45]. Second, ROCK inhibits myosin light-chain phosphatase (MLCP),
which regulates phosphory lation of MLC. Phosphorylation of MLC leads to increased
interaction with actin resulting in contraction of the platelet actin cytoskeleton [46]. Third,
inhibition of ROCKSs with Y-27632 reduces platelet adhesion to fibrinogen by decreasing
the phosphorylation of MLC (Figure 1). In addition, ROCK increases actin stress fibers in
spreading platelets and increasing focal adhesion [47]. Therefore, inhibition of ROCKs
reduces thrombus contraction and aggregation of platelets, which reduces thrombus stability
[46]. Finally, stimulation of platelets by thrombin results in the activation of Rho and
ROCK. Activated platelets release LPA, PDGF and sphingosine-1-phosphate (S1P), which
are known to increase the protein levels of ROCK (Figure 1) [48-50]. The involvement of
ROCK in thrombus formation has also been suggested by the induction of atherosclerosis by
abnormal ROCK activation [51]. Consequently, deficiency of ROCK1 in bone marrow-
derived cells protects against atherosclerosis [52]. Indeed, accelerated atherosclerosis in
apoliprotein E-deficient mice was reduced by the ROCK inhibitor, Y-27632 [53].

3.2 ROCKs and vascular inflammation

Endothelial dysfunction and vascular inflammation also contribute to atherosclerosis
formation. Activation of vascular endothelial cells and circulating leukocytes leads to the
recruitment and infiltration of inflammatory cells into the vessel wall, which contributes to
vascular inflammation and atherosclerosis. The activated endothelial cells initiate cell
adhesion cascade by expressing cell adhesion molecules such as P- and E-selectin, and
secreting monocyte chemoattractant protein 1 [54,55]. Circulating leukocytes can bind to the
endothelial adhesion molecules and migrate into the vascular intima. Mice with targeted
deletion of P- and E-selectin genes have a deficiency in leukocyte rolling and monocyte
recruitment to the sites of inflammation [56,57].

ROCK:Ss play an important role in endothelial dysfunction, vascular inflammation and
vasculopathy. It has been shown that ROCK mediates endothelial cell permeability [58,59]
by regulating cell—cell tight junction [58], regulates cell adhesion between endothelial cells
and extracellular matrix [60] and increases inflammatory cell infiltration [61], all of which
contribute to vascular inflammation. Indeed, abnormal activation of ROCK has been shown
to induce vascular inflammation [51]. In addition, vascular inflammation could be reduced
by ROCK inhibition, and this effect is correlated with reduced atherosclerotic lesion
formation [51]. Furthermore, haploinsufficient ROCK1*~ mice exhibit reduced neointima
formation, decreased levels of pro-inflammatory adhesion molecule expression and reduced
leukocyte infiltration following vascular injury [19]. ROCKSs could also stimulate smooth
muscle cell proliferation [62], differentiation [63], contraction [64] and neointimal formation
(Figure 1). Alteration of ROCK signaling has been shown to lead to endothelial dysfunction
in diabetes and aortic stiffness in aging and smoking subjects [65]. Indeed, treatment with
fasudil improves endothelial function in human subjects with coronary artery disease [66].
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4. ROCK-mediated post-stroke inflammation

Increasing evidence suggests an important role of ROCK in acute stroke and chronic stroke
recovery through the modulation of neuro-inflammation (Table 1). For example, treatment
of cultured microglia with ROCK inhibitor reduces pro-inflammatory factors such as IL-6
and IFN-y, and increases anti-inflammatory factors such as IL-10. ROCK2 expression was
increased in microglia after hypoxia/re-oxygenation injury [67]. Acute administration of
ROCK inhibitor fasudil decreased leukocyte recruitment and adhesion to the endothelium
after ischemia/reperfusion injury [68]. Therefore, ROCK has become a promising target for
modulating inflammation following ischemia-reperfusion injury.

4.1 Inflammation following stroke

The neuro-inflammatory response is an important process during both acute and late phases
of stroke [69]. Post-ischemic inflammation is a double-edged sword and involves a complex
sequence of events. As a natural defense mechanism of the body to injured tissue,
inflammation helps to isolate the damaged area and prevent the spread of the damage. On
the other hand, excessive inflammation could exacerbate ischemic injury. Despite intense
investigation, the roles of various types of immune responses in the pathophysiology of
ischemic stroke are still unclear. Minutes to hours after cerebral ischemia, the inflammatory
process is triggered by activation of resident cells such as microglia and recruitment of
neutrophils. In animal models of transient ischemic stroke, infiltration of neutrophils in the
ischemic brain occurs within 30 min to a few hours and peaks within 72 h [70]. Studies from
stroke patients confirm the increased accumulation of neutrophils in infarcted tissues.
Furthermore, the amount of neutrophil infiltration correlates with the severity of brain
infarction and poor neurological outcome [71,72].

Hypoxic brain cells release a panel of inflammatory mediators called damage-associated
molecular patterns (DAMPS), including high-mobility group (HMGB1) box 1, hyaluronan
and heat shock proteins [73]. Activation of DAMPs, partially mediated through Toll-like
receptors (TLRs), triggers the production of cytokines (IL-1, TNF, IL-6), and reactive
oxygen species (ROS), which cause cell death and damage to the blood-brain barrier (BBB).
The elevated production of cytokines and chemokines leads to increased expression of
cellular adhesion molecules on the vascular endothelium, which help recruit circulating
leukocytes into the damaged cerebral parenchyma [74]. Deficiency of TLR2- or TLR-4
results in less cerebral infarct volume with reduced inflammation [75,76]. Furthermore,
endothelial dysfunction during ischemia-reperfusion injury results in less production of
endothelium-derived nitric oxide. This reduction of endothelium-derived NO leads to
increased expression of endothelial adhesion molecules (i.e., P-selectin and intercellular
adhesion molecule 1 (ICAM-1)), resulting in increased neutrophil infiltration to the ischemic
tissue. Indeed, inhibition of leukocyte adhesion molecules (e.g., ICAM-1, P-selectin) has
been shown to reduce infarct volume and brain edema in experimental stroke models
[77-79].

By contrast, some inflammatory response has a biphasic pattern. For example, HMGB1,
which generates a harmful effect at early stages, has been shown to promote neurogenesis
and angiogenesis at later phases [80]. At the later phases of stroke recovery, inflammation
could also exert both beneficial and detrimental effects. On the positive side, for example,
astrocytes, which are brain inflammatory cells, become activated following central nervous
system (CNS) insults and produce neurotrophic factors such as nerve growth factor and
brain-derived neurotrophic factors (BDNF) [81-83] required for neuroplasticity. Inhibition
of astrogliosis results in axonal loss and worsening of motor function. Some studies suggest
that macrophages can stimulate neuronal recovery in spinal cord injury. On the other hand,
inflammation has been shown to be detrimental for neurogenesis in the adult brain.
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Lipopolysaccharide-induced inflammation impairs hippocampal neurogenesis in rats [84].
This impaired neurogenesis is rescued by systemic administration of anti-inflammatory
drugs such as indomethacin [85] and minocycline [84]. The detrimental effect of
inflammation is supported by the finding that long-term treatment with minocycline after
stroke leads to increased neurogenesis and functional stroke recovery [86].

Further studies suggest that the positive and negative effects of inflammation depend on
multiple factors such as the phenotype and activities of immune cells, the microenvironment
and the origins of immune cells (resident or blood-borne). For example, neurogenesis is
dependent on the activation state of microglia. The detrimental effect of microglia is mostly
mediated through IL-1, IL-6, TNF-a, NO (from neuronal nitric oxide synthase (nNOS) and
inducible nitric oxide synthase (iNOS)) and ROS. On the other hand, microglial cells treated
with IL-4 switch from TNF-a to IGF-1-producing cells. TNF-a has a negative effect on
neurogenesis after stroke [87], whereas IGF-1 promotes proliferation and differentiation of
neuronal progenitors [88,89]. T cells and other cells in the neurovascular unit are important
regulator of the phenotype of microglial cells. Therefore, the regulation of the inflammatory
response after stroke needs to be further elucidated in order to generate an effective
immunomodulatory therapy that could promote stroke recovery.

4.2 ROCK and neutrophils

Overactivation of ROCK during acute cerebral ischemia likely contributes to early
worsening of cerebral injury partially through stimulating the inflammatory response.
Increased expression of adhesion molecules (i.e., P-selectin and ICMA-1) secondary to
reduction of endothelium-derived NO during ischemic injury is mediated by ROCK. ROCK
is the upstream negative regulator of eNOS. Inhibition of ROCK increases eNOS mRNA
stability and expression [7]. Indeed, ROCK inhibitors reduce neutrophil accumulation in the
infarct tissue and reduce infarct volume in animal mod els of ischemic stroke [68,90,91].
ROCK activation also stimulates neutrophil infiltration in vascular inflammation via
NADHP oxidase activation and ROS production. In addition, in spinal cord injury, ROCK
inhibitor reduces leukocyte infiltration into the spinal cord and promotes neurological
recovery [92]. Therefore, ROCK could be a promising target for therapeutic intervention for
acute stroke.

4.3 Immunomodulatory role of T cells

T lymphocytes play an important role in mediating post-stroke inflammation [93]. Under
normal conditions, T cells are prevented from entering the CNS by the BBB. After
experimental ischemia in rodents, T cells infiltrate the ischemic region from day 1 and reach
the peak around day 7. There is a twofold increase of T lymphocytes in the ischemic versus
non-ischemic hemisphere [94]. The role of T cells in stroke and stroke recovery, however, is
also a double-edged sword. For example, T cells promote adhesion of neutrophils and
platelets, resulting in further tissue injury after ischemic stroke. T-cell-deficient mice have a
decreased neuro-inflammatory response and cerebral infarct size following experimental
stroke [95]. The immunosuppressant fingolimod, which is used to suppress T-cell-mediated
allograft rejection, reduced infarct volume in rats after MCAO [96]. By contrast, T cells may
exert protective effects on brain tissue from secondary injury. Copolymer 1, which isa T-
cell-specific stimulator, induces neuroprotection following optic nerve injury [97]. The
action of T cells mostly depends on the interaction between T-cell subsets, cytotoxic T cells
and T-helper cells. Thus, the role of T cells in stroke recovery remains to be determined.

Cytotoxic T cells (CD8") induce tissue damage by releasing cytotoxic granules or through
TNF receptor-mediated cytotoxicity. The activity of CD8" T cells is regulated by T-helper
cells (CD4%). Naive CD4* T cells can differentiate into four different subsets depending on
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activation signals. These subsets include T-helper 1 (Th1), T-helper 2 (Th2), T-helper 17
(Th17) and induced regulatory T cells (Treg) [98]. CD4" Th1 cells secrete pro-inflammatory
cytokines, such as IFN-y, IL-2, IL-12 and TNF-a, and Th1 cells are strongly associated with
neurodegenerative diseases. CD4™ Th2 cells secrete anti-inflammatory cytokines, such as
IL-4, IL-5, IL-10 and 1L-13. Th2 cells also downregulate the activity of Th1l cells. The anti-
inflammatory response mediated through Th2 cells has been shown to be beneficial in
promoting stroke recovery. High levels of acute IL-10 secreted from Th2 cells correlates
with better clinical outcomes after ischemic stroke [99]. In addition, TGF-f produced by
Th2 cells has been shown to protect neurons from hypoxic- and apoptotic-induced injury
[99,100]. TGF-B increases anti-apoptotic factors such as Bcl-2 and Bel-xL [101].
Furthermore, it was found that in the late phases of post-stroke patients, there is a shift of the
immune system toward a Th2 response, which may counter the potential harmful effects of
the IFN-y-mediated post-stroke immune response [102].

Interestingly, Th17 cells produce 1L-17 [103], IL-21 [104] and IL-22 [103], play a role in
autoimmunity and are involved in the clearance of extracellular pathogens. Th17 cells
produce large quantities of IL-17, and most of Th17-regulated effects are mediated through
this cytokine. IL-17 induces production of pro-inflammatory cytokines (IL-6, TNF-a and
IL-1B), chemokines (CXCL1, GCP-1, CXCLS8, CINC, monocyte chemotactic protein-1
(MCP-1)) [105] resulting in the recruitment of neutrophils to tissues.

Induced Treg cells phenotypically resemble natural Treg cells, which makes distinguishing
their functions difficult. Treg cells possess anti-inflammatory effects via production of TGF-
B, IL-10 and IL-35. Treg cells play an important role in maintaining self-tolerance.
Activation of Treg cells prevents both acute and chronic allograft rejection in mice; whereas
deletion of Treg cells enhances immunity against tumors and chronic infectious agents.

T-cell lineage differentiation plays an important role in determining the immunomodulatory
response and is mediated by cytokines. For example, IFN-y activates Th1l pathways by
upregulating transcription factors such as STAT1. STATL1 activate T-box expressed in T
cells (T-bet), which is a master transcription activator for Thl differentiation. T-bet is
exclusively expressed in Thl and stimulates Th1 to produce IFN-y and IL-2. T-bet also
inhibits production of 1L-4 and IL-5 from Th2 cells [106]. By contrast, lineage
differentiation to the Th2 phenotype requires binding of I1L-4 to its receptor, which triggers
activation of STAT6. Activation of STAT6 upregulates GATA-binding protein 3
(GATA-3), which is the potent activator of Th2 to produce Th2 cytokines IL-4 and IL-5, and
inhibit Th1 cytokine IFN-y [107].

Th17 differentiation requires both IL-6 and TGF-f [108,109], which have opposite effects.
IL-6 is a pro-inflammatory cytokine that is induced by infection or local inflammation,
whereas TGF-f is an anti-inflammatory cytokine. Deficiency in either IL-6 [110] or TGF-(
[108,109] results in failed development of Th17 cells. While combination of TGF-f and
IL-6 is needed to induce Th17 differentiation, IL-23 mediates maintenance of Th17
phenotype and IL-21 mediates amplification of the Th17 response [111]. In the presence of
IL-6, TGF-P upregulates IL-23 receptor (IL-23R) [112] and stimulates production of 1L-21.
IL-21 generates a positive feedback effect on Th17 proliferation by stimulating expression
of IL-23R and retinoic acid-related orphan nuclear hormone receptor (ROR-yt) [113].
Importantly, all three cytokines (IL-6, IL-21 and IL-23) activate STAT3.

TGF-B also induces naive CD4* T cells to differentiate into Treg in the absence of pro-
inflammatory cytokines. Co-activation of Smad3 by TGF- and of NFAT by TCR (T-cell
antigen receptor) induces the expression of the transcription factor forkhead box P3 (Foxp3),
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which is the key regulator of Treg differentiation [114]. STATS5 activation induced by IL-2
is also required for Foxp3 expression.

4.4 ROCK and T-cell function

The role of ROCKSs in T-cell function is not well known. However, much evidence suggests
that ROCKs mediate T-cell activation either by affecting actin cytoskeletal changes or by
affecting transcription factors involved in T-cell activation. The T-cell cytoskeletal complex
may act to support signaling transduction during T-cell activation. T-cell activation is
accompanied by the rearrangement of cytoskeletal complexes triggered by the binding of
CD3 to the T-cell receptor [115,116]. In addition, phosphorylation of the actin and myosin
cytoskeleton is required for T-cell activation. Since one of the main functions of ROCKSs is
to induce cytoskeletal rearrangement, it is conceivable that ROCKSs play important roles in
T-cell activation. Indeed, inhibition of ROCK with Y-27632 in T cells blocked actomyosin
polymerization, leading to reduced T-cell proliferation and T-cell receptor activation [117].
ROCK has been shown to regulate the migration of CD4" T cells. ROCK activity is
increased in CD4* T cells from SLE patients, and inhibition of ROCK activity decreases
cytoskeletal abnormalities in T cells from SLE patients.

The ROCK pathway may also regulate several transcription factors required for T-cell
activation (Figure 2). ROCK induces activation of Jun N-terminal kinase (JNK) in T cells
[118]. The activated JNK, in turn, phosphorylates downstream transcription factors. ROCK
has also been found to activate a nuclear transcription factor-kB (NF-kB), which is a potent
activator of T-cell function [119]. In addition, stimulation of TCR activates RhoA [120],
which leads to activation of p38 mitogen-activated protein kinase (p38MARK), which
induces upregulation of IL-4 and IL-10, and IFN-y production [121,122]. Furthermore,
ROCK?2 phosphorylates interferon regulatory factor 4 (IRF4), which is required for
induction of ROR-yt and increases production of 1L-17 and 1L-21 [123] in Th17 cell
differentiation.

4.5 ROCK and other inflammatory cells

Microglial cells are the resident macrophages of the brain and are activated within minutes
of onset of cerebral ischemia. Microglial proliferation peaks at 48 — 72 h after onset and may
last for several weeks after cerebral ischemia [124]. They produce pro-inflammatory
cytokines including IL-1f3 and TNF-a. IL-1f has been well shown to generate detrimental
effect in cerebral ischemia [125,126], whereas TNF-a may increase tissue damage [127,128]
or protect the brain against excitotoxic injury [129]. Activation of ROCK stimulates
cytokines production by microglial cells [67], and thus, could regulate the inflammatory
response post-ischemic stroke.

It is difficult, however, to distinguish reactive microglial cells from the blood-derived
macrophages because they are similar in morphology and function [130]. Blood-derived
macrophages infiltrate ischemic brain tissue at days 3 — 7 after stroke but rarely before 2
days after stroke [131-133]. Recent data support the hypothesis that the majority of
macrophage-like cells in the ischemic brain tissue are activated resident microglial. ROCK
stimulates blood-derived macrophage adhesion and migration during atherosclerosis. Bone
marrow-derived ROCK1-deficient macrophages have decreased chemotaxis to MCP-1 and
have a reduced ability to develop into cells [52]. Inhibition of ROCK by Y-27632 attenuates
TNF-a-mediated monocyte migration and induction of MCP-1 via the p38MAPK pathway
[134]. However, the role of ROCK in macrophage following stroke is still unclear.

Astrocytes are important in a wide variety of functions within the CNS, including
homeostasis at the synapse, regulation of the BBB and cerebral blood flow, promotion of
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glial scar formation, regulation of neuronal signaling, determination of the fate of
endogenous neural precursors and protection of neurons from oxidant toxicity [135].
Astrocyte process formation and astrocytic morphology can be altered by actin dynamics.
ROCK inhibitors have been shown to produce rapid stellation of astrocytes and promote
astroctye migration /n vitro [136]. ROCK inhibitors also increase expression of excitatory
amino acid transporters (EAAT 1/2) on the astrocyte cell surface, leading to elevated
glutamate transport, thereby preventing cell death secondary to excitotoxicty [137].

5. Adverse effects of ROCK inhibitors

There is concern that treatment with ROCK inhibitor could potentially increase the risk of
cerebral hemorrhage because ROCK inhibitors could also inhibit platelet function. However,
clinical trials with ROCK inhibitors do not show increased incidence in bleeding or cerebral
hemorrhage. Indeed, ROCK inhibitor has been used to treat vasospasms after hemorrhagic
stroke [14]. Several other adverse effects have been reported such as hepatic toxicity and
hypotension. Clinical trial of fasudil for treatment of subarachnoid hemorrhage and acute
stroke did not report severe adverse effects. It should also be noted that ROCK inhibitors are
teratogenic [138].

6. Expert opinion

Based on accumulating evidence, overactivation of inflammation appears to be detrimental
for stroke prevention, evolution of stroke and stroke recovery. However, there are some
reports that suggest that inflammation plays beneficial roles in isolating and repairing
ischemic injury. Therefore, the timing and extent of inflammation during the stroke
evolution need to be further elucidated. In addition, the degree and type of immune response
may differ at different phases of stroke development. Consequently, immunomodulation as a
therapy for stroke and stroke recovery needs to be further studied in terms of timing, type of
immune response, microenvironment and intensity.

6.1 ROCK inhibitors as immunomodulator for stroke prevention

ROCK inhibitors may be beneficial in stroke prevention through anti-inflammatory effect.
Abnormal ROCK activity contributes to stroke occurrence through numbers of different
processes, including atherosclerosis, platelet activation, endothelial dysfunction and vascular
dysfunction. Inflammation is involved in all the above processes. Much of the evidence of
efficacy of ROCK inhibitors in stroke prevention is drawn from statins, which indirectly
inhibits ROCK. Because statins could also improve endothelial function and vascular
disease, it is unclear how much of the neuroprotective effects of statins are due to their anti-
inflammatory properties. It is likely that the broad effects of statins contribute importantly to
stroke prevention. However, the efficacy of the drugs might be improved by specifically
targeting ROCKs in inflammatory cells instead of inhibiting ROCK activity in all tissues.

6.2 ROCK inhibitors as immunomodulator for acute stroke treatment

For acute stroke treatment, evidence shows that the effect of ROCK on endothelial function
and inflammation might be the main contributor of neuroprotection by ROCK inhibi tors. In
rodent stroke models, ROCK inhibitor improves endothelial function and cerebral blood
flow via eNOS-dependent mechanisms [139,140]. In addition, ROCK inhibitor also reduced
neutrophil infiltration into brain tissue during the acute ischemic phase [68,90,91]. A multi-
center, double-blinded, placebo-controlled study in 160 patients showed that treatment with
ROCK inhibitor fasudil within 48 h of acute ischemic stroke onset significantly improved
neurological functions at 1 month after the onset of symptoms [13]. Larger clinical trials are
currently ongoing in Japan. However, it is not clear which of the mechanisms is
predominately beneficial.
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6.3 ROCK inhibitors as immunomodulator for chronic stroke recovery

For chronic stroke recovery, the anti-inflammatory response such as the Th2-mediated
response appears to be beneficial, whereas the Th1-mediated response appears to be
detrimental. It is important to determine the mediators and mechanisms for T-cell lineage
differentiation in order to develop effective drug therapies that could modulate the T-cell
phenotype. Currently, the available ROCK inhibitors are non-specific inhibitors for ROCK1
and ROCK?2 isoforms. There is some evidence that ROCK1 and ROCK2 isoforms might
play different roles in inflammation and T-cell lineage differentiation. By taking advantage
of ROCK1- and ROCK2-specific knockout mice and cell-specific knockout of ROCK1 and
ROCKZ2, one could determine which ROCK isoforms and cells (endothelial, inflammatory
cells, neuronal cells) are important mediators of stroke.

In summary, evidence strongly suggests that ROCKs are potential targets for ischemic
stroke prevention and stroke treatment. The role of inflammation mediated by ROCKs in
stroke pathogenesis and evolution starts to be recognized. It is important to fine-tune the
immune response before or after stroke in order to harness the benefits while avoiding
detrimental effects. A greater understanding of neuro-inflammation after cerebral ischemia
will provide a novel pathway, which could be modulated to maximize the beneficial effects
of immunomodulation after stroke.
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Figure 1. Therole of ROCKsin thrombus formation and inflammation at neurovascular bed
Thrombus formation is initiated by adhesion of platelet to damaged blood vessels through

interaction between platelet receptor GP1b to VWF. Fibrinogen activates platelet

aggregation. Several collagen-binding proteins regulate subsequent collagen-induced

adhesion and aggregation. Thrombus formation is also triggered by atherosclerosis which is

marked by monocyte infiltration and smooth muscle differentiation and proliferation.

ROCKs affect thrombus formation at multiple points. ROCKSs regulate assembly of the
platelet actin cytoskeleton and induce platelet adhesion to fibrinogen. ROCKs stimulate

monocyte infiltration and smooth muscle cell proliferation at the atheroscleoric lesion.
Activated platelets also secrete pro-inflammatory factors such as LPA, PDGF and S1P

which activate ROCKs.
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Treg

On stimulation, T cells differentiate into different subsets including Thl, Th2, Th17 and
Treg. ROCK has been shown to regulate T-cell lineage differentiation at multiple levels.
Stimulation of T-cell receptor activates RhoA, which leads to activation of p38 mitogen-
activated protein kinase (p38MARK). p38MARK upregulates production of IFN-y and IL-4.

In addition, ROCK has been shown to activate NK-kB which plays important role

differentiation into Th1 cells. Furthermore, ROCK2 phosphorylates interferon regulatory
factor 4 (IRF4), which is required for the induction of retinoic acid-related orphan nuclear

hormone receptor (ROR-yt) in Th17-cell differentiation.
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Table 1

Potential role of ROCK in mediating the inflammatory response in stroke.
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Cell type Cellular functions of ROCK Rolein stroke Ref.
Endothelium Increase endothelial permeability, decrease tight junctions, increase Increase risk of stroke and [58-61,68,139,140]
cell adhesion between endothelial cell and extracellular matrix, increase infarct volume

increase inflammatory cell invasion, mediate cerebral blood flow via
eNOS-dependent mechanisms

Smooth muscle  Promote smooth muscle cell differentiation, proliferation, and Increase risk of stroke
migration via MLCK, increase intimal thickness

Platelets Platelet contractile function via PIP5K, assembly of platelet actin Increase risk of stroke
cytoskeleton, thrombus contraction, aggregation of platelet

Neutrophils Increase neutrophil recruitment and adhesion to endothelium Increase infarct volume

T lymphocytes  T-cell proliferation via actomyosin polymerization, T-cell receptor Unclear

activation via activation of JINK and NF-kB, increased IL-17
production via IRF4 activation

Macrophages Macrophage migration via induction of MCP-1 Unclear

Microglia Pro-inflammatory cytokine production Unclear

Astrocyte Promote astrocyte migration, process formation, inhibit glutamate Unclear
transport via EAAT 1/2

[62-64]
[45-47]
[68]

[117-119,123]

[134]
[67]
[136,137]

EAAT: Excitatory amino acid transporter; eNOS: Endothelial nitric oxide synthase; IRF4: Interferon regulatory factor 4; JNK: Jun N-terminal
kinase; MCP-1: Monocyte chemotactic protein-1; MLCK: Myosin light-chain kinase; NF-kB: Nuclear transcription factor-kB; PIP5K:

Phosphatidylinositol 4-phosphoate 5-kinase; ROCKs: Rho-associated coiled-coil containing kinases.
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