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Abstract

The Janus Kinase/Signal Transducers and Activators of Transcription (JAK/STAT) signaling
pathway is utilized by numerous cytokines and interferons, and is essential for the development
and function of both innate and adaptive immunity. Aberrant activation of the JAK/STAT pathway
is evident in neuroinflammatory diseases such as Multiple Sclerosis and Parkinson’s Disease.
Innate immunity is the front line defender of the immune system and is composed of various cell
types, including microglia, macrophages and neutrophils. Innate immune responses have both
pathogenic and protective roles in neuroinflammation, depending on disease context and the
microenvironment in the central nervous system. In this review, we discuss the role of innate
immunity in the pathogenesis of neuroinflammatory diseases, how the JAK/STAT signaling
pathway regulates the innate immune response, and finally, the potential for ameliorating
neuroinflammation by utilization of JAK/STAT inhibitors.
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1. Introduction

The Janus Kinase/Signal Transducers and Activators of Transcription (JAK/STAT) signaling
pathway was elucidated in the 1980s as the pathway mediating interferon signaling [1]. It is
now recognized as one of the most important pathways for the development and function of
cells that mediate innate and adaptive immunity, given that over seventy different cytokines
and interferons use this pathway [2]. Although the central nervous system (CNS) was once
considered immune-privileged, we now know that innate immunity is the first line of
defense in the CNS, and there is constant surveillance of the CNS by T cells [3,4].
Inflammation in the CNS is associated with diseases such as Multiple Sclerosis (MS) and
Parkinson’s Disease (PD), and activation of the JAK/STAT pathway contributes to
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pathogenic inflammation. This review will focus on the function of JAK/STAT signaling in
innate immunity in the context of neuroinflammatory diseases, and will also discuss the
potential for use of therapeutics targeting this pathway.

1.1. The role of innate immunity in the CNS

The immune system in the CNS differs from the peripheral immune system in many ways.
In contrast to the wide variety of peripheral immune cells that patrol the blood and
secondary lymphoid organs, such as B cells, T cells, granulocytes, macrophages and
dendritic cells (DCs), only a few types of immune cells exist in the undisturbed CNS [3];
(Fig. 1A). As first-line defenders, microglia survey the CNS via highly motile processes that
undergo repeated extension and retraction, although their cell bodies are immotile [5]. When
tissue injury is sensed by microglia, they become activated and help clear damaged cells, in
part, by the process of phagocytosis [6]. Microglia are also equipped with a pattern
recognition system that allows them to respond to foreign antigens and inflammation in the
CNS. Upon activation, microglia proliferate and migrate to affected sites where they produce
a variety of cytokines and chemoattractants that recruit and activate immune cells from the
periphery to initiate secondary responses [7].

Astrocytes have critical functions in the normal CNS in regulating ion homeostasis,
clearance of neurotransmitters, synapse formation, and regulation of neurovascular coupling
[8]. Under disease states, astrocytes work in conjunction with microglia in the CNS to
influence inflammatory responses. In response to damage at a site not surveyed by
microglia, astrocytes can recruit microglial processes to form a continuous network
composed of processes from individual microglia [7]. In addition, upon inflammation,
astrocytes produce a variety of cytokines and chemokines, including CCL2, CXCL1,
CXCL2, CXCL10, GM-CSF, and IL-6, which activate microglia and recruit peripheral
immune cells to the CNS [9-11].

Oligodendrocytes, the myelin producing cells within the CNS, have essential functions in
the intact CNS with respect to myelin maintenance and axonal conduction. Myelin and
oligodendrocytes are susceptible to injury or disease which causes myelin damage [12]. This
damage leads to axonal dysfunction, pathology and pronounced neurologic impairment. The
promotion of remyelination by oligodendrocyte progenitor cells (OPCs) and/or
oligodendrocytes has been difficult to achieve, and remains a major obstacle in MS [13]. The
influence of neuroinflammation on oligodendrocytes and OPCs is complex, with both
detrimental and beneficial properties [12]. Oligodendrocytes are particularly sensitive to the
effects of IFN-y, which can inhibit remyelination through modulation of ER stress [14,15].
In contrast, the immune receptor TLR4 supports OPC growth and replacement, promotes
myelin debris clearance, and enhances functional recovery in spinal cord injury models [16].
Astrocytes and pro-inflammatory microglia, via secreted products, can inhibit OPC
differentiation [17]. Importantly, oligodendrocytes themselves can modulate the immune
response in the CNS. Oligodendrocyte death triggers an adaptive autoimmune response
against myelin, indicating that oligodendrocytes may contribute to autoimmune responses in
MS [18].
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Under normal conditions, only a small number of immune cells from the periphery, mainly
T cells, are present in the CNS. The CNS is isolated from the peripheral immune system by
the blood-brain barrier (BBB), comprised of endothelial cells, astrocyte end-feet and
pericytes, and the blood-cerebrospinal fluid (CSF) barrier, comprised of choroid plexus
epithelial cells [19]. Recently, functional lymphatic vessels were discovered in the dural
sinuses, which connect with deep cervical lymph nodes in the periphery [20]. Mice lacking a
dural lymphatic vascular system show impaired CNS macromolecule clearance and
compromised CSF uptake into the deep cervical lymph nodes, without affecting interstitial
fluid pressure and water content [21]. These findings indicate that peripheral immune cells
are connected with the CSF through lymphatic vessels, and during infection or inflammatory
conditions, innate immune cells (DCs, neutrophils, monocytes, and natural killer cells) and
adaptive immune cells (activated B cells and CD4+ and CD8+ T cells) from the periphery
are recruited by chemoattractants to cross the BBB and blood-CSF barrier, infiltrate the
CNS, and mount an immune response (Fig. 1B).

The presence of innate immune cells in the CNS can directly and indirectly cause
neuroinflammation by production of pro-inflammatory cytokines/chemokines and
generation of oxidative stress (Fig. 1B). Activated endogenous microglia and infiltrating
macrophages secrete pro-inflammatory cytokines (TNF-a, IL-1pB, IL-6, IFN-y, IL-23),
which promote inflammatory functions of CD4+ T cells [22]. They also produce reactive
oxygen species (ROS) and nitric oxide (NO), which directly induce neuronal death [23,24].
Furthermore, activated microglia are capable of upregulating CD11c [25], MHC Class 1
[26], and MHC Class Il [27] to act as antigen-presenting cells in some murine models.
Consistent with this role, HLA-DR* microglia have been found in brain tissue from PD and
MS patients [28,29]. In addition to microglia and macrophages, DCs are also potent antigen-
presenting cells, and the population of these cells in the CNS has been shown to be increased
after infection with Toxoplasma gondii [30] and during MS and experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS [31]. Neutrophils also play multiple
pathogenic roles after infiltration into the CNS. First, neutrophils secrete a wide variety of
cytokines and chemokines that recruit and activate numerous immune cells [32]. For
example, production of CCL2 and CCL20 by neutrophils is critical for the recruitment of
Th17 cells [33]. IL-1p produced by neutrophils is required for CNS endothelial cell (EC)
activation and EC-driven neuroinflammation [34]. Neutrophils also directly cause neuronal
damage by secreting ROS, TNF-a and iNOS [24,35]. Furthermore, neutrophils assist with
the maturation of DCs [36]. In contrast, the function of NK cells in neuroinflammation has
been less studied, and there are conflicting results demonstrating both neuroprotective and
neurotoxic functions in EAE models [37-39].

12. JAK/STAT signaling

The JAK/STAT signaling pathway is widely utilized in signal transduction activated by
numerous cytokines and interferons. Signaling through the JAK/STAT pathway plays critical
roles in initiation and regulation of innate immune responses and adaptive immunity. The
JAK/STAT pathway promotes cytokine-mediated cell activation in a simple but efficient
manner. When a cytokine binds to its specific receptor on the cell membrane, the kinase
activity of cytoplasmic, receptor-associated JAKSs is activated. The activated JAKSs
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phosphorylate a tyrosine residue in the cytoplasmic domain of the cytokine receptor to
provide a docking site for STATs. STATSs bind the cytokine receptor via their SH2 domains
and are phosphorylated on tyrosine residues by JAKSs, leading to the formation of homo- or
hetero-dimers via SH2-phosphate interactions. Dimerized STATS then translocate from the
cytoplasm into the nucleus, where they modulate expression of cytokine-responsive genes by
binding to specific DNA elements [40] (Fig. 2). In mammals, four JAKs (JAK1, JAK2,
JAK3, TYK2) and seven STATSs (STATL, 2, 3, 4, 5a, 5b, 6) have been identified, and each
cytokine utilizes a specific combination of JAK and STAT members to transduce a unique
signal. Changes in gene expression in response to a specific cytokine vary amongst different
cell types, although the same JAK/STAT components are used [41]. This may reflect
different composition of other transcription factors recruited to promoters [42].

JAK/STAT signaling is negatively regulated by Suppressors Of Cytokine Signaling (SOCS)
proteins. Eight members of the SOCS protein family (SOCS1-7, CIS) have been identified.
In a negative feedback mechanism, expression of SOCS proteins is induced by activated
STATSs, resulting in inhibition of JAK/STAT signaling (Fig. 2). SOCS proteins contain an
SH2 domain, which allows them to dock at the cytokine receptor and inhibit JAK kinase
activity by promoting proteasome-mediated degradation of the entire signaling complex.
Two members of the SOCS family, SOCS1 and SOCS3, also contain an additional kinase-
inhibitory region (KIR), which inhibits the catalytic activity of JAKs [43-45].

2. Role of JAK/STAT signaling in innate immunity in neuro-inflammatory

diseases

2.1. Multiple sclerosis/EAE

MS is a demyelinating disease of the CNS that causes chronic inflammation and neuronal
degeneration in the brain, spinal cord, and optic nerves [46]. The etiology of MS is still a
mystery, although it is well established that auto-reactive lymphocytes, especially CD4* T
cells targeting CNS components, trigger disease initiation [47]. However, other immune cell
types such as CD8* T cells, B cells and myeloid cells directly or indirectly promote lesion
formation and neuronal damage [34,48-50]. Numerous proteins may serve as auto-antigens
in MS, including myelin basic protein (MBP), proteolipid protein (PLP), myelin
oligodendrocyte glycoprotein (MOG), myelin-associated glycoprotein (MAG), glial
fibrillary acidic protein (GFAP), and heat shock proteins [51]. Among these antigens, MBP,
PLP, and MOG have been demonstrated to cause clinical symptoms in experimental animals
and are used to induce EAE in mice. Currently, MOG-induced EAE is the model most
commonly used to study the pathogenesis of MS due to its strong autoimmune response and
clinical relevance [51].

Although it is known that JAK/STAT signaling plays an important role in the pathogenesis
of MS/EAE, the underlying mechanisms are complex, as multiple cellular components are
involved in the initiation and progression of this multifaceted disease. Auto-reactive CD4*
Th1 and Th17 cells are the primary effector cells in MS/EAE [47]. In fact, adoptive transfer
of auto-reactive Th1l or Th17 cells alone can cause EAE [47,52]. However, we appreciate
that CD4" T cells alone do not mediate disease initiation and progression. Rather, it is the
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complex interaction of cells of the innate immune system with T cells that lead to ultimate
pathophysiology.

2.1.1. Microglia and infiltrating macrophages—Microglia and infiltrating
macrophages are the major population of immune cells isolated from the CNS during EAE.
Microglia and infiltrating macrophages can be distinguished by morphology and surface
markers. Microglia have multiple primary processes and are CD45-"CD11b*, whereas
infiltrating macrophages lack processes and are CD45MNCD11b* [53-55]. Microglia and
infiltrating macrophages also express different chemokine receptors; microglia express the
fractalkine receptor CX3CR1, whereas infiltrating macrophage express CCR2 [34]. Upon
activation by different stimuli, many of which utilize JAK/STAT signaling, microglia and
infiltrating macrophages can be polarized into a spectrum of phenotypes, which at extremes
represent either pro-inflammatory or anti-inflammatory phenotypes [56,57]. Due to the
variety of stimuli existing in the CNS during inflammation, microglia and infiltrating
macrophages have complex functions ranging from detrimental to beneficial [58-63].

In EAE, autoreactive Th1 cells produce IFN-y via STAT4, which promotes activation of pro-
inflammatory macrophages via STAT1. Similarly, Th17 cells produce GM-CSF in the CNS,
which favors pro-inflammatory polarization of macrophages via JAK2/STATS5 [64]. Other
transcription factors besides STATS, such as Thet and RORyt, play critical roles in T cell
activation. They are not discussed in this article, as there are abundant reviews on this topic
[65-68]. These pro-inflammatory macrophages play a detrimental role in development and
progression of EAE. Mice with a targeted GM-CSF receptor deficiency in CCR2*
monocytes are completely resistant to induction of EAE [69], demonstrating the importance
of this JAK/STAT-mediated signaling pathway in EAE. Similar to EAE mice, pro-
inflammatory macrophages are also found in CNS lesions associated with human MS [70].
MS patients with protein tyrosine phosphatase SHP-1 deficiency have elevated levels of
STAT1 and STAT®6 activation along with a pro-inflammatory phenotype of macrophages
[71]. Additionally, pro-inflammatory macrophages are involved in the polarization of
pathogenic T cells. In EAE, by producing IL-12, pro-inflammatory microglia/macrophages
facilitate Thl polarization via JAK2/TYK2 and STAT4 [72-74]. In addition, by producing
IL-23 and IL-6, pro-inflammatory microglia/macrophages facilitate Th17 polarization via
JAK1/2 and STAT3 [75,76]. Pro-inflammatory myeloid cells also produce a humber of
factors which promote neuronal degeneration [77].

On the other hand, macrophages that are polarized into the anti-inflammatory phenotype
tend to be beneficial in the context of neuroinflammatory diseases. Polarization of anti-
inflammatory macrophages and microglia can be driven by IL-4 and I1L-13 via JAK1/3 and
STAT6 [78], by IL-10 via JAK1 and STAT3, or by M-CSF through other pathways [64].
Macrophages polarized in those conditions elicit a strong anti-inflammatory response by
increasing production of I1L-10 and decreasing production of IL-23 and I1L-6 [73].
Macrophages secreting I1L-10 have been shown to attenuate EAE by strongly suppressing
Th1 and Th17 phenotypes via STAT3 [79] and promoting Th2 and Treg differentiation [80].
Thus, anti-inflammatory macrophages play a crucial role in diminishing the clinical
symptoms of EAE. Consistent with this role, mice lacking STAT6 exhibit an earlier onset of
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EAE and attain a higher disease grade, which could be attributed to decreased induction of
Th2 cells and Th2-induced anti-inflammatory microglia/macrophages [81].

2.1.2. Neutrophils—Neutrophils are the most abundant immune cell type in human
peripheral blood and are the major pathogen-fighting cells [82]. However, the contribution of
neutrophils to MS/EAE has long been overlooked because they are rarely observed in MS or
EAE lesions [83]. Recently, new evidence has suggested that these cells do, in fact, have
important functions in the progression of MS/EAE. Infiltrating neutrophils contribute to
brain inflammation in EAE and are critical for the occurrence of the atypical phenotype of
EAE [35,84]. Administration of recombinant G-CSF, a cytokine critical for neutrophil
activation, was found to exacerbate progression of MS [83,85]. In EAE, autoreactive Th17
cells, via STAT3 activation, produce I1L-17A, which strongly stimulates astrocytes to
produce the neutrophil recruiting factors G-CSF and CXCL1 [86].Similarly, in mice with
EAE induced by adoptive transfer of Th17 cells, levels of G-CSF and the neutrophil-
recruiting chemokines CXCL1 and CXCL2 are elevated in the CNS, leading to increases in
the number of lesion-associated neutrophils, as well as G-CSF [87]. G-CSF promotes
neutrophil differentiation and activation via JAK1/2 and STAT3 [88]. G-CSF also promotes
neutrophil migration through STAT3-mediated activation of CXCR2, a chemokine receptor
for the neutrophil recruitment ligand CXCL1/2 [89]. G-CSF signaling is crucial for
development of MS/EAE, as mice deficient in the G-CSF receptor are resistant to MOG-
induced EAE [83]. In MS patients, levels of the systemic neutrophil-recruiting chemokines
CXCL1 and CXCLS5 correlate with measures of MS lesion burden and clinical disability
[83]. Dimethyl fumarate, a drug that has been shown to improve functional outcomes for
patients with MS, appears to exert its protective effect in EAE by affecting neutrophil
adhesion and chemotaxis [90]. Activated neutrophils disrupt the integrity of the BBB,
thereby promoting MS/EAE development [91, 92]. Infiltrating neutrophils also secrete
various cytokines such as IL-6, 1L-12, and IFN-vy that promote activation of pro-
inflammatory macrophages and Th1/17 differentiation via distinct JAK/STAT signaling
mechanisms in EAE [36], resulting in neuronal death in response to secretion of TNF-a and
iNOS [35].

2.1.3. Astrocytes—Astrocytes continuously sense the microenvironment and their
responses may play a dual function in MS/EAE. During EAE, JAK/STAT signaling activates
astrocytes to release a variety of soluble mediators that activate and recruit immune cells into
the CNS [9-11]. We have shown that astrocytes, in respond to IFN- and activation of
STAT1, secrete various chemokines to recruit monocytes (CCL2, CCL3, CCL5) and CD4* T
cells (CXCL10) [93]. Astrocytes can also be activated in response to endoplasmic reticulum
(ER) stress, which has been shown to be associated with MS [94]. We found that astrocyte
activation in response to ER stress occurs via JAK1/STAT3 signaling and that activation of
STAT3 is dependent on PERK, a central sensor of ER stress. ER stress-activated astrocytes
secrete pro-inflammatory cytokines such as IL-6 and oncostatin M (OSM) [95], and IL-6
produced by astrocytes has been shown to be critical for the induction of EAE [96,97]. IFN-
v signaling in astrocytes is involved in EAE, and the severity of EAE was reduced by
depletion of IFN-y receptors in these cells [98]. Astrocytes also produce GM-CSF during
the EAE disease process, which polarizes microglia and infiltrating monocytes into the pro-
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inflammatory phenotype via JAK2/STATS5 [11]. It is important to note that in addition to
these pro-inflammatory functions, astrocytes have also been reported to have beneficial
effects in CNS neuroinflammatory responses [99-101].

2.1.4. Regulation of JAK/STAT signaling in EAE and demyelinating disorders—
As described in Section 1.2, SOCS proteins are negative regulators of JAK/STAT signaling.
We previously demonstrated that mice with a conditional deletion of SOCS3 in myeloid
cells (LysMCre-SOCS3/fly develop a severe, non-resolving, atypical form of EAE after
MOG immunization. We observed enhanced STAT3 activation and increased levels of
proinflammatory cytokines/chemokines in the CNS of these mice, as well as prolonged JAK/
STAT activation and enhancement of the pro-inflammatory macrophage phenotype [77]. The
hyperactivated macrophages produced higher levels of pro-inflammatory cytokines,
including IL-1B, IL-6, IL-12, and IL-23, and also more strongly induced Thl and Th17 cell
responses, consistent with a pathogenic role in EAE [102]. Enhanced neutrophil infiltration
in the CNS was also observed in LysMCre-SOCS3f/fl mice with MOG-induced EAE. We
reported that the preferential recruitment of neutrophils to the cerebellum and brainstem is
critical for the atypical EAE phenotype. Infiltrating SOCS3-deficient neutrophils in the
cerebellum and brainstem exhibited increased production of proinflammatory cytokines and
chemokines, including CXCL2, NO and TNF-a, and their numbers correlated with disease
phenotype and severity. Neutrophil depletion in LysMCre-SOCS3f/fl mice converted the
phenotype from atypical to classical or mixed classical/atypical EAE [35]. These findings
strongly suggest a role for neutrophils in the pathogenesis of EAE, and an important role of
the JAK/STAT pathway in regulating neutrophil function.

Regulation of JAK/STAT signaling also appears to modulate chemical-induced
demyelination. Cuprizone is a copper chelator that induces oligodendrocyte apoptosis and
demyelination in the CNS. It has recently been reported that CXCR2-positive neutrophils
are essential for cuprizone-induced demyelination, as mice deficient in CXCR2 are
relatively resistance to cuprizone-induced demyelination [103]. CX3CR1* microglia are
critical for remyelination in this model. In CX3CR1 deficient mice the clearance of myelin
debris is abrogated, leading to improper remyelination [104]. A recent study demonstrated
that myelin-reactive Th17 cells impair the endogenous remyelination process, possibly due
to recruitment of pro-inflammatory peripheral monocytes [105]. Our unpublished data reveal
that SOCS3 deficiency in myeloid cells results in a more severe and accelerated
demyelination in response to cuprizone. Five weeks after feeding with cuprizone chow, mice
with myeloid SOCS3 deficiency exhibited extensive demyelination, compared to SOCS3/fl
mice, which exhibited myelin loss at eight weeks (Fig. 3). This suggests a role for innate
immunity and JAK/STAT signaling in promoting oligodendrocyte apoptosis and
demyelination.

2.2. Parkinson’s disease

Parkinson’s Disease (PD) is a chronic neurodegenerative disorder characterized by
decreased motor activity, which is caused by the loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta in the midbrain [106,107]. The pathology of PD brain is
characterized by inclusions of aggregated a-synuclein (a-SYN) in the cytoplasmic region of
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DA neurons, named Lewy bodies (LB) and Lewy neurites (LN) [108]. Ample evidence
indicates that the JAK/STAT pathway is involved in PD pathogenesis. IFN-y and IL-6 are
two of the most potent activators of the JAK/STAT pathway, and are elevated in PD [109-
111]. Regarding IL-6, higher levels were associated with a greater risk of PD [109,110].
IFN-y contributes to degeneration of DA neurons through a mechanism involving microglia,
and IFN-vy deficient mice are protected against MPTP-induced neurotoxicity [111].

2.2.1. Microglial involvement in PD—A genome-wide association study (GWAS) has
revealed a close relationship between immune activation and susceptibility to PD [112].
Chronic inflammation in the CNS has long been noted in PD and has been proposed to play
important roles in the pathogenesis of disease [113]. Aggregation of a-SYN, a protein
encoded by SNCAI gene whose function is not well understood, is considered to be
pathogenic due to chronic activation of the innate immune system [114,115]. Microglia are
the front-line defenders and exhibit pro-inflammatory phenotype in PD [116]. Activated
microglia and infiltrating macrophages have been observed post-mortem in the substantia
nigra of human PD patients, and the degree of MHC Class Il expression correlates with the
level of a-SYN [28,117]. This observation suggests that a-SYN drives the activation of
microglia and infiltrating macrophages, which is supported by experiments in vitro and in
vivo. Stimulation of mouse microglial cell lines or primary microglia with aggregated a-
SYN results in MHC Class Il expression and production of NO, TNF-a, and IL-1p [23,
114,118,119]. This response was abrogated by the inclusion of the JAK1/ 2 inhibitor,
AZD1480, by preventing activation of the JAK/STAT pathway [119]. Overexpression of a-
SYN in the substantia nigra using adeno-associated virus (AAV), a model for PD, leads to
microgliosis and upreg-ulation of MHC Class Il in microglia as early as four weeks post-
injection [119]. Increases in pro-inflammatory cytokines including IL-1p, IFN-y, and TNF-
a were detected in the striatum, and a-SYN-induced chronic inflammation resulted in
subsequent neuronal death [117,119,120].

Just as enhanced activation of microglia contributes to progression of PD, inhibition of
microglia activation appears to be beneficial. Blockade of the CD200-CD200R interaction,
an inhibitory mechanism that represses microglial activation, exacerbates microglial
activation and DA neurodegeneration in a rat model of PD [121]. Similarly, treatment with
minocycline, an FDA-approved tetracycline derivative that inhibits microglial activation,
prevented nigrostriatal DA neurodegeneration in the MPTP model of PD [122,123]. Mice
with a deficiency in IFN-y, which promotes polarization of pro-inflammatory macrophages
through activation of the JAK/STAT pathway, displayed attenuated MPTP-induced
substantia nigra pars compacta DA neuron loss [111].

Genetic models also suggest a role for microglia in the pathogenesis of PD. Leucine-rich
repeat kinase 2 (LRRK?2) is the most commonly mutated gene in idiopathic and familial PD
[124,125]. LRRK2 expression is enriched in immune cells, especially in B cells, monocytes
and DCs [126]. LRRK2 is an IFN-y induced gene, and is involved in ROS production
during host defense [126]. Although LRRK2 mutations have been shown to correlate with
PD, its function, especially in immune cells during neuroinflammation, is not well
understood. The G2019S mutation in LRRK2 was shown to exacerbate a-SYN induced
neuroinflammation and DA neurodegeneration, and this detrimental effect was mitigated by
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LRRK2 inhibition [127]. A recent study showed that the G2019S mutation of LRRK2
attenuates microglial motility by inhibiting focal adhesion kinase activity and, as a result,
suppresses the microglial response to stab-wound and laser-induced brain injury [128].

GWAS analysis has also revealed a correlation between PD susceptibility and HLA-DR, the
gene that encodes MHC Class Il in humans [129]. Additional evidence further supports a
role for MHC Class Il in PD pathogenesis. In a mouse model of PD, overexpression of a-
SYN led to striking upregulation of MHC Class Il in microglia. Moreover, MHC Class Il
deletion prevented activation of microglia, CD4" T cell proliferation, and DA
neurodegeneration [27].

2.2.2. Involvement of other immune cells in PD—In addition to microglia, other cell
types are involved in the pathogenesis of PD. In PD, susceptibility alleles are enriched in
monocyte-specific genes, suggesting a critical role for myeloid cells in the prodromal phase
of disease [130]. LRRK2-deficient rats exhibit abrogated a-SYN-mediated DA
neurodegeneration. This attenuation is correlated with reduced numbers of activated myeloid
cells in the substantia nigra [131]. Another study found that astrocyte-mediated production
of pro-inflammatory cytokines also contributes to neuronal loss in an LPS-induced PD
model [132]. The aforementioned role of MHC Class Il upregulation in microglia/
macrophages in PD pathogenesis also suggests the involvement of CD4* T cells in the
pathogenesis of PD, since they are activated by antigen presenting cells expressing MHC
Class Il [27]. There is evidence for T cell involvement in PD, particularly that of CD4* T
cells [133-135].

3. Therapeutic value of inhibitors of JAK/STAT signaling in

neuroinflammatory disease models

Although JAK/STAT signaling plays important roles in both pro- and anti-inflammatory
responses, the acute phase of MS/EAE and the chronic inflammation observed in PD are
primarily consequences of pro-inflammatory responses. The involvement of JAK/STAT
signaling in the pathogenesis of neuroinflammatory diseases suggests that inhibition of JAK/
STAT signaling could provide therapeutic benefit. In support of this hypothesis, pre-clinical
studies have demonstrated efficacy of JAK/STAT inhibition in neuroinflammatory diseases.

3.1. Inhibition of JAK/STAT signaling is beneficial in EAE models

Numerous small molecules have been designed to target JAKs, termed Jakinibs (JAK
inhibitors) [136]. Many of these agents have been tested in various cancers, autoimmune
diseases and inflammatory disorders. Because the pathogenesis of MS/EAE encompasses
dysregulation of both innate and adaptive immunity, the efficacy and mechanism of disease
attenuation by Jakinibs has been analyzed in EAE models. For example, the JAK?2 inhibitor
Tyrophostin B42 (AG490) has been shown to improve EAE scores through inhibition of
JAK2/STAT1 signaling and disruption of Th1 cell differentiation [137]. CEP-701, a JAK2
inhibitor, was demonstrated to suppress STAT1/3/5 signaling and reduce secretion of TNF-
a, IL-6, and I1L-23 in DCs, resulting in attenuation of EAE [138]. Recently, we found that
AZD1480, an inhibitor of JAK1 and JAK2, is anti-inflammatory and confers protection in
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multiple EAE models [139]. Treatment with AZD1480 inhibited activation of STAT1/ 3/4
and blocked differentiation of both Th1l and Th17 cells. Similarly, in antigen-presenting cells
(APCs), AZD1480 disrupted IFN-y-, IL-6-, and GM-CSF-induced activation of STAT1,
STAT3, and STATS5, respectively. Pro-inflammatory phenotypic markers such as MHC Class
I1, INOS, and CD40 were also inhibited by AZD1480 treatment. Together, these
observations indicate that AZD1480 attenuates EAE by preventing CNS infiltration of
immune cells, suppressing differentiation of Thl and Th17 cells, and deactivating innate
immune cells.

Many herbal compounds from plants have long been recognized as having anti-
inflammatory or immune-suppressive effects. Recent studies have demonstrated that some of
these natural compounds inhibit JAK/STAT signaling and have beneficial effects in
neuroinflammatory diseases. For example, berbamine (BM), an herbal compound commonly
used in traditional Chinese medicine derived from Berberis vulgaris L, has been shown to
attenuate EAE symptoms by promoting STAT4 degradation. BM treatment reduced the
stimulatory functions of APCs and inhibited IFN-y production by T cells [140]. Berberine
(BBR), an isoquinoline alkaloid derived from plants, also ameliorated EAE symptoms
through a mechanism involving inhibition of JAK/STAT signaling in Thl and Th17 cells, as
well as reduced production of IL-6 by innate immune cells [141]. Similar studies have
demonstrated the efficacy of other natural compounds, such as Tripchlorolide [142],
Quercetin [143], and vitamin D3 [144], in ameliorating EAE through inhibition of JAK/
STAT signaling and Thl and Th17 differentiation.

Some pharmacologic compounds, although not designed to be JAK/ STAT inhibitors, have
been shown to have therapeutic benefit in MS/ EAE due to inhibition of JAK/STAT
signaling. Glatiramer acetate (GA), a FDA-approved treatment for MS, was shown to
promote activation of anti-inflammatory monocytes by reducing STAT1 signaling.
Antiinflammatory monocytes produced lower levels of pro-inflammatory cytokines and
increased production of IL-10 and TGF-B in the CNS, leading to attenuation of EAE [80].
Fumarates have been reported to improve MS by promoting development of type Il DCs that
produce IL-10, instead of IL-12 and IL-23, via inhibition of STAT1. The increase in type Il
DCs promoted Th2 cell differentiation and protected mice from EAE [145]. Statins are
utilized primarily for treatment of hypercholesterolemia [146,147], but recent studies have
demonstrated that simvastatin has therapeutic benefit in some MS patients [148,149].
Simvastatin treatment suppresses STAT1/3 activation by inducing SOCS3/7, inhibits I1L-6
and IL-23 production, and induces IFN-vy, IL-4, and IL-27 production in monocytes. These
phenotypic changes in monocytes inhibited the differentiation of Th17 cells in MS patients
[150]. Furthermore, we demonstrated that simvastatin-mediated inhibition of STAT1
signaling resulted in abrogation of IFN-y-induced expression of CD40 in macrophages and
microglia [151].

3.2. Therapeutic potential for treatment of PD with JAK/STAT inhibitors

Since there is evidence that the disease of PD has a strong neuro-inflammatory component,
the concept of treating PD with immunomodulatory agents is promising. In a rat model of
PD, where a-SYN was overexpressed in the substantia nigra by AAV, AZD1480 treatment
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decreased microgliosis and macrophage infiltration, reduced expression of MHC Class 1l
and decreased pro-inflammatory cytokines produced by microglia/macrophages at 4 weeks
after transfection. Furthermore, STAT3 activation in the substantia nigra was reduced by
AZD1480 treatment [119]. RNA-seq analysis demonstrated that numerous genes involved in
cell-cell signaling, nervous system development and function, inflammatory diseases and
processes, and neurological diseases were enhanced in the substantia nigra of rats with a-
SYN overexpression, and were inhibited upon treatment with AZD1480. AZD1480
treatment also reduced CD4* T cell infiltration into CNS and prevented degeneration of DA
neurons in the substantia nigra 12 weeks after infection. Together, these results indicate that
JAK/STAT signaling promotes activation of both innate and adaptive immune responses in a
PD model.

4. Conclusions

Innate immunity is critical for host defense and homeostasis of the immune system,

however, dysregulation leads to severe consequences, such as neuroinflammatory diseases.
Aberrant activation of innate immune cells causes demyelination and/or neuronal
degeneration by production of pro-inflammatory cytokines, chemokines, ROS and NO, or by
activation of effector T cells. Many of these processes involve utilization of JAK/STAT
signaling. Hence, this suggests the feasibility of targeting the JAK/STAT pathway as a
protective therapy for neuroinflammatory and neurodegenerative diseases. Currently, more
than 25 Jakinibs are in Phase I, Il and 111 clinical trials for a variety of diseases, including
psoriasis, transplant rejection, diabetic nephropathy, Crohn’s diseases, lupus, lymphoma, and
solid tumors [136]. Our pre-clinical studies in animal models of MS and PD suggest that
suppression of the JAK/STAT pathway disrupts both neuroinflammatory and
neurodegenerative processes. As such, Jakinibs may be a viable therapeutic option for MS
and PD patients, especially since they are orally available and well tolerated.
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Fig. 1.

Ogerview of innate immune cells and their functions in the CNS. A Under normal
conditions, astrocytes and other cells (not shown) form the BBB and blood-CSF barrier,
microglia surveil the CNS, and oligodendrocytes form the myelin sheath around neurons. As
well, T cells are present in small numbers. B. During inflammation, immune cells such as
macrophages, neutrophils, B cells and T cells cross the BBB and enter the CNS. Activated
astrocytes, microglia/macrophages and neutrophils secrete cytokines and chemokines to
recruit, activate and polarize T cells. ROS and cytokines such as TNF-a, produced by
astrocytes, microglia/macrophages and neutrophils, directly cause demyelination and
neuronal damage.
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Fig. 2.

Kgy components of the JAK/STAT pathway. In brief, cytokines bind to their receptors, and
activate JAKs. Activated JAKs then auto- and trans-phosphorylate each other, and
phosphorylate tyrosine residues in the cytoplasmic domain of the receptor. STATS are then
recruited to the receptor complex, phosphorylated by JAKs, form dimers, translocate into the
nuclei, and then initiate transcription. SOCS genes are induced by activated STATs. SOCS
proteins inactivate JAK/STAT pathway by inhibition of JAK kinase activity and/or
promoting degradation of the signaling complex.
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Fig. 3.
Kinetics of demyelination in cuprizone-fed SOCS3/fl and LysMCre-SOCS3/fl mice.

s0Cs3M and LysMCre-SOCS3f/fl mice were fed with 0.3% cuprizone or control diet for
5,6, or 8 weeks. Hematoxylin and eosin staining followed by Luxol Fast Blue staining shows
demyelination after cuprizone treatment. Data shown represent 3 individual experiments.
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