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Fingolimod and Teriflunomide Attenuate
Neurodegeneration in Mouse Models
of Neuronal Ceroid Lipofuscinosis
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CLN diseases are rare lysosomal storage diseases characterized
by progressive axonal degeneration and neuron loss in the
CNS, manifesting in disability, blindness, and premature
death. We have previously demonstrated that, in animal
models of infantile and juvenile forms of CLN disease (CLN1
and CLN3, respectively), secondary neuroinflammation in the
CNS substantially amplifies neural damage, opening the possi-
bility that immunomodulatory treatment might improve dis-
ease outcome. First, we recapitulated the inflammatory pheno-
type, originally seen in mice in autopsies of CLN patients. We
then treated mouse models of CLN1 and CLN3 disease with the
clinically approved immunomodulatory compounds fingoli-
mod (0.5 mg/kg/day) and teriflunomide (10 mg/kg/day) by
consistent supply in the drinking water for 5 months. The treat-
ment was well tolerated and reduced T cell numbers and micro-
gliosis in the CNS of both models. Moreover, axonal damage,
neuron loss, retinal thinning, and brain atrophy were substan-
tially attenuated in both models, along with reduced frequency
of myoclonic jerks in Pptl '~ mice. Based on these findings,
and because side effects were not detected, we suggest that clin-
ically approved immune modulators such as fingolimod and
teriflunomide may be suitable to attenuate progression of
CLN1 and CLN3 disease and, possibly, other orphan diseases
with pathogenically relevant neuroinflammation.

INTRODUCTION

Neuronal ceroid lipofuscinoses (NCLs, CLN diseases) are rare, genet-
ically mediated lysosomal storage disorders characterized by substan-
tial neurodegeneration in the CNS, leading to blindness, seizures,
disability, and early death."” Apart from neuronal degeneration, a
characteristic histopathological feature is the accumulation of lipofus-
cin-like autofluorescent storage material of uncertain pathogenetic
relevance in the cytoplasm of neurons, macroglia, microglia, and
other cell types."”” 13 distinct CLN genes functionally related to
lysosomal and cellular homeostasis have been identified as primary
disease causes.* In spite of the progress in molecular genetics of the
respective orphan disorders, there is presently no cure available to
mitigate the severe clinical burden, resulting in an often desperate
and hopeless situation for the patients and their relatives, particu-
larly because many CLN forms manifest in early childhood and
progress rapidly.
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One possible therapeutic target of CLN disease is neuroinflammation.
We have previously demonstrated that, in two mouse models of CLN
disease, secondary inflammation in the CNS amplifies axonal pertur-
bation, neurodegeneration, and clinical outcome.”® One of these
models is Ppt1~’~ mice, which are deficient in the soluble lysosomal
enzyme palmitoyl protein thioesterase 1.” Ppt1~'~ mice represent in-
fantile CLN (CLN1) disease in humans, which is characterized by an
early onset at around 1 year of age and a premature death at around
age 10.° The other model is deficient in the lysosomal integral mem-
brane protein CLN3” and mimics the most frequent, juvenile form:
CLN3 disease. In humans, this disease variant starts around 6 years
of age with rapidly progressing visual loss and many other neurolog-
ical symptoms. The patients mostly die in their mid-20s."

The abovementioned pathogenetic relevance of neuroinflammation
in these models was demonstrated by cross-breeding the mouse
models with either lymphocyte-deficient mice” or with mice deficient
in the microglia/macrophage-related cell adhesion and pro-inflam-
matory signaling molecule sialoadhesin.® Both approaches identified
CD8" effector T lymphocytes as substantial culprit cells in the two
disease situations, demonstrating a surprising, but unequivocal dis-
ease convergence in both models. The present study was designed
to target these effector cells in both models with two pharmacological
compounds of approved clinical safety already established for much
more frequent neuroinflammatory diseases, such as multiple scle-
rosis. One substance, fingolimod (or FTY720), a modulator of the
sphingosine-1-phosphate (S1P) receptor, impairs lymphocyte
emigration from the lymph nodes and infiltration into the brain.'"'*
The other compound, teriflunomide, inhibits the de novo synthesis of
pyrimidine nucleotides and reduces the proliferation and function of
activated but not resting cells of the adaptive immune system.'* In the
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Table 1. Brain Autopsies

Autopsy No.  MRC BBN-ID  Sex Age Diagnosis

Al137/12 BBN_4576 F 10 CLN2

A114/08 BBN_16328 F— 11 CLN3

A091/07 BBN_16363 M_ 23 CLN3

A206/03 BBN_ 15741 F— 10 congenital abnormality of nervous
system, control

A113/09 BBN_16281 M_ 18 no specific features, control

A002/94 n/a M_ 25 normal adult brain, control

The frozen samples of thalamus and occipital cortex of the corresponding patients were
obtained by the London Neurodegenerative Disease Brain Bank and Brains for Demen-
tia Research and analyzed by immunohistochemistry. F, female; M, male.

present study, we demonstrate that both orally applied substances
robustly attenuate neuroinflammation in the CNS of CLNI and
CLN3 models. Moreover, features indicative of neural perturbation
in the retinotectal system were strongly reduced/prevented, as identi-
fied by repetitive optical coherence tomography in vivo and, eventu-
ally, by histopathological post-mortem analysis using immunohisto-
chemistry and electron microscopy to quantify axonal spheroids and
histology to quantify neuronal cells. Last, total brain atrophy was
attenuated, and the frequency of myoclonic jerks as a clinical readout
in the CLNI1 disease model was strongly reduced upon pharmacolog-
ical immune modulation. Based on these results and our concomitant
observation that, in CNS autopsies of CLN disease patients, both mi-
crogliosis and accumulation of CD8" T lymphocytes were detectable,
we suggest that fingolimod and teriflunomide could serve as clinically
safe and approved immune modulators to mitigate the disease burden
in at least two forms of presently untreatable CLN diseases.

RESULTS

Based on our previous studies identifying neuroinflammation as a
robust amplifier of CLN1 and CLN3 disease in mouse models, we
investigated whether, in human CLN disorders, inflammation might
be a disease-modifying candidate as well. For this purpose, we inves-
tigated frozen brain autopsy sections (thalamus and occipital cortex)
from CLN2 and CLN3 disease patients for evidence for inflammation
(Table 1). At first, as expected, we identified a high amount of auto-
fluorescent material in neuronal and non-neuronal cells in the brain
sections of CLN disease but not in those of control patients (data
not shown). In comparison with the sections from control patients,
we found significantly increased numbers of CD4" and CD8" T lym-
phocytes in sections from CLN patients (Figure 1). Similar to our ob-
servations in the mouse models, CD8" T-lymphocytes outnumbered
the CD4" ones. Numbers of CD68" and CD11b" microglial cells/mac-
rophages were also elevated, as well as cells positive for the pro-inflam-
matory microglial/macrophage cell signaling molecule sialoadhesin
(Sn; Figure S1). In line with these findings was the rounded or bushy
morphology of CD68" and CD11b" microglial cells/macrophages,
indicating their activated state. One control autopsy from a patient
with a “congenital abnormality of the CNS” was included and did
not display signs of CNS inflammation. These observations corrobo-
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rate our assumption that, not only in mouse models but also in human
CLN patients, secondary inflammation might play a detrimental role.

In a subsequent attempt to treat detrimental inflammation in CLN,
we used fingolimod and teriflunomide as preventive (before the
appearance of significant degenerative alterations) pharmacological
intervention in PptI~'~ and CIn3~'~ mice, mimicking CLN1 and
CLN3 disease, respectively. Based on our previous work regarding
onset of neuroinflammation and neurodegeneration in the models,”®
1-month-old Pptl ™'~ mice and 12-month-old CIn3~'~ mice were
consistently supplied for 5 months, respectively, with drinking water
containing either fingolimod (0.5 mg/kg/day) or teriflunomide
(10 mg/kg/day). Control mice were supplied with normal drinking
water lacking the immune modulators. All treated mice were gener-
ally undistinguishable from the nontreated controls regarding fur
and body weight, reflecting that both treatments were well tolerated.
At the end of the respective treatment periods, 6-month-old Ppt1~/~
mice and 17-month-old Cln3™'~ mice were analyzed regarding the
systemic effect of treatment on distinct immune cell populations of
peripheral blood. Based on flow cytometry, we detected a significant
elevation of leukocytes in peripheral blood in untreated Ppt1~'~ (Fig-
ure S2A) and Cln3~/~ mice (data not shown). Using antibodies
against CD4, CD8, and CD11b, we identified T lymphocytes and
myeloid cells, respectively, as contributing populations of increased
leukocyte numbers in the untreated mutants. Interestingly, in both
models, fingolimod, but not teriflunomide, significantly reduced
leukocyte numbers by strongly depleting T lymphocytes, but not
myeloid cells, from the circulation (Figures S2A and S2B). This lym-
phopenic effect was independent of the mouse genotype (data not
shown). Reflecting the lymphopenic effects, a reduction in spleen
weight was typical for fingolimod- but not teriflunomide-treated
mutants (Figure S3).

As a next step, we quantified the number of CD4" and CD8" T lym-
phocytes and CD11b" microglia/macrophages in the CNS fiber tracts,
as represented by longitudinal sections of the optic nerves. In accor-
dance with our previous studies,” the respective cell types were
elevated in number in both untreated models compared with wild-
type (WT) mice. However, in the fingolimod- and teriflunomide-
treated mutants, the elevation of T lymphocyte numbers was pre-
vented (Figures 2A and 2B; Figure S4). Interestingly, both compounds
also reduced the increase in numbers of CD11b" cells in CNS tissue
(Figure S5). Also, activated microglia/macrophages positive for the
cell recognition molecule Sn were less frequent in the treated mutants
in comparison with the untreated ones (Figure 3). Similarly, the
numbers of CD8" T lymphocytes (Figure 2C) and Sn™ microglia/mac-
rophages (Figure 3C) were also attenuated in gray matter brain re-
gions such as the somatosensory barrel field cortex of Ppt1™'~ and
Cln3™'~ mice after treatment with fingolimod or teriflunomide.
Thus, both immune modulators clearly mitigate neuroinflammation
in the CLN models investigated.

We also scored the effect of therapeutic intervention on disease
severity. In living mutants, we first analyzed retinopathic changes
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Figure 1. Increased Numbers of T Lymphocytes in
the CNS of CLN Disease Patients

(A) Representative light microscopy of immuno-
histochemically labeled CD8* T lymphocytes (arrows) in
thalamic brain autopsy sections from a CLN3 patient

N\ (BBN_16328) and a control patient (BBN_15741). Right:

higher magnification of the inset. Scale bars, 30 um.
(B and C) Quantification of CD8* (B) and (C) CD4" T
— lymphocytes. The numbers of CD8" and CD4* T cells
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were significantly increased in the thalamus and occipital
cortex of CLN disease patients (pooled data of two CLN3
cases and one CLN2 case) compared with controls (n =3
patients/group). Student’s t test. *p < 0.05, **p < 0.01.

O Control

LN (Figure 6). Quantification of retinal ganglion

cells in flat mount preparations recapitulated
previous observations™®'? in that cell numbers
were significantly reduced in 6- and 17-month-
old Ppt1™~ and CIn3™'~ mice, respectively.

Thalamus Occ. cortex Thalamus

using non-invasive optical coherence tomography (OCT) for live im-
aging of the retina'” and assessed clinical features in the CLN1 disease
model by quantifying myoclonic jerks. For OCT, Ppt1~'~ mice were
analyzed at 4, 5, and 6 months of age regarding total retinal and com-
posite layer thickness. Corroborating previous findings,”'” a constant
decrease in the thickness of the innermost composite layers (nerve
fiber layer [NFL], ganglion cell layer [GCL], and inner plexiform layer
[IPL]) was detected, reaching highly significant levels at 6 months
(Figure 4A). Strikingly, both immune modulators prevented reduc-
tion of the retinal layer thickness. This preservation of retinal integrity
in the CLN1 disease model after fingolimod and teriflunomide treat-
ment was accompanied by an ameliorated clinical outcome in the
form of reduced occurrence of myoclonic jerks at 6 months of age
(Figure 4B).

Retinopathy of Cln3~'~ mice was scored at 12, 15, and 17 months
with OCT. Extending previous results,"” a decrease in the thickness
of the innermost composite layer was detected, with a highly signifi-
cant degree of retinal thinning at 15 and 17 months of age. Treatment
with each of the immune modulators reduced the retinal thinning but
did not completely prevent it (Figure 4A).

Last, the effects of the distinct treatment approaches on histopatho-
logical changes in the retinotectal system were quantified. SMI32"
axonal spheroids, as representatives of axonal perturbation, were
amply detectable in optic nerve sections of 6- and 17-month-old
CLN1 and CLN3 disease models, respectively. Both fingolimod and
teriflunomide substantially suppressed their formation in Pptl™'~
mice, whereas, in ClIn3~'~ mice, this ameliorating effect only reached
significance after teriflunomide treatment (Figure 5). However, elec-
tron microscopic quantification demonstrated a significant attenua-
tion of axonal spheroid formation after both treatment approaches

Occ. cortex

Strikingly, treatment with fingolimod and teri-
flunomide had a strong beneficial effect and
prevented significant loss of retinal ganglion
cells in both models, corroborating our observations in living mice
using OCT (Figure 7). Similarly, total brain atrophy, as reflected by
reduced brain weights of Ppt1™'~ and Cln3™'~ mice, was significantly
attenuated after treatment with fingolimod and teriflunomide,
arguing for a generalized effect of immunomodulatory therapy ex-
tending beyond the retinotectal system (Figure 8A). This beneficial
effect on brain atrophy was also obvious in coronal brain sections
of Ppt1™'~ mice (Figure 8B; see also Figures 2C, 3C, and 8C). In
contrast, the accumulation of autofluorescent storage material
appeared not to be prominently affected by immunomodulation
(Figure 8C), as similarly observed with our previous cross-breeding
approaches to genetically eliminate cytotoxic T lymphocytes.” This
indicates that immunomodulation has no effect on primary dis-
ease-related abnormalities and that inflammation is a secondary
modifier of disease outcome.

DISCUSSION

Previous proof-of-principle investigations from our laboratory
showed that CLN1 and CLN3 disease models with genetically atten-
uated immune activation display strongly ameliorated histopatholog-
ical changes in the CNS and improved disease outcome.”® The
respective studies are, therefore, suggestive of a potential anti-inflam-
matory treatment option for the corresponding human diseases.
However, until now, two significant drawbacks may have limited
the enthusiasm to consider immune modulation as a therapeutic
approach for CLN diseases: in spite of some hints from the litera-
ture,'* it is not known whether neuroinflammation is a typical feature
in CLN disease patients, and suppression of parts of the immune sys-
tem with an intended block of auto-antibody deposition with the
cytostatic mycophenolate mofetil only very moderately improved dis-
ease outcome in a relatively young and, therefore, only mildly affected
mouse model for CLN3 disease."”
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Figure 2. Fingolimod and Teriflunomide Prevent the
Elevation of CD8" T Lymphocyte Numbers in CLN1
and CLNS3 Disease Models

(A) Representative immune fluorescence microscopy of
CD8" T lymphocytes (arrows) in longitudinal optic nerve
sections from 6-month-old Ppt71*"*, Ppt1~'~, fingolimod-
treated Ppﬂ’/ ~ (+ FTY720), and teriflunomide-treated
Ppt1~~ (+ Teriflunomide) mice (top) and 17-month-old
CIn3*"*, CIn3~'~, fingolimod-treated CIn3~/~ (+ FTY720),
and teriflunomide-treated CIn3~/~ (+ Teriflunomide) mice
(oottom). Scale bar, 20 um. (B) Quantification of CD8" T
lymphocytes in optic nerve sections. The numbers of CD8*
T cells were significantly increased in the untreated CLN1
and CLN3 disease models compared with WT mice. This
increase was prevented in both models by treatment with
fingolimod as well as with teriflunomide for 150 days (n =5
mice/group). One-way ANOVA and Tukey’s post hoc tests.
***p < 0.001. (C) Representative light microscopy of CD8" T
lymphocytes (circles) in coronal sections of S1BF cortex
from 6-month-old Ppt1*"*, Ppt1~/~, fingolimod-treated
Ppt1~/~ (+ FTY720), and teriflunomide-treated Ppt?~/~
(+ Teriflunomide) mice (top) and 17-month-old CIh3*"*,
CIn3~'~, fingolimod-treated CIn3~'~ (+ FTY720), and teri-
flunomide-treated CIn3~/~ (+ Teriflunomide) mice (bottom).
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The purpose of our present study was to shift focus again on the poten-
tial therapeutic effect of immune modulation in CLN diseases. Along
these lines, we could verify that, in autopsies of CLN disease patients,
including both CLN2 and CLN3, robust inflammatory features impli-
cating both the adaptive and the innate immune system are detectable.
A striking feature was the predominance of CD8" over CD4" T lympho-
cytes, resembling the situation in the CLN3 mouse model.° It is inter-
esting in this context that the neuroinflammatory features of the
CLN3 patients were indistinguishable from the inflammatory hallmarks
seen in the CLN2 autopsies. Because of the scarcity of brain autopsy
samples from CLN1 patients, we were not able to investigate whether
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CLN3

Note the reduction of cortical atrophy in treated Ppt1 /=
mice. Scale bar, 50 pm. (D) Higher magnification of CD8* T
lymphocytes. Scale bar, 20 um.

+ Teriflunomide

similar neuroinflammatory reactions occur as in
the mouse model. However, based on the patho-
genic effect of neuroinflammation in CLNI
model mice and the similarities (except the
much later onset in CLN3) of neuroinflammatory
features in the distinct mouse models and the
CLN3 patients, we assume that CLN1 patients
likely show comparable inflammatory reactions
as CLN3 (and CLN2) patients. Of note, we found
that, in one of our control autopsies from a pa-
tient with a congenital abnormality of the CNS
(Table 1), no signs of inflammation were detect-
able, suggesting that not every abnormality leads
to inflammation.

All in all, we found that secondary neuroin-

flammation with a predominance of CD8"
T cells is not confined to CLN mouse models but appears to be a
typical histopathological feature of CLN patients. It is, therefore,
of particular relevance that clinically approved and well tolerated
immune modulators, initially designed for long-term therapy of
more frequent, neuroinflammatory disorders such as MS, robustly
improved histopathological changes and disease outcome in CLN1
and CLN3 models. The compounds were applied at doses based
on established protocols regarding the treatment of neuroinflamma-
tion-associated mouse models.’>*" Because of the compounds’ sta-
bility in neutral solutions, fingolimod and teriflunomide were
consistently supplied ad libitum in weekly renewed drinking
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Figure 3. Fingolimod and Teriflunomide Attenuate
the Elevation of Sn* Microglia/Macrophage
Numbers in CLN1 and CLN3 Disease Models

(A) Representative immune fluorescence microscopy of
Sn* microglia/macrophages in longitudinal optic nerve
sections from 6-month-old Ppt1**, Ppt1~/~, fingolimod-
treated Ppt1 /= (+ FTY720), and teriflunomide-treated
Ppt1~/~ (+ Teriflunomide) mice (top) and 17-month-old
CIn3*"*, CIn3~~, fingolimod-treated CIn3~'~ (+ FTY720),
and teriflunomide-treated CIn3~/~ (+ Teriflunomide) mice
(bottom). Scale bar, 20 um. (B) Quantification of Sn* mi-
croglia/macrophages (percentage of CD11b*) in optic
nerve sections. The numbers of Sn™ cells were signifi-
cantly increased in the CLN1 and CLN3 disease models
compared with WT mice. This increase was attenuated in
both models by treatment with fingolimod as well as teri-
flunomide for 150 days (n = 5 mice/group). One-way
ANOVA and Tukey’s post hoc tests. *p < 0.05, **p < 0.01,
***p < 0.001. (C) Representative light microscopy of Sn*
microglia/macrophages in coronal sections of S1BF cor-
tex from 6-month-old Ppt1**, Ppt1~'~, fingolimod-
treated Ppt1 '~ (+ FTY720), and teriflunomide-treated
Ppt1~'~ (+ Teriflunomide) mice (top) and 17-month-old
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water, which is the least stressful delivery method for long-term
application.

Along these lines, both fingolimod and teriflunomide treatment
ameliorated retinal thinning, neuron loss, and other histopathological
features of the retinotectal system as well as total brain atrophy in
both mutants. Moreover, in the severe CLN1 disease model, both
drugs significantly reduced clinical features in the form of myoclonic
jerks, which is in line with our previous proof-of-principle studies.”°
Also, in a recent pharmacological approach using the anti-inflamma-

CLN3

+ Teriflunomide

Cin3*"*, CIn3~/~, fingolimod-treated CIn3~'~ (+ FTY720)
and teriflunomide-treated CIn3~'~ (+ Teriflunomide) mice
(bottom). Note the reduction of cortical atrophy in treated
Ppt1~/~ mice. Scale bar, 50 pm. (D) Higher magnification
of Sn* microglia/macrophages. Scale bar, 20 pm.

tory small molecule MW 151, seizure frequency
was significantly reduced in the CLN1 model,"
supporting our finding that development of sei-
zures is amplified by neuroinflammation. These
observations, made in two different laboratories,
are of particular relevance because CLN disease
patients often respond only poorly to conven-
tional anti-epileptic drugs or even react with
deterioration of the disease course.'” Taken
together, degenerative changes in the retino-
tectal system and other brain areas of both
models and the development of seizures in the
severe model appear to be strongly co-mediated
or amplified by the neuroinflammatory aspect of
the primarily genetically caused diseases. This
might be of pivotal relevance for treatment stra-
tegies regarding the presently non-curable
CLN1 and CLN3 disease and possibly related disorders in humans,
such as other CLNs, immune-related leukodystrophies, or hereditary
spastic paraplegia.'® >’

Sn

The similar efficacy of both drugs is remarkable and impressively
mimics the ameliorating effects of genetic impairment of inflamma-
tion in the CLN1 and CLN3 disease models. Fingolimod impairs
lymphocyte emigration from the lymph nodes,'*"* likely reflected
by lymphopenia and reduced spleen weights in both treated models.
This was not seen in teriflunomide-treated models, in line with the
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Figure 4. Fingolimod and Teriflunomide Attenuate
Retinal Thinning in CLN1 and CLN3 Disease Models
and Myoclonic Jerks in the CLN1 Model

(A) Longitudinal analysis of NFL/GCL/IPL thickness at 4, 5,
and 6 months of age in Ppt1**, Ppt1~/'~, fingolimod-
treated Ppt?~/~ (FTY720), and teriflunomide-treated
Ppt1™'~ (Ter) mice (top) and at 12, 15, and
17 months of age in CIn3*’*, CIn3~/~, fingolimod-treated
Cin3~'~ (FTY720), and teriflunomide-treated Cin3~/~
(Teri) mice (bottom). Inner retinal thickness progressively
decreased with age in the CLN1 and CLNS3 disease
models compared with WT mice. This decrease was
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attenuated in both models by treatment with fingolimod as
well as teriflunomide for 150 days (n = 5 mice/group). One-
way ANOVA and Tukey’s post hoc tests. (B) Quantification
of myoclonic jerks in Ppt1*"*, Ppt1~/~, fingolimod-treated
Ppt1~/~ (FTY720), and teriflunomide-treated Ppt1 "/~
(Teri) mice. The frequency of myoclonic jerks was
robust in the untreated CLN1 disease model but sub-
stantially decreased by treatment with fingolimod as well
as with teriflunomide for 150 days (n = 5 mice/group).
One-way ANOVA and Tukey’s post hoc tests. *p < 0.05,
**p < 0.01, **p < 0.001.
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drug being predominantly a cytostatic for proliferation of activated
but not resting cells of the adaptive immune system, thus preserving
the protective function of the immune system.'*' Interestingly, in a
rat model of Alzheimer disease, fingolimod improved spatial** and
aversive learning.”® Also, the drug mitigated the outcome of
ischemia, although the respective mechanisms are controversially
discussed.** ™ Further pleiotropic mechanisms independent of the
immune system are protection of oligodendrocytes, remyelination,
and astrocyte migration.”’ A previous study in a Rett syndrome
model displayed a direct neuroprotective effect because of fingoli-
mod-induced brain-derived neurotrophic factor (BDNF) expres-
sion.”’ It is therefore conceivable that the ameliorated phenotype
of our CLN models may also be influenced by pleiotropic effects
not related to the immune system. Two observations argue against
this possibility. First, recent studies from our laboratory not only
displayed the pathogenetic effect of cytotoxic CD8" T cells in CLN
disease models’ but also identified intrinsic immune-regulatory
mechanisms implicating CD8*CD122" T lymphocytes.” These
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regulatory cells are negatively controlled by
the microglia/macrophage-related cell signal-
ing molecule Sn. Consequently, absence of Sn
caused a robust mitigation of disease in both
CLN1 and CLN3 models,’ closely resembling
the presently reported improvement by the
immune modulators, supporting their im-
mune-directed effect in these models. Second,
teriflunomide- and fingolimod-treated CLN
models not only strikingly resemble CLN
models with genetically impaired immune
activation but also resemble each other. This
is remarkable because the non-immune effects
of these drugs differ considerably.”' Thus, it is more likely that
the improved histopathological and clinical changes by fingolimod
and teriflunomide are the predominant result of immune
modulation.

The scope of the present study was to open opportunities to in-
crease the quality of life for CLN1 and CLN3 patients by reducing
damage of the visual system, seizures, and possibly other conse-
quences of brain atrophy. We think there is much hope to achieve
these goals with use of the two immune modulators because partic-
ularly seizure frequency and the retinotectal system strongly
“respond” not only to the genetic immune ablation but also to
the pharmacological immune modulation. Early application of
the drugs, as in the present approaches, should be possible in
most cases because diagnosis of the common CLN disease forms
improved significantly over the last years. Moreover, younger sib-
lings, being pre-symptomatic disease carriers, will likely profit
most. Furthermore, immunomodulation could be combined with



www.moleculartherapy.org

Ppti+/+
SMI32

A

Ppt1-/- + FTY720

S S

Cin3+/+ +FTY¥720

B SMI32+ axonal spheroids

*k%k

SMI32+ profiles/mm? (mean +/- SD)

SMI32+ profiles/mm? (mean +/- SD)

| HAam

h

Ppt1-/- + Teriflunomide

CIn3-/- + Teriflunomide

SMI32+ axonal spheroids

Figure 5. Fingolimod and Teriflunomide Attenuate
the Formation of SMI32* Axonal Spheroids in CLN1
and CLNS3 Disease Models

(A) Representative light microscopy of immuno-
histochemically labeled SMI32™ axonal spheroids (arrows)
in longitudinal optic nerve sections from 6-month-old
Ppt1**, Ppt1~/~, fingolimod-treated Ppt1~/~ (+ FTY720),
== and teriflunomide-treated Ppt1 '~ (+ Teriflunomide) mice
- (top) and 17-month-old Cin3*"*, CIn3~'~, fingolimod-
treated CIn3~/~ (+ FTY720), and teriflunomide-treated
CIn3~'~ (+ Teriflunomide) mice (bottom). Scale bar,
20 um. (B) Quantification of SMI32+ axonal spheroids in
optic nerves. The numbers of SMI32* axonal spheroids
were significantly increased in the CLN1 and CLN3 dis-
ease models compared with WT mice. This increase was
attenuated in the CLN1 model by treatment with fingoli-
mod and in both models by treatment with teriflunomide
for 150 days (n = 5 mice/group). One-way ANOVA and
Tukey’s post hoc tests. *p < 0.05, “*p < 0.01, **p < 0.001.
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future gene therapeutic approaches or enzyme replacement thera-
pies with possible synergistic effects.'®*® Because impaired vision
leading to eventual blindness is one of the very first and likely
the most disabling and insulating symptoms in CLN1 and CLN3
disease,'” stalling and/or ameliorating these symptoms would be
of outstanding significance. Future treatment studies should
expand the current findings and additionally focus on the effect
of immune modulation on neuronal function in both models and
on the longevity of Ppt1 '~ mice. Ideally, clinical trials using fingo-
limod or teriflunomide should be performed in the future to assess
their efficacy in CLN1 and CLN3 disease. However, because both
drugs are relatively safe and already “established” in clinical use
for more frequent chronic neuroinflammatory disorders, at the
moment, off-label use of the immune modulators may help to
make the orphan CLN diseases more bearable for patients and their
relatives, at least until safe causal therapies may become available.

MATERIALS AND METHODS

Animals

Mice were kept at the animal facility of the Department of
Neurology, University of Wiirzburg, under barrier conditions and
at a constant cycle of 12 hr in the light (<300 lux) and 12 hr in
the dark. All animal experiments were approved by the government
of Lower Franconia, Germany. Ppti-deficient (Ppt1™~) mice with
disruption of exon 9 and age-matched WT (Ppt1*'*) littermates
were on a uniform C57BL/6 genetic background. Cln3-deficient

CLN3

+FTY720

+ Teriflunomide

and most of exon 1° and age-matched WT lit-
termates (Cln3™*") were on a uniform Sv/129
genetic background. Genotypes were deter-
mined by conventional PCR using isolated
DNA from ear punch biopsies following previ-
ously published protocols. Mice were screened
for the confounding Rd8 mutation in the
Crbl gene as described previously.”” Neither Ppt1~'~ nor Cln3™/~
mice carried the respective mutation.

Immunomodulatory Treatment

Fingolimod (FTY720, Sigma-Aldrich, SML0700) was dissolved in au-
toclaved drinking water at 3 pg/mL and provided ad libitum. With an
approximate consumption of 5 mL/day and 30-g body weight, this
corresponds to a dose of 0.5 mg/kg body weight/day. Teriflunomide
(Biorbyt, orb146201) was dissolved in autoclaved drinking water con-
taining 0.6% Tween 80 at 60 pg/mL, corresponding to a dose of
10 mg/kg body weight/day. These concentrations are based on previ-
ous animal experiments in other laboratories’™”' and nearly corre-
spond to doses used for human multiple sclerosis patients when
dose conversion scaling is applied.”® Non-treated controls received
autoclaved drinking water without the compounds (but with or
without 0.6% Tween 80), and the water with or without the com-
pounds was changed weekly. Water containing only 0.6% Tween 80
had no effect on neuroinflammation and neural damage in Ppt1~'~
or CIn3™'~ mice (data not shown). Mice were treated for 150 days
and monitored daily regarding defined burden criteria and pheno-
typic abnormalities. No obvious side effects or significant changes
in body weight were detected with both treatment approaches. The
frequency of myoclonic jerks in treated and untreated Ppt1 '~ mice
was determined as described previously.” At the end of the treatment,
mice were euthanized with CO, (according to guidelines by the State
Office of Health and Social Affairs Berlin), blood was rinsed with PBS
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Figure 6. Fingolimod and Teriflunomide Attenuate
the Formation of Axonal Spheroids in CLN1 and
CLNS3 Disease Models

(A) Representative electron micrographs of axonal
spheroids (red arrows) in optic nerve cross-sections from
6-month-old  Ppt1~/~,  fingolimod-treated  Ppt1~/~
(+ FTY720), and teriflunomide-treated Ppt1~~ (+ Teri-
flunomide) mice (top) and 17-month-old CIn3~'~, fingoli-
mod-treated CIn3~'~ (+ FTY720), and teriflunomide-
treated CIn3~'~ (+ Teriflunomide) mice (bottom). Scale
bar, 2 um. (B) Electron microscopy-based quantification of
axonal spheroids (percentage of all analyzed axons) in
optic nerves. Axonal spheroids were prominent in the
untreated CLN1 and CLN3 disease models compared
with WT mice. Axonal spheroid formation was attenuated
in both models by treatment with fingolimod as well as with
teriflunomide for 150 days (n = 5 mice/group). Kruskal-
Wallis test with Bonferroni-Holm correction. *p < 0.05,
**p <0.01, **p < 0.001.
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peroxidase (Vector Laboratories) complex using
diaminobenzidine-HCl and H,O,, and nuclei
were stained with DAPI (Sigma-Aldrich). More-
over, 40-pum-thick coronal brain sections were
used for free-floating immunohistochemistry
using the same antibodies. Light and fluores-
cence microscopic images were acquired using
an Axiophot 2 microscope (Zeiss) with an
attached charge-coupled device (CCD) camera

CLN1
O CIn3+/+

H CIn3-/-

O Ppt1+/+

W Ppt1-/-

O Ppt1-/- +FTY720

O Ppt1-/- + Teriflunomide

containing heparin, and mice were transcardially perfused with 2%
paraformaldehyde (PFA) in PBS. Tissue was harvested, post-fixed,
dehydrated, and processed as described previously.” Before embed-
ding of the brains, olfactory bulbs and medullae were separated at
defined positions, and total brains, including pontes, were weighed
using an analytical balance (ABT 220-5DM, Kern).

Histochemistry and Immunofluorescence

Immunohistochemistry was performed on 10-pum-thick longitudinal
optic nerve cryo-sections after post-fixation in 4% PFA in PBS or ice-
cold acetone for 10 min. Sections were blocked using 5% BSA in PBS
and incubated overnight at 4°C with one or an appropriate combina-
tion of up to three of the following antibodies: rat anti-CD4 (1:1,000,
Bio-Rad AbD Serotec), rat anti-CD8 (1:500, Bio-Rad AbD Serotec),
rat anti-CD11b (1:100, Bio-Rad AbD Serotec), rat anti-CD169
(1:300, Bio-Rad AbD Serotec), and mouse anti-SMI32 (1:1,000,
BioLegend). Immune reactions were visualized using fluorescently
labeled (1:300, Dianova) secondary antibodies or biotinylated second-
ary antibodies (1:100, Vector Laboratories) and streptavidin-biotin-
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O CIn3-/- +FTY720
O CIn3-/- + Teriflunomide

(SPOT Imaging, Diagnostic Instruments). Im-
ages were minimally processed for generation
of figures using Photoshop CS6 (Adobe). For
quantification, immunoreactive profiles were
counted in at least three non-adjacent sections
for each animal and related to the total area of
these sections using the cell counter plugin in Image] (NIH). For
quantification of retinal ganglion cells, eyes were enucleated and
post-fixed in 4% PFA in PBS for 15 min, and retinal flat mounts
were prepared. Cresyl violet staining and quantification of Nissl-pos-
itive cells in the ganglion cell layer were performed according to
previously published protocols in three images of the middle retinal
region per flat mount.”®"” Air-dried, 40-um-thick coronal brain sec-
tions were similarly stained using cresyl violet.

Electron Microscopy

For electron microscopy, optic nerves were dissected after transcar-
dial perfusion and post-fixed with 4% PFA and 2% glutaraldehyde
in cacodylate buffer overnight. Tissue was osmicated, dehydrated,
and embedded in Spurr’s medium. Semi-thin (0.5 um) and ultra-
thin (70 nm) optic nerve cross-sections were prepared and stained
with methylene blue or lead citrate, respectively. Micrographs were
acquired using a Leo 906 E electron microscope (Zeiss) with a
ProScan Slow Scan CCD camera. Axonal spheroids were quantified
as previously described in 10 images/section.™®
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Figure 7. Fingolimod and Teriflunomide Prevent
Loss of Retinal Ganglion Cells in CLN1 and CLN3
Disease Models

(A) Representative light microscopy of cresyl violet-stained
ganglion cells in retinal flat mount preparations from
6-month-old  Ppt1**,  Ppt1~~, fingolimod-treated
Pot1~/~ (+ FTY720), and teriflunomide-treated Ppt1~/~ (+
Teriflunomide) mice (top) and 17-month-old Cin3*'*,
Cin3~~, fingolimod-treated CIn3~/~ (+ FTY720), and
teriflunomide-treated CIn3~/~ (+ Teriflunomide) mice
(bottom). Scale bar, 20 um. (B) Quantification of retinal
ganglion cells. The numbers of cells were significantly
reduced in the CLN1 and CLN3 disease models
compared with WT mice. This reduction was prevented in
both models by treatment with fingolimod as well as with
teriflunomide for 150 days (n = 5 mice/group). One-way

t@

CIn3+/+ Cln3 /- CIn3 /- + FTY720 CIn3 /- + Teriflunomide ANOVA and Tukey’s post hoc tests. *p < 0.05, **p < 0.01.
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measurements/scan) by an investigator unaware
of the genotype of the mice.

o [T

Human Brain Autopsy Samples

Frozen brain autopsy samples (Table 1) of thal-
amus and occipital cortex were provided by the
London Neurodegenerative Disease Brain Bank
and Brains for Dementia Research. The local
Ethical Committee had no concerns regarding

CLN1 CLN3 the use of autopsy material in this study and
O Ppti+/+ O Cin3+/+ dispensed the authors from a corresponding
B Ppti-/- B Cin3-/- application. Samples from two CLN3 patients
GPptl-- +FTY720 W.Cing-l= & FT20 (aged 11 and 23 years) and one CLN2 patient

O Ppt1-/- + Teriflunomide

Flow Cytometry of Blood Leukocytes

Before transcardial perfusion of the euthanized mice, blood was
collected from the right atrium of the heart, and coagulation was pre-
vented by adding PBS containing heparin. Erythrocytes were lysed,
and the remaining cells were washed and analyzed by flow cytometry
as described previously.’>** Total leukocytes were gated based on
forward and side scatter, myeloid cells were stained using phycoery-
thrin (PE)-conjugated antibodies against CD11b (1:50, BD Biosci-
ences), and T lymphocytes were stained using antibodies against
CD4 and CD8 (1:50, BD Biosciences). At least 1 x 10° leukocytes/
mouse were analyzed using a FACSCalibur with CellQuest software
(BD Biosciences) and their numbers per microliter of blood were
calculated.

Spectral Domain OCT

Mice were subjected to OCT imaging with a commercially available
device (Spectralis OCT, Heidelberg Engineering) and additional
lenses as described previously.*'’
ages for longitudinal analysis, and the thickness of the innermost
retinal composite layer comprising the NFL, GCL, and IPL was
measured in high-resolution peripapillary circle scans (at least 10

Mice were measured at different

O CIn3-/- + Teriflunomide

(aged 10 years) were pooled into a CLN disease
group to allow statistical comparison of the tis-
sue available from the rare disorders. Samples from two normal
adults (aged 18 and 25 years) and one patient with a congenital ab-
normality of the nervous system (aged 10 years) served as the control
group. Samples were cut into 10-pm-thick cryo-sections and post-
fixed in 4% PFA in PBS or ice-cold acetone for 10 min. Sections
were blocked using 5% BSA in PBS and incubated overnight at
4°C with one of the following antibodies: mouse anti-CD4 (1:100,
BD Biosciences), mouse anti-CD8 (1:100, BD Biosciences), mouse
anti-CD68 (1:500, Dako, Agilent Technologies), rat anti-CD11b
(1:100, Bio-Rad AbD Serotec), or mouse anti-CD169 (1:100, Bio-
Rad AbD Serotec). Immune reactions were visualized using
biotinylated (1:100, Vector Laboratories) secondary antibodies and
diaminobenzidine. Light microscopic images were acquired using
an Axiophot 2 microscope (Zeiss) with an attached CCD camera
(SPOT Imaging, Diagnostic Instruments). For quantification,
immunoreactive profiles were counted in at least five images per sec-
tion in three non-adjacent sections for each sample using the cell
counter plugin in ImageJ (NIH) and related to the area of the images.
Samples from CLN2 and CLN3 disease patients showed comparable
numbers of immune cells that were increased in comparison with
control samples.
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Figure 8. Fingolimod and Teriflunomide Attenuate
Brain Atrophy in CLN1 and CLN3 Disease Models
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Experimental Design and Statistical Analysis

All quantifications and behavioral analyses were performed by inves-
tigators unaware of the genotypes and mode of treatment of the
respective mice after concealment of genotypes and treatment groups
with individual, uniquely coded labels. Animals were randomly
placed into experimental or control groups according to genotyping
results using a random generator (https://www.randomizer.org).
For biometrical sample size estimation, the program G*Power
(version 3.1.3) was used.”” Calculation of appropriate sample size
groups was performed in a priori power analysis by comparing the
mean of two groups with a defined adequate power of 0.8 (1 — B-er-
ror) and an a-error of 0.05. To determine the prespecified effect size d,
previously published data obtained in Pptl~/"Ragl*’* and
Ppt1~'"Ragl™~ mice were considered comparable reference values.”
This resulted in prespecified effect sizes of 2.07 for numbers of cresyl
violet-stained retinal ganglion cells, 4.30 for numbers of SMI32"
axonal spheroids, 4.18 for quantification of axonal spheroids by elec-
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+ Teriflunomide

mod-treated Ppt1~/~ (+ FTY720), and teriflunomide-
treated Ppﬂ’/’ (+ Teriflunomide) mice. There was no
obvious difference regarding autofluorescence in treated
Ppt1~/~ mice. Scale bar, 50 pm.

tron microscopy, and 2.12 for myoclonic jerks.
Statistical analysis was performed using PASW
Statistics 18 (SPSS, IBM) software. Shapiro-
Wilk test was used to check for normal distribu-
tion of data. For multiple comparisons, one-way
ANOVA followed by Tukey’s post hoc tests
(parametric data) or Kruskal-Wallis tests with
Bonferroni correction (non-parametric data)
was applied. Values from brain autopsy samples
of CLN patients and controls were compared us-
ing unpaired two-tailed Student’s t test. p Values
considered significant are indicated by asterisks
according to the following scheme: *p < 0.05,
**p < 0.01, ***p < 0.001. Significant differences
of a respective genotype group in comparison with WT mice are indi-
cated above the corresponding bar.
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Figure S1

Increased numbers of microglia/macrophage-like cells in the CNS of CLN disease patients. (A) Representative light
microscopic images of immunohistochemically labeled CD68+ microglia/macrophages in occipital cortex autopsy sections from a
CLN3 patient (BBN 16328) and a control patient (BBN 15741). Scale bars: 30 um. (B) Quantification of CD68+ cells: the
numbers of CD68+ microglia/macrophages were significantly increased in the thalamus and occipital cortex of CLN disease
patients compared with controls (» = 3 patients per group). Student’s ¢ test. *P < 0.05. (C) CD11b and sialoadhesin (Sn)

immunoreactivity were also increased in brain autopsy sections from CLN disease patients compared with controls.
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Figure S2

Fingolimod but not Teriflunomide depletes circulating T-lymphocytes. (A) Total blood leukocyte counts by flow cytometry
from 6-month-old PptI™*, PptI”, Fingolimod-treated PptI”~ (+ FTY720) and Teriflunomide-treated Pprl” (+ Teriflunomide)
mice. The numbers of blood leukocytes were significantly increased in the CLN1 disease model compared with Wt mice. Blood
leukocyte numbers were reduced by treatment with Fingolimod but not significantly by treatment with Teriflunomide for 150 days
(n =5 mice per group). One-way ANOVA and Tukey’s post hoc tests. *P < 0.05, n.s. = not significant. (B) CD11b+ myeloid cell
counts, CD8+ T-cell counts and CD4+ T-cell counts by flow cytometry in blood from 6-month-old Ppt1**, Ppt1”, Fingolimod-
treated Ppt1”" (+ FTY720) and Teriflunomide-treated Ppt/™ (+ Teriflunomide) mice. The numbers of blood myeloid cells and T-
cells showed a non-significant tendency towards increase in the CLN1 disease model compared with Wt mice. Blood T-cell
numbers were strongly reduced by treatment with Fingolimod but not significantly by treatment with Teriflunomide for 150 days
(n =5 mice per group). One-way ANOVA and Tukey’s post hoc tests. ¥**P < 0.001. n.s. = not significant.
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Figure S3

Fingolimod but not Teriflunomide reduces spleen weight in CLN1 and CLN3 disease models. Spleen weight related to body
weight from 6-month-old PptI*, PptI”, Fingolimod-treated PptI” (+ FTY720) and Teriflunomide-treated Pptl™ (+
Teriflunomide) mice and 17-month-old Cln3"", CIn3™", Fingolimod-treated CIn3"" (+ FTY720) and Teriflunomide-treated Cln3™"
(+ Teriflunomide) mice. Spleen weight was significantly reduced by treatment with Fingolimod but not significantly by treatment
with Teriflunomide for 150 days (n = 5 mice per group). One-way ANOVA and Tukey’s post hoc tests. *P < 0.05, n.s. = not
significant.
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Figure S4

Fingolimod and Teriflunomide prevent the elevation of CD4+ T-lymphocyte numbers in CLN1 and CLN3 disease models.
Quantification of CD4+ T-lymphocytes in longitudinal optic nerve sections from 6-month-old PptI"™"", PptI”", Fingolimod-treated
PptI’™ (+ FTY720) and Teriflunomide-treated PpzI”~ (+ Teriflunomide) mice and 17-month-old Cln3"*, Cin3", Fingolimod-
treated CIn3" (+ FTY720) and Teriflunomide-treated Cln3” (+ Teriflunomide) mice. The numbers of CD4+ T-cells were
significantly increased in the CLN1 and CLN3 disease models compared with Wt mice. This increase was prevented in both
models by treatment with Fingolimod as well as Teriflunomide for 150 days (n = 5 mice per group). One-way ANOVA and
Tukey’s post hoc tests. *P < 0.05, **P < 0.01.
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Figure SS

Fingolimod and teriflunomide prevent the increase in CD11b+ microglia/macrophage numbers in CLN1 and CLN3
disease models. (A) Representative immune fluorescence microscopy of CD11b+ microglia/macrophages in longitudinal optic
nerve sections from 6-month-old Ppr1**, PptI™, fingolimod-treated PptI” (+ FTY720) and teriflunomide-treated Pprl™ (+
Teriflunomide) mice (top) and 17-month-old Cin3"", Cln3", fingolimod-treated CIn3" (+ FTY720) and teriflunomide-treated
CIn3™ (+ Teriflunomide) mice (bottom). Scale bar: 20 um. (B) Quantification of CD11b+ microglia/macrophages in optic nerve
sections: the numbers of CD11b+ microglia/macrophages were significantly increased in the untreated CLN1 and CLN3 disease
models compared with Wt mice. This increase was prevented in both models by treatment with fingolimod as well as with
teriflunomide for 150 days (» = 5 mice per group). One-way ANOVA and Tukey’s post hoc tests. *P < 0.05, **P < 0.01, ¥***P <
0.001.
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