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Abstract

Background and Purpose: Fibroblast growth factors and receptors (FGFR) have been

shown to modulate inflammation and neurodegeneration in multiple sclerosis (MS).

The selective FGFR inhibitor infigratinib has been shown to be effective in cancer

models. Here, we investigate the effects of infigratinib on prevention and suppres-

sion of first clinical episodes of myelin oligodendrocyte glycoprotein (MOG)35–55-

induced experimental autoimmune encephalomyelitis (EAE) in mice.

Experimental Approach: The FGFR inhibitor infigratinib was given over 10 days from

the time of experimental autoimmune encephalomyelitis induction or the onset of

symptoms. The effects of infigratinib on proliferation, cytotoxicity and FGFR signal-

ling proteins were studied in lymphocyte cell lines and microglial cells.

Key Results: Administration of infigratinib prevented by 40% and inhibited by 65%

first clinical episodes of the induced experimental autoimmune encephalomyelitis. In

the spinal cord, infiltration of lymphocytes and macrophages/microglia, destruction

of myelin and axons were reduced by infigratinib. Infigratinib enhanced the matura-

tion of oligodendrocytes and increased remyelination. In addition, infigratinib

resulted in an increase of myelin proteins and a decrease in remyelination inhibitors.

Further, lipids associated with neurodegeneration such as lysophosphatidylcholine

and ceramide were decreased as were proliferation of T cells and microglial cells.

Conclusion and Implications: This proof of concept study demonstrates the thera-

peutic potential of targeting FGFRs in a disease model of multiple sclerosis. Applica-

tion of oral infigratinib resulted in anti-inflammatory and remyelinating effects. Thus,

Abbreviations: EAE, experimental autoimmune encephalomyelitis; MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; p.i., post immunization.
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infigratinib may have the potential to slow disease progression or even to improve

the disabling symptoms of multiple sclerosis.

K E YWORD S

Experimental autoimmune encephalomyelitis, FGFR, infigratinib, multiple sclerosis,
neuroinflammation, remyelination

1 | INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory and degenerative

disease of the central nervous system (CNS) (Thompson et al., 2018). It

is estimated that over 2.8 million people worldwide have been

diagnosed with MS, which predominately affects women

(MS International Federation, Atlas of MS, 3rd Edition, 2020). Analyses

of brain tissue have revealed inflammation, demyelination and glial

reaction in the white and grey matter of the CNS (Reich et al., 2018;

Thompson et al., 2018). Demyelination is caused by destruction of

oligodendrocytes and myelin sheaths by activated lymphocytes,

antibody- and macrophage-mediated cytotoxicity, as well as oxidative

and endoplasmic reticulum stress. In MS, remyelination is impaired as a

consequence of the inability of oligodendrocyte precursor cells (OPCs)

to migrate and to differentiate into myelinating oligodendrocytes

(Lassmann, 2014, 2018). Whereas positive regulators of oligodendro-

cyte precursor cells differentiation are still present in acute MS lesions

(Kotter et al., 2005), they are scarcely found in a chronic inflammatory

environment (Franklin & Ffrench-Constant, 2008). Therefore, both

reduction of inflammatory-mediated demyelination and promotion of

oligodendrocyte precursor cells differentiation to enhance remyelina-

tion may be effective therapeutic strategies.

Analyses of brain tissue suggest that fibroblast growth factor

(FGF)/fibroblast growth factor receptor (FGFR) signalling pathways

play a role in the pathogenesis of MS. In chronic lesions, FGF-1 is

expressed in oligodendrocytes, microglia/macrophages and infiltrating

lymphocytes (Mohan et al., 2014) and FGF-2 is mainly found in micro-

glia/macrophages (Clemente et al., 2011). In these chronic lesions,

FGFR1 is upregulated in oligodendrocyte precursor cells (Clemente

et al., 2011) and FGFR2 gene expression is increased (Mohan

et al., 2014). Furthermore, FGF2 levels in the cerebrospinal fluid are

higher in MS patients, with the highest expression found in relapse

(Sarchielli et al., 2008). FGFRs are also expressed in immune cells,

notably FGFR1 is found in CD4+ T cells of healthy subjects (Farahnak

et al., 2017). In lupus nephritis, FGFR1 is expressed in infiltrating

lymphocytes and macrophages (Rossini et al., 2005). In myelin

oligodendrocyte glycoprotein (MOG)35–55-induced experimental auto-

immune encephalomyelitis (EAE), oligodendrocyte-specific deletion of

FGFR1 and FGFR2 resulted in a less severe disease course, decreased

infiltration of lymphocytes and macrophages/microglia, and reduced

degeneration of myelin and axons (Kamali et al., 2021; Rajendran

et al., 2018). In these studies, neuronal protection was associated with

regulation in FGFR-dependent ERK/Akt signalling and the expression

of the neurotrophic factor BDNF. Thus, several lines of evidence

indicate a regulation of FGF/FGFR signalling pathways in autoimmune

diseases and EAE.

During the last decades, an increasing number of disease-

modifying treatments have been developed to treat MS. Although

there are no curative therapies, disease-modifying treatments may

slow disease progression (Huang et al., 2017). Currently available

disease-modifying treatments are effective for relapsing–remitting

clinical courses, while they are less effective in progressive forms

(Gholamzad et al., 2019; Piehl, 2021). Disease-modifying treatments

vary in their mode of action, their effects on disease progression and

formation of demyelinating lesions in the CNS (Fox et al., 2019; Reich

et al., 2018). Their mode of action includes suppression or modulation

of the peripheral immune system and prevention of immune cell

transmigration into the CNS (Piehl, 2021). These disease-modifying

treatments fail to promote myelin repair in the CNS. Hence, new com-

pounds, which penetrate over the blood–brain barrier (BBB) to reduce

inflammation and promote remyelination are required.

In the last two decades, an increasing number of potent and

specific inhibitors of protein kinases have been approved for multiple

malignancies (Cohen et al., 2021). Inhibitors of tyrosine kinases,

What is already known

• Mouse oligodendrocyte-specific deletion of FGFR1 or

FGFR2 reduces symptoms inflammation and demyelin-

ation in EAE.

What does this study add

• Infigratinib prevents first clinical episodes by 40% and

suppresses severe first clinical episodes by 65%.

• Infigratinib results in less immune cells infiltration and

enhanced remyelination.

What is the clinical significance

• Treatment with FGFR inhibitors may slow down disease

progression and improve disabling symptoms of MS.
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initially developed for the treatment of cancer, have also been studied

in autoimmune diseases (Cohen et al., 2021). Inhibitors of Bruton's

tyrosine kinase (BTKi) have been shown to be efficient in phase II MS

trials (Montalban et al., 2019) and several BTKi are currently

investigated in phase III MS studies (Dolgin, 2021). In 2019, the first

selective FGFR inhibitor has been approved for the treatment of

cancer (Hoy, 2020; Markham, 2019). Infigratinib (BGJ398), a highly

selective and reversible pan-FGFR kinase inhibitor (Guagnano

et al., 2011), was effective in human cancer studies and models of

non-cancerous diseases (Katoh, 2016). Infigratinib competitively and

non-covalently binds to the ATP binding site of the FGFR tyrosine

kinase domain and inhibits its catalytic activity (Dai et al., 2019). This

small molecule has been shown to penetrate the blood brain barrier

(NCT01975701). Considering the role of FGFR in the pathology of MS

and EAE, the small molecule infigratinib may be a potential candidate

for preclinical trials of MS.

Therefore, we hypothesized that treatment with a selective FGFR

inhibitor ameliorates EAE. Our goal was to decipher the efficacy of

the selective FGFR inhibitor infigratinib in MOG35–55-induced EAE.

Infigratinib was applied orally over 10 days either from the time of

EAE induction (prevention experiment) or the onset of symptoms

(suppression experiment).

2 | METHODS

2.1 | Ethics statement and experimental conditions

All scientific procedures on animals were approved by the regional

council of Hesse, Giessen, Germany (GI 20/18-Nr. G38/2018) in accor-

dance with the German animal welfare act and the European legislation

for the protection of animals used for scientific purposes (2010/63/

EU). AVMA guidelines for the killing of animals were followed. Seven-

week-old female C57BL/6J mice (Mus musculus) were purchased from

Charles River Laboratories, Sulzfeld, Germany. The period of acclimati-

zation in the animal facility for one week. Mice were housed in a con-

trolled environment and kept to a 12-h light/dark cycle (Biomedical

Research Center Seltersberg of Justus Liebig University). Mice had free

access to a standard pellet diet and autoclaved water ad libitum. All mice

were kept in Tecniplast filter-top type II cages (Tecniplast Deutschland

GmbH, Hohenpeißenberg, Germany), accommodating two to four mice

per cage. Mice with limb weakness were housed in special cages with

cellulose bedding and diet enrichment, including diet gel boost, wet

food and hydrogel. Animal studies were done in compliance with

ARRIVE guidelines (Percie du Sert et al., 2020) and with recommenda-

tions made by the British Journal of Pharmacology (Lilley et al., 2020).

2.2 | Experimental autoimmune encephalomyelitis
(EAE) induction and evaluation of symptoms

Eight-week-old female C57BL/6J mice were immunized with 300 μg

of myelin oligodendrocyte glycoprotein peptide s.c. (MOG35–55)

emulsified in complete Freund's adjuvant containing 10 mg of

heat-inactivated Mycobacterium tuberculosis. Pertussis toxin (300 ng)

was administered i.p. on days 0 and 2 post immunization (p.i.). Mice

were evaluated at least once daily in a blinded fashion by two

independent observers using the following 5-scale score criteria:- 0 to

5 where 0 = normal, 0.5 = distal tail weakness, 1 = complete tail

weakness, 1.5 = mild hind limb weakness, 2 = ascending hind limb

weakness, 2.5 = severe hind limb weakness, 3 = hind limb paralysis,

3.5 = hind limb paralysis and moderate forelimb weakness, 4 = hind

limb paralysis and severe forelimb weakness, 4.5 = tetraplegia and

incontinence and to 5 = moribund/death. Tissues were collected for

further analysis on days 18 p.i. and 41 p.i. for the prevention experi-

ment and on days 20 p.i. and 42 p.i. for the suppression experiment.

The sample size was predefined as minimum of n = 8 in each group

and three independent experiments were performed. The animals

were randomly assigned to each group.

2.3 | Administration of infigratinib

The selective pan-FGFR inhibitor infigratinib was dissolved in 1%

sodium carboxymethyl cellulose according to the manufacturer's

instructions and stored at 4 �C. In the two treatment regimes, 100 μl

of oral doses of infigratinib (30 mg�kg�1 day�1) or 100 μl of vehicle

(1% sodium carboxymethyl cellulose) were administered from day

0 until day 9 p.i. (prevention experiment) or from day 10 until day

19 p.i. (suppression experiment) (Figure 1a). The study dose of

30 mg�kg�1 of infigratinib was chosen based on recent pharmacoki-

netics/pharmacodynamics (PK/PD) studies that indicated that

30 mg�kg�1 of oral infigratinib efficiently inhibits FGFR in the mouse

model (Guagnano et al., 2011).

2.4 | Histopathology and immunohistochemistry

For histopathological and immunohistochemical analyses, mice

were deeply anaesthetized with i.p. injection of ketamine (150–

200 mg�kg�1) and xylazine (10–16 mg�kg�1); spontaneously breath-

ing mice were transcardially perfused with 4% paraformaldehyde

(PFA). The spinal cord was dissected and embedded in paraffin

blocks. Spinal cord sections were stained to assess inflammatory

infiltrates (haematoxylin and eosin), demyelination (Luxol fast blue/

periodic acid-Schiff and myelin basic protein) and axonal degenera-

tion (Bielschowsky silver impregnation). A minimum of six spinal cord

cross sections from the cervical, thoracic and lumbar parts were

examined per animal. The inflammatory index was evaluated as fol-

lows:- 0: no inflammation, 1: low density of cellular infiltrates, 2:

moderate density of cellular infiltrates, 3: high density of cellular

infiltrates. A semi-quantitative analysis of demyelination was done

and the % of demyelination was calculated by measuring the area of

demyelination divided by the total white matter area for each

LFB/PAS-stained spinal cord section. The percentage of axonal den-

sity was calculated by the axons within white matter lesions

RAJENDRAN ET AL. 2991
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compared with the axons in the normal appearing white matter

(NAWM) in Bielschowsky silver impregnated sections. For immuno-

histochemistry, spinal cord sections were deparaffinized, rehydrated

and antigen retrieval was performed by boiling the sections in citrate

buffer (10 mM, pH 6). Endogenous peroxidases were blocked for

10 min with 3% hydrogen peroxide. Subsequently, sections were

incubated with 10% FCS for 1 h and with primary antibodies over-

night (Table S1). Then, tissues were incubated with respective bioti-

nylated secondary antibodies (Table S1) for 1 h. The immunoreactive

signals were detected by incubation with an avidin-biotin complex.

For histology and immunohistochemistry, microscopic images were

captured with an Axio Scan Z1 Microscope and analysed using the

ZEN 3.2 (blue edition) software (Carl Zeiss AG, Oberkochen,

Germany). Positively stained inflammatory infiltrates (CD3+ T cells,

B220+ B cells and Mac3+ macrophages/microglia), Olig2+ oligoden-

drocyte precursor cells, p25+ mature oligodendrocytes in the spinal

cord white matter lesions or normal appearing white matter and

NeuN+ motor neurons were semi-quantitatively analysed in a mini-

mum of 6 spinal cord sections white matter lesions or normal

appearing white matter per mouse and were presented to an area of

1 mm2. Myelin basic protein+ immunostainings were analysed by

measuring myelin basic protein+ myelin in lesion areas and total

white matter. The demyelinated areas in the spinal cord white mat-

ter shown in the Figure S1. The Immuno-related procedures used

comply with the recommendations made by the British Journal of

Pharmacology (Alexander et al., 2018).

F IGURE 1 Experimental design, efficacy on the experimental autoimmune encephalomyelitis (EAE) disease course, and effects on FGFR
expression in the spinal cord. (a) Experimental design: myelin oligodendrocyte glycoprotein (MOG)35–55–induced EAE and administration of
infigratinib and time points of analysis. (b) EAE disease course in mice treated with infigratinib from the time of EAE induction (prevention
experiment) (infigratinib n = 8, placebo n = 8). (c) EAE disease course in mice that received infigratinib from the onset of symptoms
(suppression experiment) (infigratinib n = 8, placebo n = 8). Administration of infigratinib attenuated disease severity from day 8 post
immunization (p.i). to the end of the study (b) or from day 12 p.i. to the end of the study (c). (d) Application of infigratinib from day 0–9 p.i.
(prevention experiment) resulted in a delayed onset of symptoms and lower peak, and cumulative EAE scores. (e) Application of infigratinib

from day 10–19 p.i. (suppression experiment) decreased peak EAE and cumulative EAE scores. Data are presented as mean ± SEM.
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2.5 | Ultrastructural analysis of myelin sheaths and
axons by transmission electron microscopy

For the ultrastructural analyses of myelin sheaths and axons,

mice were anaesthetized with i.p. ketamine and xylazine (150–

200 mg�kg�1 and 10–16 mg�kg�1, respectively) and transcardially

perfused with modified Karnovsky's fixative solution containing 2.5%

glutaraldehyde and 2% PFA in 0.1 M sodium phosphate buffer

(pH 7.4). The spinal cord was dissected and collected in a buffer

containing 2.5% glutaraldehyde and 2% PFA. Tissue samples were

postfixed in a solution of 1% osmium tetroxide in 0.1 M cacodylate

buffer at 4�C, followed by immersion in 4% uranyl acetate replace-

ment stain. After dehydration in graded ethanol, samples were

immersed in propylene oxide (Electron Microscopy Sciences,

Hatfield, PA, USA) and embedded with EPON 812 (SERVA Electro-

phoresis GmbH, Heidelberg, Germany). The EPON blocks were sub-

sequently cut at a thickness of 70 nm, stretched with chloroform

and transferred to nickel grids before being contrasted with 4% ura-

nyl acetate for 30 min, rinsed with ddH2O and then treated for

another 7 min with lead citrate. The ultrathin tissue sections were

visualized using a Zeiss LEO 906 transmission electron microscope

(Carl Zeiss AG, Oberkochen, Germany) with a digital camera system

(Tröndle sharp eye camera, Moorenweis, Germany) and Image SP

V1.2.4.86 (�32) software (Unitary Enterprise ‘SYSPROG’, Minsk,

Belarus) at magnifications between 4646� and 6000�. Images were

taken of the ventrolateral column of the cervical parts of the spinal

cord. At least eight images were taken per mouse. Myelin thickness

and axon diameters were measured using ImageJ v1.53 software.

The g-ratio was calculated by dividing the axon diameter by the

whole nerve fibre diameter; lower g-ratios represent thicker myelin

sheaths. At least 100 axons per mouse were analysed.

2.6 | Tissue protein extraction and western blot
analysis

The whole spinal cord tissues were homogenized in lysis buffer with

TissueRuptor (Qiagen Instruments, Hombrechtikon, Switzerland).

Protein concentrations were quantified (Pierce® BCA Protein Assay

Kit, ThermoScientific, Rockford, IL, USA) and normalized. Thirty to

sixty micrograms of proteins were fractionated by denaturing gel

electrophoresis (10% SDS-PAGE), and transferred (Trans Blot, Semi

dry Transfer cell, BioRad, Hercules, CA, USA) to a nitrocellulose

membrane (GE Healthcare, Amersham™ Hybond ECL, Buckingham-

shire, UK). Based on the target protein's molecular weight, nitrocel-

lulose membranes were cut into two to three pieces after the

protein transfer and blocked with 5% BSA or non-fat milk for 1 h.

The membranes were incubated overnight at 4�C with target pro-

tein specific primary antibodies (Table S1), followed by 1 h incuba-

tion with respective secondary antibodies (Table S1). The

immunoreactive bands of target proteins were detected with Super-

Signal West Pico Chemiluminescent Substrate (ThermoScientific,

Rockford, IL, USA) using ECL ChemoCam Imager (INTAS Science

Imaging Instruments GmbH, Göttingen, Germany). GAPDH

(Table S1) was used as a loading control and protein band densities

were analysed by ImageJ 1.53b software (National Institute of

Health, Bethesda, Maryland, USA).

2.7 | RNA isolation, cDNA synthesis and reverse
transcription PCR

RT-PCR were performed to measure the relative mRNA expression

of respective genes in the spinal cord. The whole spinal cord tissues

were dissected, snap frozen in liquid nitrogen and homogenized with

TissueRuptor (Qiagen Instruments, Hombrechtikon, Switzerland).

Total RNA was extracted using Peqlab Total RNA kit (VWR

International bvba, Leuven, Belgium). cDNA synthesis was performed

using the QuantiTect® Reverse Transcription Kit (Qiagen GmbH,

Hilden, Germany) from 1 μg of total RNA. Quantitative PCR was

performed to measure the relative mRNA expression of FGFR1/2,

pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNFα and iNOS),

chemokines (CX3CL1 and CX3CR1) and remyelination inhibitors

(TGFβ, semaphorin 3A [SEMA3A] and LINGO1) using the iTaq™

Universal SYBR® Green qPCR Master Mix (Bio-Rad, Hercules,

California, USA) at an annealing temperature of 60�C using the

StepOne® Real-Time PCR system (Applied Biosystems, Darmstadt,

Germany). Quantification of target genes was performed using the

primer sequences listed in Table S2. Expression of target genes was

normalized to the level of glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) and the comparative ΔΔCT method was used to

evaluate gene expression.

2.8 | FACS analysis

Flow cytometry analyses were performed as described earlier (Wang

et al., 2021). Mice were killed with CO2 and blood was collected

immediately from the heart. The spleen was removed and cut into

pieces. Single-cell suspensions were obtained by grinding pieces of

spleen in a 70 μm cell strainer with a syringe plunder and cells were

washed with 10 ml cold phosphate-buffered saline (PBS). Red blood

cells from samples were removed by incubating with red blood cells

lysis buffer. Obtained single cells were incubated with an Fc blocker

and then with respective fluorescent-labelled antibodies (Table S3) for

30 min at 4�C. Following incubation, cells were washed with PBS and

resuspended in FACS buffer (2 mM EDTA, 2% FCS in PBS) before

analysis. Immune cell populations of T cells, B cells, macrophages and

dendritic cells were gated as described in the gating strategy. This

study employed a method to identify CD45+ leukocytes by excluding

cell debris and doublets using SSC-A versus SSC-H gating. The

CD45+ cells identified were further stratified to determine the pro-

portion of CD3+ T cells and CD19+ B cells. Due to methodological

limitations such as the varying tissue sizes and the clumping of non-

red-blood-cell-lysed samples, we measured immune cells in terms of

proportions. FACS was performed using a MACSQuant Analyser
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10 flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany) and

data were analysed with the FlowJo software version 10 (Tree Star,

Ashland, OR, USA).

2.9 | Lipidomics

Lipids associated with neurodegeneration such as lysophos

phatidylcholine (LPC) and ceramide (Cer) were analysed by mass

spectrometry. The whole spinal cord tissues were removed and snap-

frozen immediately. Wet weight of 5 mg of tissues were homogenized

with Precellys® 24 tissue homogenizer from Bertin Instruments

(Berlin, Germany) using ceramic beads and lipids were extracted

according to the method of Bligh and Dyer (Bligh & Dyer, 1959). For

each lipid classes of LPC and Cer, two lipid species that do not occur

naturally were added as internal standards (LPC 13:0, LPC 19:0, Cer

18:1;O2/14:0, Cer 18:1;O2/17:0), to compensate for variations in

sample preparation and ionization efficiency. Lipid extracts were sub-

jected to lipidome analysis by electrospray ionization-tandem mass

spectrometry in positive-ion mode as described before (Liebisch

et al., 1999, 2002), using selected reaction monitoring with fragment

ions of m/z 184 and m/z 264 for LPC and sphingosine based cera-

mides, respectively. Quantification was achieved by calibration curves

of naturally occurring lipid species (LPC 16:0, 18:1, 18:0; Cer 18:1;

O2/16:0, 18:0, 20:0, 24:1, 24:0). Final quantities of total lipids (sum of

analysed lipid species) were calculated and expressed in nanomoles

per milligram wet weight of tissue.

2.10 | Cell culture

The cell lines Jurkat E6.1 (Merck KGaA, Darmstadt, Germany), human

Burkitt lymphoma cells (BL2) (DSMZ-German Collection of

Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) and

SIM-A9 cells (ATCC, Manassas, VA, USA) were purchased. Jurkat cells

are derived from a human leukaemic T cell lymphoblast. SIM-A9 cells

are derived from a microglial clone of a day 1 postnatal mouse cortex

that spontaneously gained immortality (Nagamoto-Combs et al., 2014).

The cells were maintained at 37�C in a humidified incubator

(5% CO2, 95% humidity) with a respective growth medium. The

Jurkat cells were cultured in a RPMI 1640 medium, supplemented with

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. BL2

cells were cultured in a growth medium comprising RPMI-1640

medium, supplemented with 20% FBS and 1% penicillin/streptomycin.

The SIM-A9 cells were cultured in a DMEM/F12 medium, supplemen-

ted with 10% FBS, 5% horse serum and 0.15% penicillin/streptomycin.

2.11 | In vitro application of infigratinib and FGF2

Infigratinib was applied at a concentration of 1 μM, FGF2 at a

concentration of 25 ng�ml�1. Infigratinib was dissolved in dimethyl

sulfoxide, while FGF2 was dissolved in 1% BSA in Dulbecco's

phosphate-buffered saline in accordance with the manufacturer's

guidelines. The three cell lines under study were treated analogously,

differing only in the usage of their respective growth media. The treat-

ments were added to their respective growth medium with 1 � 104

cells to 5 � 106 cells and incubated for 24 h. An appropriate

untreated cells (referred to as control) were used for each experiment.

2.12 | Cell proliferation assay

Cells (1 � 104 to 5 � 104) were seeded per well into flat-bottom 96-

well plates. The cells were incubated for 24 h at 37�C, 5% CO2 with

culture medium containing infigratinib (1 μM) or FGF2 (25 ng�ml�1).

10 μl of the Cell Proliferation Reagent WST-1 was added to each well;

subsequently, cells were incubated for another 4 h at 37�C. The

absorbency of the samples was measured using an ELISA reader

(Multiskan EX, Thermo electron, Langenselbold, Germany) at 450 nm

and at the reference wavelength of 620 nm according to the manufac-

turer's protocol. To calculate proliferation, mean absorbance was

calculated and background absorbance (medium alone) subtracted

from each value. The absorbance of treated wells was normalized to

control. All experiments were carried out in triplicates.

2.13 | Cytotoxicity assay

To evaluate the potential cytotoxic effects of infigratinib, lactate

dehydrogenase (LDH) levels in the supernatant of incubated cells

were measured. Cells were treated as mentioned above. After treat-

ments, culture plat was centrifuged for 10 min at 250 g and superna-

tants were collected. 100 μl LDH working solution (Roche Diagnostics

Deutschland GmbH, Mannheim, Germany) was added to superna-

tants, followed by incubation for 30 min at room temperature. LDH

release in the supernatants was analysed using Multiskan EX ELISA

reader absorbance at 490 nm (Thermo electron, Langenselbold,

Germany). All assays were carried out in triplicates.

2.14 | Protein extraction and quantification

Cells were harvested and washed with PBS, lysed with lysis buffer

supplemented with phosphatase/protease inhibitor complex (Cell Sig-

nalling Technology, MA, USA). Protein concentration determination

(BCA assay) and western blotting were performed as described above.

Specific antibodies and sources are listed in Table S1.

2.15 | Data and statistical analysis

All analyses were performed in a blinded fashion. Statistical analysis

was undertaken only for studies where each group size was at least

n = 5. Some western blot experiments and RT-PCR were carried out

with sample sizes smaller than n < 5. The overall EAE scores from

2994 RAJENDRAN ET AL.

 14765381, 2023, 23, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16186 by Justus L

iebig U
niversitaet G

iessen, W
iley O

nline L
ibrary on [23/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2508
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2508


three independent experiments were analysed using a Mann–Whitney

U test. For immunohistochemical analyses, positively labelled cells

were counted in a minimum of six spinal cord sections per mouse. His-

tological, immunohistochemical, western blot and RT-PCR data ana-

lyses were evaluated using a Student's t-test. All in vitro experiments

were conducted at three replicates. Differences between groups were

analysed using one-way ANOVA followed by a Tukey's post hoc test.

Post hoc tests were conducted only if P values were <0.05 in ANOVA.

Statistical analysis and graph preparation was performed using Graph-

Pad Prism version 9 (GraphPad Software, San Diego, California, USA,

RRID:SCR_002798). Statistical significance was accepted at P ≤ .05.

Data are expressed as the mean ± standard error of mean (SEM).

ns = not significant. n = number of independent values. Data and sta-

tistical analysis complied with the recommendations of the British

Journal of Pharmacology on experimental design and analysis in phar-

macology (Curtis et al., 2022).

F IGURE 2 Effects of infigratinib on inflammation and neurodegeneration in the spinal cord (prevention experiment). Inflammatory index, the
number of CD3+ T cells, B220+ B cells and Mac3+ macrophages/activated microglia in white matter lesions (WML) at day 18 post immunization
(p.i.) (a) and at day 41 p.i. (b). Demyelination (LFB/PAS; myelin basic protein [MBP]) and the number of axons (Bielschowsky staining) in WML at
day 18 p.i. (c) and at day 41 p.i. (d). Representative images of spinal cord sections are shown. Scale bars represent 200 μm and 20 μm (insert).
n = 6/group. Data are presented as mean ± SEM.
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2.16 | Materials

Myelin oligodendrocyte glycoprotein peptide (MOG35–55) was

obtained from the Institute for Medical Immunology, Charité

University Hospital, Berlin, Germany. Freund's adjuvant, ethanol

and cacodylate buffer were purchased from Sigma (Steinheim,

Germany), while heat-inactivated Mycobacterium tuberculosis was

purchased from Difco (Michigan, USA) and pertussis toxin from

Calbiochem (Darmstadt, Germany). The selective pan-FGFR inhibi-

tor infigratinib was purchased from Selleck Chemicals (S2183,

Houston, USA), while sodium carboxymethyl cellulose (FTP-22-25)

was obtained from Linton Instrumentation (Palgrave, UK). Ketamine

was purchased from bela-pharm GmbH (Vechta, Germany) and

xylazine was purchased from CP-Pharma GmbH (Burgdorf,

Germany), while glutaraldehyde from Carl Roth (Karlsruhe,

Germany), paraformaldehyde (PFA) and sodium phosphate were

purchased from Sigma-Aldrich (Steinheim, Germany). Osmium

tetroxide and uranyl acetate replacement stain were purchased

from Science Services GmbH (Munich, Germany). EPON 812 was

obtained from SERVA Electrophoresis GmbH (Heidelberg,

Germany). Nickel grids were purchased from Plano GmbH.

(Wetzlar, Germany) while uranyl acetate and lead citrate was

F IGURE 3 Effects of treatment with infigratinib on inflammation and neurodegeneration in the spinal cord (suppression experiment).
Inflammatory index, the number of CD3+ T cells, B220+ B cells, and Mac3+ macrophages/activated microglia in white matter lesions (WML) at
day 18 post immunization (p.i.; a) and at day 41 p.i. (b). Demyelination (LFB/PAS; myelin basic protein (MBP)) and the number of axons
(Bielschowsky staining) in WML at day 18 p.i. (c) and at day 41 p.i. (d). Representative images of spinal cord sections are shown. Scale bars
represent 200 and 20 μm (insert). n = 6/group. Data are presented as mean ± SEM.
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F IGURE 4 Effects of infigratinib on oligodendrocytes in white matter lesions (WML), FGF/FGFR signalling, myelin protein expression and
ultrastructural analysis (prevention experiment). (a, c) Numbers of oligodendrocyte precursor cells (OPCs) and (b, d) mature oligodendrocytes in WML
at day 18 post immunization (p.i.). (e, g) Numbers of OPCs and (f, h) mature oligodendrocytes (OL) in WML at day 41 p.i. n = 6/group: scale bar
represents 20 μm (a–f). Electron microscopy of spinal cord tissue at days 18 p.i. (i) (n = 2/group) and 41 p.i. (j) (n = 2/group). Protein expression of
FGF2, FGF9, FGFR1, FGFR2, pERK, pAkt, BDNF, TrkB, myelin basic protein (MBP), proteolipid protein (PLP) and CNPase at day 18 p.i. (k, l; n =

5/group) and at day 41 p.i. (m, n; n = 4–6/group) mRNA expression of pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNFα and iNOS), myelin
inhibitors (TGFβ, semaphorin 3A (SEMA3A) and LINGO1) and chemokines (CX3CL1 and CX3CR1) on days 18 p.i. (o; n = 5/group) and 41 p.i.
(p; n = 4–5/group). Representative images of spinal cord sections and western blot images are shown. Data are presented as mean ± SEM.

RAJENDRAN ET AL. 2997

 14765381, 2023, 23, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16186 by Justus L

iebig U
niversitaet G

iessen, W
iley O

nline L
ibrary on [23/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F IGURE 5 Effects of infigratinib on oligodendrocytes in white matter lesions (WML), FGF/FGFR signalling, myelin protein expression and
ultrastructural analysis (suppression experiment). (a, c) Numbers of oligodendrocyte precursor cells (OPCs) and (b, d) mature oligodendrocytes (OL) in
WML at day 20 post immunization (p.i.). (e, g) Numbers of OPCs and (f, h) mature oligodendrocytes at day 42 p.i. n = 6/group. Scale bar represents
20 μm (a–f). Electron microscopy of spinal cord tissue at days 20 p.i. (i) and 42 p.i. (j) (n = 2/group). Protein expression of FGF2, FGF9, FGFR1,
FGFR2, pERK, pAkt, BDNF, TrkB, myelin basic protein (MBP), proteolipid protein (PLP) and CNPase at day 20 p.i. (k, l; n = 5/group) and at day

42 p.i. (m, n; n = 5/group) mRNA expression of pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNFα and iNOS), myelin inhibitors (TGFβ, semaphorin
3A (SEMA3A) and LINGO1) and chemokines (CX3CL1 and CX3CR1) on days 20 p.i. (o; n = 5/group) and 42 p.i. (p; n = 5/group). Representative
images of spinal cord sections and western blot images are shown. Data are presented as mean ± SEM.
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purchased from Agar Scientific Ltd (Stansted, UK). The Fc blocker was

obtained from Miltenyi Biotec (Bergisch Gladbach, Germany).

Phosphate-buffered saline (PBS) was obtained from PAA Laboratories

(Cölbe, Germany) while red blood cells lysis buffer was purchased

from Qiagen (Hilden, Germany). RPMI 1640 medium, fetal bovine

serum (FBS), penicillin, streptomycin and DMEM/F12 medium were

purchased from Gibco, Invitrogen (Carlsbad, CA, USA), while dimethyl

sulfoxide and chloroform from Carl Roth GmbH (Karlsruhe, Germany)

and FGF2 from R&D Systems, (Minneapolis, MN, USA). Dulbecco's

phosphate-buffered saline was obtained from Biotech (Aidenbach,

Germany), while Cell Proliferation Reagent WST-1 from Roche Diag-

nostics Deutschland GmbH (Mannheim, Germany). Standard pellet

diet, 1324 TPF, was obtained from Altromin (Spezialfutter GmbH,

Lage, Germany). Details of other materials and suppliers are provided

in the specific sections.

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org, and are permanently archived

in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,

Christopoulos et al., 2021, Alexander, Fabbro et al., 2021).

3 | RESULTS

3.1 | Application of infigratinib results in a milder
course of the disease

To determine the efficacy of infigratinib on the course of

MOG35–55-induced experimental autoimmune encephalomyelitis

(EAE), C57BL/6J female mice received infigratinib or placebo

either from day 0 until day 9 p.i. (prevention experiment) or from day

10 p.i. until day 19 p.i. (suppression experiment). In the prevention

experiment, application of infigratinib delayed the onset of symptoms

by 2 days (10.7 ± 0.3 vs. 12.7 ± 0.3 days) (Figure 1b,d). At day 18

p.i. (peak of disease), 54.5% of mice on placebo exhibited severe

weakness or paralysis of hindlimbs (EAE scores of ≥2.5), whereas only

14.3% mice treated with infigratinib showed severe weakness of hin-

dlimbs. In the prevention experiment, the mean EAE score of mice

perfused at day 18 p.i. was 1.4 ± 0.2 (placebo) and 0.3 ± 0.1 (infigrati-

nib). The mean EAE score of the mice that remained in the experiment

at day 18 p.i. was 2.0 ± 0.2 (placebo) and 1.1 ± 0.2 (infigratinib). From

day 8 p.i. to the end of the study, disease severity was less in mice

treated with infigratinib (Figure 1b). At the end of the experiment, no

mice on infigratinib showed severe symptoms, whereas 43.7% of mice

on placebo exhibited severe weakness or paralysis of hindlimbs. No

effect of infigratinib on body weight was observed (Figure S2A).

In the suppression experiment, treatment with infigratinib

resulted in suppression of first episode severity. At day 20 p.i. (peak

of the disease), 65% of mice on placebo exhibited severe weakness or

paralysis of hindlimbs (EAE scores of ≥2.5), whereas no severe symp-

toms were observed in mice on infigratinib. Treatment with infigrati-

nib resulted in a long-lasting reduction of symptoms from day

12 p.i. to the end of the experiment (Figure 1c). At day 42 p.i., 5.3% of

mice treated with infigratinib showed mild weakness of hindlimbs,

whereas 22.2% of mice on placebo exhibited severe weakness of hin-

dlimbs. In the suppression experiment, the mean EAE score of mice

perfused at day 20 p.i. was 2.4 ± 0.2 (placebo) and 0.1 ± 0.1 for (infi-

gratinib). The mean EAE score of the mice that remained in the experi-

ment at day 20 p.i. was 2.0 ± 0.1 for the placebo group and 0.1 ± 0.1

for the infigratinib. No differences in body weight were seen between

groups (Figure S2B).

3.2 | Treatment with infigratinib results in less
inflammation and neurodegeneration and enhanced
remyelination

To characterize the effects of infigratinib in the CNS, inflammation,

demyelination/remyelination and axonal degeneration in white matter

lesions of the spinal cord were analysed. In the prevention experi-

ment, the number of infiltrated CD3+ T cells, B220+ B cells and

Mac3+ macrophages/microglia in white matter lesions was decreased

by infigratinib at day 18 p.i. (Figure 2a) and at day 41 p.i. (Figure 2b).

Analysis of myelin fibres by electron microscopy revealed no effects

on myelin thickness at 18 p.i. (Figure 4i). At day 41 p.i., morphometric

quantification showed an increase in myelin thickness by infigratinib

compared with placebo (Figure 4j, Figure S3J). Grouping axons by

diameter size showed reduced axon diameters in mice on infigratinib

(Figure S3I). At days 18 p.i. (Figure 2c) and 41 p.i. (Figure 2d), demye-

lination and axonal degeneration were reduced by infigratinib.

In the suppression experiment, CD3+ T cells, B220+ B cells and

Mac3+ macrophages/microglia in white matter lesions were reduced

by infigratinib at days 20 p.i. (Figure 3a) and 42 p.i. (Figure 3b). At days

20 p.i. (Figure 3c) and 42 p.i. (Figure 3d), infigratinib reduced demye-

lination and axonal degeneration. Analysis of myelin fibres by electron

microscopy revealed a lower g-ratio and higher myelin thickness by

infigratinib at day 20 p.i. (Figure 5i, Figure S3K). In contrast, at day

42 p.i., a higher g-ratio and less myelin thickness was observed in mice

on infigratinib (Figure 5j, Figure S3l).

3.3 | Application of infigratinib causes a higher
number of mature oligodendrocytes in white matter
lesions and increased myelin protein expression

To assess the effects of infigratinib on oligodendrocytes, the number

of Olig2+ oligodendrocyte precursor cells, p25+ mature oligodendro-

cytes in normal appearing white matter and white matter lesions in

the spinal cord were quantified. In the prevention experiment, a

higher number of p25+ oligodendrocytes in white matter lesions

(Figure 4b,d) and normal appearing white matter (Figure S3A) were

found after treatment with infigratinib at day 18 p.i. There were no
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differences in the number of oligodendrocyte precursor cells in white

matter lesions (Figure 4a,c) or normal appearing white matter

(Figure S3A). The expression of the myelin proteins myelin basic pro-

tein, proteolipid protein and CNPase was not affected by infigratinib

at day 18 p.i. (Figure 4k,l). At day 41 p.i., treatment with infigratinib

resulted in higher numbers of Olig2+ oligodendrocyte precursor cells

(Figure 4e,g) and p25+ oligodendrocytes in white matter lesions

(Figure 4f,h). CNPase, myelin basic protein and proteolipid protein

expression was upregulated by infigratinib (Figure 4m,n).

In the suppression experiment, the number of p25+ oligodendro-

cytes was increased in white matter lesions (Figure 5b,d) and normal

appearing white matter by infigratinib at day 18 p.i. (Figure S3B). The

number of oligodendrocyte precursor cells did not differ between

placebo and infigratinib in white matter lesions (Figure 5a,c) or normal

appearing white matter (Figure S3B). Myelin basic protein and proteo-

lipid protein expression was upregulated by infigratinib (Figure 5k,l).

At day 41 p.i., treatment with infigratinib resulted in an increase of

p25+ oligodendrocytes in white matter lesions (Figure 5f,h) and in

normal appearing white matter (Figure S3D). The number of oligoden-

drocyte precursor cells did not differ between placebo and infigratinib

in white matter lesions (Figure 5e,g) or normal appearing white matter

(Figure S3D). Expression of myelin proteins myelin basic protein, pro-

teolipid protein and CNPase was not changed by infigratinib at day

42 p.i (Figure 5m,n).

3.4 | Treatment with infigratinib results in changes
of FGFR-dependent signalling proteins and BDNF/
TrkB expression in the CNS

The effects of infigratinib on FGF/FGFR-dependent signalling proteins

and expression of TrkB/BDNF were examined by western blot in the

spinal cord. In the prevention experiment, FGFR1 and FGFR2 protein

expressionwas downregulated by infigratinib at day 18 p.i. (Figure 4k,l).

There were no effects of infigratinib on the expression of the FGFR

downstream molecules ERK, Akt or the TrkB receptor. Expression of

BDNF was increased by infigratinib at day 18 p.i. At day 41 p.i.,

reduced expression of FGFR1, FGFR2, FGF2, BDNF and increased

phosphorylation of ERK and Akt, and TrkB protein expression was

found after infigratinib (Figure 4m,n).

The relative mRNA expression of pro-inflammatory cytokines and

chemokines was not altered by infigratinib at day 18 p.i. (Figure 4o).

At day 41 p.i., relative mRNA expression levels of IL-1β, IL-6, IL-12,

TNFα and iNOS were downregulated by infigratinib (Figure 4p).

Remyelination inhibitor LINGO1 mRNA expression was lower in mice

treated with infigratinib at day 18 p.i. (Figure 4o). SEMA3A mRNA

expression was lower in mice treated with infigratinib at day 41 p.i.

(Figure 6p).

At day 20 p.i. of the suppression experiment, application of infi-

gratinib caused a downregulation of FGFR1 and FGFR2, FGF2 and

FGF9. Increased phosphorylation of ERK and expression of BDNF and

TrkB were seen following infigratinib. Akt phosphorylation was not

regulated (Figure 5k,l). At day 41 p.i., infigratinib reduced FGFR1 and

FGFR2 expression. Expression of BDNF and TrkB was not changed by

infigratinib (Figure 5m,n). At day 20 p.i., mRNA expression levels of IL-

1β and TNFα were downregulated by infigratinib (Figure 5o). At day

42 p.i., IL-12 and TNFα mRNA expression was downregulated by infi-

gratinib (Figure 5p). A summary of results from the two treatment

experiments is listed in Table 1.

3.5 | Infigratinib applied from the time of EAE
induction causes decreased activation of peripheral
lymphocytes

To study the effects of infigratinib on the peripheral immune system,

we analysed the proportion of T cells, B cells, macrophages, mono-

cytes and dendritic cells in the spleen and blood by flow cytometry. In

the prevention experiment, the proportion of CD3+ T cells, CD8a+ T

cells and CD19+ B cells in the spleen was reduced by infigratinib at

day 18 p.i.. The proportion of macrophages, monocytes and dendritic

cells was increased (Figure 6a). Infigratinib had no effects on immune

cells in the spleen at day 41 p.i. (Figure 6c). In the blood, the propor-

tion of CD4+ T cells and CD8a+ T cells was reduced; monocytes and

dendritic cells were increased by infigratinib at day 18 p.i. (Figure 6b).

At day 41 p.i., there was no effect of infigratinib on immune cells in

the spleen (Figure 6c) or blood (Figure 6d). In the suppression

experiment, treatment with infigratinib did not affect the proportion

of immune cell populations in the spleen (Figure 7a,c) or blood

(Figure 7b,d).

3.6 | Application of infigratinib results in
downregulation of lipid metabolites associated with
neurodegeneration

To study whether infigratinib regulates lipid metabolites associated

with neurodegeneration, we performed quantitative analysis of

lipids in the spinal cord. In the prevention experiment, there were

no alterations in the concentration of LPC or ceramide (Cer) by

infigratinib at day 18 p.i. (Figure S4A). At day 41 p.i., the lipid

classes of LPC and ceramide were reduced (Figure S4A). In the

suppression experiment, administration of infigratinib did not alter

the concentrations of LPC or ceramide at days 20 p.i. or 42 p.i.

(Figure S4B).

3.7 | Infigratinib alters cell viability and FGFR-
associated signalling in vitro

Treatment with infigratinib resulted in less proliferation of Jurkat and

SIM-A9 cells compared with control (Figure S5A,C). In contrast, treat-

ment with FGF2 enhanced Jurkat cell proliferation (Figure S5A). Fur-

ther, infigratinib did not exert cytotoxicity (Figure S5D,E). To assess

the effect of infigratinib on FGFR-associated signalling transduction,

we measured phospho-ERK and phospho-Akt protein levels.
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Infigratinib and FGF2 enhanced the phosphorylation of Akt in Jurkat

cells (Figure S5G). FGF2 treatment reduced Akt phosphorylation in

SIM-A9 cells (Figure S5I).

4 | DISCUSSION

In myelin oligodendrocyte glycoprotein (MOG)35–55-induced experi-

mental autoimmune encephalomyelitis (EAE), oral application of the

selective FGFR inhibitor infigratinib prevents first clinical episodes

and suppresses the severity of first clinical episodes. Infiltrates of lym-

phocytes and macrophages/microglia in white matter lesions were

decreased and degeneration of myelin sheaths and axons was less

demonstrating that infigratinib has anti-inflammatory and neuropro-

tective effects. Furthermore, various findings show that this FGFR

inhibitor induces remyelination. Ultrastructural analysis of fibres

revealed a higher myelin thickness and the number of myelin-

producing oligodendrocytes within white matter lesions was

increased. Further, the expression of the remyelination inhibitors

LINGO1 and SEMA3A was less. Apart from its effects in the CNS,

treatment with infigratinib was associated with reduced peripheral

lymphocyte activation in the spleen.

Infigratinib applied at a dose of 30 mg�kg�1 of body weight per

day over 10 days was investigated with two experimental approaches.

F IGURE 6 Effects of application of infigratinib on peripheral immune cells (prevention experiment). (a) FACS analysis of spleen tissue and (b) blood
at day 18 p.i. (n = 4/group). (c) FACS analysis of spleen tissue and (d) blood at day 41 p.i. (n = 3–4/group). Data are presented as mean ± SEM.
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TABLE 1 Summary of all results.

Prevention experiment Suppression experiment

Spinal cord Infigratinib applied from days 0–9
p.i.

Infigratinib applied from days 10–19
p.i.

Inflammation Inflammatory index

Immune cell infiltration in WML CD3+ T cells

B220+ B cells

Mac3+ macrophages

Demyelination (%) (LFB/PAS)

Demyelination (%) (MBP)

Axonal density in WML (%)

OPC Olig2+ cells in WML - - -

Olig2+ cells in NAWM - - - -

Mature oligodendrocytes p25+ cells in WML

p25+ cells in NAWM -

FGFR signalling protein expression FGF2 - -

FGF9 - - -

FGFR1

FGFR2

pERK - -

pAkt - - -

BDNF -

TrkB - -

Myelin proteins MBP - -

PLP - - -

CNPase - - -

Proinflammatory cytokine expression IL-1β mRNA - -

IL-6 mRNA - - -

IL-12 mRNA - -

TNFα mRNA -

iNOS mRNA - - -

Remyelination inhibitor expression TGFβ mRNA - - - -

SEMA3A mRNA - - -

Lingo1 mRNA - - -

Chemokine expression CX3CR1 mRNA - - - -

CX3CL1 mRNA - - - -

Motor neurons NeuN+ cells -

Note: Significant increase. Significant decrease - not significant.

Abbreviations; MBP; myelin basic protein; OPC, oligodendrocyte precursor cells; PLP, proteolipid protein; WML, white matter lesions; NAWM, normal

appearing white matter; p.i., post immunization, SEMA3A, semaphorin 3A.
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To prevent first clinical episodes, infigratinib was administered from

the time of EAE induction. This treatment resulted in an absolute

reduction of severe first clinical episodes by 40% and a sustained

effect on EAE severity. At the end of this experiment mice on infigra-

tinib did not show severe symptoms. To suppress severe first clinical

episodes, infigratinib was also administered from the time at onset of

symptoms. Application of infigratinib resulted in a complete reduction

of severe first clinical episodes by 65%. None of the mice treated with

infigratinib had a severe first clinical episodes. The effect on the

course EAE lasted to the end of the experiment.

In both experiments, infigratinib caused a reduction of lympho-

cyte and macrophage/microglia infiltrates in white matter lesions. In

MS and EAE, myelin-specific T lymphocytes initiate a series of autoim-

mune responses leading to destruction of mature oligodendrocytes

and myelin (Lassmann & Bradl, 2017). T lymphocytes also stimulate

microglia, which destroy myelin sheaths by release of pro-

inflammatory cytokines (Lassmann et al., 2012). Microglia are consid-

ered to play a key role in inflammation-mediated neurodegeneration

in progressive MS (Lassmann, 2018). Substances applied to slow the

course of progressive MS are moderately efficient at best, which may

F IGURE 7 Effects of treatment with infigratinib on peripheral immune cells (suppression experiment). (a) FACS analysis of spleen tissue and

(b) blood at day 20 post immunization (p.i.; n = 2/group). (c) FACS analysis of spleen tissue and (d) blood at day 42 p.i. (n = 4/group). Data are
presented as mean ± SEM.
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be due to the fact that they are unable to cross over the blood brain

barrier and thereby do not reach the microglia. Further, the pro-

inflammatory cytokines IL-12 and TNFα, released by microglia and

which recruit immune cells into the CNS (Bakhuraysah et al., 2021;

Filippi et al., 2018; Sinha et al., 2015), were downregulated. The find-

ings in white matter lesions are in agreement with those of oligoden-

drocyte-specific deletion of FGFR in EAE. In these studies, lymphocyte

and macrophage/microglia infiltrates were reduced in white matter

lesions and pro-inflammatory cytokine expression was lower (Kamali

et al., 2021; Rajendran et al., 2018).

In MS and its models, activated peripheral immune cells migrate

over the BBB and cause destruction of oligodendrocytes and myelin

sheaths (Filippi et al., 2018; Kipp et al., 2017; van Kaer et al., 2019).

When infigratinib was given at the time of peripheral immune cell acti-

vation of the EAE experiment, it reduced the proportion of peripheral

CD3+ T cells, CD8a+ T cells and CD19+ B cells at the peak of EAE,

when activated lymphocytes migrate into the CNS. These data sug-

gest that infigratinib may reduce inflammation in the CNS by modulat-

ing peripheral immune cell activation. The effect on peripheral

immune cells did not last to the end of the experiment, which may be

explained by the half-life of infigratinib of around 33 h. Continuous

treatment with infigratinib may be necessary to reduce peripheral

immune cell activation at later phases of EAE.

In vitro treatment with infigratinib resulted in reduced prolifera-

tion of Jurkat (T cells) and SIM-A9 cells (microglia) but did not affect

proliferation of BL2 cells (B cells). The differences in findings between

these cells, which are important in the pathogenesis of MS

(Hoglund & Maghazachi, 2014), can possibly be explained by the con-

tribution of additional signalling pathways to proliferation (Wang

et al., 2017). Further, infigratinib did not exhibit cytotoxic effects sug-

gesting that the reduction in cell proliferation may not be due to cell

death but rather to suppression of cell division or alterations in cellular

signalling pathways. Moreover, the increase in Akt phosphorylation in

Jurkat cells may be a compensatory response to the inhibition of

FGFR signalling by infigratinib. Our findings from both in vitro and

in vivo studies suggest that infigratinib may have the potential to con-

trol the activation and proliferation of immune cells.

In MS and EAE, immune cells attack oligodendrocyte precursor

cells and mature oligodendrocytes, which causes demyelination

(Stone & Lin, 2015). In both experiments, the number of myelin-

producing oligodendrocytes within white matter lesions was higher

suggesting that infigratinib enhances survival of mature oligodendro-

cytes. In agreement with this assessment, treatment with infigratinib

increased myelin sheath thickness, enhanced the production of myelin

proteins and reduced the expression of the remyelination inhibitor

SEMA3A when applied from the day of EAE induction. Taken

together, these data suggest that infigratinib has the ability to

enhance remyelination of axons in the CNS.

FGFR1 is predominantly found in neurons, oligodendrocytes and

astrocytes, while FGFR2 is preferentially expressed in astrocytes and

oligodendrocytes (Klimaschewski & Claus, 2021). Importantly, FGFRs

are also present in leukocytes, mediating immune cell functions by

activating the nuclear factors of T cells (Byrd et al., 2003; Haddad

et al., 2011). In this study, treatment with infigratinib modulated

FGF/FGFR signalling pathways in the CNS. Expression of FGFR1 and

FGFR2 was less and phosphorylation of the signalling proteins ERK

and Akt was increased by infigratinib. Increased Akt signal transduc-

tion enhances CNS myelination (Flores et al., 2008) and inhibition of

the downstream target of Akt/mTOR results in reduced myelin thick-

ness (Narayanan et al., 2009). ERK1/2 signalling regulates the promo-

tion of myelination in the CNS (Ishii et al., 2012; Xiao et al., 2012).

Further, application of infigratinib regulated the expression of the

neurotrophic factor BDNF and its receptor TrkB. BDNF plays an

important role in neuroprotection and neuronal repair through activa-

tion of oligodendroglial TrkB (Nociti, 2020; VonDran et al., 2011).

These data suggest that infigratinib inhibits FGFRs in the CNS with

subsequent changes in intracellular signalling and the secretion of a

neurotrophic factor.

Quantitative analyses of lipids revealed that the administration of

infigratinib from the day of EAE induction resulted in less ceramide

(Cer) and LPC concentrations at the end of the experiment. Elevated

levels of ceramide and LPC have been reported in the cerebrospinal

fluid of patients with MS (Vidaurre et al., 2014; Villoslada et al., 2017).

Ceramides are associated with mitochondrial dysfunction in neurons

and axonal damage (Vidaurre et al., 2014; Villoslada et al., 2017). LPC

induces demyelination and inhibits oligodendrocyte survival and pre-

cursor cell differentiation (Law et al., 2019). Increased LPC enhances

vascular leakage (Muramatsu et al., 2015) and mediates chemotaxis

(Lauber et al., 2003). In this experiment, pharmacological inhibition of

FGFRs with infigratinib may reduce levels of neurodegenerative lipids

possibly by downregulating TNFα expression (Chaurasia et al., 2020;

Dasgupta & Ray, 2017).

MOG35–55-EAE is a widely used animal model for MS inducing

auto-reactivity against myelin oligodendrocyte glycoprotein (MOG),

destruction of oligodendrocytes and demyelination. In contrast to MS,

EAE is a CD4+ cell driven disease characterized by the activation of

myelin-specific CD4+ T cells and the subsequent recruitment of

inflammatory immune cells into the central nervous system (CNS).

However, its low proportion of CD8+ T cells and B cells limits its rep-

resentation of the human autoimmune disease.

5 | CONCLUSIONS

In summary, oral administration of the small molecule infigratinib in

a dose of 30 ml�kg�1 of body weight prevented severe first clinical

episodes by 40% and suppressed first clinical episodes by 65% in

EAE. In this proof-of principle study, infigratinib had numerous

effects within the CNS such as reduced infiltration of immune cells

and less neurodegeneration. Further, application of infigratinib

caused enhanced survival of mature oligodendrocytes and remyeli-

nation. There is evidence for the modulation of peripheral immune

cell activation by infigratinib. Infigratinib with its effects on periph-

eral immune cells, infiltration into CNS and remyelinating mode of

action may have the potential to control disease progression or

even improve symptoms of MS.
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