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Abstract

Multiple sclerosis is an autoimmune disease of the central nervous system characterized by
neuroinflammation and demyelination. Although considered a T cell-mediated disease, multiple
sclerosis involves the activation of both adaptive and innate immune cells, as well as resident cells
of the central nervous system, which synergize in inducing inflammation and thereby
demyelination. Differentiation, survival, and inflammatory functions of innate immune cells and
of astrocytes of the central nervous system are regulated by tyrosine kinases. Here, we show that
imatinib, sorafenib, and GW2580—small molecule tyrosine kinase inhibitors can each—prevent
the development of disease and treat established disease in a mouse model of multiple sclerosis. In
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vitro, imatinib and sorafenib inhibited astrocyte proliferation mediated by the tyrosine kinase
platelet-derived growth factor receptor (PDGFR), whereas GW?2580 and sorafenib inhibited
macrophage tumor necrosis factor (TNF) production mediated by the tyrosine kinases c-Fms and
PDGFR, respectively. In vivo, amelioration of disease by GW2580 was associated with a
reduction in the proportion of macrophages and T cells in the CNS infiltrate, as well as a reduction
in the levels of circulating TNF. Our findings suggest that GW2580 and the FDA-approved drugs
imatinib and sorafenib have potential as novel therapeutics for the treatment of autoimmune
demyelinating disease.
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Introduction

Multiple sclerosis (MS) is an autoimmune inflammatory disease characterized by the
destruction of the myelin sheath that surrounds neuronal axons in the central nervous system
(CNS), a process that results in neurodegeneration and consequently in the formation of
sclerotic plaques in the brain and spinal cord [1]. Adaptive [2-4] and innate [5— 7] immune
cells infiltrate the CNS where they act synergistically in inducing and perpetuating local
inflammation and demyelination. Deregulation of the homeostatic functions of resident CNS
cells also contributes to the pathogenesis of MS [8, 9]. However, the mechanisms underlying
the initiation and progression of MS remain undefined. This lack of understanding is
reflected in the current treatments for MS, most of which target only symptoms or are
administered together with global immuno-suppressants, which can have serious adverse
side effects. Although immunoregulatory drugs that specifically target immune cells have
been developed [10], they reduce the number of exacerbations only in a small proportion of
patients and are beneficial only in relapsing—remitting forms of MS [11, 12]. Therefore, new
therapies that target specific pathways involved in MS pathogenesis are needed.

One type of innate immune cell that plays a prominent role in MS pathogenesis is the
macrophage [5]. Macrophages phagocytose myelin in brain lesions in MS [13] and in vitro
of MS [14], thereby contributing to demyelination directly. They also contribute to
demyelination indirectly by promoting immune cell infiltration and inflammation in the
CNS. For instance, macrophages produce an array of proinflammatory cytokines, including
tumor necrosis factor (TNF), a cytokine that exerts neurotoxic and chemoattractant effects in
the CNS [7, 15] and is implicated in the pathogenesis of autoimmune diseases [16, 17].
Indeed, inhibiting macrophage activation [18, 19] or depleting macrophages [20, 21]
attenuates disease in rodent models of MS, and this amelioration is accompanied by a
reduction in TNF levels in the CNS and suppression of CNS infiltration by autoreactive T
cells [22].

The differentiation, proliferation, survival, and activation of macrophages are regulated by
macrophage colony-stimulating factor (MCSF; also known as CSF1) via its receptor, the
tyrosine kinase colony-stimulating factor 1 receptor (c-Fms). Mice deficient in MCSF have
fewer macrophages than wild-type mice [23-26], and MCSF regulates the production of
cytokines by macrophages [27]. Interestingly, MCSF is upregulated in several neurological
and autoimmune diseases, including MS [28, 29], and c-Fms has been proposed as a putative
genetic susceptibility factor for MS [30]. Thus, by promoting the formation, survival, and
activation of macrophages, c-Fms could contribute to the inflammation and demyelination
characteristic of MS.
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In addition to inflammatory cells infiltrating the CNS, resident cells of the CNS contribute to
the pathogenesis of MS. Astrocytes, though generally considered supporting cells for
neurons, could potentially promote MS pathogenesis in several ways [31-33]. In particular,
excessive proliferation of astrocytes contributes to astrogliosis, a scarring process occurring
in MS that prevents axonal regeneration and remyelination [34], and thus impairs tissue
healing. Astrocyte proliferation depends on signaling mediated by platelet-derived growth
factor receptors (PDGFRS), [35], whose ligands are upregulated in peripheral blood
leukocytes in experimental autoimmune encephalomyelitis (EAE), a mouse model of MS
[36]. PDGFR signaling could contribute to MS pathogenesis by promoting astrocyte
proliferation and consequently astrogliosis.

The tyrosine kinases c-Fms and PDGFR are thus involved in key aspects of MS
pathogenesis and may have potential as drug targets in the treatment of MS. Imatinib
mesylate (imatinib)—a tyrosine kinase inhibitor prescribed for the treatment of Ber-Abl-
expressing chronic myelogenous leukemias and c-Kit-expressing gastrointestinal stromal
tumors—can attenuate autoimmune arthritis [37] and autoimmune diabetes [38] in mice.
Besides Abl and c-Kit, two other tyrosine kinase receptors inhibited by imatinib are the
PDGFR and c-Fms receptors. Here, we test the ability of imatinib to attenuate EAE, a mouse
model of MS [10, 39]. We also test the therapeutic efficacy of two other small-molecule
tyrosine kinase inhibitors (TKI): sorafenib, a drug approved for the treatment of renal cell
carcinoma and hepatocellular carcinoma that inhibits PDGFR, and GW2580, a relatively
specific inhibitor of c-Fms that can attenuate autoimmune arthritis in mice [40]. We show
that imatinib, sorafenib, and GW2580 can each effectively treat EAE. Imatinib and sorafenib
abrogated platelet-derived growth factor (PDGF)-induced proliferation of astrocytes,
whereas GW2580 and sorafenib suppressed TNF production by macrophages.

Materials and Methods
EAE Induction and TKI Administration

Six- to 8-week-old female C57BL/6 mice were housed in accordance with NIH guidelines.
Mice were maintained on a 12-h light/dark cycle and given free access to food and water.
For the induction of EAE, mice were immunized subcutaneously with myelin
oligodendrocyte glycoprotein peptide (MOG33_55) emulsified in Complete Freund’s
Adjuvant (CFA) and then administered pertussis toxin intravenously immediately after and
24 h after immunization. EAE progression was assessed using the following five-point
system: 0, no disease; 1, limp tail; 2, partial hind-leg paralysis; 3, complete hind-leg
paralysis; 4, complete hind-leg paralysis and partial front-leg paralysis; and 5, death. The
mice were administered with TKI or vehicle (0.5% hydroxypropyl methylcellulose + 0.05%
Tween-80) every 12 h through animal-feeding needles. In the EAE prevention studies, TKI
administration was started 24 h before immunization and continued until the experiment’s
termination. In the EAE treatment studies, mice were randomized into separate groups, such
that each group had a mean EAE clinical score of 2.5-3, and dosed twice daily with TKI or
vehicle until the experiment’s termination.

Tyrosine Kinase Inhibitors

For in vivo studies, imatinib (Gleevec) and sorafenib (Nexavar) were purchased from the
pharmacy, whereas GW2580 was chemically synthesized (by LC Laboratories).
Pharmacological doses of imatinib [41, 42] and sorafenib [43-45] were calculated according
to those attained in human blood, as reported in clinical trials and preclinical studies of the
drugs showing efficacy in the treatment of cancer. For GW2580, dosing was calculated
according to that used in previous mouse studies [46]. On the basis of the peak-trough and
half-life of each compound, we calculated that one dose of TKI every 12 h would suffice to
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achieve optimal pharmacological levels of the drugs in plasma. Each dose comprised freshly
prepared drug at 100 mg/kg for imatinib, 100 mg/kg for GW2580, and 30 mg/kg for
sorafenib. The mice receiving a twice-daily oral dose of 100 mg/kg imatinib exhibit a
pharmacokinetic profile similar to that in humans on a mid-range dose of 400 mg once daily;
this dosing regimen results in mean peak plasma levels of 4.6— 6 uM in mice and 1-1.5 pM
in humans, respectively [41, 42]. Sorafenib administered twice daily at 30 mg/kg exhibits a
pharmacokinetic profile similar to that in humans on a mid-range dose of 400 mg once daily
[43-45]. For in vitro studies, imatinib, sorafenib, and GW2580 were purchased from LC
laboratories in powder form and resuspended in sterile vehicle (0.5% hydroxypropyl
methylcellulose+0.05% Tween-80). Concentrations equivalent to those reached by our
dosing regimen were used for all in vitro experiments.

Brains and spinal cords were collected from EAE and healthy mice immediately after
sacrifice. The tissues were collected in formalin and later embedded in paraffin. We stained
the tissue sections with Luxol fast blue (LFB) to highlight myelin tracts and with eosin and
hematoxylin to distinguish cytoplasmic and nuclear structures. Slides were analyzed under
the microscope by an expert pathologist in a blinded manner. Meningeal and parenchymal
inflammatory foci were counted for all samples.

Isolation and Flow Cytometric Analysis of CNS Infiltrate—Brains and spinal cords
from EAE mice treated with vehicle or GW2580 were collected in Hank’s buffered salt
solution (HBSS) and passed through a 70-uM nylon mesh strainer according to a described
protocol [47]. The cells were spun down at 350xg for 10 min, and then resuspended and
incubated in HBSS with 300 U/ml of clostridial collagenase type 1V for 60 min at 37°C.
Digestion was stopped with complete Dulbecco’s modified Eagle’s medium (DMEM), and
the suspension was centrifuged for 10 min at 350xg. The pellets were resuspended in 1 ml of
30% Percoll, underlayed with 1 ml of 70% Percoll, and spun at 500xg for 20 min at room
temperature. The interphase containing the cells was collected and washed twice with PBS
in preparation for flow cytometric analysis. Cells collected from the Percoll gradients were
stained with rat anti-mouse CD3 fluorescein isothiocyanate (FITC) and rat anti-mouse F4/80
PE (eBiosciences) and analyzed using a FACScan. Data analysis was performed using Cell
Quest Pro.

RAW 264.7 cells were grown in RPMI media supplemented with 10% fetal calf serum
(FCS), .-glutamine, penicillin/ streptomycin (P/S), and non-essential amino acids (NEAA).
Primary rat astrocytes from the cerebral cortex of P2 mouse pups were grown in DMEM
media supplemented with 10% FCS, 2 mM c-glutamine, P/S NEAA, sodium pyruvate,
insulin (5 pg/ml), NAC (5 pg/ml), and 10 pM hydrocortisone. The C6 rat astrocyte cell line
was cultured in DMEM supplemented with 10% FCS, .-glutamine, P/S, and NEAA.

Enzyme-linked Immunosorbent Assay

RAW 264.7 cells were plated on 96-well plates in RPMI with or without 10 ng/ml of MCSF
or PDGFbb, in the presence or absence of TKI. Forty-eight hours after stimulation,
supernatants were collected and frozen till used for the detection of TNF by enzyme-linked
immunosorbent assay (ELISA) (Peprotech) according to manufacturers’ instructions.
PDGFbb was purchased from Sigma and MCSF from Peprotech.

To measure the levels of serum TNF, we collected blood from vehicle- and GW258-treated
mice by arterial tail bleeding immediately before sacrificing them to collect other tissues.
The blood was collected in serum-separating tubes and stored at —80°C. TNF levels in
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serum from EAE mice treated with vehicle or GW2580 were measured using the TNF
ELISA kit from Peprotech.

Proliferation Assays

C6 and primary astrocyte proliferation was assessed by 3H-thymidine incorporation. Briefly,
5x10° cells per well were plated in a 96-well plate in 200 pl of media and left incubating at
37°C overnight to allow the cells to adhere. Astrocytes were then stimulated with 10 ng/ml
of PDGFbb or 10 ng/ml of TNF in the presence or absence of imatinib or sorafenib. Cells
were cultured for 24 h before the addition of 1 uCi of 3H-thymidine per well. After 18 to 24
h, the cells were frozen or harvested and corrected counts per minute were counted using a
betaplate reader.

Statistical Analysis

Mann-Whitney U test was used to determine statistical differences in clinical EAE scores
between each TKI treatment and the vehicle control. Unpaired two-tailed Student’s t test
was used to determine statistical differences between numbers of inflammatory foci and
between levels of cytokines.

Results

Tyrosine kinase inhibitors imatinib, sorafenib, and GW2580 attenuate EAE

Imatinib can treat other autoimmune diseases and can inhibit signaling pathways implicated
in MS, including those mediated by c-Fms and PDGFR [37, 38]. We therefore performed
experiments to determine whether imatinib can attenuate autoimmune demyelinating disease
in the EAE mouse model of chronic progressive MS. We also tested the therapeutic efficacy
of sorafenib, a small-molecule drug that inhibits PDGFR, and GW2580, a small-molecule
that inhibits c-Fms and can attenuate autoimmune arthritis in mice [40]. We induced EAE in
C57BL/6 mice by immunizing them with purified MOG33_g5 emulsified in CFA, and then
injecting them intravenously with pertussis toxin immediately after immunization and 24 h
after immunization [39]. Mice were dosed orally twice daily with 100 mg/kg of imatinib, 30
mg/kg of sorafenib, 100 mg/kg of GW2580, or vehicle on the basis of published
pharmacokinetic profiles of imatinib and sorafenib metabolism in mice and humans [41, 42,
48-51] and GW2580 metabolism in mice [46, 49, 52] (see “Methods” section).

To determine whether the TKI can prevent the development of EAE, we started
administering the TKI 1 day before immunizing the mice with MOGg33_55. After
immunization, EAE was less severe (Fig. 1a), EAE incidence was lower (Fig. 1b), and EAE
onset was delayed (Fig. 1c) in TKI-treated compared to vehicle-treated mice. There were no
apparent toxicities or adverse effects in any of the mice receiving any of the TKI.

To determine whether the TKI can treat established EAE, we randomized mice with
established clinical EAE (mean clinical score of 2.5-3) and treated them with 100 mg/kg
imatinib, 30 mg/kg of sorafenib, 100 mg/kg of GW2580, or vehicle. All the TKI tested
suppressed the progression and reduced the severity of established EAE (Fig. 1d).
Histopathologic analysis of brains and spinal cords harvested from mice used in these
experiments demonstrated that EAE mice treated with imatinib, sorafenib, or GW2580 had
significantly fewer inflammatory foci in both the EAE prevention (Fig. 2a, b) and the
treatment (Fig. 2c) studies than did vehicle-treated mice.

GW2580 reduces the proportion of macrophages in the CNS of EAE mice

To assess the effect of GW2580 on the infiltration of inflammatory cells into the CNS in
EAE, we performed flow cytometric analysis of the mononuclear cell infiltrate isolated from
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brains and spinal cords of EAE mice treated prophylactically with GW2580 or vehicle.
Because inflammatory cells are not abundant in the CNS even under inflammatory
conditions, infiltrates from two to three brains and spinal cords were pooled for the analysis.
Cells were stained with anti-CD3 FITC antibodies and anti-F4/80 PE antibodies for the
detection of T cells and macrophages, respectively. As shown in Fig. 3, the proportion of
macrophages was lower in the CNS infiltrate from GW250-treated mice than that from
vehicle-treated mice (2.97%z 0.59 vs 4.71%+0.89). The proportion of T cells was not
significantly different in the CNS infiltrate of GW2580-treated mice compared to vehicle-
treated mice (2.13%= 0.23 vs 2.42%z+1.71).

Sorafenib and GW2580 inhibit macrophage production of proinflammatory cytokines

Macrophages contribute to the pathogenesis of MS by producing proinflammatory cytokines
[5], and c-Fms regulates macrophage activation [52]. We therefore examined the effect of
GW2580 on the activation of the macrophage cell line RAW264.7 cells. We stimulated the
RAW264.7 cells with 10 ng/ml MCSF for 48 h in the presence of 10-1000 nM GW2580 and
then measured TNF levels in culture supernatants by ELISA. GW2580 reduced MCSF-
stimulated production of TNF to basal levels (Fig. 4a). Because macrophages also express
PDGFR, we tested sorafenib’s ability to reduce PDGFbb-mediated macrophage TNF
secretion. Sorafenib was able to decrease PDGFbb-induced TNF release by macrophages
(Fig. 4b).

Imatinib and Sorafenib Inhibit Proliferation of Rat Astrocytes

We next determined whether imatinib or sorafenib could decrease astrocyte proliferation, a
process involved in the astrogliosis typical of MS. Rat astrocyte cells from the C6 clone
were stimulated with 10 ng/ml of PDGFbb or with 100 ng/ml of LPS as a positive control,
whereas primary cortical rat astrocytes were stimulated with 10 ng/ml of PDGFbb or with
10 ng/ml of TNF as a positive control. PDGFbb was added to the astrocytes in the presence
or absence of different concentrations of imatinib or sorafenib within the therapeutic range
for each drug, and proliferation was measured by 3H-thymidine incorporation. Both
imatinib and sorafenib were able to inhibit PDGF-induced astrocyte proliferation (Fig. 5). In
contrast, GW2580 had no effect on astrocyte proliferation (data not shown), confirming that
GW2580 does not inhibit PDGFR.

GW2580 Decreases Serum TNF Levels in EAE Mice—Because GW2580 decreased
macrophage TNF production in vitro, we asked whether GW2580 decreases TNF levels in
vivo in mice with EAE. We measured TNF levels in serum collected 17 days after MOG
immunization from mice treated prophylactically with GW2580 or vehicle. The levels of
TNF were significantly higher in serum from vehicle-treated EAE mice compared to
GW2580-treated mice (Fig. 6).

Discussion

In this study, we demonstrate that the tyrosine kinase inhibitors imatinib, sorafenib, and
GW2580 cannot only attenuate the development of EAE but also treat established EAE. We
show that GW2580 and sorafenib can suppress TNF production by macrophages, while
imatinib and sorafenib can abrogate PDGF-induced proliferation of astrocytes. Moreover,
the administration of GW2580 to mice with EAE reduced the circulating levels of TNF and
reduced the infiltration of the CNS by macrophages. Together, our data suggest that
imatinib, sorafenib, and GW2580 potently inhibit cellular responses that contribute to
inflammation and astrogliosis in the CNS in autoimmune demyelinating disease.
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Although imatinib and sorafenib both inhibit PDGFR signaling, sorafenib was more
efficacious than imatinib in preventing the development of EAE. In contrast, imatinib and
sorafenib were equally efficacious in treating established EAE. This can be explained by
differences in the drugs’ ability to penetrate the CNS: Unlike sorafenib [53], imatinib does
not readily cross an intact blood-brain barrier (BBB) [52-54]. In a treatment setting,
however, the BBB is compromised, as a result of the EAE pathology [55]. Thus, in
prevention studies, imatinib’s effects are restricted to the periphery, whereas in treatment
studies, imatinib might additionally target cells within the CNS.

Infiltrating inflammatory cells, including T cells and macrophages, contribute to the
neuroinflammation in MS, and we found that imatinib, sorafenib, or GW2850 decreased the
number of inflammatory foci in the CNS of mice with EAE. Moreover, we show that
GW2580 decreased the proportion of infiltrating macrophages in the CNS, a decrease that
may result from GW2580’s ability to suppress c-Fms-mediated macrophage differentiation
[40]. Although we saw only a trend towards a decrease in number of infiltrating T-cells in
the CNS of GW2580-treated mice, previous studies have shown that depleting EAE mice of
macrophages suppresses T-cell infiltration of the CNS [20], and amelioration of EAE with a
different c-Fms inhibitor, Ki20227, was associated with the suppression of myeloid cell
expansion and reduction in MOG-specific T-cell proliferation [56]—results suggesting that
molecules that inhibit macrophage formation or activation could indirectly inhibit T-cell
activity.

Besides its ability to inhibit macrophage differentiation [40], GW2580 abrogated the
production of TNF by cultured macrophages and markedly suppressed serum levels of TNF
in mice with EAE. It is possible that levels of TNF in the serum do not accurately reflect
levels of TNF in the CNS. Nevertheless, we found that the proportion of macrophages—the
main TNF-producing cells in EAE [20]—is diminished in the CNS of GW2580-treated EAE
mice. Together, these findings suggest that GW2580 ameliorates EAE at least in part by
reducing levels of macrophage-derived TNF.

TNF may contribute to the pathogenesis of autoimmune demyelination by recruiting
inflammatory cells to the CNS [7] and exerting toxic effects on oligodendrocyte progenitor
cells [15]. Indeed, the administration of TNF exacerbates, whereas anti-TNF treatment
attenuates, EAE [17]. The role of TNF in MS, however, is less clear. Although TNF levels
in cerebrospinal fluid may positively correlate with disease activity in MS [57, 58], case
studies suggest that anti-TNF treatment in rheumatoid arthritis patients is associated with the
development of MS-like lesions in the CNS [59]. We speculate that anti-TNF antibodies
induce MS pathology because they are unable to penetrate the CNS, where TNF inhibition
might be beneficial, and are restricted to the periphery, where TNF inhibition may be
detrimental [60]. c-Fms inhibitors suppress TNF production by macrophages specifically,
and macrophages produce TNF only within tissues (such as CNS tissues in EAE). We show,
however, that amelioration of EAE by GW2580 is associated with a reduction in peripheral
levels of TNF. The role of TNF in the CNS and periphery remains to be further defined.

Although we show that GW2580 can decrease macrophage numbers in the CNS of EAE
mice, reduce circulating TNF levels in vivo, and suppress MCSF-induced macrophage TNF
production in vitro, it remains possible that GW2580 attenuates EAE by affecting
macrophage functions other than TNF production. In MS, macrophages produce not only
TNF but also matrix metalloproteinases (MMPs) [61], which break down the extracellular
matrix required for the integrity of the BBB [13]. Macrophages also contribute to MS
pathology by phagocytosing myelin, as well as by producing nitric oxide [62], IL-1p, and
Th1l-polarizing osteopontin [1, 60]. Because macrophages depend on c-Fms signaling for
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their differentiation and activation [63], inhibiting c-Fms inhibition might also suppress
some of these functions, further contributing to the beneficial effects of TKI seen in EAE.

Astrocytes are generally considered support cells for neurons—yet they too could promote
demyelinating disease in several ways, e.g., by promoting astrogliosis and producing
proinflammmatory cytokines and chemokines. We show that imatinib and sorafenib can
suppress PDGF-induced proliferation of astrocytes. Their ability to suppress astrocyte
proliferation may account, at least partially, for these TKI’s therapeutic efficacy in EAE
because astrocyte proliferation promotes astrogliosis and scar formation in autoimmune
demyelinating disease [34]. It is also possible that these inhibitors provide benefit in EAE by
suppressing PDGFR activity in other cell types or by modulating other astrocyte functions.
Astrocytes are mediators of glutamate homeostasis [33, 64], and imbalances in glutamate
secretion and reabsorption play an important role in the demyelinating stages of MS [8, 9,
61]. Astrocytes can also contribute to the breakdown of the BBB by producing MMPs [61,
62]. By inhibiting PDGFR-mediated proliferation of astrocytes, imatinib and sorafenib could
indirectly suppress these potentially pathogenic processes, in addition to directly suppressing
astrogliosis.

We show that GW2580 inhibits c-Fms-mediated TNF production and that imatinib and
sorafenib inhibit PDGFR-mediated cell proliferation. However, despite being a relatively
specific inhibitor of c-Fms, GW2580 can also inhibit TrkA [65]. TrkA belongs to the family
of neurotrophin receptors, which is also implicated in MS [66]; inhibition of TrkA could
therefore account for some of GW2580’s heneficial effects in EAE. Furthermore, besides
PDGFR, another prominent target of imatinib and sorafenib is c-kit, a tyrosine kinase
receptor expressed on mast cells. Mast cells also play an important role in CNS
demyelination, by promoting BBB breakage in the early stages of MS and recruiting other
inflammatory cells [7]. The beneficial effects of imatinib and sorafenib in EAE may reflect
the simultaneous inhibition of several tyrosine kinases in several cell types.

Conclusion

We show that the administration of sorafenib, imatinib, or GW2580 ameliorates EAE,
raising the possibility that these TKI—two of which are already FDA-approved drugs—
could serve as novel therapeutics for the treatment of MS. Further elucidation of the specific
pathways targeted by these TKI could shed light on the pathogenesis of MS and allow the
development of more specific drugs that may have fewer side effects than the current
therapies for MS.

Abbreviations

MS Multiple sclerosis

EAE Experimental autoimmune encephalomyelitis
MOG Myelin oligodendrocyte glycoprotein

TKI Tyrosine kinase inhibitor

PDGFR Platelet-derived growth factor receptor
PDGF Platelet-derived growth factor

c-Fms Colony-stimulating factor 1 receptor

MCSF Macrophage colony-stimulating factor

CFA Complete Freund’s adjuvant
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TNF Tumor necrosis factor

IL Interleukin

CNS Central nervous system

FCS Fetal calf serum

NEAA Non-essential amino acids

LFB Luxol fast blue

HBSS Hank’s buffered salt solution
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Fig. 1.

The TKI imatinib, sorafenib, and GW2580 can prevent and treat EAE. a—c EAE prevention.
C57BL/6J mice (n=10-15 mice per group) were dosed orally with 100 mg/kg imatinib
(blue), 30 mg/kg sorafenib (green), 100 mg/kg GW2580 (red), or vehicle (black) twice a
day, starting 1 day before the induction of EAE. a Disease severity was assessed by a visual
scoring system. b The incidence of disease at experiment’s termination and ¢ the average
day of EAE onset. d EAE treatment. Once mice developed overt EAE (mean clinical score
of 2.5-3), they were randomized and administered TKI every 12 h until the experiment’s
termination (n=10-15 mice per group). Results are representative of two independent
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experiments and are shown as the mean=SEM. *P<0.05 at each data point by Mann-
Whitney U test comparing each treatment with vehicle
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TKI treatment suppresses formation of inflammatory foci in the CNS during EAE. (a)
Representative H&E/LFB-stained brainstem and cerebellum sections from C57BL/6 mice
from a prevention EAE study at day 17 after immunization. Scale bar=50 pM. Mean
number of inflammatory foci in meninges and parenchyma of TKI- or vehicle-treated mice
from (b) an EAE prevention study (n=10) and (c) an EAE treatment study (n=4). Results are
shown as the meant SEM. *P<0.05 by Student’s t test, compared to vehicle-treated mice
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Fig. 3.

GW2580 reduces the proportion of macrophages in the CNS of mice with EAE. Brains and
spinal cords from EAE mice treated prophylactically with vehicle or GW2580 were
collected 17 days after MOG3s_55 immunization. Mononuclear cells were isolated and
stained for T cells with anti-CD3 antibodies and for macrophages with anti-F4/80
antibodies. Results are representative of five mice per treatment group; for each treatment
group, brain and spinal cords from 2—-3 mice were pooled and analyzed by flow cytometry.
Results are shown as the mean+SEM
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Fig. 4.

TKI suppress MSCF- and PDGFbb-induced TNF production by macrophages. TNF levels
were measured by ELISA in culture supernatants from RAW 264.7 cells stimulated for 48 h
with () 10 ng/ml of MCSF in the presence of 0-1,000 nM of GW2580 or (b) 10 ng/ml of
PDGFbb in the presence of 0-1,000 nM of sorafenib. Results are representative of three
independent experiments. The mean£SEM of triplicates is shown. *P<0.05 by Student’s t
test, compared with cells stimulated in the absence of inhibitor
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Fig. 5.

Imatinib and sorafenib suppress PDGF-mediated astrocyte proliferation. Astrocytes of the
C6 cell line were stimulated with 10 ng/ml of PDGFbb in the presence of increasing
concentrations of (a) imatinib or (b) sorafenib. LPS (100 ng/ml) was used as a positive
control. Primary cortical rat astrocytes were stimulated with 10 ng/ml PDGFbb in the
presence of (c) imatinib or (d) sorafenib. TNF was used as a physiological positive control.
*P<0.05 by Student’s t test, compared with cells stimulated in the absence of inhibitor.
Results are representative of five independent experiments and are shown as the mean£SEM
of triplicates
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GW2580 reduces levels of circulating TNF in mice with EAE. Serum levels of TNF in EAE
mice treated prohylactically with GW2580 (n=5) or vehicle (n=3) were measured by ELISA.
Serum was collected 17 days after MOG immunization. Results shown are the mean of five
GW2580-treated mice and three vehicle-treated mice. The mean+SEM is shown. *P<0.05
by Student’s t test
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