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1 Introduction

1.1 Multiple Sclerosis (MS)

"a woman lost the sight of both eyes and on the next day she lost her
speech ... on the third day a candlewick was put around her head and
she then recovered the sight of one eye and was able to open both . . .
on [Sunday] she recovered her speech and on the feast of St Michael

the sight of the eye that has previously been blind” (Compston,
2005).

An early case description like this one in the Icelandic saga of
St.Thorlakr, as documented by Margaret Cormack and supported by
Poser in 1995, was of Saint Lidwina van Schiedman (born 1380, died
1433) (Compston, 2005). This historical narrative outlines a pattern
of symptoms and partial recoveries strikingly consistent with modern
descriptions of multiple sclerosis (MS).

In 1849, Friedrich Theodor von Frerichs first described its char-
acteristic symptoms, while Robert Carswell and Jean Cruveilhier
identified pathological features as “remarkable lesions of the spinal
cord with atrophy” (Carswell, 1838). In 1868, Charcot consolidated
clinical and pathological knowledge, establishing MS as a distinct
disease through his lectures on “Histologie de la Sclérose en plaques”

(Murray, 2018). This significant work shifted MS research from



an exploratory approach of single case reports to high-level clinical
research, resulting in several decades of intensive research into the
causes of the disease, MS pathogenesis, and possible therapeutic
approaches.

MS is an inflammatory disorder of the brain and spinal cord character-
ized by episodes of neurological dysfunction leading to chronic neu-
rodegeneration and often times to progressive disability (Compston
and Coles, 2008; Dobson and Giovannoni, 2019). Today, MS is the
most common chronic inflammatory and demyelinating disease of the
central nervous system (CNS). In 2023, around 2.8 million people
worldwide were affected, and the global prevalence increases (MSIF,
2020). The regional distribution varies across the world. Europe,
North America, Australia, and New Zealand are the populations
with the highest prevalence. Factors that might contribute to the
global and regional distribution are population genetics, environment,
and socioeconomic structures (Koch-Henriksen and Sgrensen, 2010).
What is striking from an epidemiological standpoint, MS mainly affects
females (69%), and the age at onset is around 32 years. The gender
ratio varies among regions from 2-4:1 (F:M). Possible reasons could
be different female hormonal, genetic, lifestyle, and environmental
exposures compared to males. However, not only adults are affected;
around 30,000 children living with pediatric MS (under the age of 18)
have been reported worldwide (MSIF, 2020).



1.1.1 Etiology of MS

Scientists consider that the multifactorial influence of genetic predis-
position and environmental aspects contribute to the development of
the disease. Various genetic, microbial, and environmental risk factors
are identified as potential contributing factors, but no definite cause
has been detected (Waubant et al., 2019).

Genome screening showed that many genes increase the risk of
MS. Human leukocyte antigen (HLA) Il or major histocompatibility
complex (MHC) Il genes were identified to be strongly linked to the
disease. Further, family studies supported the genetic association
and showed that identical twins have a higher risk (25%) than close
relatives (3-5%). Nevertheless, the low incidence of both homozygous
twins developing MS indicates that other factors, beyond genetics,
contribute to the development of this disease (Koch-Henriksen and
Serensen, 2010; Parnell and Booth, 2017).

Furthermore, Epstein-Barr virus (EBV) infection has been identified
as a significant risk factor (Ascherio and Munger, 2010; Haglund,
2014). Emerging evidence indicates a causal relationship in which
EBV infection occurs before the onset of MS, significantly increasing
the probability of developing the disease (Bjornevik et al., 2022). The
virus is associated with immune dysregulation and the development of
autoreactivity (Dobson and Giovannoni, 2019; Lanz et al., 2022). In
particular, Lanz et al. (2022) highlighted how EBV can contribute to MS



through molecular mimicry between EBV antigens and CNS proteins.
This molecular similarity could trigger the activation of autoreactive
immune cells. B cells are especially central to this process, as EBV-
infected B cells evade apoptosis and persist as carriers of chronic
infection. These infected B cells accumulate in target organs, where
they act as antigen-presenting cells (APCs) and provide survival
signals to autoreactive T cells, leading to continued immune activa-
tion, inflammation, and tissue damage, ultimately contributing to the
initiation and progression of MS (Lucas et al., 2011; Pender, 2003).

In addition, socioeconomic status, employment, smoking, sex hor-
mones, late delivery, birth control, and obesity were associated
as possible risk factors (Koch-Henriksen and Sgrensen, 2010). In
addition, Vitamin D deficiency in the northern hemisphere is discussed
as a contributing environmental factor (Ascherio and Munger, 2010;
Hgglund, 2014; Thouvenot et al., 2025).

There is no simple contributive association between gene and envi-
ronmental interactions, and although some risks have been identified,

research gaps exist.

1.1.2 MS pathophysiology

MS is an autoimmune disorder characterized by inflammation, de-
myelination, and axonal degeneration within the CNS. The exact

pathophysiology remains unclear, but the idea that peripheral immune



dysregulation and intrinsic CNS mechanisms contribute to MS devel-
opment and progression is widely accepted (Filippi et al., 2018).

The experimental autoimmune encephalomyelitis (EAE) disease
model has been instrumental in identifying numerous pathophys-
iological mechanisms relevant to MS. Findings from EAE helped
shape our understanding of how activated autoreactive T and B
lymphocytes contribute to neuroinflammation. The development
of these aggressive effector cells is proposed to be influenced by
molecular mimicry, the presentation of new autoantigens, genetic and
environmental factors. Once activated in the periphery, these cells
migrate through the blood-brain barrier (BBB), trigger inflammation
and cause tissue damage within the CNS. Upon entering the
CNS, they provoke an inflammatory cascade by releasing cytokines,
recruiting other inflammatory cells such as monocytes, T cells and
B cells, while activating microglia and astrocytes. This cascade
contributes to demyelination through the loss of oligodendrocytes
(OLs), driven by direct cellular mechanisms and the release of
inflammatory and neurotoxic mediators. Axonal injury can occur early
in the disease process as a direct consequence of inflammation or,
due to the failure of neuroprotective and regenerative mechanisms.
Over time, persistent inflammation leads to inadequate remyelination,
gliosis, neuroaxonal degeneration, and disrupted neuronal signaling,
all of which correlate with clinical symptoms and disability progression
in MS patients (Dargahi et al., 2017; Filippi et al., 2018; Yamout and
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Alroughani, 2018).

In addition to peripheral immune mechanisms, intrinsic CNS pro-
cesses play a role in MS pathogenesis. Compartmentalized inflamma-
tion, characterized by the continuous activation of immune cells within
the CNS, has been considered as a key contributing factor, particularly
in the progressive stages of MS. This compartmentalized inflam-
mation involves the formation of ectopic lymphoid-like structures,
especially in the meninges. These structures contain B cells, T cells,
and follicular dendritic cells and maintain chronic immune activation,
contributing to cortical demyelination, axonal loss, neurodegeneration
(Dendrou et al., 2015).

Furthermore, antigens originating from the CNS can be transported to
peripheral lymphoid tissues, where they may stimulate the activation
of autoreactive immune cells. Once activated, these immune cells
have the potential to migrate into the CNS through a damaged BBB,
thereby reinforcing a cycle of persistent inflammation and progressive
neurodegeneration as described above. The disruption of the BBB
in MS is mediated by pro-inflammatory cytokines such as TNFa,
IL6, and IL17, which increase vascular permeability and promote
the expression of adhesion molecules on endothelial cells, facilitating
immune cell infiltration. This bidirectional interaction between periph-
eral immune activation and CNS infiltration plays an important role in
maintaining chronic inflammation (Dendrou et al., 2015; Filippi et al.,
2018; Lassmann, 2018).



Demyelinated lesions, a hallmark of MS, are found in the white and
gray matter of the brain and spinal cord. These lesions can be
classified as acute, chronic active, or inactive. Chronic lesions show
significant loss of myelin, fibrous gliosis, and minimal immune cell
infiltration. In comparison, active lesions show acute inflammation,
active demyelination, and axonal injury, with less extensive myelin
destruction. Although inflammation appears at all stages of lesion
development, early acute lesions are dominated by macrophages with
myelin debris and T, B, and plasma cell infiltrates. During this acute
phase, peripheral immune cells invade the CNS through a damaged
BBB, initiating inflammatory responses. Additionally, early MS lesions
often contain oligodendrocyte progenitor cells (OPCs), which attempt
to initiate remyelination through the formation of new myelin sheaths
(Dendrou et al., 2015; Popescu et al., 2013). However, as the disease
progresses, remyelination efforts frequently fail, and the exhaustion of
regenerative capacity is accompanied by ongoing neuronal and axonal
loss, myelin degradation, and brain atrophy. These pathological
changes strongly correlate with clinical symptoms and disabilities
observed in MS patients (Dendrou et al., 2015). Therefore, therapeutic
approaches focus on reducing neuroinflammation, protecting neurons,
and enhancing repair processes to slow down disease progression

and maintain neurological function.



1.1.3 MS symptoms

The symptoms, as presented in Figure 1, that may occur in MS are
heterogeneous, and the clinical course of the disease is individually
different and unpredictable. Optic neuritis, paraesthesia, and non-
specific symptoms like fatigue are usually the first manifestation of
MS (Hacke, 2010; Tafti et al., 2024). MS can cause optic neuritis,
color blindness up to temporary blindness, and internuclear ophthal-
moplegia (INO) (L. Chen and Gordon, 2005). In addition, patients
experience cranial nerve palsy, neuropathic pain, sensory and motor
impairments, central and central-vestibular symptoms, autonomic
dysfunction, fatigue, and cognitive and psychological changes (Hacke,
2010; Mattle et al., 2013).

The diverse clinical symptoms in MS result from the distribution of
lesions throughout the CNS, affecting regions like the brainstem,
spinal cord, cerebellum, juxtacortical areas, and periventricular white
matter. Central to these diverse symptoms are shared pathological
mechanisms, such as neuroinflammation, demyelination, and ongoing
neurodegeneration as described in Section 1.1.2 (Filippi et al., 2018;

Mahajan et al., 2025).
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Figure 1: Simplified overview of symptoms associated with multiple sclerosis
(MS). lllustrating the diverse most common neurological, physical, and
psychological impairments experienced by patients with multiple sclerosis
(Tafti et al., 2024). Image created with BioRender (biorender.com).

1.1.4 Phenotypes of MS

As discussed in Section 1.1.2, MS is driven by inflammatory and
neurodegenerative mechanisms, leading to a heterogeneous clinical
presentation. Inflammatory processes drive immune cell infiltration,
lesion formation, neurodegeneration, and relapse activity. Some
individuals experience successful remyelination, while others expe-
rience persistent myelin and axonal loss, resulting in progressive
disability. The interplay between these pathological processes shape
the disease phenotype (Dendrou et al., 2015; Filippi et al., 2018).

To better define these patterns, MS has been classified into differ-



ent subtypes, relapsing-remitting multiple sclerosis (RRMS), primary
progressive multiple sclerosis (PPMS), and secondary progressive
multiple sclerosis (SPMS) (Fig. 2). It is important to note, however,
that clinically isolated syndrome (CIS), defined as a single episode
of neurological symptoms caused by inflammation or demyelination in
the CNS, is not classified as MS according to established guidelines.
Nonetheless, CIS can represent an early manifestation and has the
potential to progress to MS (Lublin et al., 2014).

The most common clinical course is RRMS, accounting for approx-
imately 90% of all MS cases. It is characterized by exacerbations
followed by periods of complete or partial remission of symptoms, as
seen in the life of Saint Lidwina van Schiedman (cf. Section 1.1).
A slow and steady increase in disability can appear as the disease
progresses (Plantone et al., 2016; Tafti et al., 2024). A significant
number of individuals with RRMS eventually transition to SPMS,
characterized by a pattern of continuous progression of symptoms,
with or without relapses (Plantone et al., 2016). About 10% of all
MS patients have PPMS, which manifests a continuous worsening of
symptoms from the onset of the disease, occasionally with periods of
temporary stability or mild clinical improvement (Lublin and Reingold,
1996; Lublin et al., 2014).
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Figure 2: Systematic visualization of the clinical phenotypes of multiple
sclerosis (MS). The figure illustrates the key characteristics and progression
patterns of relapsing-remitting MS (RRMS), secondary-progressive MS
(SPMS), and primary-progressive MS (PPMS) (Lublin et al., 2014). The x-
axis represents time, while the y-axis represents the level of disability. Image
created with BioRender (biorender.com).

1.1.5 MS diagnosis

MS diagnosis depends on clinical findings, imaging, and laboratory
results. Table 1 outlines the 2017 McDonald criteria, adapted from
Thompson et al. (2018), used to diagnose MS to provide a concise
and practical reference. The dissemination in time (DIT) refers to a

new appearance of CNS lesions across distinct time intervals, while

11



the criteria of dissemination in space (DIS) indicates the presence
of different lesions in the CNS across various regions (Dobson and
Giovannoni, 2019; McGinley et al., 2021).

Table 1: Key Elements of the McDonald criteria for MS diagnosis adapted
from Thompson et al. (2018).

Clinical Number of Lesions Additional Data for a
Manifestations with Clinical Evidence | Diagnosis of MS
>2 clinical attacks | >2 clinical objective le- | None

sions

>2 clinical attacks | 1 clinical objective lesion | Dissemination in space (MRI or
more clinical attacks implicating
different sites)

1 clinical attack >2 clinical objective le- | Dissemination in time (MRI or
sions demonstration of CSF-specific
oligoclonal bands or clinical at-
tacks)
1 clinical attack 1 clinical objective lesion | Dissemination in space and time

Magnetic resonance imagings (MRIs) of MS patients typically reveal
multiple sclerotic plagues, associated with demyelination and reactive
gliosis. These lesions are primarily found in the periventricular white
matter, juxtacortical and infratentorial regions of the brain, and spinal
cord. In addition to MRI, the detection of oligoclonal bands (OCB) in
the cerebrospinal fluid (CSF) is an important diagnostic tool for diag-
nosing MS. OCB reflect the increased production of immunoglobulin
G due to intrathecal inflammation. Other diagnostic findings include
lymphocytic pleocytosis in the CSF, as well as abnormalities in visually
evoked potentials (Hacke, 2010; Thompson et al., 2018). In the case

of recurrent typical clinical attacks with corresponding neurological
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findings and MRI evidence of dissemination in space, no additional

tests are necessary for a diagnosis (Fig. 3).

Diagnostic criteria of MS
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Figure 3: Simplified illustration of the McDonald criteria for diagnosing
multiple sclerosis (MS).The figure outlines the key components of the
diagnostic criteria, including the evidence of dissemination in space and time,
based on clinical, radiological (MRI), and cerebrospinal fluid (CSF) findings.
This simplified diagram provides an overview of how the McDonald criteria
are clinically applied in the diagnosis of MS (Thompson et al., 2018). Image
created with BioRender (biorender.com).

1.1.6 MS treatment

Since there is no definitive cure for MS, the main goal of treatment is to
manage symptoms, prevent further attacks, and slow the progression

of the disease. The treatment of patients can be divided into the man-
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agement of acute exacerbations and long-term disease modification
strategies. Acute exacerbations are ideally treated with high-dose
glucocorticoids (Grauer et al., 2001). Alternative treatments for ex-
acerbations are plasma exchange and immunoadsorption (Hemmer,
2023). Long-term management includes disease-modifying drugs
(DMDs), lifestyle modification (e.g., exercise, mediterranean diet,
stress prevention), vitamin D supplementation, and the management

of comorbidities and symptoms (Thompson et al., 2018).

DMDs primarily prevent relapses, reduce the accumulation of MRI
lesions, and slow the progression of disability by modulating the
immune response (Gholamzad et al., 2018). DMDs are interferon beta
(IFN-3), glatiramer acetate (GA), dimethyl fumarate (DMF), terifluno-
mide, cladribine, sphingosine 1-phosphate receptor modulators (e.g.,
fingolimod, siponimod, ozanimod, ponesimod), monoclonal antibodies
(e.g., alemtuzumab, natalizumab, ocrelizumab, ofatumumab, ublitux-
imab ), and mitoxantrone.

IFN-5 decreases exacerbations and the progression of RRMS by sup-
pressing T cell activity and reducing CNS pro-inflammatory cytokines
and lymphocyte invasion. Although its role has diminished, due to
the availability of more effective therapies (Goldschmidt and Hua,
2020). GA remains an efficient therapy for reducing inflammation
by shifting Th1 to anti-inflammatory Th2 lymphocytes. Although

there is long-term clinical experience, these substances have been
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largely replaced by newer therapies that are more tolerated and
effective. DMF targets the transcription factor nuclear factor erythroid
2-related factor 2 (NRF2), important for balancing oxidative and
antioxidative processes in cells, helping to prevent inflammation or
cell damage. Fumaric acids reduce neuronal cytotoxicity, regulate the
peripheral immune response, and inhibit leukocyte migration across
the BBB. Teriflunomid inhibits B and T cell proliferation. Oral
application of teriflunomide reduces exacerbations, decreases MRI
lesion numbers, and slows down MS progression. Cladribine, an oral
immunosuppressant, is used in patients with highly active relapsing
MS. It selectively depletes lymphocytes, reducing the activity and
progression of MS. Fingolimod, approved as the first oral DMD
for patients with relapsing MS, is a sphingosine-1-phosphate (S1P)
receptor antagonist. S1Ps inhibit lymphocyte egress from lymph
nodes, thereby limiting the entry of auto-reactive lymphocytes into the
CNS. Further S1Ps interact with astrocytes and oligodendrocytes,
leading to anti-inflammatory and neuroprotective effects. Studies
have demonstrated that these agents, particularly fingolimod, show a
more significant beneficial impact in reducing exacerbations, slowing
disability progression, and minimizing brain volume loss compared to
first-line treatments such as GA and IFN-38 (Amin and Hersh, 2021;
Dargahi et al., 2017).

Four monoclonal antibodies (i.e., alemtuzumab, natalizumab, ocre-

15



lizumab, and ofatumumab) are approved for MS therapy. In detail,
alemtuzumab, a CD52 antibody, depletes B and T lymphocytes
through cytolysis. Natalizumab acts as a monoclonal antibody against
ad-Integrin, efficiently inhibiting the invasion of lymphocytes to the
CNS (Dargahi et al., 2017). Ocrelizumab and ofatumumab are
antibodies against CD20 and deplete B cells, resulting in profound
suppression of disease activity and slowing the development of
disability (Sellebjerg et al., 2020). Mitoxantrones act as a nonse-
lective potent immunosuppressant, used in exceptional situations in

advanced forms of MS or when other DMDs falil.

While DMDs primarily target neuroinflammation, there remains a sig-
nificant gap in therapies that effectively address the neurodegenera-
tive aspects of the disease. Although DMDs reduce relapse frequency
and delay disability progression by modulating the immune response,
they have limited capacity to prevent or repair axonal damage and
neuronal loss, which are key drivers of permanent disability in MS.
Consequently, there is a great need for treatments that promote
remyelination and neuronal repair. Despite ongoing research into
neuroprotective and regenerative therapies, these approaches are still
largely experimental and are not yet part of standard clinical practice.
Addressing these therapeutic gaps is important to improve the long-
term prognosis for MS patients (Dargahi et al., 2017; Reich et al.,
2018).

16



There is a continuously growing field of DMD, with treatment choices
tailored to MS subtype, patient characteristics, and emerging options.
Therefore, treatment guidelines are frequently updated. As an exam-
ple, Figure 4 presents an adapted overview of the current German

recommendation for patients with RRMS (Bayas et al., 2021).
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Figure 4: Overview of current treatment recommendations for relapsing-
remitting multiple sclerosis (RRMS) according to German guidelines 2021
(Hemmer, 2023). The figure outlines the first-line, second-line, and
escalation therapies, highlighting approved disease-modifying drugs (DMDs)
and their use based on disease activity and patient characteristics (Bayas
et al., 2021). Image created with BioRender (biorender.com).

The remarkable clinical success of B cell-depleting therapies, such as

ocrelizumab and rituximab, fundamentally shifted the understanding of
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the pathogenesis of MS - a disease historically considered primarily T
cell-mediated. These therapies reduce antigen presentation and pro-
inflammatory cytokine production by depleting B cells, thus suppress-
ing MS activity and limiting the formation of new CNS lesions. These
findings lead to a reevaluation of immunopathological mechanisms,
emphasizing that B cells contribute via complex interactions to inflam-
mation and tissue damage within the CNS (Hauser et al., 2008; R. Li
and Bar-Or, 2019).

New treatments are being developed to selectively target pathogenic
B cells that drive MS disease progression. A promising approach
includes targeting alternative signaling pathways, such as FGFRs,
which modulate key signaling pathways involved in cell survival,
differentiation, and repair within the CNS (Gurski et al., 2025; Kamali
et al., 2021; Klimaschewski and Claus, 2021; Rajendran et al., 2018).
Additionally, attention was drawn to the inhibition of Bruton’s tyrosine
kinase (BTK), an enzyme central to BCR signaling pathways. BTK
is a critical mediator in pathways such as PI3K, MAPK, and nuclear
factor 'Kappa-Light-Chain-Enhancer’ of activated B cells (NFkB), im-
portant for cell survival, activation, proliferation, and differentiation
into antibody-producing plasma cells (Carnero Contentti and Correale,
2020). BTK inhibitors evaluated in phase Il/Ill clinical trials suggest
their ability to inhibit B cell activation, reduce cytokine production,

and alter APCs functions (Torke and Weber, 2020). Moreover,
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BTK inhibition demonstrates potential in modulating disease-driving
interactions between B cells and T cells, effectively reducing the
formation of demyelinating lesions within the CNS (Montalban et al.,
2019). However, recent developments in evaluating BTK for MS have
yielded mixed results. For instance, a phase lll clinical trial evaluating
the highly selective BTK inhibitor evobrutinib did not meet its primary
objective of reducing annualized relapse rates in patients with RRMS
compared to teriflunomide (Merck KGaA, 2023). However, in another
phase Il trial that focused on progressive MS, the BTK inhibitor
tolebrutinib demonstrated a delay in disability progression, suggesting
potential efficacy in this subgroup (Fox et al., 2025). Despite ongoing
challenges, BTK inhibition shows potential, but its effectiveness may

depend on identifying responsive patient subgroups.

In conclusion, although DMDs and B cell-depleting treatments have
already advanced the management of MS, the need for more target
and selective therapies remains. Emerging strategies, including BTK
inhibitors and interventions targeting alternative signaling pathways
like FGFRs, aim to modulate immune responses, prevent neurode-
generation, and promote remyelination, thereby addressing significant
unmet needs in comprehensive MS management (Klimaschewski and
Claus, 2021; Lindner et al.,, 2015; Rajendran, Béttiger, Dentzien,
et al., 2021; Rajendran, Bottiger, Stadelmann, et al., 2021). These

innovative approaches promise to advance treatment beyond con-
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ventional anti-inflammatory strategies, offering the potential for more
effective long-term outcomes. Further research is important to
broaden the therapeutic landscape and ultimately find a cure for MS.
Understanding the immune system’s role in MS is key to advancing
treatment strategies, with immune modulation that influences both

disease progression and remission.

1.2 B lymphocytes

The immune system, comprising both innate and adaptive branches,
relies on the balance between these components to maintain home-
ostasis, as dysregulation can lead to immunodeficiency, infections,
allergies, or autoimmunity (Marshall et al., 2018). Inflammation repre-
sents the immune system’s response to tissue damage or pathogens,
driven by immune cell activation and cytokine release, which can lead
to tissue injury when dysregulated (Medzhitov, 2008). Within this im-
munological framework, B cells have become a compelling therapeutic
target due to their multifaceted functions in both immune defense and
disease pathogenesis (Duddy et al., 2007). The following sections will
explore their development, function, and specific involvement in MS

pathology in greater detail.
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1.2.1 B cell development

B cells originate and develop within the bone marrow, undergoing
tightly regulated maturation processes to maintain immune tolerance.
During this development, B cells encounter a critical mechanism
known as negative selection. This negative selection process iden-
tifies and eliminates autoreactive B cell clones, which mistakenly
recognize and target the body’s own tissue. However, when this
negative selection process is incomplete or defective, autoreactive
B cells may escape into the peripheral circulation, contributing to
the development of autoimmune disorders. In the context of MS,
these autoreactive B cells can infiltrate and harm the CNS (Gururajan
et al.,, 2014). This mechanism is further explained in Section 1.2.4,
where | describe the specific processes underlying B cell-mediated
neuroinflammation in MS. After passing this checkpoint, immature
B cells leave the bone marrow to migrate to peripheral lymphoid
organs, where they transition into mature follicular and marginal zone
B cells. After these mature B cells interact with their specific antigens,
they differentiate into antibody-secreting plasma or memory B cells.
Mature B cells express CD19, CD20, CD21, CD40, MHCII, and B7
surface proteins, essential for B cell signaling, antigen presentation,
and interactions with T cells. The B cell receptor (BCR), located on
the surface of B cells, is crucial for antigen recognition, as well as

B cell activation and maturation (Abbas et al., 2019; Rastogi et al.,
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2022). Naive B cells, which are mature B cells, that have not been
in contact with antigens, remain resting until stimulated. In peripheral
lymphoid tissues, another negative selection process is performed to
remove B cells with dysfunctional BCR rearrangements or high affinity
for self-antigens. This second layer of immune tolerance is important
to prevent the survival of autoreactive B cells, potential mediators of
autoimmune diseases like MS (Abbas et al., 2019; Cencioni et al.,
2021).

1.2.2 B cell activation

Naive B cells can be activated through Th cell interaction or inde-
pendently through direct antigen binding. After activation, B cells
differentiate into antibody-secreting plasma cells and memory B cells
(Fig. 5).

In this process, the BCR initiates a signaling cascade (e.g., phos-
phoinositide 3-kinase (PI3K)-protein kinase B (Akt), mitogen-activated
protein kinase (MAPK) signaling pathway) upon binding the antigen.
Additionally, the BCR internalizes the BCR/antigen complex through
endocytosis to intracellular sites for antigen processing. The pro-
cessed antigen fragments are then presented on the B cell surface via
the MHCII receptor, priming Th cells specific to the same pathogen.
Costimulation occurs through the interaction between the CD40 ligand

on effector T cells and the CD40 receptor expressed on B cells,
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activating the non-canonical NFkB signaling pathway. This interaction
stimulates activated Th cells to secrete cytokines, including IL21,
which enhances B cell division, proliferation, survival, and facilitates
their maturation into antibody-producing plasma cells or memory
B cells. This activation is mediated by the transcription factor
STAT3. On the other hand, B cells can respond directly to non-
protein antigens, including thymus-independent antigens or gram-
negative lipopolysaccharides. These stimuli initiate T cell-independent
activation of B cells, leading to a rapid but transient immune response
characterized by the secretion of unspecific IgM antibodies (Murphy,
2017; Rawlings et al., 2017).

A critical feature of T cell interaction, particularly through the cos-
timulation of the CD40 ligand, is immunoglobulin class switching.
B cells transition from the initial IgM immune response to producing
other immunglobuline isotypes (e.g., IgA, IgE, or IgG). This switch in
immunglobulin isotype occurs within the germinal center of secondary
lymphoid tissues, where somatic hypermutation and affinity maturation
optimize antibody specificity. During this process, B cells undergo
clonal selection, interacting with T cells to refine antigen recognition,
and produce antibodies with higher affinity. Following class switching,
some B cells differentiate into long-lived memory B cells, which are
primed for rapid responses during subsequent exposures to the same
antigen, and secrete isotype-specific antibodies (e.g., 19G) (Murphy,
2017; Rawlings et al., 2017).
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The activated B cells then circulate between the blood and sec-
ondary lymphoid organs like lymph nodes, the spleen, and mucosa-
associated lymphoid tissue (MALT). Combining class switching and
affinity maturation enables B cells to produce antibodies with higher
specificity and efficacy. However, altered B cell-intrinsic signaling
through the BCR and extrinsic co-receptor signaling pathways, es-
sential to B cell activation, can lead to the survival of autoreactive
B cells. These B cells may secrete pathogenic antibodies or show
autoreactive receptors that bind to self-antigens, contributing to au-
toimmune diseases, highlighting the critical role of tightly regulated
B cell activation in maintaining immune tolerance and preventing
autoimmunity (Murphy, 2017; Parkin and Cohen, 2001; Rawlings
et al., 2017). In the context of neuroinflammation, these dysregulated
B cells infiltrate the CNS and drive inflammation, leading to myelin
degradation and axonal damage. Thus, highlighting the importance of
targeting B cell responses as part of therapeutic strategies to prevent

CNS autoimmunity in MS (Dendrou et al., 2015).
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Figure 5: Simplified overview of B cell development and activation. B
cell development begins in the bone marrow, where progenitor B cells
undergo genetic rearrangement to create a receptor capable of recognizing
a broad range of antigens. Once matured, naive B cells travel to secondary
lymphoid organs. They are activated upon antigen binding. During T cell-
dependent activation, B cells process and present antigens via MHC 1l to
T-helper cells, receiving essential costimulatory signals through the CD40-
CD40L interaction and cytokines such as IL-21. These signals trigger
B cell proliferation, class switching, and the maturation into plasma cells
that secrete antibodies, as well as memory B cells. T cell-independent
activation occurs when B cells directly recognize antigens, enabling them to
rapidly produce antibodies without the involvement of T cells, leading to the
formation of resting memory cells and plasma cells that secrete antibodies
(Abbas et al., 2019; Cencioni et al., 2021). Image created with BioRender
(biorender.com).

1.2.3 B cell function

B cells play various roles in immunity. Most importantly, they mediate
humoral immunity through the production of immunoglobulins and
participate in the development of cellular immunity by serving as APCs

for T cells and B cells, which release a range of different cytokines
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(Cencioni et al., 2021).

These antibodies can either be presented as surface immunoglobulins
on B cells or can be secreted. Further, they activate the classic
pathway of the complement system via C1qg binding, and engage
fragment crystallizable receptor (FCR) on immune cells to activate and
recruit macrophages and other immune cells. The immunoglobulin
isotype and the binding affinities to the FCR on immune cells determine
the exerted effector functions (Hoffman et al., 2016). B cells become
activated and potent APCs by presenting specific antigens. This
results in CD4 T cell activation and differentiation through MHCII and
co-stimulatory molecules expressed by B cells, promoting immunity.
As APCs, activated B cells can positively or negatively impact T cell
function, resulting in T cell activation or T cell tolerance (X. Chen and
Jensen, 2008).

In addition, activated B cells release pro- and anti-inflammatory
cytokines (i.e., IL2, IL4, IL6, IL10, IL35, IFN~, TNFa) and granulocyte-
macrophage colony-stimulating factor (GM-CSF), which modulate
immune responses. Some cytokines have the potential to alter B cell
development by affecting the growth, survival, and class switching of
these cells. B cells can be classified into anti-inflammatory, cytokine-
producing, “regulatory”, and pro-inflammatory cytokine-producing “ef-
fector” B cells. Activated B lymphocytes also release chemokines (i.e.,
CCL22 and CCL17), which are important for Th2 cell recruitment.

Effector cytokines from B cells such as IL6, IFNy and TNF« induce
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inflammation (Hoffman et al., 2016; Murphy, 2017; Vazquez et al.,
2015). Further, IFN~, and TNFa can directly generate endothelial
and epithelial cell injury. In contrast, the production of IL10 or IL35
by B cells exerts regulatory function (regulatory B cell (Breg)) through
modulation of dentritic cells (DCs) (e.g., decrease of IL6 and IL12),
macrophages, NK cells, and T cells (Hoffman et al., 2016).

In addition, described as an in situ immune response, B cells con-
tribute to the formation of tertiary lymphoid organs within peripheral
tissues. These tertiary lymphoid organs typically form in response to
chronic inflammation or ongoing infection and can lead to tissue injury.
This process can be observed in autoimmune diseases. In MS these
lymphoid structures occur mainly within the meninges of the CNS and
are associated with chronic inflammation (Mitsdoerffer and Peters,
2016). B cells play a dual role in immune regulation, contributing
to pathological and protective processes in neuronal damage and
repair. The review article "Heterogeneity of B Cell Functions in
Stroke-Related Risk, Prevention, Injury, and Repair" by Selvaraj
et al. (2016) highlights how B cells influence stroke risk factors,
such as hypertension and atherosclerosis, through pro-inflammatory
actions, while regulatory B cells secrete anti-inflammatory cytokines
like IL10, promoting tissue repair and neuroprotection (Selvaraj et al.,
2016). These findings underscore the ability of B cells to modulate
neuroinflammatory environments, which is particularly relevant in MS.

Figure 6 is an adapted illustration from Selvaraj et al. (2016) of several
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key functions of B cells in both the immune system and neuroimmuno-
logical processes. It emphasizes the crucial involvement of B cells
in maintaining immune homeostasis and their active participation
in both protective and pathological mechanisms, including immune
responses, neuroprotection, and inflammation. Targeting specific B
cell functions may reduce inflammation and enhance neuronal repair
and remyelination, presenting promising therapeutic strategies for MS

treatment.
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Figure 6: This image illustrates the multifaceted roles of B cells in both
the immune system and neuroimmunological processes. 1. Antibody
production: B cells, upon encountering specific antigens, differentiate into
plasma cells and produce antibodies (immunoglobulins). 2. Neuronal
survival and differentiation: B cells contribute to neuronal health by
secreting cytokines and growth factors, which promote neuronal survival
and differentiation, particularly in response to central nervous system
injury or neuroinflammation. 3. Immunosuppression:  Regulatory
B cells (Bregs), produce anti-inflammatory cytokines, suppressing excessive
immune responses, helping maintain immune tolerance and preventing
autoimmune damage. 4. Inflammation: B cells produce proinflammatory
cytokines and interact with other immune cells, contributing to inflammation
and the development of tissue damage. 5. Memory: Memory B cells
are formed after an initial immune response to an antigen and can rapidly
produce antibodies upon re-exposure. 6. Antigen presentation: B cells
function as antigen-presenting cells, capturing, processing, and presenting
antigens to T cells. This interaction initiates and strengthens adaptive
immune responses (Selvaraj et al., 2016). Image created with BioRender
(biorender.com).
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1.2.4 B cells in MS

The presence of intrathecal B cells and the resulting abnormal
increase in immunoglobulin synthesis, along with the typical OCB
found in the CSF of patients, imply the involvement of B cells in the
pathophysiology of MS. The positive IgG OCB are diagnostic markers.
However, specific CNS reactive antibodies consistently present within
the CSF across MS patients have not been identified (Antel and
Bar-Or, 2006; Dendrou et al., 2015). OCB may represent immune
responses to neoantigens generated during demyelination rather than
primary autoimmune reactivity. These neoantigens, arising from post-
translational modifications or structural changes in myelin proteins,
may amplify ongoing immune responses (Pryce and Baker, 2018).
Furthermore, cross-reactive antibodies against EBV nuclear antigen
EBNA1 and glial cell adhesion molecule have been found in the CSF of
MS patients, with evidence of viral mimicry contributing to disease ac-
tivity (Lanz et al., 2022). However, beyond antibody production, B cells
drive disease pathogenesis by activating T cells, presenting antigens,
and secreting pro-inflammatory cytokines such as IL6, underscoring
their multifaceted role in driving disease pathogenesis. Memory
B cells from MS patients have the ability to induce spontaneous
proliferation of auto-reactive CD4+ T cells. Activated B cells act as
potent APCs when binding the same antigen as the T cell, resulting in

effector T cell activation and the production of regulatory T cell (Treg)
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cells. This complex interplay of T and B cells could contribute to
MS pathophysiology (Cencioni et al., 2021; Dendrou et al., 2015).
This possibility is also supported by B cell-specific MHCII knockout
EAE experiments, where mice were resistant to the MOG-induced
disease, suggesting an MHCII dependent APC function of B cells in
EAE (Dendrou et al., 2015; R. Li et al., 2018).

A dysregulation between pro- and anti-inflammatory cytokines is
recognized in patients with MS. Activated B cells produce excessively
cytokines, including TNF, lymphotoxin «, IL6, and GM-CSF. For
example, IL6, known to provoke Th17 cell responses, is believed to
drive the pathogenesis of EAE and MS. GM-CSF secreting B cells are
also considered to be pro-inflammatory through effectively increasing
myeloid cell pro-inflammatory responses and by co-expressing high
levels of IL6 and TNF (Dendrou et al., 2015). On the other hand,
B cells are able to suppress inflammation and the immune response
by producing anti-inflammatory cytokines such as IL10, IL35, and
TGFpB. The selective knockout of IL10 in EAE resulted in more
severe EAE symptoms (Bettelli et al., 1998). Molecular mechanisms
involved in human cytokine regulation by B cells are altered in MS
patients, where more phosphorylation of STAT5 and STAT6 has
been observed, resulting in increased proinflammatory GM-CSF and
decreased production of the anti-inflammatory cytokine IL10. Also,
microRNAs were described to underlie B cell cytokine dysregulation

of MS patients, like the overexpressed miR-132 resulting in increased
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TNF secretion (Dendrou et al., 2015).

In MS, aberrant activation of peripheral immune cells and their
subsequent trafficking across the BBB into the CNS lead to chronic
neuroinflammation. B cell-rich aggregates of infiltrating immune
cells in the meninges of the CNS were observed in MS patients.
Here, B cells drive compartmentalized inflammation and contribute
to CNS injury by secreting inflammatory and cytotoxic factors into
the CSF, fostering a inflammatory environment within the brain.
These B cell clones are maintained over time within the CNS by
factors like B cell activating factor (BAFF), secreted by astrocytes,
supporting B cell survival and activation. Chronically activated B
cell-rich infiltrates in the meninges are associated with extensive
neuronal, astrocyte, and oligodendrocyte loss and active gray matter
demyelination.  Activated and demyelinated cortical lesions with
perivascular immune cell infiltrates are common in early MS (Dendrou
et al., 2015). Further B cell accumulation has been observed
to correlate with a worse clinical disease course, indicating B cell
contribution to CNS inflammation (Cencioni et al., 2021; Dendrou
et al., 2015; R. Li et al., 2018).

1.3 Cytokines

Cytokines are signaling proteins, peptides, or glycoproteins that reg-

ulate immunity, inflammation, and hematopoiesis. They are produced
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by immune and non-immune cells and act in autocrine, paracrine,
and endocrine manners and can have overlapping, synergistic, or
antagonistic effects. The cytokine superfamily includes interleukins,
chemokines, colony-stimulating factors (CSF), interferons, transform-
ing growth factors (TGF), and TNF. Cytokines can be classified by
their pro-inflammatory (i.e., IL 1, 6, 8, 12, 18, interferons and TGF)
and anti-inflammatory (i.e., IL4, 10, 11, 13 and TNFp3) functions.
Pro-inflammatory cytokines induce fever, inflammation, and tissue
damage by stimulating the synthesis of inflammatory mediators, the
production of acute phase proteins, and the recruitment of immune
cells (Sino Biological, 2023). However, their classification as strictly
pro- or anti-inflammatory is oversimplified, as cytokines such as IL6
can exert both effects depending on the context (Scheller et al.,
2011). Cytokines signal via receptor binding of JAKs or other
tyrosine kinases, leading to intracellular signal cascade activation
predominantly involving molecules like STATs, Src-kinases, protein
phosphatases, and other signaling proteins such as Shc, Grb2, and
PI3K (Sino Biological, 2023).

1.3.1 The role of cytokines in MS

In the CNS, cytokines modulate neurodevelopment, synaptic trans-
mission, and neuronal signaling (Zipp et al., 2023). However, their

dysregulation can lead to neuronal inflammation, neurodegeneration,
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and demyelination. By producing pro-inflammatory and neurotoxic
factors, cytokines cause neuronal and glial cell damage, promote
immune cell infiltration across the BBB, thereby amplifying neuronal
injury and inflammation (Ramesh et al., 2013). Preclinical studies, par-
ticularly EAE models, have provided valuable information on cytokine
modulation. However, translating EAE findings into MS remains a
significant challenge. The limitations of preclinical models in capturing
the complexity of cytokine networks and the multifaceted pathogenesis
of MS contribute to discrepancies between experimental results and

clinical efficacy (Gobel et al., 2018).
IL6

IL6 is activated during systemic inflammation, regulating innate im-
munity by stimulating acute phase reactant synthesis and directing
leukocyte activation and trafficking (Akdis et al., 2011). In MS,
increased IL6 levels in both serum and CSF have been detected
(Stampanoni Bassi et al., 2020). IL6 compromises the BBB, facilitates
immune cell infiltration into the CNS, and exacerbates inflammation
by recruiting inflammatory cells, activating autoreactive T cells, and
promoting the production of pathogenic antibodies (Vazquez et al.,
2015). IL6 enhances the inflammatory Th17 cell differentiation, thus
stimulating the production of IL6, reactive oxygen species, and nitric
oxide by astrocytes, causing neuronal damage (Serizawa et al., 2021).

IL6 modulates B cell differentiation and antibody production through
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the JAK-STAT3, PI3K-Akt, and RAS-MAPK pathway. In support of
IL6 crucial role in MS pathogenesis, IL6-deficient mice are resistant to

develop MS similar symptoms in EAE models (Rothaug et al., 2016).

L1

IL12 is secreted by activated monocytes, macrophages, neutrophils,
microglia, DCs, and B cells (Akdis et al., 2011) and promotes Th1 cell
differentiation and NK cells activation. IL12 primarily signals through
the JAK - (STAT)4 pathway and plays a key role in EAE pathogenesis
(Comabella et al., 1998; Jee et al., 2001). Elevated serum levels
of IL12 are observed in patients with MS and correlate with disease
activity (Wang et al., 2018).
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TNFo

TNF« is found in active MS lesions and is elevated in the serum
and CSF, correlating with disease severity and progression (Gobel
et al., 2018). TNFa mediates neurotoxicity by promoting gluta-
mate production and inducing oligodendrocyte death in a calcium-
dependent manner (Ramesh et al., 2013). However, it also supports
remyelination. Preclinical studies showed that TNFR1 deficient mice
were partially resistant to EAE, suggesting a potential therapeutic
target. However, TNFa blockade in MS patients worsened the
disease, highlighting its dual role in both neuroinflammation and

remyelination (Gobel et al., 2018).
IFN~

IFN~ is a cell-signaling glycoprotein critical for innate and adap-
tive immunity. It is a potent activator of macrophages, enhancing
phagocytosis and NK cells to diminish infected target cells. INF~y
downregulates Th2 cell response and stimulates MHCII expression
and antigen presentation in cells. It also promotes class switching of
B cells to IgG3 and exerts synergistic effects of TNF on macrophages.
Often, IFN~ is associated with autoimmune diseases. IFN~ levels are
elevated during active MS, and IFN~ was detected in MS lesions. In
both EAE and MS, inflammation is strongly associated with the Th1
cell response, which produces IFN~. IFN~ activates the JAK signaling

pathway, which is mainly regulated through the STAT1 pathway (Wang
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et al., 2018). Studies showed that treatment with IFN~ can aggravate
the disease course of MS patients, on the other hand EAE studies
have suggested a potential beneficial role. IFN~ supports OL survival
and may reduce demyelination through ERK pathway modulation in
EAE (Lees and Cross, 2007).

CCL2 and CX3CL1

Cytokines with chemotactic activities are considered chemokines.
CCL2 is a chemotactic factor that draws monocytes and is associated
with the pathogenesis of diseases with monocytic infiltrates. CX3CL1
is a chemokine ligand of the fractalkine gene family that regulates en-
dothelium leukocyte adhesion and migration (Sino Biological, 2023).
In MS, the specific chemokine CCL2 mediates the recruitment of
inflammatory cells to CNS inflammation sites (Heglund, 2014). CCL2
is overexpressed in active and chronic MS lesions. Here, inflammatory
cells, predominantly astrocytes, secrete CCL2, leading to additional
microglial recruitment and activation. This, as well as inhibiting
mature OL production, results in enhanced demyelination. Studies
on CCL2 serum levels show inconsistent results, but mostly reduced
CCL2 levels in the CSF. This reduction is linked to radiologically
defined MS disease activity, suggesting that CCL2 plays a role in CNS
demyelination and contributes to neurodegeneration in MS (Mahad
and Ransohoff, 2003). Neuronal CX3CL1 modulates microglia-neuron

interactions, promoting survival, synaptic transmission, plasticity, and
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network maturation (Limatola and Ransohoff, 2014). It regulates
cytokine release from microglia, reducing pro-inflammatory mediators
like TNF, IL13, IL6, and nitric oxides, offering neuroprotection during
neuroinflammation. Additionally, CX3CL1 may influence neuroprotec-
tion or neurotoxicity by regulating microglial phagocytosis of neurons
(Limatola and Ransohoff, 2014).

1.4 FGFs and FGFRs

The FGFs that signal through FGFRs are ubiquitous in various cell
types (e.g., endothelial cells, fibroblasts, and immune cells like B, and
T cells). They play key roles in maintaining essential physiological
functions such as metabolic and tissue homeostasis, endocrine regu-
lation, development, and injury response (Nobuyuki ltoh and David M.
Ornitz, 2011; Ornitz and Itoh, 2015).

The FGF family consists of 23 members, which are structurally related
signaling proteins with diverse biological roles. These members
are classified into different subfamilies based on their function and
expression patterns. The subfamilies include iFGFs (e.g., FGF11,
FGF12, FGF13, and FGF14), hFGFs (e.g., FGF15, FGF21, and
FGF23) and cFGFs. Notably, FGF15 is absent in humans and its
functional human ortholog is FGF19 (ltoh and Ornitz, 2008).

FGFs function in intracrine, paracrine, and endocrine signaling. In

the paracrine and endocrine pathways, FGFs interact with heparan
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sulfate proteoglycans (HSPGs) on the cell surface, which facilitate
their interaction with FGFRs. These interactions mediate their sig-
naling effect on target cells. On the other hand, iIFGFs exhibit a
distinct mode of action, operating mostly independently of FGFRs.
They function intracellularly and diffuse directly after being produced.
This intracellular signaling pathway includes the binding of FGFs to
intracellular domains of voltage-gated sodium channels, particularly in
the nucleus, leading to distinct downstream effects compared to the
activation of FGFR mediated signaling on the cell surface, which fol-
lows a typical tyrosine kinase mechanism (Beenken and Mohammadi,
2009). Upon FGF binding, fibroblast growth factor receptors (FGFRs)
undergo dimerization, trans-/autophosphorylation, and subsequent
phosphorylation of key downstream molecules, including MAPK/ERK,
PIBK/Akt, PLC~/PKC, and STAT. While all FGFRs activate these
pathways, they do so with varying intensities (Brewer et al., 2016).

The four FGFRs (FGFR1 to FGFR4) mediate diverse functions
through FGF ligand binding. Each FGFR consists of extracellular,
transmembrane, and intracellular domains. The extracellular region
includes three immunoglobulin-like domains (D1-D3), where D2
and D3 primarily mediate FGF binding. Alternative splicing in the
Iglll domain generates two isoforms, Iglllb and Iglllc, which dictate
epithelial or mesenchymal ligand specificity. This splicing pattern
ensures that epithelial Iglllb isoforms bind mesenchyme-derived

FGFs (e.g., FGF7 and FGF10), while mesenchymal Iglllc isoforms
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interact with epithelium-derived FGFs (e.g., FGF2, FGF4 and FGF8).
FGF1 is the exception, activating both isoforms, facilitating broader
FGFR signaling. This selective binding mechanism is essential
for epithelial-mesenchymal interactions. The Igl domain and the
serine-rich acid box linking D1 and D2 play a key role in receptor
autoinhibition. The transmembrane domain connects the extracellular
region to the intracellular tyrosine kinase domains (TKI and TKII),
which contain the catalytic activity (Beenken and Mohammadi, 2009).
Dysregulated FGF signaling can contribute to pathological conditions
through gain and loss of functions of FGF ligands or FGFRs. For
example, pathological FGFR1 signaling through a gain-of-function
mutation has been identified in glioblastoma (Rand et al., 2005).
In craniosynostosis syndromes, kinase domain mutations of FGFR2
were found, and single nucleotide polymorphisms in FGFR2 are
known to play a role in BRCA2 mutation breast cancer (Beenken
and Mohammadi, 2009). Dysregulated FGF signaling is a pivotal
factor in disease development. Advances in molecular biology and
targeted therapy paved the way for innovative treatment strategies
aimed to restore normal FGF function. Further research into the
intricate mechanisms of FGF/FGFR dysregulation will be essential
for developing precision medicine approaches, ultimately improving

patient outcomes in conditions driven by aberrant FGF signaling.
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1.4.1 FGF/FGFR signaling pathway

The binding of FGF to the FGFR induces receptor dimerization, lead-
ing to cross-phosphorylation of the kinase domains, thus recruiting
downstream effector molecules and activating four key downstream
pathways (i.e., RAS-RAF-MAPK-ERK, PI3K-Akt, JAK-STAT and phos-
pholipase Cy (PLCy)). These FGF/FGFR1 signaling pathways pri-
marily regulate cell proliferation, differentiation, and migration. A key
component of this downstream signaling is the Akt pathway, which
plays a crucial role in controlling cell survival, cell differentiation in
size and growth, and modulating cell metabolism. Additionally, the
downstream effects of Akt signaling contribute to essential cellular
processes, including proliferation, tissue invasion, while also con-
tributing to neovascularization (Altomare and Testa, 2005). The ERK
signaling pathway also plays an important role in cell proliferation,
differentiation, migration, metabolism, growth, and survival. It is also
activated in response to cellular stress and DNA damage, particularly
during inflammatory responses. In the CNS, ERK signaling has a
fundamental impact on brain development, and alterations in this
pathway could lead to neuronal disabilities (cf. Section 1.4.2) (Lavoie
et al., 2020).

In FGF/FGFR signaling, several adapter proteins activate signal
transduction in the downstream pathway. FGFR substrate 2 (FRS2)

plays an essential function as a signaling transducer by binding the
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juxtamembrane region of the receptor. Phosphorylation of FRS2
enables the recruitment of SOS and Grb2, which together activate
the RAS-RAF-MAPK-ERK pathway. Simultaneously, the growth fac-
tor receptor-bound protein 1 (Grb1) - FRS2 complex initiates the
activation of the PI3K-Akt signaling pathway. Another significant
signaling mediator is PLCy, which hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglyc-
erol (DAG). This reaction triggers protein kinase C (PKC) activation
and intracellular calcium release. PKC then contributes to the RAS-
RAF-MAPK-ERK pathway activation through RAF phosphorylation.
On the other hand, the JAK pathway activates STAT, which then
undergoes dimerization and translocates to the nucleus, to modulate
gene expression (Babina and Turner, 2017). In line with their
involvement in cytokine-driven inflammation and immune responses,
JAK-mediated activation of STAT3, involved in regulating cell survival
and proliferation, can contribute to oncogenesis when dysregulated
(Babina and Turner, 2017; Yu et al., 2009). Ligand binding is a crucial
step in FGF signaling, and this process can be regulated by various
proteins that influence receptor internalization and signaling activity.
Some of these proteins act as negative regulators, modulating the
signaling pathways triggered by FGF ligands. For example, fibroblast
growth factor receptor-like 1 (FGFRL1) and similar expression to FGF
(SEF) are known to reduce the signaling output. Additionally, proteins

such as sprouty (SPRY), Casitas B-lineage lymphoma (CBL), and
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MAPK phosphatases (e.g., MKP1 and MKP3) regulate the intracellular
signaling cascades by deactivating key components, such as the
MAPK pathways. These regulatory mechanisms ensure a balance in
FGF-mediated signal transduction and prevent overactivation, which
is critical for maintaining cellular homeostasis and preventing patho-

logical conditions (Turner and Grose, 2010).

1.4.2 FGF/FGFR signaling in MS

FGFR signaling is a key regulator of CNS homeostasis, playing a
complex role in neuroinflammation, myelination, and tissue repair
(Klimaschewski and Claus, 2021). FGFRs are widely expressed in
the brain and spinal cord, with FGFR1 predominantly found in neurons
and astrocytes, while oligodendrocytes and microglia express higher
levels of FGFR2 and FGFR3 (M. Lee et al., 2011). Growing evidence
indicates that FGF/FGFR signaling contributes to MS pathogenesis
and its disease model EAE by influencing inflammatory responses and
myelination. Analyses of the brain tissue of MS patients revealed the
involvement of FGFs and FGFRs in the destruction of myelin sheaths
as well as in remyelination (Lindner et al., 2015). Upregulation of
FGF2, primarily expressed in astrocytes and macrophages/microglia,
correlates with cellular inflammation and demyelination. Enhanced
FGF2 expression was found in active lesions, where demyelination

occurs, and in the periphery of chronic lesions (Clemente et al.,
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2011). FGF2 is also known to play a beneficial role in intrinsic
repair processes by promoting the recruitment and proliferation of
OLs, thereby facilitating early stages of regeneration. However, in
later stages with prolonged activation, FGF2 interferes with their
differentiation, preventing them from maturing, negatively affecting
remyelination. Furthermore, higher levels of FGF2 were found in
the CSF of MS patients compared to a healthy control population,
and levels increased significantly during disease relapse (Clemente
et al., 2011; Rajendran, Béttiger, Stadelmann, et al., 2021; Sarchielli
et al., 2008). Therefore, a correlation between FGF2 expression and
disease severity might exist (Rajendran, Boéttiger, Stadelmann, et al.,
2021). Conditional deletion of FGFR1 and FGFR2 specifically in
oligodendrocytes has been shown to reduce myelination, a process
possibly linked to diminished ERK1/2-MAPK signaling (Furusho et al.,
2012; Ishii et al.,, 2014). Under normal physiological conditions,
FGFR2 appears to play a more significant role in myelination than
FGFR1. Key downstream signaling pathways, such as Akt, mech-
anistic target of rapamycin (mTOR), and ERK, contribute to the
regulation of myelin-related gene expression (Furusho et al., 2017). In
MOG3s_55-induced EAE, OL-specific deletion of FGFR1 and FGFR2
resulted in a less severe disease course, characterized by decreased
demyelination and axonal damage (Kamali et al., 2021; Rajendran,
Bottiger, Dentzien, et al., 2021; Rajendran et al., 2018). Furthermore,

immune cell infiltration into the spinal cord, specifically monocytes, T
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cells and B cells, was markedly reduced in these knockout models,
a finding that was similarly observed when pharmacological inhibition
of FGFR was applied in EAE (Gurski et al., 2025; Rajendran et al.,
2023).

These findings underscore the context-dependent nature of
FGF/FGFR signaling in neural repair and inflammation. The observed
reduction in B cell infiltration further emphasizes the role of FGFR
signaling in regulating B cell responses, suggesting a broader impact

on immune modulation and disease pathology.

1.4.3 Role of FGFs and FGFRs in B cells

FGFs and FGFRs play an important role in B cell development,
especially during early stages in the bone marrow (Moroni et al.,
2002). By interacting with FGFRs, FGFs promote the proliferation
and differentiation of B cell precursors, facilitating their progression
into mature B cells. Additionally, FGFRs help maintain the survival of
mature B cells and regulate their activity during immune responses
(Beenken and Mohammadi, 2009). Aberrations in FGF/FGFR signal-
ing have been found in numerous human diseases, including B cell
associated malignancies (e.g., CLL and multiple myeloma) (Ghosh
and Kay, 2013; Lahiry et al.,, 2010). Beyond hematologic cancers,
abnormal B cell activity has been observed in numerous solid tumors,

such as breast, colon, lung, prostate, ovarian cancer, and melanoma,
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where tumors are frequently infiltrated by high numbers of B cells
(Somasundaram et al., 2017). This connection suggests that FGFR
signaling may influence tumor progression and immune regulation
through effects on B cells. In neuroblastoma, high B cell infiltration has
been associated with the recruitment of other immune cells and the
activation of immune-related pathways, strongly correlated with tumor
prognosis (Schaafsma et al., 2021). Given the widespread expression
of FGFRs on B cells, dysregulated signaling may affect their prolifer-
ation, survival, and function, potentially contributing to oncogenesis
by influencing B cell behavior within the tumor microenvironment or
shaping a broader immune response.

FGF2 ligand mediated FGFR activation has been implicated in onco-
genic processes. In melanoma, tumor cells themselves secrete FGF2,
which in turn stimulates B cells to produce inflammatory cytokines,
promoting tumor heterogeneity and resistance to kinase inhibitors
FGF2 (Akl et al., 2016; Somasundaram et al., 2017). This suggests
that tumor-derived FGF2 plays a direct role in shaping the immune
microenvironment to support cancer progression. Given that FGFR
signaling influences immune responses across different tumor types,
similar mechanisms may be relevant in other malignancies where B
cell infiltration and FGFs contribute to disease pathology.

In pediatric B cell precursor acute lymphoblastic leukemia (BCP-ALL)
in vitro cell studies, FGF2 stimulation reduced the sensitivity of

leukemic cells to prednisolone therapy, indicating that FGF/FGFR
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signaling may contribute to treatment resistance. The resistance
was reversed by the FGFR inhibitor AZD4547, indicating a direct
role of the FGF2—FGFRS in glucocorticoid resistance (Jerchel et al.,
2019). Similarly, elevated vascular endothelial growth factor (VEGF)
and FGF2 levels in acute lymphoblastic leukemia (ALL) have been
associated with enhanced leukemic cell survival and treatment resis-
tance (Faderl et al., 2005). In chronic lymphocytic leukemia (CLL),
constituive activation of receptor tyrosine kinase (RTK) pathways,
including FGFRs, have been observed alongside elevated plasma
levels of FGF2. These signals appear to sustain leukemic B cell
survival as well as resistance to apoptosis (Ghosh and Kay, 2013).
Flow cytometric and western blot analyses of CLL B cells showed
low FGFR1, FGFR2, and FGFR4 expression levels, but FGFR3
expression was markedly elevated, suggesting it as a key driver
of downstream signaling cascades involving common intermediate
signaling molecules such as Src-kinases, PI3K, RAS/RAF, and PLCy,
which activate Akt, ERK, PKC, and STAT that promote cell viability and
resistance to cell death (Ghosh and Kay, 2013; Sinha et al., 2016).

Although these mechanisms are primarily characterized in cancer,
they point to the general potential of FGFR signaling to influence
B cell behavior. In the context of autoimmune diseases such as
MS, where B cells play a central immunomodulatory role, similar
signaling pathways may contribute to altered B cell function or survival.

However, the involvement of the FGF/FGFR axis in B cell-mediated
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immune regulation in MS remains largely unexplored. Advancing
our understanding of this pathway could uncover novel mechanisms
in B cell-driven diseases and identify new opportunities for targeted

therapies.

1.4.4 Therapeutic approaches of FGFR inhibition

Aberrant FGF/FGFR signaling has been implicated not only in various
cancers, but also in nonmalignant conditions, including immunological,
hematological, and vascular disorders. In this context, aberrant acti-
vation of the FGF/FGFR pathway can drive cell-autonomous behavior,
whereby cells maintain proliferation and survival independently of
external regulatory signals. This intrinsic, self-sustaining signaling
contributes to pathological conditions by enabling continuous growth,
resistance to apoptosis, and altered cellular functions (Dai et al., 2019;
Lahiry et al., 2010). Recognizing the central role of FGF/FGFR signal-
ing in disease has prompted the development of targeted therapeutic
strategies. Among these, small-molecule tyrosine kinase inhibitor
(TKI)s have shown particular promise.

These compounds target the catalytic activity of the cytplasmatic
kinase domain by binding the ATP-binding cleft. TKI therapies achieve
this by selectively targeting FGFR (selective TKI) or targeting several
growth factor receptors (multitargeting TKI). Another group of FGFR

inhibitors is known as antagonistic monoclonal antibodies (mAbs)
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or peptide inhibitors. They bind to the extracellular region of the
receptor, thereby inhibiting the interaction between FGF and FGFR
as well as preventing receptor dimerization. Another way to suppress
FGF/FGFR interaction is through FGF ligand traps that bind multiple
FGF ligands and receptors, thereby inhibiting signaling (Babina and
Turner, 2017; Chae et al., 2017).

Many novel treatments targeting FGFRs are currently being inves-
tigated in preclinical studies and several clinical trials for differ-
ent cancer types. For instance, erdafitinib has received approval
for the treatment of advanced urothelial carcinoma with susceptible
FGFR mutations or fusions, while pemigatinib and infigratinib are
approved for cholangiocarcinoma with FGFR2 fusions or rearrange-
ments (American Society of Clinical Oncology, 2023). Infigratinib,
AZD4547, and dovitinib are among the promising FGFR inhibitors,
currently under active investigation. Infigratinib, approved for cholan-
giocarcinoma with FGFR2 fusions, is also being explored for its
potential in treating recurrent glioblastoma and other solid tumors
driven by FGFR alterations (lvy Brain Tumor Center, 2024). AZD4547,
is undergoing evaluation in phase Il studies targeting tumors with
FGFR aberrations, including breast, urothelial, and cervical cancer
(Chae et al., 2020). Dovitinib, a multi-targeted kinase inhibitor, is
being tested in clinical trials for its efficacy in castration-resistant
prostate cancer and advanced urothelial carcinoma (Choi et al., 2018;
Milowsky et al., 2014).
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Knight et al. (2022) suggests that infigratinib and AZD4547 exhibit
promising characteristics for BBB penetration, which may enhance
their efficacy in treating brain tumors (Knight et al., 2022). Given
the evidence of CNS penetration, particularly in regions with BBB
disruption, it is reasonable to assume similar activity for all inhibitors
examined in this study. The following sections will discuss these

inhibitors in greater detail.

1.5 Selective and potent non-selective FGFR tyrosine kinase

inhibitors

1.5.1 Selective FGFR inhibitor - infigratinib

Infigratinib is a highly selective FGFR inhibitor of FGFR1, FGFR2,
FGFR3, and FGFR4 (Dai et al., 2019; Kang, 2021). Infigratinib
binds the ATP-binding cleft of the receptor and inhibits autophos-
phorylation and downstream signaling, resulting in decreased MAPK
activity. In vitro studies with hepatocellular carcinoma models showed
the selective potency of infigratinib inducing apoptosis and vessel
normalization in cells with increased FGFR2-3 expression (Botrus
et al., 2021). Also, infigratinib induced dose-dependent (1.4uM / L)
apoptosis and revealed antiproliferative/inhibitory effects against a
human leukemia cell line (KG-1 cells) by sufficiently downregulating

FGFR1, pAkt and phosphorylated p70 S6 kinase (pS6K) protein
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expression (Jiang et al.,, 2018). In addition to preclinical studies,
infigratinib showed promising antitumor effects in clinical trials, mostly
in solid tumors including FGFR2-fusion cholangiocarcinoma, and
FGFR3-altered urothelial carcinoma (Javle et al., 2021; Pal et al.,
2018). Further, ongoing research suggests that infigratinib has a
therapeutic potential beyond solid tumors. A study by Rajendran
et al. (2023) explored infigratinib’s immunomodulatory effects in EAE
and revealed that infigratinib treatment led to reduced clinical severity,
lowered CNS inflammatory infiltration, and decreased the proportion
of CD19" B cells in the spleen during the early phase of the
disease, suggesting a potential modulatory effect on peripheral B cells
(Rajendran et al., 2023).

1.5.2 FGFR inhibitor - AZD4547

AZDA4547 is a selective, orally available small-molecule inhibitor tar-
geting FGFR1-4 (Gavine et al., 2012). In recent literature, AZD4547
is also known as fexagratinib. For clarity and consistency, this thesis
uses the original development name, AZD4547, which was current at
the time the experiments were conducted and is retained to ensure
coherence and traceability. In vivo, AZD4547 inhibits proliferation
in different cell lines, and demonstrated strong antitumor effects in
preclinical models of tumors with abnormal FGFR signaling. AZD4547
inhibits FGFR downstream signaling, including the MAPK cascade
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(Gavine et al., 2012). It not only suppresses RAS—-MAPK signaling,
but also modulates the PI3K pathway, with some studies observing
mild upregulation of PI3K-associated gene products (Delpuech et al.,
2016). Further the inhibition of ERK, Akt, and S6 have been observed,
with selective increased STAT3 activation in responsive cell lines
(Phanhthilath et al., 2020).

In medulloblastoma cell lines, FGFR inhibition by AZD4547 decreased
proliferation and viability in a dose-dependent manner (between 5 uM
to 50 uM) (Lukoseviciute et al., 2020). Significant dose-dependent
tumor growth inhibition, and survival were also observed in in vitro and
in vivo studies of gastric cancer (Xie et al., 2013). Modest response
rates through application of AZD4547 have been observed in phase
lla trials of endocrine resistant breast cancer (Coombes et al., 2022).
Notebly, AZD4547 reduced the growth and proliferation of Erythrob-
lastic Leukemia Viral Oncogene Homolog 2 (ErbB2)-overexpressing
human breast cancer cells, and decreased the stem-like properties
of these cells, which are often associated with treatment resistance
(Zhao et al.,, 2017). Additionally Chae et al. (2017) demonstrated
that AZD4547 had modest efficacy in advanced cancers with FGFR
mutations or fusions. Most research on AZD4547 has focused on
various cancer cell lines, particularly in the context of tumors with
alterations in the FGFR pathway (Babina and Turner, 2017). However,
there is a lack of extensive studies investigating the direct impact

of AZD4547 on immune cells, including B cells, which could open
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new fields for therapeutic applications beyond oncology (Gurski et al.,
2025).

1.5.3 Multikinase inhibitor - dovitinib

Dovitinib is an oral multikinase inhibitor targeting several receptors
(e.g., FGFRs, VEGFRs, PDGFR-3, CSF-1R, c-Kit, RET, TrkA, and
FLT3). It has been extensively studied in various cancer cell lines
(Liu et al., 2021). For example in breast cancer studies, dovitinib
suppressed cell proliferation in FGFR1- and FGFR2-amplified cell
lines and decreased tumor growth in xenograft models with FGFR1
amplification (André et al., 2013). In endometrial cancer, dovitinib
exhibited significant growth-inhibitory effects, with the strongest impact
observed in cells with FGFR2 mutations. The treatment induced
apoptosis, associated with reduced phosphorylation of the ERK and
Akt signaling pathway (Konecny et al., 2013). In addition, in cellular
models of human colon and colorectal cancer, dovitinib further re-
duced the proliferation and expression of the downstream signaling
molecules pERK and pAkt (Gaur et al.,, 2014; C. K. Lee et al,,
2015). The interactive mechanisms of FGF/FGFR and VEGF/VEGFR
and, therefore, inhibiting both pathways simultaneously, revealed its
potential to improve treatment efficacy in preclinical cancer studies
(Liu et al.,, 2021). The inhibition of cellular functions, including

cellular proliferation and survival, by dovitinib previously observed
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in in vivo studies, are now transferred and used in anti-cancer
treatment. In preclinical and clinical phase /Il tumor studies, dovitinib
demonstrated antitumor activity in renal cell carcinoma, gastric can-
cer, prostate cancer, hepatocellular carcinoma, squamosa cell lung
cancer, endometrial cancer, and breast cancer (Babina and Turner,
2017; Fumarola et al., 2017). These studies highlight dovitinib as a
promising therapeutic agent across various cancer types, yet further
investigation into its mechanisms and clinical applications is needed
(Porta et al., 2015).
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2 Aims

Recent studies indicate that FGF signaling pathways contribute to
the pathogenesis of MS and its disease models, such as EAE, as
explained in Section 1.4.2. Using a conditional knockout technique,
the Experimental Neuroimmunology Group led by Prof. Dr. med.
Martin Berghoff at Justus-Liebig-University Giessen - where this thesis
was later conducted - found that the deletion of FGFR in OLs resulted
in a less severe disease course, reduced inflammation, myelin loss,
and axon degeneration. Notably, within demyelinating lesions, the
number of T and B cells was downregulated (Rajendran et al., 2018,
Kamali et al., 2021). Complementary pharmacological studies further
showed strong anti-inflammatory effects in infigratinib-treated animals.
These findings suggest that immunomodulatory mechanisms may
occur early during disease onset and treatment, likely within the
peripheral immune system (Rajendran et al., 2023 ).

Building on these findings, | hypothesized in this in vitro study, that
pharmacological inhibition of FGFR would modulate FGF signaling
pathways in B cells, leading to alterations in their proliferation and
functional responses. To investigate this, | characterized the effects
of three different tyrosine kinase inhibitors - AZD4547, infigratinib,
and dovitinib - on FGFR signaling pathways in human BL2 cells.

| analyzed their impact on FGFR1/2 expression, key downstream
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signaling molecules such as pERK and pAkt, and cytokine production,
with the aim of elucidating how FGF/FGFR signaling modulates B cell
function. Given the established role of FGF/FGFR signaling in both
immune regulation and myelin pathology, investigating its inhibition in
immune cells, particularly B cells, is highly relevant to advance the
understanding of MS pathophysiology and to identify novel targets for
future immunomodulatory therapies.

To address this, the in vitro study was designed with the following

specific aims:

» Evaluate FGFR1 and FGFR2 expression and its downstream
signals (i.e., pERK and pAkt) in BL2 cells after selective FGFR

or multikinase inhibition.

* Assess in vitro BL2 cell proliferation and cytotoxicity under

selective FGFR or multikinase inhibition.

* Investigate the modulation of cytokines by selective FGFR or
multikinase inhibition in in vitro BL2 cells, to better understand

how B cells might contribute to inflammatory processes.
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3 Materials and Methods

3.1 Cell line

The human Burkitt lymphoma cell line used in this study was derived

in 1979 from the bone marrow of a 7-year-old boy diagnosed with

nonendemic Burkitt lymphoma (DSMZ, 2025). In particular, these BL2

cells are EBV negative. The cells are small and exhibit a round to

irregular shape, growing in suspension with an approximate rate of

cell growth doubling time of 24 hours. These BL2 cells exhibit a MYC-
immunglobuline light chain (MYC-IGL) gene fusion (DSMZ, 2025). In

BTK studies, which are of growing interest for modulating B cell activity

in MS, human Burkitt lymphoma cell lines were successfully used (Chu

et al., 2018; Jeong et al., 2023). Thus, highliting the value of BL2 cells

for evaluating the effects of tyrosine kinase inhibitors.

Table 2: Cell line.

Cell line

Provider

BL-2 (human Burkitt lymphoma cells)

DSMZ-German Collection of Microorgan-

isms and Cell Culture GmbH
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3.2 Materials

The tables 3-13 listed below summarize all the resources utilized
in this study. All primers (Tab. 8) were purchased from Eurofins

Genomics, Ebersberg, Germany.

Table 3: Primary antibodies.

Name Species | Reactivity | Mol. Method | Article Manu-
weight Nr. facturer
[kDa]

GAPDH | Mouse H, M, R 37 WB Sc- Santa
(G-9) 365062 Cruz
Biotech-
nology,
Pasco
Robles,
CA, USA

FGFR1 Mouse H, M, R 48-140 | WB Sc- Santa
(Flg 57132 Cruz
M2F12) Biotech-
nology,
Pasco
Robles,
CA, USA

Continued on next page
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Table 3 — continued from previous page

Name

Species

Reactivity

Mol.
weight
[kDa]

Method

Article
Nr.

Manu-

facturer

FGFR1

Rabbit

H, M, R

118

ab58516

Abcam,
Cam-
bridge,
UK

FGFR2
(Bek
C-8)

Mouse

H, M, R

110/120,
50

WB

Sc-6930

Santa
Cruz
Biotech-
nology,
Pasco
Robles,
CA, USA

FGFR2

Rabbit

H, M, R

145

Ab109372

Abcam,
Cam-
bridge,
UK

Phospho-
p44/42
MAPK
(Erk1/2)

Rabbit

H, M, R

44/42

WB, IF

#4370s

Cell Sig-
naling
Tech-
nology,
Danvers,
MA, USA

Continued on next page
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Table 3 — continued from previous page

Name

Species

Reactivity

Mol.
weight
[kDa]

Method

Article
Nr.

Manu-

facturer

Phospho-
Akt
(Ser473)

Rabbit

H, M, R

60

WB, IF

#4060s

Cell Sig-
naling
Tech-
nology,
Danvers,
MA, USA

TNF-a
(D5G9)

Rabbit

18/25

WB

#6945

Cell Sig-
naling
Tech-
nology,
Danvers,
MA, USA

IFN-y
(XMG1.2)

Rat

16

WB

MM700

Invitrogen,
Carls-
bad, CA,
USA

IL-6
(D3K2N)

Rabbit

21/28

WB

#12153

Cell Sig-
naling
Tech-
nology,
Danvers,
MA, USA

Continued on next page
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Table 3 — continued from previous page

Name

Species

Reactivity

Mol.
weight
[kDa]

Method

Article
Nr.

Manu-

facturer

IL-12A

Rabbit

H, M, R

35

WB

ab133751

Abcam,
Cam-
bridge,
UK

MCP-1
(CCL2)

Rabbit

13-15

WB

#2027

Cell Sig-
naling
Tech-
nology,
Danvers,
MA, USA

CX3CL1

Rabbit

H, M, R

95/100

WB

ab25088

Abcam,
Cam-
bridge,
UK
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Table 4: Secondary antibodies.

Name Method | Article Nr. | Manufacturer
Anti-mouse IgG HRP-linked | WB #7076 Cell Signaling Technol-
ogy, Danvers, MA, USA
Anti-rabbit IgG HRP-linked WB #7074 Cell Signaling Technol-
ogy, Danvers, MA, USA
Anti-rat IgG HRP-linked WB #7077s Cell Signaling Technol-
ogy, Danvers, MA, USA
Alexa Fluor 488 F(ab’)2 | IF #400884 Invitrogen, Carlsbad, CA,
fragment of goat anti-rabbit USA
IgG (H+L)
Table 5: Ladders for western blot.
Marker Article Nr. | Manufacturer
PageRuler™ Prestained , N
#26616 Thermo Fisher Scientific, IL, USA

Protein Ladder

PageRuler™ Plus Prestained

Protein Ladder

#26619

Thermo Scientific, IL, USA
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Table 6: Kits.

Pico PLUS Chemi-
luminescent Sub-

strate

Rockford, USA

Kit Manufacturer Article Nr. Method
BCA Protein Assay | Thermo Scientific, | 23227 Protein
Kit Rockford, USA quantification
Cell  Proliferation | Roche Applied Sci- | 11644807001 | Proliferation assay
Reagent WST-1 ence, Mannheim,
DE
Cytotoxicity Detec- | Roche Applied Sci- | 11644793001 | Cytotoxicity assay
tion Kit (LDH) ence, Mannheim,
DE
iTaq Universal | Bio-Rad, CA, USA | 1725124 PCR
SYBR Green
gPCR Supermix
QuantiTect Qiagen GmbH, | 205313 Reverse
Reverse Hilden, DE transcription
Transcription
Kit
RNeasy Mini Kit | Qiagen GmbH, | 74104 RNA isolation
(50) Hilden, DE
SuperSignal West | Thermo Scientific, | 34580 Western blot
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Table 7: Buffers.

Buffer Components Volume
1x SDS-PAGE Running | Rotiphorese 10x running | 100ml, 900ml
Buffer buffer, H,O
10x PBS (1L) pH 7.4 137mM NaCl, 2mM | 80g, 2.4g, 2g,
KH2POQOy, 2.7mM  KCI, | 14.4g, 1000ml
10mM NagHPO4, HQO
10x TBS (1L)pH 7.2t0 7.6 Tris, NaCl, H.O 24.29, 87.79,
1000ml
1x TBS-Tween (TBST) (1L) | 1xTBS, 0.1% Tween20 1000ml, 1ml
washing buffer
Lysis buffer (250ml) pH 7.4 NaCl, Tris, EDTA, Glycerol, | 2.19g, 0.61g,
NP40, NaN3 0.079, 25ml,
2.5ml, 0.025¢g
6x SDS-PAGE loading buffer | 60mM Tris-HCI (pH 6.8), 2% | 36ml, 60ml,
SDS, 0.01% Bromophenol | 60mg, 60ml,

blue, 10% Glycerol, ddH,0,

B3-Mercaptoethanol

144ml, 65uL/ml

SDS-PAGE Transfer buffer | Rotiphorese 10x running | 100ml, 200ml,
(1L) Buffer, Methanol, ddH.O 700ml
Blocking buffer for WB (5% | BSA fraction V, TBST 5g, 100ml

BSA), Bovine Serum Albu-

min

Continued on next page
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Table 7 — continued from previous page

Buffer Components Volume

Blocking buffer for IF (5% | BSA fraction V, PBS 5g, 100ml
BSA), Bovine Serum Albu-

min

10x Trypsin EDTA 10x Trypsin, ddH,O 1g, 10ml

10% Ammonium Persulfate | APS, ddH,O 1g, 10ml

(APS)

10% Sodiumdodecylsulfate | SDS, ddH,O 1g, 10ml

(SDS)
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Table 8: Primers sequences for the genes of interest.

Gene 5’ — 3’ Sequence

Hu GAPDH Forward ACAACTTTGGTATCGTGGAAGG

Reverse GCCATCACGCCACAGTTTC

Hu FGFR1 Forward CCAAAGACGGTCGTTTAGTGG

Reverse ACAGCCAAAGTAAAGTCAAGGTT

Hu FGFR2 Forward ACAGTTTCGGCTGAGTCCAG

Reverse GGTGTCTGCCGTTGAAGAGA

Hu IL13 Forward ATGATGGCTTATTACAGTGGCAA

Reverse GTCGGAGATTCGTAGCTGGA

Hu IL6 Forward ACTCACCTCTTCAGAACGAATTG

Reverse CCATCTTTGGAAGGTTCAGGTTG

Hu IL12A Forward CCTTGCACTTCTGAAGAGATTGA

Reverse ACAGGGCCATCATAAAAGAGGT

Hu IL21 Forward GGCAAGACCAGTATGAAGAGC

Reverse TGACACTGAAAATGTCGTCGG

Hu CX3CL1 Forward ACCACGGTGTGACGAAATG

Reverse TGTTGATAGTGGATGAGCAAAGC

Hu CCL2 Forward GCAATCAATGCCCCAGTCAC

Reverse GACACTTGCTGCTGGTGATTC

Hu IFN~y Forward TCGGTAACTGACTTGAATGTCCA

Reverse TCGCTTCCCTGTTTTAGCTGC

Hu TNFa Forward GAGACAGATGTGGGGTGTGAG

Reverse AGCTGTCATATTTCCCGCTC
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Table 9: Treatments used for experiments. AZD4547 refers to the compound
now known as fexagratinib.

Compounds

Name

Company

Cat. No.

Treatment

Concentration

AZD4547

ABSK 091

Selleck
Chemicals,
TX, USA

52801

1uM

Infigratinib

NVP-BGJ398

Selleck
Chemicals,
TX, USA

S2183

1uM

Dovitinib

TKI-258

Selleck
Chemicals,
TX, USA

S1018

1uM

FGF2

FGF basic/bFGF

R&D
Systems,
MN, USA

233-FB

25ng/mL

DMSO

Dimethylsulfoxide

Carl Roth,
Karlsruhe,
DE

A994 1

1 ng/mL
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Table 10: Chemicals used in the experiments.

Compound

Manufacturer

10x PBS for cell culture (DPBS)

PAN Biotech, Aidenbach, DE (Art.-Nr.
P04-53500)

2-Mercaptoethanol

Sigma-Aldrich, Taufkirchen, DE

2-Propanol

Sigma-Aldrich, Taufkirchen, DE

Albumin Fraktion V

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
8076.3)

Ammonium persulphate (APS)

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
95923)

Aqua Resist

VWR International, Radnor, USA (Cat.-
No. 462-7000)

Blot Stripping Buffer (Restore PLUS

Western)

Thermo Scientific, Rockford, USA (Art.-
Nr. 46430)

Bovine Serum Albumin (BSA)

Capricorn Scientific, Ebsdorfergrund, DE
(Cat.-No. BSA-1T)

DAPI staining solution

Carl Roth, Karlsruhe, DE

Dimethylsulfoxid (DMSO)

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
A994.1)

DNase free H.O

Millipore, Burlington, USA

Ethanol (100%)

Otto Fischer GmbH, Saarbriicken, DE

Continued on next page
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Table 10 — continued from previous page

Compound

Manufacturer

Ethanol absolute (>99.8%)

Merck KGaA, Darmstadt, DE (M 32205-
11-M)

Fetal Bovine Serum (FBS)

Gibco, Invitrogen, Carlsbad, USA (Art.-
Nr. 10270-106)

Fluorescence Mounting Medium

DAKO Agilent, CA, USA

Glycerol Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
3783.1)

Glycin Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
3790.2)

Glycerin Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
3783.1)

Methanol Merck, Darmstadt, DE

Nonfat Dry Milk

Cell Signaling Technology, Danvers, MA,
USA (9999S)

Nail Polish

Flormar, Turkey

Paraformaldehyde (PFA)

Sigma Aldrich, Taufkirchen, DE

Penicillin  Streptomycin as medium

supplement

Gibco, Invitrogen, Carlsbad, USA (Art.-
Nr. 15070-063)

Prolong Gold Antifade Reagent

mounting medium for IF

Cell Signaling Technology, MA, USA

Protease/Phosphatase Inhibitor

cocktail

Roche, Mannheim, DE

Continued on next page
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Table 10 — continued from previous page

Compound

Manufacturer

RNAse free H,O

Millipore, CA, USA

Rotiphorese  Gel (30%  acryl-

bisacrylamide mix)

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
3029.1)

Rotiphorese 10x SDS-PAGE

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
3060.2)

Roti-Load 1

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
K929.2)

RPMI Medium 1640 (1x)

Gibco, Invitrogen, Carlsbad, USA (Art.-
Nr. 21875-034)

Stacking Gel Buffer pH 6.3

Bio Rad, Munich, DE

Sodium chloride (NaCl)

Carl Roth GmbH, Karlsruhe, DE

Sodiumdodecylsulfate (SDS)

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
2326.4)

Tetramethylethylendiamin (TMEDA)

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
2367.3)

Tris HCI

Carl Roth GmbH, Karlsruhe, DE (Art.-Nr.
9090.3)

Tris HCI buffer, pH 8.8 (Resolving Gel
Buffer)

Bio Rad, Munich, DE

Tris/Glycine/SDS Buffer 10x

Bio Rad, Munich, DE

Trishydroxymethylaminomethan (Tris)

Carl Roth GmbH, Karlsruhe, DE

Triton X-100 solution

Sigma-Aldrich, Steinheim, DE

Continued on next page
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Table 10 — continued from previous page

Compound

Manufacturer

Trypan Blue

Carl Roth GmbH, Karlsruhe, DE

Trypsin-EDTA 0.5% (10x)

Gibco, Invitrogen, Carlsbad, USA

Tween 20

Merck KGaA, Darmstadt, DE

Non-fat dry milk

Cell Signaling Technology, Danvers, USA

Restore PLUS western blot Stripping
Buffer

Thermo Scientific, Rockford, USA

Table 11: Laboratory consumables.

Consumables

Manufacturer

Cellstar 6-well, 12-well and 96-well
Cell Culture Plate

GreinerBioOne, Frickenhausen, DE

Cellstar U-shape with Lid, TC-Plate,

96-wells, sterile

GreinerBioOne, Frickenhausen, DE

Cellstar
10mL, 25mL)

Plastikpipettes ~ (5mL,

GreinerBioOne, Frickenhausen, DE

Cellstar cell culture flasks (25cm?,
75cm?)

GreinerBioOne, Frickenhausen, DE

Cellstar sterile glass pipettes (5 mL,
10mL, 25mL)

GreinerBioOne, Frickenhausen, DE

Combs for SDS gels

BioRad, Munich, DE

Micro Centrifuge tube

Nerbe plus GmbH, Winsen, DE

Continued on next page
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Table 11 — continued from previous page

Consumables

Manufacturer

Micro Amp Fast Reaction Tubes

Applied Biosystems, Darmstadt, DE

Micro Amp 8-Cap

Applied Biosystems, Darmstadt, DE

Cryobox

Ratiolab GmbH, Dreieich, DE

Cryo Tube TM vials (1.8 mL, 4.5mL)

Sarstedt AG & Co, Niimbrecht, DE

Coverslips
thick)

(24x36mm, 0.13-0.16

R. Langenbrinck GmbH, Emmendingen,
DE

Falcon tubes (15mL, 50 mL)

GreinerBioOne, Frickenhausen, DE

Glass Pasteur pipettes (150 mm)

Brand, Wertheim, DE

Ministart Syringe Filter (0.2 um)

Sartorius Stedim Biotech GmbH, Géttin-
gen, DE

Micro tube (1.5mL)

SARSTED AG & Co., Nirnbrecht, DE;
Nerbe plus GmbH, Winsen, DE

Pipette tips sterile (10puL, 20pL,
100 L, 200 pL)

Nerbe plus GmbH, Winsen, DE

Filter paper for transblotting

BioRad, Munich, DE

Pipette tips

100 pL, 200 pL, 1000 pL)

(nonsterile) (10 pL,

SARSTED AG & Co., Nirnbrecht, DE

Eppendorf tubes (1.5mL, 2mL)

Eppendorf Vertrieb Deutschland GmbH,
Wesseling-Berzdorf, DE

Glass plates for SDS gels

BioRad, Munich, DE

Glasswares (different sorts)

Schott AG, Mainz, DE; VITLAB, Grossos-
theim, DE

Continued on next page
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Table 11 — continued from previous page

Consumables

Manufacturer

AmershamTM ProtranTM Nitrocel-

lulose blotting membrane (0.2 um)

GE Healthcare, Buckinghamshire, UK

Microscope Slides

R.Langenbrinck GmbH, Emmendingen,
DE

MicroAmp®Fast Reaction Tubes

Applied Biosystems, Darmstadt, DE

MicroAmp®Optical Cap Strips

Applied Biosystems, Darmstadt, DE

Table 12: Chemicals used in the experiments.

Instrument

Manufacturer

Axioplan 2 Fluorescence Microscope

Carl Zeiss, Jena, DE

Multiscan EX (ELISA-Reader)

Thermo Electron Corporation,

Langenselbold, DE

Casting frame SDS gels

BioRad, Munich, DE

Cell culture cabinet

NuAire, Plymouth, USA

Centrifuge Universal 32 R

Hettich GmbH, Tuttlingen, DE

Centrifuge cell culture

Sigma, Osterode am Harz, DE

Centrifuge Universal (cooling)

Hettich, Tuttlingen, DE

Consort EV231

Electrophoresis

Power Supply for

Sigma-Aldrich, Steinheim, DE

Microscope for cell culture

A. KRUSS Optic GmbH, Hamburg, DE

Continued on next page
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Table 12 — continued from previous page

Instrument

Manufacturer

Mini-Protean Tetra Cell for SDS-
PAGE

BioRad, Munich, DE

Magnetic stirrer

IKA Werke GmbH, Staufen, DE

Nanophotometer

Implen GmbH, Munich, DE

pH-Meter (HANNA)

Merck KGaA, Darmstadt, DE

Pipette boy Integra Biosciences GmbH, Fernwald,
DE
Pipette different types BIOHIT Proline Plus, Merck KGaA,

Darmstadt, DE; Eppendorf, Hamburg,
DE

Refrigerators and freezers (+4°C, -
20°C, -80°C)

Different companies

SANYO Incubator for cell culture

Ewald Innovationstechnik GmbH, Bad
Nenndorf, DE

Scale (New Classic MS)

Mettler Toledo, Gie3en, DE

StepOne Real-Time PCR System

Applied Biosystems, Darmstadt, DE

Vortexer Vortex-Genie2

Heidolph Instruments GmbH & Co. KG,
Schwabach, DE

Water bath

Memmert GmbH & Co. KG, DE

Western blotting system

BioRad, Munich, DE

Thermomixer (1.5 mL)

Eppendorf Vertrieb Deutschland GmbH,
Wesseling-Berzdorf, DE

Continued on next page
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Table 12 — continued from previous page

Instrument

Manufacturer

Trans-Blot SD (Semi-Dry Transfer
Gel)

BioRad, Munich, DE

ECL Chemocam Imager

Intas-Science-Imaging Instruments
GmbH, Géttingen, DE

Rotating mixer RM5

Assistant, Sondheim vor der Rhén, DE

Feather Disposable Scalpel

Feather, Osaka, JPN

Neubauer Improved Chamber

Karl Hecht “Assistant”, Althau TG, CH

Secure work bench

NUAIRE Integra Biosciences, Fernwald,
DE

PCR & gPCR Thermocycler

Biometra Bioscience, Analytik Jena
GmbH, Jena, DE

Micro Amp 48-Well Base

Applied Biosystems, Darmstadt, DE

Thermocycler MyCycler

BioRad, Munich, DE
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Table 13: Software used for analysis and imaging.

Software Manufacturer

ChemoStar Imager (0.4.18.0, 2016) Intas-Science-Imaging Instruments
GmbH, Géttingen, DE

MacOS Apple Inc., USA

Microsoft Office 2018 Microsoft Corporation, USA
SigmaPlot 10 software Systat, San Jose, CA, USA
Image J software (Imaged 1.52a) National Institute of Health, USA

StepOne RealTime PCR Software v2.1 | Applied Biosystems, Darmstadt, DE

Graph Pad Prism Software Version 9 GraphPad Software, Inc., CA, USA

ZEN software for microscope (Zen 2.3) | ZEISS, Jena, DE

3.3 Methods

3.3.1 BL2 cell culture

The human Burkitt lymphoma cells (BL2), provided by the Leibniz
Institute DSMZ (DSMZ-German Collection of Microorganisms and
Cell Cultures GmbH, Braunschweig, DE), were cultured in suspen-
sion. The growth medium consisted of 80% Rosewell Park Memorial
Institute (RPMI-1640) (Gibco, Invitrogen, Carlsbad, USA) medium
supplemented with 20% Fetal Bovine Serum (FBS) (Gibco, Invitrogen,
Carlsbad, USA) and 1% penicillin / streptomycin (Gibco, Invitrogen,

Carlsbad, USA). Cells were seeded in 12-15 ml of growth medium
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in T75 flasks at a concentration of 0.5 x 108 cells / mL. They were
maintained at 0.5cells to 2 x 108cells / mL, growing at 37 °C in
an incubator in a controlled atmosphere, with 95% humidity and
5% CO,. At maximum confluency of 80%, cells were sub-cultured
and resuspended in fresh prewarmed growth medium or used for

experimental treatments.

Thawing and freezing BL2 cells

Cells were stored at -80°C in 2 ml cryotubes and thawed at room tem-
perature. When thawed, the freezing medium was diluted with growth
medium and centrifuged (4 min at 12000 rpm). The supernatant
was then removed, and the spare pallet was gently resuspended in
1 ml of prewarmed growth medium for cell count. Subsequently, the
resuspended cells were added to a 15 ml prewarmed growth medium
in appropriate cell culture flasks. Thawed cells were divided at least
two times before they were used in experiments. For freezing, cells
were collected from the flasks and centrifuged (4 min at 12000 rpm).
The cell pellet was dissolved in a 1.5 ml freezing medium and added
to cryotubes. This freezing medium contained 20% FBS RPMI and
10% DMSO to prevent cell damage while cells were stored at -80°C

or in liquid nitrogen.

Cell counting of BL2 cells

Cells were observed daily for quality control under the microscope

and counted. Notably, the Neubauer improved chamber is suitable
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for counting cultivated cells and was used regularly to determine
the general growth parameters of the BL2 cells. The cell count
was performed to ensure predetermined cell concentrations for all
experiments.  Cell counting with this method used 10uL of cell
suspension mixed with 10 L Trypan Blue. This compound helps
distinguish dead cells from living cells because, in contrast to viable
cells, dead cells with damaged membranes absorb the dye. The
four corner squares were used to count the viable cells, following the
scheme in Figure 7. The mean value of the cell count in all four large
squares was multiplied by 10* to determine the cell concentration per
milliliter. The value of the cell concentration per milliliter was then
multiplied by the dilution factor to estimate the total number of viable

cells in the volume of suspension (Gstraunthaler and Lindl, 2021).
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Figure 7: Cell viability assay conducted using the Trypan Blue exclusion
method and cell counting with a Neubauer improved counting chamber.
The Trypan Blue exclusion assay, steps 1 through 3 were followed for
assessing cell viability. Cell counting was performed under a microscope,
distinguishing between stained dead cells and unstained viable cells. Viable
cells within the large square of the Neubauer improved counting chamber
were counted according to the illustrated orientation diagram. Image created
with BioRender (biorender.com).

3.3.2 Experimental treatment of BL2 cells

For each experiments described in the paragraphs below, groups of
cells were subjected to five different treatments: addition of AZD4547
(1M now known as fexagratinib; Selleck Chemicals, TX, USA),
addition of infigratinib (1 uM; Selleck Chemicals, Houston, TX, USA),
addition of dovitinib (1 uM; Selleck Chemicals, TX, USA), addition of
FGF2 (25ng/mL; R&D Systems, Minneapolis, MN, USA), addition
of DMSO (1ng/ml; Carl Roth, Karlsruhe, DE) or no added chemical
compound to serve as a control (Tab. 14).
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Table 14: The experimental treatment group setup.

Control AZD4547 | Infigratinib | Dovitinib FGF2 DMSO

No treatment 1uM 1uM 1uM 25ng/mL 1uM

All results and interpretations presented under the name AZD4547
refer to the compound now commanly known as fexagratinib, since
the name AZD4547 was commonly used at the time this study was
initiated and is consistently applied throughout the experimental setup
and data analysis, the original designation is retained for clarity and
consistency. Until use, AZD4547, infigratinib, dovitinib, and FGF2
were dissolved in 1% BSA in DPBS (Biotech, Aidenbach, DE). All
compounds were added to RPMI growth medium at a concentration
of 1 uM (AZD4547, Infigratinib, Dovitinib) and 25ng / mL (FGF2) and
incubated for 24 hours. Later, an appropriate number of cells was used
for each experiment and for further analysis. All experiments were
performed three times and the following treatment setup was used in
triplicates (Tab. 14). Figure 8 illustrates the experimental treatment

procedure for BL2 cells used in this study.
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Figure 8: Simplified illustration of the experimental treatment procedure
for BL2 cells. The schematic outlines the workflow used to treat BL2
cells with various compounds. Exponentially growing BL2 cells were
collected by centrifugation, the supernatant was removed, and the pellet was
resuspended to reach a defined cell concentration. This suspension was
transferred into flasks pre-filled with growth medium containing treatment
compounds at concentrations exceeding the final desired level. Mixing the
cell suspension with this medium resulted in dilution of the compounds to the
target concentration. Following 24 hours of incubation, cells were harvested
for analyses of protein, RNA and immunoflouresence. Image created with
BioRender (biorender.com).

3.3.3 Cell proliferation assay

In this study, a photometric evaluation was conducted to analyze the
number of active metabolic cells in the cell culture under the different
experimental treatments. A WST-1 (water-soluble tetrazolium salt-
1) assay (Roche Applied Science, Mannheim, Germany) provides

a method to detect induction and inhibition of cell proliferation in
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vitro. The assay is based on the reduction of tetrazolium salt WST-
1 to solvable formazan by mitochondrial conversion. Dependent on
enzyme activity, different absorbance spectrums in ELISA reading are
detected and correlated with the number of viable cells in each well
(Roche, Cell Proliferation Reagent WST-1). The cells were seeded
in a 96-well plate (CELLSTAR, Greiner Bio-One, Frickenhausen,
Germany) at a density of 5 x 10* cells per well. For each experimental
group, treatments were performed in technical triplicates (three wells
per group) across all three independent experiments. The treatments
were applied as described in Section 3.3.2. After 24 hours of
incubation with the indicated substances, 10puL of the WST-1 cell
proliferation reagent was added to each well to obtain a final volume
of 100 uL/well. Wells were incubated for 4 hours in a humidified
atmosphere (37°C, 5% CO,). Then the wellplate was shaken for
1 min, and the absorbance was measured against a blank as a
background control, using a microplate ELISA-Reader (Multiscan EX,
Thermo Fisher Scientific, Langenselbold, Germany) at 450 nm and
the reference wavelength of 620 nm. The relative proliferation was
calculated according to the protocol provided in the manufacturer’s
datasheet for the cell proliferation reagent WST-1 (Roche, content
version: Cell Proliferation Reagent WST-1, content version: Feb.
2011).
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3.3.4 Cytotoxicity assay

The “Cytotoxicity Detection Kit (LDH)” assay from Roche Diagnos-
tics (Mannheim, Germany) was performed to examine the possible
cytotoxic effects of the different treatment compounds. This method
measures the lactate dehydrogenase (LDH) released into the super-
natant by damaged cells after treatment. LDH is considered to be
a stable cytoplasmic enzyme in all cell types. nicotinamide adenine
dinucleotide (NADH) produced by the reversible reaction of Pyruvate
to Lactate catalyzed by LDH can be used for the conversion of
yellow-colored tetrazolium salt INT (2-[4-iodophenyl]-3-[4-nitrophenyl]-
5-phenyltetrazolium) to the red colored water-soluble formazan salt.
This can be measured by absorbance at 492 nm since only formazan
shows significant absorption at this wavelength. The measured
absorbance is directly proportional to the amount of LDH in the
supernatant of the cell culture. Because LDH is rapidly released when
the plasma membrane is damaged, the LDH level directly correlates
with the number of damaged cells and the number of cells undergoing
apoptosis and necrosis and can, therefore, indicate the cytotoxic
effects on BL2 cells (Kumar et al., 2018). To perform this assay, the
cells were seeded in a 96-well U-bottom plate at a concentration of
2 x 108 cells / mL and treated for 24 hours, as described in Section
3.3.2. Each well contains a final volume of 100 uL per well and a

concentration of 1 x 10*cells per well. Cell suspension with Triton
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X100, which results in high cell lysis, was used as a high control,
while a cell-free suspension served as blank. Following incubation,
the plate was centrifuged for 10 min. Ensuring strict conservation of
cell debris, only the supernatant was carefully transferred to a flat-
bottom tissue culture plate and 85 uL of LDH reagent was added to
each well. The plate was then kept at room temperature for 20 min,
protected from light. The absorbance was measured at 492 nm and
620 nm as a background control, using an ELISA-Reader (Multiscan
EX) to calculate cytotoxicity according to the manufacturer’s protocol

(Roche Diagnostics, Cytotoxicity Detection Kit, version 7 March 2016).

3.3.5 Protein biochemistry

Protein extraction and quantification

Prior to protein extraction, all cells (>5 x 10 cells per group) were
treated for 24 hours in T-75 flasks at 37°C as described in Section
3.3.2. Medium removal and a washing step with PBS by centrifugation
was (4 min at 1200 rpm) performed. Once PBS was removed, 500 uL
of lysis buffer was added and mixed gently with the cell pellet. After
30 min of incubation on ice, cells were again centrifuged at 14000 rpm
for 30 min at 4°C, and the supernatant was collected. The supernatant
was used for protein quantification. The protein concentrations of the
cell lysate were quantified using a nanophotometer (IMPLEN GmbH,

Munich, Germany) according to the manufacturer’s instructions. The
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protein level for each sample was normalized (2 ug/uL) and stored at
-20°C until further use.

SDS-PAGE and western blot

Western blot is a laboratory technique for the special identification
and characterization of proteins. Proteins are separated by their
molecular weight through sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). Next, the separated proteins are elec-
trophoretically transferred to a nitrocellulose membrane. This process
is described as transblotting. The membrane is then incubated with
a specific primary antibody, binding the protein of interest. After
the application of the secondary antibody, which binds the primary
antibody and is connected to an enzyme called horseradish perox-
idase (HRP), which converts the substrate to a chemiluminescent
signal. This signal allows the detection of the protein of interest using
a camera (Mahmood and Yang, 2012). In this experiment, 10uL
loading dye protein buffer was added to 30 uL protein (60 pg protein)
from each treatment group and denaturalized through 5 min heat
application at 95°C. 35 L (60 pg protein) of the normalized samples
were loaded and separated by 10% SDS-PAGE gel electrophoresis.
The first step for running the gel was a program for 30 min at 1:
90 V, 300 mA, 150 W, followed by 120 V, 1000 mA, and 150 W for
2 hours and 30 min. The separated proteins were then transblotted
(25 V, 250 mA, 150 W for 1 hour and 10 min) to a nitrocellulose
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membrane and blocked with 5% BSA for 1 hour. The primary antibody
was then supplemented in the appropriate concentration, diluted in
TBST with 5% BSA and incubated overnight at 4°C. The antibodies
used in this study are listed in process can be found in Tabel 3 and
Tabel 4. The next day the membrane was washed with 1xXTBST
three times for 5 min before the secondary antibody (concentration
1:1000), diluted in non-fat dry milk, was added and incubated for 1-
2 hours at room temperature. Then again, washed three times for
5 min with 1xXTBST buffer. 2ml per membrane of SuperSignal West
Pico PLUS chemiluminescent substrate (Thermo Scientific, Waltham,
MA, USA) was then added to the membrane for 3 min and used for
protein visualization. The visualized protein bands were developed
in an ECL Chemocam Imager (Intas-Science, Géttingen, Germany).
As a loading control, GAPDH was used for all protein analyses. The
protein bands were quantified using Imaged software (NIH, Bethesda,
Maryland, USA) with the untreated control samples and the GAPDH

as control references.

3.3.6 Molecular biology

RNA extraction and quantification

For RNA extraction, 1 x 10%cells per group were treated with the
FGFR inhibitors according to their assigned groups and incubated for

24 hours as explained in Section 3.3.2. Next, media was removed,
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and cells were washed with PBS and centrifuged (4 min at 1200 rpm)
in order to later remove the washing buffer. For RNA extraction, the
RNeasy Mini Kit (QIAGEN, Hilden, Germany) protocol was followed. A
small amount (1 pL) of RNA was quantified with the nanophotometer,
according to manufacturer’s instructions, with RNAse free H,O as a
blank value. The RNA was normalized (1 pg /20 pL), diluted in RNAse-
free H,O and stored at -20°C until further use. Reverse transcription
and cDNA synthesis Reverse transcription was performed to obtain a
complementary DNA strand (cDNA) from our extracted RNA. A small
amount (1 pg) of RNA was used for subsequent cDNA synthesis with
the QuantiTect Reverse Transcription Kit (Thermo Fisher Scientific,
QIAGEN, Hilden, Germany). To 20 uL of diluted (1 ug/20 uL) RNA,
3 uL genomic DNA wipe out buffer was added and incubated for 2
min at 42°C. Then 6 uL cDNA synthesis master mix was prepared
for all samples, containing 4 uL RT buffer, 1 uL RT primer, and 1 L
RT master mix. This master mix was added and incubated for 30
min at 42°C and 3 min at 95°C. Next, 170 uL RNAse free H,O was
complemented. The total volume of 200 uL synthesized cDNA was
stored at -20°C for qRT-PCR.

Relative reverse transcription PCR quantification of BL2 cells was
performed in 40 repetitive cycles, consisting of 15 sec of denaturation
at 95°C followed by 1 min of annealing at 60°C. The amplified DNA
was heated up to 95°C, and the absorbance was measured. The

StepOne Real-Time PCR system (Applied Biosystems, Darmstadt,
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Germany) with StepOne TM Software v2.3 (Applied Biosystems,
Darmstadt, DE) was utilized. cDNA (1000 pg) was added to a master
mix prepared beforehand in Micro Amp Fast Reaction Tubes (Applied
Biosystems, Darmstadt, Germany) for each sample. This master mix
contained 10 uL SYBR-Green qPCR Supermix (Bio-Rad, CA, USA),
1 yL forward primer, 1 L reverse primer, and 7 uL H,O.

The primers used to quantify the target genes are listed in Tabel 8.
GAPDH was used as an internal control gene. Only the data, with
template cDNA in the technical duplicates, was included for the gene
expression analysis of all three biological replicates.

The Delta CT method (Eq. 1) was implemented for the evaluation of
the relative quantification of gene expression (Livak and Schmittgen,
2001).

ACT = 9—ACr(target gene—control gene) (1)

3.3.7 Immunoflourecence

Immunofluorescence was performed to visualize specific proteins
within cultured BL2 cells (Im et al., 2019). All treated and untreated
cells were stained with a specific primary antibody (Tab. 3), which
emits fluorescence under a fluorescence microscope when bound
by a fluorophore-conjugated secondary antibody (Tab. 4). For this

experiment, cells were seeded (density 5x105 cells/group) in 6-
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well plates and treated according to the procedures outlined in
Section 3.3.2 for their respective experimental groups. After 24 hours
incubation, cells were collected and added to a 2mL epitube. After
centrifugation, the cells were washed with 200 uL PBS and fixed in
500 pL 4% PFA, incubating for 15 min at room temperature. Then the
cells were centrifuged again, followed by another washing step with
PBS. Afterward, for the process of permeabilization, the cells were
incubated 15 min at room temperature in PBS with 0.1% Titron-X100,
to facilitate antibody penetration. After incubation, the cells were again
washed with PBS and centrifuged. To minimize non-specific binding,
BL2 cells were blocked with 5% BSA (in 0.3% Titron X-100 in PBS)
for 1 hour at room temperature before adding the primary antibody
(Tab. 3). After another washing step with PBS and centrifugation, the
primary antibody targeting the protein of interest (Tab. 3), diluted in
1% BSA in PBS was added and incubated overnight at 4°C. The next
day, the secondary fluorescent antibody (Tab. 4) diluted in 1% BSA
in PBS was added and incubated for 1 hour at room temperature
after another step of washing with PBS and centrifugation. After
1 hour of incubation, the cells were washed with 0.1% Triton X
in PBS and centrifuged. To the leftover pellet, 300 uL DAPI stain
(1 ug / mL) was added, gently mixed, and incubated for 10 min at 4°C,
and protected from light. The cells were then centrifuged, and the
DAPI was removed. The pallet was gently vortexed, mounted onto

microscope slides, and fixated with DAKO Fluorescence Mounting
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Medium (Carpinteria, CA, USA). The slides were then sealed with
nail polish and stored at 4°C until use. Images were taken with an
Axioplan 2 fluorescence microscope (Carl Zeiss, Jena, Germany) at a
magnification of 50x and 400x using ZEN software (Zen 2.3, ZEISS,
Jena, Germany) for image acquisition and processing. On each slide,
fluorescence intensity and signal localization were assessed in 30
cells selected from 10 randomly chosen areas across the entire slide.
Cells exhibiting high-intensity staining were identified and compared to
the total cell population determined by DAPI counterstaining. These
high-intensity cells were classified as positive or intensively stained
cells (Fig. 9). Positive staining was quantified by calculating the
proportion of fluorescence-positive cells relative to the total number

of cells in the sample (Eqg. 2).

DAPI positive cells
X
total number of cells

% of positive cells = 100 (2)
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Figure 9: Example of positive, intensively stained cell. The image was
captured at 10 um magnification.

3.3.8 Statistical analysis

All experiments were conducted with a minimum of three independent
replicates at least three times. Statistical analysis for proliferation
assays, cytotoxicity, real-time PCR data, and protein quantification
was performed using one-way ANOVA followed by Bonferroni’'s mul-
tiple comparison test. The software GraphPad Prism (version 9.5.0;
GraphPad Software Inc., Boston, MA, USA) for macOS was utilized for
statistical analysis. Results are presented as mean + standard error of
the mean (SEM). The control group was set as the baseline at 100%.
For protein and real-time PCR analyses, the SEM of the control group
is not shown separately, as all relative values are normalized to this
baseline. P values of p < 0.05 were considered statistically significant
(* P <0.05, ** P <0.005, *** P < 0.001, ™* P < 0.0001).
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4 Results

4.1 All substances do not affect the proliferation of BL2 cells

Considering the critical role of FGF/FGFR signaling pathways in
regulating cell development and growth (Nobuyuki Itoh and David M.
Ornitz, 2011), we investigated the effect of FGFR inhibition on BL2
cell proliferation. A WST-1 assay performed after treatment revealed
no significant effect on BL2 cell proliferation compared to untreated
cells, by any of the FGFR inhibitors (Control vs. AZD4547: p = 0.9935;
Control vs. Infigratinib: p > 0.9999; Control vs. Dovitinib: p = 0.8771;
Control vs. DMSO: p = 0.4662). Furthermore, the application of
FGF2 did not alter BL2 cell proliferation (Control vs. FGF: p = 0.9965)
(Fig. 10).

92



proliferation (%

Figure 10: Cell proliferation of BL2 cells incubated with AZD4547, Infigratinib,
Dovitinib, FGF2, and DMSO. These inhibitors did not affect BL2 cell
proliferation compared to untreated cells. FGF2, and DMSO application
did not alter BL2 cell proliferation. Data are presented as mean + SEM.
Values for control cells were normalized to 100%, and all other results were
considered in relation to control values.

4.2 The FGFR inhibition has no cytotoxic impact on BL2 cells

An LDH assay was performed to detect possible cytotoxic effects of
FGFR inhibition in BL2 cells and further study the role of FGFR inhibi-
tion on BL2 cell survival. FGFR inhibitors did not exert cytotoxic effects
on BL2 cells compared to untreated cells (Control vs. AZD4547: p =
0.6669; Control vs. Infigratinib: p = 0.2650; Control vs. Dovitinib: p =
0.9056; Control vs. DMSO: p = 0.5176). Furthermore, the application
of FGF2 had no cytotoxic impact on BL2 cells (Control vs. FGF: p =
0.1897) (Fig. 11).
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Figure 11: Cytotoxic effects of FGFR inhibition with AZD4547, Infigratinib,
Dovitinib, and the application of FGF2 and DMSO on BL2 cells. FGFR
inhibitors did not exert cytotoxic effects in BL2 cells. Data are presented
as mean = SEM. Values for control cells were normalized to 100%, and all
other results were considered in relation to control values.

4.3 The multikinase inhibitor dovitinib decreases cellular FGFR1

expression

To investigate the expression of FGFR1 in BL2 cells after FGFR
inhibition, western blot, IF and gRT-PCR were performed. The ap-
plication of the multikinase inhibitor Dovitinib resulted in a decreased
number of BL2 cells that exhibited a high staining intensity for FGFR1
(Control vs. Dovitinib: p = 0.0110) compared to untreated cells
(Fig. 12A, 12B). IF staining intensity for FGFR1 was not altered by the

selective inhibitors Infigratinib and AZD4547 compared to the control
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(Control vs. AZD4547: p = 0.0692; Control vs. Infigratinib: p = 0.0515)
(Fig. 12A, 12B). No changes in FGFR1 protein expression were
observed in western blot analyses (Fig. 12C, 12D), and the application
of Infigratinib, AZD4547, or Dovitinib did not change FGFR1 mRNA
levels in BL2 cells (Fig. 12E).
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Figure 12: FGFR1 expression (A-E) of BL2 cells treated with AZD4547,
Infigratinib, Dovitinib, and FGF2. Representative sections of immunofluo-
rescence staining. The scale bar represents 20 um for images of the Control,
AZDA4547, Infigratinib, and Dovitinib groups, while for the FGF2 group,
it corresponds to 50 um (A). Quantitative analysis of immunofluorescence
staining revealed reduced numbers of FGFR1+ cells after Dovitinib treatment
compared to the control (B). All treatment showed reduced FGFR1+ cells
compared to FGF2 application (B). Representative western blot images of
FGFR1 analysis (C). Quantification of western blot showed no significant
regulation of the protein expression of FGFR1 by any compounds (D). gRT-
PCR showed no regulation of FGFR1 mRNA levels (E). Data are presented
as mean £ SEM. * p < 0.05, ™ p < 0.005. Values for control cells were
considered 100%, all other results were put in relation to control values. The
SEM of the control group is not shown separately in figure D, E , as all relative
values are based on this normalization.
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4.4 Reduced FGFR1 cellular expression after FGFR inhibition

compared to FGF2-treated cells

In the quantitative analysis of IF, the cellular FGFR1 expression in BL2
cells was significantly reduced after treatment with the three different
tyrosine-kinase inhibitors compared to the cells with FGF2 application
(Infigratinib vs. FGF2: p = 0.0142, AZD4547 vs. FGF2: p = 0.0172,
Dovitinib vs. FGF2: p = 0.0022) (Fig. 12A, 12B). The application of
FGF2 did not increase the intensity of the stain compared to untreated
cells (Fig. 12A, 12B). Furthermore, no changes in FGFR1 protein
expression in western blot or FGFR1 mRNA levels were observed in
gRT-PCR after FGF2 application (Fig. 12C, 12D, 12E).

4.5 Selective and multikinase FGFR inhibition decreases FGFR2

MmRNA levels

To analyze whether inhibition of FGFR by the three inhibitors Infigra-
tinib, AZD4547, and Dovitinib alters the expression of the FGFR2
protein or genetic levels of FGFR2, IF, western blot, and gRT-PCR
was carried out. FGFR2 mRNA levels after FGFR inhibition were
decreased (p < 0.0001) compared to the control (Fig. 13E). Further,
FGF2 application reduced FGFR2 mRNA levels (p < 0.0001) in BL2
cells compared to untreated cells. None of the compounds altered

FGFR2 protein expression compared to untreated cells as determined
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by western blot or IF (Fig. 13A, 13B, 13C, 13D). However, in IF,
the application of the multikinase inhibitor Dovitinib led to increased
cellular FGFR2 expression in BL2 cells compared to FGF2 application
(p < 0.001) (Fig. 13A, 13B).
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Figure 13: FGFR2 expression (A-E) of BL2 cells treated with AZD4547,
Infigratinib, Dovitinib and FGF2. Representative sections of immunofluo-
rescence staining. The scale bar of the images corresponds to 20 um(A).
Quantitative analysis of immunofluorescence staining revealed increased
numbers of FGFR2+ cells after Dovitinib treatment compared to FGF2
application (B). Representative western blot images of FGFR2 analysis (C).
Quantification of western blot showed no significant regulation of the protein
expression of FGFR2 by any compounds (D). gRT-PCR showed strongly
decreased FGFR2 mRNA levels of all compounds compared to untreated
cells (E). Data are presented as mean = SEM. ** p < 0.005, *** p < 0.001,
**** p < 0.0001. Values for control cells were considered 100%, all other
results were put in relation to control values. The SEM of the control group is
not shown separately in figure D, E , as all relative values are based on this
normalization.
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4.6 FGFR inhibition modulates FGFR downstream molecule

pERK

To evaluate the effect of FGFR inhibition on the FGFR downstream
signaling in BL2 cells, the phosphorylation status of ERK, was an-
alyzed. ERK phosphorylation (pERK) was quantified using IF and
western blot. This study observed a significantly increased number of
intensively stained pERK BL2 cells after treatment with the selective
inhibitor Infigratinib compared to untreated BL2 cells (Control vs.
infigratinib: p = 0.0198). Also, the staining intensity of pERK cells
after Infigratinib treatment was increased compared to the cells after
FGF2 application ( Infigratinib va. FGF2: p = 0.0198) (Fig. 14A, 14B).
Dovitinib treatment significantly reduced pERK expression compared
to the Control (Control vs. Dovitinib: p = 0.0050) (Fig. 14C, 14D).
Additionally, pERK phosphorylation was lower with Dovitinib than
with AZD4547 treatment (AZD4547 vs. Dovitinib: p = 0.0123)
(Fig. 14C, 14D). AZD4547 application did not significantly affect pERK
phosphorylation in either western blot analyses or IF compared to
untreated cells (Fig. 14A, 14B, 14C, 14D).
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Figure 14: Cellular distribution (A, B) and protein expression (C, D) of pERK
in BL2 cells incubated with FGFR inhibitors AZD4547, Infigratinib, Dovitinib,
and FGF2. Representative sections of immunofluorescence staining. The
scale bar of the images corresponds to 20 um (A). Quantification of staining
showed an increase in pERK+ cell count for Infigratinib treated cells
compared to untreated cells and FGF2 application (B). Representative
western blot image of pERK analysis (C). Quantification of western blots
showed decreased pERK expression in Dovitinib treated cells compared
to untreated cells. The multikinase inhibitor Dovitinib decreased pERK
phosphorylation compared to the treatment with the selective inhibitor
AZDA4547 (D). Data are presented as mean + SEM. * p < 0.05, ** p < 0.005.
Values for control cells were normalized to 100%, and all other results were
considered in relation to control values. The SEM of the control group is
not shown separately in figure D, as all relative values are based on this
normalization.
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4.7 Selective FGFR and multikinase inhibitors increase cellular

pAkt expression in BL2 cells

To investigate the effects of selective FGFR and multikinase inhibition
on the FGF signaling pathway, western blot and IF of the downstream
signaling molecule pAkt was performed. Akt is phosphorylated and
therefore, activated upon ligand binding to the receptor. We observed
an increased number of intensively stained pAkt cells (Control vs.
AZDA4547: p = 0.0023; Control vs. Infigratinib: p < 0.0001; Control
vs. Dovitinib: p = 0.0332) (Fig. 15A, 15B). The highest number
of intensively stained pAkt cells were seen after the application of
infigratinib compared to untreated cells and compared to the cells
after FGF2 application (Control vs. Infigratinib: p < 0.0001; Infigratinib
vs. FGF2 p = 0.0007) (Fig. 15A, 15B). No regulation of the protein
expression of pAkt was seen in the western blot by any components
(Control vs. AZD4547: p > 0.9999; Control vs. Infigratinib: p = 0.6638;
Control vs. Dovitinib: p = 0.1837; Control vs. FGF2: p = 0.0782)
(Fig. 15C, 15D).
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Figure 15: Cell distribution (A, B) and protein expression (C, D) of pAKT.
Representative sections of immunofluorescence staining. The scale bar
of the images of the Control, AZD4547, Infigratinib, and Dovitinib group
corresponds to 20um , and FGF2 to 10 um (A). Quantification of staining
showed an increased number of pAKT+ cells compared to untreated cells
(B). Also, Infigratinib treatment showed significantly more pAKT+ cells
compared to FGF2 application (B). Representative western blot image of
pAKT analysis (C). Quantification of western blots showed no regulation of
the protein expression of pAKT by any compounds (D). Data are presented
as mean * SEM. * p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001.
Values for control cells were normalized to 100%, and all other results were
considered in relation to control values. The SEM of the control group is
not shown separately in figure D, as all relative values are based on this
normalization.
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4.8 Decrease of proinflammatory cytokines IL6, IL12 by dovitinib

To investigate possible regulations of cytokines in BL2 cells by the
three FGFR inhibitors, we studied the protein expression and mRNA
levels of IL6, IL12, IFN~, TNFa, as well as the chemokines CCL2,
and CX3CL1. The application of Dovitinib resulted in reduced IL6
(Control vs. Dovitinib: p = 0.0231) and IL12 (Control vs. Dovitinib: p
= 0.0233) protein expression in BL2 cells (Fig. 16A, 16B) compared
to the untreated cells. When looking at IL12 regulation in BL2
cells, the multikinase inhibitor Dovitinib not only decreased the protein
expression compared to untreated cells but also in comparison to the
selective FGFR inhibitor AZD4547 (Control vs. Dovitinib: p = 0.0233;
AZDA4547 vs. Dovitinib: p = 0.0096) (Fig. 16A, 16B). No changes were
found in MRNA levels in the treatment group compared to the control
(Fig. 17C). The administration of FGF2 led to reduced mRNA IL12
levels compared to cells treated with the selective inhibitor AZD4547
(AZD4547 vs. FGF2: p = 0.0379) (Fig. 17C).
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Figure 16: Protein expression (A, B) of IL6, IL12, IFN~, TNF«, CX3CL1, and
CCL2 in BL2 cells after the application of AZD4547, Infigratinib, Dovitinib
and FGF2. Quantification of western blot showed decreased IL6 and IL12
protein expression after Dovitinib treatment compared to the control. The
multikinase inhibitor Dovitinib decreased the protein expression compared to
the selective FGFR inhibitor AZD4547. IFNv, TNF«, CX3CL1, and CCL2
protein expression were not regulated by any compound (A). Representative
western blot images of IL6, IL12, IFN~, TNF«, CX3CL1, and CCL2 inanalysis
(B). Data are presented as mean £ SEM. * p < 0.05, ** p < 0.005. Values for
control cells were considered 100%, all other results were put in relation to
control values. The SEM of the control group is not shown separately, as all
relative values are based on this normalization.
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Figure 17: mRNA levels (C) of IL6, IL12, IFNv, TNF«, CX3CL1, and CCL2
in BL2 cells after the application of AZD4547, Infigratinib, Dovitinib, and
FGF2. gRT-PCR showed no regulation of IL6, IL12, IFN~, TNF«, CX3CLA1,
and CCL2 mRNA levels in BL2 cells compared to the control (E). Data are
presented as mean = SEM. Values for control cells were considered 100%,
and all other results were put in relation to control values. The SEM of the
control group is not shown separately, as all relative values are based on this
normalization.
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5 Discussion

FGFs that signal through FGFRs are ubiquitously expressed across a
variety of cell types. FGFR-mediated signaling plays a fundamental
role in the regulation of key physiological processes, including tis-
sue homeostasis, metabolism, development, endocrine function, and
injury response (Nobuyuki Itoh and David M. Ornitz, 2011; Ornitz
and Itoh, 2015). Therefore, it is not surprising that dysregulated
FGF signaling can contribute to pathological conditions (Lahiry et al.,
2010). Current studies revealed the importance of FGFR signaling
in neurodegenerative disease models, indicating that FGF pathways
are involved in the pathophysiology of MS, a chronic inflammatory and
demyelinating disease of the CNS (Dendrou et al., 2015; Kamali et al.,
2021; Rajendran, Béttiger, Stadelmann, et al., 2021). In the context
of MS, FGF signaling pathways contribute to disease progression
by modulating the immune response, promoting or inhibiting myelin
repair, and affecting neuronal survival (Lindner et al., 2015; Rajen-
dran, Béttiger, Stadelmann, et al., 2021). Specifically, these pathways
may influence immune cell activation, CNS repair processes, and
the balance between neuroprotection and neurodegeneration in MS
(Rajendran, Rajendran, et al., 2021). However, the precise role of
FGF/FGFR signaling pathways in MS pathophysiology remains mostly

undefined, and further research is needed.
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The Experimental Neuroimmunology Group led by Prof. Dr.
med. Martin Berghoff - where this thesis was later conducted
- demonstrated that deletion of FGFR in OLs in MOG3s_s55-
induced EAE resulted in a milder disease course, less lymphocyte
and macrophage/microglia infiltrates, as well as decreased
neurodegeneration (Kamali et al., 2021; Rajendran, Rajendran, et al.,
2021; Rajendran et al., 2018). These findings led to a transition to
pharmacological approaches to explore the clinical potential of FGFR
inhibition. In animal models, treatment with FGFR inhibitors such as
infigratinib and AZD4547 reduced inflammation and demyelination,
further supporting the therapeutic relevance of targeting this pathway
(Gurski et al., 2025; Rajendran et al.,, 2023). Building on these
findings, and considering that the immunomodulatory effects observed
in the infigratinib study emerged early in disease progression, likely
involving the peripheral immune system, the attention shifted to
investigate the role of immune cells, as the underlying mechanisms
remained unclear (Rajendran et al., 2023). Notably, the deletion of
FGFR in OLs reduced the number of B cells infiltrating demyelinated
lesions (Rajendran, Rajendran, et al., 2021), suggesting a possible

link between FGF/FGFR signaling and B cell behavior.

The findings of this study demonstrate that inhibition of FGFRs
point towards a potential anti-inflammatory role in the context of

neuroinflammation. First, FGFR inhibition did not alter proliferation
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or induce cytotoxicity in BL2 cells, indicating that BL2 cell viability
remains unchanged under in vitro conditions. Treatment with the
multikinase inhibitor dovitinib led to a reduction in FGFR1 surface
protein expression and downregulation of pERK, alongside a signifi-
cant decrease in the secretion of pro-inflammatory cytokines such as
IL6 and IL12. Moreover, surface expression of FGFR1 was reduced
following inhibitor treatment when compared to FGF2 application,
suggesting an alteration in receptor regulation at the membrane level.
All FGFR inhibitors also reduced FGFR2 mRNA levels, reinforcing
a transcriptional component to receptor modulation. Interestingly,
infigratinib treatment led to an elevated expression of pERK compared
to untreated cells and cells treated with FGF2, while all inhibitors
increased pAkt expression, indicating a change in the dynamics
of cell signaling. These results suggest that multikinase inhibition
attenuates inflammatory responses of BL2 cells by modulating key
signaling pathways, including pERK and pAkt and reducing cytokine
production. The multifaceted and context-specific consequences of
FGFR pathway inhibition, in BL2 cells, will be further explored and

interpreted.
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5.1 Effects of selective FGFR and multikinase inhibitors on BL2

cell proliferation and cytotoxicity

In the present in vitro study, the application of AZD4547, infigratinib,
and dovitinib was not cytotoxic to BL2 cells and did not decrease
BL2 cell proliferation, in contrary to what was initially hypothesized.
Applying FGF2 as a growth factor did not significantly alter BL2 cell

proliferation or exerted cytotoxic effects.

These results suggest, that FGFR signaling may not play a central role
in regulating proliferation or survival of BL2 cells. Instead, alternative
signaling pathways may be more critical in this context. Notably,
Herzog et al. (2009) demonstrated that pre-B cell receptor engage-
ment activates SYK and Src-kinases, which leads to the activation
of PI3K, resulting in the production of PIP3 and phosphorylation of
Akt, a key effector promoting cell survival and proliferation (Herzog
et al., 2009). In the present study, the observed increase in pAkt
expression in IF following FGFR inhibition with all three inhibitors
may reflect compensatory activation of the SYK—PI3K—Akt axis. This
compensatory mechanism could account for the absence of cytotoxic
or antiproliferative effects in BL2 cells, as it may sustain essential

survival signals.

The evidence supporting the antiproliferative potential of FGFR in-
hibition originates primarily from oncology research, where FGFR

inhibitors have shown efficacy in multiple tumor models. The multi-
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kinase inhibitor dovitinib, which targets FGFRs among other kinases,
has been shown to suppress cell proliferation in renal cell carcinoma,
endometrial carcinoma, and hepatocellular carcinoma (Porta et al.,
2015). Dovitinib inhibited proliferation through downregulation of
the MAPK and Akt signaling pathways in colon carcinoma cells
(Gaur et al., 2014) and reduced STAT3 and STAT5 phosphorylation
by modulating PI3K downstream signaling in breast cancer models
(Chiu et al.,, 2019). Similarly, infigratinib, a selective FGFR1-3 at
low nanomolar half maximal inhibitory concentration (IC50) values
(Guagnano et al., 2011), has been investigated in phase | to Ill clinical
trials of primarily solid tumors (Dai et al., 2019). In cancer cell lines,
infigratinib decreased cell proliferation and exerted antitumor activity
in tumors such as cholangiocarcinoma (Javle et al., 2021). Another
selective compound, AZD4547, decreased proliferation and viability
in medulloblastoma cell lines in a dose-dependent manner (between
5uM to 50 uM) (Lukoseviciute et al., 2020).

Inhibition of cell growth is often accompanied by increased cytotoxicity,
and significant cytotoxic effects were also observed in different tumor
cell lines treated with the three compounds tested in this study (Babina
and Turner, 2017). These cytotoxic effects exerted on cells could
be explained since not only cell proliferation is mediated through
FGF/FGFR signaling, but also cell survival (Turner and Grose, 2010).
It must be considered that TKI efficacy and cytotoxicity are closely

related (Thomson et al., 2022). Furthermore, possible cytotoxic side
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effects need to be considered when applying FGFR inhibitors in vivo.

In MS, activated B cells cross the BBB, stimulate autoreactive T
cell proliferation, release excessive amounts of pro-inflammatory
cytokines and exert cytotoxic effects on OLs and neurons, driving CNS
inflammation and damage (Cencioni et al., 2021; R. Li et al., 2018;
Magliozzi et al., 2010). The efficacy of B cell depleting therapies
such as ocrelizumab and ofatumumab highlight their central role in
MS pathogenesis (Cencioni et al., 2021). Current research focuses on
targeting BTKSs to regulate B cell survival, activation, proliferation, and
differentiation via PI3K, MAPK, and NF«B signaling pathways, without
causing full B cell depletion (Carnero Contentti and Correale, 2020).
Recent clinical trials have investigated several BTK inhibitors, such as
evobrutinib, tolebrutinib, and fenebrutinib, demonstrated their ability to
cross the BBB, reduce inflammatory activity, and potentially address
compartmentalized CNS inflammation (Fox et al., 2025; Langlois
et al., 2024; Merck KGaA, 2023; Montalban et al., 2019). These
orally available, functionally selective compounds offer a promising
approach for progressive disease forms, with the potential to suppress
pathogenic B cell activity while preserving broader immune function,
thus representing a potential alternative to B cell depletion. The
suppression of autoreactive B cells invading the CNS and modulating
their function remains a key therapeutic objective in MS. In this

context, targeting pathways that regulate B cell function and prolif-
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eration presents an attractive strategy. FGF/FGFR signaling is known
to modulate cell proliferation, therefore targeting this pathway could
have antiproliferative effects and suppress autoreactive B cells in both
the periphery and the CNS, providing an additional or complementary

mechanism to existing therapies (Ornitz and Itoh, 2015).

Further research is essential to fully elucidate how B cell prolif-
eration might be effectively targeted through FGFR inhibition. A
key aspect will be to investigate the complex interaction between
FGFR signaling and alternative cell survival pathways. It is also
important to acknowledge that the present in vitro findings may not
directly translate to in vivo conditions, where various additional factors
influence proliferation and cytotoxicity. Moreover, it remains to be
determined whether targeting B cell proliferation is the most critical
therapeutic goal or if addressing their proinflammatory activity is
more important. Targeting specific intracellular signaling pathways
to suppress their proinflammatory activity may ultimately provide a
more refined therapeutic strategy, one that suppresses pathogenic
B cell functions while preserving overall immune competence, and
thus avoiding the broad immunosuppressive effects associated with
complete B cell depletion experienced under current B cell depleting
MS therapy.
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5.2 FGFR1 and FGFR2 protein and gene expression in BL2 cells

Investigations of brain tissue from MS patients have highlighted the
significance of FGF/FGFR signaling in the disease pathophysiology.
FGF expression primarily located in astrocytes and microglia, was
found to be upregulated in active lesions. This upregulation strongly
correlated with cellular inflammation and demyelination and was
further observed in the periphery of chronic plaques (Clemente et al.,
2011). Beyond the CNS, elevated levels of FGF2 were noticed in
CLL B cell plasma (Ghosh and Kay, 2013). Tumor studies further
support the role of FGF2, showing that increased secretion from tumor
cells can amplify cytokine production and inflammatory factor release
by B cells (Somasundaram et al., 2017). In MOGgs_55-induced EAE
animal models, OL-specific deletion of FGFR1 and FGFR2 reduced
the numbers of infiltrating macrophages/microglia, and T and B cells
into the CNS. This decreased immune cell infiltration, and led to
diminished inflammatory activity, resulting in a less severe disease
course with reduced myelin and axon degeneration (Kamali et al.,

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

In this in vitro study, BL2 cells showed a decreased FGFR1 expression
at the cellular level following treatment with the multikinase inhibitor
dovitinib. While this observation is consistent with previous findings
in cancer biology, where FGFR expression was shown to decrease

after TKI treatment, it is important to note that this BL2 cell in vitro
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study lacks the tumor microenvironment and cell-cell interactions
present in solid tumor systems. For instance, Fumarola et al. (2017)
demonstrated that treatment with dovitinib led to a reduction in FGFR1
expression in squamous cell lung cancer cells (Fumarola et al.,
2017). Similarly, Zhao et al. (2017) reported a downregulation of
FGFR expression in breast cancer cell lines treated with the selective
inhibitor AZD4547 (Zhao et al., 2017). Furthermore, Prawira et al.
(2021) highlighted that infigratinib application inhibited FGFR activity
by reducing the levels of FGFR1-4 in hepatocellular carcinoma models
(Prawira et al., 2021).

The observed reduction in FGFR1 in BL2 cells may reflect a direct
effect of dovitinib treatment, potentially through receptor internalization
and intracellular sequestration rather than transcriptional downregula-
tion or degradation, since total FGFR1 protein expression and mRNA
levels were not affected by any inhibitor or FGF2 application.

The difference in protein expression may also arise from the inherent
characteristics of each technique. In general, IF detects localized,
cell-specific phosphorylation, while western blot measures average
expression across all cells. Although less sensitive to subtle changes,
western blot offers more standardized, objective quantification and
is less prone to subjective bias compared to IF. IF results may be
influenced by variability in staining quality, background fluorescence,
or signal interpretation, which can lead to overestimation or mis-

representation of phosphorylation levels (Im et al., 2019; Mahmood
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and Yang, 2012). Additionally, it must be acknowledged that the
immunofluorescence images obtained in this study were of limited
resolution and quality, which may further affect the reliability of
quantitative or localization-based interpretations. Therefore, these
technical limitations warrant cautious interpretation of the data when

assessing the effects of FGFR inhibition in BL2 cells.

The pronounced effect of dovitinib on BL2 cells could be attributed
to its broad inhibitory spectrum, as it targets multiple tyrosine kinase
receptors, including c-Kit, PDGFR, VEGFR, and EGFR, FLT3 (Katoh,
2016; Porta et al., 2015). Among these, VEGFRs play a crucial role
in processes such as cell development, cell survival, proliferation,
permeability, and migration, all of which are effectively suppressed by
dovitinib. Recent studies highlight the functional interplay between
FGF and VEGF signaling pathways, showing how their interaction
influences immune regulations within the tumor microenvironment and
tumor cell apoptosis (Liu et al., 2021). Crosstalk between these path-
ways can lead to compensatory mechanisms, for example, inhibition
of one pathway may result in the upregulation or increased reliance on
the other (Boichuk et al., 2024; Liu et al., 2021). This underscores the
importance of targeting both pathways simultaneously for therapeutic
efficacy. In support of this, Ghosh and Kay (2013) suggest that
dual inhibition of FGFR/VEGFR signaling is critical to impair CLL B
cell survival (Ghosh and Kay, 2013). This finding may help explain
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the stronger impact of dovitinib on BL2 cells compared to the more
selective FGFR inhibitors. The enhanced effectiveness of dovitinib
could be attributed to its multi-target activity, particularly its ability to
inhibit both FGFR and VEGFR signaling pathways simultaneously.

AZD4547 and infigratinib, which are designed to selectively inhibit
FGFR1-4 (Gavine et al., 2012; Roskoski, 2019), were less effective
at downregulating FGFR1 surface expression, possibly due to their
limited activity beyond FGFR signaling. Dovitinib’s multikinase profile
may promote FGFR1 internalization through additional mechanisms
(Porbska et al., 2018). No changes in FGFR1 gene levels were
detected by RT-PCR, despite the observed downregulation of cel-
lular protein expression in IF, suggesting that post-transcriptional
mechanisms, such as increased degradation or reduced protein
stability, might mediate FGFR1 downregulation without altering mRNA
levels. Alternatively, compensatory transcriptional upregulation of
FGFR1 may occur as a cellular response to its downregulation at the
protein level. These potential mechanisms highlight the complexity
of FGFR signaling in BL2 cells. Future studies should focus on
confirming FGFR1 downregulation at the protein level and explore
the unique regulatory mechanisms of FGFR1 expression in BL2 cells
to better understand its posttranscriptional regulation and cellular

autoregulation.

Compared to treatment with the growth factor FGF2, all TKI treatment
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groups showed a significant decrease in cellular FGFR1 expression.
This was unexpected, as FGF2 is known to induce FGFR1 internal-
ization upon ligand binding in many cell types (Porbska et al., 2018).
These findings suggest, that in BL2 cells, FGF2 application may not
induce receptor internalization and degradation to the same extent
as observed with TKI treatment, and therefore, does not lead to a
comparable decrease in cellular FGFR1 expression. The reduction
in FGFR1 expression following FGFR inhibition could result from
impaired receptor recycling and reduced synthesis, ultimately limiting

the reappearance of FGFR1 at the cell surface after internalization.

When looking at FGFR2 cellular staining intensity, dovitinib showed a
significantly higher number of intensively stained BL2 cells compared
to BL2 cells with FGF2 application. Dovitinib significantly blocks
FGFR1 in BL2 cells, which may influence FGFR2 expression or
stability through compensatory regulatory mechanisms between the
receptors (Katoh, 2016; Turner and Grose, 2010). The apparent
increase in signal may be due to receptor stabilization or impaired
degradation following FGFR1 inhibition. However, specific studies
detailing this compensatory relationship in BL2 cells are currently
lacking. More research is needed to elucidate the interaction between
FGFR1 inhibition and FGFR2 regulation in this context.

On the other hand, FGF2 binding to FGFR2 could trigger the above

mentioned receptor internalization as part of its natural trafficking
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cycle, temporarily reducing its surface availability for staining, before
recycling back to the membrane (Porbska et al., 2018). However,
FGFR2 internalization by FGF2 may temporarily reduce surface stain-
ing, contrasting with TKI-induced degradation, which might lead to
a permanent receptor loss. These findings highlight the complexity
of FGFR signaling pathways and the interplay between FGFR1 and
FGFR2 in BL2 cells, as well as emphasizing the different effects of
receptor trafficking after receptor inhibition and ligand binding. Future
studies utilizing live-cell imaging and receptor-specific trafficking as-
says will be essential to clarify these mechanisms and their potential

impact on therapeutic strategies.

Further, FGF2 application led to a reduction in FGFR2 mRNA levels
in BL2 cells compared to untreated cells. Similarly, all tested FGFR
inhibitors significantly decreased FGFR2 mRNA levels compared to
the control. However, none of the treatments affected FGFR2 protein
expression in western blot analyses.

This discrepancy, that the downregulated FGFR2 mRNA levels were
not reflected by FGFR2 protein expression could be due to sev-
eral post-transcriptional mechanisms that regulate gene expression
(Becker et al., 2018). One possible explanation could be mRNA
stabilization. Despite the downregulation of transcription, the stability
of the mRNA could be maintained through RNA-binding proteins or

microRNAs, which prevent mRNA degradation (Gebauer and Hentze,
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2004; W. Li et al., 2022; Vos et al., 2019). This mechanism could allow
sustained translation and constant protein expression in BL2 cells,
although mRNA synthesis is reduced by TKls. Additionally BL2 cells
might activate compensatory bypass mechanisms, such as alternative
RTKs, which could maintain similar signaling activity and therefore
result in unchanged protein levels despite the reduced FGFR2 mRNA
levels after TKI. Such compensatory receptor regulation has been
observed in previous studies, where cells compensate FGFR signaling
by upregulation of alternative receptors such as insulin-like growth
factor 1 receptor (IGF1R) or erythroblastic leukemia viral oncogene
homologue receptor (ERBB) (Babina2017, Gebauer2004). These
posttranscriptional and compensatory mechanisms are crucial for
cellular homeostasis and might explain the discrepancy between

FGFR2 mRNA levels and protein expression in BL2 cells.

This study indicates that dovitinib more effectively reduces FGFR1
expression in BL2 cells than selective FGFR inhibitors, likely due to its
broader kinase inhibition including VEGFR. The unchanged FGFR1
mMRNA levels suggest post-transcriptional regulation. The increased
FGFR2 signal after dovitinib treatment compared to FGF2 application
may represent a compensatory response to FGFR1 inhibition, reflect-
ing the functional interplay within the FGFR family. Stable FGFR2
protein expression despite reduced mRNA levels by all inhibitors may

point to compensatory bypass mechanisms. To further validate these
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hypotheses, future studies should include live-cell imaging of receptor
trafficking, protein degradation assays, and analysis of alternative
receptor tyrosine kinase activity to explore compensatory signaling

pathways.

5.3 Effects of selective FGFR and multikinase inhibitors on

FGFR signaling downstream molecule pERK

The phosphorylation of the downstream protein ERK, dominantly
channeled by the RAS/RAF pathway, is crucial to many cellular pro-
cesses, including cell metabolism, cell proliferation, cell differentiation,
cell survival, and migration (Roskoski, 2012). Due to its central role in
regulating key cellular processes and the fact that its dysregulation is
implicated in numerous human diseases, ERK signaling has become a
major focus of therapeutic research (Lavoie et al., 2020; Samatar and
Poulikakos, 2014). Emerging evidence suggests that FGFR inhibitors
can influence ERK phosphorylation, a critical pathway in cell signaling
(Huynh et al., 2012; Rajendran, Béttiger, Stadelmann, et al., 2021;
Rajendran, Rajendran, et al., 2021; Rajendran et al., 2018).

In the present study, a decrease in pERK levels was observed in BL2
cells upon treatment with dovitinib, supporting the hypothesis that ERK
activity is modulated via FGFR inhibition and aligns with the findings
of other in vitro studies, which demonstrate the inhibitory effects of

dovitinib on ERK phosphorylation across various cancer models. For
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instance, Gaur et al. (2014) demonstrated that dovitinib reduced ERK
phosphorylation in colorectal cancer cells (Gaur et al., 2014). Furusho
et al. (2012) showed that FGFR1 and FGFR2 signaling in oligoden-
drocytes regulates myelin sheath thickness through MAPK/ERK acti-
vation, with receptor deletion leading to hypomyelination and reduced
ERK phosphorylation (Furusho et al., 2012). Similarly, Kamali et al.
(2021) demonstrated that oligodendrocyte-specific FGFR2 deletion in
an EAE model attenuates disease severity and led to a downregulation
of ERK phosphorylation, suggesting that reduced ERK activity is a
downstream effect of FGFR inhibition (Kamali et al., 2021). However,
regional differences in the expression of FGFRs, ERK, or associated
signaling components exist. In the cerebellum, oligodendrocyte-
specific deletion of FGFR1 did not regulate ERK phosphorylation,
indicating that ERK may not be the dominant downstream effector of
FGFR1 in this brain region (Rajendran, Rajendran, et al., 2021).
These findings highlight the complexity of FGFR/ERK signaling across
different CNS regions and cell types. ERK operates within broad sig-
naling networks, responding to diverse inputs, with its effects shaped
by the cellular context. The observed reduction in pERK following
dovitinib treatment in BL2 cells may thus reflect a combination of direct
kinase inhibition and pathway crosstalk.

In addition to its effects on the FGFR/ERK signaling cascade, dovi-
tinib exerts inhibitory effects in other signaling pathways. One

such pathway involves BDNF/TrkB, which has been implicated in
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neuroprotection and remyelination (Kamali et al., 2021; Nociti and
Romozzi, 2023; Stadelmann et al., 2002). Interestingly, B cells have
been shown to express TrkB and to produce BDNF under certain
conditions (Brigadski and LeBmann, 2020; Kerschensteiner et al.,
1999). BDNF production by B cells is not simply a side effect of
immune activation, it plays an active role in regulating both neuronal
and immune system functions (Kerschensteiner et al., 1999; Torres
et al., 2025). As demonstrated by Nociti and Romozzi (2023), BDNF
contributes to neuronal repair and remyelination, suggesting a po-
tential neuroprotective mechanism mediated by immune cells (Nociti
and Romozzi, 2023). This aligns with findings by Stadelmann et al.
(2002), who demonstrate that immune cells, are a significant source
of BDNF within MS lesions, suggesting a potential neuroprotective role
of immune-derived BDNF in the inflamed CNS (Stadelmann et al.,
2002). Together, these studies underscore the dual role of immune
cells in the CNS: while capable of promoting inflammation, they can
also contribute to repair processes under certain conditions. Given
dovitinib’s broad target spectrum, including interactions beyond FGFR
inhibition, it is plausible that its impact on cellular signaling extends
to the BDNF/TrkB axis as well. This hypothesis is supported by
the findings of Rajendran, Béttiger, Dentzien, et al. (2021), who
proposed that dovitinib may reduce ERK phosphorylation but also
increase BDNF/TrkB signaling in OL (Rajendran, Bottiger, Dentzien,

et al., 2021). These insights collectively point toward a multifaceted
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mechanism of action for dovitinib, involving both direct kinase inhibition

and indirect modulation of neuroimmune crosstalk.

In contrast, no significant change in pERK expression was observed,
following treatment with the selective FGFR inhibitor AZD4547. In-
terestingly, BL2 cells treated with infigratinib, another selective FGFR
inhibitor, exhibited an increase in intensively stained pERK BL2 cells.
In vivo, Rajendran, Rajendran, et al. (2021) also observed increased
ERK phosphorylation via selective FGFR knockout in mice, resulting in
enhanced myelination and a less severe disease course (Rajendran,
Rajendran, et al., 2021). Although in vivo and in vitro systems differ,
these findings support the observation that selective FGFR inhibition
can increase ERK phosphorylation. However, these different effects of
FGFR inhibition on modulating the downstream molecule pERK in BL2
cells, could result from different binding specificities. Dovitinib, acting
as a multikinase inhibitor, could strongly influence ERK phosphoryla-
tion by targeting ERK through other signaling pathways, or exerting
synergic effects through targeting multiple receptors, compared to
selective inhibitors AZD4547 and infigratinib. While it is currently
unclear whether this phenomenon is specific to BL2 cells, due to a lack
of targeted studies in this cell line, the observed variation suggests that

signaling network complexity may play a critical role.

These findings suggest that FGFR inhibition alone may not be the

primary driver of the downstream effects observed in BL2 cells. This
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challenges the view of FGFR as a key regulator of ERK phospho-
rylation and raises questions about the efficacy of selective FGFR
inhibitors in the context of B cell modulation. It also underscores
the importance to explore the broader effects of the multikinase
inhibitor dovitinib in BL2 cells, as such broad inhibition is typically
associated with increased off-target effects and a higher potential
for side effects, as commonly observed with multikinase inhibitors
(Fan et al., 2024). Future research should therefore focus on
investigating the specific contributions and interplay of the various
pathways targeted by dovitinib in BL2 cells to better understand its

therapeutic relevance and limitations.

5.4 Effects of selective FGFR and multikinase inhibitors on

FGFR signaling downstream molecule pAkt

This study investigated Akt, a key intermediate in signaling pathways,
particularly those activated by receptor tyrosine kinases (RTKs) and
PISK. Rather than acting in isolation, Akt functions as a dynamic
regulator of key cellular processes, including proliferation, survival,
and metabolic activity (Manning and Toker, 2017). The Akt signaling
cascade is known to contribute to different malignancies and is
dysregulated in various types of cancers, making it a compelling
focus for targeted therapeutic strategies (Altomare and Testa, 2005).

In cancer cell studies, the application of FGFR inhibitors resulted
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in suppressed Akt phosphorylation (Dey et al., 2010). However,
Y. Hu et al. (2014) demonstrated that while pAkt inhibition by FGFR
inhibitors is critical, it is not sufficient on its own to effectively suppress
tumor growth, suggesting that compensatory signaling pathways can
counteract the effects of FGFR inhibition (Y. Hu et al., 2014). This
concept was previously discussed in Section 5.1 addressing the
limited antiproliferative effects observed in BL2 cells. Y. Hu et al.
(2014) findings highlight the importance of targeting not only FGFR,
but also downstream effectors such as PI3K/Akt to supress Akt
phosphorylation effectively and to achieve enhanced therapeutic ef-
ficacy. Supporting this, Terp et al. (2021) showed that a dual
inhibition strategy was effective in vivo, pointing to dual inhibition as
a promising strategy to overcome resistance mechanisms associated

with monotherapy (Terp et al., 2021).

This study showed alterations of Akt phosphorylation in BL2 cells by
treatment with AZD4547, infigratinib, and dovitinib. But in contrast
to previous studies (Y. Hu et al., 2014; Terp et al., 2021), detecting
suppressed Akt phosphorylation after FGFR inhibition, enhanced pAkt
cellular surface protein expression of BL2 cells compared to untreated
cells were observed. The most intensively stained pAkt cells in IF were
seen after applying infigratinib. However, no regulation of Akt protein

phosphorylation was observed in western blot analyzes.

A similar mechanism has been reported in a in vivo study by
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Rajendran, Boéttiger, Stadelmann, et al. (2021), where conditional
knockout of FGFR1 in mice led to increased phosphorylation of
Akt, along with increased expression of BDNF and its TrkB receptor
(Rajendran, Béttiger, Stadelmann, et al., 2021). These findings
support the idea that cells can engage alternative pathways to sustain
key functions when FGFR activity is disrupted and highlights the
inherent plasticity of cellular signaling networks, especially in systems
under stress or therapeutic intervention.

In light of this, the enhanced staining intensity of pAkt observed
in this study may reflect a compensatory activation of the PI3K-Akt
signaling pathway via alternative growth factor receptors (Babina and
Turner, 2017). Notably, the BDNF/TrkB axis is capable of engaging
the PI3K/Akt cascade and has been implicated in both neuronal repair
and immune cell signaling (Sajanti et al., 2020; Sochal et al., 2022;
Torres et al., 2025).

These compensatory mechanisms could counteract the inhibition of
FGFR to maintain essential cellular functions, including cell survival,
metabolism, and differentiation mediated by pAkt. The observed
increase in Akt phosphorylation in BL2 cells following FGFR inhibitor
treatment thus suggests the ability of BL2 cells to adapt to FGFR
inhibition by engaging backup signaling pathways (e.g. TrkB, EGFR,
IGF1R) to sustain proliferative and survival signals despite targeted
inhibition (Altomare and Testa, 2005; Manning and Toker, 2017).

The lack of detectable changes in Akt phosphorylation in western blot
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analysis, despite the increased signal seen in immunofluorescence,
may reflect methodological differences between the two techniques
(Im et al., 2019; Mahmood and Yang, 2012), as outlined in a previous

section, and should be considered a limitation of this study.

In summary, this chapter underscores the adaptability of BL2 cells
in maintaining Akt signaling despite FGFR inhibition. The observed
upregulation of pAkt cellular protein expression suggests the activation
of alternative pathways that compensate for FGFR blockade, reflecting
the intrinsic plasticity of the signaling network. These insights empha-
size that FGFR inhibition alone may not be sufficient to block survival
signaling in BL2 cells and support the use of combination therapies
that target both FGFR and additional signaling pathways, including
the PI3K/Akt axis, to improve therapeutic efficacy and potentially

overcome resistance mechanisms.

5.5 Modulatory effects of selective FGFR and multikinase

inhibitors on cytokines

The significant decrease in ERK phosphorylation was accompanied
by a reduction in the protein expression of IL6 and IL12 after dovitinib
treatment. This effect was not seen in IF and did not reach significance
in the comparison between treatment groups. Therefore suggesting
a potential link between the ERK signaling pathway and cytokine

regulation in BL2 cells remains speculative.
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Despite the speculative nature of a direct link between ERK signaling
and cytokine regulation in BL2 cells, previous studies support a con-
nection between kinase pathways, B cell development and cytokine
expression in B cells (Carnero Contentti and Correale, 2020; Lucas
et al., 2022; Yasuda et al., 2008). Carnero Contentti and Correale
(2020) reported a decreased secretion of pro-inflammatory cytokines
through BTK inhibiton, emphasizing the impact of kinase signaling on
cytokine regulation in B cells (Carnero Contentti and Correale, 2020).
In addition, elevated cytokine levels, including IL6 and IL12, in the
plasma of CLL B cells have been associated with continuous activation
of RTKSs, leading to leukemic cell survival and apoptosis resistance
(Ghosh and Kay, 2013). These findings raise the possibility, that
ERK pathway, might play a role, mediating IL6 and IL12 expression.
However, more studies are needed to confirm whether the observed
cytokine regulation in this study is directly related to ERK signaling or
occurs through alternative mechanisms, including activation of parallel

signaling pathways, feedback loops, or crosstalk between kinases.

In MS, B cells are known to contribute to disease pathogenesis by
secreting excessive amounts of distinct inflammatory factors like TNF,
lymphotoxin «, IL6, and GM-CSF (Michel et al., 2015).

Among these, IL6 plays a pivotal role in the development of EAE,
driving inflammation and disease progression. Experimental models

have shown that selective deletion of IL6 in B cells reduces disease
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severity in EAE, highlighting this pathway as a central mechanism
linking B cells to neuroinflammation (Rothaug et al., 2016; Serada
et al., 2008). IL6 supports the development of pathogenic Th17 cells,
limits regulatory T cell responses, and promotes immune cell infiltra-
tion into the CNS (Barr et al., 2012; Serada et al., 2008). Through
IL6 secretion, B cells enhance pro-inflammatory signaling and IL6 has
been identified as a potent modulator of B cell proliferation, plasma
cell survival, and immunoglobulin secretion (Rothaug et al., 2016;
Vazquez et al., 2015). This cytokine plays a critical role in promoting
the recruitment of inflammatory cells, enhancing their migration across
the BBB, activating autoreactive T cells, and stimulating the production
of pathogenic antibodies. Elevated IL6 levels play a significant role
in driving inflammation and autoimmune responses (Vazquez et al.,
2015).

The enhanced phosphorylation of STATS5 and STAT6, downstream
molecules of JAK or other tyrosine kinase signaling pathways such as
PIBK-Akt and RAS-MAPK, were described as a signaling pathways
involved in increased production of proinflammatory cytokines (Yao
et al., 2014, Sino Biological, 2023). Therefore, targeting FGFR sig-
naling in B cells may help reduce the expression of pro-inflammatory
cytokines such as IL6, potentially limiting neuroinflammation, de-
myelination, and neurodegeneration by disrupting key immune and

inflammatory pathways.
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In this in vitro study, FGFR inhibition in B cells resulted not only in
less pro-inflammatory expression of the IL6 protein, but also reduced
the expression of IL12 in BL2 cells. IL12 is primarily modulated
through the STAT4 signaling pathway and regulates NK activation
and T cell differentiation, enhancing inflammation (Jee et al., 2001).
In MS, elevated serum levels of IL12 are associated with increased
disease activity, as IL12 plays a crucial role in the promotion of Th1 cell
expansion. This connection is further supported by findings from EAE
studies (Comabella et al., 1998; Wang et al., 2018). Therefore, the
reduced IL12 protein expression in BL2 cells after dovitinib treatment
could impact MS pathogenesis, possibly by limiting Th1 mediated
inflammatory responses. Among the kinase inhibitors evaluated,
dovitinib demonstrated the strongest cytokine-suppressive effects in
BL2 cells. Unlike the more selective FGFR inhibitors, dovitinib targets
a broader range of kinases, including VEGFRs, PDGFRs, EGFRs, FLT

and c-Kit, possibly accounting for its superior efficacy.

However, other key pro-inflammatory cytokines such as IFNv, TNFq,
and the cytokines CCL2 and CX3CL1 strongly involved in the patho-
genesis of MS (Ramesh et al., 2013), were not significantly affected in
this in vitro study. No alteration in protein expression or mRNA levels
were observed.

One possible explanation could be that these cytokines are mainly

regulated through the JAK and STAT pathway, which is known to be
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essential for cytokine-induced gene expression and plays a key role
in modulating immune cell functions (B. Hu et al., 2021; Wang et al.,
2018). Another factor might be the limited observation period of 24
h, which could have been insufficient for B cells to fully differentiate
or activate under the specific experimental conditions required for
cytokine production (Vazquez et al., 2015). Moreover, this timeframe
may not have allowed for the detection of delayed transcriptional or
translational responses, particularly those affecting mRNA cytokine
levels.

The absence of co-stimulatory signals or immune cell interactions,
which are essential for full B cell activation and cytokine production,
may also explain the limited cytokine modulation observed in vitro.
In vivo, B cells operate within a highly dynamic and interactive im-
munological microenvironment, where continuous crosstalk with other
immune and non-immune cells significantly influences their cytokine
expression profiles (Dendrou et al., 2015; R. Li et al., 2018). This level
of complexity is inherently absent in monoculture systems, such as this
BL2 cell in vitro model. As a result, indirect or chronic inflammatory
signals, such as those contributing to the formation of chronic lesions
or slowly progressing inflammation in the CNS of MS patients, cannot
be accurately replicated. This limitation is particularly relevant given
the proposed feedback interactions between peripheral immune cells
and CNS-resident cells, including microglia and astrocytes, which are

thought to play a critical role in modulating cytokine responses during
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neuroinflammation (Dendrou et al., 2015; Lassmann, 2018).

In general, in vitro models are limited in their ability to reflect the
complex immune responses that occur in living organisms. They
cannot reproduce systemic effects or the progression from acute to
chronic disease stages, as seen in EAE models or in tissue from
MS patients. Although this study provides initial insights, how FGFR
inhibition affects cytokine expression in B cells, these results must be
interpreted with caution due to the simplified nature of the experimen-
tal setup. Future studies should use more advanced models, such
as co-cultures, tissue explants, or organotypic cultures, which better
reflect the physiological environment. Co-culture systems involving B
cells and CNS-resident cells (e.g., microglia, astrocytes, OLs) could
enable the investigation of reciprocal cellular interactions. These
include the influence of B cell-derived cytokines on glial activation,
as well as the capacity of CNS-resident cells to modulate B cell
phenotype and function through both contact-dependent mechanisms
(e.g., CD40-CD40L interactions) and soluble mediators (e.g., IL-6,
TNF). Furthermore, such systems may help determine whether FGFR
inhibition impacts B cell communication with T cells, potentially altering
T cell activation and downstream effector responses, key components
of MS pathophysiology. These approaches would allow for a more
accurate analysis of cell-to-cell interactions, signaling dynamics, and

the potential therapeutic effects of kinase inhibitors under conditions
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that more closely resemble the in vivo situation.

Another limitation of this study is the use of BL2 cells, a human Burkitt
lymphoma B cell line, which differs from B cells found in patients
with MS. As a result, the findings derived from this study are difficult
to directly extrapolate to the behavior of B cells in MS, where B
cells are involved in both pro-inflammatory and regulatory processes.
To strengthen the translational relevance of the data, future studies
should incorporate B cells isolated from MS patients. This would allow
for a more accurate assessment of how FGFR-targeted therapies
influence inflammatory signaling in disease-relevant immune cells
and provide deeper insight into their potential therapeutic value in

neuroinflammatory conditions.

This chapter explored how selective FGFR inhibitors and the multik-
inase inhibitor dovitinib modulate pro-inflammatory cytokine expres-
sion in BL2 cells, showing that dovitinib significantly reduced IL6
and IL12 expression. This suggests a possible role for FGFR and
associated kinase signaling, such as ERK, in regulating inflammatory
responses. In contrast, more selective FGFR inhibitors showed limited
impact, highlighting the broader efficacy of multikinase inhibition. The
study also emphasized the complexity of cytokine regulation, noting
that certain key inflammatory mediators involved in MS, including
IFN~ and TNFa, were not affected under the experimental conditions.

Factors such as limited observation time, lack of co-stimulation, and
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the simplified in vitro model likely contributed to these findings. To
visualize these findings, the following Figure 18 illustrates the impact
of dovitinib on key signaling pathways in BL2 cells, summarizing its

effects on cytokine expression and intracellular signaling dynamics.
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Figure 18: Impact of dovitinib on cell signaling in BL2 cells. This figure
illustrates the key findings from this study on how the multikinase inhibitor
dovitinib might alter cell signaling in BL2 cells. Dovitinib treatment leads
to a decrease in FGFR1 expression, which results in downregulation of
pPERK activity and a reduction in the secretion of proinflammatory cytokines,
indicating a suppression of key inflammatory pathways. On the other
hand, dovitinib treatment induces the upregulation of pAKT, suggesting a
compensatory activation of of other signaling pathways to counterbalance
the effects of FGFR inhibition and maintain proliferation. Additionally, FGFR2
mRNA levels are downregulated. The black arrows in the figure represent
the upregulation or downregulation of specific molecules, while the dashed
arrows indicate potential downstream signaling, highlighting the complexity
and interconnectedness of the signaling networks involved. Image created
with BioRender (biorender.com).
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This study highlights the potential of kinase inhibition, especially
through multikinase inhibitors like dovitinib, to modulate pro-
inflammatory cytokine expression in B cells. The reduction of
IL6 and IL12 levels following treatment points to a possible role
of FGFR signaling in driving inflammatory responses in BL2
cells, supporting further investigations into its potential therapeutic
role in neuroinflammatory diseases like MS. Validation in more
physiologically relevant models and patient-derived cells will be

essential to assess clinical relevance.
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6 Conclusion

This study examined the potential of FGFR signaling as a regulatory
axis in B cell-mediated inflammation, with a particular focus on
pharmacological FGFR inhibition in BL2 cells using two selective
FGFR inhibitors (AZD4547, infigratinib) and the multikinase inhibitor
dovitinib. This work explored FGFR1/2 receptor dynamics, the impact
of FGFR pathway inhibition on intracellular signaling (pERK, pAkt),
and the cytokine expression in BL2 cells.

The findings provide several novel insights. First, FGFR inhibition
did not suppress BL2 cell proliferation or induce cytotoxic effects
under the in vitro conditions tested. This contrasts with findings from
oncology studies, where FGFR inhibition typically suppresses tumor
cell proliferation (Dai et al., 2019; Lukoseviciute et al., 2020; Porta
et al., 2015), suggesting that FGFR signaling may not be essential
for B cell viability. Interestingly, an increase in pAkt following inhibitor
treatment, particularly with infigratinib, suggests that compensatory
mechanisms, such as alternative survival pathways (e.g., via PI3K-
Akt), may be activated to maintain cell homeostasis despite FGFR
inhibition.

Second, dovitinib demonstrated a more pronounced regulatory effect
on both receptor expression and intracellular signaling compared to

the selective inhibitors. Dovitinib reduced FGFR1 surface protein
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expression, and downregulated total pERK protein, a key signaling
molecule involved in cell proliferation, survival, and cytokine regulation
(Lavoie et al., 2020). Simultaneously, dovitinib treatment increased
pAkt surface expression, suggesting a shift in signaling likely due to
broader kinase inhibition. Therefore, dovitinib effects may result from
the cumulative impact of blocking multiple kinases and disrupting the
broader receptor signaling network.

Third, dovitinib significantly decreased the expression of proinflam-
matory cytokines IL6 and IL12 in BL2 cells, key mediators implicated
in MS pathogenesis. IL6 drives the differentiation of pathogenic
Th17 cells and promotes immune cell CNS infiltration, while IL12
supports Th1 responses and amplifies inflammatory cascades (Akdis
et al.,, 2011; Vazquez et al., 2015; Wang et al., 2018). The ability
of dovitinib to suppress these cytokines suggests that broad kinase
inhibition can effectively modulate the proinflammatory capacity of B
cells, potentially altering their contribution to MS pathology. However,
this effect appears to be independent or at least not specific to
FGFR inhibition, raising the question of whether FGFRs are the
primary mediators or simply one component within a larger signaling
landscape. In contrast, selective FGFR inhibitors had a limited impact
on cytokine expression, indicating that a more specific inhibition of
FGFR1—4 alone may be insufficient to modulate B cell inflammatory
activity. This differential effect supports the notion that multikinase

inhibition may offer a promising approach to modulating immune cell
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function in the context of neuroinflammation. Rather than eliminating B
cells entirely, a strategy that can affect immune surveillance, targeting
key signaling pathways that drive their inflammatory response, may
have a better balance between efficacy and safety. This could
allow for suppression of pathogenic B cell activity while preserving
their regulatory or homeostatic functions. Furthermore, given the
multifactorial nature of the pathogenesis of MS, therapies should aim
to balance, rather than eradicate, dysregulated immune responses
(Dendrou et al., 2015; Filippi et al., 2018; Lassmann, 2018). FGFR
signaling, such as the disease itself, is multifaceted, with effects
shaped by receptor isoform expression, cellular context, and interac-
tion with other pathways (Beenken and Mohammadi, 2009; ltoh and
Ornitz, 2008; Ornitz and Itoh, 2015). This complexity could actually
present a therapeutic advantage, as modulating a key signaling axis,
such as FGFR, may allow precise immune regulation without requiring
the identification of specific antigens or cell types.

In summary, this work identifies FGFR signaling, and more broadly,
RTK signaling, as a modifiable axis in B cells with relevance to
neuroinflammation. Although selective inhibition of FGFR showed
limited effects, inhibition by the multikinase inhibitor dovitinib altered
signaling activity and reduced the expression of pro-inflammatory
cytokines, supporting its potential as an immunomodulatory agent.
These findings suggest that broad inhibition of interrelated pathways,

rather than single-target interventions, may be better suited to address
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the complex immunopathology of MS.

Each experimental insight contributes to a broader understanding,
while simultaneously revealing new complexities. This doctoral thesis
contributes to this goal by elucidating how FGFR pathways influence B
cell function, signaling behavior, and inflammatory potential. By high-
lighting the distinct immunomodulatory effects of multikinase inhibition,
particularly through dovitinib, this work underscores the importance of
looking beyond single-target strategies but towards a broader network
signaling modulation. In doing so, it offers a valuable framework for
future investigations into B cell-directed therapies and supports the
pursuit of precision-based interventions that move beyond symptom

management toward true disease modification in MS.
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Abstract

B lymphocytes play a key role in the pathogenesis of multiple sclerosis
(MS). While B-cell-depleting therapies have demonstrated clinical ef-
ficacy, emerging therapeutic strategies focus on functional modulation
of B cells to preserve overall immune homeostasis.

In addition to B cells, molecular signaling pathways such as the B
cell receptor pathway, targeted by Bruton’s tyrosine kinase inhibitor
and fibroblast growth factor (FGF/FGFR) signaling, important for neu-
rodegeneration and immune regulation in the central nervous system,
have gained attention. Experimental autoimmune encephalomyelitis
models showed that conditional deletion of FGFR1/2 in oligodendro-
cytes resulted in a milder disease course, reduced inflammation, and
decreased myelin and axon degeneration. In demyelinating lesions,
the number of immune cells was significantly reduced, indicating that
FGF/FGFR signaling might play an important role in immune cell
modulation.

This study investigated the effects of pharmacological FGFR inhibition
on BL2 cells. Selective FGFR inhibitors (AZD4547, infigratinib) and
the multikinase inhibitor dovitinib were investigated for their effects
on BL2 cell proliferation, cytotoxicity, receptor expression (FGFR1/2),
intracellular signaling (pERK, pAkt), and cytokine production using

WST-1 and LDH assays, immunofluorescence, western blot, and RT-
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PCR.

Under in vitro conditions, FGFR inhibition did not affect BL2 cell
proliferation or exerted cytotoxic effects. Dovitinib significantly reduced
the surface expression of FGFR1, pERK activation, and the secretion
of the pro-inflammatory cytokines IL6 and IL12, both important in the
pathophysiology of MS. In contrast, selective FGFR inhibitors had only
minor effects. FGFR2 mRNA levels were reduced across all treatment
groups, and protein levels remained unchanged, suggesting post-
transcriptional regulation or the activation of compensatory feedback
mechanisms. An increase in pAkt activity, particularly following
infigratinib treatment, further indicates the activation of alternative
signaling pathways in response to FGFR blockade. The enhanced
efficacy of dovitinib might be due to its broader kinase inhibition profile,
targeting not only FGFR but also additional tyrosine kinases.

In summary, this study shows that the multikinase FGFR inhibitor
dovitinib can modulate pro-inflammatory B cell activity without com-
promising cell viability, offering a promising strategy as a targeted

immunomodulatory approach for MS therapy.
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Zusammenfassung

B-Lymphozyten spielen eine zentrale Rolle in der Pathogenese der
Multiplen Sklerose (MS). Wahrend B-Zell-depletierende Therapien
wirksam sind, riicken modulierende Ansatze zur Erhaltung der Im-
munhomdostase zunehmend in den Fokus. Neben der direkten B-Zell-
Modulation sind intrazelluldre Signalwege wie der B-Zell-Rezeptor-
und der FGF/FGFR-Signalweg von Bedeutung, welcher relevant fr
neurodegenerative und immunologische Prozesse im zentralen Ner-
vensystem ist. Experimentelle autoimmunen Enzephalomyelitis Stu-
dien zeigen, dass die Deletion von FGFR1/2 in Oligodendrozyten
mit milderem Verlauf, geringerer Myelin- und Axondegeneration und
reduzierter Immunzellinfiltration einhergeht. Dies weisst auf die im-
munmodulatorische Relevanz von FGF/FGFR in Immunzellen hin.
Diese Arbeit unstersucht die Effekte einer pharmakologischen FGFR-
Inhibition auf die BL2 Zelllinie. Hierzu wurden sowohl selektive FGFR-
Inhibitoren (AZD4547, Infigratinib) als auch der Multi-Tyrosinkinase-
Inhibitor Dovitinib eingesetzt. Die Effekte auf Proliferation, Zytotoxi-
zitat, Rezeptorexpression (FGFR1/2), intrazelluldre Signalaktivierung
(PERK, pAkt) sowie die Zytokinproduktion wurden mittels WST-1-
und LDH-Assay, Immunfluoreszenzfarbung, Western Blot und RT-PCR
evaluiert.

Die FGFR-Inhibition zeigte unter den gewahlten in-vitro-Bedingungen
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keine Veranderung der Proliferation und keine Zytotoxizitat
in BL2-Zellen. Dovitinib reduzierte signifikant die FGFR1-
Oberflachenexpression, die pERK-Aktivierung und die Sekretion
der MS- relevanten proinflammatorischen Zytokine IL6 und IL12.
Selektive FGFR-Inhibitoren zeigten hingegen nur geringe Effekte.
Trotz Abnahme der FGFR2-mRNA bei allen Inhibitor-Gruppen blieb
die Proteinexpression unverandert, was auf posttranskriptionale
Regulation oder kompensatorische Mechanismen hinweist. Eine
verstarkte pAkt-Aktivitdt nach FGFR Inhibition, besonders unter
Infigratinib, deutet auf eine kompensatorische Aktivierung alternative
Signalwege als Antwort auf eine FGFR-Blockade hin. Die
ausgepragtere Wirkung von Dovitinib dirfte auf das erweiterte
Zielprofil weiterer Tyrosinkinasen zuriickzufihren sein.

Zusammenfassend zeigt sich, dass Dovitinib proinflammatorische
B-Zell-Aktivitat wirksam modulieren kann, ohne die Zellvitalitdt zu
kompromittieren. Dies eréffnet eine vielversprechende Perspektive fur

eine differenzierte immunmodulatorische MS-Therapie.
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List of Abbreviations

ALL
APCs
Akt
ATP
BAFF
BBB
BCP-ALL
BCR
BTK
Breg
CBL
CCL2
cFGFs
CIs
c-Kit
CLL
CNS
CSF

acute lymphoblastic leukemia
antigen-presenting cells
protein kinase B

adenosine triphosphate

B cell activating factor

blood-brain barrier

B cell precursor acute lymphoblastic leukemia

B cell receptor

Bruton’s tyrosine kinase

regulatory B cell

Casitas B-lineage lymphoma
CC-chemokine ligand 2

C-terminal fibroblast growth factors-23
clinically isolated syndrome

cellular kit

chronic lymphocytic leukemia

central nervous system

cerebrospinal fluid

145



CSF-1R
CX3CL1
DAG
DCs
DIT

DIS
DMF
DMD
DNA
EAE
EBV
EBNA1
EGFR

ERBB

ERK
FcR
FGF
FGFR

FGFRLA1

colony-stimulating factor 1 receptor
C-X8-C motif chemokine ligand 1
diacylglycerol

dentritic cells

dissemination in time
dissemination in space

dimethyl fumarate
disease-modifying drug
deoxyribonucleic acid

experimental autoimmune encephalomyelitis
Epstein-Barr virus

Epstein-Barr nuclear antigen 1
epidermal growth factor receptor

erythroblastic leukemia viral oncogene homologue

receptor

extracellular signal-regulated kinases
fragment crystallizable receptor
fibroblast growth factor

fibroblast growth factor receptor

fibroblast growth factor receptor-like 1

146



FLT3
FRS2
GA
GM-CSF
Grb1
Grb2
hFGFs
HRP
HSPGs

IC50

iFGFs

IGF1R

INO
IP3
JAK
LDH
MAPK

MALT

Fms-like tyrosine kinase 3

FGFR substrate 2

glatiramer acetate
granulocyte-macrophage colony-stimulating factor
growth factor receptor-bound protein 1
growth factor receptor-bound protein 2
human fibroblast growth factors
horseradish peroxidase

heparan sulfate proteoglycans

half maximal inhibitory concentration
immunofluorescence

intrecellular fibroblast growth factors
insulin-like growth factor 1 receptor
interleukin

internuclear ophthalmoplegia

inositol trisphosphate

janus kinase

lactate dehydrogenase
mitogen-activated protein kinase
mucosa-associated lymphoid tissue

147



mAbs
MHC
MOG
mRNA
MRI

MS
mTOR
MYC-IGL
NADH

NFkB

NK

NK cells
NRF2
OCB

oL

OPC
pAKkt
PDGFR

pERK

monoclonal antibodies

major histocompatibility complex
myelin oligodendrocyte glycoprotein
messenger ribonucleic acid
magnetic resonance imaging
multiple sclerosis

mechanistic target of rapamycin

MY C-immunglobuline light chain
nicotinamide adenine dinucleotide

nuclear factor ‘'Kappa-Light-Chain-Enhancer’ of

activated B cells

natural killer cell

natural killer cells

nuclear factor erythroid 2-related factor 2
oligoclonal bands

oligodendrocyte

oligodendrocyte progenitor cell
phosphorylated protein kinase B
platelet-derived growth factor receptor

phosphorylated extracellular signal-regulated kinase

148



PI3K
PIP2
PIP3
PKC
PLCy
PPMS
RAF
RAS
RET
RRMS
RTK
RT-PCR
S1P

SDS-PAGE

SEF
SEM
SOS
SPMS

SPRY

phosphoinositide 3-kinase
phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol (3,4,5)-trisphosphate
protein kinase C

phospholipase Cy

primary progressive multiple sclerosis
rapidly accelerated fibrosarcoma

rat sarcoma

rearranged during transfection
relapsing-remitting multiple sclerosis
receptor tyrosine kinase

reverse transcription-polymerase chain reaction
sphingosine-1-phosphate

sodium dodecyl sulfate—polyacrylamide gel

electrophoresis

similar expression to FGF

standard error of the mean

son of sevenless

secondary progressive multiple sclerosis

sprouty

149



pS6K
Src-kinases
STAT
SYK
Shc
TGF

Th cells
TNF
TNFR
TKI
TrkA
TrkB
Treg
VEGF

VEGFR

phosphorylated p70 S6 kinase

sarcoma family kinases

signal transducer and activator of transcription

spleen tyrosine kinase

Src Homology 2 domain-containing protein
transforming growth factors
T-helper cells

tumor necrosis factor

tumor necrosis factor receptor
tyrosine kinase inhibitor
tropomyosin receptor kinase A
tropomyosin receptor kinase B
regulatory T cell

vascular endothelial growth factor

vascular endothelial growth factor receptor

150



List of Figures

10

Simplified overview of symptoms associated with multi-
ple sclerosis(MS) . . . ... .. ... ... ....... 9
Systematic visualization of the clinical phenotypes of
multiple sclerosis (MS). . . . .. ... ... ... 11
Simplified illustration of the McDonald criteria for diag-
nosing multiple sclerosis (MS). . . . . ... .. ... .. 13
Overview of current treatment recommendations for
relapsing-remitting multiple sclerosis (RRMS) accord-
ing to German guidelines 2021. . . . . . ... ... ... 17
Simplified overview of B cell development and activation. 25
Multifaceted roles of B cells in both the immune system

and neuroimmunological processes. . . . . . ... ... 29

Cell viability assay conducted using the Trypan Blue
exclusion method and cell counting with a Neubauer
improved counting chamber. . . . . . . . ... ... ... 79
Simplified illustration of the experimental treatment pro-
cedureforBlL2cells. . .. ... ... . ... ....... 81

Example of positive, intensively stained cell. . . . . . .. 91

Cell proliferation of BL2 cells incubated with AZD4547,
Infigratinib, Dovitinib, FGF2, and DMSO. . . . . . . . .. 93

151



11

12

13

14

15

16

17

18

Cytotoxic effects of FGFR inhibition with AZD4547,
Infigratinib, Dovitinib, and the application of FGF2 and

DMSOonBL2cells. . . ... ... ... ......... 94
FGFR1 expression (A-E) of BL2 cells treated with
AZDA4547, Infigratinib, Dovitinib, and FGF2. . . . . . .. 96
FGFR2 expression (A-E) of BL2 cells treated with
AZDA4547, Infigratinib, Dovitinib and FGF2. . . . . . .. 99
Cellular distribution (A, B) and protein expression (C, D)
ofpERKinBL2cells.. . . . ... ... ... ... ..., 101
Cell distribution (A, B) and protein expression (C, D) of
PAKT inBL2cells. . . .. ... ... ... .. ...... 103
Protein expression (A, B) of IL6, IL12, IFN~, TNFa,
CX3CL1,and CCL2inBL2cells. . . ... ........ 105
mRNA levels (C) of IL6, IL12, IFNvy, TNF«, CX3CL1,
and CCL2inBL2cells.. . . . .. ... ... .. ..... 106
Impact of dovitinib on cell signaling in BL2 cells. . . . . . 135

152



List of Tables

© 0O N O o ~ WD

11
12
13
14

Key Elements of the McDonald criteria for MS diagnosis

adapted from Thompson et al. (2018). . . . . ... ... 12
Cellline. . . . . . .. 57
Primary antibodies. . . . . . .. ... ... ... ..... 58
Secondary antibodies. . . . . ... ... ... ... ... 62
Ladders for westernblot. . . . . .. ... ... ... ... 62
Kits. . . . . 63
Buffers. . . .. ... ... 64
Primers sequences for the genes of interest. . . . . . . 66

Treatments used for experiments. AZD4547 refers to

the compound now known as fexagratinib. . . . . . . .. 67
Chemicals used in the experiments. . . . . ... .... 68
Laboratory consumables. . . . ... ... ... ... .. 71
Chemicals used in the experiments. . . . . . ... ... 73
Software used for analysis and imaging. . . . . ... .. 76
The experimental treatment group setup. . . . . . . .. 80

153



Bibliography

Abbas, A., Litchman, A. H., & Pillai, S. (2019). Basic Immunology -
6th Edition. Elsevier Ltd.

Akdis, M., Burgler, S., Crameri, R., Eiwegger, T., Fuijita, H.,
Gomez, E., Klunker, S., Meyer, N., O'Mahony, L.,
Palomares, O., Rhyner, C., Quaked, N., Schaffartzik, A.,
Van De Veen, W., Zeller, S., Zimmermann, M., & Akdis, C. A.
(2011). Interleukins, from 1 to 37, and interferon-+: receptors,
functions, and roles in diseases. The Journal of allergy and
clinical immunology, 127(3), 701-721.
https://doi.org/10.1016/J.JACI.2010.11.050

Akl, M. R., Nagpal, P., Ayoub, N. M., Tai, B., Prabhu, S. A,
Capac, C. M., Gliksman, M., Goy, A., & Suh, K. S. (2016).
Molecular and clinical significance of fibroblast growth factor 2
(FGF2 /bFGF) in malignancies of solid and hematological
cancers for personalized therapies. Oncotarget, 7(28), 44735.
https://doi.org/10.18632/ONCOTARGET.8203

Altomare, D. A., & Testa, J. R. (2005). Perturbations of the AKT
signaling pathway in human cancer. Oncogene, 24(50),
7455—-7464. https://doi.org/10.1038/SJ.ONC.1209085

American Society of Clinical Oncology. (2023). Targeted therapy

achieves responses across multiple cancer types with FGFR

154


https://doi.org/10.1016/J.JACI.2010.11.050
https://doi.org/10.18632/ONCOTARGET.8203
https://doi.org/10.1038/SJ.ONC.1209085

alterations. https://www.mdanderson.org/newsroom/asco-
targeted-therapy-achieves-responses-across-multiple-
cancer-types-fgfr-alterations.h00-
159619434 .html?utm_source=chatgpt.com

Amin, M., & Hersh, C. M. (2021). Updates and advances in multiple
sclerosis neurotherapeutics Practice points. Neurodegener.
Dis. Manag, (1), 47-70.
https://doi.org/10.2217/nmt-2021-0058

André, F.,, Bachelot, T., Campone, M., Dalenc, F., Perez-Garcia, J. M.,
Hurvitz, S. A., Turner, N., Rugo, H., Smith, J. W., Deudon, S.,
Shi, M., Zhang, Y., Kay, A., Porta, D. G., Yovine, A., &
Baselga, J. (2013). Targeting FGFR with dovitinib (TKI258):
Preclinical and clinical data in breast cancer. Clinical Cancer
Research, 19(13), 3693-3702. https://doi.org/10.1158/1078-
0432.CCR-13-0190/273182/AM/TARGETING-FGFR-WITH-
DOVITINIB-TKI258-PRECLINICAL

Antel, J., & Bar-Or, A. (2006). Roles of immunoglobulins and B cells
in multiple sclerosis: From pathogenesis to treatment. Journal
of Neuroimmunology, 180(1), 3-8.
https://doi.org/10.1016/J.JNEUROIM.2006.06.032

Ascherio, A., & Munger, K. L. (2010). Epstein-barr virus infection and
multiple sclerosis: a review. Journal of neuroimmune
pharmacology, 5(3), 271-277.
https://doi.org/10.1007/S11481-010-9201-3

155


https://www.mdanderson.org/newsroom/asco-targeted-therapy-achieves-responses-across-multiple-cancer-types-fgfr-alterations.h00-159619434.html?utm_source=chatgpt.com
https://www.mdanderson.org/newsroom/asco-targeted-therapy-achieves-responses-across-multiple-cancer-types-fgfr-alterations.h00-159619434.html?utm_source=chatgpt.com
https://www.mdanderson.org/newsroom/asco-targeted-therapy-achieves-responses-across-multiple-cancer-types-fgfr-alterations.h00-159619434.html?utm_source=chatgpt.com
https://www.mdanderson.org/newsroom/asco-targeted-therapy-achieves-responses-across-multiple-cancer-types-fgfr-alterations.h00-159619434.html?utm_source=chatgpt.com
https://doi.org/10.2217/nmt-2021-0058
https://doi.org/10.1158/1078-0432.CCR-13-0190/273182/AM/TARGETING-FGFR-WITH-DOVITINIB-TKI258-PRECLINICAL
https://doi.org/10.1158/1078-0432.CCR-13-0190/273182/AM/TARGETING-FGFR-WITH-DOVITINIB-TKI258-PRECLINICAL
https://doi.org/10.1158/1078-0432.CCR-13-0190/273182/AM/TARGETING-FGFR-WITH-DOVITINIB-TKI258-PRECLINICAL
https://doi.org/10.1016/J.JNEUROIM.2006.06.032
https://doi.org/10.1007/S11481-010-9201-3

Babina, I. S., & Turner, N. C. (2017). Advances and challenges in
targeting FGFR signalling in cancer. Nature Reviews Cancer,
17(5), 318-332. https://doi.org/10.1038/NRC.2017.8

Barr, T. A., Shen, P, Brown, S., Lampropoulou, V., Roch, T,
Lawrie, S., Fan, B., O'Connor, R. A., Anderton, S. M.,
Bar-Or, A, Fillatreau, S., & Gray, D. (2012). B cell depletion
therapy ameliorates autoimmune disease through ablation of
IL-6—producing B cells. The Journal of Experimental
Medicine, 209(5), 1001.
https://doi.org/10.1084/JEM.20111675

Bayas, A., Berthele, A., Hemmer, B., Warnke, C., & Wildemann, B.
(2021). Controversy on the treatment of multiple sclerosis and
related disorders: positional statement of the expert panel in
charge of the 2021 DGN Guideline on diagnosis and
treatment of multiple sclerosis, neuromyelitis optica spectrum
diseases and MOG-1gG-ass. Neurological Research and
Practice, 3(1). https://doi.org/10.1186/s42466-021-00139-8

Becker, K., Bluhm, A., Casas-Vila, N., Dinges, N., Dejung, M.,
Sayols, S., Kreutz, C., Roignant, J. Y., Butter, F,, &
Legewie, S. (2018). Quantifying post-transcriptional regulation
in the development of Drosophila melanogaster. Nature
Communications, 9(1).
https://doi.org/10.1038/s41467-018-07455-9

156


https://doi.org/10.1038/NRC.2017.8
https://doi.org/10.1084/JEM.20111675
https://doi.org/10.1186/s42466-021-00139-8
https://doi.org/10.1038/s41467-018-07455-9

Beenken, A., & Mohammadi, M. (2009). The FGF family: Biology,
pathophysiology and therapy. Nature Reviews Drug
Discovery, 8(3), 235-253. https://doi.org/10.1038/NRD2792

Bettelli, E., Prabhu Das, M., Howard, E. D., Weiner, H. L.,

Sobel, R. A., & Kuchroo, V. K. (1998). IL-10 Is Critical in the
Regulation of Autoimmune Encephalomyelitis as
Demonstrated by Studies of IL-10- and IL-4-Deficient and
Transgenic Mice. The Journal of Immunology, 161(7),
3299-3306. https://doi.org/10.4049/JIMMUNOL.161.7.3299

Bjornevik, K., Cortese, M., Healy, B. C., Kuhle, J., Mina, M. J.,
Leng, Y., Elledge, S. J., Niebuhr, D. W., Scher, A. |.,
Munger, K. L., & Ascherio, A. (2022). Longitudinal analysis
reveals high prevalence of Epstein-Barr virus associated with
multiple sclerosis. Science (New York, N.Y.), 375(6578),
296-301. https://doi.org/10.1126/SCIENCE.ABJ8222

Boichuk, S., Dunaev, P., Galembikova, A., & Valeeva, E. (2024).
Fibroblast Growth Factor 2 (FGF2) Activates Vascular
Endothelial Growth Factor (VEGF) Signaling in
Gastrointestinal Stromal Tumors (GIST): An Autocrine
Mechanism Contributing to Imatinib Mesylate (IM)
Resistance. Cancers, 16(17), 3103.
https://doi.org/10.3390/CANCERS16173103/S1

Botrus, G., Raman, P., Oliver, T., & Bekaii-Saab, T. (2021). Infigratinib

(BGJ398): an investigational agent for the treatment of

157


https://doi.org/10.1038/NRD2792
https://doi.org/10.4049/JIMMUNOL.161.7.3299
https://doi.org/10.1126/SCIENCE.ABJ8222
https://doi.org/10.3390/CANCERS16173103/S1

FGFR-altered intrahepatic cholangiocarcinoma. Expert
opinion on investigational drugs, 30(4), 309-316.
https://doi.org/10.1080/13543784.2021.1864320

Brewer, J. R., Mazot, P., & Soriano, P. (2016). Genetic insights into
the mechanisms of Fgf signaling. Genes & development,
30(7), 751=771. https://doi.org/10.1101/GAD.277137.115

Brigadski, T., & LeBmann, V. (2020). The physiology of regulated
BDNF release. Cell and Tissue Research, 382(1), 15—45.
https://doi.org/10.1007/S00441-020-03253-2

Carnero Contentti, E., & Correale, J. (2020). Bruton’s tyrosine kinase
inhibitors: a promising emerging treatment option for multiple
sclerosis. Expert Opinion on Emerging Drugs, 25(4),
377-381. https://doi.org/10.1080/14728214.2020.1822817

Carswell, R. (1838). Pathological anatomy: illustrations of the
elementary forms of disease - Digital Collections - National
Library of Medicine. https:
/lcollections.nim.nih.gov/catalog/nim:nimuid-62120140R-bk

Cencioni, M. T., Mattoscio, M., Magliozzi, R., Bar-Or, A., &
Muraro, P. A. (2021). B cells in multiple sclerosis — from
targeted depletion to immune reconstitution therapies. Nature
Reviews Neurology 2021 17:7, 17(7), 399-414.
https://doi.org/10.1038/s41582-021-00498-5

Chae, Y. K., Hong, F.,, Vaklavas, C., Cheng, H. H., Hammerman, P,,
Mitchell, E. P., Zwiebel, J. A., Ivy, S. P, Gray, R. J., Li, S.,

158


https://doi.org/10.1080/13543784.2021.1864320
https://doi.org/10.1101/GAD.277137.115
https://doi.org/10.1007/S00441-020-03253-2
https://doi.org/10.1080/14728214.2020.1822817
https://collections.nlm.nih.gov/catalog/nlm:nlmuid-62120140R-bk
https://collections.nlm.nih.gov/catalog/nlm:nlmuid-62120140R-bk
https://doi.org/10.1038/s41582-021-00498-5

McShane, L. M., Rubinstein, L. V., Patton, D., Williams, P. M.,
Hamilton, S. R., Mansfield, A., Conley, B. A., Arteaga, C. L.,
Harris, L. N., ... Flaherty, K. T. (2020). Phase Il Study of
AZDA4547 in Patients With Tumors Harboring Aberrations in
the FGFR Pathway: Results From the NCI-MATCH Trial
(EAY131) Subprotocol W. Journal of Clinical Oncology,
38(21), 2407. https://doi.org/10.1200/JCO.19.02630

Chae, Y. K., Ranganath, K., Hammerman, P. S., Vaklavas, C.,
Mohindra, N., Kalyan, A., Matsangou, M., Costa, R.,
Carneiro, B., Villaflor, V. M., Cristofanilli, M., & Giles, F. J.
(2017). Inhibition of the fibroblast growth factor receptor
(FGFR) pathway: the current landscape and barriers to
clinical application. Oncotarget, 8(9), 16052—16074.
https://doi.org/10.18632/ONCOTARGET.14109

Chen, L., & Gordon, L. K. (2005). Ocular manifestations of multiple
sclerosis. Current Opinion in Ophthalmology, 16(5), 315-320.
https://doi.org/10.1097/01.1CU.0000179804.49842.E2

Chen, X., & Jensen, P. E. (2008). The role of B lymphocytes as
antigen-presenting cells. Archivum immunologiae et therapiae
experimentalis, 56(2), 77—-83.
https://doi.org/10.1007/S00005-008-0014-5

Chiu, Y. H., Lee, Y. Y., Huang, K. C,, Liu, C. C,, Lin, C. S., & Li, C. J.
(2019). Dovitinib Triggers Apoptosis and Autophagic Cell
Death by Targeting SHP-1/ p -STAT3 Signaling in Human

159


https://doi.org/10.1200/JCO.19.02630
https://doi.org/10.18632/ONCOTARGET.14109
https://doi.org/10.1097/01.ICU.0000179804.49842.E2
https://doi.org/10.1007/S00005-008-0014-5

Breast Cancers. Journal of Oncology, 2019.
https://doi.org/10.1155/2019/2024648

Choi, Y. J., Kim, H. S., Park, S. H., Kim, B. S., Kim, K. H., Lee, H. J.,
Song, H. S., Shin, D. Y., Lee, H. Y., Kim, H. G., Lee, K. H.,
Lee, J. L., & Park, K. H. (2018). Phase Il Study of Dovitinib in
Patients with Castration-Resistant Prostate Cancer
(KCSG-GU11-05). Cancer Research and Treatment : Official
Journal of Korean Cancer Association, 50(4), 1252.
https://doi.org/10.4143/CRT.2017.438

Chu, Y., Lee, S., Shah, T., Yin, C., Barth, M., Miles, R. R., Ayello, J.,
Morris, E., Harrison, L., Van de Ven, C., Galardy, P,
Goldman, S. C., Lim, M. S., Hermiston, M.,
McAllister-Lucas, L. M., Giulino-Roth, L., Perkins, S. L., &
Cairo, M. S. (2018). Ibrutinib significantly inhibited Bruton’s
tyrosine kinase (BTK) phosphorylation,in-vitro proliferation
and enhanced overall survival in a preclinical Burkitt
lymphoma (BL) model. Oncoimmunology, 8(1), e1512455.
https://doi.org/10.1080/2162402X.2018.1512455

Clemente, D., Ortega, M. C., Arenzana, F. J., & de Castro, F. (2011).
FGF-2 and anosmin-1 are selectively expressed in different
types of multiple sclerosis lesions. Journal of Neuroscience,
31(42), 14899-14909.
https://doi.org/10.1523/UJNEUROSCI.1158-11.2011

160


https://doi.org/10.1155/2019/2024648
https://doi.org/10.4143/CRT.2017.438
https://doi.org/10.1080/2162402X.2018.1512455
https://doi.org/10.1523/JNEUROSCI.1158-11.2011

Comabella, M., Balashov, K., Issazadeh, S., Smith, D., Weiner, H. L.,
& Khoury, S. J. (1998). Elevated interleukin-12 in progressive
multiple sclerosis correlates with disease activity and is
normalized by pulse cyclophosphamide therapy. Journal of
Clinical Investigation, 102(4), 671-678.
https://doi.org/10.1172/JCI13125

Compston, A. (2005). McAlpine’s Multiple Sclerosis: Fourth Edition.
Elsevier Inc.
https://doi.org/10.1016/B978-0-443-07271-0.X5001-0

Compston, A., & Coles, A. (2008). Multiple sclerosis. The Lancet,
372(9648), 1502—-1517.
https://doi.org/10.1016/S0140-6736(08)61620-7

Coombes, R. C., Badman, P. D., Lozano-Kuehne, J. P, Liu, X,
Macpherson, |. R., Zubairi, |., Baird, R. D., Rosenfeld, N.,
Garcia-Corbacho, J., Cresti, N., Plummer, R., Armstrong, A.,
Allerton, R., Landers, D., Nicholas, H., McLellan, L., Lim, A.,
Mouliere, F., Pardo, O. E., & Seckl, M. J. (2022). Results of
the phase lla RADICAL trial of the FGFR inhibitor AZD4547 in
endocrine resistant breast cancer. Nature Communications,
13(1). https://doi.org/10.1038/S41467-022-30666-0

Dai, S., Zhou, Z., Chen, Z., Xu, G., & Chen, Y. (2019). Fibroblast
Growth Factor Receptors (FGFRs): Structures and Small
Molecule Inhibitors. Cells, 8(6), 614.
https://doi.org/10.3390/CELLS8060614

161


https://doi.org/10.1172/JCI3125
https://doi.org/10.1016/B978-0-443-07271-0.X5001-0
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1038/S41467-022-30666-0
https://doi.org/10.3390/CELLS8060614

Dargahi, N., Katsara, M., Tselios, T., Androutsou, M.-E.,
Courten, M. d., Matsoukas, J., & Apostolopoulos, V. (2017).
Multiple Sclerosis: Immunopathology and Treatment Update.
Brain sciences, 27.
https://read.gxmd.com/read/28686222/multiple-sclerosis-
immunopathology-and-treatment-update

Delpuech, O., Rooney, C., Mooney, L., Baker, D., Shaw, R.,
Dymond, M., Wang, D., Zhang, P, Cross, S.,
Veldman-Jones, M., Wilson, J., Davies, B. R., Dry, J. R.,
Kilgour, E., & Smith, P. D. (2016). Identification of
pharmacodynamic transcript biomarkers in response to FGFR
inhibition by AZD4547. Molecular Cancer Therapeutics,
15(11), 2802—-2813. https://doi.org/10.1158/1535-7163.MCT-
16-0297/87155/AM/IDENTIFICATION-OF-
PHARMACODYNAMIC-TRANSCRIPT

Dendrou, C. A., Fugger, L., & Friese, M. A. (2015). Immunopathology
of multiple sclerosis. Nature Reviews Immunology, 15(9),
545-558. https://doi.org/10.1038/nri3871

Dey, J. H., Bianchi, F,, Voshol, J., Bonenfant, D., Oakeley, E. J., &
Hynes, N. E. (2010). Targeting Fibroblast Growth Factor
Receptors Blocks PISK/AKT Signaling, Induces Apoptosis,
and Impairs Mammary Tumor Outgrowth and Metastasis.

American Association of cancer research Tumor and Stem

162


https://read.qxmd.com/read/28686222/multiple-sclerosis-immunopathology-and-treatment-update
https://read.qxmd.com/read/28686222/multiple-sclerosis-immunopathology-and-treatment-update
https://doi.org/10.1158/1535-7163.MCT-16-0297/87155/AM/IDENTIFICATION-OF-PHARMACODYNAMIC-TRANSCRIPT
https://doi.org/10.1158/1535-7163.MCT-16-0297/87155/AM/IDENTIFICATION-OF-PHARMACODYNAMIC-TRANSCRIPT
https://doi.org/10.1158/1535-7163.MCT-16-0297/87155/AM/IDENTIFICATION-OF-PHARMACODYNAMIC-TRANSCRIPT
https://doi.org/10.1038/nri3871

Cell Biology, 70(10).
https://doi.org/10.1158/0008-5472.CAN-09-4479

Dobson, R., & Giovannoni, G. (2019). Multiple sclerosis - a review.
European journal of neurology, 26(1), 27—40.
https://doi.org/10.1111/ENE.13819

DSMZ. (2025). BL2 Data Sheet DSMZ. https:
/lwww.dsmz.de/collection/catalogue/details/culture/ACC-625

Duddy, M., Niino, M., Adatia, F., Hebert, S., Freedman, M., Atkins, H.,
Kim, H. J., & Bar-Or, A. (2007). Distinct Effector Cytokine
Profiles of Memory and Naive Human B Cell Subsets and
Implication in Multiple Sclerosis. The Journal of Immunology,
178(10), 6092—6099.
https://doi.org/10.4049/JIMMUNOL.178.10.6092

Faderl, S., Do, K. A., Johnson, M. M., Keating, M., O’Brien, S.,
Jilani, 1., Ferrajoli, A., Ravandi-Kashani, F., Aguilar, C.,
Dey, A., Thomas, D. A,, Giles, F. J., Kantarjian, H. M., &
Albitar, M. (2005). Angiogenic factors may have a different
prognostic role in adult acute lymphoblastic leukemia. Blood,
106(13), 4303—4307.
https://doi.org/10.1182/BLOOD-2005-03-1010

Fan, S., Chen, Y., Wang, W., Xu, W,, Tian, M., Liu, Y., Zhou, Y.,
Liu, D., Xia, Q., & Dong, L. (2024). Pharmacological and

Biological Targeting of FGFR1 in Cancer. Current Issues in

163


https://doi.org/10.1158/0008-5472.CAN-09-4479
https://doi.org/10.1111/ENE.13819
https://www.dsmz.de/collection/catalogue/details/culture/ACC-625
https://www.dsmz.de/collection/catalogue/details/culture/ACC-625
https://doi.org/10.4049/JIMMUNOL.178.10.6092
https://doi.org/10.1182/BLOOD-2005-03-1010

Molecular Biology, 46(11), 13131.
https://doi.org/10.3390/CIMB46110783

Filippi, M., Bar-Or, A., Piehl, F., Preziosa, P, Solari, A., Vukusic, S., &
Rocca, M. A. (2018). Multiple sclerosis. Nature Reviews
Disease Primers, 4(1), 1-27.
https://doi.org/10.1038/s41572-018-0041-4

Fox, R. J., Bar-Or, A., Traboulsee, A., Oreja-Guevara, C.,
Giovannoni, G., Vermersch, P, Syed, S., Li, Y., Vargas, W. S,
Turner, T. J., Wallstroem, E., Reich, D. S., & HERCULES Trial
Group. (2025). Tolebrutinib in Nonrelapsing Secondary
Progressive Multiple Sclerosis. The New England journal of
medicine. https://doi.org/10.1056/NEJMOA2415988/
SUPPL{\ }FILE/NEJMOA2415988{\_}DATA-SHARING.PDF

Fumarola, C., Cretella, D., La Monica, S., Bonelli, M. A., Alfieri, R.,
Caffarra, C., Quaini, F., Madeddu, D., Falco, A., Cavazzoni, A.,
Digiacomo, G., Mazzaschi, G., Vivo, V., Barocelli, E.,
Tiseo, M., Petronini, P. G., & Ardizzoni, A. (2017).
Enhancement of the anti-tumor activity of FGFR1 inhibition in
squamous cell lung cancer by targeting downstream signaling
involved in glucose metabolism. Oncotarget, 8(54), 91841.
https://doi.org/10.18632/ONCOTARGET.19279

Furusho, M., Dupree, J. L., Nave, K. A., & Bansal, R. (2012).
Fibroblast Growth Factor Receptor Signaling in

Oligodendrocytes Regulates Myelin Sheath Thickness.

164


https://doi.org/10.3390/CIMB46110783
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1056/NEJMOA2415988/SUPPL{\_}FILE/NEJMOA2415988{\_}DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA2415988/SUPPL{\_}FILE/NEJMOA2415988{\_}DATA-SHARING.PDF
https://doi.org/10.18632/ONCOTARGET.19279

Journal of Neuroscience, 32(19), 6631-6641.
https://doi.org/10.1523/JNEUROSCI.6005-11.2012

Furusho, M., Ishii, A., & Bansal, R. (2017). Signaling by FGF
Receptor 2, Not FGF Receptor 1, Regulates Myelin Thickness
through Activation of ERK1/2-MAPK, Which Promotes
mTORCH1 Activity in an Akt-Independent Manner. Journal of
Neuroscience, 37(11), 2931-2946.
https://doi.org/10.1523/JNEUROSCI.3316-16.2017

Gaur, S., Chen, L., Ann, V,, Lin, W.-C. C., Wang, Y., Chang, V. H. H.,
Hsu, N. Y., Shia, H.-S. S., & Yen, Y. (2014). Dovitinib
synergizes with oxaliplatin in suppressing cell proliferation and
inducing apoptosis in colorectal cancer cells regardless of
RAS-RAF mutation status. Molecular cancer, 13(1).
https://doi.org/10.1186/1476-4598-13-21

Gavine, P. R., Mooney, L., Kilgour, E., Thomas, A. P, Al-Kadhimi, K.,
Beck, S., Rooney, C., Coleman, T., Baker, D., Mellor, M. J.,
Brooks, A. N., & Klinowska, T. (2012). AZD4547: An orally
bioavailable, potent, and selective inhibitor of the fibroblast
growth factor receptor tyrosine kinase family. Cancer
Research, 72(8), 2045-2056.
https://doi.org/10.1158/0008-5472.CAN-11-3034

Gebauer, F., & Hentze, M. W. (2004). Molecular mechanisms of
translational control. Nature Reviews Molecular Cell Biology,
5(10), 827—835. https://doi.org/10.1038/nrm1488

165


https://doi.org/10.1523/JNEUROSCI.6005-11.2012
https://doi.org/10.1523/JNEUROSCI.3316-16.2017
https://doi.org/10.1186/1476-4598-13-21
https://doi.org/10.1158/0008-5472.CAN-11-3034
https://doi.org/10.1038/nrm1488

Gholamzad, M., Ebtekar, M., Ardestani, M. S., Azimi, M.,
Mahmodi, Z., Mousavi, M. J., & Aslani, S. (2018). A
comprehensive review on the treatment approaches of
multiple sclerosis: currently and in the future. Inflammation
Research, 68(1), 25—-38.
https://doi.org/10.1007/S00011-018-1185-0

Ghosh, A. K., & Kay, N. E. (2013). Critical signal transduction
pathways in CLL. Advances in experimental medicine and
biology, 792, 215—239.
https://doi.org/10.1007/978-1-4614-8051-8{\_}10

Gdbel, K., Ruck, T., & Meuth, S. G. (2018). Cytokine signaling in
multiple sclerosis: Lost in translation. Multiple Sclerosis
Journal, 24(4), 432—439.
https://doi.org/10.1177/1352458518763094

Goldschmidt, C. H., & Hua, L. H. (2020). Re-Evaluating the Use of
IFN-3 and Relapsing Multiple Sclerosis: Safety, Efficacy and
Place in Therapy. Degenerative Neurological and
Neuromuscular Disease, 10, 29.
https://doi.org/10.2147/DNND.S224912

Grauer, O., Offenhdusser, M., Schmidt, J., Toyka, K. V., & Gold, R.
(2001). Glucocorticosteroid therapy in optic neuritis and
multiple sclerosis. Evidence from clinical studies and practical
recommendations. Der Nervenarzt, 72(8), 577-589.
https://doi.org/10.1007/S001150170057

166


https://doi.org/10.1007/S00011-018-1185-0
https://doi.org/10.1007/978-1-4614-8051-8{\_}10
https://doi.org/10.1177/1352458518763094
https://doi.org/10.2147/DNND.S224912
https://doi.org/10.1007/S001150170057

Gstraunthaler, G., & Lindl, T. (2021). Zell- und Gewebekultur.
Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-662-62606- 1

Guagnano, V., Furet, P., Spanka, C., Bordas, V., Le Douget, M.,
Stamm, C., Brueggen, J., Jensen, M. R., Schnell, C.,
Schmid, H., Wartmann, M., Berghausen, J., Drueckes, P,,
Zimmerlin, A., Bussiere, D., Murray, J., & Graus Porta, D.
(2011). Discovery of
3-(2,6-Dichloro-3,5-dimethoxy-phenyl)-1-{6-[4-(4-ethyl-
piperazin-1-yl)-phenylamino]-pyrimidin-4-yl}-1-methyl-urea
(NVP-BGJ398), A potent and selective inhibitor of the
fibroblast growth factor receptor family of receptor tyrosine
kinase. Journal of Medicinal Chemistry, 54(20), 7066—7083.
https://doi.org/10.1021/jm2006222

Gurski, F., Shirvanchi, K., Rajendran, V., Rajendran, R.,
Megalofonou, F. F, Béttiger, G., Stadelmann, C., Bhushan, S.,
Ergln, S., Karnati, S., & Berghoff, M. (2025).
Anti-inflammatory and remyelinating effects of fexagratinib in
experimental multiple sclerosis. British journal of
pharmacology, 182(1). https://doi.org/10.1111/BPH.17341

Gururajan, M., Sindhava, V. J., & Bondada, S. (2014). B Cell
Tolerance in Health and Disease. Antibodies 2014, 3(1),
116—-129. https://doi.org/10.3390/ANTIB3010116

167


https://doi.org/10.1007/978-3-662-62606-1
https://doi.org/10.1021/jm2006222
https://doi.org/10.1111/BPH.17341
https://doi.org/10.3390/ANTIB3010116

Hacke, W. (2010). Neurologie. Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-642-12382-5

Hauser, S. L., Arnold, D. L., Vollmer, T., Antel, J., Fox, R. J.,
Panzara, M., Sarkar, N., Agarwal, S., Langer-Gould, A., &
Smith, C. H. (2008). B-Cell Depletion with Rituximab in
Relapsing-Remitting Multiple Sclerosis. www.nejm.org

Hemmer, B. (2023). Diagnose und Therapie der Multiplen Sklerose,
Neuromyelitis-optica-Spektrum-Erkrankungen und
MOG-IgG-assoziierten Erkrankungen Entwicklungsstufe: S2k
2. Aktualisierung als Living Guideline 2023 Leitlinien fr
Diagnostik und Therapie in der Neurologie. www.awmf.org

Herzog, S., Reth, M., & Jumaa, H. (2009). Regulation of B-cell
proliferation and differentiation by pre-B-cell receptor
signalling. Nature Reviews Immunology, 9(3), 195-205.
https://doi.org/10.1038/nri2491

Hoffman, W., Lakkis, F. G., & Chalasani, G. (2016). B Cells,
Antibodies, and More. Clinical journal of the American Society
of Nephrology : CJASN, 11(1), 137-154.
https://doi.org/10.2215/CJN.09430915

Haglund, R. A. (2014). Multiple sclerosis and the role of immune
cells. World Journal of Experimental Medicine, 4(3), 27.
https://doi.org/10.5493/wjem.v4.i3.27

Hu, B., Duan, S., Wang, Z., Li, X., Zhou, Y., Zhang, X., Zhang, Y. W.,
Xu, H., & Zheng, H. (2021). Insights Into the Role of CSF1R

168


https://doi.org/10.1007/978-3-642-12382-5
www.nejm.org
www.awmf.org
https://doi.org/10.1038/nri2491
https://doi.org/10.2215/CJN.09430915
https://doi.org/10.5493/wjem.v4.i3.27

in the Central Nervous System and Neurological Disorders.
Frontiers in Aging Neuroscience, 13, 807.
https://doi.org/10.3389/FNAGI.2021.789834/BIBTEX

Hu, Y., Lu, H., Zhang, J., Chen, J., Chai, Z., & Zhang, J. (2014).
Essentail role of AKT in tumor cells addicted to FGFR.
Anti-Cancer Drugs, 25, 183—188.
https://doi.org/10.1097/CAD.0000000000000034

Huynh, H., Chow, P. K. H., Tai, W. M., Choo, S. P,, Chung, A. Y. F,,
Ong, H. S., Soo, K. C., Ong, R., Linnartz, R., & Shi, M. M.
(2012). Dovitinib demonstrates antitumor and antimetastatic
activities in xenograft models of hepatocellular carcinoma.
Journal of Hepatology, 56(3), 595-601.
https://doi.org/10.1016/j.jhep.2011.09.017

Im, K., Mareninov, S., Diaz, M. F. P, & Yong, W. H. (2019). An
introduction to Performing Immunofluorescence Staining.
Methods in molecular biology (Clifton, N.J.), 1897, 299.
https://doi.org/10.1007/978-1-4939-8935-5{\ }26

Ishii, A., Furusho, M., Dupree, J. L., & Bansal, R. (2014). Role of
ERK1/2 MAPK Signaling in the Maintenance of Myelin and
Axonal Integrity in the Adult CNS. Journal of Neuroscience,
34(48), 16031-16045.
https://doi.org/10.1523/UJNEUROSCI.3360-14.2014

169


https://doi.org/10.3389/FNAGI.2021.789834/BIBTEX
https://doi.org/10.1097/CAD.0000000000000034
https://doi.org/10.1016/j.jhep.2011.09.017
https://doi.org/10.1007/978-1-4939-8935-5{\_}26
https://doi.org/10.1523/JNEUROSCI.3360-14.2014

Itoh, N., & Ornitz, D. M. (2008). Functional evolutionary history of the
mouse Fgf gene family. Developmental Dynamics, 237(1),
18-27. https://doi.org/10.1002/DVDY.21388

Ivy Brain Tumor Center. (2024). Phase 0/2 Clinical Trial: Infigratinib in
Recurrent Glioblastoma Patients.
https://www.ivybraintumorcenter.org/brain-tumor-clinical-
trials/current-trials/infigratinib-for-recurrent-high-grade-
glioma/

Javle, M., Roychowdhury, S., Kelley, R. K., Sadeghi, S.,

Macarulla, T., Weiss, K. H., Waldschmidt, D. T., Goyal, L.,
Borbath, I., EI-Khoueiry, A., Borad, M. J., Yong, W. P.,

Philip, P. A., Bitzer, M., Tanasanvimon, S., Li, A., Pande, A.,
Soifer, H. S., Shepherd, S. P, ... Abou-Alfa, G. K. (2021).
Infigratinib (BGJ398) in previously treated patients with
advanced or metastatic cholangiocarcinoma with FGFR2
fusions or rearrangements: mature results from a multicentre,
open-label, single-arm, phase 2 study. The lancet.
Gastroenterology & Hepatology, 6(10), 803—815.
https://doi.org/10.1016/S2468-1253(21)00196-5

Jee, Y, Kim, G., Tanuma, N., & Matsumoto, Y. (2001). STAT
expression and localization in the central nervous system
during autoimmune encephalomyelitis in Lewis rats. Journal
of Neuroimmunology, 114(1-2), 40-47.
https://doi.org/10.1016/S0165-5728(00)00446-X

170


https://doi.org/10.1002/DVDY.21388
https://www.ivybraintumorcenter.org/brain-tumor-clinical-trials/current-trials/infigratinib-for-recurrent-high-grade-glioma/
https://www.ivybraintumorcenter.org/brain-tumor-clinical-trials/current-trials/infigratinib-for-recurrent-high-grade-glioma/
https://www.ivybraintumorcenter.org/brain-tumor-clinical-trials/current-trials/infigratinib-for-recurrent-high-grade-glioma/
https://doi.org/10.1016/S2468-1253(21)00196-5
https://doi.org/10.1016/S0165-5728(00)00446-X

Jeong, Y., Kim, S. B, Yang, C. E., Yu, M. S., Choi, W. S., Jeon, Y., &
Lim, J. Y. (2023). Overcoming the therapeutic limitations of
EZH2 inhibitors in Burkitt’s lymphoma: a comprehensive study
on the combined effects of MS1943 and Ibrutinib. Frontiers in
Oncology, 13, 1252658.
https://doi.org/10.3389/FONC.2023.1252658/BIBTEX

Jerchel, I. S., Hoogkamer, A. Q., Ariés, I. M., Boer, J. M.,
Besselink, N. J., Koudijs, M. J., Pieters, R., & den Boer, M. L.
(2019). Fibroblast growth factor receptor signaling in pediatric
B-cell precursor acute lymphoblastic leukemia. Scientific
Reports, 9(1), 1-5.
https://doi.org/10.1038/s41598-018-38169-z

Jiang, Y., Chao, H. Y., Zhang, X. W., Zhou, M., Lu, X. Z., Zhang, R.,
He, C., & Wang, Q. (2018). Inhibitory Eefects of the novel
tyrosine kinase inhibitor BGJ398 against human leukemic cell
line KG-1 cells. Zhonghua xueyexue zazhi, 39(2), 143-147.
https://doi.org/10.3760/cma.j.issn.0253-2727.2018.02.013

Kamali, S., Rajendran, R., Stadelmann, C., Karnati, S., Rajendran, V.,
Giraldo-Velasquez, M., & Berghoff, M. (2021).
Oligodendrocyte-specific deletion of FGFR2 ameliorates
MOG35-55-induced EAE through ERK and Akt signalling.
Brain Pathology, 31(2), 297-311.
https://doi.org/10.1111/bpa.12916

171


https://doi.org/10.3389/FONC.2023.1252658/BIBTEX
https://doi.org/10.1038/s41598-018-38169-z
https://doi.org/10.3760/cma.j.issn.0253-2727.2018.02.013
https://doi.org/10.1111/bpa.12916

Kang, C. (2021). Infigratinib: First Approval. Drugs, 81(11),
1355-1360. https://doi.org/10.1007/S40265-021-01567-1

Katoh, M. (2016). FGFR inhibitors: Effects on cancer cells, tumor
microenvironment and whole-body homeostasis (Review).
International Journal of Molecular Medicine, 38(1), 3.
https://doi.org/10.3892/ijmm.2016.2620

Kerschensteiner, M., Gallmeier, E., Behrens, L., Leal, V. V,,
Misgeld, T., Klinkert, W. E., Kolbeck, R., Hoppe, E.,
Oropeza-Wekerle, R. L., Bartke, |., Stadelmann, C.,
Lassmann, H., Wekerle, H., & Hohlfeld, R. (1999). Activated
human T cells, B cells, and monocytes produce brain-derived
neurotrophic factor in vitro and in inflammatory brain lesions:
A neuroprotective role of inflammation? Journal of
Experimental Medicine, 189(5), 865-870.
https://doi.org/10.1084/jem.189.5.865

Klimaschewski, L., & Claus, P. (2021). Fibroblast Growth Factor
Signalling in the Diseased Nervous System. Molecular
Neurobiology, 58(8), 3884.
https://doi.org/10.1007/S12035-021-02367-0

Knight, W., Shaik, K., Margaryan, T., Mehta, S., Sanai, N., &
Tovmasyan, A. (2022). Preclinical evaluation of a panel of
FGFR inhibitors for their normal brain and brain tumor
distribution. Cancer Research, 82(12_Supplement),
6296—6296. https://doi.org/10.1158/1538-7445.AM2022-6296

172


https://doi.org/10.1007/S40265-021-01567-1
https://doi.org/10.3892/ijmm.2016.2620
https://doi.org/10.1084/jem.189.5.865
https://doi.org/10.1007/S12035-021-02367-0
https://doi.org/10.1158/1538-7445.AM2022-6296

Koch-Henriksen, N., & Sgrensen, P. S. (2010). The changing
demographic pattern of multiple sclerosis epidemiology. The
Lancet Neurology, 9(5), 520-532.
https://doi.org/10.1016/S1474-4422(10)70064-8

Konecny, G. E., Kolarova, T., O’'Brien, N. A., Winterhoff, B., Yang, G.,
Qi, J., Qi, Z., Venkatesan, N., Ayala, R., Luo, T., Finn, R. S.,
Kristof, J., Galderisi, C., Porta, D. G., Anderson, L.,

Shi, M. M., Yovine, A., & Slamon, D. J. (2013). Activity of the
fibroblast growth factor receptor inhibitors dovitinib (TKI258)
and NVP-BGJ398 in human endometrial cancer cells.
Molecular cancer therapeutics, 12(5), 632—642.
https://doi.org/10.1158/1535-7163.MCT-12-0999

Kumar, P., Nagarajan, A., & Uchil, P. D. (2018). Analysis of Cell
Viability by the Lactate Dehydrogenase Assay. Cold Spring
Harbor protocols, 2018(6), 465—468.
https://doi.org/10.1101/PDB.PROT095497

Lahiry, P., Torkamani, A., Schork, N. J., & Hegele, R. A. (2010).
Kinase mutations in human disease: interpreting
genotype—phenotype relationships. Nature Reviews Genetics,
11(1), 60—74. https://doi.org/10.1038/nrg2707

Langlois, J., Lange, S., Ebeling, M., Macnair, W., Schmucki, R., Li, C.,
DeGeer, J., Sudharshan, T. J., Yong, V. W, Shen, Y. A.,
Harp, C., Collin, L., & Keaney, J. (2024). Fenebrutinib, a

Bruton’s tyrosine kinase inhibitor, blocks distinct human

173


https://doi.org/10.1016/S1474-4422(10)70064-8
https://doi.org/10.1158/1535-7163.MCT-12-0999
https://doi.org/10.1101/PDB.PROT095497
https://doi.org/10.1038/nrg2707

microglial signaling pathways. Journal of neuroinflammation,
21(1), 276.
https://doi.org/10.1186/S12974-024-03267-5/FIGURES/6

Lanz, T. V., Brewer, R. C., Ho, P. P, Moon, J. S., Jude, K. M.,
Fernandez, D., Fernandes, R. A., Gomez, A. M., Nadj, G. S,
Bartley, C. M., Schubert, R. D., Hawes, |. A., Vazquez, S. E.,
lyer, M., Zuchero, J. B., Teegen, B., Dunn, J. E., Lock, C. B.,
Kipp, L. B., ... Robinson, W. H. (2022). Clonally expanded B
cells in multiple sclerosis bind EBV EBNA1 and GlialCAM.
Nature, 603(7900), 321-327.
https://doi.org/10.1038/s41586-022-04432-7

Lassmann, H. (2018). Multiple sclerosis pathology. Cold Spring
Harbor Perspectives in Medicine, 8(3), 1-15.
https://doi.org/10.1101/cshperspect.a028936

Lavoie, H., Gagnon, J., & Therrien, M. (2020). ERK signalling: a
master regulator of cell behaviour, life and fate. Nature
Reviews Molecular Cell Biology, 21(10), 607-632.
https://doi.org/10.1038/S41580-020-0255-7

Lee, C. K, Lee, M. E., Lee, W. S., Kim, J. M., Park, K. H., Kim, T. S.,
Lee, K. Y., Ahn, J. B, Chung, H. C., & Rha, S. Y. (2015).
Dovitinib (TKI258), a multi-target angiokinase inhibitor, is
effective regardless of KRAS or BRAF mutation status in
colorectal cancer. American Journal of Cancer Research,

5(1), 72. /pmc/articles/PMC4300687/%20/pmc/articles/

174


https://doi.org/10.1186/S12974-024-03267-5/FIGURES/6
https://doi.org/10.1038/s41586-022-04432-7
https://doi.org/10.1101/cshperspect.a028936
https://doi.org/10.1038/S41580-020-0255-7
/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/
/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/
/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/

PMC4300687/?report=abstract%20https:
//www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/

Lee, M., Kang, Y., Suk, K., Schwab, C., Yu, S., & McGeer, P. L.
(2011). Acidic fibroblast growth factor (FGF) potentiates
glial-mediated neurotoxicity by activating FGFR2 Illb protein.
Journal of Biological Chemistry, 286(48), 41230—41245.
https://doi.org/10.1074/jbc.M111.270470

Lees, J. R., & Cross, A. H. (2007). A little stress is good: IFN-,
demyelination, and multiple sclerosis. Journal of Clinical
Investigation, 117(2), 297—-299.
https://doi.org/10.1172/JCI31254

Li, R., & Bar-Or, A. (2019). The multiple roles of b cells in multiple
sclerosis and their implications in multiple sclerosis therapies.
Cold Spring Harbor Perspectives in Medicine, 9(4), 1—16.
https://doi.org/10.1101/cshperspect.a029108

Li, R., Patterson, K. R., & Bar-Or, A. (2018). Reassessing B cell
contributions in multiple sclerosis. Nature immunology, 19(7),
696—707. https://doi.org/10.1038/S41590-018-0135-X

Li, W., Deng, X., & Chen, J. (2022). RNA-binding Proteins in
Regulating mRNA Stability and Translation: Roles and
Mechanisms in Cancer. Seminars in cancer biology, 86(Pt 2),
664. https://doi.org/10.1016/J.SEMCANCER.2022.03.025

Limatola, C., & Ransohoff, R. M. (2014). Modulating neurotoxicity
through CX3CL1/CX3CR1 signaling. Frontiers in Cellular

175


/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/
/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/
/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/
/pmc/articles/PMC4300687/%20/pmc/articles/PMC4300687/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300687/
https://doi.org/10.1074/jbc.M111.270470
https://doi.org/10.1172/JCI31254
https://doi.org/10.1101/cshperspect.a029108
https://doi.org/10.1038/S41590-018-0135-X
https://doi.org/10.1016/J.SEMCANCER.2022.03.025

Neuroscience, 8(AUG).
https://doi.org/10.3389/FNCEL.2014.00229/ABSTRACT

Lindner, M., Thimmler, K., Arthur, A., Brunner, S., Elliott, C.,
McElroy, D., Mohan, H., Williams, A., Edgar, J. M., Schuh, C.,
Stadelmann, C., Barnett, S. C., Lassmann, H., Micklisch, S.,
Mudaliar, M., Schaeren-Wiemers, N., Meinl, E., &
Linington, C. (2015). Fibroblast growth factor signalling in
multiple sclerosis: Inhibition of myelination and induction of
pro-inflammatory environment by FGF9. Brain, 138(7),
1875-1893. https://doi.org/10.1093/brain/awv102

Liu, G., Chen, T, Ding, Z., Wang, Y., Wei, Y., & Wei, X. (2021).
Inhibition of FGF-FGFR and VEGF-VEGFR signalling in
cancer treatment. Cell Proliferation, 54(4), e13009.
https://doi.org/10.1111/CPR.13009

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods (San Diego, Calif.),
25(4), 402—408. https://doi.org/10.1006/METH.2001.1262

Lublin, F. D., & Reingold, S. C. (1996). Defining the clinical course of
multiple sclerosis: results of an international survey. National
Multiple Sclerosis Society (USA) Advisory Committee on
Clinical Trials of New Agents in Multiple Sclerosis. Neurology,
46(4), 907-911. https://doi.org/10.1212/WNL.46.4.907

176


https://doi.org/10.3389/FNCEL.2014.00229/ABSTRACT
https://doi.org/10.1093/brain/awv102
https://doi.org/10.1111/CPR.13009
https://doi.org/10.1006/METH.2001.1262
https://doi.org/10.1212/WNL.46.4.907

Lublin,

Lucas,

Lucas,

F. D., Reingold, S. C., Cohen, J. A,, Cutter, G. R.,
Sgrensen, P. S., Thompson, A. J., Wolinsky, J. S.,

Balcer, L. J., Banwell, B., Barkhof, F., Bebo, B.,

Calabresi, P. A., Clanet, M., Comi, G., Fox, R. J.,
Freedman, M. S., Goodman, A. D., Inglese, M., Kappos, L.,
... Polman, C. H. (2014). Defining the clinical course of
multiple sclerosis: The 2013 revisions. Neurology, 83(3),
278-286. https://doi.org/10.1212/WNL.0000000000000560
R. M., Ponsonby, A. L., Dear, K., Valery, P., Pender, M. P,,
Burrows, J. M., Burrows, S. R., Chapman, C., Coulthard, A.,
Dwyer, D. E., Dwyer, T., Kilpatrick, T., Lay, M. L.,
McMichael, A. J., Taylor, B. V., Van Der Mei, |. A., &
Williams, D. (2011). Current and past Epstein-Barr virus
infection in risk of initial CNS demyelination. Neurology, 77(4),
371-379. https://doi.org/10.1212/WNL.0B013E318227062A
R. M., Luo, L., & Stow, J. L. (2022). ERK1/2 in immune
signalling. Biochemical Society Transactions, 50(5), 1341.
https://doi.org/10.1042/BST20220271

Lukoseviciute, M., Maier, H., Poulou-Sidiropoulou, E., Rosendahl, E.,

Holzhauser, S., Dalianis, T., & Kostopoulou, O. N. (2020).
Targeting PI3K, FGFR, CDK4/6 Signaling Pathways Together
With Cytostatics and Radiotherapy in Two Medulloblastoma
Cell Lines. Anticancer Research.
https://doi.org/10.3389/fonc.2021.748657

177


https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1212/WNL.0B013E318227062A
https://doi.org/10.1042/BST20220271
https://doi.org/10.3389/fonc.2021.748657

Magliozzi, R., Howell, O. W., Reeves, C., Roncaroli, F., Nicholas, R.,
Serafini, B., Aloisi, F., & Reynolds, R. (2010). A Gradient of
neuronal loss and meningeal inflammation in multiple
sclerosis. Annals of neurology, 68(4), 477—493.
https://doi.org/10.1002/ANA.22230

Mahad, D. J., & Ransohoff, R. M. (2003). The role of MCP-1 (CCL2)
and CCR2 in multiple sclerosis and experimental autoimmune
encephalomyelitis (EAE). Seminars in Immunology, 15(1),
23-32. https://doi.org/10.1016/S1044-5323(02)00125-2

Mahajan, K. R., Herman, D., Zheng, Y., Androjna, C.,

Thoomukuntla, B., Ontaneda, D., Nakamura, K., &

Trapp, B. D. (2025). Neurodegeneration and Demyelination in
the Multiple Sclerosis Spinal Cord: Clinical, Pathological, and
7T MRI Perspectives. Neurology, 104(7), e210259.
https://doi.org/10.1212/WNL.0000000000210259/SUPPL{\
}FILE/SUPPLEMENTS.PDF

Mahmood, T., & Yang, P. C. (2012). Western Blot: Technique, Theory,
and Trouble Shooting. North American Journal of Medical
Sciences, 4(9), 429.
https://doi.org/10.4103/1947-2714.100998

Manning, B. D., & Toker, A. (2017). AKT/PKB Signaling: Navigating
the Network. Cell, 169(3), 381-405.
https://doi.org/10.1016/J.CELL.2017.04.001

178


https://doi.org/10.1002/ANA.22230
https://doi.org/10.1016/S1044-5323(02)00125-2
https://doi.org/10.1212/WNL.0000000000210259/SUPPL{\_}FILE/SUPPLEMENTS.PDF
https://doi.org/10.1212/WNL.0000000000210259/SUPPL{\_}FILE/SUPPLEMENTS.PDF
https://doi.org/10.4103/1947-2714.100998
https://doi.org/10.1016/J.CELL.2017.04.001

Marshall, J. S., Warrington, R., Watson, W., & Kim, H. L. (2018). An
introduction to immunology and immunopathology. Allergy,
asthma, and clinical immunology, 14(Suppl 2).
https://doi.org/10.1186/S13223-018-0278-1

Mattle, H., Mumenthaler, M., & Schroth, G. (2013). Neurologie
(H. Mattle & M. Mumenthaler, Eds.; 13th ed.). Thieme Verlag.
https://doi.org/10.1055/B-002-44918

McGinley, M. P., Goldschmidt, C. H., & Rae-Grant, A. D. (2021).
Diagnosis and Treatment of Multiple Sclerosis: A Review.
JAMA, 325(8), 765-779.
https://doi.org/10.1001/JAMA.2020.26858

Medzhitov, R. (2008). Origin and physiological roles of inflammation.
Nature, 454(7203), 428—-435.
https://doi.org/10.1038/nature07201

Merck KGaA. (2023). Phase lll Clinical Trials of Evobrutinib in
Relapsing Multiple Sclerosis. https:
//www.merckgroup.com/en/news/evobrutinib-phase-Iil.html

Michel, L., Touil, H., Pikor, N. B., Gommerman, J. L., Prat, A., &
Bar-Or, A. (2015). B Cells in the Multiple Sclerosis Central
Nervous System: Trafficking and Contribution to
CNS-Compartmentalized Inflammation. Frontiers in
Immunology, 6(DEC), 636.
https://doi.org/10.3389/FIMMU.2015.00636

179


https://doi.org/10.1186/S13223-018-0278-1
https://doi.org/10.1055/B-002-44918
https://doi.org/10.1001/JAMA.2020.26858
https://doi.org/10.1038/nature07201
https://www.merckgroup.com/en/news/evobrutinib-phase-lll.html
https://www.merckgroup.com/en/news/evobrutinib-phase-lll.html
https://doi.org/10.3389/FIMMU.2015.00636

Milowsky, M. I., Dittrich, C., Duran, I., Jagdev, S., Millard, F. E.,
Sweeney, C. J., Bajorin, D., Cerbone, L., Quinn, D. I.,
Stadler, W. M., Rosenberg, J. E., Lochheed, M., Sen, P,
Squires, M., Shi, M., & Sternberg, C. N. (2014). Phase 2 trial
of dovitinib in patients with progressive FGFR3-mutated or
FGFRS3 wild-type advanced urothelial carcinoma. European
journal of cancer (Oxford, England : 1990), 50(18),
3145-3152. https://doi.org/10.1016/J.EJCA.2014.10.013

Mitsdoerffer, M., & Peters, A. (2016). Tertiary Lymphoid Organs in
Central Nervous System Autoimmunity. Frontiers in
immunology, 7(OCT).
https://doi.org/10.3389/FIMMU.2016.00451

Montalban, X., Arnold, D. L., Weber, M. S., Staikov, I.,
Piasecka-Stryczynska, K., Willmer, J., Martin, E. C.,
Dangond, F,, Syed, S., & Wolinsky, J. S. (2019).
Placebo-Controlled Trial of an Oral BTK Inhibitor in Multiple
Sclerosis. New England Journal of Medicine, 380(25),
2406—-2417. https://doi.org/10.1056/NEJMOA1901981/
SUPPL{\ }FILE/NEJMOA1901981{\_}DATA-SHARING.PDF

Moroni, E., Dell’Era, P., Rusnati, M., & Presta, M. (2002). Fibroblast
growth factors and their receptors in hematopoiesis and
hematological tumors. Journal of hematotherapy & stem cell
research, 11(1), 19-32.
https://doi.org/10.1089/152581602753448513

180


https://doi.org/10.1016/J.EJCA.2014.10.013
https://doi.org/10.3389/FIMMU.2016.00451
https://doi.org/10.1056/NEJMOA1901981/SUPPL{\_}FILE/NEJMOA1901981{\_}DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA1901981/SUPPL{\_}FILE/NEJMOA1901981{\_}DATA-SHARING.PDF
https://doi.org/10.1089/152581602753448513

MSIF. (2020). Number of people with MS worldwide.
https://www.atlasofms.org/map/global/epidemiology/number-
of-people-with-ms

Murphy, K. C. W. (2017). Janeway ’s: Immunobiology (9th Edition).
Garland Science / Taylor; Francis.

Murray, T. J. (2018, September). History of Multiple Sclerosis
(2nd ed.). Springer Publishing Company.
https://doi.org/10.1891/9780826125941.0001

Nobuyuki Itoh & David M. Ornitz. (2011). Fibroblast growth factors:
from molecular evolution toroles in development, metabolism
and disease. https://doi.org/doi:10.1093/jb/mvq121{\ss}

Nociti, V., & Romozzi, M. (2023). The Role of BDNF in Multiple
Sclerosis Neuroinflammation. International Journal of
Molecular Sciences, 24(9), 8447.
https://doi.org/10.3390/IJMS24098447

Ornitz, D. M., & Itoh, N. (2015). The fibroblast growth factor signaling
pathway. Wiley Interdiscip. Rev. Dev. Biol., 4(3), 215-266.
https://doi.org/10.1002/wdev.176

Pal, S. K., Rosenberg, J. E., Hoffman-Censits, J. H., Berger, R.,
Quinn, D. I., Galsky, M. D., Wolf, J., Dittrich, C., Keam, B.,
Delord, J. P, Schellens, J. H., Gravis, G., Medioni, J.,
Maroto, P., Sriuranpong, V., Charoentum, C., Burris, H. A.,
Grunwald, V., Petrylak, D., ... Bajorin, D. F. (2018). Efficacy of
BGJ398, a Fibroblast Growth Factor Receptor 1-3 Inhibitor, in

181


https://www.atlasofms.org/map/global/epidemiology/number-of-people-with-ms
https://www.atlasofms.org/map/global/epidemiology/number-of-people-with-ms
https://doi.org/10.1891/9780826125941.0001
https://doi.org/doi:10.1093/jb/mvq121{\ss}
https://doi.org/10.3390/IJMS24098447
https://doi.org/10.1002/wdev.176

Patients with Previously Treated Advanced Urothelial
Carcinoma with FGFRS3 Alterations. Cancer discovery, 8(7),
812-821. https://doi.org/10.1158/2159-8290.CD-18-0229

Parkin, J., & Cohen, B. (2001). An overview of the immune system.
Lancet, 357(9270), 1777-1789.
https://doi.org/10.1016/S0140-6736(00)04904-7

Parnell, G. P., & Booth, D. R. (2017). The Multiple Sclerosis (MS)
Genetic Risk Factors Indicate both Acquired and Innate
Immune Cell Subsets Contribute to MS Pathogenesis and
Identify Novel Therapeutic Opportunities. Frontiers in
Immunology, 8(APR), 425.
https://doi.org/10.3389/FIMMU.2017.00425

Pender, M. P. (2003). Infection of autoreactive B lymphocytes with
EBYV, causing chronic autoimmune diseases. Trends in
Immunology, 24(11), 584-588.
https://doi.org/10.1016/}.it.2003.09.005

Phanhthilath, N., Hakim, S., Su, C., Liu, A., Subramonian, D.,
Lesperance, J., & Zage, P. E. (2020). Mechanisms of Efficacy
of the FGFR1-3 Inhibitor AZD4547 in Pediatric Solid Tumor
Models. Investigational New Drugs, 38(6), 1677—1686.
https://doi.org/10.1007/S10637-020-00933-2/METRICS

Plantone, D., De Angelis, F., Doshi, A., & Chataway, J. (2016).

Secondary Progressive Multiple Sclerosis: Definition and

182


https://doi.org/10.1158/2159-8290.CD-18-0229
https://doi.org/10.1016/S0140-6736(00)04904-7
https://doi.org/10.3389/FIMMU.2017.00425
https://doi.org/10.1016/j.it.2003.09.005
https://doi.org/10.1007/S10637-020-00933-2/METRICS

Measurement. CNS drugs, 30(6), 517-526.
https://doi.org/10.1007/S40263-016-0340-9

Popescu, B. F, Pirko, I., & Lucchinetti, C. F. (2013). Pathology of
multiple sclerosis: where do we stand? Continuum
(Minneapolis, Minn.), 19(4 Multiple Sclerosis), 901-921.
https://doi.org/10.1212/01.CON.0000433291.23091.65

Porbska, N., Latko, M., Kucinska, M., Zakrzewska, M., Otlewski, J., &
Opalinski, £. (2018). Targeting Cellular Trafficking of
Fibroblast Growth Factor Receptors as a Strategy for
Selective Cancer Treatment. Journal of clinical medicine, 8(1).
https://doi.org/10.3390/JCM8010007

Porta, C., Giglione, P., Liguigli, W., & Paglino, C. (2015). Dovitinib
(CHIR258, TKI258): structure, development and preclinical
and clinical activity. Future oncology, 11(1), 39-50.
https://doi.org/10.2217/FON.14.208

Prawira, A., Le, T. B. U., Vu, T. C., & Huynh, H. (2021). Ribociclib
enhances infigratinib-induced cancer cell differentiation and
delays resistance in FGFR-driven hepatocellular carcinoma.
Liver International, 41(3), 608—620.
https://doi.org/10.1111/liv.14728

Pryce, G., & Baker, D. (2018). Oligoclonal bands in multiple sclerosis;
Functional significance and therapeutic implications. Does the
specificity matter? Multiple sclerosis and related disorders,
25, 131-137. https://doi.org/10.1016/J.MSARD.2018.07.030

183


https://doi.org/10.1007/S40263-016-0340-9
https://doi.org/10.1212/01.CON.0000433291.23091.65
https://doi.org/10.3390/JCM8010007
https://doi.org/10.2217/FON.14.208
https://doi.org/10.1111/liv.14728
https://doi.org/10.1016/J.MSARD.2018.07.030

Rajendran, R., Béttiger, G., Dentzien, N., Rajendran, V., Sharifi, B.,
Erglin, S., Stadelmann, C., Karnati, S., & Berghoff, M. (2021).
Effects of FGFR Tyrosine Kinase Inhibition in OLN-93
Oligodendrocytes. Cells, (6).
https://doi.org/10.3390/CELLS10061318

Rajendran, R., Béttiger, G., Stadelmann, C., Karnati, S., &
Berghoff, M. (2021). FGF/FGFR pathways in multiple
sclerosis and in its disease models. Cells, 10(4).
https://doi.org/10.3390/cells10040884

Rajendran, R., Giraldo-Velasquez, M., Stadelmann, C., &

Berghoff, M. (2018). Oligodendroglial fibroblast growth factor
receptor 1 gene targeting protects mice from experimental
autoimmune encephalomyelitis through ERK/AKT
phosphorylation. Brain Pathology, 28(2), 212-224.
https://doi.org/10.1111/bpa.12487

Rajendran, R., Rajendran, V., Béttiger, G., Stadelmann, C.,
Shirvanchi, K., von Au, L., Bhushan, S., Wallendszus, N.,
Schunin, D., Westbrock, V., Liebisch, G., Ergln, S.,
Karnati, S., & Berghoff, M. (2023). The small molecule
fibroblast growth factor receptor inhibitor infigratinib exerts
anti-inflammatory effects and remyelination in a model of
multiple sclerosis. British journal of pharmacology, 180(23),

2989-3007. https://doi.org/10.1111/bph.16186

184


https://doi.org/10.3390/CELLS10061318
https://doi.org/10.3390/cells10040884
https://doi.org/10.1111/bpa.12487
https://doi.org/10.1111/bph.16186

Rajendran, R., Rajendran, V., Giraldo-velasquez, M.,
Megalofonou, F. F., Gurski, F., Stadelmann, C., Karnati, S., &
Berghoff, M. (2021). Oligodendrocyte-specific deletion of fgfri
reduces cerebellar inflammation and neurodegeneration in
mog35-55-induced eae. International Journal of Molecular
Sciences, 22(17), 1—15. https://doi.org/10.3390/ijms22179495

Ramesh, G., Mac Lean, A. G., & Philipp, M. T. (2013). Cytokines and
Chemokines at the Crossroads of Neuroinflammation,
Neurodegeneration, and Neuropathic Pain. Mediators of
Inflammation, 2013, 20. https://doi.org/10.1155/2013/480739

Rand, V., Huang, J., Stockwell, T., Ferriera, S., Buzko, O., Levy, S.,
Busam, D., Li, K., Edwards, J. B., Eberhart, C., Murphy, K. M.,
Tsiamouri, A., Beeson, K., Simpson, A. J., Venter, J. C.,
Riggins, G. J., & Strausberg, R. L. (2005). Sequence survey
of receptor tyrosine kinases reveals mutations in
glioblastomas. Proceedings of the National Academy of
Sciences of the United States of America, 102(40),
14344—-14349. https://doi.org/10.1073/PNAS.0507200102

Rastogi, 1., Jeon, D., Moseman, J. E., Muralidhar, A., Potluri, H. K., &
McNeel, D. G. (2022). Role of B cells as antigen presenting
cells. Frontiers in Immunology, 13.
https://doi.org/10.3389/FIMMU.2022.954936/FULL

Rawlings, D. J., Metzler, G., Wray-Dutra, M., & Jackson, S. W. (2017).

Altered B cell signalling in autoimmunity. Nature Reviews

185


https://doi.org/10.3390/ijms22179495
https://doi.org/10.1155/2013/480739
https://doi.org/10.1073/PNAS.0507200102
https://doi.org/10.3389/FIMMU.2022.954936/FULL

Immunology 2017 17:7, 17(7), 421-436.
https://doi.org/10.1038/nri.2017.24

Reich, D. S., Lucchinetti, C. F., & Calabresi, P. A. (2018). Multiple
Sclerosis (D. L. Longo, Ed.). The New England journal of
medicine, 378(2), 169.
https://doi.org/10.1056/NEJMRA1401483

Roskoski, R. (2012). ERK1/2 MAP kinases: structure, function, and
regulation. Pharmacological research, 66(2), 105—143.
https://doi.org/10.1016/J.PHRS.2012.04.005

Roskoski, R. (2019). The role of fibroblast growth factor receptor
(FGFR) protein-tyrosine kinase inhibitors in the treatment of
cancers including those of the urinary bladder.
Pharmacological Research. Elsevier, 151.
https://doi.org/https://doi.org/10.1016/j.phrs.2019.104567

Rothaug, M., Becker-Pauly, C., & Rose-John, S. (2016). The role of
interleukin-6 signaling in nervous tissue. Biochimica et
biophysica acta, 1863(6 Pt A), 1218-1227.
https://doi.org/10.1016/J.BBAMCR.2016.03.018

Sajanti, A., Lyne, S. B., Girard, R., Frantzén, J., Rantamaki, T.,
Heino, I., Cao, Y., Diniz, C., Umemori, J., Li, Y., Takala, R.,
Posti, J. P, Roine, S., Koskimaki, F., Rahi, M., Rinne, J.,
Castrén, E., & Koskimaki, J. (2020). A comprehensive p75

neurotrophin receptor gene network and pathway analyses

186


https://doi.org/10.1038/nri.2017.24
https://doi.org/10.1056/NEJMRA1401483
https://doi.org/10.1016/J.PHRS.2012.04.005
https://doi.org/https://doi.org/10.1016/j.phrs.2019.104567
https://doi.org/10.1016/J.BBAMCR.2016.03.018

identifying new target genes. Scientific Reports, 10(1), 14984.
https://doi.org/10.1038/S41598-020-72061-Z

Samatar, A. A., & Poulikakos, P. I. (2014). Targeting RAS—-ERK
signalling in cancer: promises and challenges. Nature
Reviews Drug Discovery 2014 13:12, 13(12), 928-942.
https://doi.org/10.1038/nrd4281

Sarchielli, P., Di Filippo, M., Ercolani, M. V., Chiasserini, D.,
Mattioni, A., Bonucci, M., Tenaglia, S., Eusebi, P., &
Calabresi, P. (2008). Fibroblast growth factor-2 levels are
elevated in the cerebrospinal fluid of multiple sclerosis
patients. Neuroscience Letters, 435(3), 223-228.
https://doi.org/10.1016/J.NEULET.2008.02.040

Schaafsma, E., Jiang, C., & Cheng, C. (2021). B cell infiltration is
highly associated with prognosis and an immune-infiltrated
tumor microenvironment in neuroblastoma. Journal of Cancer
Metastasis and Treatment, 7.
https://doi.org/10.20517/2394-4722.2021.72

Scheller, J., Chalaris, A., Schmidt-Arras, D., & Rose-John, S. (2011).
The pro- and anti-inflammatory properties of the cytokine
interleukin-6. Biochimica et biophysica acta, 1813(5),
878-888. https://doi.org/10.1016/J.BBAMCR.2011.01.034

Sellebjerg, F., Blinkenberg, M., & Sorensen, P. S. (2020). Anti-CD20

Monoclonal Antibodies for Relapsing and Progressive Multiple

187


https://doi.org/10.1038/S41598-020-72061-Z
https://doi.org/10.1038/nrd4281
https://doi.org/10.1016/J.NEULET.2008.02.040
https://doi.org/10.20517/2394-4722.2021.72
https://doi.org/10.1016/J.BBAMCR.2011.01.034

Sclerosis. CNS drugs, 34(3), 269-280.
https://doi.org/10.1007/S40263-020-00704-W

Selvaraj, U. M., Poinsatte, K., Torres, V., Ortega, S. B., &
Stowe, A. M. (2016). Heterogeneity of B Cell Functions in
Stroke-Related Risk, Prevention, Injury, and Repair.
Neurotherapeutics, 13(4), 729-747.
https://doi.org/10.1007/S13311-016-0460-4/TABLES/1

Serada, S., Fujimoto, M., Mihara, M., Koike, N., Ohsugi, Y.,
Nomura, S., Yoshida, H., Nishikawa, T., Terabe, F.,
Ohkawara, T., Takahashi, T., Ripley, B., Kimura, A.,
Kishimoto, T., & Naka, T. (2008). IL-6 blockade inhibits the
induction of myelin antigen-specific Th17 cells and Th1 cells
in experimental autoimmune encephalomyelitis. Proceedings
of the National Academy of Sciences of the United States of
America, 105(26), 9041.
https://doi.org/10.1073/PNAS.0802218105

Serizawa, K., Tomizawa-Shinohara, H., Miyake, S., Yogo, K., &
Matsumoto, Y. (2021). Interleukin-6: evolving role in the
management of neuropathic pain in neuroimmunological
disorders. Inflammation and Regeneration, 41(1), 1-11.
https://doi.org/10.1186/S41232-021-00184-5/FIGURES/3

Sinha, S., Boysen, J., Nelson, M., Warner, S. L., Bearss, D.,
Kay, N. E., & Ghosh, A. K. (2016). AxI activates fibroblast

growth factor receptor pathway to potentiate survival signals

188


https://doi.org/10.1007/S40263-020-00704-W
https://doi.org/10.1007/S13311-016-0460-4/TABLES/1
https://doi.org/10.1073/PNAS.0802218105
https://doi.org/10.1186/S41232-021-00184-5/FIGURES/3

in B-cell chronic lymphocytic leukemia cells. Leukemia, 30(6),
1431-1436. https://doi.org/10.1038/leu.2015.323

Sino Biological. (2023). Cytokines and Growth Factors.
https://www.sinobiological.com/research/cytokines

Sochal, M., Ditmer, M., Gabryelska, A., & Biatasiewicz, P. (2022). The
Role of Brain-Derived Neurotrophic Factor in Immune-Related
Diseases: A Narrative Review. Journal of Clinical Medicine,
11(20), 6023. https://doi.org/10.3390/JCM11206023

Somasundaram, R., Zhang, G., Fukunaga-Kalabis, M., Perego, M.,
Krepler, C., Xu, X., Wagner, C., Hristova, D., Zhang, J.,
Tian, T., Wei, Z., Liu, Q., Garg, K., Griss, J., Hards, R.,
Maurer, M., Hafner, C., Mayerhdéfer, M., Karanikas, G., ...
Wagner, S. N. (2017). Tumor-associated B-cells induce tumor
heterogeneity and therapy resistance. Nature
communications, 8(1).
https://doi.org/10.1038/S41467-017-00452-4

Stadelmann, C., Kerschensteiner, M., Misgeld, T., Briick, W.,
Hohlfeld, R., & Lassmann, H. (2002). BDNF and gp145trkB in
multiple sclerosis brain lesions: neuroprotective interactions
between immune and neuronal cells? Brain, 125(Pt 1),
75-85. https://doi.org/10.1093/BRAIN/AWF015

Stampanoni Bassi, M., lezzi, E., Drulovic, J., Pekmezovic, T., Gilio, L.,
Furlan, R., Finardi, A., Marfia, G. A., Sica, F., Centonze, D., &
Buttari, F. (2020). IL-6 in the Cerebrospinal Fluid Signals

189


https://doi.org/10.1038/leu.2015.323
https://www.sinobiological.com/research/cytokines
https://doi.org/10.3390/JCM11206023
https://doi.org/10.1038/S41467-017-00452-4
https://doi.org/10.1093/BRAIN/AWF015

Disease Activity in Multiple Sclerosis. Frontiers in Cellular
Neuroscience, 14.
https://doi.org/10.3389/FNCEL.2020.00120/FULL

Tafti, D., Ehsan, M., & Xixis, K. L. (2024). Multiple Sclerosis.
StatPearls. https://www.ncbi.nim.nih.gov/books/NBK499849/

Terp, M. G., Jacobsen, K., Molina, M. A., Karachaliou, N.,
Beck, H. C., Bertran-Alamillo, J., Giménez-Capitan, A.,
Cardona, A. F,, Rosell, R., & Ditzel, H. J. (2021). Combined
FGFR and Akt pathway inhibition abrogates growth of FGFR1
overexpressing EGFR-TKI-resistant NSCLC cells. npj
Precision Oncology.
https://doi.org/10.1038/s41698-021-00208-w

Thompson, A. J., Banwell, B. L., Barkhof, F., Carroll, W. M.,
Coetzee, T., Comi, G., Correale, J., Fazekas, F., Filippi, M.,
Freedman, M. S., Fujihara, K., Galetta, S. L., Hartung, H. P,
Kappos, L., Lublin, F. D., Marrie, R. A., Miller, A. E.,
Miller, D. H., Montalban, X., ... Cohen, J. A. (2018).
Diagnosis of multiple sclerosis: 2017 revisions of the
McDonald criteria. The Lancet Neurology, 17(2), 162—173.
https://doi.org/10.1016/S1474-4422(17)30470-2

Thomson, R. J., Moshirfar, M., & Ronquillo, Y. (2022). Tyrosine
Kinase Inhibitors. StatPearls.

https://www.ncbi.nlm.nih.gov/books/NBK563322/

190


https://doi.org/10.3389/FNCEL.2020.00120/FULL
https://www.ncbi.nlm.nih.gov/books/NBK499849/
https://doi.org/10.1038/s41698-021-00208-w
https://doi.org/10.1016/S1474-4422(17)30470-2
https://www.ncbi.nlm.nih.gov/books/NBK563322/

Thouvenot, E., Laplaud, D., Lebrun-Frenay, C., Derache, N.,
Le Page, E., Maillart, E., Froment-Tilikete, C., Castelnovo, G.,
Casez, O., Coustans, M., Guennoc, A.-M., Heinzlef, O.,
Magy, L., Nifle, C., Ayrignac, X., Fromont, A., Gaillard, N.,
Caucheteux, N., Patry, I, ... D-Lay MS Investigators. (2025).
High-Dose Vitamin D in Clinically Isolated Syndrome Typical
of Multiple Sclerosis: The D-Lay MS Randomized Clinical
Trial. JAMA, 333(16).
https://doi.org/10.1001/JAMA.2025.1604

Torke, S., & Weber, M. S. (2020). Inhibition of Bruton “s tyrosine
kinase as a novel therapeutic approach in multiple sclerosis.
Expert Opinion on Investigational Drugs, 29(10), 1143—1150.
https://doi.org/10.1080/13543784.2020.1807934

Torres, V. O., Turchan-Cholewo, J., Colson, M. K., Yanev, P,
Britsch, D. R., Cotter, K. M., McAtee, A. M., Ujas, T. A.,
Mercurio, D., Kong, X., Plautz, E. J., Joshi, C. R.,
Matsui, T. K., Mori, E., Cajigas-Hernandez, A., Zuurbier, K.,
Estus, S., Goldberg, M. P., Monson, N. L., & Stowe, A. M.
(2025). B cells upregulate NMDARSs, respond to extracellular
glutamate, and express mature BDNF to protect the brain
from ischemic injury. Neurobiology of disease, 207, 106819.
https://doi.org/10.1016/J.NBD.2025.106819

191


https://doi.org/10.1001/JAMA.2025.1604
https://doi.org/10.1080/13543784.2020.1807934
https://doi.org/10.1016/J.NBD.2025.106819

Turner, N., & Grose, R. (2010). Fibroblast growth factor signalling:
From development to cancer. Nature Reviews Cancer, 10(2),
116—-129. https://doi.org/10.1038/NRC2780

Vazquez, M. I., Catalan-Dibene, J., & Zlotnik, A. (2015). B cells
responses and cytokine production are regulated by their
immune microenvironment. Cytokine, 74(2), 318.
/pmc/articles/PMC4475485/%20/pmc/articles/PMC4475485/
?report=abstract%20https:
//www.ncbi.nlm.nih.gov/pmc/articles/PMC4475485/

Vos, P. D., Leedman, P. J., Filipovska, A., & Rackham, O. (2019).
Modulation of miRNA function by natural and synthetic
RNA-binding proteins in cancer. Cellular and Molecular Life
Sciences, 76(19), 3745-3752.
https://doi.org/10.1007/S00018-019-03163-9/METRICS

Wang, K., Song, F., Fernandez-Escobar, A., Luo, G., Wang, J. H., &
Sun, Y. (2018). The Properties of Cytokines in Multiple
Sclerosis: Pros and Cons. The American journal of the
medical sciences, 356(6), 552—-560.
https://doi.org/10.1016/J.AMJMS.2018.08.018

Waubant, E., Lucas, R., Mowry, E., Graves, J., Olsson, T.,
Alfredsson, L., & Langer-Gould, A. (2019). Environmental and
genetic risk factors for MS: an integrated review. Annals of
clinical and translational neurology, 6(9), 1905—1922.
https://doi.org/10.1002/ACN3.50862

192


https://doi.org/10.1038/NRC2780
/pmc/articles/PMC4475485/%20/pmc/articles/PMC4475485/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4475485/
/pmc/articles/PMC4475485/%20/pmc/articles/PMC4475485/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4475485/
/pmc/articles/PMC4475485/%20/pmc/articles/PMC4475485/?report=abstract%20https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4475485/
https://doi.org/10.1007/S00018-019-03163-9/METRICS
https://doi.org/10.1016/J.AMJMS.2018.08.018
https://doi.org/10.1002/ACN3.50862

Xie, L., Su, X., Zhang, L., Yin, X., Tang, L., Zhang, X., Xu, Y., Gao, Z.,
Liu, K., Zhou, M., Gao, B., Shen, D., Zhang, L., Ji, A,,
Gavine, P. R., Zhang, J., Kilgour, E., Zhang, X., & Ji, Q.
(2013). FGFR2 gene amplification in gastric cancer predicts
sensitivity to the selective FGFR inhibitor AZD4547. Clinical
cancer research, 19(9), 2572-2583.
https://doi.org/10.1158/1078-0432.CCR-12-3898

Yamout, B. I., & Alroughani, R. (2018). Multiple Sclerosis. Seminars
in Neurology, 38(2), 212—-225.
https://doi.org/10.1055/S-0038-1649502/ID/JR180014-36

Yao, X., Huang, J., Zhong, H., Shen, N., Faggioni, R., Fung, M., &
Yao, Y. (2014). Targeting interleukin-6 in inflammatory
autoimmune diseases and cancers. Pharmacology &
Therapeutics, 141(2), 125-139.
https://doi.org/10.1016/J.PHARMTHERA.2013.09.004

Yasuda, T., Sanjo, H., Pages, G., Kawano, Y., Karasuyama, H.,
Pouysségur, J., Ogata, M., & Kurosaki, T. (2008). Erk Kinases
Link Pre-B Cell Receptor Signaling to Transcriptional Events
Required for Early B Cell Expansion. Immunity, 28(4),
499-508. https://doi.org/10.1016/J.IMMUNI.2008.02.015

Yu, H., Pardoll, D., & Jove, R. (2009). STATs in cancer inflammation
and immunity: a leading role for STAT3. Nature reviews.

Cancer, 9(11), 798. https://doi.org/10.1038/NRC2734

193


https://doi.org/10.1158/1078-0432.CCR-12-3898
https://doi.org/10.1055/S-0038-1649502/ID/JR180014-36
https://doi.org/10.1016/J.PHARMTHERA.2013.09.004
https://doi.org/10.1016/J.IMMUNI.2008.02.015
https://doi.org/10.1038/NRC2734

Zhao, Q., Parris, A. B., Howard, E. W., Zhao, M., Ma, Z., Guo, Z.,
Xing, Y., & Yang, X. (2017). FGFR inhibitor, AZD4547,
impedes the stemness of mammary epithelial cells in the
premalignant tissues of MMTV-ErbB2 transgenic mice OPEN.
Scientific Reports 7.
https://doi.org/10.1038/s41598-017-11751-7

Zipp, F., Bittner, S., & Schafer, D. P. (2023). Cytokines as emerging
regulators of central nervous system synapses. Immunity,

56(5), 914. https://doi.org/10.1016/J.IMMUNI.2023.04.011

194


https://doi.org/10.1038/s41598-017-11751-7
https://doi.org/10.1016/J.IMMUNI.2023.04.011

Publications

Publication derived from this study:

Rajendran R, Rajendran V, Béttiger G, Stadelmann C,
Shirvanchi K, von Au L, Bhushan S, Wallendszus N,
Schunin D, Westbrock V, Liebisch G, Ergin S, Karnati S,
Berghoff M. The small molecule fibroblast growth factor re-
ceptor inhibitor infigratinib exerts anti-inflammatory effects
and remyelination in a model of multiple sclerosis. Br J
Pharmacol. 2023 Dec; 180(23): 2989-3007.

doi: 10.1111/bph.16186. Epub 2023 Jul 31. PMID:
37400950.

Science-Day 2021 JLU Giessen:

Investigation of FGF/FGFR signaling pathways in B cells
by pharmacological FGFR inhibition von Au, L., Béttiger,
G., Rajendran, R., Berghoff, M.



Ehrenwortliche Erklarung

,Hiermit erklare ich, dass ich die vorliegende Arbeit selbstdndig und
ohne unzulassige Hilfe oder Benutzung anderer als der angegebenen
Hilfsmittel angefertigt habe. Alle Textstellen, die wértlich oder
sinngeman aus verdffentlichten oder nichtveréffentlichten Schriften
entnommen sind, und alle Angaben, die auf mindlichen Auskulnften
beruhen, sind als solche kenntlich gemacht.

Bei den von mir durchgefihrten und in der Dissertation erwahnten
Untersuchungen habe ich die Grundsatze guter wissenschaftlicher
Praxis, wie sie in der ,Satzung der Justus-Liebig-Universitat
GieBen zur Sicherung guter wissenschaftlicher Praxis” niedergelegt
sind, eingehalten sowie ethische, datenschutzrechtliche und
tierschutzrechtliche Grundsatze befolgt. Ich versichere, dass Dritte
von mir weder unmittelbar noch mittelbar geldwerte Leistungen fur
Arbeiten erhalten haben, die im Zusammenhang mit dem Inhalt
der vorgelegten Dissertation stehen, und dass die vorgelegte Arbeit
weder im Inland noch im Ausland in gleicher oder &hnlicher Form einer
anderen Prifungsbehdrde zum Zweck einer Promotion oder eines
anderen Prifungsverfahrens vorgelegt wurde. Alles aus anderen
Quellen und von anderen Personen Ubernommene Material, das in
der Arbeit verwendet wurde oder auf das direkt Bezug genommen

wird, wurde als solches kenntlich gemacht. Insbesondere wurden



alle Personen genannt, die direkt und indirekt an der Entstehung der
vorliegenden Arbeit beteiligt waren. Mit der Uberpriifung meiner Arbeit
durch eine Plagiatserkennungssoftware bzw. ein internetbasiertes

Softwareprogramm erklare ich mich einverstanden.”

Ort / Datum Unterschrift



Acknowledgement

| would like to extend my deepest gratitude to my supervisor, Prof.
Dr. Berghoff, for his continuous support, invaluable guidance, and
for providing me with the opportunity to conduct my research under
his supervision. His expertise, encouragement, and commitment to
my academic development have been pivotal to the success of this
project.

| would also like to express my sincere appreciation to Gregor
Béttiger, whose continuous assistance in the laboratory has been
indispensable. His dedication, responsiveness, and willingness to
help at all hours, were vital to the progression of my research. His
insightful advice and collaborative approach significantly enhanced my
work, and our productive scientific discussions were instrumental in
finding solutions to the challenges | faced.

| am profoundly grateful to the members of the lab team for their
ongoing support. Their cooperation, expertise, and encouragement
created an environment conducive to productive research.

In particular, | would like to acknowledge the immense support |
received from my sister Clarissa. Her contributions went far beyond
what | could have ever expected, offering not only professional
guidance as a PhD student, but also unwavering emotional support.

Her perspectives, derived from her own experiences, were invaluable,



and our interdisciplinary exchanges have been both enriching and
inspiring.  Her constant encouragement and commitment to my
success played a crucial role in navigating the challenges of this
journey.

| would also like to thank my friends, whose support have been a
source of strength throughout this process. Their understanding,
encouragement, and belief in my abilities have been invaluable.
Finally, | wish to express my profound gratitude to my parents,
Heike and Jochen for their support. They provided me with the
foundation and opportunities to pursue my studies and research. Their
unwavering belief in me has been a constant source of motivation, and
| am truly grateful for everything they have done.

Thank you all for your significant contributions to my success and for

making this journey both professionally and personally fulfilling.



	1 Introduction
	1.1 Multiple Sclerosis (MS)
	1.1.1 Etiology of MS
	1.1.2 MS pathophysiology
	1.1.3 MS symptoms
	1.1.4 Phenotypes of MS
	1.1.5 MS diagnosis
	1.1.6 MS treatment

	1.2 B lymphocytes
	1.2.1 B cell development
	1.2.2 B cell activation
	1.2.3 B cell function
	1.2.4 B cells in MS

	1.3 Cytokines
	1.3.1 The role of cytokines in MS

	1.4 FGFs and FGFRs
	1.4.1 FGF/FGFR signaling pathway
	1.4.2 FGF/FGFR signaling in MS
	1.4.3 Role of FGFs and FGFRs in B cells
	1.4.4 Therapeutic approaches of FGFR inhibition

	1.5 Selective and potent non-selective FGFR tyrosine kinase inhibitors
	1.5.1 Selective FGFR inhibitor - infigratinib
	1.5.2 FGFR inhibitor - AZD4547
	1.5.3 Multikinase inhibitor - dovitinib


	2 Aims
	3 Materials and Methods
	3.1 Cell line
	3.2 Materials
	3.3 Methods
	3.3.1 BL2 cell culture
	3.3.2 Experimental treatment of BL2 cells
	3.3.3 Cell proliferation assay
	3.3.4 Cytotoxicity assay
	3.3.5 Protein biochemistry
	3.3.6 Molecular biology
	3.3.7 Immunoflourecence
	3.3.8 Statistical analysis


	4 Results
	4.1 All substances do not affect the proliferation of BL2 cells
	4.2 The FGFR inhibition has no cytotoxic impact on BL2 cells
	4.3 The multikinase inhibitor dovitinib decreases cellular FGFR1 expression
	4.4 Reduced FGFR1 cellular expression after FGFR inhibition compared to FGF2-treated cells
	4.5 Selective and multikinase FGFR inhibition decreases FGFR2 mRNA levels
	4.6 FGFR inhibition modulates FGFR downstream molecule pERK
	4.7 Selective FGFR and multikinase inhibitors increase cellular pAkt expression in BL2 cells
	4.8 Decrease of proinflammatory cytokines IL6, IL12 by dovitinib

	5 Discussion
	5.1 Effects of selective FGFR and multikinase inhibitors on BL2 cell proliferation and cytotoxicity
	5.2 FGFR1 and FGFR2 protein and gene expression in BL2 cells
	5.3 Effects of selective FGFR and multikinase inhibitors on FGFR signaling downstream molecule pERK
	5.4 Effects of selective FGFR and multikinase inhibitors on FGFR signaling downstream molecule pAkt
	5.5 Modulatory effects of selective FGFR and multikinase inhibitors on cytokines

	6 Conclusion
	Abstract
	Zusammenfassung
	List of Abbreviations
	List of Figures
	List of Tables
	Bibliography
	Publications
	Ehrenwörtliche Erklärung
	Acknowledgement



