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Abstract

1 Abstract

Hereditary spastic paraplegias (HSPs) are genetically-determined, neurodegenerative disorders
characterized by progressive weakness and spasticity of the lower limbs. Spastic paraplegia
type 11 (SPG11) is a complicated form of HSP, which is caused by mutations in the SPG11
gene encoding spatacsin, a protein possibly involved in lysosomal reformation. Based on our
previous studies demonstrating that secondary neuroinflammation can be a robust amplifier of
various genetically-mediated diseases of both the central and peripheral nervous system, we
here test the possibility that neuroinflammation may modify the disease outcome also in a
mouse model for SPG11. Spgl1-knockout (Spgl1”) mice develop early walking pattern and
behavioral abnormalities, at least partially reflecting motor, and behavioral changes typical for
patients. Furthermore, we detected a progressive increase in axonal damage and axonal spheroid
formation in the white and grey matter compartments of the central nervous system of Spg11”
mice. This was accompanied by a concomitant substantial increase of secondary inflammation
by cytotoxic CD8" and CD4* T-lymphocytes. We here provide evidence that disease-related
changes can be ameliorated/delayed by the genetic deletion of the adaptive immune system.
Accordingly, we provide evidence that repurposing clinically approved immunomodulators
(fingolimod/FTY720 or teriflunomide), that are in use for treatment of multiple sclerosis (MS),
also improve disease symptoms in mice, when administered in an early (before neural damage)

or late (after/during neural damage) treatment regime.

This work provides strong evidence that immunomodulation can be a therapeutic option for the
still untreatable SPG11, including its typical neuropsychological features. This poses the
question if inflammation is not only a disease amplifier in SPG11 but can act as a unifying
factor also for other genetically mediated disorders of the CNS. If true, this may pave the way
to therapeutic options in a wide range of still untreatable, primarily genetic, neurological

disorders by repurposing approved immunomodulators.



Zusammenfassung

2 Zusammenfassung

Hereditare spastische Paraplegien (HSPs) sind genetisch-determinierte, neurodegenerative
Erkrankungen, die durch eine progressive Schwéche und Spastizitat der unteren Extremitaten
charakterisiert sind. Die spastische Paraplegie Typ 11 (SPG11) ist eine komplizierte Form der
HSP, die durch eine Mutation des SPG11 Gens hervorgerufen wird. Dieses Gen kodiert
Spatacsin, ein Protein, das wahrscheinlich in der lysosomalen Reformation eine Rolle spielt.
Frihere Studien unserer Arbeitsgruppe konnten zeigen, dass sekundére Entziindungsreaktionen
verschiedene genetisch-determinierte Krankheiten des zentralen und peripheren Nervensystems
verstarken konnen. Daher haben wir hier untersucht, ob neuroinflammatorische Reaktionen
auch in einem Mausmodell fiir SPG11 den Krankheitsverlauf beeinflussen. Spgl1-knockout
(Spg117) Mause entwickeln friihzeitige Gangverdnderungen und Verhaltensauffalligkeiten,
welche die Veranderungen der Patienten, zumindest teilweise, abbilden. AuRerdem konnten wir
eine progressive Zunahme von axonalem Schaden und die Bildung von axonalen Schwellungen
in der weiBen und grauen Substanz des zentralen Nervensystems von Spgll”’ Méausen
feststellen. Dies wurde von einer deutlichen Zunahme einer sekundéren Entziindungsreaktion
in der weilen und grauen Substanz durch zytotoxische CD8* und CD4* T-Lymphozyten
begleitet. Wir zeigen hier, dass diese krankheitsbedingten Veranderungen durch eine genetische
Deletion von Teilen des adaptiven Immunsystems verbessert bzw. ihr Auftreten hinausgezdgert
werden koénnen. Entsprechend zeigen wir, dass eine Behandlung mit klinisch etablierten
Immunomodulatoren (Fingolimod/FTY720 oder Teriflunomid), die zu der Behandlung der
Multiplen Sklerose (MS) eingesetzt werden, den Krankheitsverlauf positiv beeinflusst, wenn
sie in einem friihzeitigen (Gabe vor neuronalem Schaden) oder spaten (Gabe nach/wéhrend

neuronalem Schaden) Behandlungsversuch appliziert werden.

Diese Arbeit deutet stark darauf hin, dass Immunomodulation eine Therapiemdglichkeit fur die
noch nicht behandelbare Krankheit SPG11 sein konnte, inklusive der typischen
neuropsychologischen  Auffalligkeiten. Das wirft die Frage auf, ob sekundare
Entzindungsreaktionen nicht nur einen krankheitsverstarkenden Effekt in SPG11 haben,
sondern als ein vereinender Faktor fir andere genetisch determinierte Krankheiten des ZNS
fungieren konnen. Dies kdnnte den Weg dahin ebnen das Fortschreiten anderer unheilbarer,
primér genetisch bedingter, neurologischer Erkrankungen durch eine individuelle Behandlung

mit auf dem Markt verfligbaren immunomodulatorischen Medikamenten zu verlangsamen.



Introduction

3 Introduction

Genetically mediated disorders of the central nervous system (CNS) are usually orphan diseases
with poor treatment options (Groh & Martini, 2017). Lack of knowledge of the basic
pathomechanism is often cause of limited therapeutic options. The situation is even more
complicated since many of the genetically mediated diseases are characterized by not only
physical manifestations, like motor symptoms, but display additional psychological
abnormalities. Interestingly, previous studies from our group identified secondary
neuroinflammation as a robust amplifier of disease progression (Groh & Martini, 2017). These
findings conceptionally influenced the present work with the aim to decipher the
pathomechanism underlying clinical changes in a complicated form of hereditary spastic
paraplegia (HSP), HSP type 11 (SPG11).

3.1 The role of inflammation in hereditary neurodegenerative disorders of the central
and peripheral nervous system
Pathomechanistic research and clinical observations during the last decades delivered
substantial evidence that some disorders of the peripheral nervous system (PNS) and CNS, like
Guillain-Barre-syndrome (GBS), chronic inflammatory demyelinating polyneuropathy (CIDP)
or multiple sclerosis (MS) are classical immune-mediated disorders (Ueda & Kusunoki, 2011).
However, in the last decade it was shown that chronic, low-grade, secondary inflammation can
act as a robust amplifier of disease progression in various other genetically mediated disorders
of both the peripheral and central nervous system (e.g. Charcot-Marie Tooth neuropathy
(CMT), amyotrophic lateral sclerosis (ALS), leukodystrophies, storage disorders, multiple
system atrophy) that are not classically considered as being immune-mediated (Schmid et al.,
2000; Kobsar et al., 2002; Kobsar et al., 2003; Ip et al., 2006; Kroner et al., 2009; Hooten et
al., 2015; Groh et al., 2016a; Groh & Martini, 2017). Despite the heterogenous nature of
molecular changes and the distinct mutations that underlie them, all these diseases show
secondary inflammation as a common disease modifier. For example, mouse models of two
forms of severe lysosomal storage diseases, neuronal ceroid lipofuscinosis (CLN) type 1 and
type 3, display disease-amplifying neuroinflammation (Groh et al., 2016b; Groh et al., 2017;
2021a) and treatment with the clinically approved immunomodulators fingolimod (Melzer &
Meuth, 2014) or teriflunomide (Melzer & Meuth, 2014; Klotz et al., 2019) substantially
improve the disease outcome. Interestingly, also other mouse models of so far untreatable
neurological diseases show secondary neuroinflammation and therapeutically respond to

fingolimod or teriflunomide: Mice carrying mutations in the myelin-related proteolipid protein-
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1 (PLP1) gene, initially identified in patients with progressive multiple sclerosis (PMS)
(Warshawsky et al., 2005) or relapsing-remitting MS (RRMS) (Gorman et al., 2007), show
disease-amplifying neuroinflammation and neuropathological features relevant for PMS and a
subform of hereditary spastic paraplegia (HSP/SPG2) (Groh et al., 2016a). Moreover, they also
respond to treatment approaches with the aforementioned immunomodulators (Groh et al.,
unpublished data; Groh et al., 2018).

3.2 Hereditary spastic paraplegias (HSPs) and relevant structures of the nervous system
Hereditary spastic paraplegias are genetically-determined, neurodegenerative disorders,
characterized by progressive weakness and spasticity of the lower limbs (Harding, 1983;
Stevanin et al., 2007). Unlike SPG2 which is primarily mediated by mutations in the myelin
gene PLP1, the majority of HSPs are caused by mutations in genes involved in cell metabolism,
leading to compromised shaping of the ER, abnormal lysosomal function, disturbed lipid
metabolism, and other cellular dysfunctions. However, the exact pathomechanism resulting in
neuropathology and clinical disease is often incompletely understood (Boutry et al., 2019a;
Gumeni et al., 2021; Toupenet Marchesi et al., 2021). HSPs constitute the second most common
group of motor neuron diseases and affects between 3-10 per 100.000 births (Klebe et al.,
2015), with varying ages of onset (early childhood to 70 years) (Finsterer et al., 2012). Most
patients have a normal life span; therefore, only a limited number of post-mortem,
neuropathological investigations of HSP patients have been published (Blackstone, 2012). Up
to this day no cure for HSPs is available. Treatment options for HSP diseases are confined to
mostly spasmolytic drugs, botulinum toxin and physiotherapy (Boutry et al., 2019a; Gumeni et
al., 2021). HSPs are among the most clinically and genetically heterogeneous diseases of the
human CNS with over 70 distinct genetic loci and about 60 mutated genes (Stevanin et al.,
2008b; Klebe et al., 2015; Tesson et al., 2015). However, they prefigure only a small number
of common themes at a cellular level, within a limited number of predicted processes, e.g.,
myelination, endoplasmic reticulum network morphology, lipid synthesis and metabolism, or
endosomal dynamics, among others (Soderblom & Blackstone, 2006; Depienne et al., 2007;
Salinas et al., 2008; Blackstone et al., 2011). The respective mutations can be inherited in
autosomal dominant or autosomal recessive mode, in X-linked manner or by maternal
transmission, with autosomal dominant HSPs constituting the most common form (Finsterer et
al., 2012; Klebe et al., 2015). Classifications of HSPs into different types are based on the
mutated gene, kind of inheritance as well as phenotype and divide between pure and complex

forms of HSP (Harding, 1983). Patients with pure HSPs show the leading clinical
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characteristics, consisting of mainly isolated pyramidal signs, including spasticity and motor
deficits. These symptoms of HSPs are mainly caused by progressive axonal degeneration of the
ascending (spinocerebellar) and descending (corticospinal) tracts of the spinal cord, beginning
at the distal ends, and degeneration of upper motor neurons (UPNSs), which are located in the
motor cortex (Blackstone et al., 2011; Parodi et al., 2017). The motor cortex is localized within
one of the four major lobes of the cerebral cortex, the frontal lobe. It is known to be affected in
individuals with various forms of HSP (Pelosi et al., 1991; Geevasinga et al., 2015; Lin et al.,
2020). From the cerebral cortex, the spinocerebellar and the corticospinal tracts conduct to the
spinal cord and allow the control of motor functions. The corticospinal tract origins in UPNs,
also called Betz cells, of layer V of the primary motor cortex, which are essential for voluntary
movement (Blackstone et al., 2011; Parodi et al., 2017). Most axons decussate in the caudal
medulla, and form the lateral corticospinal tract, connecting with interneurons, which in turn
connect to lower motor neurons (LMNSs). The anterior corticospinal tract consist of the
uncrossed axons, directly forming synapses to LMNs which control the contraction of skeletal
muscles (Blackstone, 2018). The cerebellum and the basal ganglia, two subcortical regions,
constantly modulate the motor cortex (Kandel et al., 2000). Additionally, the somatosensory
cortex, which is found in the parietal lobe, another of the four major lobes of the cerebral cortex,

provides sensory inputs from the periphery to the motor cortex (Zagha et al., 2013).

In addition to the pure forms, some forms of HSPs show superimposed clinical and neurological
features of high variance, like optic atrophy, mental decline and cerebellar ataxia (Salinas et al.,
2008; Klebe et al., 2015; Boutry et al., 2019a). These forms are referred to as complex HSPs.
Advances in molecular diagnosis have revealed genetic and clinical overlaps between HSPs
and other neurodegenerative diseases, which include, but are not limited to, ALS (Orlacchio et
al., 2010), CMT (Timmerman et al., 2013; Montecchiani et al., 2016), and MS (Rubegni et al.,
2017). Many of these diseases show progressive low-grade secondary inflammation (Kobsar et
al., 2003; Hooten et al., 2015; Groh et al., 2016a) making it plausible that inflammation could
also be a secondary disease amplifier in HSPs. In this work, we focus on a model of such a

complex HSP, SPG11, caused by mutations in the lysosome-related spatacsin gene.

3.3 Hereditary spastic paraplegia type 11

Hereditary spastic paraplegia type 11 (SPG11) is an autosomal recessive form of HSP, and is

caused by a mutation in the KIAA1840/SPG11 gene on chromosome 15 (Blackstone, 2018).

SPG11 has its onset during the first decade of life. The protein product of SPG11, spatacsin, is

highly expressed in neurons forming the corticospinal tract in humans, but expression can also
11
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be detected in neurons of the hippocampus, cerebellum, and corpus callosum (Murmu et al.,
2011). Most mutations identified in SPG11 patients are frameshift or nonsense mutations,
predicted to lead to a loss of function of the protein (Stevanin et al., 2008b; Orlacchio et al.,
2010; Montecchiani et al., 2016). Spatacsin associates with the adaptor protein complex 5 (AP-
5) and Spastizin/zFYVE26, both causative of HSP, SPG48 or SPG15 respectively, when
mutated (Hanein et al., 2008; Slabicki et al., 2010). Patients with SPG11 and SPG15 show
similar symptoms, which is in line with the idea that similar cellular mechanisms are involved
in these two disease forms (Hanein et al., 2008). A variety of pathogenic mechanisms have been
suggested to be causative of SPG11 and SPG15, e.g., endolysosomal dysfunction, impaired
autophagy, lysosomal reformation or membrane trafficking (Slabicki et al., 2010; Hirst et al.,
2011; Hirst et al., 2013; Khundadze et al., 2013; Chang et al., 2014; Renvoise et al., 2014). It
has also been shown, that AP-5 coprecipitates not only with spastizin and spatacsin but also
with the lysosomal-associated membrane protein 1 (LAMP1) (Slabicki et al., 2010; Hirst et al.,
2011; Hirst et al., 2013). However, mutations in SPG11 show a pleiomorphic nature and can
also account for other disease conditions, e.g., autosomal-recessive CMT (Montecchiani et al.,
2016), as well as slowly progressive juvenile-onset autosomal recessive ALS (Daoud et al.,
2012). It was observed that a mutation in SPG11 can cause two different diseases within one
family (Orlacchio et al., 2010; Daoud et al., 2012), making an exact determination of the
underlying pathomechanism difficult. Recent studies introduced the idea that SPG11 is divided
in a neurodevelopmental and neurodegenerative component (Pozner et al., 2020). Dysfunction
of the autophagy-lysosomal machinery has been proposed to mediate the pathogenic effects of
SPG11 in neurodevelopment and neurodegeneration, causing developmental defects and over

time resulting in neurodegeneration (Pozner et al., 2020).

As typical for complicated forms patients show not only spastic gait disorders, but also
additional symptoms including cognitive impairment, mental retardation, peripheral
neuropathy, cerebellar ataxia, retinal degeneration, as well as neuropsychological abnormalities
including anxiety, depression and learning difficulties, among others (Stevanin et al., 2008a;
Anheim et al., 2009; Puech et al., 2011; Faber et al., 2018a). Thin corpus callosum (TCC) is
one of the lead features of this HSP subform (Stevanin et al., 2007). The corpus callosum, a
large bundle of axons, connects the two cerebral hemispheres (De Leon Reyes et al., 2020). It
facilitates not only bilateral sensory integration but also higher-order functions of the cerebral
cortex, like coordination of sensory-motor responses, associative and executive tasks, and
management of social and emotional stimuli (Brown et al., 1999; Paul et al., 2003).

Additionally, patients often present with frontal lobe syndrome (Faber et al., 2018a). The frontal
12
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lobe is a structure that is implicated in a variety of processes, e.g. motivation, planning, social
behavior, and speech production (Pirau & Lui, 2021) and has an important inhibitory role in
emotion and fight / flight response through interconnections with paralimbic structures (Pirau
& Lui, 2021). More recently, an ongoing study by Klebe et al. (unpublished data; University
hospital Essen; University hospital Wuerzburg) provides evidence that neuropsychological
abnormalities occur early in the disease, pointing towards them being the first disease
symptoms, even before worsened motor performance. Therefore, neuropsychological
abnormalities should be considered as an additional area of interest for research.

3.4 Mouse models for SPG11

To better understand the pathophysiological mechanisms underlying SPG11, two mouse
models have been generated (Varga et al., 2015; Branchu et al., 2017). Both mouse models
show a disruption in the Spgll gene and consequently display symptoms mimicking SPG11
(Varga et al., 2015; Branchu et al., 2017). Vargas et al. generated the SPG11 mouse model by
inserting a gene trap cassette into intron 1 of Spgll, leading to encoding of a premature
cytoplasmic fusion protein and a subsequent loss of full-length spatacsin (Varga et al., 2015).
In contrast, the SPG11 mouse model of Branchu et al. was generated by inserting two stop
codons in Exon 32 of the Spgl1 gene, the most common mutation found in humans, predicted
to lead to a loss of spatacsin (Branchu et al., 2017). We focus on the SPG11 mouse model that
was generated and previously described by Branchu et al., here named Spgll” mouse.
Spg11” mice do not only show progressive impairment of gait and motor function beginning
early in life but also progressive neurodegeneration of the motor cortex and cerebellum,
accompanied by dystrophic axons in the corticospinal tract, thus recapitulating the human
disease (Branchu et al., 2017). Furthermore, this mouse model shows a loss of large caliber
neurons in the gray matter of the lumbar spinal cord and a high proportion of fragmented
neuromuscular junctions, suggesting relevant histopathological changes are not limited to the
CNS but are also present in the PNS (Branchu et al., 2017). On a cellular level, loss of spatacsin
leads to an accumulation of lipid material in lysosomes, an observation that was similarly made
in brains of humans with SPG11 (Denora et al., 2016). This accumulation occurs early in the
development of the disease and is likely due to the loss of lipid clearance in lysosomes, which
is normally promoted by spatacsin. More recent work using embryonic fibroblasts from
Spg11” mice could show that the clearance of cholesterol from lysosomes is disturbed, since
loss of spatacsin leads to an inhibition of the formation of tubules on lysosomes (Boutry et al.,

2019Db). This in turn decreases cholesterol levels in the plasma membrane and increases resting

13
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cytosolic calcium levels by enhancing the influx of calcium by store-operated calcium entry
(Boutry et al., 2019b). These findings suggest that loss of spatacsin leads to an altered lipid
metabolism in lysosomes, linking lysosomal dysfunction to lipid metabolism (Branchu et al.,
2017), two mechanisms for which proteins are recurrently encoded by the wide variety of genes
associated with HSP. Of note, other investigations in a different mouse model of SPG11 found
accumulation of intracellular autofluorescent material preceding neuronal loss, suggesting
impaired autolysosomal clearance (Varga et al., 2015). This is reminiscent of lysosomal storage
disorders, like NCL (Seehafer & Pearce, 2006; Groh et al., 2013). None of the previous studies
have investigated if secondary neuroinflammation influences histopathological and clinical
(gait and behavioral) changes in these mouse models for SPG11. This is of interest in the here

presented study.

3.5 Immunomodulatory treatment of hereditary neurodegenerative disorders of the
central nervous system and relevance for SPG11

More evidence points towards secondary inflammation as a common disease modifier in orphan
diseases (Groh & Martini, 2017). In a mouse model overexpressing the Plp1 gene (PIp® mice),
a model of the HSP subform SPG2, activation of microglia and elevated numbers of T-
lymphocytes in the CNS are pathologically relevant (Ip et al., 2006; Ip et al., 2007).
Crossbreeding experiments in this mouse model with mice devoid of mature T- and B-
lymphocytes (Ragl” mice), and therefore lacking an adaptive immune response, ameliorated
the histopathological phenotype, demonstrating a strong impact of the adaptive immune system
in the pathogenesis of this disease (Ip et al., 2006). By performing reconstitution experiments
in PIpYRagl”™ mice, CD8" effector T-lymphocytes were identified as an important
pathomechanistic player (Ip et al., 2006). Notably, this crossbreeding approach led to more
preserved corpora callosa (Ip et al., 2006), a structure also implicated in SPG11 (Klebe et al.,
2015), suggesting that inflammation might also be implicated in other complicated HSPs with
TCC, like SPG11. However, despite these intriguing links between inflammation and
histopathological alterations in neurodegenerative diseases, corresponding clinical approaches
appear to be rare (Marteyn & Baron-Van Evercooren, 2016).

Investigations of our group have focused on using the clinically approved immunomodulators
fingolimod (FTY720) and teriflunomide as a treatment approach for genetically-determined,
neurodegenerative disorders. Fingolimod is a modulator of the sphingosine-1-phosphate (S1P)
receptor and impairs emigration of lymphocytes from secondary lymphatic organs, and
therefore the infiltration into the brain (Brinkmann et al., 2010; Chun & Brinkmann, 2011,

14
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Melzer & Meuth, 2014). Teriflunomide inhibits the dihydroorotate dehydrogenase (DOHDH)
and therefore the de novo synthesis of pyrimidine nucleotides, leading to reduced proliferation
and function of activated T- and B-lymphocytes while the resting population remains unaffected
(Bar-Or et al., 2014; Melzer & Meuth, 2014). Previous work could provide robust evidence that
targeting neuroinflammation in mouse models of NCL (Groh et al., 2017; 2021a), and of PMS
and SPG2 (Groh et al., 2018) ameliorates the histopathological and clinical outcome of the
diseases. The commonalities in neuroinflammation and pathomechanistic processes in distinct
neuronal diseases might explain the occasionally observed transitions between disorders (Groh
& Martini, 2017); e.g., HSPs, such as SPG2 or SPG11 display similarities with MS. Thus, it is
plausible to assume that inflammation can be viewed as a unifying factor in distinct CNS
diseases, posing the question of whether and how inflammation impacts disease progression in
SPG11.

Even though it has been shown that neuroinflammation impacts neural damage-related
symptoms, little research has investigated the effect of secondary neuroinflammation in HSPs
on histopathological and clinical alterations. Finding evidence for an involvement of secondary
inflammation as a disease amplifier could extend the treatment options to targeting these

disease-amplifying immune cells for this, so far, only poorly treatable disorder.

3.6  Aim of the study
The aim of this study was to analyze the pathogenic impact of immune cells in a mouse model

for hereditary spastic paraplegia type 11 (Spg11” mice) by addressing the following sub aims:

1) Analyze different structures of the CNS implicated in SPG11 in an age-dependent
manner for characterization of pathological alterations and inflammation in Spg11™”
mice.

2) Determine whether Spg11” mice show clinical (gait and behavioral) abnormalities that
reflect the human SPG11 disease.

3) Investigate the functional impact of immune reactions by crossbreeding Spgl1” mice
with mice devoid of mature T- and B-lymphocytes (Ragl-deficient mice) and analyze
the effect on histopathological and clinical alterations in the resulting double mutants.

4) Investigate the potential therapeutic properties of targeting the immune system with
clinically approved immunomodulators fingolimod (FTY720) or teriflunomide in an
early and (more clinically relevant) late treatment approach and analyze the effect on

histopathological and clinical alterations in treated Spg11” mice
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5) Investigate whether Ragl-deficiency influences histopathological and clinical

properties of wild-type mice.
6) Investigate whether long-term treatment with fingolimod (FTY720) or teriflunomide

influences histopathological and clinical properties of wild-type mice.
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4 Material and methods

4.1 Equipment, buffers and solutions, antibodies and primer sequences

Technical equipment (Appendix 8.1), software (Appendix 8.2), reagents (Appendix 8.3),
buffers and solutions (Appendix 8.4), primer sequences for genotyping (Appendix 8.5) and
antibodies for immunohistochemical stainings and flow cytometry (Appendix 8.6) are listed in
detail in the appendices.

4.2  Animals

All mice were on a C57BL/6J genetic background. Animals were kept in individually ventilated
cages under barrier conditions at the Center of Experimental Molecular Medicine, University
of Wirzburg with a 14h/10h day/night rhythm (<300 lux during day). Colonies were maintained
at 20-24 °C and 40-60% humidity, with free access to food and water. All animal experiments
were approved by the local authority of the Government of Lower Franconia, Germany (AZ 2-
214 & AZ 2-1347).

Spg11” mice were used as an SPG11 disease model, and age-matched wild-type (wt, Spg11*'*)
littermates were used as control animals (Branchu et al., 2017). B6J refers to C57BL/6J mice
bought from Charles River Laboratories. Mice of either sex were analyzed for histopathological
readout parameters, as we did not detect sex-related differences in Spg11*’*, Spgl1” or B6J
mice. Genotypes were determined by conventional PCR using isolated DNA from ear punch
biopsies as previously described (Branchu et al., 2017). In experiments aimed to genetically
inactivate the adaptive immune reactions, Spgl1” mice were crossbred with Ragl-deficient
(Rag1™) mice (Mombaerts et al., 1992), devoid of mature T- and B-lymphocytes, lacking an
adaptive immune response according to previously published protocols (Ip et al., 2006; Groh
et al., 2013). Rag1” mice did not display any abnormalities in longevity, behavior, and body

weight under the standardized conditions applied (specific pathogen-free).

4.3 Immunomodulatory treatment

Fingolimod (FTY720; Sigma-Aldrich; SML0700) was dissolved in autoclaved water at 3 g
per milliliter and provided ad libitum, corresponding to a dose of 0.5 mg/kg body weight in a
mouse with an average body weight of 30 g and an approximate water consumption of 5 ml per
day. Teriflunomide (Biorbyt, orb146201) was dissolved in autoclaved drinking water
containing 0.6% Tween 80 at 60 pg per milliliter and provided ad libitum, corresponding to a

dose of 10 mg/kg body weight per day. These concentrations are based on previous animal
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experiments of our group (Groh et al., 2017) and other laboratories (Metzler et al., 2008; Merrill
et al., 2009), implicating dose conversion scaling (Nair & Jacob, 2016). Spg11™ mice receiving
water containing only 0.6% Tween 80 did not show any abnormalities in inflammation,
longevity, behavior, or body weight (data not shown). Autoclaved drinking water without the
compounds was provided to non-treated controls. The water with or without compounds was
changed weekly. Mice were treated for 450 days (early treatment), starting at 3 months of age,
or 90 days (late treatment), starting at 15 months of age and monitored daily regarding defined
burden criteria and phenotypic abnormalities. No obvious side effects were detectable during

treatment.

4.4 Spectral domain optical coherence tomography

Optical coherence tomography (OCT) was performed using a commercially available device
(Spectralis OCT; Heidelberg Engineering, Heidelberg, Germany) with additional lenses,
reaching a digital resolution of 3.9 um and a measurable thickness change of 1 pum (Wolf-
Schnurrbusch et al., 2009), as previously described (Groh et al., 2014; Groh et al., 2021b;
Horner et al., 2022). Thickness of the innermost retinal composite layer, comprising of the
nerve fiber layer (NFL), ganglion cell layer (GCL) and inner plexiform layer (IPL) was assessed
at different ages for longitudinal analysis in high-resolution peripapillary circle scans (at least
10 measurements per scan) by an investigator unaware of the genotype and potential treatment.
Mice were anesthetized with an intraperitoneal injection of Ketavet (Pfizer) and Xylavet (CP-
Pharma) (100 mg Ketavet and 6.7 mg Xylavet per kilogram body weight). Thickness of the

retina was determined in the same mice at different ages for longitudinal analysis.

4.5 Behavioral evaluation

At least 3 — 11 animals per genotype and age were tested. All behavioral procedures were
performed between 7 am and 2 pm. By randomly selecting mice for testing, regardless of their
genotype and possible treatment, bias was minimized. For catwalk analysis, mice were tested
at the ages of 6, 12, 15, and/or 18 months of age. For behavioral evaluation, mice were tested

at 6, 12 and 18 months of age.

45.1 Catwalk analysis

For gait analysis, the CatWalkXT (10.6) by Noldus was used. Briefly, mice voluntarily crossed
an approximately 45 cm long walkway with a glass floor, in a darkened room, while being
filmed by a CCD camera using infrared light from above the walkway, enabling collection of
paw prints (Horner et al., 2022). Run criteria were defined (minimum run duration: 1 second;
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maximum run duration: 25 seconds; minimum number of compliant runs to acquire: 3;
maximum allowed speed variation: 40%). Automated values of the CatWalk analysis of
selected parameters (find details for selection in the results) of at least three runs per mouse
were extracted and manual measurements (print length, print width) were performed by an

investigator unaware of the genotype and the potential treatment of mice.

4.5.2 Behavioral analysis

A behavioral test battery was designed to longitudinally investigate mice (Figure 1). The test
battery consisted of the cliff avoidance reaction (CAR) analysis for investigation of impulsivity-
like behavior, the dark/light box (DLB) analysis for investigation of anxiety-like behavior, the
open field (OF) analysis for investigation of exploratory and hyperactivity-like behavior, the
novel object recognition (NOR) analysis for investigation of short-term, non-spatial learning
and recognition, and the social interaction and novelty (SI) analysis for investigation of social
interest and novelty behavior. The tests were performed in the previously described order,
depending on the level of stress-induction: starting with less stress-inducing towards more
stress-inducing tests. All tests were recorded using a camera and evaluated using the
EthoVisionXT (Noldus Information Technology) video tracking software v.116. All tests were
performed in a room with only the investigator present. Mice were placed in the testing room
to habituate 30 minutes prior to each test. Between each trial, arenas, objects and/or cages, were
cleaned using 10% ethanol and the arena was aired out for approximately 3 minutes to minimize
behavioral disturbance by olfaction. No more than two tests per week were performed to
minimize stress bias. The investigator was unaware of genotypes and possible treatment of the

mice during testing.

Border ‘ @
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g | ‘D "g
cliff Social ‘
avoidance Openiski interaction and
reaction novelty
T « | |
Novel object
Age: 6 months Dark/light box recognition
12 months
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Behavioral analysis

>

2 tests/week
Created in BioRender.com bio

Figure 1: Behavioral test battery for mice.
Mice were subjected to a behavioral test battery in the following order: cliff avoidance reaction (CAR)
analysis, dark/light box (DLB) analysis, open field (OF) analysis, novel object recognition (NOR)
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analysis and social interaction and novelty (SI) analysis at the age of 6, 12 and 18 months. The order is
structured from less stress-inducing to more stress-inducing tests. Each week a maximum of two tests
was performed. Scheme by Horner et al., unpublished (generated with BioRender).

45.2.1 Cliff avoidance reaction (CAR) analysis

To assess impulsivity-like behavior, the CAR analysis was used. CAR was evaluated by using
a round, non-transparent, plastic platform (diameter: 25 cm; thickness: 2 cm), supported by a
plastic rod (height: 15.5 cm). The platform was divided into a center zone (diameter: 20 cm)
and a border zone (width: 2.5 cm). To initiate the test, one mouse was gently placed in the
center of the platform and the behavior was recorded. The investigator recorded the latency to
jump off the platform, the number of jumps, and the time the mouse spent leaning over the edge
of the platform. The definition of “leaning over the edge of the platform” is depicted in Figure
2. A behavior was considered “leaning over the edge of the platform” when the eyes of the

mouse crossed the horizontal axis of the platform rim (Figure 2c, d).

a Not leaning b

A C B
Horizontal axis

c Leaning d

Created in BioRender.com bio

Figure 2: Definition of leaning over the edge of the CAR platform.

(a) Not leaning: A horizontal axis (red line) defines if a mouse is leaning (C= center zone, white;
B= border zone, grey). If the eyes of the mouse do not cross the horizontal axis of the platform rim the
mouse is not considered leaning. (b) Representative images of mice not leaning over the edge of the
CAR platform. Note that the eyes do not cross the horizontal axis of the platform rim. (c) Leaning: If
the eyes of the mouse cross the horizontal axis of the platform rim the movement is considered leaning.

(d) Representative images of mice leaning over the edge of the CAR platform. Note that the eyes cross
the horizontal axis of the platform rim. Scheme by Horner et al., unpublished (generated with
BioRender).
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The CAR was considered abnormal when the mouse voluntarily jumped off the platform. After
10 minutes the mouse was taken off the platform, disregarding if it had jumped off or not. The
CAR was calculated as % intact CAR for each group: [number of mice that did not jump off
the platform/ total number of mice] x 100. After each jump, the mice were immediately returned

to the center of the platform. The walking distance was recorded by the EthoVisionXT software.

45.2.2 Dark/light box (DLB) analysis

To evaluate anxiety-like behavior in mice, DLB analysis was used. The DLB consists of a dark
compartment (10cm x 20cm), and a light compartment (40cm x 40 cm; < 300 Ix), connected by
a small doorway. To begin the experiment, one mouse was placed in a random corner of the
dark compartment of the box, facing the wall and away from the doorway. Corners were
randomly alternated between mice to minimize bias. The mouse was allowed to explore freely
and recorded in the light, but not dark compartment. After 10 minutes, the mouse was taken out
of the arena, disregarding if it had entered the light compartment or not. The investigator
measured the latency of the mouse to enter the light compartment with the whole body and the
time spent in the light compartment. The walking distance in the light compartment was

recorded by the EthoVisionXT software.

4.5.2.3 Open field (OF) analysis

To evaluate the general exploratory and hyperactivity-like behavior of mice, the OF analysis
was used. A white, non-transparent, wooden box (29.5 cm x 29.5 cm) was divided into a center
(diameter: 10 cm) and a border zone (diameter: 19.5 cm). To begin the experiment, one mouse
was gently placed in a corner of the arena, facing the wall. The corners were randomly selected
and alternated between different mice. One trial lasted a total of 10 minutes. Total walking
distance and time spent in center/border zone was assessed by the EthoVisionXT software. The
time the mouse stood on its hindlimbs, either assisted with one or both front paws by a wall or

unassisted, was considered rearing and recorded by the investigator.

4.5.2.4 Novel object recognition (NOR) analysis

For assessment of the short-term, non-spatial learning and recognition, the NOR analysis was
used as previously described (Groh et al., 2016a; Groh et al., 2021b). The test was performed
in an OF box (29.5 cm x 29.5 cm), which was divided into quadrants of the same size. For the
training trial, two identical objects were placed in opposite quadrants of the arena. The
guadrants were randomly alternated between the tests to minimize bias. To start the experiment,
one mouse was gently placed in a corner of a quadrant not containing an object, facing the wall.

The corners were randomly selected and alternated between mice. After the training trial, the
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mouse was taken out of the arena and placed back in its home cage for 60 minutes. For the test
trial, one of the objects was replaced by an unfamiliar object that was of similar dimensions and
colors but yielded enough discrimination properties and did not show spontaneous preference
in prior testing (data not shown). The mouse was placed back into a corner of the arena in a
quadrant not containing an object, facing the wall. During both trials, the mouse was allowed
to explore freely for 10 minutes while being recorded. The total walking distance was recorded
by the EthoVisionXT software. In both trials, the time spent actively interacting with each
object (sniffing, touching) was recorded by the investigator. The object preference was
calculated for training and test trial: [time spent with object 1/time spent with object 2] x 100.
In the test trial object 1 refers to the unfamiliar object.

4.5.2.5 Social interaction and novelty (SI) analysis

For assessment of social interaction and novelty behavior, the SI analysis was used. Two small,
identical cages were placed in an OF box (29.5 cm x 29.5 cm) in opposite corners of the arena.
The corners containing the cages were chosen randomly and alternated between different tests
to minimize bias. In the social interest trial (trial 1), one of the cages contained a gender-
matched mouse that was unfamiliar to the test mouse. The cage containing the mouse was
chosen randomly and alternated between tests to minimize bias. The test mouse was gently
placed in one of the corners of the arena, not containing a cage, facing the wall. The corners
were alternated randomly between mice. The social novelty trial (trial 2) was carried out
directly following the social interest trial (trial 1). A second, unknown, gender-matched mouse
was placed in the empty cage of the arena. To start the social novelty trial (trial 2), the test
mouse was gently placed in a corner, not containing a cage, facing the wall. The test mouse was
allowed to explore freely for 10 minutes. The time spent with the mice or the empty cage (direct
interaction; sniffing or touching) was recorded by the investigator. The object preference was
calculated for both trials. Social interest preference (trial 1): [time spent with animal 1/time
spent with empty cage] x 100. Social novelty preference (trial 2): [time spent with animal 2/time
spent with animall] x 100. Animal 1 being the first unfamiliar animal, and animal 2 being the
second unfamiliar animal. When the unfamiliar mice were taken out of the cages, the cages
were cleaned using 10% ethanol and given time to air out for approximately 3 minutes. The
mice used as unfamiliar mice were placed in the cages for 5 minutes each day starting three

days prior to testing day for habituation.
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4.6 Analysis of visual acuity

The visual acuity of mice was analyzed using a commercially available OptoDrum device
(Striatech), using automated optokinetic reflex tracking as previously described (Groh et al.,
2021b). In summary, mice were placed on an elevated platform (diameter: 5 cm) that was
surrounded by monitors and presented with a rotating stripe pattern with maximum contrast and
a constant rotation speed (12 deg s). The OptoDrum software v.1.2.6. automatically detected
and analyzed the head movements following the rotating stripes in an unbiased manner. To find
the threshold of the animals’ visual acuity, the stimulus pattern (cycles) was repeatedly

adjusted.

4.7 Dissection and processing of nervous tissue

Mice were euthanized using CO> (according to guidelines by the State Office of Health and
Social Affairs Berlin). Mice were transcardially perfused with phosphate-buffered saline (PBS)
containing heparin followed by 2% paraformaldehyde in PBS. Subsequently, tissue was
harvested, post-fixed, dehydrated in 30% sucrose, and processed as previously described (Groh
et al., 2016a). Optic nerve, brain and spinal cord were embedded in TissueTek® O.C.T.™
compound. Before embedding the brain, the olfactory bulb was removed, and the cerebrum and

cerebellum were separated at defined positions.

4.8 Histochemistry and immunofluorescence

Immunohistochemistry was performed on 10 um thick longitudinal optic nerve cryo-sections,
40 um thick coronal brain cryo-sections (Bregma 0.90 to 0.60 mm), 40 um thick coronal
cerebellum cryo-sections (Bregma -6.00 to -6.30 mm) or 10 um thick coronal lumbar spinal
cord cryo-sections (L1 to L5). Sections were post-fixed in ice-cold acetone or 4% PFA/PBS for
10 minutes and blocked using 5% bovine serum albumin (BSA) in PBS. Sections were
incubated over night at 4°C with one or a combination of up to two of the following primary
antibodies: rat anti-CD4 (1:1000, Bio-Rad AbD Serotec, MCA1767), rat anti-CD8 (1:500, Bio-
Rad AbD, Serotec MCAG609G), rat anti-CD11b (1:100, Bio-Rad AbD Serotec MCA74G), rat
anti-CD169 (binding to sialoadhesin, Sn, 1:300, Bio-Rad ABD Serotec MCA947G), rabbit anti-
TMEM119 (1:500, abcam ab209064) and mouse anti-SMI32 (1:1000, BioLegend 801701).
Primary antibody binding was visualized using respective fluorescently labeled secondary
antibodies (1:300, Dianova) or the streptavidin-biotin-peroxidase complex (Vector
Laboratories) using diaminobenzidine-HCI and H20>. Nuclei were stained using DAPI (4°,6-

diamidino-2-phenylindole) (Sigma-Aldrich). Light and fluorescence images were acquired
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using an Axiophot 2 microscope (Zeiss) equipped with a CCD camera (Visitron Systems) or an
Axio Imager M2 microscope (Zeiss) with ApoTome.2 structured illumination equipment,
attached Axiocam cameras and corresponding software (ZEN v.2.3 blue edition). Images were
minimally processed (rotation, cropping, and addition of symbols) using Photoshop CS6
(Adobe). For quantification of immunoreactive cells, the cells were counted in at least three
non-adjacent longitudinal cryo-sections of the optic nerve, in at least three coronal cerebrum or
cerebellum cryo-sections, or in at least five coronal spinal cord cryo-sections for each animal
and related to the area of the section using the cell counter plugin in ImageJ (National Institutes
of Health, Bethesda USA). For quantification of Brn3a/RBPMS™ retinal ganglion cells, free
floating retina preparations were fixed and frozen in PBS containing 2% Triton X-100, thawed,
washed, and blocked for 1 hour in a blocking solution containing 5% BSA, 5% Donkey Serum
and 2% Triton-X in PBS. The sections were incubated overnight at 4°C on a slow shaker with
the following primary antibodies: guinea pig anti-RBPMS (1:300, Merck ABN1376) and goat
anti-Brn3a (1:100, Santa Cruz, sc-31984). The next day, sections were rinsed (PBS/2%
TritonX-100) and washed three times on a slow shaker. Primary antibody binding was
visualized using respective fluorescently labeled secondary antibodies (1:500, Dianova).
Retinae were flat-mounted, and the number of RBPMS™ retinal ganglion cells was assessed, in
at least three images of the middle retinal region per flat mount, by an investigator unaware of
the genotype and potential treatment of the mice. While antibodies against RBPMS stain the
cell body of RGC, antibodies against Brn3a stain the cell nuclei of the large majority of RGC.
This enables a more refined analysis and easier distinction of individual RGC in close vicinity.
Almost all RBPMS* RGCs were also positive for Brn3a, as previously shown (Groh et al.,
2021b).

4.9 Flow cytometry

Flow cytometry was performed under the supervision of PD. Dr. Janos Groh. Blood was
removed by transcardial perfusion with PBS containing heparin. Whole brains including
leptomeninges and choroid plexus were dissected, collected in ice-cold PBS, and cut into small
pieces. Tissue was digested in 1 ml of Accutase (Merck Millipore) per brain at 37 °C for 30
min and triturated through 70-um cell strainers, which were rinsed with 10% FCS in PBS. Cells
were purified by a linear 40% Percoll (GE Healthcare) centrifugation step at 650 g without
brakes for 25 min and the myelin top layer and supernatant were discarded. Mononuclear cells
were resuspended in fluorescence-activated cell sorting buffer (1% BSA and 0.1% sodium azide

in PBS) and isolated cells were counted for each brain. Viable cells were identified by

24



Material and methods

LIVE/DEAD stain (Thermo Fisher Scientific L34965), Fc receptors were blocked for 15 min
with rat anti-CD16/32 (1:200, catalog no. 553141; BD Biosciences) and cells were washed and
labeled with the following antibodies for 30 min at 4 °C: rat anti-CD45 APC (1:100, BioLegend
103111), rat anti-CD8a PerCP/Cyanine5.5 (1:100, BioLegend 100733), rat anti-CXCR6
PE/Cyanine7 (1:100, BioLegend 151118), rat anti-CXCR4 PE (1:100, BioLegend 146505),
armenian hamster anti-CD103 BV605 (1:100, BioLegend 121433), rat anti-Ly-6A/E FITC
(1:100, BioLegend 108105). Cells were washed twice; single viable cells were gated, and
CD45""CD8* cells were analyzed using an FACSLyric (BD Biosciences) and Flowjo (version
10). Calculation of the total number of CD8" T cells per brain was performed by extrapolating

their frequencies to the counted total number of isolated cells.

4.10 Experimental design and statistical analysis

Quantifications and clinical analyses were performed by investigators unaware of the genotype
and potential treatments of mice, by assigning uniquely coded labels to animals. Mice were
randomly placed into experimental and control groups according to genotyping results and by

using a random generator (https://www.randomizer.org/, accessed 2021/08/29). For biometrical

sample size estimation, the G*Power program (version 3.1.3) was used (Faul et al., 2007).
Calculation of the appropriate sample size groups was performed in a priori power analysis by
comparing the mean of three to four groups with a defined adequate power of 0.8 (1-beta-error)
and an a-error of 0.05. To determine the prespecified effect size d, previously published data
were considered comparable reference values (Groh et al., 2017; 2021a). Statistical analysis
was performed using Prism 8 (GraphPad). The Shapiro-Wilk test was used to assess data sets
for normal distribution and the F test was used to check for variance homology. If more than
two groups or multiple timepoints (OCT, CatWalk, behavioral assessment) were compared,
differences were evaluated by one-way ANOVA, followed by Tukey’s post-hoc test. For body
weight analysis two-way ANOVA with multiple comparisons was used. Student’s t-test was
used to compare two groups. Significance levels are indicated by asterisks (*), hashtags (#), or
circles (°) and considered significant according to the following scheme: */#/°p<0.05;
**[H1°°p<0.01; ***/###/°°°p<0.001. Measurements and quantifications are shown as
individual values (circles, squares, triangles = mean value of one mouse) and mean + standard

deviation (SD). Graphs were generated with Prism 8.
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Results

5 Results

5.1  Spgll” mice display substantial neuroinflammation in the CNS

We here evaluate whether a mouse model of SPG11 shows disease-amplifying
neuroinflammation and investigate whether genetic depletion of the adaptive immune response
or treatment with established immunomodulatory drugs, targeting the adaptive immune cells,

leads to an improved disease outcome.

At first, we investigated whether there are indeed elevated numbers of adaptive immune cells
detectable in the CNS of Spg11” mice and quantified CD8* and CD4* T-lymphocytes in the
visual system (optic nerve, ON), a valuable surrogate tissue for genetically mediated diseases
of the CNS (Kroner et al., 2009; Ip et al., 2012; Groh et al., 2016a; Ip et al., 2016; Groh et al.,
2017; 2021a) (Figure 3a, b). The corpus callosum (CC) was chosen since it is often affected in
complicated HSPs, like SPG11 (Stevanin et al., 2008a; Klebe et al., 2015) (Figure 3c, d).
Additionally, we investigated the cerebral cortex (CO), including the motor cortex, and the
folium of the cerebellum (CB), structures relevant for impaired motor performance in HSPs
(Blackstone et al., 2011; Lin et al., 2020) (Figure 3e— h). Moreover, spinal cord cross-sections
(SC) were investigated due to the reported atrophy and axonal degeneration of the corticospinal
tract and the relevance for HSPs (Branchu et al., 2017) (Figure 4).

In CO and CB of mutant mice, the number of CD8" T-lymphocytes was already increased at 12
months, followed by CC at 15 and ON at 18 months (Figure 3a — h). Of note, CB displayed the
most robust increase in the number of CD8* T-lymphocytes compared to all other investigated
compartments (Figure 3g). The number of CD4* T-lymphocytes was increased in the CO and
CB at 12 months, followed by the ON at 18 months (Figure 3b, f, h). The number of CD4" T-
lymphocytes was not increased in the CC of Spg11” mice at any investigated timepoint (Figure
3d). Overall, we realized that CD8" T-lymphocytes outnumbered CD4" T-lymphocytes (Figure
3a—h).
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Figure 3: Progressive accumulation of T-lymphocytes in distinct CNS compartments of
Spgl1’ mice.

(a, c, e, g) Representative images of CD8" T-lymphocytes (red, arrows) in distinct CNS compartments
of 18-month-old Spg11*"* and Spgl11” mice (left) and corresponding quantification at different ages
(right). Nuclei are labeled with DAPI (blue). Scale bar: 10 um. (a) In longitudinal sections of ON, the
number of CD8" T-lymphocytes is significantly increased at 18 months. (c) In coronal sections of CC,
the number of CD8" T-lymphocytes is significantly increased at 15 and 18 months. (e) In coronal
sections of CO, the number of CD8" T-lymphocytes is significantly increased at 12, 15, and 18 months
(9). In coronal sections of CB, the number of CD8" T-lymphocytes is significantly increased at 12 and
18 months. Note the different scale of the Y-axis in g) compared to a), c), e) due to the high number of
CD8* T-lymphocytes in CB of Spg11” mice. (b, d, f, h) Quantification of CD4* T-lymphocytes in
distinct CNS compartments of Spg11** and Spgl1’ mice at distinct ages. (b) In ON, the number of
CD4" T-lymphocytes is significantly increased at 18 months. (d) In CC, the number of CD4" T-
lymphocytes is not increased. (f) In CO, the number of CD4" T-lymphocytes is significantly increased
at 12, 15, and 18 months. (h) In CB, the number of CD4" T-lymphocytes is significantly increased at 12
and 18 months. Note the lower number of CD4* compared to CD8" T-lymphocytes. Error bars represent
the standard deviations (circles, squares = mean value of one mouse). Significance of Spg11’- compared
to Spg11** mice is determined by Two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

In SC of Spgl1” mice, the number of CD8* and CD4* T-lymphocytes was lower than in the
other investigated compartments at 18 months (Figure 4a, b). However, we detected an elevated
number of CD8* T-lymphocytes in the SC white and grey matter of 18-month-old Spg11” mice
compared to Spgl1** mice, while the number of CD4* T-lymphocytes remained unaffected
(Figure 4a, b).
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Figure 4: The number of CD8* T-lymphocytes is mildly increased in SC white and grey
matter of Spgl1l’ mice.

(a) Representative images of CD8" T-lymphocytes (red, arrows) in coronal sections of lumbar spinal
cord (SC) of 18-month-old Spgl11**, and Spgll” mice (left) and quantification (right). Nuclei are
labeled with DAPI (blue). Scale bar: 10 um. In SC of Spg11” mice, the number of CD8" T-lymphocytes
is increased in white and grey matter. (b) Quantification of CD4" T-lymphocytes in SC of 18-month-
old Spg11**, and Spg11”. In SC of Spg11” mice, the number of CD4* T-lymphocytes is not increased.
Error bars represent the standard deviations (circles, squares = mean value of one mouse). Significance
of Spgll” compared to Spgll** mice is determined by Two-tailed Student’s t-test (*p<0.05,
**p <0.01).

Our group could previously identify cytotoxic CD8" T-lymphocytes as pathogenic executors in
various disease models and during aging (Ip et al., 2006; Groh et al., 2013; Groh et al., 2016a;
Groh et al., 2021b). This prompted us to further characterize isolated CD8* T-lymphocytes from
whole brains of 15-month-old Spg11** and Spg11” mice for expression of distinct subtype and
activation markers by flow cytometry (Figure 5). We could confirm a significant increase in the
total number of CD8* T-lymphocytes per brain of Spgl1” mice compared to wt littermates
(Figure 5a, b). Among these cells, the large majority expressed CXCR6 (Figure 5¢ — g), which
is a marker of tissue recruitment and residency for activated CD8* T-lymphocytes (Urban et
al., 2020). CXCR4 was expressed by a smaller population of T-lymphocytes (Figure 5¢ — g),
usually associated with CNS trafficking of T helper cells (Galli et al., 2019). Most of the
CD8*CXCR6"CXCR4 T-lymphocytes also expressed the activation marker Ly6A/E and some
of them were positive for CD103, a marker of tissue-resident memory T-lymphocytes (Figure
5¢e — g) (Urban et al.,, 2020). While the total number of most populations increased
proportionally to the number of CD8" T-lymphocytes, there was a disproportional increase of
CD8*CXCR6*CXCR4°CD103* T-lymphocytes in brains of Spgl1” mice (Figure 5e, f). This
cytotoxic population has been identified to be activated in the white matter during normal aging
(Groh et al., 2021b) and accumulates in MS patients (Machado-Santos et al., 2018).
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Figure 5: Spgl1”’ mice show a significantly increased number of CD8* tissue resident
memory T-lymphocytes in the CNS.

(a) Gating strategy for flow cytometric analysis of CD8" T-lymphocytes in whole brains of 15-month-
old Spg11*"* and Spg11” mice and (b) quantification. In whole brains of Spg11” mice, the total number
of CD8" T-lymphocytes is significantly increased. (c) Gating strategy for flow cytometric analysis of
CD8" T-lymphocytes in whole brains of 15-month-old Spg11** and Spgl11” mice for CXCR6 and
CXCR4 and (d) quantification. The percentage of CD8"'CXCR6"CXCR4" T-lymphocytes is higher than
CD8'CXCR6*CXCR4" T-lymphocytes but comparable between Spg11** and Spgl1” mice. (e) Gating
strategy for further flow cytometric analysis of CD8"CXCR6'CXCR4 T-lymphocytes in whole brains
of 15-month-old Spgl1** and Spgll” mice for Ly6A/E and CD103 and (f) quantification. The
percentage of CD8*CXCR6'CXCR4'Ly6A/E*CD103" is significantly increased in Spgll” mice. (g)
Flow cytometric analysis of CD8* T-lymphocytes of whole brains from 15-month-old Spg11** and
Spgl1” mice. Total number of CD8*CXCR6'CXCR4" T-lymphocytes per brain are significantly
increased in Spg11” mice. Most of these cells express the activation marker Ly6A/E, while some are
additionally positive for CD103, a marker of tissue-resident memory T-lymphocytes. Error bars
represent the standard deviations. Significance Spgl1” compared to Spgl1** mice is determined by
Two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). Figure generated by PD. Dr. Janos
Groh, with slight modifications by Michaela Horner.

The previously presented data clearly indicate that Spg11” mice show robust upregulation of
secondary inflammation, with a disproportionally high increase of CD103" T-lymphocytes.
These findings support the previously described heterogeneity of CD8" CNS-associated T-
lymphocytes (Groh et al., 2021b) and reveal some commonalities between T cell reactions in

aging, neuroinflammatory disease, and this model of SPG11.

It has been previously described that not only T-lymphocytes can act as a pathogenic amplifier
of disease, but microglia and their activation state have also been implicated to influence the
disease progression in other mouse models (Ip et al., 2007; Groh et al., 2016b). Even though
the focus of the present study was on targetable, neuroinflammatory cells of the adaptive
immune system, we investigated microglia in different CNS compartments of Spg11** and
Spgl1l” mice using CD11b as pan-marker and sialoadhesin (CD169, Sn) as an activation
marker (Groh et al., 2016b; Bogie et al., 2018). The vast majority of CD11b" cells expressed
the resident microglial marker TMEM119 (Bennett et al., 2016) (Figure 6a), indicating that
blood-derived monocytes are most likely rare within the parenchyma (Prinz et al., 2017). We
could find an increase in the number of CD11b* cells in ON of Spgl1” mice at 12 and 18
months (Figure 6b). Importantly, the number of activated (Sn*) microglial cells was
significantly increased at 15 and 18 months (Figure 6c). In CC and CO of Spgll’ mice,
microglia numbers were increased from 12 months onwards (Figure 6d, f). While the CC
displayed an increased number of activated microglia from 15 months onwards, the CO showed
an increased number only at 18 months (Figure 6e, g). Of note, the increase in the CO was

generally lower than in all other investigated compartments (Figure 6g). In CB of Spg11” mice,
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the number of CD11b* cells was increased at 18 months (Figure 6h), but activation of microglial
cells was already detectable at 12 months (Figure 6i). Investigation of SC of 18-month-old
Spgl1” mice revealed an increased number of CD11b* cells in the grey and white matter
(Figure 6j). Interestingly, increased microglial activation was only detectable in the SC white
matter of Spg11’- mice (Figure 6K).
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Figure 6: Increase in number and activation of microglia in the CNS of Spg11” mice.

(@) As exemplified in the CC, the vast majority of CD11b" cells are positive for the microglial marker
TMEM119". (b, d, f, h, j) Representative images of CD11b" cells (arrows), a pan myeloid marker, in
distinct CNS compartments of 18-month-old Spg11** and Spgll”™ mice (left) and corresponding
guantification at distinct ages (right). Nuclei are labeled with DAPI (blue). Scale bar: 10 um. (b) In ON
of Spg11” mice, the number of CD11b* cells is significantly increased at 12 and 18 months. (d) In CC
and (f) CO of Spg11” mice, the number of CD11b" cells is significantly increased at 12, 15, and 18
months. (h) In CB of Spg11” mice, the number of CD11b* cells is significantly increased at 18 months.
(i) In SC, the number of CD11b" cells is significantly increased in white and grey matter at 18 months.
(c, e, g, i, k) Percentage of CD11b" cells showing the microglial activation marker Sn in distinct CNS
compartments of Spg11*"* and Spg11” mice at distinct ages. (c) The number of Sn* cells is significantly
increased from 15 months onwards in ON and (e) CC, at 18 months in (g) CO, from 12 months onwards
in (i) CB, and at 18 months in (k) SC. Error bars represent the standard deviations (circles, squares =
mean value of one mouse). Significance of Spg11’ compared to Spgl11** mice is determined by Two-
tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).
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In summary, we found that CNS-related CD11b" cells are mainly TMEM119* resident
microglial cells displaying mildly increased numbers in Spg11”- mice in comparison to wt mice,

while their activation was robust in most compartments.

5.2 Spgll’ mice display significant axonal perturbation and neural damage in white
and grey matter compartments of the CNS
We next scored pathological alterations in these distinct CNS compartments applying electron
microscopy (EM) and immunocytochemistry (1C) at the ages of 12, 15 and 18 months. In cross
sections of ON of Spgl1” mice, EM analysis revealed axonal perturbation in the form of
typical, organelle-rich swellings, here and in the following designated as spheroids (Figure 7a,
b). As an additional axonopathic feature, we quantified axonal profiles with altered axoplasm
and/or contorted cytoskeleton (Figure 7a, b). In Spgll” mice we found an increase of
axonopathic features from 15 months onwards (Figure 7a, b). In contrast, we detected a higher
percentage of axons with redundant myelin in the ON of Spg11” mice at 15 but not 18 months
(Figure 7c), possibly reflecting that these axons are prone to degenerate. Indeed, Spgl1™ mice
showed a reduced number of axons at 15 months, that was even more pronounced at 18 months
(Figure 7d). Accordingly, these histopathological alterations resulted in a reduced ON area
(Figure 7e). Investigations using SMI32-immunoreactivity, identifying non-phosphorylated
neurofilaments, confirmed a progressive increase in the number of spheroids in ON (Figure 7f).
Additionally, double-immunofluorescence staining for CD8 and SMI32 revealed that spheroids
were frequently in close proximity to CD8" T-lymphocytes (Figure 7g). A higher number of
SMI32* axonal spheroids was also detectable in the CC, CO, and CB of 18-month-old Spg11™
mice (Figure 7h — j) and Spg11” mice showed a significant reduction of brain weight at 18

months compared to their wt littermates (Figure 7k).
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Figure 7: Progressive increase of neural damage in distinct CNS compartments of
Spgl1”- mice.

(a) Representative electron micrographs of ON cross sections of 18-month-old Spg11*'* and Spgl11™”
mice. (b-e) EM-based quantification of pathological alterations at distinct ages. Asterisks indicate
axonopathic features, hashtags axons with redundant myelin, open arrowheads myelin fragments. Scale
bar: 2 um. (b) Axonopathic features are more frequent in Spg11” mice at 15 and 18 months. (c) The
percentage of axons with redundant myelin is increased at 15 months. (d) At 15 and 18 months, the
number of axons is reduced, likely contributing to (e) a reduced ON area. (f) Representative images of
SMI32* axonal spheroids (arrows) in ON of 18-month-old Spgl1** and Spgll’ mice (left) and
corresponding quantification (right). Scale bar: 10 um. The number of SMI32" axonal spheroids is
significantly increased in Spgll” mice. (g) Representative images of CD8/SMI32 double-
immunofluorescence in ON of 18-month-old Spg11” mice. Nuclei are labeled with DAPI (blue). Scale
bar: 20 um. CD8/SMI32 staining reveals close contact (arrows) between CD8" T-lymphocytes and
SMI32" perturbed axon (top) or axonal spheroid (bottom). (h) Quantification of SMI32" axonal
spheroids in CC, (i) CO, and (j) CB of 18-month-old Spg11*"* and Spg11 mice. The number of SMI32*
axonal spheroids is significantly increased in Spg11” mice at 18 months. (k) Spgll’ mice show a
significant reduction of brain weight compared to wt mice at 18 months. Error represents standard
deviations (circles, squares = mean value of one mouse). Significance of Spg11” compared to Spg11**
mice is determined by Two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

Regarding the visual system, we also investigated the retina for pathological alterations. In
retinal flat mount preparations, we found a significant reduction of retinal ganglion cell bodies
(RGCs) when using the pan marker RBPMS (Figure 8a). Previous reports indicated, that

patients with complicated forms of HSP show thinning of the retinal nerve fiber layer (RNFL),
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as detected with spectral domain optical coherence tomography (SD-OCT) (Vavla et al., 2019).
Work of our group provided evidence, that thinning of the innermost composite layer of the
mouse retina, which is composed of the nerve fiber layer (NFL), the ganglion cell layer (GCL)
and the inner plexiform layer (IPL), can serve as a robust indicator of disease progression and
treatment efficacy in various mouse models of hereditary neurodegenerative diseases (Groh et
al., 2014; Groh et al., 2016a; Groh et al., 2017; Groh et al., 2018; Groh et al., 2021a). Therefore,
we investigated retinal thickness of Spgl1** and Spgll” mice longitudinally by using a
commercially available SD-OCT device with slight modifications (Groh et al., 2014). We could
detect that Spg11” mice show a significant thinning of the innermost retinal layer from 12
months onwards compared to wt mice (Figure 8b). Of note, the visual acuity of Spg11” mice
remained intact at 18 months of age (Figure 8c).
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Figure 8: Spgl11”- mice display pathogenlc alteratlons in the retina.

(a) Representative images of Brn3a/RBPMS* RGCs in whole-mount retinae of 18-month-old Spg11*'*
and Spg11” mice (left) and corresponding quantification (right). Scale bar: 50 um. Densities of RBPMS*
RGCs are significantly reduced in Spgl1l” mice. Most RBPMS* cells are Brn3a*. (b) Longitudinal
analysis of the thickness of the innermost retinal composite layer (NFL/GCL/IPL) of Spgl1*™* and
Spg11” mice by OCT reveals significant retinal thinning in Spg11” mice from 12 months onwards.
(c) Spg11” mice do not have altered visual acuity compared to Spg11** mice at 18 months. Error bars
represent standard deviations (circles, squares = mean value of one mouse). Significance of Spgll”
compared to Spgll** mice is determined by Two-tailed Student’s t-test or one-way ANOVA and
Tukey’s post hoc test (**p < 0.01, ***p < 0.001).
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These data suggest that Spgll” mice show progressive increase in axonal and neural
perturbation in the CNS.

5.3 Spgll’” mice display reduced gait coordination, attenuated strength and reduced
body weight
As gait abnormalities are one of the leading features in SPG11, we next focused on a detailed
description of the walking pattern of Spg11** and Spg11” mice at 6 and 18 months of age. For
this the CatWalk analysis was used, a gait analysis that is also used in humans. Two different
categories of gait parameters, likely relevant to SPG11, were chosen. The first category,
consisting of paw angle movement vector variation (Figure 9c), paw angle body axis variation
(Figure 9d), step cycle variation (Figure 9e), print position (Figure 9f) and regularity index
(Figure 9g), comprised parameters related to the variability of stepping patterns and interlimb

coordination. These parameters will, in the following, be summarized as gait coordination. The
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second category consisted of parameters most likely related to strength, like maximal contact

area, print area and print width of the hind paws (Figure 9h —j).

We could detect distinct walking pattern abnormalities in Spg11™ mice, as early as 6 months of
age (Figure 9a — j). Spg11” mice displayed abnormalities in gait coordination compared to wt
littermates: We detected an increased paw angle and step cycle variation at 18 months (Figure
9c — e), while the print position was already increased at 6 months (Figure 9b, f). Furthermore,
we detected a reduction in the regularity index in 18-month-old Spg11’ mice (Figure 9g).
Spg11” mice also showed indicators of reduced strength at 18 months, like the reduction of the

maximal contact area, print area, and print width of the hind paws (Figure 9a, i —J).
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Figure 9: Spg11”-mice display abnormalities in gait coordination and reduced strength.
(a) Representative images of body contour, footprints and (b) print positions of 18-month-old Spg11*/*
and Spg11” mice while crossing the CatWalk device (ITS: intermediate toe spread; TS: toe spread; PL:
print length; RF: right front paw; LF: left front paw; RH: right hind paw; LH: left hind paw). Red line
(top) indicates the body axis, red line segment (bottom) indicates print position. (c) In Spgll’ mice,
paw angle movement vector variation and (d) paw angle body axis variation, both parameters reflecting
variability of stepping pattern, are increased at 18 months. (e) In Spgl1” mice, step cycle variation,
another parameter reflecting variability of stepping pattern, is increased at 18 months. (f) In Spgl11”
mice, the print position, a parameter for interlimb coordination, is increased at 6 and 18 months while
(g) the regularity index, another parameter for interlimb coordination, is reduced at 18 months. (h) In
Spg11” mice, the maximal contact area, (i) the print area and (j) the print width of the hind paws, all
parameters likely reflecting strength, are reduced at 18 months. Error bars represent the standard
deviations (circles, squares = mean value of three consecutive runs of one mouse). Significance of
Spgl1” compared to Spgll** mice is determined by one-way ANOVA and Tukey’s post hoc test
(*p < 0.05, **p < 0.01, ***p < 0.001).
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In addition, Spgl1™ mice showed a significantly lower stride length at 6 and 18 months
compared to wt littermates (Figure 10a). Correspondingly, the number of steps needed to cross
the walkway was increased at the same ages (Figure 10b).
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Figure 10: Spg11’ mice display distinct gait abnormalities.

(@) In Spg11” mice, the stride length is decreased at 6 and 18 months, corresponding to (b) an increased
number of steps. Error bars represent the standard deviations (circles, squares = mean value of three
consecutive runs of one mouse). Significance of Spg11” compared to Spgl1*'* mice is determined by
one-way ANOVA and Tukey’s post hoc test (*p < 0.05, **p < 0.01).

Furthermore, we detected a reduced body weight in male and female Spg11” mice compared
to their wt littermates (Figure 11a, b). While male Spg11” mice showed a reduced body weight
starting at 12 months, female Spgl1” mice showed reduced a body weight already from 8

months onwards (Figure 11a, b).
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Figure 11: Male and female Spg11”- mice show reduced body weight.

(a) Body weight of male Spg11** and Spg11” mice starting from 3 months. Male Spg11” mice show a
reduced body weight compared to wt mice starting from 12 months onwards. (b) Body weight of female
Spgl1*"* and Spgl1’ mice starting from 3 months. Female Spg11” mice show a reduced body weight
compared to wt mice from 8 months onwards. Error bars represent standard deviations (circles, squares
= mean value at one age). Significance of Spgl1” compared to Spg11** mice is determined by two-
way ANOVA with multiple comparisons (*p < 0.05, **p < 0.005, ***p < 0.001).

Together, these data provide evidence, that Spgll” mice show robust histopathological
alterations in distinct CNS compartments, body weight loss and an early alteration of their
walking pattern, which is in accordance with gait alterations of SPG11 patients. Interestingly,
we could show, that Spg11” mice display walking pattern abnormalities connected to intra- and
interlimb coordination as early as 6 months of age while parameters related to attenuated

strength were only visible at 18 months.

36



Results

5.4 Spgll’ mice display distinct behavioral abnormalities, including abnormal social
behavior

It has been previously shown, that HSP patients present with distinct neuropsychological
abnormalities, including anxiety, impulsivity, learning and memory difficulties, as well as
social abnormalities (Osmolak et al., 2012; Faber et al., 2018a). Therefore, we examined
whether we could detect similar behavioral alterations in Spg11”- mice. For this, we designed a
behavioral test battery, trying to closely mimic symptoms seen in patients (see material and
methods; Figure 1). We tested for social interaction and novelty behavior, non-spatial, short-
term memory and recognition, general exploratory, and hyperactivity-like behavior, anxiety-
like behavior, and impulsivity-like behavior.

As social abnormalities are a prominent neuropsychological feature of SPG11 patients (Klebe
etal., unpublished data), we aimed to investigate whether Spg11”- mice showed abnormal social
behavior. For this the social interaction and novelty (SI) analysis, consisting of a social interest
(trial 1) and novelty trial (trial 2), was used (Figure 12a). Male Spgll™ mice showed a
significant reduction of social interest and novelty preference compared to wt mice at 18 months
(Figure 12b, c). Furthermore, male Spg11” mice spent less time with the unfamiliar animals
during the social novelty trial (trial 2) compared to their wt littermates at 18 months (Figure

12d), indicating abnormal social behavior.
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Figure 12: Male Spg11” mice show abnormal social behavior.

(a) Graphic depiction of SI analysis. A test mouse is placed in an OF box containing two small cages.
In the social interest trial (trial 1), one cage contains an unfamiliar mouse, while the other cage remains
empty. In the social novelty trial (trial 2) a second unfamiliar mouse is placed in the empty cage.
(b) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old male Spg11** (top row) and Spg11” mice (bottom row). Light square indicates the center zone of
the arena, green area indicates the border zone. Red line represents the walking track. Mouse 1 indicates
the cage in which the first unfamiliar mouse is placed, mouse 2 in which the second unfamiliar mouse
is placed. (c) Male Spg11™ mice show lower social interest and novelty preference and (d) spend less
time with the unfamiliar animals during the social novelty trial (trial 2) compared to wt littermates at 18
months. Chance indicates equal time spent with the empty cage/animals (50%). Error bars represent
standard deviations (circles, squares = value of one mouse). Significance of Spgll” compared to
Spg11** mice is determined by one-way ANOVA and Tukey’s post hoc test (***p < 0.001). Scheme by
Hdorner et al., unpublished (generated with BioRender).
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Similar to the findings in the male mutant mice, female Spg11”- mice displayed reduced social
interest (trial 1) and novelty (trial 2) preference compared to their wt littermates at 18 months
(Figure 13a, b). Additionally, they spent less time with the unfamiliar animals (Figure 13c),
indicating abnormal social behavior. Interestingly, even though the social novelty preference
was still comparable to wt mice in 12-month-old Spg11” mice (trial 2), they already spent
less time with the unfamiliar animals (Figure 13b, c).
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Figure 13: Female Spg11”- mice show abnormal social behavior.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old female Spg11** (top row) and Spg11™ mice (bottom row). Light square indicates the center zone of
the arena, green area indicates the border zone. Red line represents the walking track. Mouse 1 indicates
the cage in which the first unfamiliar mouse is placed, mouse 2 in which the second unfamiliar mouse
is placed. (b) Female Spg11” mice show lower social interest and novelty preference compared to their
wt littermates at 18 months. Chance indicates equal time spent with the empty cage/animals (50%). (c)
Female Spg11” mice spend less time with the unfamiliar animals compared to their wt littermates in the
social interest trial (trial 1) at 18 months, and in the social novelty trial (trial 2) at 12 and 18 months.
Error bars represent standard deviations (circles, squares = value of one mouse). Significance of
Spgl1” compared to Spgll*™* mice is determined by one-way ANOVA and Tukey’s post hoc test
(*p < 0.05, **p < 0.005, ***p < 0.001).
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As it has been previously shown that cognitive dysfunction is a prominent feature in HSPs
(Faber et al., 2016), we aimed to investigate whether cognitive dysfunction was also present in
our mouse model for SPG11 using the novel object recognition (NOR) analysis. It consists of
two trials, a training trial offering two identical objects and a test trial offering a familiar and
an unfamiliar object, each lasting 10 minutes with a 60-minute break (Figure 14a). Male and
female Spgll” mice elicited the expected lack of object preference in the training trial
(approximately 50%), while they showed a clear preference for the novel object during the test
trial (Figure 14b, c), suggesting that non-spatial, short-term memory and recognition were
intact.
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Figure 14: Spg11”- mice do not show altered object preference in the NOR analysis.

(a) Graphic depiction of NOR analysis. A mouse is placed in an OF box, containing two identical
objects. The mouse is free to investigate. After a 60-minute break, one object is replaced by an unfamiliar
object of similar proportions and the mouse is placed back into the box. (b) Male or (c) female Spg11™”-
mice do not show altered object preference in the NOR analysis compared to their wt littermates. Chance
indicates equal time spent with both objects (50%). Error bars represent standard deviations (circles,
squares = mean value of one mouse). Significance of Spg11”- compared to Spgl1** mice is determined
by one-way ANOVA and Tukey’s post hoc test. Scheme by Horner et al., unpublished (generated with
BioRender).

To investigate exploratory and hyperactivity-like behavior, the open field (OF) analysis was
used. It was performed in a wooden, non-transparent box, that was divided into a center and a
border zone (Figure 15a). Male Spgl11” mice walked a longer distance and showed a higher
movement duration at 6 and 18 months compared to wt mice (Figure 15b — d), indicating
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hyperactivity-like behavior. While the time male Spg11” mice spent in the center zone of the
arena remained unaffected (Figure 15e), they spent more time rearing, with or without support
of the front paws, at 6 but not 12 or 18 months (Figure 15f), possibly reflecting the previously
described disturbances in gait coordination and loss of strength with progressing age. In
contrast, female Spg11” showed an increased walking distance and movement duration only at
18 months of age (Figure 15g — i), while the center time and the time spent rearing remained

unaffected compared to wt mice at all investigated ages (Figure 15j, k).
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Figure 15: Spg11”- mice show a hyperactivity-like phenotype.

(a) Graphic depiction of the OF box. The box is divided into a center (red square) and border zone.
(b) Representative images of OF analysis of 18-month-old male Spg11** and Spg11” mice. Light square
indicates the center zone of the arena, green area indicates the border zone. Red line represents the
walking track. (c) Male Spg11™ mice walk a greater distance and (d) show a higher movement duration
at 6 and 18 months compared to wt mice, while (e) the center time remains unaffected. (f) Male
Spg11” mice spend more time rearing compared to wt mice at 6 months. (g) Representative images of
OF analysis of 18-month-old female Spg11** and Spg11” mice. Light square indicates the center zone
of the arena, green area indicates the border zone. Red line represents the walking track. (h) Female
Spg11” mice walk a greater distance and (i) show a higher movement duration at 18 months compared
to their wt littermates. (j) The center time and (k) time spent rearing remains unchanged. Error bars
represent standard deviations (circles, squares = value of one mouse). Significance of Spg11” compared
to Spg11*"* mice is determined by one-way ANOVA and Tukey’s post hoc test (*p <0.05, **p <0.01,
***p <0.001). Scheme by Horner et al., unpublished (generated with BioRender).
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Next, we examined anxiety-like behavior in male and female Spg11** and Spg11™ mice using
the dark/light box (DLB) analysis. The DLB consists of two compartments, a light compartment
(< 300Ix) and a dark compartment, which are connected by a doorway through which the mouse
can walk voluntarily and freely (Figure 16a). While we did not see differences in the behavior
of male Spg11”- mice compared to their wt littermates (Figure 16b — f), we did detect distinct
differences between female Spg11” and Spg11** mice at 18 months (Figure 16g — k). While
female Spg11”- mice did not show an altered latency to enter the light compartment, they walked
a greater distance and spent more time in the light compartment than their wt littermates (Figure
16g — j), indicating reduced anxiety-like behavior. The time female Spg11” mice spent in the

center part of the light compartment remained unaffected (Figure 16k).
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Figure 16: Female Spg11”- mice show reduced anxiety-like behavior.

(a) Setup of the DLB analysis. The DLB consists of a light compartment (<300Ix) and a dark
compartment, connected by a doorway through which the mouse can walk freely. (b) Representative
images of DLB analysis of 18-month-old male Spg11** and Spg11” mice. Light square indicates the
center zone of the arena. Red line represents the walking track. (c) Male Spg11™ mice do not show an
altered latency to enter the light compartment, (d) walking distance, (e) time in light compartment or
(f) center time compared to wt mice at any age investigated. (g) Representative images of DLB analysis
of 18-month-old female Spg11*™* and Spg11” mice. Light square indicates the center zone of the arena.
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Red line represents the walking track. (h) Female Spg11™ mice do not show an altered latency to enter
the light compartment compared to wt mice. (i) Female Spg11” mice walk a greater distance and (j)
spend more time in the light compartment than wt mice at 18 months. (k) The center time is not altered
in female Spg11™ compared to wt mice. Error bars represent standard deviations (circles, squares =
mean value of one mouse). Significance of Spgl1” compared to Spg11** mice is determined by one-
way ANOVA and Tukey’s post hoc test (*p < 0.05). Scheme from BioRender.

Using the cliff avoidance reaction (CAR) analysis, we investigated impulsivity-like behavior.
The CAR platform is round and non-transparent on a plastic rod (height 15.5 cm) and divided
into a center and border zone (Figure 17a). Resembling our findings of the OF analysis, we
found that 18-month-old male Spg11™ mice walked a greater distance than their wt littermates
(Figure 17D, c). The time spent leaning over the edge of the platform was increased in 18-
month-old male Spg11” compared to wt mice (Figure 17d). At the same age, male Spgll™
mice showed a reduced latency to jump off the platform, and consequently displayed an
abnormal CAR compared to wt littermates, indicating increased impulsivity-like behavior
(Figure 17, f). Interestingly, female Spg11” mice did not walk a greater distance and showed
only a tendency to spend more time leaning over the edge of the platform than their wt
littermates at 18 months (Figure 17g — i). However, they displayed a decreased latency to jump
off the platform and an abnormal CAR, indicating increased impulsivity-like behavior (Figure
17j, k). Note that wt mice of either gender rarely jumped off the platform at any investigated
age (Figure 17f, k).
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Figure 17: Spg11” mice show increased impulsivity-like behavior.

(a) Graphic depiction of the CAR platform. The platform is approximately 15.5 cm high, non-
transparent, and divided into a center and a border zone. (b) Representative images of CAR analysis of
18-month-old male Spg11** and Spg11” mice. Red line represents the walking track (C= center zone,
white; B= border zone, grey; F = floor zone, black). (c) Male Spg11” mice walk a greater distance than
their wt littermates and (d) spend more time leaning over the edge of the platform at 18 months.

(e) Male Spgl1” mice show a lower latency to jump off the platform and (f) an abnormal CAR
compared to their wt littermates at 18 months. (g) Representative images of CAR analysis of 18-month-
old female Spg11*"* and Spg11” mice. Red line represents the walking track. (h) Female Spg11’ mice
do not show alterations in walking distance compared to wt mice. (i) Female Spgl1” show a tendency
towards more time spent leaning over the edge of the platform compared to wt mice at 18 months.

(j) Female Spgl11” mice show a lower latency to jump off the platform and (k) an abnormal CAR
compared to their wt littermates at 18 months. Error bars represent standard deviations (circles, squares

= value of one mouse). Significance of Spgl11”- compared to Spgl1** mice is determined by one-way
ANOVA and Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Scheme by Horner et al.,
unpublished (generated with BioRender).

In summary, the here presented data indicate that male and female Spgll”™ mice show

behavioral abnormalities, consisting of reduced social interest and novelty behavior, as well as

increased hyperactivity-like and impulsivity-like behavior. Additionally, female Spg11” mice

show reduced anxiety-like behavior. Non-spatial, short-term memory and recognition remained

unaffected in Spg11” mice. Of note, the detected social abnormalities were not due to a general

reduction of exploratory behavior or recognition, or increased anxiety-like behavior. Together
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with the previously published observations (Branchu et al., 2017), this suggests that this mouse
model recapitulates a large proportion of the clinical spectrum of SPG11.

5.5 Genetic inactivation of the adaptive immune system ameliorates pathological
alterations in white and grey matter compartments of the CNS
Based on the observation that Spgll” mice show substantial neuroinflammation we
investigated whether the adaptive immune system is causally involved in the development of
the disease. Therefore, we evaluated the putative impact of lymphocytes in Spg11™ mice, by
crossbreeding them with Rag1-deficient (Rag1™) mice, lacking mature T- and B-lymphocytes
(Mombaerts et al., 1992). These double-knockout mice are, hence, completely devoid of an
adaptive immune response and T-lymphocytes were completely absent in the CNS (data not

shown).

Examining the impact of immune cells on axonopathic features, we found that 18-month-old
Spgl17-Ragl’” mice presented with significantly less axonopathic features in cross-sections of
ON, as demonstrated by EM analysis (Figure 18a, b). Redundant myelin remained unchanged
in all investigated groups at this timepoint (Figure 18c). Ragl-deficiency restored the number
of axons in the ON, and likely contributed to a preserved optic nerve area (Figure 18d, e). By
IC, we detected a significant reduction in the number of SMI32* axonal spheroids in
longitudinal ON sections of Spg11”"Ragl’ mice compared to Spgl1” mice (Figure 18f). These
findings were not confined to the visual system, as we could also detect a reduction in spheroid
numbers in CC (Figure 18g), CO (Figure 18h), and CB (Figure 18i). Interestingly, even though
we detected a substantial reduction of pathogenic alterations, Ragl-deficiency did not dampen

brain weight decline, typically occurring in Spg11” mice (Figure 18j).
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Figure 18: Ragl-deficiency reduces neural damage in the CNS of Spg11” mice.
(a) Representative electron micrographs of ON cross sections of 18-month-old Spg11*"*, Spg11™ and
Spgl1”Ragl™ mice, and (b — ) EM-based quantification of pathological alterations. Asterisks indicate
axonopathic features, hashtags axons with redundant myelin, open arrowheads myelin fragments. Scale
bar: 2 um. (b) Ragl-deficiency reduces axonopathic features, typically occurring in Spgl1l” mice.
(c) At this age, redundant myelin is not changed in either genotype. (d) Ragl-deficiency increases
number of axons. () ON area remains preserved. (f) Representative images of SMI32" axonal spheroids
(arrows) in longitudinal ON sections of 18-month-old Spg11*™*, Spg11” and Spgl11”Ragl’ mice (left)
and corresponding quantification (right). Scale bar: 10 um. Ragl-deficiency reduces the formation of
SMI32* axonal spheroids, typically occurring in Spg11” mice. (g) Quantification of SMI32* axonal
spheroids in coronal sections of CC, (h) CO and (i) CB of 18-month-old Spgl1**, Spgll” and
Spgl17Ragl”™ mice. Ragl-deficiency prevents the increased number of SMI32* axonal spheroids,
typically present in Spg11™” mice. (j) Ragl-deficiency does not dampen brain weight decline, typically
occurring in Spgl1” mice. Error bars represent standard deviations (circles, squares = mean value of
one mouse). Significance of Spg117Ragl” mice compared to Spg11** and Spg11”’- mice are determined
by one-way ANOVA and Tukey’s post hoc test (*p <0.05, **p < 0.01, ***p < 0.001). Corresponding
data from Spg11** and Spg11’ mice, as shown in figure 7, are presented here again.

Surprisingly, even though Ragl-deficiency restored the densities of RBPMS™ RGCs, retinal
thinning, typically detected in Spgll” mice, was not ameliorated (Figure 19a, b). Of note,

visual acuity remained unaffected by Ragl-deficiency (data not shown).
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Figure 19: Ragl-deficiency restores the densities of RBPMS* RGCs while retinal thinning
remains unaffected.

(a) Representative images of Brn3a/RBPMS* RGCs in whole-mount retinae of 18-month-old Spg11*/~,
Spgl1”and Spgl1”Ragl™ mice (left) and corresponding quantification (right). Scale bar: 50 pm. Rag1-
deficiency restores the densities of RBPMS* RGC. Most RBPMS™ cells are Brn3a*. (b) Longitudinal
analysis of the thickness of the innermost retinal composite layer (NFL/GCL/IPL) of Spg11*/*, Spg11”
and Spg117Ragl’ mice by OCT. Ragl-deficiency does not reduce retinal thinning of Spgl11” mice.
Error bars represent standard deviations (circles, squares = mean value of one mouse). Significance of
Spgl1”Ragl™ mice compared to Spgl1*™* and Spgl1l” mice is determined by one-way ANOVA and
Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Corresponding data from Spg11*"* and
Spg11” mice, as shown in figure 8, are presented here again.

Regarding the innate immune system, even though Ragl-deficiency did not reduce the overall
number of microglia, we could see a clear reduction of microglial activation in the ON, CC and
CB of 18-month-old Spg11”Ragl” mice compared to Spgl1” mice (Figure 20a — h). Of note,
the number of Sn*™ microglia was generally low in CO compared to the other investigated

compartments (Figure 20f).

a CD11b+ microglia b Sn+/CD11b+ microglia (o CD11b+ microglia d Sn+/CD11b+ microglia

5
. 5 . £ 5 £ +/+
Optic g K iz Corpus o = — L " P ° Spgtt

3% o0 59 e i 2 o0 e ° 5% —— - 2
nerve i .. i callosum §: | | o B G . o P
i3 oS i ﬁ-r‘ 2i £ I i Spg11” Rag1
2 8. Bl A ﬁ ;
18 mor

t8months  18months 18 months 18 months.

[
8

e CD11b+ microglia f Sn+/CD11b+ microglia g CD11b+ microglia h Sn+/CD11b+ microglia

&
—

600 2 - 3 %

52 i: —

<3 400 8 $3 400 aTs

il Tl . e 1N 3

3 .o 87 2 & 20 5

: - 8 e

18 months 18 months 18 montns 18 months

microgliaimm®
- 80)

Cortex

(IR R

Figure 20: Ragl-deficiency leads to reduced expression of the microglial activation
marker Sn in the CNS of Spg11”- mice.

(a, ¢, e, g) Quantification of CD11b" cells in distinct CNS compartments of 18-month-old Spg11*/*,
Spgl1” and Spgl1”Ragl’ mice. Ragl-deficiency does not reduce the number of CD11b* cells in
(a) longitudinal ON sections, or coronal sections of (¢) CC, (e) CO, or (g) CB. (b, d, f, h) Ragl-
deficiency reduces the percentage of CD11b" cells showing the microglial activation marker Sn in
(b) ON, (d) CC and (h) CB, but not in (f) CO where Sn* microglial cells are generally rare. Error bars
represent the standard deviations (circles, squares = mean value of one mouse). Significance of
Spgl17Ragl”™ mice compared to Spgl1*™* and Spgll” mice is determined by one-way ANOVA and
Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Corresponding data from Spg11** and
Spgl1” mice, as shown in figure 6, are presented here again.

While lymphocytes were absent in Spg11**Ragl” mice (data not shown), Ragl-deficiency did

not alter the number of SM132" axonal spheroids or the number or activation status of microglial
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cells in the ON (Figure 21a — c). The number of RBPMS"™ RGCs in the retina of 18-month-old
Spg11*"* mice remained unchanged by Ragl-deficiency (Figure 21d).
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Figure 21: Ragl-deficiency does not affect histopathology of Spg11** mice.

(a - ¢) Quantification of SM132" axonal spheroids, CD11b* microglia, and microglial activation status
in longitudinal ON sections of 18-month-old Spg11*™* and Spg11**Ragl” mice. (a) Ragl-deficiency
does not alter the number of SM132" axonal spheroids, (b) CD11b* microglia or (c) microglial activation
status. (d) Quantification of RBPMS* RGCs in whole-mount retinae of 18-month-old Spg11** and
Spgl1**Ragl” mice. Ragl-deficiency does not alter the number RBPMS* RGCs. Most RBPMS* RGCs
are Brn3a’. Error bars represent the standard deviations (circles, squares = mean value of one mouse).
Significance of Spg11**Rag1’ mice compared to Spg11*'* is determined by Two-tailed Student’s t-test.
Corresponding data from Spg11** mice, as shown in figure 6, 7 and 8, are presented here again.

The previously presented data strengthened our hypothesis that secondary inflammation does
play a role in the development of axonopathic features and neuronal loss in our mouse model
for SPG11 and led us to the question whether lack of lymphocytes could also lead to an

improved functional phenotype, typically disturbed in Spg11” mice.

5.6 Genetic inactivation of the adaptive immune system ameliorates gait coordination
of Spgl11” mice

As an important clinical read-out, we wanted to investigate whether the amelioration of the

histopathological abnormalities in the CNS of Spgll” mice by Ragl-deficiency led to

functional improvement. Therefore, we investigated the walking pattern of Spg117-Ragl” mice

at 6 and 18 months of age (Figure 22).

Indeed, Ragl-deficiency led to a substantial improvement of the altered walking pattern,
typically detected in Spgll” mice and rescued the abnormalities in gait coordination
(Figure 22a — g). While the paw angle movement vector variation and the regularity index of
Spgl1’ mice was restored to wt levels at 18 months (Figure 22c, g), the paw angle body axis
variation, the step cycle variation and the print position was corrected at 6 and 18 months
(Figure 22d — f). However, parameters reflecting strength remained unaffected by Ragl-

deficiency (Figure 22h —j).
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Figure 22: Ragl-deficiency improves gait coordination of Spg11”’- mice.

(a) Representative images of body contour, footprints and (b) print positions of 18-month-old Spg11**,
Spgl1” and Spgl17Ragl’ mice while crossing the CatWalk device (ITS: intermediate toe spread; TS:
toe spread; PL: print length; RF: right front paw; LF: left front paw; RH: right hind paw; LH: left hind
paw). Red line (top) indicates the body axis, red line segment (bottom) indicates print position. (c) In
Spgl1” mice, Ragl-deficiency ameliorates the paw angle movement vector variation at 18 months,

(d) the paw angle body axis variation at 6 months and (e) the step cycle variation at 6 and 18 months.

(f) In Spgll” mice, Ragl-deficiency corrects the print position at 6 and 18 months, while (g) the
regularity index, is corrected at 18 months. (h) In Spg11” mice, Ragl-deficiency does not affect the
maximal contact area, (i) the print area, or (j) the print width of the hind paws. Error bars represent the
standard deviations (circles, squares = mean value of three consecutive runs of one mouse). Significance
of Spg11”"Ragl” mice compared to Spg11*™* and Spg11™ mice is determined by one-way ANOVA and
Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Corresponding data from Spg11** and
Spgl1” mice, as shown in figure 9, are presented here again.

Even though Rag1-deficiency corrected the stride length and number of steps of Spg11”- mice
at 6 months, there was no rescuing effect at 18 months (Figure 23a, b). The number of steps
needed to cross the walkway was unexpectantly increased in 18-month-old Spg11”Ragl”’ mice

compared to both, wt and Spg11” mice (Figure 23b).
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Figure 23: Ragl-deficiency fails to improve selected gait abnormalities of 18-month-old
Spg11” mice.

(a) Ragl-deficiency restores the stride length of Spgl1” mice to wt levels at 6 but not 18 months.
(b) Rag1-deficiency restores the number of steps needed to cross the walkway of Spgl11” mice to wt
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levels at 6 months, while this parameter is unexpectedly increased at 18 months. Error bars represent
the standard deviations (circles, squares = mean value of three consecutive runs of one mouse).
Significance of Spg117Ragl’” mice compared to Spgl1** and Spgl1’ mice is determined by one-way
ANOVA and Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Corresponding data from
Spg11** and Spgl11” mice, as shown in figure 10, are presented here again.

Of note, while Rag1-deficiency did not change most gait parameters of 18-month-old Spg11*/*
mice (Figure 24a — h), it led to a small but significant increase in the number of steps needed to
cross the walkway, which was accompanied by a tendency towards a lower stride length (Figure
24i, j), resembling the unexpected finding in Spg11”Ragl” mice.
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Figure 24: Ragl-deficiency increases the number of steps needed to cross the walkway of
Spg11** mice.

(a) Ragl-deficiency does not alter the paw angle movement vector variation, (b) the paw angle body
axis variation, (c) the step cycle variation, (d) the print position, (e) the regularity index, or (f) the
maximal contact area, (g) the print area, and (h) the print width of the hind paws of Spg11*"* mice.
(i) Rag1-deficiency leads to a tendency towards a lower stride length of Spg11** mice, (j) which in turn
leads to a significant increase in the number of steps needed to cross the walkway. Error bars represent
the standard deviations (circles, squares = mean value of three consecutive runs of one mouse).
Significance of Spgl1**Rag’” mice compared to Spgl1** mice is determined by Two-tailed Student’s
t-test. Corresponding data from Spg11** mice, as shown in figure 9 and 10, are presented here again.

Interestingly, while Rag1-deficiency dampened body weight loss of male Spgl1” mice from
12 months onwards, leading to a significantly increased body weight at 18 months, it did not

affect the body weight of female Spg11” mice (Figure 25a, b).
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Figure 25: Rag1-deficiency dampens body weight loss of male but not female Spg11”- mice.
(a) Body weight of male Spg11**, Spg11” and Spgl1”Ragl’ mice starting from 3 months. Rag1l-
deficiency dampens body weight loss of male Spg11” mice from 12 months onwards. (b) Body weight
of female Spg11**, Spgl11” and Spgl1”Ragl” mice starting from 3 months. Ragl-deficiency does
influence body weight of female Spgll”™ mice. Error bars represent standard deviations
(circles, squares = mean value of one age point). Significance of Spg11”‘Ragl’ compared to Spg11*"*
and Spg11” mice is determined by two-way ANOVA with multiple comparisons. Stars (*) indicate the
significance of Spg11” mice compared to Spg11** mice (*p < 0.05, **p < 0.01, ***p < 0.001). Hashtags
(#) indicate the significance of Spg11”-Rag1’- mice compared to Spg11** mice (#p < 0.05, ##p < 0.01,
###p < 0.001). Circles (°) indicate the significance of Spg11”Ragl” mice compared to Spgl1l’” mice
(°p < 0.05). Corresponding data from Spg11*"* and Spg11” mice, as shown in figure 11, are presented
here again.

Of note, Rag1-deficiency did not alter the body weight of male or female Spg11** mice (data

not shown).

In summary, Ragl1-deficiency ameliorated gait coordination of Spg11”- mice and dampened the
body weight loss of male mutant mice, while features related to strength and stride length or

body weight of female mice were not improved.

5.7 Genetic inactivation of the adaptive immune system ameliorates social behavior of
Spgl1”- mice
We next investigated whether Ragl-deficiency could ameliorate the behavioral abnormalities

of Spg11”- mice, by using the previously described behavioral test battery (Figure 1).

As we have detected substantial abnormalities in social behavior of Spgll” mice, we
investigated the influence of Ragl-deficiency on these alterations. We found that Ragl-
deficiency restored the social interest and novelty preference of male Spg11”- mice to wt levels
at 18 months (Figure 26a — c). Interestingly, even though the social novelty preference was
restored, the time spent with unfamiliar animals during the social novelty trial (trial 2) remained
reduced (Figure 26d). To exclude the possibility that Ragl-deficiency alone changed behavioral
aspects, Spgl1**Ragl” mice were investigated. Ragl-deficiency did not affect the social

interest or novelty behavior of male Spg11** mice (Figure 26a — d).
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Figure 26: Ragl-deficiency ameliorates social behavior of male Spg11- mice.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old male Spgl1**(top row), Spgl1**Ragl’(2nd row), Spgl1”(3rd row), and Spgll’Ragl” mice
(bottom row). Light square indicates the center zone of the arena, green area indicates the border zone.
Red line represents the walking track. Mouse 1 indicates in which cage the first unfamiliar mouse is
placed, mouse 2 in which second unfamiliar mouse is placed. (b) Social interest and novelty preference
in 6-, 12- and 18-month-old and (c) 18-month-old (enlarged) male mice. Ragl-deficiency restores social
interest and novelty preference of 18-month-old male Spg11” mice. Chance indicates equal time spent
with the empty cage/animals (50%). (d) Ragl-deficiency does not alter the time spent with animal of
male Spg11” mice. Ragl-deficiency does not alter the social behavior of male Spg11**mice. Error bars
represent standard deviations (circles, squares = value of one mouse). Significance of Spgl1**Ragl”
compared to Spgl1**and Spgl1l” mice, and significance of Spgl1”Ragl’ compared to Spgll**and
Spgl1” mice is determined by one-way ANOVA and Tukey’s post hoc test (*p <0.05, **p<0.01,

***p < 0.001). Corresponding data from Spg11**and Spg11” mice, as shown in figure 12, are presented
here again.
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Ragl-deficiency did not only restore the social interest and novelty preference of female
Spg11” mice to wt levels (Figure 27a — c), but it also increased the time 18-month-old female
mutant mice spent with the unfamiliar animals in the social interest (trial 1) and novelty trial
(trial 2) (Figure 27d), hence, restoring the social behavior of female Spg11” mice to wt levels.
Of note, Rag1-deficiency did not alter the social interest or novelty behavior of female Spg11**
mice (Figure 27a —d).
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Figure 27: Ragl-deficiency ameliorates social behavior of female Spg11” mice.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old female Spgl11** (top row), Spgl1**Ragl” (2™ row), Spgl1”(3"™ row), and Spgll’Ragl” mice
(bottom row). Light square indicates the center zone of the arena, green area indicates the border zone.
Red line represents the walking track. Mouse 1 indicates in which cage the first unfamiliar mouse is
placed, mouse 2 in which the second unfamiliar mouse is placed. (b) Social interest and novelty
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preference in 6-, 12- and 18-month-old and (c) 18-month-old (enlarged) female mice. Rag1-deficiency
restores social interest and novelty preference in 18-month-old female Spg11” mice. Chance indicates
equal time spent with the empty cage/animals (50%). (d) Ragl-deficiency increases the time female
Spg11™ mice spend with the unfamiliar animals in the social interest (trial 1) and novelty trial (trial 2).
Of note, Rag1-deficiency does not alter the social behavior of female Spg11** mice. Error bars represent
standard deviations (circles, squares = value of one mouse). Significance of Spg11**Ragl” compared
to Spgl1*"* and Spgll” mice, and significance of Spgll”Ragl’ compared to Spgll*™* and Spgll”
mice is determined by one-way ANOVA and Tukey’s post hoc test (*p<0.05 **p<0.01,
***p < 0.001). Corresponding data from Spg11*"* and Spg11” mice, as shown in figure 13, are presented
here again.

Next, we investigated if Ragl-deficiency had an impact on non-spatial, short-term memory
formation and recognition using the NOR analysis (Figure 28). Ragl-deficiency did not alter
memory formation and recognition in male or female Spg11™ or Spg11** mice, as they showed

the expected object preferences in the training (trial 1) and test trial (trial 2) (Figure 28a, b).
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Figure 28: Ragl-deficiency does not alter object preference of Spgl1”- mice in NOR.

(a) Ragl-deficiency does not alter the object preference in NOR of male or (b) female Spgl1” or
Spg11** mice. Chance indicates equal time spent with both objects (50%). Error bars represent standard
deviations (circles, squares = value of one mouse). Significance of Spgl1**Ragl’ compared to
Spgl11*"* and Spgl11” mice, and significance of Spg117Ragl” compared to Spgl1*™* and Spgll’ mice
is determined by one-way ANOVA and Tukey’s post hoc test. Corresponding data from Spgl1*"* and
Spgl1” mice, as shown in figure 14, are presented here again.

The OF analysis revealed that Ragl-deficiency did not reduce hyperactivity-like behavior of
male or female Spg11” mice (Figure 29). Surprisingly, male, and female Spg117Ragl” mice
walked a greater distance and showed a higher movement duration than Spgl1” mice at 6
months (Figure 29a — ¢, f — h). While the walking distance and movement duration increased in
Spg11” mice between 6 and 18 months, it remained unchanged in Rag1-deficient Spg11” mice,
leading to similar values at 18 months (Figure 29a — c, f — h). Ragl-deficiency did not affect
the time spent in the center zone (Figure 29d), or the time spent rearing of male Spg11” mice
(Figure 29e). Female Spg11”Ragl™ mice spent more time in the center zone compared to their

wt littermates (Figure 29i), while the time spent rearing remained unaffected (Figure 29j). Of
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note, Ragl-deficiency did not alter the behavior of male or female Spgll** mice

(Figure 29a—)).
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Figure 29: Ragl-deficiency does not ameliorate hyperactivity-like behavior of

Spgl1” mice.

(a) Representative images of OF analysis of 18-month-old male Spg11**, Spg11**Rag1™, Spgl1”, and
Spgl17Ragl” mice. Light square indicates the center zone of the arena, green area indicates the border
zone. Red line represents the walking track. (b) Male Spg11”Ragl” mice walk a greater distance than
all other investigated groups at 6 months. Ragl-deficiency does not reduce the walking distance,
typically increase in male Spg11” mice, at 18 months. (c) Accordingly, male Spgl17-Ragl” mice have
a higher movement duration than all other investigated groups at 6 months. Ragl-deficiency does not
reduce the movement duration, typically increased in male Spgll’ mice, at 18 months. (d) Ragl-
deficiency does not alter the center time or (e) time spent rearing of male Spg11” mice. Of note, Rag1-
deficiency does not alter the behavior of male Spg11*"* mice. (f) Representative images of OF analysis
of 18-month-old female Spgl1*™*, Spgl1**Ragl”, Spgll™, and Spgll”Ragl”™ mice. Light square
indicates the center zone of the arena, green area indicates the border zone. Red line represents the
walking track. (g) Female Spg11”"Ragl’ mice walk a greater distance than all other investigated groups
at 6 months, while there is no significant difference at the other investigated ages. (h) Accordingly,
female Spgl117-Ragl™” mice have a higher movement duration than all other investigated groups at 6
months. (i) Female Spgl17Ragl” spend more time in the center zone of the arena compared to wt
littermates at 18 months. (j) Ragl-deficiency does not alter the time spent rearing of female Spgl1”
mice. Of note, Rag1-deficiency does not alter the behavior of female Spg11** mice. Error bars represent
standard deviations (circles, squares = value of one mouse). Significance of Spgl1**Ragl’” compared
to Spgl1** and Spgl1’ mice, and significance of Spgll’Ragl’” compared to Spgll** and Spgll™”
mice is determined by one-way ANOVA and Tukey’s post hoc test (*p<0.05 **p<0.01,

***p < 0.001). Corresponding data from Spg11*"* and Spg11” mice, as shown in figure 15, are presented
here again.
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Regarding the anxiety-related parameters, Ragl-deficiency did not lead to behavioral changes
of male Spg11” mice (Figure 30a — e). While Rag1-deficiency did not alter the latency to enter
the light compartment of female Spg11” mice (Figure 30g), it restored the walking distance,
and time spent in the light compartment, typically increased in 18-month-old female Spg11™"
mice, to wt levels (Figure 30f, h, i). The time spent in the center zone remained unaffected by
Ragl-deficiency (Figure 30j). Interestingly, Ragl-deficiency had distinct effects on male and
female Spg11** mice. In male Spg11*™* mice, Ragl-deficiency led to a tendency towards an
increased latency to enter the light compartment at 18 months, with multiple mice not entering
the arena (Figure 30a, b). Consequently, they showed a tendency towards less walking distance
and less time spent in the light compartment than their wt littermates, while the center time
remained unaffected (Figure 30c — e). Female Ragl-deficient Spgl1** mice walked less
distance, and showed a tendency towards less time spent in the light compartment compared to
their wt littermates at 6 months of age (Figure 30h, i), while the latency to enter and the center
time remained unaffected (Figure 30 g, j).

a Spg11** Spg11**Rag1”

o Spg11*“
o Spg11"+Ragf/‘
= Spg11h

o Spg11”°Rag1™

Q.l‘

Cc Distance e Center time

Time in light (s)
(Mean +/- SD)

(Mean +/- SD)

18 months

12 months

Spg11**Rag1”

—¥

Latency to enter h Distance
007 D eeese et DM Qs End of trial 6000

Center time

«Q

+1- SD)

Distance (cm)
(Mean +/- SD)

Latency to enter (s)
(Mean
Conter time (s)
(Mean +/- SD)

50
0

Figure 30: Ragl-deficiency restores anxiety-like behavior of female Spg11’ mice.

(a) Representative images of DLB analysis of 18-month-old male Spg11*'*, Spg11**Ragl”, Spgll™,
and Spgl1”Ragl” mice. Light square indicates the center zone of the arena. Red line represents the
walking track. (b — e) Ragl-deficiency does not affect anxiety-like behavior of male Spgl1” mice.
(b) Ragl-deficiency increases the latency to enter and shows a tendency towards reduced (c) walking
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distance and (d) time in light compartment of 18-month-old Spg11**mice. (e) Ragl-deficiency does not
alter the center time of male mice. (f) Representative images of DLB analysis of 18-month-old female
Spgll*™*, Spgll**Ragl”, Spgll”, and Spgll”’Ragl” mice. Light square indicates the center zone of
the arena. Red line represents the walking track. (g) Ragl-deficiency does not change the latency to
enter of female Spg11” mice. (h) Ragl-deficiency restores the walking distance and (i) time spent in
light compartment, typically increased in 18-month-old female Spgll’ mice. Ragl-deficiency
decreases these parameters in 6-month-old female Spg11** mice. (j) Ragl-deficiency does not alter the
center time of female mice. Error bars represent standard deviations (circles, squares = value of one
mouse). Significance of Spgl1**Ragl’ compared to Spgl1** and Spgll’ mice, and significance of
Spgl17Ragl’ compared to Spgl1** and Spgll” mice is determined by one-way ANOVA and Tukey’s
post hoc test (*p < 0.05, **p < 0.01). Corresponding data from Spg11*"* and Spg11’ mice, as shown in
figure 16, are presented here again.

Rag1-deficiency did not influence the walking distance of male or female Spg11’ mice in the
CAR analysis, resembling the findings of the OF analysis (Figure 31a, b, f, g). Interestingly,
Ragl-deficiency reduced the time spent leaning over the edge of the platform, typically
increased in 18-month-old male Spgl1” mice (Figure 31c), showing the same tendency in
female Spg117"Ragl” mice (Figure 31h). However, it did not ameliorate the reduced latency to
jump off the platform or the abnormal CAR of male or female Spg11” mice, at the same age
(Figure 31d, e, i, j). Interestingly, male, and female Rag1-deficienct Spg11” mice showed an
abnormal CAR already at 12 months of age, which was not present in Spgl1” mice at this
timepoint (Figure 31e, j). Surprisingly, Ragl-deficient male Spgl1** mice also showed an
abnormal CAR from 12 months of age onwards (Figure 31e). In contrast, Ragl-deficiency did

not alter the impulsivity-like behavior of female Spg11** mice (Figure 31f — ).
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Figure 31: Ragl-deficiency reduces the time spent leaning over the edge of the platform

of Spgll’ mice.

(a) Representative images of CAR analysis of 18-month-old male Spg11**, Spg11**Ragl™, Spgll™,
and Spg117Ragl” mice. Red line represents the walking track (C= center zone, white; B= border zone,
grey; F = floor zone, black). (b) Ragl-deficiency does not affect the walking distance of male Spgl11”
mice. (c) Ragl-deficiency reduces the time spent leaning over the edge of the platform of 18-month-old
male Spg11” mice. Of note, Ragl-deficiency does not alter these parameters in male Spgl1*"* mice.

(d) Ragl-deficiency does not alter the latency to jump of male Spgl1” mice, while it is reduced in
Spgl1**Ragl’ mice compared to wt mice at 12 and 18 months. (e) Rag1-deficient Spgl11’ mice display
an abnormal CAR compared to mutant mice at 12 months, while there is no difference at 18 months.
Spgl1**Ragl” mice display an abnormal CAR compared to wt mice at 12 and 18 months.

(f) Representative images of CAR analysis of 18-month-old female Spg11***, Spg11**Ragl”, Spgll™”,
and Spg11” Ragl™ mice. Red line represents the walking track. (g) Ragl-deficiency does not alter the
walking distance of female Spg11” mice. (h) Rag1-deficiency leads to a tendency towards reduced time
spent leaning over edge of the platform of female Spg11” mice. (i) Ragl-deficiency does not alter the
latency to jump of female Spg11” mice. (j) Ragl-deficiency leads to an abnormal CAR in 12-month-
old Spg11” mice, while there is no difference at 18 months. Ragl-deficiency does not affect female
Spgl1*"* mice. Error bars represent standard deviations (circles, squares = value of one mouse).
Significance of Spg11**Ragl’ compared to Spgl1** and Spgll” mice, and significance of Spgl1”
Ragl” compared to Spg11** and Spgl1” mice is determined by one-way ANOVA and Tukey’s post
hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Corresponding data from Spg11** and Spgl1” mice, as
shown in figure 17, are presented here again.

The previously presented data indicate that Rag1-deficiency ameliorated the social behavior of
male and female Spgl11” mice, showing even more pronounced effects for the latter group.
Furthermore, Ragl-deficiency corrected the abnormal anxiety-like behavior, typically present

in female Spg11”- mice. Ragl-deficiency did not reduce hyperactivity-like behavior of male or
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female Spg11” mice. Interestingly, while Ragl-deficiency could ameliorate some aspects of
impulsivity-like behavior others remained unaffected. Of note, while Spg11*"* mice remained
mostly unaffected by Rag1-deficiency, Spgl1**Ragl” showed increase anxiety-like behavior.
Taken together, these findings indicate that secondary inflammation does not only contribute

to neuropathological and gait alterations but also, in part, to behavioral abnormalities.

5.8 Early treatment with clinically approved immunomodulators reduces
neuroinflammation in white and grey matter compartments of the CNS, ameliorates
neural damage and reduces walking pattern abnormalities of Spg11” mice

As shown above, the absence of an adaptive immune response led to a substantial amelioration

of histopathological and clinical features, typically present in Spgll” mice. Therefore, we

investigated whether we could ex ploit this finding to develop a possible treatment approach,
by pharmacologically targeting lymphocytes as a likely clinically relevant translation of the
genetic inactivation. We made use of already available and FDA-approved immunomodulators

fingolimod (FTY720) and teriflunomide, both in use for treatment of MS (Bar-Or et al., 2014;

Melzer & Meuth, 2014). As a pharmacological proof-of-principle, we used an early treatment

approach starting at 3 months of age (Figure 32).

Early treatment

Fingolimod (FTY720)

start dissection
Teriflunomide _l

| 1 |
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Figure 32: Treatment regime for early treatment of Spgll” mice with fingolimod or
teriflunomide.

Schematic representation of the treatment regimens comprising early and late treatment using
fingolimod (FTY720) or teriflunomide as medications in the drinking water. “Early treatment” starts at
3 months of age and lasted for 450 days. Non-invasive read-outs during the treatment are indicated by
arrows, allowing longitudinal studies.

Immunohistochemistry
Electron microscopy

We first investigated whether treatment with the aforementioned immunomodulators led to a
reduction in the number of T-lymphocytes (Figure 33). Indeed, treatment of Spg11” mice with
either immunomodulator led to a significant reduction in the number of CD8" T-lymphocytes
in the ON (Figure 33a), CC (Figure 33c), CO (Figure 33e), and CB (Figure 33g) at 18 months.
The anyhow low number of CD4* T-lymphocytes showed only a non-significant, mild trend

towards reduction by either treatment approach (Figure 33b, d, f, h).
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Figure 33: Early treatment with fingolimod or teriflunomide reduces the number of CD8*
T-lymphocytes in white and grey matter compartments of Spg11”- mice.

(a, c, e, g) Representative images of CD8" T-lymphocytes (arrows) in distinct CNS compartments of 18-
month-old Spgl1**, Spgll”, and Spgll’ mice after treatment with fingolimod (FTY720) or
teriflunomide (left) and corresponding quantification (right). Nuclei are labeled with DAPI (blue). Scale
bar: 10 um. (a) CD8" T-lymphocytes in longitudinal sections of ON, and in coronal sections of (c) CC,
(e) CO and (g) CB. Note that in all compartments treatment with either immunomodulator reduces the
increased number of CD8" T-lymphocytes, typically present in Spg11” mice. (b, d, f, h) Quantification
of CD4" T-lymphocytes in distinct CNS compartments of 18-month-old Spg11*'*, Spg11™, and treated
Spgl1” mice. (b) Note that treatment with either immunomodulator fails to significantly reduce the
number of CD4" T-lymphocytes in ON, (d) CC, (f) CO, or (h) CB. Error bars represent the standard
deviations (circles, squares, triangles = mean value of one mouse). Significance of treated Spg11” mice
compared to Spg11** and Spgl1” mice is determined by one-way ANOVA and Tukey’s post hoc test
(*p < 0.05, **p < 0.01). Corresponding data from Spg11** and Spg11” mice, as shown in figure 3, are
presented here again.
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In the SC of Spgll” mice, neither the relatively small number of CD8* nor CD4" T-
lymphocytes responded to the early treatment approach (Figure 34a, b).
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Figure 34: Early treatment with fingolimod or teriflunomide does not reduce the number
of CD8* T-lymphocytes in SC of Spgl11” mice.

(a) Quantification of CD8" T-lymphocytes in coronal sections of SC of 18-month-old Spgl1*/*,
Spgl1” and Spgll” mice after treatment with fingolimod (FTY720) or teriflunomide. In SC of
Spgl1” mice, treatment does not reduce the only mildly increased number of CD8* T-lymphocytes,
typically present in Spgl1” mice. (b) Quantification of CD4" T-lymphocytes in SC of 18-month-old
Spgl1**, Spgl1’ and treated Spgl1” mice. In SC of Spg11’ mice, treatment does not affect the number
of CD4" T-lymphocytes. Error bars represent the standard deviations (circles, squares, triangles = mean
value of one mouse). Significance of treated Spgl1” mice compared to Spgl1** and Spgll” mice is
determined by one-way ANOVA and Tukey’s post hoc test (**p < 0.01). Corresponding data from
Spg11** and Spg11’ mice, as shown in figure 4, are presented here again.
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Of note, the impact of early treatment with fingolimod or teriflunomide on microglia was
generally low (Figure 35a — j). The early treatment failed to reduce the mildly upregulated
number of CD11b"™ microglia in ON, CC, CO, CB and white and grey matter of SC of
18-month-old Spgl1” mice (Figure 35a, c, €, g, i). As opposed to Ragl-deficiency, early
treatment did not lead to a reduction of microglial activation in these compartments at 18
months (Figure 35b, d, h, j). Of note, in CO, activated microglial cells were always rare (Figure
35f).
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Figure 35: Early treatment with flngollmod or terlflunomlde does not reduce microgliosis
in the CNS of Spg11” mice.

(a, c, &, g, i) Quantification of the number of CD11b" cells, in longitudinal sections of (a) ON and in
coronal sections of (c) CC, (e) CO, (g) CB and (i) SC of 18-month-old Spg11**, Spg11” and Spgl1”
mice treated with fingolimod (FTY720) or teriflunomide. Treatment fails to reduce the increase in the
number of CD11b* cells, typically occurring in Spg11” mice. (b, d, f, h, j) Percentage of CD11b" cells
showing the microglial activation marker Sn in (b) ON, (d) CC, (f) CO, (h) CB and (j) SC of 18-month-
old Spg11*™*, Spgl1’ and treated Spgl1” mice. In ON, CC, CB, and SC, treatment fails to reduce the
increase of Sn* cells, typically occurring in Spgl1” mice. In CO of Spgl1*™*, Spgll” and treated
Spgl1”mice, Sn* cells are rare. Error bars represent the standard deviations (circles, squares, triangles
= mean value of one mouse). Significance of treated Spg11’ mice compared to Spg11** and Spgl1™”
mice is determined by one-way ANOVA and Tukey’s post hoc test (*p < 0.05). Corresponding data
from Spg11**and Spgl1” mice, as shown in figure 6, are presented here again.

As we have seen that treatment with fingolimod or teriflunomide led to a substantial reduction
in the number of CD8" T-lymphocytes, we wanted to investigate whether it could also
ameliorate neural and axonal perturbation. Therefore, we investigated the different CNS
compartments for histopathological alterations. Early treatment of Spg11” mice resulted in a
reduction of axonopathic features in ON, as investigated by ultrastructural EM analysis (Figure
364, b). Correspondingly, we detected a substantial reduction of axonal loss and ON atrophy,
while redundant myelin was increased at 18 months of age (Figure 36¢ — €). The number of
SMI32* axonal spheroids in ON, CC, CO, and CB was significantly reduced, corroborating the

beneficial effect of the early treatment seen by EM (Figure 36f — i). Conversely, treatment with
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fingolimod or teriflunomide did not dampen the brain weight decline of Spgll” mice,
reminiscent of the finding in Rag1-deficient Spg11”- mice (Figure 36j).
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Figure 36: Early treatment with fingolimod or teriflunomide reduces neural damage in
the CNS of Spg11’ mice.

(a) Representative electron micrographs of ON cross sections of 18-month-old Spg11*"*, Spg11”, and
Spgll” mice after treatment with fingolimod (FTY720) or teriflunomide and (b — €) EM-based
guantification of pathological alterations. Asterisks indicate axonopathic features, hashtags axons with
redundant myelin, open arrowheads myelin fragments. Scale bar: 2 um. (b) Treatment reduces
axonopathic features, typically occurring in Spg11” mice. (c) Redundant myelin becomes more frequent
in Spgl1” mice after treatment. (d) The number of axons and (e) ON area, typically reduced in
Spgl1” mice, are preserved after treatment. (f) Representative images of SMI32* axonal spheroids
(arrows) in longitudinal ON sections of 18-month-old Spg11*/*, Spg11”, and treated Spg11” mice (left)
and corresponding quantification (right). Scale bar: 10 um. Treatment reduces the increase in the number
of SMI32* axonal spheroids, typically occurring in Spg11” mice. (g) Quantification of SMI32* axonal
spheroids in coronal sections of CC, (h) CO and (i) CB of Spg11*"*, Spg11™”, and treated Spg11” mice.
In all compartments, treatment reduces the increase in the number of SMI132" axonal spheroids, typically
occurring in Spg11” mice. (j) Treatment does not dampen brain weight decline, typically occurring in
Spgl1” mice. Error bars represent the standard deviations (circles, squares, triangles = mean value of
one mouse). Significance of treated mutant mice compared to Spg11** and Spg11” mice is determined
by one-way ANOVA and Tukey’s post hoc test (*p <0.05, **p < 0.01, ***p < 0.001). Corresponding
data from Spg11** and Spg11’ mice, as shown in figure 7, are presented here again.

The mild loss of RGCs, typically occurring in Spgll” mice, was prevented by the early
treatment with fingolimod or teriflunomide (Figure 37a). Interestingly, thinning of the inner
retinal layers, as investigated by OCT, was not ameliorated in Spgl1” mice, another parallel

finding to the Rag1-deficient Spg11” mice (Figure 37b).
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Flgure 37 Early treatment with fingolimod or teriflunomide restores the densmes of
RBPMS* RGCs of Spgl11” mice, while retinal thinning remains unaffected.
(a) Representative images of Brn3a/RBPMS* RGCs in whole-mount retinae of 18-month-old Spg11*/~,
Spgl1”, and Spgl1l” mice treated with fingolimod (FTY720) or teriflunomide (left) and corresponding
quantification (right). Scale bar: 50 pm. Treatment restores densities of RBPMS" RGC. Most RBPMS”*
cells are Brn3a®. (b) Longitudinal analysis of the thickness of the innermost retinal composite layer
(NFL/GCL/IPL) of Spgl1*"*, Spgll”, and treated Spgll” mice by OCT. Treatment does not reduce
retinal thinning, typically occurring in Spg11” mice. Error bars represent the standard deviations
(circles, squares, triangles = mean value of one mouse). Significance of treated mutant mice compared
to Spg11** and Spgl1” mice is determined by one-way ANOVA and Tukey’s post hoc test (*p <0.05,
**p < 0.01, ***p < 0.001). Corresponding data from Spg11** and Spgl11” mice, as shown in figure 8,
are presented here again.

Of note, early treatment of C57BL6/J (B6J) mice with fingolimod or teriflunomide reduced the
number of CD8" and CD4* T-lymphocytes in ON at 18 months (Figure 38a, b). The number
and activation status of microglia remained unaffected by the treatment (Figure 38c, d).
Interestingly, the number of SM132* axonal spheroids in ON of 18-month-old B6J mice treated
with either immunomodulator was also reduced (Figure 38e). Early treatment of B6J mice had
no effect on the number of RBPMS* RGCs (Figure 38f) or on the brain weight (Figure 38g).
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Figure 38: Early treatment with fingolimod or teriflunomide reduces the number of T-
lymphocytes and SMI132* axonal spheroids in ON of B6J mice.

(@) Representative images of CD8" T-lymphocytes (red, arrows) in longitudinal ON sections of 18-
month-old B6J mice and B6J mice treated with fingolimod (FTY720) or teriflunomide (left) and
corresponding quantification (right). Nuclei are labeled with DAPI (blue). Scale bar: 10 pm. Treatment
reduces the number of CD8" T-lymphocytes in ON of B6J mice. (b) Quantification of CD4" T-
lymphocytes in ON of 18-month-old B6J and treated B6J mice. Treatment reduces the number of CD4"
T-lymphocytes. (c) Representative images of CD11b* microglia (red, arrows) in ON of 18-month-old
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B6J and treated B6J mice (left) and corresponding quantification (right). Nuclei are labeled with DAPI
(blue). Scale bar: 10 um. Treatment does not affect the number of CD11b* microglia in B6J mice.

(d) Percentage of CD11b" cells showing the microglial activation marker Sn in ON of 18-month-old

B6J and treated B6J mice. In ON of B6J mice, treatment does not alter the amount of Sn* cells.

(e) Quantification of SMI32" axonal spheroids in ON of 18-month-old B6J and treated B6J mice.
Treatment reduces the number of SM132" axonal spheroids. (f) Quantification of RBPMS*™ RGCs in
whole-mount retinae of 18-month-old B6J and treated B6J mice. Treatment does not alter the number
of RBPMS® RGCs. (g) Brain weight of 18-month-old B6J and treated B6J mice. Treatment does not
alter the brain weight. Error bars represent the standard deviations (circles = mean value of one mouse).
Significance of treated B6J mice compared to B6J mice is determined by one-way ANOVA and Tukey’s
post hoc test (**p < 0.01, ***p < 0.001).

We also investigated the effect of early treatment with immunomodulators on the walking
pattern of 6- and 18-month-old Spg11” mice (Figure 39a — j). Similar to our genetic approach,
we detected partial amelioration of gait coordination, but not strength, in 18-month-old treated
Spgl1” mice (Figure 39a — j). The paw angle movement vector variation showed a trend
towards amelioration after treatment with either immunomodulator while the step cycle
variation was significantly improved by the treatment with fingolimod (Figure 39c, e).
Treatment with both drugs led to a trend towards a reduced print position at 6 and 18 months,
while the regularity index was significantly improved at 18 months (Figure 39f, g). As
mentioned above, and reminiscent of our findings in Ragl-deficient Spgl1” mice, features
representing strength remained unaffected by the treatment with either immunomodulator
(Figure 39h —j).
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Figure 39: Early treatment with fingolimod or teriflunomide improves gait coordination
of Spgl11” mice.

(a) Representative images of a body contour, footprints and (b) print positions of 18-month-old
Spgl1**, Spg11”, and Spgll” mice after treatment with fingolimod (FT'Y720) or teriflunomide while
crossing the CatWalk device (ITS: intermediate toe spread; TS: toe spread; PL: print length; RF: right
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front paw; LF: left front paw; RH: right hind paw; LH: left hind paw). Red line (top) indicates the body
axis, red line segment (bottom) indicates print position. (c) Treated Spgll”™ mice show a tendency
towards a reduced paw angle movement vector variation at 18 months while (d) the paw angle body
axis variation is not affected. (e) In Spgl1” mice, treatment ameliorates the step cycle variation at 18
months. (f) In Spg11” mice, treatment shows a tendency towards an ameliorated print position at 6 and
18 months, while (g) the regularity index is ameliorated at 18 months. (h) In Spgl1” mice, treatment
does not affect the maximal contact area, (i) the print area, or (j) the print width of the hind paws. Error
bars represent the standard deviations (circles, squares, triangles = mean value of three consecutive runs
of one mouse). Significance of treated mutant mice compared to Spgll** and Spgll” mice is
determined by one-way ANOVA and Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).
Corresponding data from Spg11** and Spg11™ mice, as shown in figure 9, are presented here again.

Neither treatment with fingolimod nor treatment with teriflunomide had effects on the stride
length and number of steps Spg11” mice needed to cross the walkway (Figure 40a, b).
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Figure 40: Early treatment with fingolimod or teriflunomide fails to improve selected gait
abnormalities of Spg11’ mice.

(a) In Spg11’ mice, early treatment does not affect the stride length or (b) number of steps. Error bars
represent the standard deviations (circles, squares, triangles = mean value of three consecutive runs of
one mouse). Significance of treated mutant mice compared to Spg11*"* and Spgl11” mice is determined
by one-way ANOVA and Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Corresponding
data from Spg11** and Spg11” mice, as shown in figure 10, are presented here again.
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Of note, we could not detect any effect of treatment with fingolimod or teriflunomide on the

walking pattern of B6J mice (Figure 41a—I).
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Figure 41: Early treatment with fingolimod or teriflunomide does not affect walking
pattern of B6J mice.

(a) Representative images of a body contour, footprints and (b) print positions of 18-month-old B6J and
B6J mice after treatment with fingolimod (FTY720) or teriflunomide while crossing the CatWalk device
(ITS: intermediate toe spread; TS: toe spread; PL: print length; RF: right front paw; LF: left front paw;
RH: right hind paw; LH: left hind paw). Red line (top) indicates the body axis, red line segment (bottom)
indicates print position. (c) Treatment of B6J mice does not affect the paw angle movement vector, (d)
the paw angle body axis, or () the step cycle variation. (f) Treatment of B6J mice does not affect the
print position, (g) the regularity index, or the (h) the maximal contact, (i) the print area, or (j) the print
width of the hind paws. (k) Treatment of B6J mice does not affect the stride length, or (I) number of
steps. Error bars represent the standard deviations (circles = mean value of three consecutive runs of one
mouse). Significance of treated B6J mice compared to B6J mice is determined by one-way ANOVA and
Tukey’s post hoc test.

As opposed to Ragl-deficiency, treatment could not dampen the body weight loss of male or
female Spgll” mice (Figure 42a, b). Of note, in male Spgll’ mice treatment with
teriflunomide led to body weight loss compared to wt mice from 6 months onwards, while

treatment with fingolimod led to body weight loss from 9 months onwards (Figure 42a).

66



Results

o] Q

a Bodyweight A b Bodyweight -
45 45 *ix
40 ##m;“g*
40 it +/+
35 T 2 oEF Ll o Spg11*
~35 =B *kith &0 7
5330 Ba, 90809 = Spgt1
¥ S5 ey Vv  Spg11” +FTY720
3 525 s §2° A Spg11” + Teri
= ézu 2 =20 P9
1 1
";-!- T T ;) T T T T T 1 c‘!’ T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Months Months

Figure 42: Early treatment with fingolimod or teriflunomide does not ameliorate body
weight loss of Spg11”- mice.

(a) Body weight of male Spg11*”*, Spg11” and Spgl1l’ mice treated with fingolimod (FTY720) or
teriflunomide mice starting at 3 months. Early treatment with fingolimod or teriflunomide does not
dampen body weight loss of male Spg11” mice. Treatment of male Spgl1” mice with teriflunomide
leads to body weight loss compared to wt mice starting at 6 months, while treatment with fingolimod
leads to body weight loss starting at 9 months. (b) Weight of female Spgl1**, Spgl1” and treated
Spg11”- mice starting at 3 months. Treatment does not reduce weight loss of female Spg11” mice. Error
bars represent standard deviations (circles, squares, triangles = mean value at one age point).
Significance of treated Spg11” mice compared to Spg11** and Spg11’ mice is determined by one-way
ANOVA and Tukey’s post hoc test. Stars (*) indicate the significance of Spg11” mice compared to
Spgl11** mice (*p < 0.05, *p < 0.01, ***p < 0.001). Circles (°) indicate the significance of Spg11” mice
treated with fingolimod compared to Spgl1** mice (°p < 0.05, °p < 0.01, °p < 0.001). Hashtags (#)
indicate the significance of Spgll”™ mice treated with teriflunomide compared to Spgll** mice
(#p < 0.05, ##p < 0.01, ##H#p < 0.001). Corresponding data from Spg11** and Spg11’ mice, as shown in
figure 11, are presented here again.

Of note, treatment with teriflunomide led to loss of body weight of male and female B6J mice,

while fingolimod showed the same tendency only in females (Figure 43a, b).

o] @

a Bodyweight b Bodyweight

o B6J
o B6J+FTY720
O B6J + Teri

Weight (g)
(Mean +/- SD)
FGBR88 53
Y S S Y S S
50D
o0
80
BIO
Weight (g)
(Mean +/- SD)
=N N W W s &b O
o o U o u o
Wy L T L
o
¢ Q
Q
o
O
o

o wuo
o uo

; é é 1'0 112 1I4 1I6 1I8 «; é :3 1'0 1I2 114 1l6 1I8

Months Months
Figure 43: Early treatment with fingolimod or teriflunomide reduces the body weight of
B6J mice.
(a) Body weight of male B6J mice and B6J mice treated with fingolimod (FTY720) or teriflunomide
starting at 3 months. Male B6J mice treated with teriflunomide show reduced body weight compared to
untreated B6J mice from 3 — 5 months and at 14 months of age. Early treatment with fingolimod does
not influence the body weight of male B6J mice. (b) Body weight of female B6J mice and treated B6J
mice starting at 3 months. Treatment with teriflunomide reduces the body weight of female B6J mice
from 10 months onwards, while treatment with fingolimod shows the same tendency. Error bars
represent standard deviations (circles = mean value at one age point). Significance of treated B6J mice
compared to B6J mice is determined by two-way ANOVA and multiple comparisons. Hashtags (#)
indicate the significance of B6J mice treated with teriflunomide compared to B6J mice (#p < 0.05,
##p < 0.005).
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In summary, pharmacological targeting of lymphocytes with fingolimod or teriflunomide
improved histopathological alteration and distinct walking pattern abnormalities, without
reaching the effectivity of genetic depletion of the adaptive immune system. Of note, treatment
of B6J mice reduced the number of T-lymphocytes and axonal spheroids in the ON and did not

alter the walking pattern, while it did reduced the body weight of mice.

5.9 Early treatment with clinically approved immunomodulators ameliorates social
behavior of Spgl1” mice

Since we could show that behavioral abnormalities of Spg11” mice are partially driven by the

adaptive immune system, we investigated whether immunomodulatory treatment, as a more

clinically relevant approach, could lead to similar beneficial effects.

Indeed, we could see striking benefits of the early treatment with either immunomodulator on
the social behavior of Spg11” mice (Figure 44; Figure 45). Treatment restored social interest
(trial 1) and novelty (trial 2) preference of male Spgl1” mice to wt levels (Figure 44a — c).
Interestingly, and resembling the findings in Ragl-deficient Spgl1” mice, even though the
social interest and novelty preference was restored, treatment did not increase the time male

Spg11” mice spent with the unfamiliar animals in the social novelty trial (trial 2) (Figure 44d).
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Figure 44: Early treatment with fingolimod or teriflunomide ameliorates social behavior
of male Spg11” mice.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old male Spg11** (top row), Spg11”-(2" row), and Spgl1’ mice treated with fingolimod (FTY720) (3"
row) or teriflunomide (bottom row). Light square indicates the center zone of the arena, green area
indicates the border zone. Red line represents the walking track. Mouse 1 indicates in which cage the
first unfamiliar mouse was placed, mouse 2 in which the second unfamiliar mouse was placed. (b) Social
preference of male Spgl11**, Spg11” or treated Spgl1” mice at 6-, 12-, and 18- months and (c) at 18
months (enlarged). Early treatment with either immunomodulator restores social interest and novelty
preference of 18-month-old male Spgl1” mice. Chance indicates equal time spent with the empty
cage/animals (50%). (d) Early treatment with fingolimod or teriflunomide does not increase the time
male Spg11” mice spent with the unfamiliar animals in the social novelty trial (trial 2). Error bars
represent standard deviations (circles, squares, triangles = value of one mouse). Significance of treated
Spg11” mice compared to Spgl1** and Spgll” mice, is determined by one-way ANOVA and Tukey’s
post hoc test (**p < 0.01, ***p < 0.001). Corresponding data from Spg11** and Spg11’ mice, as shown
in figure 12, are presented here again.
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Remarkably, the early treatment with teriflunomide had even more pronounced effects on
female Spg11” mice, resembling our previous findings in Spg11”Rag11” mice (Figure 45).
Treatment with teriflunomide did not only restore the social interest (trial 1) and novelty
preference (trial 2) of female Spg11”- mice to wt levels, but treated mice also spent significantly
more time with the unfamiliar animal in the social interest trial (trial 1) and there was the same
tendency in the social novelty trial (trial 2) (Figure 45a — d). Treatment with fingolimod also
increased the social interest and novelty preference of 18-month-old female Spg11™ mice, albeit
not to the same degree as treatment with teriflunomide (Figure 45a — c). Interestingly treatment
with fingolimod did not increase the time female Spg11” mice spent with the unfamiliar mice
(Figure 45d).
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Figure 45: Early treatment with fingolimod or teriflunomide ameliorates social behavior
of female Spg11’ mice.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old female Spg11** (top row), Spgl1”(2" row), and Spgl1’ mice treated with fingolimod (FTY720)
(3" row) or teriflunomide (bottom row). Light square indicates the center zone of the arena, green area
indicates the border zone. Red line represents the walking track. Mouse 1 indicates in which cage the
first unfamiliar mouse was place, mouse 2 in which the second unfamiliar mouse was placed. (b) Social
preference of female Spg11**, Spg11” or treated Spgll™” mice at 6-, 12-, and 18- months and (c) at 18
months (enlarged). Treatment with either immunomodulator increases the social interest and novelty
preference of 18-month-old female Spg11” mice, while the effect of teriflunomide treatment is more
pronounced. Chance indicates equal time spent with the empty cage/animals (50%). (d) Treatment with
teriflunomide, but not fingolimod, increases the time female Spgl11™ mice spent with the unfamiliar
animal in the social interest trial (trial 1) and shows the same tendency in the social novelty trial (trial
2) at 18 months. Error bars represent standard deviations (circles, squares, triangles = value of one
mouse). Significance of treated Spg11” mice compared to Spgl1*'* and Spgl1” mice, is determined by
one-way ANOVA and Tukey’s post hoc test (*p < 0.05, *p < 0.01, ***p < 0.001). Corresponding data
from Spg11** and Spgl11” mice, as shown in Figure 13, are presented here again.
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To ensure that early treatment did not change behavior of wt mice, B6J mice were treated with
fingolimod or teriflunomide using the same treatment approach as previously described (Figure
32). Early treatment did not alter social interest (trial 1) or novelty preference (trial 2) of male
B6J mice compared to untreated littermates (Figure 46a — c). The time treated mice spent with

the unfamiliar animals also remained unaffected by either treatment (Figure 46d).
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Figure 46: Early treatment with fingolimod or teriflunomide does not alter social behavior
of male B6J mice.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old male B6J (top row) and B6J mice treated with fingolimod (FTY720) (2" row) or teriflunomide
(bottom row). Light square indicates the center zone of the arena, green area indicates the border zone.
Red line represents the walking track. Mouse 1 indicates in which cage the first unfamiliar mouse was
placed, mouse 2 in which the second unfamiliar mouse was placed. (b) Social preference of B6J or
treated B6J mice at 6-, 12-, and 18- months and (c) at 18 months (enlarged). Treatment does not alter
social interest and novelty preference of male B6J mice. Chance indicates equal time spent with the
empty cage/animals (50%). (d) Treatment does not alter the time male B6J mice spent with the
unfamiliar animals in the social interest (trial 1) or novelty trial (trial 2) at 18 months. Error bars
represent standard deviations (circles = value of one mouse). Significance of treated B6J mice compared
to B6J mice is determined by one-way ANOVA and Tukey’s post hoc test.
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Similarly, treatment of female B6J mice with either immunomodulator did not alter social
interest (trial 1) or novelty preference (trial 2) (Figure 47a — c). The time treated mice spent
with the unfamiliar animals during both trials remained unaffected (Figure 47a — d).

a Trial

B6J
B6J
+ FTY720
o B6J
O B6J+FTY720
O B6J + Teri
B6J
+ Teri

b Object preference Cc Object preference d Time spent with animal
100 Tngl 1E1§|al Trial 1 5Tna|2 Trial 1 Trial 2 H00-Trial 1 S Trial 2 s 1507 Trial 1  Trial 2
2 wiglo 38 oog8flen0:8 g fa o i0® z ;
sa : z g : 8 25 gig : 8o £5 100 :
§%2 60 : 8ol i -0 52|60 5 o 5 :
%2 wRiniignd vl brvailalivi el s - chance .g; ........ ) mmlmimimimiem, chance| £% : [}
58 40 R 55|40 : £8 :
Bz : o : 52 gz S0 :
g 20 . 3 20 é E
- 5 s
" 6months  12months | 18 months 18 months 18 months

Figure 47: Early treatment with fingolimod or teriflunomide does not alter social behavior
of female B6J mice.

(a) Representative images of social interest (trial 1, left) and novelty (trial 2, right) analysis of 18-month-
old female B6J (top row) and B6J mice treated with fingolimod (FTY720) (2" row) or teriflunomide
(bottom row). Light square indicates the center zone of the arena, green area indicates the border zone.
Red line represents the walking track. Mouse 1 indicates in which cage the first unfamiliar mouse was
placed, mouse 2 in which the second unfamiliar mouse was placed. (b) Social preference of B6J or
treated B6J mice at 6-, 12-, and 18- months and (c) at 18 months (enlarged). Treatment does not alter
social interest and novelty preference of female B6J mice. Chance indicates equal time spent with the
empty cage/animals (50%). (d) Treatment does not alter the time female B6J mice spent with the
unfamiliar animals in the social interest (trial 1) or novelty trial (trial 2) at 18 months. Error bars
represent standard deviations (circles = value of one mouse). Significance of treated B6J mice compared
to untreated B6J mice is determined by one-way ANOVA and Tukey’s post hoc test.
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We saw no change in non-spatial, short-term memory formation and recognition after early

treatment of male or female Spg11”- mice with fingolimod or teriflunomide (Figure 48a, b).
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Figure 48: Early treatment with fingolimod or teriflunomide does not alter object
preference in NOR of Spgl11” mice.

(a) Treatment with neither fingolimod (FTY720) nor teriflunomide impacts the object preference in
NOR of male or (b) female Spg11” mice. Chance indicates equal time spent with both objects (50%).
Error bars represent standard deviations (circles, squares, triangles = value of one mouse). Significance
of treated Spg11-/- mice compared to Spgl1** and Spgl1” mice, is determined by one-way ANOVA
and Tukey’s post hoc test. Corresponding data from Spg11*/* and Spg11” mice, as shown in Figure 14,
are presented here again.
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Accordingly, early treatment of male or female B6J mice with fingolimod or teriflunomide

did not alter the non-spatial, short-term memory formation and recognition (Figure 49a, b).
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Figure 49: Early treatment with fingolimod or teriflunomide does not alter object
preference in NOR of B6J mice.

(a) Early treatment with neither fingolimod (FTY720) nor teriflunomide impacts the object preference
in NOR of male (b) or female B6J mice. Chance indicates equal time spent with both objects (50%).
Error bars represent standard deviations (circles = value of one mouse). Significance of treated B6J mice
compared to untreated B6J mice is determined by one-way ANOVA and Tukey’s post hoc test.

Using the OF analysis, we found that treatment with fingolimod, but not teriflunomide, reduced
the walking distance and movement duration, typically increased in male Spgl11” mice, at 6
months (Figure 50a — c). No effect of treatment with either immunomodulator on these
parameters was detectable at a later age (Figure 50a — c). Early treatment did not change the

time spent in the center zone or time spent rearing of male Spg11” mice (Figure 50d, e). Early
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treatment of female Spg11”- mice with fingolimod, but not teriflunomide, led to a trend towards
a reduced walking distance and movement duration at 18 months (Figure 50f — h), while the

center time and time spent rearing remained unaffected after either treatment (Figure 50i, j).
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Figure 50: Early treatment with fingolimod, but not teriflunomide, reduces hyperactivity-
like behavior of Spg11” mice.

(a) Representative images of OF analysis of 18-month-old male Spg11*"*, Spg11” and Spgl1” mice
treated with fingolimod (FTY720) or teriflunomide. Light square indicates the center zone of the arena,
green area indicates the border zone. Red line represents the walking track. (b) Treatment with
fingolimod, but not teriflunomide, reduces the walking distance (c) and movement duration of 6-month-
old male Spgll” mice, while neither treatment affects these parameters at 12 or 18 months.
(d) Treatment does not alter the center time or (€)time spent rearing of male Spgll” mice.
(f) Representative images of OF analysis of 18-month-old female Spgll1**, Spgll” and treated
Spgl1” mice. Light square indicates the center zone of the arena, green area indicates the border zone.
Red line represents the walking track. (g) Treatment with fingolimod, but not teriflunomide, leads to a
trend towards a reduced walking distance and (h) movement duration of 18-month-old female Spg11™”
mice. (i) Treatment of female Spg11” mice does not alter the center time or (j) the time spent rearing.
Error bars represent standard deviations (circles, squares, triangles = value of one mouse). Significance
of treated Spgl11” mice compared to Spgl1** and Spgll’ mice, is determined by one-way ANOVA
and Tukey’s post hoc test (*p<0.05, **p < 0.01, ***p < 0.001). Corresponding data from Spg11*"* and
Spgl1” mice, as shown in Figure 15, are presented here again.

Interestingly, early treatment of male B6J mice with fingolimod or teriflunomide led to a
tendency towards increased walking distance and movement duration at 6 and 18 months
compared to untreated mice, suggesting hyperactivity-like behavior (Figure 51a—c). Treatment

75



Results

with teriflunomide increased the time 6- and 12-month-old male B6J mice spent in the center
zone of the arena compared to untreated mice (Figure 51d), while treatment with fingolimod
led to the same tendency but only at 12 months (Figure 51d). Male B6J mice treated with either
immunomodulator spent more time rearing than untreated mice from 12 months onwards
(Figure 51e). In female B6J mice treatment with fingolimod, but not teriflunomide, led to an
increased walking distance and showed a tendency towards an increased movement duration
compared to untreated mice at 18 months, suggesting hyperactivity-like behavior (Figure 51f —
h). The center time and the time treated female B6J mice spent rearing remained unchanged
(Figure 51i, j).
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Figure 51: Early treatment with fingolimod or teriflunomide increases some aspects of
hyperactivity-like behavior of B6J mice.

(a) Representative images of OF analysis of 18-month-old male B6J and B6J mice treated with
fingolimod (FTY720) or teriflunomide. Light square indicates the center zone of the arena, green area
indicates the border zone. Red line represents the walking track. (b) Treatment with either
immunomodulator leads to a tendency towards an increased walking distance and (c) movement
duration in 18-month-old male B6J mice. (d) Treatment with teriflunomide increases the center time of
male B6J mice at 6 and 12 months, while fingolimod shows the same tendency at 12 months.
(e) Treatment with teriflunomide increases the time spent rearing of 6- and 12-month-old male B6J
mice, and treatment with fingolimod leads to the same tendency. (f) Representative images of OF
analysis of 18-month-old female B6J and treated B6J mice. Light square indicates the center zone of the
arena, green area indicates the border zone. Red line represents the walking track. (g) Treatment with
fingolimod, but not teriflunomide, increases the walking distance and (h) movement duration in 18-
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month-old female B6J mice. (i) Treatment of female B6J mice does not alter the center time or (j) the
time spent rearing. Error bars represent standard deviations (circles = value of one mouse). Significance
of treated B6J mice compared to B6J mice is determined by one-way ANOVA and Tukey’s post hoc
test (*p < 0.05).

Regarding the anxiety-like behavior, early treatment with neither fingolimod nor teriflunomide
changed the behavior of male Spg11” mice (Figure 52a — €). In female mutant mice, which
typically show a reduced anxiety-like behavior under non-treatment conditions, treatment with
fingolimod led to an increased time to enter the light compartment (Figure 52f, g). Of note,
treatment of mutant mice with fingolimod increased the latency to enter also compared to wt
mice (Figure 52g). Accordingly, the walking distance, and the time spent in the light
compartment, or the center zone were reduced at the same age (Figure 52h — j). Treatment with
teriflunomide showed the same tendencies, albeit not to the same degree as fingolimod (Figure

52h, 1), while the center time remained unchanged by the treatment (Figure 52j).
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Figure 52: Early treatment with fingolimod or teriflunomide restores anxiety-like
behavior of female Spg11”- mice.

(a) Representative images of DLB analysis of 18-month-old male Spg11*'*, Spg11” and Spgl1” mice
treated with fingolimod (FTY720) or teriflunomide. Light square indicates the center zone of the arena.
Red line represents the walking track. (b) Treatment does not alter latency to enter, (c) walking distance,

(d) time in light compartment, or (e) center time of male Spgl11” mice. (f) Representative images of
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DLB analysis of 18-month-old female Spg11** and treated Spg11” mice. Light square indicates the
center zone of the arena. Red line represents the walking track. (g) Treatment with fingolimod, but not
teriflunomide, increases the latency to enter of female Spg11”- mice compared to wt and mutant mice.
(h) Treatment with fingolimod reduces the walking distance and (i) time in the light compartment of 18-
month-old female Spg11” mice, while teriflunomide shows the same tendency. (j) Treatment with
fingolimod, but not teriflunomide, leads to a tendency towards a reduced time 18-month-old female
Spgll” mice spend in the center zone. Error bars represent standard deviations (circles, squares,
triangles = value of one mouse). Significance of treated Spgll” mice compared to Spgll** and
Spg11” mice, is determined by one-way ANOVA and Tukey’s post hoc test (**p < 0.01, ***p < 0.001).
Corresponding data from Spg11** and Spg11” mice, as shown in figure 16, are presented here again.

Early treatment of male or female B6J mice with fingolimod or teriflunomide did not alter the
latency to enter, walking distance, time in light compartment or center time in the DLB analysis
(Figure 53a—).
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Figure 53: Early treatment with fingolimod or teriflunomide does not alter anxiety-like
behavior of B6J mice.

(a) Representative images of DLB analysis of 18-month-old male B6J and B6J mice treated with
fingolimod (FTY720) or teriflunomide. Light square indicates the center zone of the arena. Red line
represents the walking track. (b) Treatment does not alter latency to enter, (c) walking distance, (d) time
in light compartment, or (e) center time of male B6J mice. (f) Representative images of DLB analysis
of 18-month-old female B6J and treated B6J mice. Light square indicates the center zone of the arena.
Red line represents the walking track. (g) Treatment does not alter the latency to enter, (h) walking
distance, (i) time in light compartment, or (j) center time of female B6J mice. Error bars represent
standard deviations (circles = value of one mouse). Significance of treated B6J mice compared to
untreated B6J mice is determined by one-way ANOVA and Tukey’s post hoc test.
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Similar to what we have seen in Ragl-deficient mice, treatment with fingolimod or
teriflunomide did not reduce the walking distance of male Spg11” mice in the CAR analysis
(Figure 544, b) and even though treatment with either immunomodulators could reduce the time
male mutant mice spent leaning over the edge of the platform, the latency to jump and abnormal
CAR was not ameliorated (Figure 54c —€). In female Spg11” mice, treatment with fingolimod,
but not teriflunomide, led a tendency towards a reduced time spent leaning over the edge of the
platform, while the other parameters remained unaffected by both treatments (Figure 54f —j).
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Flgure 54: Early treatment Wlth flngollmod or terlflunomlde reduces time spent leaning
over the edge of the platform of Spg11’ mice.

(a) Representative images of CAR analysis of 18-month-old male Spg11*"*, Spg11” and Spgl1” mice
treated with fingolimod (FTY720) or teriflunomide. Red line represents the walking track (C= center
zone, white; B= border zone, grey; F = floor zone, black). (b) Treatment does not reduce the walking
distance of male Spg11” mice at 18 months. (c) Treatment reduces the time spent leaning over the edge
of the platform of 18-month-old male Spg11” mice. (d) Treatment does not ameliorate the latency to
jump or (e) CAR of male 18-month-old male Spg11” mice. (f) Representative images of CAR analysis
of 18-month-old female Spg11**, Spgl1” and treated Spgl1” mice. Red line represents the walking
track. (g) Treatment does not alter the walking distance of female Spg11” mice. (h) Treatment of female
Spg11” mice with fingolimod, but not teriflunomide, shows a tendency towards a reduced time spent
leaning over the edge of the platform at 18 months (i) Treatment does not ameliorate the latency to jump
or (j) CAR of 18-month-old female Spg11” mice. Error bars represent standard deviations (circles,
squares, triangles = value of one mouse). Significance of treated mutant mice compared to Spg11*'* and
Spgl1” mice is determined by one-way ANOVA and Tukey’s post hoc test (*p < 0.05, ***p < 0.001).
Corresponding data from Spg11** and Spg11” mice, as shown in Figure 17, are presented here again.
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Treatment of male B6J mice with either fingolimod or teriflunomide increased the walking
distance at 6, 12 and 18 months, resembling the findings in the OF analysis (Figure 55a, b).
Furthermore, treatment with fingolimod increased the time spent leaning over the edge of the
platform of 18-month-old male B6J mice (Figure 55c). Surprisingly, we detected a reduced
latency to jump off the platform and an abnormal CAR in untreated male B6J mice, which was
not altered by treatment with either immunomodulator (Figure 55d, e). In female B6J mice
treatment with fingolimod did not lead to behavioral changes in the CAR analysis
(Figure 55f — ). Treatment with teriflunomide led to a reduced latency to jump off the platform
and an abnormal CAR when compared to untreated mice at 12 months, while the other
parameters remained unaffected (Figure 55f — ).
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Figure 55: Early treatment with fingolimod or teriflunomide increases aspects of
impulsivity-like behavior of B6J mice.

(a) Representative images of CAR analysis of 18-month-old male B6J and B6J mice treated with
fingolimod (FTY720) or teriflunomide. Red line represents the walking track (C= center zone, white;
B= border zone, grey; F = floor zone, black). (b) Treatment with either immunomodulators increases
the walking distance of male B6J mice compared to untreated mice at all investigated ages. (c) Treatment
with fingolimod increases the time spent leaning over edge in male 18-month-old B6J mice compared
to untreated mice. (d) Untreated male B6J mice show jumping behavior and (e) abnormal CAR.
Treatment does not alter these parameters. (f) Representative images of CAR analysis of 18-month-old
female B6J and treated B6J mice. Red line represents the walking track. (g) Treatment does not alter the

80



Results

walking distance or (h) time spent leaning over edge of female B6J mice. (i) Treatment with
teriflunomide, but not fingolimod, reduces the latency to jump of 12-, but not 6- or 18-month-old female
B6J mice compared to untreated mice. (j) Female B6J mice treated with teriflunomide, but not
fingolimod, display an abnormal CAR at 12 months compared to untreated mice. Error bars represent
standard deviations (circles = value of one mouse). Significance of treated B6J mice compared to
untreated B6J mice is determined by one-way ANOVA and Tukey’s post hoc test (*p < 0.05).

In summary, we here show that pharmacological immunomodulation could substantially
improve the abnormal social behavior of Spgl1’ mice, as well as anxiety-like behavior and
some aspects of impulsivity- behavior. Resembling our findings in Ragl-deficient Spgl1”
mice, treatment did not affect hyperactivity-like behavior. Interestingly, and somewhat
surprisingly, treatment of B6J mice with fingolimod or teriflunomide led to increased
hyperactivity-like behavior.

5.10 Late treatment with clinically approved immunomodulators ameliorates
pathological alterations and improves gait coordination of Spg11 mice

After having shown that early treatment of mutant mice starting at 3 months of age led to a

substantial alleviation of distinct disease features and improved clinical alterations, typically

present in Spgl1” mice, we started the treatment at 15 months of age, when the disease had

already developed (Figure 56). This is a more clinically relevant therapeutic setup, as patients

usually seek medical help when symptoms have already occurred, and the disease has

progressed.

Late treatment

start FTY720
dissection
start | Teriflunomide ‘

l I I Immunohistochemistry
15M  16.5M 18M Ejectron microscopy
Non-invasive read-out: OCT and/or catwalk

Figure 56: Treatment regime for late treatment of Spgll” mice with fingolimod or
teriflunomide.
Schematic representation of the late treatment using fingolimod (FTY720) or teriflunomide as
medications in the drinking water. “Late treatment” starts when histopathological and clinical features
are present, at 15 months of age, and lasted for 90 days. Non-invasive read-outs during the treatment are
indicated by arrows, allowing longitudinal studies.

Following the late treatment of mutant mice, we did not detect a reduction of CD8" or CD4" T-
lymphocytes in ON (Figure 57a, b). However, and unlike the effect we saw in ON, late
treatment of Spg11”- mice caused a substantial decline in the number of CD8*, but also in the
number of the less frequent CD4* T-lymphocytes in the CC, CO and CB (Figure 57c- h).
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Figure 57: Late treatment with fingolimod or teriflunomide reduces inflammation by
CD8* and CD4* T-lymphocytes in white and grey matter compartments of Spgl1 mice.
(a, ¢, e, g) Quantification of CD8" T-lymphocytes in distinct CNS compartments of Spg11*"*, Spg11”,
and Spgl1” mice after treatment with fingolimod or teriflunomide at distinct ages. (a) CD8" T-
lymphocytes in longitudinal ON sections, and coronal sections of (¢) CC, (e) CO and (g) CB. Note that
in all compartments, except ON, treatment with either of the immunomodulator attenuates the number
of CD8" T-lymphocytes, typically increased in Spg11” mice. (b, d, f, h) Quantification of CD4" T-
lymphocytes in distinct CNS compartments of 18-month-old Spg11**, Spg11”, and treated Spgll™
mice. (b) Treatment does not reduce the generally low number of CD4" T-lymphocytes in ON, but they
are reduced in (d) CC, (f) CO and (h) CB. Error bars represent the standard deviations (circles, squares,
triangles = mean value of one mouse). Significance of treated mutant mice compared to Spgl1*"* and
Spgl1” mice is determined by one-way ANOVA and Tukey’s post hoc test (*p <0.05, **p<0.01,
*** n <0.001).

Ultrastructural investigation of ON by EM revealed that axonopathic features showed only a
mild trend towards reduction (Figure 58a, b). Interestingly, late treatment with fingolimod, but
not teriflunomide, caused a trend towards an increase of axons with redundant myelin (Figure
58c), possibly reminiscent of the unexpected findings upon early treatment with both drugs
(compare with Figure 36c¢). Late treatment with fingolimod or teriflunomide did not
significantly change axon loss of Spg11” mice (Figure 58d). Accordingly, there was no effect
on the area of the ON after late treatment (Figure 58¢). Using IC, we saw that only treatment
with teriflunomide, but not fingolimod significantly reduced the number of SMI32" axonal
spheroids in ON (Figure 58f), while late treatment with both drugs substantially reduced the
number of spheroids in CC, CO and CB (Figure 58g — i), a finding that is in accordance with
the effect of the late treatment on inflammation in these compartments. Reminiscent of Ragl-
deficient and early treated Spg11”- mice, late treatment with either fingolimod or teriflunomide

did not dampen brain weight decline of 18-month-old Spg11” mice (Figure 58j).
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Figure 58: Late treatment with fingolimod or teriflunomide reduces neural damage in the
CNS of Spg11” mice.

(a) Representative electron micrographs of ON cross sections of 18-month-old Spg11**, Spg11™, and
Spgl1” mice treated with fingolimod or teriflunomide and (b — €) EM-based quantification of
pathological alterations. Asterisks indicate axonopathic features, hashtags axons with redundant myelin,
open arrowheads myelin fragments. Scale bar: 2 um. (b) Treatment with teriflunomide, but not
fingolimod, shows a trend towards reduction of axonopathic features, typically occurring in Spg11™”
mice. (c) Redundant myelin becomes more frequent after treatment with fingolimod. (d) Late treatment
with neither fingolimod nor teriflunomide preserves the number of axons or (e) ON area of Spgll”
mice. (f) Representative images of SMI32" axonal spheroids (arrows) in longitudinal ON sections of 18-
month-old Spg11*/*, Spg11™”, and treated Spg11’ mice (left) and corresponding quantification (right).
Scale bar: 10 um. Late treatment with teriflunomide, but not fingolimod, reduces the increase in the
number of SMI32* spheroids, typically occurring in Spgl1” mice. (g) Late treatment with either
immunomodulator reduces the formation of SMI32* axonal spheroids, typically occurring in Spgl1”
mice, in coronal sections of CC, (h) CO, and (i) CB. (j) Late treatment does not increase dampen brain
decline, typically occurring in Spgl1’ mice. Error bars represent the standard deviations (circles,
squares, triangles = mean value of one mouse). Significance compared to Spg11** and Spg11” mice is
determined by one-way ANOVA and Tukey’s post hoc test (*p <0.05, **p < 0.01, ***p < 0.001).

Similar to Ragl1-deficient Spg11” mice and the early treatment approach, there was no effect

on retinal thickness by the late treatment approach, as revealed by OCT analysis (Figure 59a).
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Figure 59: Late treatment with fingolimod or teriflunomide does not restore retinal
thickness of Spg11” mice.

(a) Longitudinal analysis of the thickness of the innermost retinal composite layer (NFL/GCL/IPL) of
Spgl1*™*, Spgll”, and Spgll” mice treated with fingolimod (FTY720) or teriflunomide, by OCT.
Treatment does not reduce retinal thinning of Spg11” mice. Error bars represent the standard deviations
(circles, squares, triangles = mean value of one mouse). Significance of treated Spg11”- mice compared
to Spg11** and Spg11” mice is determined by one-way ANOVA and Tukey’s post hoc test (*p <0.05,

**p <0.01, ***p <0.001).

Regarding the clinical readout of this study, late treatment with fingolimod or teriflunomide
resulted in significantly improved gait characteristics (Figure 60a — 1). Treatment with
teriflunomide significantly improved the paw angle body axis variation of Spg11” mice at 18
months (Figure 60c), while treatment with either drug substantially reduced the step cycle
variation and restored the regularity index at the same age (Figure 60e, g). All these parameters
share the common feature that, in the absence of treatment, they still progress between the ages
of 15 and 18 months. The other parameters, including strength parameters, stride length and
number of steps do not progress anymore between these timepoints and late treatment with

fingolimod or teriflunomide did not affect them (Figure 60a, c, f, h —1).
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Figure 60: Late treatment with fingolimod or teriflunomide improves abnormalities
related to gait coordination of Spg11” mice.

(a) Representative images of body contours, footprints and (b) print positions of 18-month-old Spg11*/*,
Spgl1”, and Spgll” mice after treatment with fingolimod (FTY720) or teriflunomide, while crossing
the CatWalk device (ITS: intermediate toe spread; TS: toe spread; PL: print length; RF: right front paw;
LF: left front paw; RH: right hind paw; LH: left hind paw). Red line (top) indicates the body axis, red
line segment (bottom) indicates print position. (c) In Spgl1” mice, treatment does not ameliorate paw
angle movement vector variation and (d) only treatment with teriflunomide reduces the paw angle body
axis variation at 18 months. () In Spgll’” mice, treatment with fingolimod and teriflunomide
ameliorates the step cycle variation at 18 months. (f) In Spg11” mice, treatment does not ameliorate the
print position. (g) In Spgl1” mice, treatment with either immunomodulator ameliorates the regularity
index at 18 months. (h) In Spg11” mice, treatment does not ameliorate the maximal contact area, (i) the
print area, or (j) the print width of the hind paws. (k) In Spg11” mice, treatment does not alter stride
length or (I) number of steps. Error bars represent the standard deviations (circles, squares, triangles =
mean value of three consecutive runs of one mouse). Significance of Spg11” mice compared to Spg11**
mice and treated Spgl1” mice compared to Spgl1** and Spgll’ mice is determined by one-way
ANOVA and Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).

In summary, most histopathological alterations and some parameters of gait coordination
responded to the treatment, even when started relatively late in the disease progression,

provided these parameters still progressed between the ages of 15 and 18 months.

Due to limited amounts of experimental animals, we had to omit the impact of late
pharmacological treatment on behavioral tests. This must presently remain a topic for future

experiments.
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6 Discussion

Previously conducted studies in models of SPG11 focused on neuropathological and clinical
alterations (Varga et al., 2015; Branchu et al., 2017). In this study, we demonstrate a robust
impact of CNS inflammation on disease progression in a mouse model of SPG11. We could
demonstrate that this model for a hereditary neurodegenerative disease shows distinct gait
characteristics and behavioral abnormalities, recapitulating features also present in patients.
The role of inflammation as a disease amplifier was not only refined to the histopathological
findings but extended to the gait and behavioral abnormalities, a finding that could be of great
importance to other genetically-mediated diseases.

6.1 CD8" T-lymphocytes are likely candidates to amplify disease progression in
Spg11” mice
While we observed an increase in number and activation of microglia in this SPG11 mouse
model, we here focused on the impact of T-lymphocytes as — from a translational point of view
— targetable pathogenic immune cells in other neuroinflammatory diseases like MS (Melzer &
Meuth, 2014; Klotz et al., 2019). We found that CD4* and CD8" T-lymphocytes showed a
robustly increased number in all investigated CNS compartments. CD8* T-lymphocytes did not
only outnumber CD4* T-lymphocytes in the parenchyma of all investigated CNS
compartments, but the occurrence and accumulation in Spg11” mice also correlated with the
development of axonopathic and clinical alterations. This suggests that CD8" T-lymphocytes
are likely the main pathogenic player among the adaptive immune cells in Spg11” mice. We
found that CD8* T-lymphocytes were often closely associated with perturbed axons, suggesting
a direct and detrimental impact. Supporting the implication of CD8* T-lymphocytes, Ragl-
deficiency led not only to a preservation of axons but also to a robust amelioration of the disease
outcome in Spg11” mice. Remarkably, in other models of genetically mediated CNS disorders
or during normal aging our group could prove that CD8" T-lymphocytes are indeed the major
pathogenic player using bone-marrow transplant experiments (Ip et al., 2006; Kroner et al.,
2010; Ip et al., 2012; Groh et al., 2013; Groh et al., 2016a; Groh et al., 2021b). While
reconstitution of Ragl-deficient mutant or aged Ragl-deficient mice with Cd4” bone marrow
did not retain diminished axonal degeneration, mice reconstituted with Cd8”- bone marrow not
only showed reduced axonal degeneration but also significant clinical improvements, like an
increased NFL/GCL/IPL thickness, as measured by OCT, and a better rotarod performance (Ip
et al., 2006; Kroner et al., 2010; Ip et al., 2012; Groh et al., 2013; Groh et al., 2016a; Groh et
al., 2021b). These findings further underline the pathogenic impact of CD8" T-lymphocytes not
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only on a histopathological but also on a clinical level. Strikingly, this could be seen among
different hereditary CNS diseases, e.g., PMS, SPG2, and NCL as well as normal aging (Ip et
al., 2006; Kroner et al., 2010; Ip et al., 2012; Groh et al., 2013; Groh et al., 2016a; Groh et al.,
2017; Groh et al., 2021b). Moreover, we saw a disproportional increase of
CD8*CXCR6"CXCR4CD103" T-lymphocytes, a subpopulation of CD8" T-lymphocytes, in
the brains of Spg11” mice by flow cytometry. These markers for activation and cytotoxicity
have been previously identified in disturbed white matter of normal aging mice (Groh et al.,
2021b) and have also been found to be expressed by CD8* T-lymphocytes in active white matter
lesions of MS patients (Machado-Santos et al., 2018; Lassmann, 2019; Fransen et al., 2020).

These previously described observations reveal striking commonalities of CD8* T-lymphocytes
in lysosomal storage diseases, myelin-related CNS disorders, primary neuroinflammatory
diseases and normal aging and strongly suggest that CD8" T-lymphocytes amplify disease
progression in the present model of SPG11.

6.2 Damage of myelinated axons is amplified by neuroinflammation in Spg11”/ mice
Spatacsin, the culprit gene leading to SPG11, has initially been reported to be expressed by
neurons (Murmu et al., 2011; Perez-Branguli et al., 2014; Pozner et al., 2020). Its absence leads
to cytoskeletal abnormalities and axonopathic changes in human-derived neurons in vitro
(Perez-Branguli et al., 2014). Therefore, it is possible that such perturbed neurons may foster
neuroinflammation in the living organism which can lead to or amplify neuronal damage.
However, recent large-scale brain mapping projects revealed that oligodendrocytes show an
additional robust expression of Spgll (Sjostedt et al., 2020). Hence, the absence of spatacsin
in these cells could also lead to pathogenic neuroinflammation, likely directed against the
oligodendrocytes. In oligodendroglial (PIp1l) mutant mice (Ip et al., 2006; Kroner et al., 2010;
Groh et al., 2016a) axonal spheroids and perturbed myelinated axons are similarly associated
with CD8" T-lymphocytes, and the axonal damage is strongly dependent on these immune cells.
This implicates that oligodendrocytic mutations alone are sufficient to induce perturbation in
myelinated axons via glia-directed neuroinflammation, likely pointing towards altered axon-
glia interactions. We propose that impaired axon-glia interaction also accounts for redundant
myelin being prone to degenerate, as it leads to a dysregulation of myelin-axon signaling and
aberrant myelin synthesis, further underscoring its implication in axonal perturbation. This in
turn could lead to an immune response targeted against the myelin sheath, as seen in
neuroinflammatory diseases, like MS (Hohlfeld & Wekerle, 2001). The fact that Spg11” mice
treated with fingolimod or teriflunomide show a preservation of axon numbers, even though
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they still display a high percentage of redundant myelin, further strengthens this hypothesis.
Interestingly, recent studies in experimental autoimmune encephalomyelitis (EAE) revealed
that experimentally induced demyelination can rescue initially myelinated axons from
inflammatory attack, reflecting that perturbed myelin can indeed be a risk factor for axonal
degeneration under neuroinflammatory conditions (Schaffner et al., 2021). Importantly, recent
studies have shown that while CD8" T-lymphocytes accumulate in distinct diseases and during
normal aging of the CNS, there are multiple subsets within the CD8" T-lymphocyte pool, which
display some differences in gene expression and heterogeneity, are functionally distinct and can
have different roles in vivo (Dressman & Elyaman, 2022; Groh et al., unpublished data). These
observations demonstrate an overarching, detrimental role of CD8" T-lymphocytes in not only
SPG11, but also various other disease conditions as exemplified above. Furthermore, it may
also impressively reflect their common neural target structure in the form of vulnerable,

myelinated axons.

By using bone marrow transplant approaches it was shown that Granzyme B (GzmB) is
mechanistically involved in T-lymphocyte driven axonal degeneration in Plpl overexpressing
mice (Ip et al., 2012; Kroner et al., 2010) and during normal aging (Groh et al., 2021b). GzmB
is a cytotoxic serine protease that is enriched in CD8" T-lymphocytes carrying markers for
chronic activation and cytotoxicty (Groh et al., 2021b). Upon antigen recognition, GzmB,
together with perforin becomes concentrated and eventually released from cytotoxic granules
by CD8" T-lymphocytes (Chowdhury & Lieberman, 2008; Dressman & Elyaman, 2022). This
in turn activates distinct pathways of cell damage in target cells and induces demyelination (Shi
et al., 2005; Chowdhury & Lieberman, 2008; Dressman & Elyaman, 2022). Perforin has a
critical role in trafficking granzymes, as it can either lead to release of granzymes from
endosomes or can form pores in plasma membranes that enables granzyme to enter the cytosol
of target cells (Keefe et al., 2005; Cullen & Martin, 2008). This mechanism is a likely driver of
CD8" T-lymphocyte mediated cytotoxicity (Chowdhury & Lieberman, 2008), and could

therefore also be involved in axonal degeneration in this mouse model for SPG11.

6.3 Damage of cell bodies is amplified by neuroinflammation in Spg11’ mice

Spg11” mice show loss of RGCs, as seen in retinal flat mount preparations using RGC-specific

antibodies, most likely due to damage of myelinated axons. Programmed axonal degeneration,

also known als Wallerian degeneration (WD), has been shown to occure not only following

injury but also in chronic CNS inflammatory disorders such as MS or during EAE (Dziedzic et

al., 2010; Singh et al., 2017). Sterile alpha and TIR motif-containing 1 (SARML1) has been
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identified as a key mediator of Wallerian degeneration (WD), acting downstream of
neuroinflammation (Ko et al., 2020). Interestingly, deletion of Sarml rescues Wallerian-like
axonopathy in a nicotinamide mononucleotide adenylyltransferase 2 (Nmnat2)-deficient mouse
model (Gilley et al., 2017), and Sarm1 knockout protects against axonal degeneration during
EAE (Viar et al., 2020). Of note, SARM1 variants were found to be enriched in HSP patients
(Gilley et al., 2021), making it plausible that it might be involved in axonal degeneration in this
mouse model. Activation of SARM1 promotes axon death through NAD* cleavage, followed
by decreased ATP levels leading to a bioenergetic crisis of the axon, axonal degeneration, and
a subsequent loss of the cell body (Gerdts et al., 2015; Essuman et al., 2017). Therefore, our
findings may not only implicate myelinated axons as vulnerable target structures but
consequently also their cell bodies, i.e., RGCs. Of note, Spg11’ mice also show loss of Purkinje
cells (PCs), that are not only implicated in impaired gait coordination but also disturbed social
behavior (Van Overwalle et al., 2020; Cutando et al., 2022), which is discussed in more detail
in a later section. An unexpected observation was that neither Ragl-deficiency nor treatment
with fingolimod or teriflunomide could rescue the concomitant retinal thinning as identified by
OCT in Spg11” mice. We hypothesize that a persistent reduction of dendritic areas in the inner
plexiform layer (IPL) contributes to retinal thinning in the Spg11” mutants, rather than loss of
RGCs alone, as the latter is prevented by targeting lymphocytes. Reduced dendritic areas in
IPL, in addition to loss of RGCs, have been observed in mice carrying mutant human PLP1
genes (Groh et al., 2018) and in aging mice (Groh et al., 2021b), but, in contrast to the present
model, could be dampened by targeting the adaptive immune system. As Ragl-deficiency did
not delay retinal thinning, we propose that this is not directly connected to the adaptive immune
response, at least in this mouse model for SPG11. We would, thus, like to hypothesize that
activated microglia cells - not targeted in the present study - substantially contribute to the
reduction of the dendritic areas in the IPL of Spg11” mice. Indeed, activated microglial cells
were found in distinct retinal layers under different disease conditions (Langmann, 2007; Rojas
etal., 2014), including AD (Salobrar-Garcia et al., 2020) and MS (Choi et al., 2021). Moreover,
targeting microglial cells led to reduced retinal thinning in mice after experimental retinal vein
occlusion (Jovanovic et al., 2020) and in mice expressing a functional null mutation of the
human PLP1 gene (Groh et al., 2019). Interestingly, microglial cells also express spatacsin
(Hauser et al., 2020; Sjostedt et al., 2020) and could therefore be affected by spatacsin
deficiency, making the pathogenic mechanism even more complex. We identified microglia
cells as being activated in distinct CNS compartments of Spg11”- mice, even though we do not

know whether they are indeed activated by such cell autonomous mechanisms. Microglial cells
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play an important role in many other CNS disorders (Keren-Shaul et al., 2017; Deczkowska et
al., 2018a; Deczkowska et al., 2018b) and can initiate an increased recruitment of pathogenic
CD8" T-lymphocytes (Mohebiany et al., 2020). Using sialoadhesin (Sn) as a microglial
activation marker, we could show that Ragl-deficiency reduced the activation of microglia in
CNS compartments. This argues against the possibility that spatacsin deficiency causes
microglial activation solely by a cell-autonomous mechanism. Previous work showed that loss
of brain weight was ameliorated after depletion of microglia in CLN1 mice (Berve et al., 2020).
We detected brain weight decline in Spgl1” mice. However, neither Ragl-deficiency nor
pharmacological treatment could dampen the loss of brain weight of Spg11” mice. This is
surprising, as axonal perturbation in the brain is considerably reduced by all approaches and
previous studies have shown that treatment with immunomodulators could significantly
dampen brain weight decline in mouse models for CLN1 and CLN3 (Groh et al., 2017; 2021a).
This might possibly point towards involvement of microglia. It would be interesting to target
microglial cells by either a genetic approach, e.g., CX3CR1 or Sn knockout mice, or by a
pharmacological approach, e.g., treatment with the CSF1R-inhibitor PLX5622, to determine
the influence of microglia on disease progression. Of note, more cells including circulating
leukocytes express spatacsin (Hauser et al., 2020; Sjostedt et al., 2020), adding to the
complexity of the disease’s pathomechanism. To decipher which cell type(s) induce

neuroinflammation in Spg11”- mice, studies in cell-specific knockout models are needed.

6.4 Immune modulation improves histopathological alterations and walking pattern
abnormalities of Spg11” mice
One of the most important points of this study concerns the potential translational impact. Up
to this day treatment options for HSP diseases are confined to mostly spasmolytic drugs,
botulinum toxin and physiotherapy (Boutry et al., 2019a; Gumeni et al., 2021). In this study,
we open the possibility to target a more causal, disease-amplifying mechanism. Genetic
inactivation of the adaptive immune system by crossbreeding Spg11”- mice with Rag1-deficient
mice, used as a proof-of-concept, led to axon preservation in multiple compartments of the
CNS, and robustly improved the clinical outcome. Using the clinically established
immunomodulators fingolimod and teriflunomide (Brinkmann et al.,, 2010; Chun &
Brinkmann, 2011; Melzer & Meuth, 2014) in a subsequent translational approach, we
dampened adaptive immune reactions. In an early treatment approach, starting at three months
of age, we could show that treatment with either immunomodulator recapitulated the findings

of the proof-of-principle experiments, preserving the axonal integrity. The impact of the
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treatment on clinical features is of relevance with regard of the possible translational benefits.
We divided our clinical investigations into two different subsets: the gait analysis and the
behavioral analysis.

Regarding the gait analysis, we included two important features: gait coordination and strength.
Both are well depicted by the CatWalk analysis used in our study. We detected increased
variability of interlimb coordination and stepping pattern as well as reduced rhythmicity of gait
in Spg11” mice, a finding that was similarly detected in a mouse model of cerebellar ataxia
(Lang et al., 2020). Therefore, we propose that the altered gait coordination of Spg11” mice
reflects atactic features. Not only genetic depletion of lymphocytes by Ragl-deficiency but
importantly also treatment with the immunomodulators fingolimod or teriflunomide robustly
ameliorated these atactic gait features. This was accompanied by histopathological
improvements of possibly relevant compartments, like CB, CO and CC, that all showed robust
neuroinflammation in Spg11” mice. Of particular relevance might be disturbed cerebellar
components, like axons of PCs, as they are the histopathological base of cerebellar ataxia in
different mouse models (Grusser-Cornehls & Baurle, 2001; Manto, 2009) and patients
(Koeppen, 2018). Our observation that neuroinflammation by CD8* T-lymphocytes was most
prominent in CB and that targeting these cells robustly improved axonal structures and ataxia
corroborate the implication of cerebellar components. The robotic mouse mutant suffers from
a mutation in the PC-specific transcription factor Af4, which leads to progressive adult-onset
PC loss (Isaacs et al., 2003; Oliver et al., 2007). Interestingly, the occurrence of ataxic-like gate
characteristics, like variation of direction of movement, appear when axonal “torpedoes” form
in the CB (Isaacs et al., 2003; Oliver et al., 2007), identical to what we call spheroids. Previous
studies in this SPG11 mouse model could indeed show an age-dependent loss of PCs of
Spg11’ mice (Branchu et al., 2017). These observations support our hypothesis, that mitigating
inflammation-related axonal perturbation by either a genetic approach or immunomodulation
improves atactic features.

The other investigated parameter using the CatWalk analysis was strength, depicted as a
reduction of maximal contact area, print width and print area of the hind paws. It has been
shown that sciatic nerve injury in mice or muscle injury in rats can lead to a reduced print area
and print width (Bozkurt et al., 2008) and that this could be due to muscular atrophy and loss
of strength (Hoke & Brushart, 2010; Gronholdt-Klein et al., 2019). Interestingly, even if the
sciatic index, an index for functional recovery of the sciatic nerve, normalized after injury, mice
still showed a smaller print area than pre-injury (Bozkurt et al., 2008), possibly due to the slow

regeneration of muscular atrophy. Therefore, it is plausible to assume that a reduction of these
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print parameters does indeed implicate strength loss in this SPG11 mouse model. Interestingly,
we did not see an effect of genetic or pharmacological targeting of lymphocytes on the gait
parameters reflecting strength. Previous studies could show a loss of large motor neurons in the
spinal cord (SC) of Spg11™ mice (Branchu et al., 2017). However, T-lymphocytes were rare in
the SC of Spg11” mice which could point towards predominantly non-immune-related neural
damage in this compartment. Based on studies conducted in humans, peripheral nerves are
likely affected in this mouse model, possibly contributing to reduced strength (Klebe et al.,
2015; Montecchiani et al., 2016; Boutry et al., 2019a). Interestingly, while we did not
investigate pathological features in peripheral nerves of Spgll” mice, inflammation by T-
lymphocytes was rarely detected (data not shown). Previous studies in a model for the most
frequently inherited neuropathy, Charcot-Marie-Tooth (CMT) 1A disease, showed that T-
lymphocytes were mildly upregulated in peripheral nerves (Kobsar et al., 2005) and the disease
progression was not ameliorated by Ragl-deficiency (Kohl et al., 2010). Instead, targeting of
endoneurial macrophages could substantially alleviate the neuropathic symptoms in this mouse
model underscoring the role of macrophage-mediated inflammation (Klein et al., 2022).
However, in other CMT subtypes low grade secondary inflammation by T-lymphocytes is
responsible for deterioration of pathological features (Schmid et al., 2000; Maurer et al., 2001;
Kobsar et al., 2003), underlining the complexity of peripheral nerve pathology. All together,
we here show that particularly those gait parameters reflecting cerebellar ataxia, a feature
typical for complicated HSP forms like SPG11, are improved by pharmacological
immunomodulation, while parameters reflecting strength are not affected by the treatment.
Presently, there are no standardized, reliable measures available to characterize parameters
reflecting spasticity in mice (Wieters et al., 2021). Therefore, we were not able to analyze this
in our SPG11 mouse model, even though spasticity is another important feature of HSPs. Of
note, in a similar SPG11 model, Varga et al. used the “foot-base-angle” to investigate a
combined spastic and ataxic gait (Varga et al., 2015). It would be interesting to investigate this
further regarding its dependency on inflammation. Importantly, to fully understand the gait-
related improvement by immunomodulation and its translational impact, there is need to
“harmonize” gait parameters seen in patients with potentially related features in Spgl1” mice

and other HSP-related models.

Previous studies in another SPG11 mouse models could demonstrate that mice showed reduced
body weight from 12 months onwards (Varga et al., 2015), a similar finding to what we saw in
male Spg11” mice. However, female Spgl1’ mice showed body weight loss at already at 8

months. We do not know if the aforementioned study used both male and female mice, or only
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male mice, which could explain the observed differences. Interestingly, Ragl-deficiency
dampened body weight loss of male Spg11” mice, while it did not in female mutant mice, and
treatment with fingolimod or teriflunomide failed to dampen body weight loss of males or
females. Surprisingly, treatment with teriflunomide led to a body weight reduction in both male
and female B6J mice compared to untreated mice, while treatment with fingolimod showed the
same tendency, indicating that treatment with immunomodulators alone is sufficient to induce
body weight loss. One explanation for this might be the hyperactivity-like behavior of mice.
While neither Ragl-deficiency nor treatment with immunomodulators could reduce this

behavior in Spg11” mice, treatment increased it in B6J mice.

6.5 Immune modulation improves social abnormalities of Spg11” mice

Another research area we focused on is the historically more neglected and only insufficiently
researched behavioral involvement. In humans, neuropsychological abnormalities are a
comorbidity in many CNS diseases like AD, PD, MS, multiple system atrophy and HSPs
(Becker et al., 1988; St Clair et al., 1988; Brassington & Marsh, 1998; Osmolak et al., 2012;
Barcelos et al., 2018; Faber et al., 2018a). However, the underlying reasons remain mainly
elusive, and translation from mouse to men is difficult. Previous work could show that
secondary inflammation due to white matter abnormalities leads to depression- and catatonia-
like behavior in mice, symptoms implicated in schizophrenia, bipolar disorder and major
depressive disorder in humans (Hagemeyer et al., 2012; Janova et al., 2018). Here, we
established a behavioral test battery that revealed abnormalities in social behavior, exploratory
behavior, anxiety-like behavior, and impulsivity-like behavior in Spgl1” mice. Substantial
social abnormalities were detected in both, male and female Spg11” mice. An ongoing study
by Klebe et al. (unpublished data; University hospital Essen; University hospital Wuerzburg)
provides evidence that this recapitulates the behavioral changes typical for patients. Of note,
social abnormalities of Spgll’” mice were not due to disturbed memory formation or
recognition, as they did not show cognitive abnormalities in the NOR analysis. While it is
known that cognitive dysfunction is a prominent feature in HSPs (Faber et al., 2016), new data
suggests that even though SPG11 patients show major deficits in memory functions, recognition
is stable on a low level (Klebe et al., unpublished data), possibly explaining the intact object
recognition in this SPG11 model. Spg11” mice showed signs of hyperactivity-like behavior
and previous studies could provide evidence that SPG11 patients show signs of attention
deficit/hyperactivity syndrome (ADHD) (Wijemanne et al. 2015). Interestingly, we found some

sex-specific differences between male and female mice regarding the anxiety- and impulsivity-
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like behavior. While female Spg11”- mice showed reduced anxiety-like behavior compared to
male mutant mice, male Spg11” mice showed increased impulsivity-like behavior. In contrast,
female patients are more prone to depression and anxiety (Klebe et al., unpublished data), which
is not reflected by this SPG11 mouse model. However, male patients show pronounced
impulsivity behavior and disinhibition (Klebe et al., unpublished data). Therefore, our SPG11
mouse model reflects most aspects of neuropsychological abnormalities seen in patients. Of
note, social, anxiety-like, and impulsivity-like behavior was affected in an age-dependent
manner after 12 months which correlates with the progressive accumulation of CD8" T-
lymphocytes in the CNS of Spgl11” mice, possibly pointing towards an immune-mediated
development.

Indeed, Ragl-deficiency and treatment with either immunomodulator robustly restored the
social behavior of male and female Spgl11” mice. Interestingly, a study by McGowan et al.
indicated that Ragl-deficient mice showed impaired social recognition memory (McGowan et
al., 2011). In contrast to our study, these experiments focused largely on social memory using
retention intervals after presentation of a social stimulus (McGowan et al., 2011). Importantly,
social behavior of Ragl-deficient mice was comparable to those of wt mice after a retention
phase of 30 minutes (McGowan et al., 2011), indicating that Rag1-deficiency does not generally
alter social behavior. Of note, especially treatment with fingolimod has been shown to be
beneficial in other diseases regarding social abnormalities, e.g., it attenuated social deficits in a
rat model of autism (Wu et al., 2017) and in a mouse model of EAE (de Bruin et al., 2016; Wu
etal., 2017; Shi et al., 2018). Recently, it has been shown that cerebellar dopamine D2 receptors
(D2R), that are preferentially expressed on PCs and regulate synaptic efficacy onto them, are
implicated in social behavior of male mice during adulthood (Cutando et al., 2022). Altered
levels of D2R in PCs did not only alter sociability, but also preference for social novelty without
affecting motor functions (Cutando et al., 2022). While the study by Cutando et al. showed that
D2R activation leads to abnormal social behavior, other studies linked altered structures and
loss of PCs, leading to decreased excitability, to disturbed social behavior (Tsai et al., 2012;
Reith et al., 2013; Sudarov, 2013). Furthermore, it was shown that humans with autism
spectrum disorder (ASD), characterized by atypical social interaction, show loss of PCs
(Bauman & Kemper, 2005; Amaral et al., 2008), further strengthening the implication of PCs
in social behavior. The here presented mouse model shows a progressive loss of PCs (Branchu
et al., 2017), and an unproportionally high increase of inflammation in the CB. Genetic or
pharmacological intervention robustly reduced inflammation and axonal damage, suggesting

that disturbed social behavior could be due to an immune-mediated perturbation or loss of PCs,
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possibly implicating altered D2R levels. Our findings support the notion that cerebellar
dysfunction plays a prominent role in SPG11, not only in the development of gait abnormalities
but also in the development of abnormal social behavior. It further strengthens the hypothesis
that inflammation by CD8" T-lymphocytes has an overarching role in the disease progression,
possibly also implicating their relevance for other diseases presenting with disturbed social
behavior. Of note, genetic and pharmacological intervention showed stronger effects on the
social behavior of female compared to male mice. This might be due to the fact, that female
mice are intrinsically more social than male mice (An et al., 2011).

Memory formation and recognition remained unaffected in this mouse model, yet, previous
studies reported different findings regarding memory deficits of Ragl-deficient mice in NOR
in young (Smith et al., 2014) vs adult (Faraco et al., 2018) mice. While Smith et al. found
impaired cognitive function in young Ragl-deficient mice, Faraco et al. did not see this effect
in adult mice. A more recent investigation (Groh et al., 2021b) and the here presented data
support the latter study, suggesting that ablation of T-lymphocytes alone does not interfere with

cognitive function.

Abnormalities that occurred early in Spgl1” mice, i.e., hyperactivity-like behavior, could not
be ameliorated by either the genetic or pharmacological targeting of lymphocytes. The early
development of these symptoms could point towards an inflammation-independent mechanism.
Locomotor activity is in part regulated by the activity of mesolimbic dopaminergic neurons that
originate in the ventral tegmental area and project to the ventral striatum (Koob & Swerdlow,
1988; Szczypka et al., 2001). Interestingly, previous studies could provide evidence that SPG11
patients show signs of ADHD (Wijemanne et al. 2015), which is linked to mutations in the
dopamine receptor (DR) and/or dopamine transporter (DAT) (Cook et al., 1995; Kuntsi &
Stevenson, 2000; Sagvolden et al., 2005). Accordingly, DAT knockout and knockdown mice,
hyperdopaminergic mouse models for ADHD and mania-relevant behaviors, show increased
hyperactivity- and impulsivity-like behavior (Ralph et al.,, 2001; Rossi & Yin, 2015;
Kwiatkowski et al., 2019). A clinical study indeed reported reduced DAT density as a common
finding in SPG11 patients (Faber et al., 2018b), indicating that altered dopamine levels may
also play a role in hyperactivity-like behavior of this SPG11 mouse model. Interestingly,
dopamine itself has emerged as a major regulator of inflammation (Pacheco et al., 2014; Vidal
& Pacheco, 2020), as it can activate and lead to migration of CD8" T-lymphocytes (Levite et
al., 2001; Watanabe et al., 2006). Of note, some SPG11 patients show indications of a disrupted

presynaptic dopaminergic system (Faber et al., 2018b) and there have been reports of
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parkinsonism in SPG11 patients, partly with positive response to levodopa treatment (Anheim
et al.,, 2009; Paisan-Ruiz et al., 2010; Guidubaldi et al., 2011; Vanderver et al., 2012;
Wijemanne et al., 2015).

Regarding anxiety-related parameters, genetic and pharmacological treatment approaches
counteracted the reduced anxiety-like behavior of female Spg11” mice. Some studies indicated
that Ragl-deficiency leads to increased anxiety- and depression-like behavior in mice (Rattazzi
etal., 2013; Smith et al., 2014), and indeed Ragl1-deficiency increased anxiety-like behavior of
wt mice in our study. Surprisingly, treatment with fingolimod increased anxiety-like behavior
of female Spg11”- mice compared to wt mice, as opposed to restoring it to wt levels. Therefore,
it is possible that the effect of Ragl-deficiency and pharmacological treatment is mainly due to
an increase of anxiety-like behavior as opposed to a correction of the behavioral phenotype. Of
note, the increased anxiety-like behavior was not due to decreased exploratory behavior.
Conversely, previous studies indicated that treatment with fingolimod reduced anxiety-like
behavior in a mouse model of EAE (Bonfiglio et al., 2017) while other studies provided
evidence that treatment with fingolimod did not affect anxiety-like behavior in a mouse model
for chronic unpredictable stress or in a rat model of genetic epilepsy (di Nuzzo et al., 2015; Leo
et al., 2017). We did not find an effect of treatment with immunomodulators on anxiety-like
behavior of B6J mice. Previous studies suggested that the absence of CD4", rather than CD8",
T-lymphocytes is responsible for impaired emotional behavior (Rattazzi et al., 2013). As
treatment of wt mice showed little effect on the generally low number of CD4" T-lymphocytes,
this could explain the unchanged anxiety-related parameters. Of note, other studies provided
evidence of a mechanistic link between anxiety-like behavior and microglial activation,
especially in the amygdala and the hippocampus (Sawada et al., 2014; Stein et al., 2017; Wang
etal., 2018). However, we did not analyze microglia in these compartments. It should be subject
of future experiments to determine the connection of Ragl-deficiency/pharmacological

treatment, microglial activation, and anxiety-like behavior.

Regarding impulsivity-like behavior, Ragl-deficiency or pharmacological treatment could
reduce the time Spg11” mice spent leaning over the edge of the platform, but not their jumping
behavior. It is therefore possible, that jumping behavior and leaning behavior in mice are not
dependent on each other and, while jumping behavior might be linked to hyperactivity-like
behavior, leaning behavior is influenced by secondary inflammation. Indeed, it has been shown
that inflammatory markers are elevated in humans and mice that display traits linked to

impulsivity and aggression (Beurel & Jope, 2014; Logsdon et al., 2016; Kim et al., 2020). In a
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rat model of TBI reduction of neuroinflammation led to a significant reduction of impulsivity-
like behavior in the elevated platform maze test (Logsdon et al., 2016). Of note, it has been
demonstrated that Olig2 conditional knockout mice, resulting in impaired oligodendroglial
maturation, show increased impulsivity-like behavior (Chen et al., 2015), linking impulsivity-
like behavior to defects in oligodendrocytes. As spatacsin is robustly expressed in
oligodendrocytes, the increase in impulsivity-like behavior could also be due to a direct
perturbation of oligodendrocytes.

This is, to our knowledge, the first study also examining the effects of long-term treatment with
immunomodulators on behavioral properties of wt mice. Interestingly, while most parameters
remained unaffected by the treatment, treated wt mice showed increased hyperactivity-like

behavior, a finding that should also be investigated in humans receiving long-term treatment.

Taken together, our results indicate, that secondary neuroinflammation plays a role in the
development of abnormal social behavior, strongly implicating cerebellar dysfunction and
involvement of PCs. Furthermore, neuroinflammation influences the development of anxiety-
like behavior, and some aspects of impulsivity-like behavior. These findings further
demonstrate the overarching and detrimental role of CD8* T-lymphocytes, implicating the
efficacy of treatment in this mouse model for SPG11 and pointing into the direction for a

translational treatment approach in humans.

6.6 Late treatment with immunomodulators can still improve histopathological and
clinical outcome in Spg11” mice
Another aim of this study was to determine the efficacy of relatively late pharmacological
immunomodulation, i.e., starting treatment at a timepoint where neurodegeneration is ongoing
and histopathological and clinical symptoms are already prominent, as it has also been done in
other genetically-mediated CNS disorders (Groh et al., 2021a). This is a scenario of high
clinical relevance, as patients are usually diagnosed with the disease after symptoms have
already emerged. Indeed, we provide evidence that late treatment with immunomodulators
leads to histopathological benefits. Additionally, progression of ataxia could still be halted even
in the late treatment approach, given the respective parameters worsened within the therapeutic
time window in untreated Spgll” mice. Interestingly, in the late treatment approach the
progression of the ataxia-related parameter “paw angle variation related to body axis” was only
halted by treatment with teriflunomide. It is possible that this relates to the different

mechanisms of actions of fingolimod and teriflunomide. While fingolimod impairs the
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emigration of lymphocytes from the lymph nodes (Brinkmann et al., 2010; Chun & Brinkmann,
2011; Melzer & Meuth, 2014), teriflunomide is a cytostatic that constantly blocks proliferation
and effector mechanisms of distinct, activated subtypes, particularly of CD8" T-lymphocytes
(Bar-Or et al., 2014; Melzer & Meuth, 2014; Tilly et al., 2021). Therefore, it is possible that
fingolimod is less effective when T-lymphocytes become tissue resident within the brain, while
it is plausible to assume that teriflunomide might be the more effective drug in later treatment
conditions in SPG11. Due to limited numbers of experimental animals available we were not
able to perform the behavioral analysis after late treatment. As the findings after late treatment
partially recapitulate the findings of the early treatment, regarding histopathological alterations
and gait coordination, we hypothesize that it may have similar effects on the behavioral
outcome. However, this hypothesis must presently remain a topic for future experiments.

6.7 Fingolimod and teriflunomide: adverse and direct effects

Even though fingolimod and teriflunomide have been shown to be well-tolerated, safe and
beneficial in diseases involving T-lymphocytes as a major player, clinical monitoring of adverse
side effects is necessary during treatment. The most common serious adverse effects after
treatment with fingolimod include dose-dependent cardiovascular events, such as bradycardia,
macular edema, laboratory abnormalities in the liver, and abnormalities in blood enzyme levels
(Kappos et al., 2010; Willis & Cohen, 2013; Gold et al., 2014; Gajofatto et al., 2015; Khatri,
2016). Of note, most effects were mild to moderate in severity even after long-term treatment
(Ziemssen et al., 2022). Importantly, treatment with fingolimod leads to lymphopenia, which
in turn results in an increased risk of infections and opportunistic infections (Cohen & Chun,
2011). Furthermore, prolonged lymphopenia is associated with increased cancer incidence
(Menetrier-Caux et al., 2019). However, due to the efficacy of fingolimod treatment regarding
relapses, disability progression, lesion activity and brain volume loss in MS, its oral route
administration, as well as the safety, and tolerability profile, it is, up to this day, an attractive
treatment option for RRMS. The most common adverse events during treatment with
teriflunomide include diarrhea, nausea, high blood pressure, hair thinning or decreased hair
density, and elevated alanine aminotransferase levels (Fragoso & Brooks, 2015). Importantly
and in contrast to fingolimod, which impairs the emigration of lymphocytes from the lymph
nodes (Brinkmann et al., 2010; Chun & Brinkmann, 2011; Melzer & Meuth, 2014),
teriflunomide blocks the proliferation and effector mechanisms of distinct, activated T-
lymphocyte subtypes (Bar-Or et al., 2014; Melzer & Meuth, 2014; Tilly et al., 2021), while

having only a small effect on the peripheral count of lymphocytes and neutrophils (Fragoso &
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Brooks, 2015). Remarkably, only mild infections and no opportunistic infections were
observed, even in a long-term follow-up study after 8.5 years (Confavreux et al., 2012), making
it an attractive agent for treatment of RRMS.

One must also keep in mind, that pleiotropic, immune-unrelated functions have been postulated
for both drugs that might be directly neuroprotective, e.g., fingolimod leading to increased
neurite growth, enhanced synaptic plasticity in the hippocampus or increased levels of brain-
derived neurotrophic factor (BDNF) and teriflunomide directly affecting microglia and
astrocytes in vitro (Deogracias et al., 2012; Bar-Or et al., 2014; Miguez et al., 2015; Edling et
al., 2017; Segura-Ulate et al., 2017; Schira et al., 2019). Concerning this study, both drugs had
remarkable and similar effects on the outcome of histopathological and behavioral changes,
even though they differ considerably regarding their immunomodulatory mechanism. Of note,
we did not detect adverse effects after treatment with either immunomodulator. Previous studies
showed that treatment with fingolimod or teriflunomide failed to further improve the pathology
in Ragl-deficient CLN1 mice (Groh et al., 2021a), suggesting that the effects were primarily
immune-related. We didn’t see beneficial effects of treatment with either immunomodulator
compared to Ragl-deficiency, instead Ragl-deficiency was more effective regarding most
parameters, possibly pointing towards a primarily immune-mediated mechanism in SPG11.
More studies would be needed to ensure that the here shown effects are due to the
immunomodulatory functions of the drugs alone, rather than additional direct neuroprotective
effects, e.g., treating Ragl-deficient mice with fingolimod or teriflunomide. However, due to
limited amounts of experimental animals, we had to omit the impact of pharmacological

treatment in Ragl-deficient mice.

6.8 Proposed mechanism and conclusion

We propose the following mechanism for the role of inflammation in SPG11, as exemplified in
the retinotectal system and the folium of the cerebellum (Figure 61): Based on our observations,
Spgl1” mice display substantial neuroinflammation, possibly targeted against myelinated
axons, resulting in axonal perturbation and loss of cell bodies, like RGCs and PCs. Loss of PCs
in the CB most likely leads to abnormal gait coordination as well as social abnormalities (Figure
61). Ragl-deficiency, resulting in a model without mature T- and B-lymphocytes and therefore
devoid of an adaptive immune response, reduces microglial activation, axonal perturbation, and
neuronal loss (Figure 61). Additionally, gait coordination and social abnormalities are
improved, likely due to a restored number of PCs in the CB (Figure 61). As a clinically relevant
translation of the genetic inactivation of the adaptive immune system we investigated the
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pharmacological inhibition of lymphocytes with the immunomodulators fingolimod or
teriflunomide, which are in wide use for the treatment of MS. While treatment with either
immunomodulator does not influence microglial numbers or activation, it leads to a substantial
reduction of inflammation by cytotoxic CD8* T-lymphocytes and ameliorates the
histopathological and clinical disease outcome in an early and, more importantly, late treatment
approach (Figure 61). Therefore, we here identify neuroinflammation as a targetable and
disease-amplifying mechanism in a model of SPG11.
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Figure 61: Secondary inflammation acts as a disease amplifier in SPG11.

Mechanistic involvement of inflammation in SPG11, as exemplified in the retinotectal system (left) and
folium of the cerebellum (right). Spgl1” mice (2" row) show a substantial increase in axonal
perturbation (seen as SMI32* axonal spheroids; brown) and neuronal loss (seen as loss of RGCs (yellow,
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left) or PCs (blue, right)) compared to Spg11** mice (1% row). This is accompanied by an increase of
cytotoxic CD8" T-lymphocytes (red), microglial numbers (purple) and microglial activation (green).
The degeneration of PCs in the cerebellum likely contribute to gait alterations and social abnormalities,
typically present in Spg11”- mice. Rag1-deficiency (3" row), resulting in a model devoid of an adaptive
immune response, reduces microglial activation and substantially ameliorates axonal perturbation and
neuron loss, likely contributing to improved gait coordination, and social abnormalities. The
translational approach using fingolimod (FTY720) or teriflunomide in an early and more clinically
relevant, late treatment approach also leads to substantial reduction of inflammation by CD8*
T-lymphocytes and a consequent amelioration of histopathological and clinical disease progression. Of
note, treatment does not reduce microglial activation. This indicates that secondary inflammation is
causally involved in the disease progression of SPG11. Scheme by Horner et al., unpublished (generated
with BioRender).

To make our approach eventually translatable, providing evidence of neuroinflammation in the
CNS of SPG11 patients is necessary. While our group was able to demonstrate an elevated
number of CD8" T-lymphocytes in brains of CLN2 and CLN3 patients (Groh et al., 2017) and
normal white matter of older humans (Groh et al., 2021b), corresponding tissue samples of
SPG11 patients were, to the best of our knowledge, not available. However, cytokine signatures
and immune cell activation in blood and the cerebrospinal fluid are becoming more interesting
for monitoring CNS-associated immune processes also in other, more frequent
neurodegenerative diseases (Schroder et al., 2018; Oh et al., 2021). Therefore, identifying such
biomarkers of neuroinflammation in SPG11 might provide a direct rationale and important
readout for repurposing clinically established disease-modifying treatments. Our study may
then give hope that immunomodulation could become a potent option to make the presently

poorly treatable disease more bearable for patients and their relatives.
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8  Appendix

8.1 Technical equipment
BioPhotometer 6131
Biosphere Filter Tips
Catwalk XT 10.6

Centrifuges

Biofuge 15R
Biofuge Pico
Centrifuge 5424

Cryostat CM 3050S

FACSLyric

Freezer

Dry block thermostat TBD-
120

Dry block thermostat TBD-

100

Gel chambers
Horizontal Mini Gel
System
Mini-PROTEAN3® cell
Mini-Trans-Blot® cell

Gel imager

Hamilton syringes

Heating plate

Homogenizer MICCRA D-8

MicroAmp® Fast 96-well

reaction plate

Microscopes
ApoTome 2
Axiophot 2
CM10
LEO 906 E
Obiject slides superfrost

Olympus Veleta camera
system

Optical adhesive covers
Optodrum

Spectralis® OCT
PapPen

PCR tubes

Perfusion pump Reglo

ProScan Slow Scan CCD
camera
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Eppendorf (Hamburg, Germany)
Sarstedt (Nuernbrecht, Germany)
Noldus (Weimar, Germany)

Heraeus (Hanau, Germany)
Heraeus (Hanau, Germany)
Eppendorf (Hamburg, Germany)
Leica (Wetzlar, Germany)

BD Biosciences (San Jose, USA)
Liebherr (Biberach, Germany)

Hartenstein (Wuerzburg, Germany)
Hartenstein (Wuerzburg, Germany)

Peglab (Erlangen, Germany)

Bio-Rad (Munich, Germany)
Bio-Rad (Munich, Germany)
Intas (Goettingen, Germany)
Hamilton (Hochst, Germany)
Medax (Neumuenster, Germany)
ART (Muehlheim, Germany)
Applied Biosystems (Darmstadt,
Germany)

Zeiss (Oberkochen, Germany)
Zeiss (Oberkochen, Germany)
Philips (Hamburg, Germany)

Zeiss (Oberkochen, Germany)
Langenbrinck (Teningen, Germany)

Olympus (Hamburg, Germany)
Applied Biosystems (Darmstadt,
Germany)

Striatech (Tubingen, Germany)
Heidelberg Engineering
(Heidelberg, Germany)

SCI (Munich, Germany)
Hartenstein (Wuerzburg, Germany)
Ismatec (Glattbrugg, Switzerland)

Pro Scan (Lagerlechfeld, Germany)
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Pipettes

Power supply
Thermocycler

Ultracut

8.2 Software

Adobe Photoshop CS6
Catwalk XT 10.6
CellQuest Pro
EthoVision XT 11
EthoVision XT 15
Flowjo version 10
FluoView

GraphPad Prism 7
ImageJ

IiTEM

Microsoft Office 2016
Optodrum

Research Heyex

ZEN 3.0

8.3 Reagents

Acetone
Accutase
Agarose

AmpliTaq DNA Polymerase
Aqua-Poly/Mount®
Avidin-Biotin blocking kit
Boric acid

Bovine serum albumin 96%
Bromphenol blue

Step One Plus Real Time

PCR System

Mastercycler gradient
Primus96 advanced

Abimed (Berlin, Germany)
Eppendorf (Hamburg, Germany)
Gilson (Bad Camberg, Germany
Bio-RAD (Munich, Germany)

Applied Biosystems (Darmstadt,
Germany

Eppendorf (Hamburg, Germany)
Peglab (Erlangen, Germany)
Leica (Wetzlar, Germany)

Adobe (San Jose, USA)

Noldus (Weimar, Germany)

BD Biosciences (San Jose, USA)
Noldus (Weimar, Germany)

Noldus (Weimar, Germany)

BD Biosciences (San Jose, USA)
Olympus (Hamburg, Germany)
GraphPad Software (San Diego, USA)
NIH (Bethesda, USA)

Olympus (Hamburg, Germany)
Microsoft (Redmond, USA)

Striatech (Tubingen, Germany)
Heidelberg Engineering (Heidelberg, Germany)
Zeiss (Oberkochen, Germany)

Invitrogen (Karlsruhe, Germany)
Merck Millipore (Massachusetts, USA)
Carl Roth (Karlsruhe, Germany)

Polymerase Applied Biosystems (Darmstadt,
Germany)

Polysciences (Eppelheim, Germany)
Vector Laboratories (Burlingame, USA)
Merck (Darmstadt, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
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Cacodylic acid

Chloroform

DAPI

Diethyl pyrocarbonate (DEPC)
1, 4-Dithiothreitol (DTT)
Ethylenediaminetetraacetic acid (EDTA)
Ethanol

Gel Star DNA-Dye

Glycine

Glycerol

Glycogen

HD Green DNA-Dye

Heparin

HEPES

IGEPAL CA-630

Ketavet

Methanol

2-Methylbutane

Serva (Heidelberg, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Merck (Darmstadt, Germany)
Sigma-Aldrich (Munich, Germany)
Lonza (Basel, Switzerland)
Sigma-Aldrich (Munich, Germany)
Merck (Darmstadt, Germany)
Roche (Mannheim, Germany)
Intas (Gottingen, Germany)
Ratiopharm (Ulm, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Munich, Germany)
Pfizer (Berlin, Germany)
Sigma-Aldrich (Munich, Germany)
Carl Roth (Karlsruhe, Germany)

Orange DNA Loading Dye (6X)
O'RangeRuler™ 100+500 bp DNA Ladder
Page Ruler Plus prestained protein ladde

Thermo Fisher Scientific (Darmstadt, Germany)
Thermo Fisher Scientific (Darmstadt, Germany)
Thermo Fisher Scientific (Darmstadt, Germany)

40 % Percoll

Polyacrylamid

Primers

Potassium chloride

Potassium di-hydrogen phosphate
Protease inhibitor cocktail set

Sodium chloride solution

Sodium dodecyl sulfate (SDS)

Sucrose

Tetramethylethylenediamine (TEMED)
Tissue-Tek® O.C.T.™ Compound
Tris(hydroxymethyl)aminomethane (Tris)
Tris-HCI

TritonX-100

Tween-20

Tween-80

Vitro-Clud®

Xylavet

GE Healthcare (Munich, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Munich, Germany)
Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
Calbiochem (Darmstadt, Germany)
Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Munich, Germany)
Sakura (Alphen aan den Rijn, Netherlands)
Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Langebrinck (Teningen, Germany)
CP-Pharma (Burgdorf, Germany)

122



Appendix

8.4 Buffer and solutions

Anaesthetics

Cacodylate buffer

Cresyl vioelt solution

DABCO

Erythrocyte lysis buffer

FACS buffer

10% FCS in PBS

Gel running buffer (10x)

Haematoxylin

1.2% Ketaminhydrochloride
0.08% Xylazinhydrochloride
0.9% NaCl

0.1 M cacodylic acid
Dissolved in distilled water
pH 7.4

0.1% cresyl violet
1% acetic acid

25% PBS
75% Glycerol
25 mg/ml 1,4-diazabicyclo[2.2.2]octane

0.15 M NHA4CI

1 mM KHCO3

0.1 mM Na2EDTA
pH 7.4

sterile filtration

1% BSA

0.1% NaAzide
in PBS

sterile filtration

10% FCS
in PBS

0.25M Tris
1.92M Glycin
1% SDS
Store at 4°C

50 mg/ml KAI(SO4)2
1 mg/ml Haematoxylin

0.2 mg/ml NalO3
2% acetic acid
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Methylene blue

PBS (1x)

Ponceau S

Spurr’s medium

8.5 Primers

SPG11
SPG11 FW
SPG11 Rev

RAG1
RAG-1F1
RAG-1F2
RAG-1R

1% Methylene blue
1% Azure Il

40% Saccharose
pH9.2

137 mM NaCl

2.7 mM KCI

1.5 mM KH2PO4
8.1 mM Na2HPO4
pH 7.4

1% Trichloroacetic acid
0.1% Ponceau S
Store protected from light

10 g Vinyl/ERL
6 g DER 736
26 g NSA

0.4 g DMAE

5'-GCCAAGGTATGCACCAGACGGGG-3'
5'-TCCTGCCCTTCACCACGTCAGG-3'

5’-GAGGTTCCGCTACGACTCTG-3’
5’-CCGGACAAGTTTTTCAT-CGT-3’
5’-TGGATGTGGAATTGTTGCGAG-3’
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8.6 Antibodies

Primary antibodies

Antibodies Company Host Dilution Fixation Additives
Brn3a Santa Cruz Goat 1/100 2% PFA 2% Triton
CD4 Serotec Rat 1/1000 Acetone None
CD8 Serotec Rat 1/500 Acetone None
CD11b Serotec Rat 1/100 4% PFA 0.3% Triton
CD169(Sn) Serotec Rat 1/300 Acetone None
RBPMS Merck Guinea pig  1/300 2% PFA 2% Triton
SMI32 Covance Mouse 1/1000 4%PFA None
TMEM119 Abcam Rabbit 1/500 2% PFA 2% Triton-X
Secondary antibodies

Reactivity Company Host Dilution Conjugation

Rat 1gG Dianova Goat 1/300 Cy3

Mouse 1gG Dianova Donkey 1/300 Cy3

Rabbit 1gG Dianova Goat 1/300 Cy3

Goat IgG Dianova Donkey 1/300 Cy3

Rat 1gG Dianova Goat 1/300 Cy2

Mouse 1gG Dianova Goat 1/300 Cy2

Guinea pig IgG  Dianova Donkey 1/500 AF488

Rat 1gG Vector Rabbit 1/100 Biotin

Mouse 1gG Vector Goat 1/100 Biotin
FACS antibodies

Antibody Company Host Dilution
CD8a

PerCP/Cyanine5.5 BioLegend Rat 1/100
CD16/32 BD Biosciences Rat 1/200

CD45 APC BioLegend Rat 1/100
CD103 BV605 BioLegend Armenian hamster 1/100
CXCR4 PE BioLegend Rat 1/100
CXCR6 PE/Cyanine7  BioLegend Rat 1/100
Ly-6A/E FITC BioLegend Rat 1/100
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9 Abbreviations

AF
ALS
AP-5
ASD
BDNF
Brn3a
BSA
°C
CAR
CB
CcC
CDh
CIDP
CLN1
CLN3
cm
CMT
CMAP
CNS
CO,
CO

Cy

d

DA
DABCO
DAPI
DAT
DR
DRD2
DLB
DNA
DMSO
DOHDH
EAE
EP1
FACS
FTY720
g

GA
GBS
GFAP
GFP
GzmB
HSP
Ibal

Alexafluor

Amyotrophic lateral sclerosis
Adaptor protein complex 5
Autism spectrum disorder
Brain-derived neurotrophic factor

Brain-specific homeobox(POU domain protein 3A)

Bovine serum albumin
Degree Celsius
Cliff-avoidance-reaction
Cerebellum

Corpus callosum

Cluster of differentiation

Chronic inflammatory demyelinating polyneuropathy

Neuronal ceroid lipofuscinosis type 1
Neuronal ceroid lipofuscinosis type 3
Centimeter

Charcot-Marie-Tooth disease
Compound muscle action potential
Central nervous system

Carbon dioxide

Cortex

Cyanine

Degree

Dopamine
1,4-Diazabicyclo[2.2.2]octane
4',6-Diamidino-2-phenylindole
Dopamine transporter

Dopamine receptor

Dopamine receptor 2

Dark-light-box

Deoxyribonucleic acid

Dimethyl sulfoxide

Dihydroorotate dehydrogenase
Experimental autoimmune encephalomyelitis
Prostaglandin E receptor 1
Fluorescence activated cell sorting
Fingolimod

Gravitational acceleration
Glutaraldehyde
Guillain-Barré-syndrome

Glial fibrillary acidic protein

Green fluorescent protein

Granzyme B

Hereditary spastic paraplegia

lonized calcium-binding adapter molecule 1
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IC

[e[€]

IgM

LV.
LAMP1
LMN
Lx

min

MS
NCL
NMNAT
NOR
OCT
OF

ON
PBS

PC

PCR
PFA
PD-1
PLP
PNS
PMS
Ragl
RBPMS
RGC
RNA
RNFL

S1P
SARM1
SC
SD-OCT
SI

Sn
SPG2
SPG11
SPG15
SPG48
TCC
TCR
Teri
TMEM
TNFa
UPN

WD

Immunocytochemistry
Immunoglobulin G
Immunoglobulin M
Intravenously
Lysosomal-associated membrane protein 1
Lower motor neuron
Lux
Minutes
Multiple sclerosis
Neuronal ceroid lipofuscinosis
Nicotinamide mononucleotide adenylyltransferease
Novel object recognition
Optic coherence tomography
Open field
Optic nerve
Phosphate buffered saline
Purkinje cell
Polymerase chain reaction
Paraformaldehyde
Programmed cell death 1
Proteolipid protein
Peripheral nervous system
Progressive multiple sclerosis
Recombination activating gene 1
RNA Binding Protein, MRNA Processing Factor
Retinal ganglion cell
Ribonucleic acid
Retinal nerve fiber layer
Seconds
Sphingosine-1-phosphate
Sterile alpha and TIR motif containing 1
Spinal cord
Spectral domain OCT
Social interaction and novelty
Sialoadhesin
Hereditary spastic paraplegia type 2
Hereditary spastic paraplegia type 11
Hereditary spastic paraplegia type 15
Hereditary spastic paraplegia type 48
Thin corpus callosum
T-cell receptor
Teriflunomide
Transmembrane protein family members
Tumor necrosis factor-alpha
Upper motor neuron
Five
Wallerian degeneration
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Wt

Wild-type
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11 Publications

11.1 Original articles in peer-reviewed international journals

Horner, M., Groh, J., Klein, D., 1lg, W., Schéls, L., Dos Santos, S., Bergmann, A., Klebe, S.,
Cauhape, M., Branchu, J., El Hachimi, K., Stevanin, G., Darios, F., & Martini, R. (2022)
CNS-associated T-lymphocytes in a mouse model of Hereditary Spastic Paraplegia type
11 (SPG11) are therapeutic targets for established immunomodulators. Experiment.
Neurol. 355, 114119, doi: 10.1016/j.expneurol.2022.114119

Publications previous/unrelated to PhD project

Groh, J., Hérner, M. & Martini, R. (2018) Teriflunomide attenuates neuroinflammation-related
neural damage in mice carrying human PLP1 mutations. J Neuroinflammation 15, 194,
d0i:10.1186/s12974-018-1228-z

Groh, J., Friedman H.C., Orel N., Ip C.W., Fischer S., Spahn I., Schaffner E., Horner M.,
Stadler, D., Buttmann, M., Varallyay, C., Solymosi, L., Sendtner, M., Peterson, A.C.,
Martini, R. (2016) Pathogenic inflammation in the CNS of mice carrying human PLP1
mutations. Hum Mol Genet 25, 4686-4702, doi:10.1093/hmg/ddw?296

11.2 Oral presentations

Horner M., et al. (2018), SPG11 and SPG15 advisory meeting, Cambridge; Role of

inflammation in spastic paraplegia type 11

Hoérner M., et al. (2019), TreatHSP/Tom-Wahlig-Symposium, Weimar; Physical exercise as a
possible therapy for hereditary spastic paraplegia type 2

Hoérner M., et al. (2019), Autumn school, Translational Neuroscience, Wuerzburg; Evidence

for a pathogenic role of neuroinflammation in hereditary spastic paraplegia type 11

Hoérner M., et al. (2020), TreatHSP/Tom-Wahlig-Symposium, online; Neuropsychological
aspects in SPG-11
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Publications

Horner M., et al. (2021), TreatHSP/Tom-Wahlig-Symposium, Essen; Neuroinflammation in a
mouse model of Hereditary Spastic Paraplegia type 11 (SPG11) as target for established

immunomodulators

Horner M., et al. (2021), Autumn school, Translational Neuroscience, Wuerzburg; Speed talk;
Neuroinflammation in a mouse model of Hereditary Spastic Paraplegia type 11 (SPG11) as
target for established immunomodulators

11.3 Poster presentations
Horner M., et al. (2018), IZKF retreat 2018, Kloster Banz; Evidence for a pathogenic role of

neuroinflammation in hereditary spastic paraplegia type 11, Poster price

Horner M., et al. (2018), From rare to care, Tutzing; Evidence for a pathogenic role of
neuroinflammation in hereditary spastic paraplegia type 11

Horner M., et al. (2019), Current topics in myelin research, Kassel; Evidence for a role of

neuroinflammation in hereditary spastic paraplegia type 11

Hoérner M., et al. (2019), Eureka! Graduate School of Life Sciences Symposium, Wuerzburg;

Evidence for a pathogenic role of neuroinflammation in hereditary spastic paraplegia type 11
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