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Previous studies have shown that both the innate and adaptive immune systems foster progression of neuropathy
and clinical symptoms in a mouse model for Charcot-Marie-Tooth 1X disease. Here we demonstrate a possible
therapeutic translation of these findings using the clinically approved sphingosine-1-phosphate receptor
modulator fingolimod (FTY720) in connexin32-deficient mice mimicking Charcot-Marie-Tooth 1X disease.
Treatment with FTY720 prevented an increase of CD8+ and CD4+ T-lymphocyte numbers in both femoral

quadriceps nerve as well as in ventral spinal roots. While macrophages of ventral spinal roots show a similar,
albeit non-significant trend, macrophages from quadriceps nerve are not reduced upon treatment. On the his-
topathological level, axonopathic changes were reduced in ventral spinal roots, but not in quadriceps nerves
upon treatment. Electrophysiological recordings displayed improved nerve conduction parameters upon FTY720
treatment, while clinically, FTY720 treatment ameliorated distinct parameters of motor performance and grip
strength. We suggest that targeting the adaptive immune system might be a pharmacological treatment option

T-lymphocytes
Macrophages
Neuroinflammation

for mitigating disease burden particularly in severe cases of Charcot-Marie-Tooth 1X.

1. Introduction

Charcot-Marie-Tooth type 1 (CMT1) diseases are genetically caused
neuropathies of the peripheral nervous system (PNS) with generally
poor treatment options. Since at least three CMT1 forms are driven or
aggravated by neuroinflammation, dampening the immune response
might be instrumental for mitigating disease progress of the primarily
genetic neuropathies [1,2]. Indeed, we previously demonstrated that
targeting nerve macrophages with the CSF-1 receptor inhibitor PLX5622
improved disease outcome in distinct CMT models, particularly when
applied early in disease course [3-5]. Of note, in mouse models for
CMT1X, the X-linked, dominant form of CMTs, the adaptive immune
system appears to be another disease amplifier besides the innate im-
mune system during progression of the neuropathy [1,6,7]. This
observation may open the possibility of the therapeutic use of the
sphingosine-1-phosphate receptor (S1PR) modulator fingolimod
(FTY720), which impairs lymphocyte egress from secondary lymphatic
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organs [8], to mitigate the neuropathy. Importantly, FTY720 is clinically
approved for treatment of relapsing-remitting multiple sclerosis, a
neuroinflammatory disease of the central nervous system (CNS) [8-10],
hence possible risks and side effects are well known. Furthermore, this
immune modulator improved histopathological and clinical outcome in
models for distinct genetic disorders of the CNS [11-14]. Here, we tested
the possibility that repurposing the clinically approved drug FTY720
might be an option to treat CMT1X neuropathy by modulating the
adaptive immune system in an appropriate mouse model. We found that
S1PR-modulation in a model for CMT1X led to an amelioration of axo-
nopathic features and to an improved clinical outcome. Thus, targeting
the adaptive immune system might be an option to treat CMT1X
particularly in severe, inflammation-dominated cases.
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2. Material and methods
2.1. Mice

Cx32def [15,16] and wild-type (Cx32wt) mice of both sexes were
investigated at 12 months of age (for details see below). In Cx32def
mice, no sex-related differences were observed in the investigated pa-
rameters, consistent with previous reports [17,18]. All animals were
bred on a C57Bl/6 J background. All animals were kept in individually
ventilated cages in the animal facility at the Center of Experimental
Molecular Medicine (University of Wiirzburg) with a 14h/10h day/night
rhythm (<300 1x during day) under barrier conditions. Mice were given
free access to food and water at all times. Genotyping was accomplished
by conventional PCR with the use of isolated DNA from mouse tissues
based on previously published PCR protocols [7]. All animal experi-
ments were approved by the local authority of the Government of Lower
Franconia, Germany.

2.2. Fingolimod (FTY720) treatment

Fingolimod (from here onwards designated as FTY720 throughout
the manuscript; Sigma-Aldrich, SML0700) was administered in Cx32def
mice by dissolving in autoclaved drinking water at 3 pg/mL and pro-
vided ad libitum. With an average body weight of 30 g and an estimated
daily water consumption of 5 mL, this corresponds to the dosage of 0.5
mg/kg/day. Cx32def mice provided with autoclaved water without
FTY720 were used as controls. Mice were treated from 3 months of age
until 12 months of age and were weekly monitored. No adverse effect of
the treatment was observed during the observation period of 9 months.

2.3. Nerve dissection and tissue processing

Animals were sacrificed by asphyxiation (CO2) in accordance with
guidelines by the State Office of Health and Social Affairs, Berlin as
previously published [4]. Mice were then perfused transcardially using
phosphate-buffered saline (PBS) containing heparin. To harvest fresh
frozen tissue for immunohistochemistry, femoral nerves and spinal roots
of Cx32def mutants and WT mice were embedded in Tissue-Tek® O.C.T.
compound (Sakura) and frozen in liquid nitrogen cooled methyl butane.
Fresh frozen tissues were then cut into 10-um-thick cross-sections using
a cryostat (Leica) and stored at —20 °C until further analysis.

For electron microscopy, mice were transcardially perfused with 4 %
PFA and 2 % glutaraldehyde in 0.1 M cacodylate buffer for 10 min.
Dissected femoral nerves and spinal roots (L3-L5) were subsequently
post-fixed in the same solution overnight at 4 °C. Osmification was
performed with 2 % osmium tetroxide in 0.1 M cacodylate buffer for 2 h,
followed by dehydration in ascending acetone concentrations. Nerves
were embedded in Spurr’s medium. Ultrathin sections (70 nm) were cut
and mounted to copper grids and counterstained with lead citrate.

2.4. Immunohistochemistry

Quantification of endoneurial macrophages was performed on
femoral quadriceps nerve cross sections according to previously pub-
lished protocols [4]. Briefly, samples were blocked with 5 % bovine
serum albumin (BSA) in PBS and then incubated at 4 °C with an antibody
against the pan-macrophage marker F4/80 (rat, 1:300, MCAP497,
Serotec) in 1 % BSA in PBS overnight. After washing with PBS, samples
were incubated with Cy3-conjugated goat anti-rat IgG (1:300,
112-165-167, Dianova) secondary antibodies for 1 h at room temper-
ature. Nuclei were stained with DAPI (Sigma Aldrich) and slides were
mounted with Aqua-Poly/Mount (Polysciences) and stored at 4 °C until
further analysis. From seven to ten consecutive sections per animal, the
mean numbers of F4/80-positive cells per section were determined.

Quantification of CD4+ and CD8+ lymphocytes were performed on
cross sections of femoral quadriceps nerves. Samples were post-fixed in
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ice-cold acetone for 10 min, and then blocked with 5 % BSA in PBS.
Incubation of respective primary antibodies (rat anti-CD4, 1:1000, Bio-
Rad AbD Serotec; rat anti-CD8, 1:500, Bio-Rad AbD Serotec) was done
overnight at 4 °C. The corresponding immune reaction was visualized
using a fluorescently-labeled secondary antibody (donkey anti-rat IgG
Cy3, 1:300, Dianova).

Opposed to femoral quadriceps nerves, numbers of T-lymphocytes
and F4/80-positive macrophages in ventral roots are presented as cells/
mm? due to variabilities in fiber numbers and size of spinal roots (L3-
L5).

Digital fluorescence microscopic images were acquired using an
Axiophot 2 microscope (Zeiss) equipped with a CCD camera (Visitron
Systems). Images were minimally processed for generation of figures
using Photoshop CS6 (Adobe) or Fiji/Image J (National Institutes of
Health).

2.5. Morphological analysis by electron microscopy

Electron microscopic images were taken using a ProScan Slow Scan
CCD camera mounted to a Leo 906E electron microscope (Carl Zeiss).
Multiple images were aligned with iTEM software (Olympus Soft Im-
aging Solutions) to analyze complete nerve cross sections. Pathological
alterations were quantified in relation to the total number of axons in
corresponding cross sections of the femoral quadriceps nerve (mean
axon count ~550 axons/sample) and ventral roots (mean axon count
~680 axons/sample). De- and thinly myelinated axons, degenerating or
degenerated axons, Biingner bands and periaxonal vacuoles were
determined and then quantified. Additionally, phagocytosing macro-
phages were counted, and their numbers were given as relative values
per 100 axons within the nerve. Representative micrographs of indi-
cated pathological features have been previously published [19-21].

2.6. Nerve conduction studies

Mice were anesthetized by an intraperitoneal injection with a
mixture of Ketavet (Pfizer) and Xylavet (CP-Pharma) (100 mg Ketavet
and 6.7 mg Xylavet per kilogram body weight) and placed under a
heating lamp to avoid hypothermia. Body temperature of mice was
controlled before and after measurements (34-36 °C). Neurological
properties of the left sciatic nerve were measured as described previ-
ously [3,22]. Shortly, after supramaximal stimulation of the tibial nerve
with monopolar needle electrodes at the ankle (distal) and the sciatic
nerve at the sciatic notch (proximal), compound muscle action poten-
tials (CMAPs) were recorded at the hind paw muscles using steel needle
electrodes. Distal and proximal latencies as well as the distance between
stimulation sites were measured. The corresponding nerve conduction
velocity (NCV) was calculated by the distance between stimulation sites
divided by the difference between proximal and distal latencies. More-
over, F wave latencies and F wave persistence at different stimulation
intervals (1 Hz, 10 Hz) were recorded. All neurographic recordings were
performed with a digital Neurosoft-Evidence 3102 electromyograph
(Schreiber & Tholen Medizintechnik).

2.7. Motor performance tests

Grip strength of the hindlimbs was measured using an automated
Grip Strength Meter (Columbus Instruments) as described previously
[23]. With forelimbs supported by a metal grid, mice were trained to
hold a grip bar properly with hind paws. The maximum force (in
newton) was measured when the mouse was pulled off the grip bar with
constant strength. Ten measurements per day were performed on 3
consecutive days and the mean of the measurements was calculated.

To determine motor deficits mice were placed on a rod from a
RotaRod Advanced System (TSE Systems) as described previously [23]
and were trained to walk on the accelerating rod (5-50 rpm; max la-
tency: 300 s) until falling off. 5 training runs were performed on 2
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consecutive days and the latency to fall was measured for 5 runs on the
third day.

2.8. Statistical analysis

All experiments were performed with the investigators blinded and
unaware of the genotype and the treatment status of the analyzed ani-
mals. No significant differences between Cx32def males and females
were observed at the investigated time points, confirming previous ob-
servations by our group [17] and others [18]. Therefore, male hemizy-
gous and female homozygous mice were grouped together, and the
genotypes were indicated as Cx32def (including Cx32-/Y and Cx32-/-).
Animals were randomly placed into experimental or control groups
according to genotyping results using a random generator (http://www.
randomizer.org). Biometrical sample size estimation was performed
with G*Power [24]. Calculation of sample appropriate size groups was
performed using an a priori power analysis with a defined adequate
power of 0.8 (1 - beta error) and an « error of 0.05. To determine the
prespecified effect size d, previously published data were considered as
comparable reference values [21,23]. Data sets were tested for normal
distribution and variance homology. Normally distributed data was
further analyzed by one-way ANOVA and the Tukeys multiple com-
parison test, not normally distributed data was analyzed by
Kruskal-Wallis and Dunn’s multiple comparisons test. Multiple com-
parison tests were conducted across all groups, except for morphological
analysis (Fig. 5), where only Cx32def mice (control and FTY720 treated)
were statistically compared without WT groups, as indicated in the
respective figure legends. Significance levels (* p < 0.05, ** p < 0.01,
*** p < 0.001) and statistical tests are indicated together in the figure
legends. A robust power value (>0.8) of most of the significant results
was validated in individual post-hoc power analysis between Cx32def
mutant groups and calculations are available upon reasonable request.
Measurements and quantifications are shown as individual values
(n-numbers are represented in the graphs as circles) and mean + SD,
unless stated otherwise. Sample sizes differed between immunohisto-
chemical (n = 4-8), morphological (n = 5-10) and functional analysis (n
= 9-11). Males and females were equally represented across groups
whenever possible; however, in groups with an odd sample size, sex
distribution differed by one animal. All statistical analyses and genera-
tion of graphs were performed with GraphPad Prism (Version 8).

3. Results

3.1. FTY720 treatment prevents T cell recruitment in femoral quadriceps
nerves and ventral spinal roots of Cx32def mice

In order to investigate the therapeutic potential of fingolimod
(FTY720) in ameliorating the pathology in CMT1X, mice deficient for
Cx32 (Cx32def) were treated from 3 months of age to 12 months of age.
FTY720 had no impact on body weight, as no significant weight differ-
ence was detectable between wild-type (WT) mice and treated or un-
treated Cx32def mutants at the end of the study (WT = 32.9 g; Cx32def
Ctrl = 30.4 g; Cx32def FTY720 = 29.8 g). To characterize the effect of
the treatment in the peripheral nervous system, we primarily focused on
femoral quadriceps nerves, a well-characterized compartment that re-
flects the pathology in this mouse model. As demonstrated in previous
studies [3,7], the number of CD8+ T-lymphocytes was significantly
higher in peripheral nerves of 12-month-old Cx32def mice compared to
wild-type mice, with CD8+ T-lymphocytes outnumbering CD4+
T-lymphocytes in peripheral nerves (Fig. 1A-D). After 9 months of
FTY720 treatment, however, a robust decline of the CD8+ and CD4+
T-lymphocytes in quadriceps nerves of Cx32def mice was observed,
demonstrating the efficacy of this immunomodulatory drug. Similar
observations were gained in the ventral spinal roots of Cx32def mice,
where FTY720 treatment also prevented the significant increase in the
number of CD8+ and CD4+ T-lymphocytes in Cx32def def control
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compared to WT mice (Fig. 1E-H). These results indicate that FTY720
treatment efficiently prevented the recruitment and colonization of
T-lymphocytes in the peripheral nervous system of Cx32def mice.

3.2. FTY720 treatment leads to a decline of macrophage numbers in
ventral spinal roots but not in femoral quadriceps nerves

As a next step, we investigated whether endoneurial macrophages
are affected by the depletion of T-lymphocytes through staining with a
pan-macrophage marker, F4/80. In contrast to a previous study focusing
on the genetic inactivation of the adaptive immune system [7], reduced
numbers of T-lymphocytes in Cx32def mice treated with FTY720 did not
lead to a reduction in number of F4/80+ macrophages in femoral
quadriceps nerves (Fig. 2A, B). In ventral roots of Cx32def mice, FTY720
treatment resulted in tendentially reduced number of macrophages
(Fig. 2C, D). Overall, we found strongly reduced numbers of lympho-
cytes while macrophages numbers were only partially attenuated by
FTY720 treatment in Cx32def mice.

3.3. FTY720 treatment improves distinct clinical parameters of
neuropathy

We then assessed whether the partially ameliorated pathology in
Cx32def mice after FTY720 treatment was also associated with an
improved clinical outcome in this mouse model. In electrophysiological
measurements, both distal and proximal compound muscle action po-
tentials (CMAPs) of Cx32def mice treated with FTY720 showed mild
trends of elevation compared to untreated Cx32def mice (Fig. 3A, B).
Nerve conduction velocity and F wave latency, features predominantly
impaired in both mouse models and human patients of CMT1X, were
significantly improved in Cx32def mice after FTY720 treatment (Fig. 3C,
D). Furthermore, F wave persistence in Cx32def showed significant
reduction compared to wild-type mice at 10 Hz, and it was rescued after
FTY720 treatment (Fig. 3E, F). Next, we assessed hind limb grip strength
and rotarod performance. While no significant decline in strength was
observed in Cx32def control mutant compared to WT mice at 3, 6 and 9
months of age (data not shown), measurement of hind limb grip strength
revealed that FTY720 also prevented the reduction of grip strength in
Cx32def mice at 12 months of age (Fig. 4A), thus going along with the
beneficial effects of FTY720 treatment in electrophysiological mea-
surements. Notably, FTY720 treatment did not lead to improved rotarod
performance compared to untreated Cx32def mice at 12 months of age,
although the reduced latency to fall in Cx32def mice was transiently
preserved after FTY720 treatment at 9 months of age (Fig. 4B, C). To
summarize, FTY720 treatment in Cx32def mice improved motor per-
formance and preserved muscle strength.

3.4. FTY720 treatment reduces axon damage predominantly in ventral
roots

To examine whether the changes in immune cell numbers resulted in
altered neuropathy, we investigated both quadriceps nerves and ventral
spinal roots of wild-type, Cx32def mice, and Cx32def mice treated with
FTY720. In femoral quadriceps nerves, neither the myelin phenotype
nor axonal damage observed in Cx32def mice could be ameliorated by
the FTY720 treatment (Fig. 5A, B). Correspondingly, the number of
myelin phagocytosing macrophages was also not altered in Cx32def
mice treated by FTY720 compared to untreated Cx32def mice (Fig. 5C).

In contrast, ventral spinal roots of Cx32def mice treated by FTY720
presented significantly fewer abnormally myelinated axons (Fig. 5D, G).
However, this improved myelin integrity was not reflected by any
change in number of phagocytosing macrophages in the ventral roots of
Cx32def mice treated with FTY720 (Fig. S5F). Interestingly, axonal
damage in Cx32def mice was also substantially reduced after FTY720
treatment (Fig. 5E, G). This shows that FTY720 treatment can improve
nerve structure in ventral roots, but not femoral quadriceps nerves.
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Fig. 1. Fingolimod (FTY720) treatment prevents the recruitment and colonization of T-lymphocytes in the PNS of Cx32def mice. (A), (C) Representative micrographs
of CD8 (A) and CD4 (C) immunoreactivity (red) in cross-sections of femoral quadriceps nerves reveals of 12-month-old Cx32def Ctrl (left) and FTY720 treated
Cx32def mice (right). Nuclei are labelled with DAPI. Scale bar = 50 um. (B) — (D) Corresponding quantification of CD8- (B) and CD4-positive (D) profiles in femoral
quadriceps nerves reveals an increase in the number of T-lymphocytes in 12-month-old Cx32def control mice compared to Cx32wt mice. FTY720 treatment prevents
the recruitment of T-lymphocytes thus, resulting in lower numbers of CD8- (B) and CD4-positive (D) profiles. Kruskal-Wallis and Dunn’s post hoc tests; * p < 0.05; ***
p < 0.001. (E), (G) Representative micrographs of CD8 (E) and CD4 (G) immunoreactivity (red) in cross-sections of lumbar ventral roots reveals of 12-month-old
Cx32def Ctrl (left) and FTY720 treated Cx32def mice (right). Nuclei are labelled with DAPI. Scale bar = 50 pm. (F) — (H) Corresponding quantification of CD8-
(F) and CD4-positive (H) profiles per mm? in lumbar ventral roots reveals a significant increase in the number of T-lymphocytes in 12-month-old Cx32def control
mice compared to Cx32wt mice. FTY720 treatment results in a robust decrease in the numbers of CD8 (F) and CD4-positive (H) profiles. Kruskal-Wallis and Dunn’s
post hoc tests; * p < 0.05; ** p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. Fingolimod (FTY720) treatment leads to mildly reduced macrophage numbers only in ventral spinal roots of Cx32def mice. (A) Representative micrographs of
F4/80 immunoreactivity (red) in cross-sections of femoral quadriceps nerves of 12-month-old Cx32def Ctrl (left) and FTY720 treated Cx32def mice (right). Nuclei are
labelled with DAPI. Scale bar = 50 um. (B) Corresponding quantification of F4/80-positive profiles reveals a significant increase of macrophage numbers in Cx32def
mutant groups compared to Cx32wt mice. FTY720 treatment does not alter the number of macrophages. One-way ANOVA and Tukey’s post hoc tests; *** p < 0.001.
(C) Representative micrographs of F4/80 immunoreactivity (red) in cross-sections of lumbar ventral roots reveals of 12-month-old Cx32def Ctrl (left) and FTY720
treated Cx32def mice (right). Nuclei are labelled with DAPI. Scale bar = 50 um. (D) Corresponding quantification of F4,/80-positive profiles per mm? in lumbar
ventral roots reveals a significant increase of macrophage numbers in Cx32def mutant groups compared to Cx32wt mice. FTY720 treatment leads to a non-significant

decline in the number of macrophages. One-way ANOVA and Tukey’s post hoc tests;

legend, the reader is referred to the web version of this article).
4. Discussion

Based on our previous finding that genetic inactivation of the
adaptive immune system - by crossbreeding CMT models with RAG1-
deficient mice lacking T- and B-lymphocytes -ameliorates CMT1X neu-
ropathy in the respective mouse model [7], we tested the possibility
whether pharmacological targeting of T-lymphocyte trafficking may
lead to a similar disease-mitigating effect. As a translational approach,
we selected FTY720 as a therapeutic immune modulator that is in
clinical use for treatment of multiple sclerosis with well-defined site
effects and safety requirements, even in children [9,25,26].

We found that treatment with FTY720 indeed leads to reduced
numbers of CD8+ and CD4-+ T-lymphocytes in both femoral quadriceps
nerve as well as in ventral spinal roots, comparable to observations in
RAG1-deficient Cx32def mutants displaying mitigated neuropathy [7].
Although not strictly proven by our present studies, it is plausible to
assume that the improved histopathological features in ventral roots and
functional/clinical amelioration reflect the reduced impact of the
adaptive immune system of the treated mouse models. Interestingly, and
in full agreement with our present data, the genetic inactivation of the
adaptive immune system in distinct CMT1 mutant mice (i.e., Cx32def
and POhet) through RAG1-deficiency also led to a stronger amelioration
of the neuropathy in ventral roots compared to femoral quadriceps
nerves [7,27]. In this context, we speculate that CD8+ cytotoxic
T-lymphocytes are the major pathogenic culprits among the adaptive
immune system in the CMT1X model. First, CD8+ T-lymphocytes are the
most abundant adaptive immune cells in peripheral nerves of CMT1X,
but also CMT1B models, outnumbering CD4+ cells by far [7,27,28].
However, studies with CD8-deficient mice or bone marrow chimera
approaches implicating mutants deficient in distinct cytotoxic effector

**% p < 0.001. (For interpretation of the references to colour in this figure

molecules (i.e., perforin or granzyme B) [11,29] would be necessary to
unequivocally proof a direct CD8-mediated nerve toxicity. Of note, using
bone marrow chimera approaches in models of other genetically medi-
ated CNS diseases and in normal aging, CD8+ cells have unequivocally
been identified as pathogenic, by attacking oligodendrocytic myelin [11,
29-31].

While macrophages of the ventral spinal roots are also tendentially
reduced in numbers upon modulation of the adaptive immune system -
possibly reflecting corresponding observations in RAG1-deficient CMT
models and suggesting a potential role for T-lymphocytes in macrophage
recruitment [7,27] - macrophage numbers in quadriceps nerves
remained at a higher level. The reasons underlying this unexpected
observation are not clear. It is possible that macrophages from nerves
and roots may differ regarding their potential interactions with the
adaptive immune system. Of note, the peri-/epineurial compartment of
peripheral nerves could contribute to the origin of nerve macrophages
[32-34]. Assuming nerve sheaths as possible source of macrophages,
and considering the different architecture of these structures in pe-
ripheral nerves versus spinal roots [35,36], it is plausible to assume that
the corresponding compartments may generate distinct subsets of
macrophages possibly explaining the observed differences upon treat-
ment. The relationship between T-lymphocytes and macrophage
recruitment is complex, and the specific mechanisms by which T-lym-
phocytes might interact with macrophages in CMT1 remain unclear.
Previous studies in the PNS have described the attraction and activation
of macrophages by T-lymphocyte-derived cytokines [37] and similar
interactions are reported for microglia and T-lymphocytes in the CNS
[38-40]. However, direct mechanistic evidence for this interaction in
peripheral nerves of Cx32def mice is still lacking and should be explored
in future studies. Independent from these considerations, the reduction
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Fig. 3. Fingolimod (FTY720) treatment improves nerve function in Cx32def mice. (A) — (D) Quantification of distal (A) and proximal (B) compound muscle action
potentials (CMAP) amplitudes, nerve conduction velocity (NCV, C) and F wave latency (D) of 12-month-old mice. Cx32def control mice are affected by a reduction in
distal (A) and proximal (B) CMAP amplitudes, NCV (C), as well as an increased F wave latency (D) compared to Cx32wt mice. FTY720 treatment prevents the decline
of these neurographic parameters in Cx32def mice (A — D). One-way ANOVA and Tukey’s post hoc tests; * p < 0.05; ** p < 0.01; *** p < 0.001. (E) — (F) Quan-
tification of F wave persistence at 1 Hz (E) and 10 Hz (F) stimulation. At 1 Hz, F wave persistence is unchanged in FTY720 treated and Cx32def control mice in
comparison to Cx32wt mice (E). At a higher, more challenging stimulation frequency (10 Hz), F wave persistence is significantly reduced in Cx32def control mice, but
fully rescued by FTY720 treatment. Kruskal-Wallis and Dunn’s post hoc tests; * p < 0.05.

of macrophages by FTY720 treatment in spinal roots, but not in nerves,
may be related to the improved histopathological features solely
observed in ventral roots, emphasizing the previously identified path-
ogenic impact of the innate immune system in CMT1 models [1].
Regarding the positive effects of FTY720 on the diseased or damaged
nervous system, the drug has been reported to exert additional pleio-
tropic functions independently from the immune system [41], which
may also play a role in the beneficial outcomes observed in our study.
Regarding the peripheral nervous system, in vitro studies revealed that
FTY720 fosters the transition from Schwann cells into repair/Biingner
cells and the secretion of neurite-outgrowth-promoting molecules [42,

43], being in line with the observation that FTY720-treated mice show
increased axonal regeneration after nerve injury [44-46]. The possi-
bility that FTY720 may improve nerve function and clinical outcome
independently from the adaptive immune system is of particular rele-
vance for CMT1A models (and likely the respective human disease) as
we previously showed that in these models the neuropathic features
develop independently of the adaptive immune system [47]. Thus,
improving axonopathic features and clinical outcome by treating
CMT1A models with FTY720 would argue in favour of beneficial
mechanisms of the drug independent of the adaptive immune system.
Apparently, the histopathological improvement in ventral roots by
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Fig. 4. Fingolimod (FTY720) treatment preserves grip strength in Cx32def mice. (A) Analysis of hind limb grip strength in 12-months-old mice reveals a significant
reduction of strength in Cx32def control mice compared to Cx32wt mice. FTY720 treatment prevents the loss of hind limb grip strength in Cx32def mice. One-way
ANOVA and Tukey’ post hoc tests; * p < 0.05; ** p < 0.01. (B) — (C) Longitudinal analysis of rotarod performance (latency to fall) in 9 (B) and 12-month-old mice (C)
demonstrates a significant reduction in latency to fall in Cx32def control mice compared to Cx32wt mice at 9 and at 12 months. FTY720 treatment transiently
attenuates rotarod impairment in Cx32def mice (B). One-way ANOVA and Tukey’ post hoc tests; ** p < 0.01.

FTY720 treatment may cause the better clinical outcome observed. For
instance, F wave latency significantly improved upon treatment. Even
more striking was the F wave persistence upon challenging the nerve by
increased stimulation frequency: while at 1 Hz, there was a constant F
wave response in normal WT, untreated and treated Cx32def mutants,
we found in untreated Cx32def mutants a robust decline in F wave
persistence by 30 % when stimulation frequency was increased to 10 Hz.
Notably, this decline was fully corrected by FTY720 treatment, likely
reflecting beneficial effects on motor neuron excitability and axon
damage. Why the preserved NCV was not reflected by morphological
improvements in distal nerves remains enigmatic. In fact, this was not
the first observation showing an “uncoupling” of axonal properties,
clinical outcome and morphological alterations [3,21]. It is conceivable
that modifying parameters of the NCV may not only be related to
demyelination but also to altered distribution of ion channels [48-50];
this issue has not been addressed here as this is out of the scope of the
study. Thus, it is possible that the improvement in NCV in the absence of
an amelioration of pathological features is related to molecular alter-
ations of diseased nerve fibers (e.g., distribution of ion channels).

Finally, clinical parameters were significantly improved upon
FTY720 treatment. Rotarod performance, representing an overall motor
behavior, was improved upon FTY720 treatment at 9 months of age and
comparable to WT mice, as reflected by a preserved latency to fall. It is
presently not known why this beneficial effect persists only transiently.
Muscle strength, a leading clinical issue of CMT1X patients [51], was
generally rescued by FTY720 treatment. In longitudinal measurements
of grip strength, 9-month-old untreated Cx32def mice showed mild
deterioration of grip strength in comparison to WT mice (data not
shown). This mild reduction was not influenced by FTY720 treatment.
However, at 12 months of age, untreated Cx32-deficient mice experi-
enced a further decline in grip strength, which was prevented by FTY720
treatment, thus reflecting the overall improvement of grip strength at 12
months.

One potential limitation of the Cx32def mouse model used in our
study is that most disease-causing mutations are missense variants,
while the complete deletion of GJBI is rare among CMT1X patients [52,
53]. However, several in vivo models have shown that Cx32 mutants
exhibit a loss of function without toxic effects [54-56]. This is confirmed
by clinical observations indicating that CMT1X patients exhibit similar
disease phenotypes and progression regardless of their mutation, sug-
gesting that loss of function is the detrimental mechanism driving the
peripheral manifestations of the disorder [51,52,57]. Emphasizing the
overarching role of inflammation in CMT1X models and likely in the
human disease, macrophage activation has been demonstrated in other
mouse models expressing CMT1X mutations [56,58]. Future studies are

needed to confirm whether FTY720 treatment is also beneficial in these
CMT1X mouse models.

Nevertheless, we believe that our findings may have potential
translational implications. Although FTY720 treatment leads to well-
known side effects like lymphopenia [9,25], our data may suggest a
potentially clinical use, especially in severe cases of CMT1X, possibly
driven by a particularly robust neuroinflammation [59,60]. Indeed,
previous studies of our laboratory recommended off-label approaches of
FTY720 in severe, genetically mediated childhood diseases of the CNS
[12,61], which indeed are now translated into compassionate use of the
drug (Goy, Martini and Rostasy, unpublished data). Given the
well-known safety profile of FTY720 and after thoroughly weighing its
advantages and disadvantages, it is reasonable to consider that the drug
might be effective in severe cases of CMT1X to mitigate disease burden.
Ideally, targeting the adaptive immune system with novel drugs with
preferentially mild side effects could be combined with other ap-
proaches, like physical exercise which is not only beneficial for health
and well-being in general, but may additionally mitigate neuropathy, as
previously shown in CMT1X models [21,23].

5. Conclusion

We previously observed that the neuropathy is substantially
ameliorated in a CMT1X model when the adaptive immune system is
genetically depleted. Here, we tried to translate these findings by
pharmacologically suppressing lymph node emigration of lymphocytes
by the sphingosine-1-phosphate receptor modulator FTY720. Upon
treatment, certain histopathological, electrophysiological and clinical
parameters were improved. We conclude that the approved immune
modulator FTY720 can dampen neuropathic features in CMT1X models.
Therefore, targeting the adaptive immune system in general may be a
therapeutic option for CMT1X.
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Fig. 5. Fingolimod (FTY720) treatment attenuates peripheral neuropathy only in ventral spinal roots of Cx32def mice. (A) - (C). Quantification of abnormally (de-
and thinly) myelinated fibers (A), axon damage (B) and phagocytosing macrophages (C) in femoral quadriceps nerves. FTY720 treatment has no impact on their
frequency in Cx32def mutants. (D) - (F). Quantification of abnormally (de- and thinly) myelinated fibers (D), axon damage (E) and phagocytosing macrophages (F) in
lumbar ventral roots. FTY720 treatment significantly mitigates the frequency of abnormally myelinated fibers (D) and axonopathic profiles (E) in Cx32def mice,
whereas the number of phagocytosing macrophages is not altered upon treatment (F). For electron microscopic analysis only Cx32def mutant mice were compared
statistically, as indicated by the black dashed line. Pathological alterations are barely detectable in Cx32wt mice. Two-tailed Student’s t-test; * p < 0.05; ** p < 0.01.
(G) Representative semithin sections of lumbar ventral roots of 12-months-old Cx32wt (left) Cx32def Ctrl (middle) and FTY720 treated Cx32def mice (right). Scale
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