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Abstract
Multiple sclerosis is a neuroinflammatory degenerative disease, caused by activated immune cells infiltrating the
CNS. The disease etiology involves both genetic and environmental factors. The mouse genetic locus, Eae27, linked
to disease development in the experimental autoimmune encephalomyelitis (EAE) model for multiple sclerosis, was
studied in order to identify contributing disease susceptibility factors and potential drug targets for multiple sclerosis.
Studies of an Eae27 congenic mouse strain, revealed that genetic variation within Eae27 influences EAE develop-
ment. The Abl2 gene, encoding the non-receptor tyrosine kinase Arg, is located in the 4,1 megabase pair long Eae27
region. The Arg protein plays an important role in cellular regulation and is, in addition, involved in signaling
through the B- and T-cell receptors, important for the autoimmune response. The presence of a single nucleotide
polymorphism causing an amino acid change in a near actin-interacting domain of Arg, in addition to altered
lymphocyte activation in the congenic mice upon immunization with myelin antigen, makes Abl2/Arg a candidate
gene for EAE. Here we demonstrate that the non-synonymous SNP does not change Arg’s binding affinity for F-
actin but suggest a role for Abl kinases in CNS inflammation pathogenesis by showing that pharmacological
inhibition of Abl kinases ameliorates EAE, but not experimental arthritis.
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Abbreviations
MS multiple sclerosis
EAE experimental autoimmune encephalomyelitis
Arg Abelson related gene
MBP Myelin basic protein
SNP Single-nucleotide polymorphism
Mbp Megabase pair
aa Amino acid
ConA Concanavalin A
LPS Lipopolysaccharide

Introduction

The complexity of autoimmune diseases, involving both ge-
netic and environmental factors, makes it difficult to reveal
mechanisms responsible for initiating an immune response
against self-structures. Multiple sclerosis (MS) is a disabling
neurodegenerative disease caused by an immune response
against the myelin sheath surrounding the neuronal axon.

* Åsa Andersson
asa.andersson@hh.se

1 Department of Drug Design and Pharmacology, Faculty of Health
and Medical Sciences, University of Copenhagen,
Copenhagen, Denmark

2 Present address: Novo Nordisk A/S, Bagsværd, Denmark
3 Department of Cell Biology, Yale University School of Medicine,

New Haven, CT, USA
4 Present address: Novozymes A/S, Bagsværd, Denmark
5 Present address: Xellia Pharmaceuticals A/S, Copenhagen, Denmark
6 Novo Nordisk A/S, Måløv, Denmark
7 Present address: BTB Pharma, Malmö, Sweden
8 Autoimmunity section, CRC, Lund University, Malmö, Sweden
9 Department of Molecular Biophysics and Biochemistry, Yale

University School of Medicine, New Haven, CT, USA
10 Rydberg laboratories for Applied Science, Academy of Business,

Technology and Science, University of Halmstad, Halmstad, Sweden

Journal of Neuroimmune Pharmacology (2018) 13:265–276
https://doi.org/10.1007/s11481-018-9783-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s11481-018-9783-8&domain=pdf
http://orcid.org/0000-0003-4360-7710
mailto:asa.andersson@hh.se


The disease affects 2.3 million people worldwide with a
higher disease incidence in females (Harbo et al., 2013).
Genetic variations within the major histocompatibility com-
plex (MHC) have been linked to MS (Rioux et al., 2009;
Patsopoulos et al., 2013). Furthermore, genome-wide associ-
ation studies have identified non-MHC-genes as disease caus-
ing candidate genes (International Multiple Sclerosis Genetics
C et al., 2007; ANZgene, 2009; Baranzini et al., 2009;
International Multiple Sclerosis Genetics C, 2013).

Genetic studies in animal models allow a homogeneous
and well-controlled environment, where variation within test
groups can be minimized. One strategy to study genetic fac-
tors linked to disease susceptibility is breeding of congenic
mouse strains followed by studies of disease development in
models resembling human inflammatory disease. This strate-
gy enables studies of specific genetic loci, and the impact of
therein located genes, and natural allelic variation, on disease
development (Rogner and Avner, 2003). The RIIIS/J mouse
strain is, in contrast to the B10.RIII strain, resistant to exper-
imental autoimmune encephalomyelitis (EAE), the animal
model for MS, when immunized with myelin basic protein
peptide 89–101 (MBP89–101) (Jansson et al., 1991). The
B10.RIII and RIIIS/J mouse strains both express the murine
H-2r MHC haplotype, concluding that non-MHC genes are
responsible for the difference in disease phenotype observed
in the two strains (Sundvall et al., 1995; Karlsson et al., 2003;
Lindvall et al., 2011).

Linkage analyses have revealed novel Quantitative Trait
Loci (QTLs) for EAE susceptibility in mice. The QTL
Eae27, located on mouse chromosome 1, has been linked to
EAE susceptibility upon disease induction with MBP89–101
(Karlsson et al., 2003). The gene encoding the Abl2/Arg non-
receptor tyrosine kinase is located within Eae27 (Kruh et al.,
1986). Together with the Abl1/c-Abl kinase, Abl2/Arg makes
up the family of Abl tyrosine kinases in vertebrates and the two
kinases have both overlapping and distinct functions in the cell
(Bradley and Koleske, 2009; Colicelli, 2010). Abl kinases have
been found to play essential roles for the downstream signaling
of the T- and B-cell receptors (Zipfel et al., 2000; Bianchi et al.,
2002; Zipfel et al., 2004; Gu et al., 2007). The kinases share
significant sequence conservation in their N-terminal halves,
comprising tandem Src homology (SH) 3, SH2, and kinase
domains, while the two proteins diverge significantly in their
C-terminal halves (Colicelli, 2010). The Arg C-terminal con-
tains two F-actin binding domains and a microtubule-binding
domain (Wang et al., 2001; Miller et al., 2004) and is a key
regulator of actin cytoskeletal rearrangements (Hernandez
et al., 2004; Miller et al., 2004; Miller et al., 2010; Wang
et al., 2010). Establishment of an immune response involves
morphological changes of immune cells and migration, adher-
ence, invasion, in addition to cell-cell interactions through im-
munological synapse formation, are cellular processes relying
on reorganization and modulation of the cellular actin

cytoskeleton (Burkhardt et al., 2008; Huang et al., 2008). As
a key node in immune cell signaling, as well as a direct regu-
lator of actin dynamics and microtubule distribution in cells
(Wang et al., 2001; Miller et al., 2004), Arg could play a central
role for the cellular mechanisms leading to a self-directed im-
mune response observed in EAE and MS.

Here we report that a congenic mouse strain, BR.RIIIS/J-
Eae27, which harbors a 4,1 Megabase pair (Mbp) polymor-
phic region, including the Abl2/Arg gene, develops less pro-
gressive EAE and shows altered T- and B-cell in vitro pheno-
types, compared to littermate controls. We show that treatment
with an Abl kinase inhibitor ameliorates EAE progression,
indicating a role for Abl kinases in EAE pathogenesis.
Moreover, we report that a non-synonymous single-nucleotide
polymorphism (SNP) in the Abl2 gene, which may influence
the function of the protein and putatively EAE development,
is not important for the actin-binding capacity of Arg.

Methods

Animals

B10.RIII mice were originally provided by Dr. J. Klein
(Tübingen, Germany). The RIIIS/J strain originated from the
Jackson Laboratory (Bar Harbor, ME, US). Congenic
BR.RIIIS/J-Eae27 and B6.RIIIS/J-Eae27 mice were bred by
introduction of Eae27 from the EAE resistant RIIIS/J donor
strain to the EAE susceptible B10.RIII strain through
backcrossing for a minimum of seven generations with the
marker-associated speed congenic strategy (Markel et al.,
1997; Wakeland et al . , 1997). Genotyping using
microsatellites allowed selection for the Eae27 locus inherited
from the RIIIS/J strain. Microsatellite markers D1Mit14 and
D1Mit33 (www.informatics.jax.org) were used for PCR on
DNA from ear tissue biopsies as previously described
(Karlsson et al., 2003). Genotypes were determined by ana-
lyzing PCR products on a Megabace 1000 (Amersham
Pharmacia Biotech, Amersham, UK) or on a 3% agarose gel.

Congenic mice, homozygous for Eae27 introduced from
the RIIIS/J donor strain to the B10.RIII (BR) genetic back-
ground, are referred to as BR.RIIIS/J-Eae27. Congenic litter-
mates, homozygous for Eae27 inherited from the background
strain, are referred to as B10.RIII. Breeding and housing of
congenic mice used in the herein presented study, took place
in the animal facility at the Department of Drug Design and
Pharmacology, Faculty of Health and Medical Sciences,
University of Copenhagen, Denmark.

Induction and Evaluation of EAE

Mice were immunized id at the base of the tail with 150 μg
MBP89–101 (Schafer, Denmark) in PBS emulsified 1:1 in
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Freund’s incomplete adjuvant (IFA) (Sigma-Aldrich, St.
Louis, MO) complemented with 100 μg heat-inactivated
mycobacteria tuberculosis H37Ra (DIFCO laboratories,
Detroit, MI). 400 ng Pertussis toxin from Bordetella
Pertussis (Sigma-Aldrich, St. Louis, MO) in PBS was admin-
istered ip at the day of immunization and 2 days post immu-
nization. Disease progression was monitored by daily scoring:
(0) No clinical symptoms; (1) loss of tail tonus; (2) mild pa-
resis in one or both hind legs; (3) moderate paresis in one or
both hind legs; (4) severe paresis in one or both hind legs; (5)
paresis in one or both hind legs and any significant paresis in
front leg; (6) moribund or diseased. According to an approved
study protocol defining humane endpoints, mice receiving
scores above 4, or losing more than 20% of their initial body
weight, were euthanized. Animal Experiments Inspectorate
permission number: 2010/561–1920.

Induction and Evaluation of CIA

For induction of collagen-induced arthritis (CIA), B10.RIII
mice were immunized id at the base of the tail with 100 μg
type II collagen from bovine nasal septum (Sigma-Aldrich, St.
Louis, MO) in 0.05 M acetic acid emulsified 1:1 in complete
Freund’s adjuvant (CFA). A boost with half the concentration
of collagen (50 μg) was administered 35 days post first im-
munization. Scoring of clinical symptoms monitored disease
progression. Each inflamed toe (first phalanx excluded), and
each inflamed metacarpal, carpal, metatarsal and tarsal, re-
spectively, was assigned 1 point. Mice receiving a score above
10 were euthanized according to predefined and Animal
Experiments Expectorate approved humane endpoints.
Animal Experiments Inspectorate permission number:
2010/561–1920.

Bioinformatics and SNP Analysis

A complete literature search on genes within Eae27 was per-
formed. Key words like EAE, MS, autoimmunity, chronic in-
flammation, and immune cell signaling were used to identify
genes likely to play a role in immune regulation. SNP analysis
using Ensembl’s and Mouse Genomic Informatics’ SNP data-
bases, combined with next generation sequencing (NGS) data
(performed at the National High-throughput DNA sequencing
center, Copenhagen University) revealed SNPs within Eae27,
when comparing the genomes of the two parental strains.
Sanger sequencing (Eurofins, Germany), was carried out on
DNA from each parental strain to confirm identified SNPs in
the coding regions of the Abl2 gene.

Pharmacological Studies

Imatinib mesylate (100 mg/kg body mass), kindly donated by
Novartis, Basel, Switzerland, was administered to B10.RIII

mice orally by gavage twice daily with a 12 h interval to
maintain a therapeutic dose. The drug was solubilized in water
prior to administration, and mice received the drug 1 day prior
to EAE or CIA immunization and continuously throughout
the entire study. A control group received placebo (water) on
an identical treatment regimen.

Preparation of Spleen Cells and Proliferation Assay

Single-cell suspension was prepared from mouse spleen in
complete cell culture medium (Dulbecco’s modified eagle’s
medium + GlutaMAX-I, 1% fetal bovine serum, 1 mM
Hepes, 5 μM 2-mercapto-ethanol, and 50,000 U penicillin/
50 mg streptomycin) (Invitrogen, Thermo Fisher Scientific,
Waltham, MA). Red blood cells were lysed in BD Pharm
Lysing Buffer (BD Biosciences, San Jose, CA).

Splenic lymphocytes from naive or MBP89–101 immunized
BR.RIIIS/J-Eae27 and B10.RIII mice were collected 10 days
post immunization. Single-cell suspensions (2 × 105 cells/
well) were stimulated in vitro with purified anti-mouse CD3
(BD Biosciences, San Jose, CA) and anti-mouse CD28
(eBioscience, San Diego, CA); Concanavalin A (ConA)
(Sigma-Aldrich, St. Louis, MO); lipopolysaccharide (LPS)
(Sigma-Aldrich, St. Louis, MO); or F(ab’)2 Fragment Goat
Anti-Mouse IgM (Jackson Immuno Research, West Grove,
PA) for 48 h. Cells were subsequently pulsed with 1 μCi
3H-thymidine (Perkin Elmer, Waltham, MA) per well for
16–18 h, and 3H-thymidine incorporation monitored on a
TopCount NXT (Perkin Elmer, Waltham, MA). Stimulation
index (SI) was calculated as the ratio between counts per min-
ute (cpm) for stimulated and unstimulated cells. For inhibition
studies, sterile filtrated imatinib in PBS was added to the cell
suspension prior to incubation.

Western Blotting

Upon cardiac perfusion, mouse brain and spleen were isolated
and snap frozen in liquid nitrogen. Tissue was homogenized in
lysis buffer (50 mM Tris, pH 8, 150 mM NaCl, 0.5% sodium
deocholate, 1% Triton X-100, 0.1% SDS) to which phospha-
tase and protease inhibitors had been added. The total protein
concentration was determined by Bradford assay, and samples
with a total protein conc. of 1 μg/μl were separated on an 8%
SDS-PAGE gel and bands detected by western blotting using
monoclonal rabbit anti-mouse Arg, monoclonal rabbit mouse
anti-beta-actin (loading control), and polyclonal goat anti-
rabbit IgG-HRP used for detection.

Actin Co-Sedimentation Assays

Actin was purified from chicken skeletal muscle (Spudich and
Watt, 1971). Arg and Arg V1030 M were expressed via
baculoviral vectors in Hi5 cells and purified as previously
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described (Wang et al., 2001). Cosedimentation assays were
performed as previously described with a final buffer concen-
tration of 40 mM Hepes, pH 7.25, 150 mM KCl, 2 mM
MgCl2, 0.01% NP40, and 4.5% glycerol. Supernatant and
pellet were separated on SDS PAGE gel, stained and quanti-
fied using Coomassie R250 and densitometry.

Statistics

In vivo and in vitro data were calculated with Mann-Whitney
U test, except for CIA data, where statistical analysis was
performed using the log-rank test. Disease incidence was cal-
culated with chi-square test.

Results

Severity of EAE Is Influenced by Genetic Variation
in the Eae27 Locus

In a genetic linkage study, Eae27 was linked to incidence of
remitting EAE in female mice (Karlsson et al., 2003). In order
to study the effect of this locus for EAE development, a
congenic mouse strain was bred (BR.RIIIS/J-Eae27). The
congenic fragment was estimated to include 15 Mbp between

the genetic markers D1Mit449 and D1Mit143 (www.
informatics.jax.org). Comparison of SNPs between the two
parental mouse strains revealed conserved and polymorphic
regions and reduced the locus size to approximately 4.1 Mbps
(Fig. 1).

BR.RIIIS/J-Eae27 mice and littermate controls were
immunized for EAE and the disease progression was

Fig. 2 EAE development in BR.RIII-Eae27 congenic mice. Disease
progression in mice homozygous for Eae27, inherited from the EAE
susceptible B10.RIII background strain (B10.RIII; grey line) and the
EAE resistant RIIIS/J donor strain (BR.RIII-Eae27; black line). Data
are presented as mean clinical score ± SEM

Fig. 1 Eae27 SNP analysis. SNP analysis revealed known SNPs within
the Eae27 locus comparing the C57Bl/6 and RIIIS/J mouse strains.
Identified SNPs were subsequently compared to next generation

sequencing data for the B10.RIII strain and led to the identification of
the restricted polymorphic Eae27, flanked by highly conserved regions
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monitored by clinical scoring (Fig. 2). The result revealed
significantly lower severity of disease in BR.RIIIS/J-
Eae27 mice (p = 0.0009, at day 27 post immunization).
Reduced incidence and area under curve (AUC), defined
as the sum of scores over the period, was observed in
BR.RIIIS/J-Eae27 mice with one or two Eae27 RIIIS/J

alleles, compared to B10.RIII littermates (p = 0.012)
(Table 1). Similar results were obtained in an additional
EAE study with the same experimental set-up (data not
shown). This shows that genetic variation within the re-
stricted Eae27 locus influences EAE susceptibility and
progression.
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Fig. 3 Proliferation of spleen cells from mice immunized with
MBP89–101 upon activation in vitro. 3H-thymidine incorporation in
in vitro stimulated splenic lymphocytes from MBP89–101-immunized
BR.RIIIS/J-Eae27 and B10.RIII mice. The graphs show T-cell
proliferation in response to (a) anti-CD3/anti-CD28 (3 μg/ml) and (b)

ConA, and B-cell proliferation in response to (c) LPS, and (d) anti-IgM
stimulation. Data are reported as mean stimulation index ratio (SI) ±
SEM. Results are based on data from six mice in each group and
triplicate measurements for each point

Table 1 Disease phenotypes in
BR.RIIIS/J-Eae27 congenic mice
immunized for EAE

Mouse strain n Incidence Day of onseta Max Scorec AUCd

Mean ± SEMb Mean ± SEM Mean ± SEM

BR.RIIIS/J-Eae27_a/ae 9 6/9 (67%) 30 ± 2,3 1,6 ± 0,5 11,7 ± 4,2

BR.RIIIS/J-Eae27_a/b 20 12/20 (60%) 27 ± 2,4 1,4 ± 0,3 11,5 ± 3,5*

BR.RIIIS/J-Eae27_b/b 9 9/9 (100%) 26 ± 2,7 2,2 ± 0,3 25,4 ± 6,5

a Day of onset is the day when a mouse receives score 1 or higher
b Standard Error of the Mean
c The mean of max scores from the mice in each group
dArea under curve is the sum of all scores
e Genotype in the Eae27 locus. All mice studied were littermates

*p < 0,05; significantly different from the BR.RIIIS/J-Eae27_b/b mouse strain. Statistics was calculated with
Mann-Whitney U test
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Increased Activity in Lymphocytes from Immunized
Eae27 Congenic Mice

To investigate whether the observed disease phenotype in
the congenic mouse strain was accompanied by altered
immune cell activation, proliferation was measured in
in vitro stimulated splenic B- and T-lymphocytes from
naïve and immunized congenic mice. No significant dif-
ference in proliferation was observed between spleen cells
from the two congenic variant mouse strains upon stimu-
lation with anti-CD3 and anti-CD28 (data not shown). In
contrast, splenic lymphocytes from BR.RIIIS/J-Eae27
mice, immunized with MBP89–101 10 days prior to the
experiment, showed increased proliferation compared to
the B10.RIII littermate controls, when stimulated
in vitro with anti-CD3 and anti-CD28 (p = 0.0087) or
ConA (p = 0.015) (Fig. 3a, b). Similarly, B cell prolifera-
tion was increased in immunized BR.RIIIS/J-Eae27 mice
compared to B10.RIII littermates, when stimulated with
anti-IgM (p = 0.026) and LPS (p = 0.019) (Fig. 3c, d).
These results demonstrate a difference in the response
upon reactivation of lymphocytes from immunized
BR.RIIIS/J-Eae27 and B10.RIII littermates in vitro, and
suggest that the Eae27 region influence lymphocyte
activity.

Based on the in vivo and in vitro data showing differences
in immune activation between the two Eae27-polymorphic
mouse strains, bioinformatics search on protein coding genes
within the Eae27 locus, led to selection of genes encoding
proteins likely to be involved in immune regulating mecha-
nisms. The Abl2 gene, located within Eae27, encodes the non-
receptor tyrosine kinaseArg, which has previously been found
highly expressed in a mature B-cell line and, in addition, is
important for T-cell function (Bianchi et al., 2002; Gu et al.,
2007). Taken together, this led to the hypothesis that Abl2 is a
potential disease candidate gene in Eae27.

Imatinib Has a Therapeutic Effect on EAE

In order to test the hypothesis that the Arg kinase may play a
role for the mechanisms causing an autoimmune response
observed in EAE, the effect of the Abl kinase inhibitor ima-
tinib was tested in EAE. The group receiving a therapeutic
dose of imatinib was protected against EAE in the initial phase
of the study compared to the placebo group (p = 0.0491) (Fig.
4a). The inhibitor was administered 1 day prior to immuniza-
tion and throughout the study. Mice receiving the kinase in-
hibitor had later disease onset (ns) and reduced AUC (p =
0,0077), revealing a preventive effect of the drug on EAE.
Taken together, the data showed that the selective tyrosine
kinase inhibitor imatinib has an ameliorating effect on EAE
and indicate a role for Abl kinases in the mechanisms involved

in EAE pathogenesis. In contrast to EAE, no significant effect
of imatinib on CIAwas observed (Fig. 4b).

Lymphocyte Activation Is Inhibited by Imatinib

To determine whether the effect of the selective tyrosine ki-
nase inhibitor on EAE development was related to cessation
of downstream T- and B-cell signaling, the effect of imatinib
on immune cell activation was studied in vitro. Proliferation of
LPS-, anti-IgM-, or anti-CD3/anti-CD28-stimulated splenic
lymphocytes was inhibited by imatinib (Fig. 5a–c). These re-
sults demonstrate that Abl kinases are essential actors in the
signaling cascades connecting external receptor stimulation to
intracellular modifications necessary for establishing an im-
mune response.

b 

a 

Fig. 4 The effect of imatinib on EAE and CIA development. Mice
received imatinib or placebo 1 day prior to immunization and throughout
the study. a EAE was induced by immunization with MBP89–101 (data
represent mean clinical score ± SEM). b CIA was induced by
immunization with Type II collagen (data represent fraction of mice
with a clinical score below 10)
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Arg Expression in Brain and Spleen
from BR.RIIIS/J-Eae27 and B10.RIII Mice

Arg is highly expressed in mouse brain and moderately
expressed in spleen (Koleske et al., 1998). In order to test
whether the expression of Arg differed between BR.RIIIS/J-
Eae27 and B10.RIII mice and thereby explain the difference
in EAE disease phenotype, western blotting was performed on
spleen and brain tissue homogenates from the two mouse
lines. No difference in Arg protein expression was observed
between the Eae27 genetic variants. The expression of Arg in
brain tissue was higher compared to spleen, which correlates
with previous findings (Koleske et al., 1998) (Fig. 6a, b).

A Non-synonymous SNP in the Abl2 Gene

Since no differences in expression levels of Arg in brain and
spleen were observed in the two congenic variants, a potential
role for Arg in EAE susceptibility could therefore be the result
of altered protein function. In order to search for polymor-
phisms between BR.RIIIS/J-Eae27 and B10.RIII mice, the

coding regions of the Abl2 gene were sequenced. SNP analy-
sis and DNA sequencing confirmed a non-synonymous SNP,
rs30466582, in the Abl2 gene, giving rise to an aa switch in the
Arg tyrosine kinase in the B10.RIII strain compared to the
RIIIS/J strain. The SNP, rs30466582, is located within a re-
gion encoding a microtubules-binding domain, close to an
internal F actin-binding domain in the C-terminal part of
Arg (Fig. 7). The B10.RIII strain has the amino acid methio-
nine (M) in position 1030, while BR.RIIIS/J-Eae27 has a
valine (V). This aa change could have an influence on the
kinase’s capability to reorganize the cytoskeleton.

The Non-synonymous SNP rs30466582 Does Not
Influence Arg Actin Binding Affinity

We used actin co-sedimentation assays to test whether the Arg
V1030 M substitution impacted actin binding. Purified Arg
and Arg V1030 M bound with similar affinity to actin fila-
ments (KD = 0.71 ± 0.50 μM for Arg; KD = 0.86 ± 0.64 μM
for ArgV1030M) (Fig. 8), and binding saturated at similar
ratios of Arg/Arg V1030 M:actin (not shown). These data

Fig. 5 Inhibition of lymphocyte proliferation with Imatinib. Imatinib
inhibits proliferation of splenic lymphocytes from naïve BR.RIII-Eae27
and B10.RIII mice upon in vitro stimulation with (a) LPS (10 μg/ml), (b)

anti-IgM (40 μg/ml), or (c) anti-CD3/anti-CD28 (1 μg/ml and 3 μg/ml,
respectively). Proliferation was measured as 3H-thymidine incorporation.
Data represent mean CPM± SEM
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suggest that the SNP rs30466582, resulting in an aa shift near
actin-interacting domains, does not impact actin binding af-
finity or stoichiometry of binding at saturation.

Discussion

Abl kinases have been found to play a role for downstream
signaling of the T-cell receptor (TCR) by taking part in the
phosphorylation cascade initiated upon antigen binding
(Zipfel et al., 2004; Gu et al., 2007). Furthermore, c-Abl ac-
tivity and expression are elevated upon B-cell receptor (BCR)
stimulation, and the proliferative response and intracellular
calcium flux in splenic B-cells lacking the c-Abl kinase are
reduced upon in vitro stimulation with anti-IgM (Matsushita
et al., 2008). The role of c-Abl in B-cell signal transduction
has been linked to phosphorylation of the BCR co-receptor
CD19 (Zipfel et al., 2000; Liberatore and Goff, 2009). c-Abl

associates with CD19 through its SH2 domain upon BCR
ligation (Zipfel et al., 2000). Considering that c-Abl and Arg
share more than 90% structure and domain similarities in their
N-terminal parts (Koleske et al., 1998), comprising the SH2,
SH3 and kinase domains (Fig. 7), and that the protein level of
Arg is high in mature B cells compared to c-Abl (Bianchi
et al., 2002), Arg could similarly be an important actor in B-
cell activation and proliferation (Andersson and Aksel
Jacobsen, 2016). Herein presented data reveal an altered B-
and T-cell phenotype in MBP89–101 immunized congenic
mice, homozygous for Eae27 inherited from the RIIIS/J donor
strain, when stimulated in vitro. The proliferative response to
anti-IgM and LPS stimulation in vitro was elevated in splenic
B-lymphocytes from MBP89–101 immunized BR.RIIIS/J-
Eae27 mice compared to B10.RIII mice. A reduction in pro-
liferation in in vitro LPS- and anti-IgM stimulated B-cells has
been documented in CD19-deficient mice (Hasegawa et al.,
2001; Yazawa et al., 2003). Whether the reported difference in
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Fig. 6 Arg expression in brain
and spleen fromBR.RIII-Eae27
and B10.RIII mice. Western
blots showing (a) Arg expression
in brain and spleen tissue from
BR.RIIIS/J-Eae27 and B10.RIII
mice. Molecular mass of Arg and
Actin is 131 and 42 kDa,
respectively. The two bands
observed for Arg are believed to
represent splice isoforms
(Koleske et al., 1998). b The
Arg:Actin integrated density is
shown graphically. The Arg
density is the sum of the two
isoform bands

Fig. 7 Domain structure of the Arg protein. The Arg kinase has two F-
actin binding domains, one microtubule-binding domain, and three
proline rich (PxxP) motifs in its C-terminal part. The N-terminal part of
the protein expresses an SH3, SH2 and kinase domain, forming a domain

structure common among tyrosine kinases. The missense SNP,
rs30466582, is located within Arg’s microtubule-binding domain close
to the C-terminal F-actin-binding domain
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B-cell proliferation in the Eae27 congenic mice is related to
increased or reduced CD19 signaling in BR.RIIIS/J-Eae27
and B10.RIII mice upon BCR stimulation, and whether genet-
ic variation within the Arg kinase could influence the signal
transduction leading to an altered proliferative response,
awaits further investigation.

Inhibition of Abl kinases with imatinib resulted in a dose-
dependent inhibition of B- and T-cell proliferation with com-
plete cessation of cell proliferation at the highest concentra-
tions (Fig. 5). These results are consistent with data obtained
in other studies (Paniagua et al., 2006; Gu et al., 2007), and
confirm that Abl kinases are essential actors in the down-
stream signaling cascades initiated upon TCR and BCR stim-
ulation. A pharmacological study, testing imatinib in the EAE
model, revealed an ameliorating effect of imatinib on disease
onset and progression. Obtained results are consistent with
data from another study testing the preventive effect of Abl
kinase inhibitors on MOG35–55-induced EAE (Crespo et al.,
2011).

The ability of imatinib to penetrate the blood brain barrier
(BBB) is poor in both human and mouse (Dai et al., 2003; le
Coutre et al., 2004), suggesting that the observed effect of
imatinib on EAE is caused by targeting peripheral lympho-
cytes before infiltration of the CNS. Interestingly, imatinib has
been found to increase BBB integrity. Infiltration of CNS by
myelin-specific lymphocytes is a crucial event in MS and
EAE pathogenesis, and imatinib enhances BBB integrity in
rats induced for EAE (Adzemovic et al., 2013) and experi-
mental subarachnoid hemorrhage (Zhan et al., 2015). The

herein presented effect of Abl kinase inhibition on EAE could
therefore involve an immune-modulating effect by targeting
peripheral lymphocytes, as well as increased BBB integrity.
The ameliorating effect of Abl kinase inhibition on EAE de-
velopment indicates a potential role for inhibition of Abl ki-
nases in future MS treatment.

Interestingly, in the present study the therapeutic effect of
imatinib on EAE is declining in the late phase of the study
(~day 25 post-immunization). From its widespread use in can-
cer therapy, development of drug resistance is a known prob-
lem in patients treated with imatinib in the clinic (Bixby and
Talpaz, 2011). The observed decline in drug effectiveness in
the late phase of the EAE study could therefore be a result of
beginning drug resistance. Imatinib blocks the enzymatic ac-
tivity of the Abl kinases by preventing the binding of ATP and
inhibition of the catalytic function (Nagar et al., 2002; Lin
et al., 2013). Drug resistance to imatinib in human chronic
myeloid lymphoma (CML) treatment is to a large extent due
to acquiredmutations in the ABL1 gene.Whether the observed
resistance to imatinib therapy in the EAE-induced mice
followed upon mutations in the Abl genes is not known, but
additional mechanisms for the declining effect of imatinib
treatment might exist. As mentioned above, imatinib has been
shown to increase the BBB integrity (Adzemovic et al., 2013).
In a study of endothelial barrier function, it was demonstrated
that imatinib exerts its beneficial effect on the endothelial bar-
rier by specifically downregulating Arg (Aman et al., 2012).
Any mechanism reducing the efficacy of imatinib could, thus,
lead to an Arg dependent increase in endothelial barrier

Fig. 8 Arg and Arg V1030 bind
with similar affinity to actin
filaments. a Representative co-
sedimentation assay gels showing
increasing amounts of Arg/Arg
V1030 M incubated with 1 μM
actin. Supernatant (S) and pellet
(P) samples for different
concentrations are run side by
side. b Binding of Arg/Arg
V1030 to actin in the pellets was
quantified from three trials and
mean ± SEM is plotted vs. input
concentration to calculate the
dissociation constant (KD). No
significant difference was noted
in affinity of Arg/Arg V1030M to
actin
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dysfunction and cellular influx into the CNS. Another study
showed that the number of regulatory Tcells is declining upon
imatinib treatment (Lu et al., 2017), which could lead to an
expansion of autoreactive myelin antigen-specific T-cells
overriding the effect of the drug.

Together these results indicate a role for Abl kinases in
EAE and strengthen the hypothesis that the Abl2 gene could
be an EAE candidate gene within Eae27. In order to test
whether the effect of Abl kinase inhibition was due to a gen-
eral reduction in inflammatory response, the effect of imatinib
on CIA was tested. In contrast to previously published data
(Paniagua et al., 2006; Terabe et al., 2009), no significant
effect on arthritis development was observed in imatinib treat-
ed B10.RIII mice. Mice were euthanized when receiving clin-
ical scores above 10 according to predefined humane end-
points. Whether an effect of imatinib on CIA development is
observed in the more progressive state of the model could
therefore not be determined.

Sequencing data confirmed a non-synonymous SNP,
rs30466582, giving rise to an aa switch from valine to
methionine close to the C-terminal F-actin-binding do-
main of murine Arg. Testing recombinant Arg_1030V
and Arg_1030M in an actin co-sedimentation assay, re-
vealed no difference in binding affinity to F-actin between
the two recombinant protein variants (Fig. 8). The se-
quences f lanking the ident i f ied missense SNP,
rs30466582, in mouse are highly conserved in different
species. Most mouse strains and other species have a gua-
nine in the position corresponding to aa 1030 (Fig. 9).
This results in a less frequent aa at this position in the
B10.RIII strain. Interestingly, two missense SNPs have
been identified in positions very close to the homologous
location of rs30466582 in humans. Whether these mis-
sense SNPs would alter the function of Arg has to be
elucidated. Interestingly, a genome-wide association study
revealed an SNP in the AXDND1 gene, located less than
150 Mbp from the ABL2 gene, associated to the age of
onset in MS patients (Baranzini et al., 2009). Whether
polymorphism(s) in the ABL2 gene contribute to the asso-
ciation as a result of linkage disequilibrium is still to be
investigated.

The results presented in this report reveal an effect of the
locus Eae27 for EAE susceptibility when studied in a
congenic mouse strain. In addition to Abl2, Eae27 comprises

several genes, and it is not possible to disregard the influence
of other genes on EAE development in the Eae27 congenic
mice. The strategy to find candidate genes through genetic
studies in an experimental model for MS has, however, result-
ed in the identification and subsequent studies of one particu-
lar candidate gene, the tyrosine kinase Arg, which we believe
contributes to the control of lymphocyte activation and CNS
inflammation in EAE. This observation should support trans-
lational research on inhibition of non-receptor tyrosine ki-
nases, in particular specific inhibition of Arg, in treatment of
MS patients. In addition to imatinib, a number of tyrosine
kinase inhibitors, approved for cancer treatment and targeting
the Abl- and other non-receptor tyrosine kinases, are available
and could be potential drug candidates for MS; dasatinib was
shown to reduce disease in the initial phase of EAE in mice
(Azizi et al., 2015); bosutinib (Golas et al., 2003); and the
more Abl specific tyrosine kinase inhibitors nilotinib
(Weisberg et al., 2005) and ponatinib (Huang et al., 2010)
have not yet been reported for clinical studies in EAE or
MS. The present study, together with previous mouse and rat
studies, shows that different EAE models are valid for studies
of the efficacy of tyrosine kinase inhibitors in neuro-
inflammation.

Conclusion

Our results demonstrate a role for the murine locus Eae27 in
EAE development and lymphocyte activation. We suggest
that the Abl2 gene, encoding the Arg tyrosine kinase, is a
disease candidate gene within Eae27. This hypothesis is
strengthened by the ameliorating effect of an Abl kinase in-
hibitor on EAE progression using the MBP89–101 EAE-
inductions protocol in the B10.RIII mouse strain.
Furthermore, we confirm the presence of a reported non-
synonymous SNP, which results in an aa switch in a protein-
binding domain of Arg. We further show, that this aa change
has no impact on Arg’s binding affinity for actin. Together,
these results show: (−) that studies involving functional geno-
mics in experimental models are important in revealing dis-
ease pathways and possible disease therapy, (−) a potential
role for Arg in EAE pathogenesis and suggest a possible role
for Abl kinase inhibition in future MS treatment.

Mouse AAAAAGGCAGCTCCAGGCCCA*TGCCCAGTAGTGGGAAACCTGGGAG
Human AAGAAGGCAGCTCTGGGC*CAG*GCCCATCAGTGGGAAAGCTGGGAG
Rat AAAAAGGCAGCTCCAGGGCCAGTGCCCAGTAGTGGGAAACCTGGGAG
Pig AAAAAGGCAGCTCCAGGGGCAGTGCCCATCAGTGG*AAAGCTGGGAG

AAAAAGGCAGCACCAGGGGCAGTATCTATCAGTGGGAAAGCTGGCAG

Fig. 9 Alignment of nucleotide sequence 3067–3113 across species.
Nucleotide sequence 3067–3113, flanking the identified missense SNP,
rs30466582 (yellow*), in the mouse genome was aligned to human, rat,

pig, and armadillo. Two missense SNPs in human are located close to the
mouse SNP rs30466582 (ensemble.org)
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