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Abstract

Mucolipidosis IV (MLIV) is an orphan neurodevelopmental disease that causes severe neurologic dysfunction and loss of
vision. Currently there is no therapy for MLIV. It is caused by loss of function of the lysosomal channel mucolipin-1, also
known as TRPML1. Knockout of the Mcoln1 gene in a mouse model mirrors clinical and neuropathologic signs in humans.
Using this model, we previously observed robust activation of microglia and astrocytes in early symptomatic stages of dis-
ease. Here we investigate the consequence of mucolipin-1 loss on astrocyte inflammatory activation in vivo and in vitro and
apply a pharmacologic approach to restore Mcoln1 ™~ astrocyte homeostasis using a clinically approved immunomodulator,
fingolimod. We found that Mcoln1~~ mice over-express numerous pro-inflammatory cytokines, some of which were also
over-expressed in astrocyte cultures. Changes in the cytokine profile in Mcoln1 " astrocytes are concomitant with changes in
phospho-protein signaling, including activation of PI3K/Akt and MAPK pathways. Fingolimod promotes cytokine homeosta-
sis, down-regulates signaling within the PI3K/Akt and MAPK pathways and restores the lysosomal compartment in Mcoln1~/~
astrocytes. These data suggest that fingolimod is a promising candidate for preclinical evaluation in our MLIV mouse model,
which, in case of success, can be rapidly translated into clinical trial.

'The last two authors contributed equally to this work.
Received: February 6, 2018. Revised: April 9, 2018. Accepted: May 8, 2018

© The Author(s) 2018. Published by Oxford University Press. All rights reserved.
For permissions, please email: journals.permissions@oup.com

2725


https://academic.oup.com/

2726 | Human Molecular Genetics, 2018, Vol. 27, No. 15

Introduction

Mucolipidosis IV (MLIV) is a devastating neurologic childhood
disease with a dramatic unmet medical need. At present, there
is neither a specific treatment for MLIV nor a complete mecha-
nistic model explaining its pathology. The neurologic symptoms
usually appear during the first year of life and result in motor
and cognitive deficiencies (1-5). Brain magnetic resonance im-
aging studies have revealed a dysgenic corpus callosum, im-
paired myelination in the white matter and decreased T2 signal
intensities in the thalamus owing to increased ferritin deposi-
tion (6,7). The vast majority of MLIV patients are of Ashkenazi
Jewish origin, with a carrier frequency in this population of
about 1:100 (8). Despite the severity of the disease, human brain
pathology data in MLIV are presently limited to two cases (2,3).
The diagnostic ultrastructural hallmark of MLIV is the accumu-
lation of storage bodies containing gangliosides, phospholipids
and acidic mucopolysaccharides reported in every tissue, in-
cluding the brain (3). The MLIV gene, MCOLN1, encodes a TRP
family ion channel named mucolipin-1, or TRPML1 (9-12). There
are more than twenty MCOLN1 mutations associated with MLIV
(5,8,13). The vast majority of MLIV cases (95% of Ashkenazi
Jewish patients) result from a complete loss of mRNA and pro-
tein (11,14).

The MLIV mouse (Mcoln1™~) is an excellent phenotypic
model of human MLIV enabling us to interrogate pathways af-
fected by loss of TRPML1. All of the hallmarks of MLIV are pre-
sent in Mcoln1~~ mice with the exception of corneal clouding
(15-17). Defective myelination and gliosis, characteristic of hu-
man MLIV, are present in young adult mice at the onset of cog-
nitive and motor deficits (16). However, activation of microglia
and astrocytes was, surprisingly, not accompanied by neuronal
loss in the regions with the most pronounced gliosis even at the
late stage of disease. At the ultrastructural level, Mcoln1 ™/~
astrocytes display large electron-dense inclusions with compact
membranous and granular compartments that are characteris-
tic of MLIV (16).

Therapy development is especially challenging in MLIV for a
number of reasons. Since most MLIV patients do not have
MCOLNT1 transcripts, chaperone therapy or pharmacologic en-
hancement of TRPML1 channel function are low-priority treat-
ment approaches for MLIV. Other therapy approaches that are
being successfully pursued for enzymatic lysosomal diseases,
including infusion of recombinant protein, bone-marrow trans-
plantation or gene-therapy, are based on cross-correction phe-
nomena, and hold low or no promise in MLIV owing to
transmembrane localization of TRPML1. Therefore, we believe
that identifying and modulating the cellular pathways affected
by loss of TRPML1 is a more tractable way to address the MLIV
treatment challenge.

Astrocyte activation is a particularly attractive therapeutic
target for MLIV since astrocytes are now recognized to play
pathogenic roles in numerous neurodegenerative diseases
(18,19). Moreover, astrocyte activation is a common feature of
numerous lysosomal diseases with CNS impairment, including
Niemann-Pick disease, neuronal ceroid lipofuscinosis (NCL) and
multiple sulfatase deficiency (20-23). In juvenile NCL (CLN3 dis-
ease), astrocytes are functionally compromised and have been
reported to have negative impact on neuronal survival and neu-
rite morphology, demonstrating an active and detrimental role
in CNS diseases (23).

Given that reactive astrocytosis is a key feature of the CNS
pathology in MLIV and appears early in the course of the dis-
ease, we set out to test whether astrocyte dysfunction is a cell-

autonomous component of MLIV and if targeting of astrocytes
can promote homeostasis. Indeed, we found that Mconl1™~ as-
trocyte cultures autonomously reproduced the astrocyte inflam-
matory phenotype found in Mcolnl1™~ mice. We treated
Mcoln1~/~ astrocytes with fingolimod, which is a Food and Drug
Administration (FDA)-approved drug for remitting-relapsing
multiple sclerosis that reduces astrocyte activation (24).
Excitingly, fingolimod reduced both inflammatory signaling and
cytokine expression and restored homeostatic expression of the
lysosomal marker Lamp1. In total, our findings indicate that fin-
golimod promotes both inflammatory and lysosomal homeosta-
sis in Mcoln1™~ astrocytes. Furthermore, since fingolimod is
FDA-approved, and astrocytosis is an early component of MLIV
pathology, fingolimod represents a highly promising and rap-
idly translatable therapy for this devastating childhood disease.

Results

Astrocyte activation and cytokine expression is
up-regulated in the Mcoln1~~ mouse brain

Our group previously characterized the first genetic Mcoln1™/~
mouse model of MLIV (15-17). We found that young adult (2-
month-old) Mcoln1~~ mice demonstrated hypomylenation and
activated microglia and astrocytes that were not accompanied
by neuronal loss. These findings suggest that neuroinflamma-
tion plays an early, and potentially causal, role in disease
pathogenesis. In order to further assess the role of neuroinflam-
mation in this disease, we analyzed astrocyte activation in the
cerebral cortex of Mcolnl ™~ mice in early postnatal develop-
ment (Fig. 1A). Using immunohistochemical staining (IHC) for
the astrocyte activation marker glial fibrillary acidic protein
(GFAP) we observed progressively increasing astrocyte activa-
tion beginning at P10 (Fig. 1B) indicating early postnatal onset of
reactive astrocytosis. Importantly, neonatal mice (P1) displayed
no sign of astrocyte activation. This shows that the early stages
of postnatal brain development are particularly sensitive to the
loss of Mcolnl. Interestingly, the activation of astrocytes in the
cortex at postnatal day 10 is accompanied by deficient myelina-
tion as has been shown by our group previously (15).

To further characterize the inflammatory microenvironment
in Mcoln1~~ brains, we next used a Luminex multiplexed im-
munoassay (Millipore) to quantify protein expression of 32 cyto-
kines in the cortices of 2mo female Mcoln1~~ and Mcoln1™*
mice (Fig. 1C). To account for the multi-dimensional nature of
the data, we used a discriminant partial least squares regres-
sion (D-PLSR) (25,26) to identify a weighted combination of cyto-
kines, called a latent variable (LV1) that distinguished Mcoln1~~
and Mcoln1™* mice (Fig. 1D). LV1 consisted of a profile of cyto-
kines that were most differentially expressed between
Mcoln1~/~ and Mcoln1**mice (Fig. 1E). Error bars [Fig. 1E, mean-
+ standard deviation (SD)] generated via a leave-one-out cross-
validation (LOOCV) suggest that the involvement of any one
cytokine in the profile was not owing to just a single sample
(note that in contrast to these LOOCV plots, error bars are pre-
sented as mean * standard error of mean (SEM) in bar plots
used to compare differences between genotypes and condi-
tions). Based on the profile, LV1, we observed significant differ-
ence between genotypes (Fig. 1F). Moreover, the profile
identified numerous pro-inflammatory cytokines up-regulated
in Mcoln1™~ mice, including IP-10, IL-17, Eotaxin and KC
(Fig. 1G). These cytokines are known to be secreted by activated
astrocytes (27-33) and to promote microglial activation
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Figure 1. Astrocytes are highly reactive in Mcoln1~/~ mice. (A) Immunohistochemistry for cortical GFAP expression in Mcoln1 ™~ mice and wild-type Mcoln1** controls.
Scale bar = 100 um. (B) GFAP expression (shown as % of positive area for individual mice) is increased in Mcoln1~~ mice after postnatal day (P) 10; P1: n=5 Mcoln1™/*

and 5 Mcoln1~/~; P10: n =4 Mcoln1*/* and 6 Mcoln1 "

; and 2 mo: n=4 Mcoln1*/* and 3 Mcoln1

. *P-value <0.05 (mean + SEM; two-tailed t-test). (C) Multiplexed Luminex

analysis of 32 cytokines expressed in the cortex reveals differences in cytokine expression between Mcoln1 /- and Mcoln1*/* controls (z-scored). (D) A multivariate D-
PLSR identified an axis in the cytokine data called a LV1 that distinguished Mcoln1~/~ from Mcoln1"/* mice. (E) The separating axis, LV1, consisted of a profile of cyto-
kines that correlated with Mcoln1~/~ (positive) or Mcoln1*/* (negative) mice (error bars represent mean + SD across LV1 generated for all models in a LOOCV). (F) Plotting
each sample in terms of its overall cytokine score on LV1 revealed a significant difference in cytokine expression between Mcoln1~/~ and Mcoln1*/* mice (two-tailed
t-test, mean * SEM). (G) Individually plotting the top five correlates from LV1 identified some significant individual differences (mean + SEM; two-tailed t-test).

(28,29,34-37) and firmly demonstrate pro-inflammatory signal-
ing as an early component of MLIV pathogenesis.

Inflammatory cytokine expression is increased in
astrocyte cell cultures from Mcoln1~~ mice

Based on our analysis of astrocyte activation and cytokine ex-
pression in cortical tissues of young Mcoln1 ™ mice (Fig. 1), we
next investigated whether pro-inflammatory astrocyte activa-
tion is a cell-autonomous function in MLIV, i.e. caused by intrin-
sic pathway dysregulation owing to loss of Mcolnl. To test this,
we generated cortical primary astrocyte cultures from neonatal
Mcoln1~/~ knockout and control mice to determine if Mcoln1~/~
astrocytes were constitutively activated. For controls in this
study, we used Mcoln1*/~ astrocytes, since human carriers are
asymptomatic (11) and heterozygous mice display no disease
phenotype (unpublished observations).

We used cytokine secretion as a robust measure of astrocyte
pro-inflammatory activation in vitro. To detect differences in cyto-
kine secretion, Mcoln1 /= and Mcoln1*/~ astrocytes were cultured
for 24 h in freshly changed culture medium. We quantified relative
concentrations of 32 cytokines using Luminex analysis (Fig. 2A)
and used a D-PLSR to identify an axis of cytokines, LV1, that best
distinguished Mcoln1™~ from Mcoln1™~ conditioned media
(Fig. 2B). LV1 identified a profile of cytokines that positively corre-
lated with Mcoln1 ™~ samples (Fig. 2C). Plotting individual samples
along LV1 showed that this profile of cytokines was significantly
different in Mcoln1™~ astrocytic culture (Fig. 2D). Furthermore,
plotting individual top positively and negatively correlated cyto-
kines demonstrated significant expression differences in certain
chemokines in Mcoln1™~ cultures (Fig. 2E). Interestingly only cer-
tain cytokines were up-regulated in Mcoln1~/~ astrocytes, whereas
control astrocytes exposed to a physiologically relevant
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Figure 2. Dysregulated secretion of cytokines and chemokines in primary Mcoln1~/~ astrocyte culture. (A) Luminex analysis of 32 cytokines secreted into the medium
from Mcoln1~/~ and control Mcoln1*/~ astrocyte cell cultures 24 h after a medium refresh (z-score). (B) D-PLSR analysis of cytokines identified an axis (LV1) that distin-
guishes Mcoln1™~ and Mcoln1™/~ astrocytes. (C) LV1 consists of a profile of cytokines that correlate with Mcoln1 ™~ (positive) or Mcoln1*/~ (negative) astrocytes
(mean =+ SD across LV1 generated for all models in a LOOCV). (D) Plotting individual medium samples on the cytokine profile LV1 demonstrates that cytokine expression
is significantly different between Mcoln1~~ and Mcoln1*/~ astrocytes. (E) Expression of individual cytokines that most strongly correlate with Mcoln1~~ or Mcoln1*/~

astrocytes illustrates differences in individual cytokines.

concentration of 50 nM amyloid 142 or 10 ng/ml IL-1f yielded in-
creased production of all cytokines measured (Supplementary
Material, Fig. S1). This result suggests that loss of TRPML1 produ-
ces an isolated change in astrocyte inflammatory activation that
is distinct from the activation profile associated with gross patho-
genic or pro-inflammatory stimulation. Importantly, certain cyto-
kines up-regulated in Mcoln1 ™~ cultures overlapped with those
up-regulated in Mcoln1™~ mouse cortices, including IP-10,
RANTES and VEGF (Figs 1E and 2C). Given the known roles of these
cytokines for stimulating microglial inflammatory activation
(34,35,38-40), these data suggest that Mcoln1~~astrocytes have the
capacity to broadly stimulate neuroinflammation in MLIV.

Mitogen-activated protein kinase and PI3K/Akt signaling
are increased in Mcoln1 '~ astrocytes

Our in vivo and in vitro analyses of astrocyte activation (Figs 1
and 2), in particular the fact that Mcoln1™/~ astrocytes display a
significantly altered profile of cytokine and chemokine secretion
when cultured in vitro, suggest that Mcoln1~~ astrocytes are au-
tonomously activated in MLIV. Since inflammation is regulated
by intracellular signaling, we next quantified phospho-protein
signaling within the mitogen-activated protein kinase (MAPK),
Jak/STAT, and PI3K/Akt pathways using Luminex analysis
(Fig. 3A). Changes in intracellular phospho-protein signaling oc-
cur on much faster time scales than resulting cellular pheno-
types, such as protein synthesis and secretion of cytokines (41).
Therefore, to sensitively detect genotype-specific differences in
phospho-signaling between Mcoln1~/~ and Mcoln1*/~ astrocytes,
we quantified signaling 5 min after refreshing the culture me-
dium by using Luminex analysis of 21 signaling phospho-
proteins (Fig. 3B). MAPK and PI3K/Akt signaling were dramati-
cally increased in Mcolnl ™/~ astrocytes. Moreover, a D-PLSR
analysis identified a specific Mcoln1™/~ astrocyte phospho-
protein profile (Fig. 3C-E) that includes key signaling nodes
within both the MAPK and PI3K/Akt pathways. Notably, phos-
phorylated p70S6K, GSK3o, Akt and RPS6, the top four proteins
correlated with Mcoln1™~ astrocytes, are all in the PI3K/Akt
pathway. Phospho-signaling in the MAPK pathway was also in-
creased, including phospho-MSK1, -Jnk and -cJun (Fig. 3B).

Finally, since these data suggest that PI3K/Akt pathway signal-
ing plays an important role in Mcoln1~/~ dysfunction, we quanti-
fied Akt phosphorylation in cortical and cerebellar lysates from
mice that had been re-fed after withholding of chow for 22 h to
synchronize signaling (42). Our in vivo data suggest increased
Akt phosphorylation in Mcoln1™~ mice compared with controls
(Supplementary Material, Fig. S2), indicating that our cell cul-
ture model reflects the in vivo condition.

Together, our data indicate that pro-inflammatory signaling
is broadly increased via multiple pathways in Mcoln1~~ astro-
cytic cultures, providing evidence of defective signaling in astro-
cytes in MLIV. Broad dysregulation delineated by these data
suggests that targeting individual pathways will be ineffective
for restoring astrocyte homeostasis.

Transcriptome analysis of Mcoln1~/~ astrocytes shows
increased expression of the inflammation and metabolic
networks

To gain a more detailed understanding of the pathways associ-
ated with astrocyte pro-inflammatory activation in MLIV, we
next used RNA-seq analysis to quantify transcriptome-wide gene
expression changes in Mcoln1™~ and Mcoln1*/* astrocyte cultures
(N'=4). An initial hierarchical clustering demonstrated that one of
the Mcoln1™* samples was an outlier, and it was removed from
subsequent analyses (Supplementary Material, Fig. S3A). From
the remaining samples, we found 7700 gene transcripts to be
measureable with normalized read counts greater than 10 for at
least 1 sample (Supplementary Material, Fig. S3B). Of these, 97
genes were differentially expressed between Mcoln1*/* and
Mcoln1™~ astrocytes (Fig. 4A; Supplementary Material, Fig. S3C
and Tables S1 and S2). To thoroughly characterize altered path-
ways in Mcoln1™~ astrocytes, we conducted a gene set enrich-
ment analysis (GSEA) (44) to identify pathways associated with
differentially regulated genes. Of 3427 curated gene sets (see
Materials and Methods section), the GSEA identified 570 signifi-
cantly enriched gene sets in Mcolnl /= and 114 significantly
enriched gene sets in Mcoln1*™/* astrocytes below the recom-
mended false discovery rate (FDR) adjusted P-value threshold of
0.25 (44) (Fig. 4B and D; Supplementary Material, Table S3).
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Figure 3. Mcoln1~/~ astrocytes display activation of the MAPK and PI3K/Akt pathways. (A) Signaling network diagram depicting the interaction between phospho-pro-
teins within the MAPK, Jak/Stat and PI3K/Akt pathways. Proteins labeled in blue are quantified via Luminex analysis. (B) Quantification of 21 phospho-proteins within
the MAPK, Jak/Stat and PI3K/Akt pathways 5 min after a medium refresh. (C) D-PLSR analysis identified a phospho-protein signaling axis, LV1, that distinguished
Mcoln1~/~ and control Mcoln1*/~ astrocytes. (D) LV1 consisted of a profile of phospho-proteins correlated with Mcoln1 ™/~ or Mcoln1*/~ astrocytes (mean = SD in LOOCV).
(E) Plotting individual samples on the signaling profile LV1 demonstrates that signaling is significantly different between Mcoln1~~ and Mcoln1"/~ astrocytes (two-tailed
t-test; mean + SEM). (F) Several individual phospho-proteins within the PI3K/Akt and MAPK pathways have P < 0.10 (two-tailed t-test, mean = SEM).

Importantly, our analysis identified significant up-regulation of
inflammatory signaling through IL-6, IL-4 and Interferon-o and -
pathways in Mcoln1~/~ astrocytes, with at least 30% of the detect-
able genes in these pathways enriched (Fig. 4D). Upregulation of
these pathways is consistent with our cytokine-chemokine
and phospho-protein signaling data and further indicates
cell-autonomous pro-inflammatory activation of Mcoln1™~
astrocytes. We also noted significant changes in the sphingosine-
1-phosphate (S1P) pathway (Fig. 4B and D), which is upstream of
multiple pro-inflammatory pathways (Fig. 3A).

Interestingly, multiple pathways related to the metabolism
of lipids and carbohydrates were also significantly over-
represented in Mcoln1 ™~ astrocytes (Fig. 4B). GSEA analysis fur-
ther identified that gene sets for astrocyte markers and
aquaporin-mediated transport were also upregulated in
Mcoln1™~ cells showing that ablation of Mcolnl expression
results in core changes in astrocyte biology. Of interest, there
were numerous pathways downregulated in Mcolnl ™~ culture

(enriched in Mcoln1"/") related to RNA-metabolism and protein
synthesis and metabolism (Fig. 4C). This suggests inhibition of
protein synthesis in Mcoln1~/~ cells at multiple levels, including
ribosomal function, translation and peptide elongation despite
increased mTOR activity.

Taken together, our data show widespread dysregulation of
multiple pathways in Mcoln1~/~ astrocytes. Given this broad
dysregulation, we next wanted to test whether targeting of the
S1P pathway, which is upstream of inflammatory signaling af-
fected in Mcoln1 ™~ astrocytes, will be sufficient to restore astro-
cyte homeostasis.

Fingolimod-phosphate inhibits elevated phospho-
protein signaling in Mcoln1 " astrocytes

Our cytokine data (Fig. 2) indicate that Mcolnl ™~ astrocytes
have increased expression of multiple pro-inflammatory and
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Figure 4. RNA-seq analysis shows that metabolic and pro-inflammatory signaling pathways are enriched in Mcoln1~/~ astrocytes. (A) Mean fold-change values for 97
significantly differentially expressed genes (adjusted P-value <0.05) from RNA-seq analysis of Mcoln1~~ and Mcoln1*/* astrocytes normalized to the mean of the
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chemotactic cytokines. While these cytokines reveal an impor-
tant mechanism of astrocyte-mediated inflammatory signaling,
they do not represent promising therapeutic targets owing to
the lack of blood-brain barrier-permeable molecules that di-
rectly target cytokines and the non-specificity of such mole-
cules. Importantly, our data also indicate strong up-regulation
of multiple phospho-proteins in the MAPK and PI3K/Akt path-
ways in Mcoln1™~ astrocytes (Fig. 3) and in the S1P pathway
(Fig. 4D), which is up-stream of both of these. These pathways
regulate transcription of numerous pro-inflammatory factors,
including cytokines. Thus, their broad dysregulation is likely
promoting astrocyte inflammatory response and cytokine ex-
pression, leading to pro-inflammatory activation of microglia.
Although specific blood-brain barrier permeable signaling
inhibitors are available for targeting both MAPK and PI3K/Akt
pathways, our observation that the two pro-inflammatory path-
ways are simultaneously up-regulated suggests that individual
pathway suppression may not totally down-regulate cytokine
expression. Interestingly, however, both MAPK and PI3K/Akt
signaling are downstream of S1P (Fig. 3A) (24,45). Moreover, the
pan-S1P receptor inhibitor, fingolimod (FTY720), has recently
been approved to treat relapsing multiple sclerosis (46), and has
been shown to down-regulate inflammatory activation of astro-
cytes (47,48). Therefore, we evaluated fingolimod in our astro-
cyte cultures to determine if it could suppress inflammatory
signaling. Indeed, pre-treatment of astrocytes for 1 h with
phospho-fingolimod (p-fing, the active form of the drug,
600 nM) significantly reduced MAPK and PI3K/Akt phosphoryla-
tion (Fig. SA and B). Moreover, p-fingolimod treatment reduced
expression of multiple pro-inflammatory cytokines that were
up-regulated in Mcoln1™~ astrocytes (Figs. 2 and 5C and D).
Interestingly, some chemokines, including RANTES, MCP-1 and
neurotrophic factor VEGF (39) were resistant to fingolimod,
while those with strong pro-inflammatory properties such as
IP-10 and IL-6, were responsive to drug treatment. Our data indi-
cate that p-fingolimod promotes inflammatory homeostasis in
Mcoln1~/~ astrocytes.

Fingolimod-phosphate attenuates expression of LAMP-1
in Mcoln1~~ astrocytes

Mcoln1 deficiency results in functional impairment and enlarge-
ment of lysosomes. Using electron microscopy in the Mcoln1 ™~
mouse brain, we have previously detected the presence of the
large electron-dense inclusions with compact membranous and
granular compartments in astrocytes, typical of MLIV (3,16).
Structural and functional changes in the lysosomal compart-
ment owing to Mcolnl loss can be monitored by increased im-
munoreactivity of the lysosomal marker lysosomal-associated
membrane protein 1 (Lamp1) (49,50). Similarly, we detected in-
creased expression of Lamp1l in our primary astrocytic culture
derived from Mcoln1~~ mice (Fig. 6) as expressed by mean fluo-
rescent intensity in GFAP-positive cells. Strikingly, our treat-
ment with p-fingolimod (600 nM for 24 h) was able to
significantly suppress the intensity of Lamp1 staining and sug-
gests that fingolimod may potently correct lysosomal function,
the primary cell pathology in MLIV.

Discussion

Though lysosomal inclusions are found in all organs and tissues
of MLIV patients, CNS and eye dysfunction are the most debili-
tating aspects of the disease (4,51,52). The Mcoln1™~ mouse
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model has provided a detailed view of pathogenesis and sug-
gests that astrocyte, microglial and oligodendrocyte dysfunction
precedes neuronal damage. Astrocyte activation promotes
pathogenesis in multiple neurodegenerative disease, both via
their crosstalk with microglia and their direct neurotoxic effects
via reactive oxygen species production and cytokine expression
(18,19,53,54). We hypothesized that astrocyte dysfunction may
be a cell-autonomous process in MLIV. Indeed, our data show
that cultured Mcoln1 ™~ astrocytes possess increased signaling
through multiple pro-inflammatory pathways and an abnormal
lysosome.

Our data also show that cytokines upregulated in the mouse
cortex, including IP-10, RANTES and VEGF are secreted by
Mcoln1~/~ astrocytes in culture (Figs 1 and 2). Incomplete over-
lap between cytokine/chemokine profiles in the mouse brain
homogenates and media conditioned by astrocytes in vitro could
be explained by the complexity of the brain tissue, as the che-
mokines and cytokines are produced by various brain cells, in-
cluding astrocytes, neurons, microglia, brain endothelial cells
and oligodendrocytes. In addition to this, our in vitro system
allows us to measure only the factors secreted by the cells,
whereas in brain homogenates we asses both intracellular and
secreted levels. Interestingly, IP-10, RANTES and VEGF all recruit
microglia in several diseases, including Alzheimer’s disease
(34,35,40,55-58). IP-10 is a pro-inflammatory cytokine primarily
expressed by astrocytes (30) that triggers pro-inflammatory acti-
vation of microglia and may cause enhancement of brain-blood
barrier permeability and myelin loss (28,34,59). Therefore, it is
likely that astrocytes play a major role in promoting neuroin-
flammation and microglial activity in MLIV.

The success of the immunomodulatory drug fingolimod for
treating recurring multiple sclerosis and its recently reported ef-
fect of reducing astrogliosis in epilepsy, stroke and multiple
sclerosis models (46,47,60,61), shows its therapeutic potential
for targeting neuroinflammation and neuroprotection (62,63).
Moreover, fingolimod is a strong candidate for treating astro-
cytes in MLIV because our analysis of inflammation-mediating
signaling shows that Mcoln1~~ astrocytes possess dysregulated
signaling both within the S1P gene sets (Fig. 4D) and in multiple
pathways (MAPK and PI3K/Akt), which are downstream of the
S1P receptors that fingolimod targets (Fig. 3). Our finding that
fingolimod-phosphate (the biologically active form of fingoli-
mod) was able to suppress signaling in both of these pathways
confirms its broad immunomodulatory potency for astrocytes.

Fingolimod targets S1P pathway, which is implicated in mi-
gration, differentiation, mitogenesis, apoptosis and inflamma-
tion (64). The S1P pathway consists of five G-protein coupled
S1P receptors (S1IPR1-S1PR5), each of which transduce signaling
to different down-stream proteins, including through the PI3K/
Akt and MAPK pathways reported here. Importantly, fingolimod
is a functional antagonist of all 5 receptors, and drugs that tar-
get only a sub-set of these receptors do not possess immuno-
modulatory properties (24). While we have not directly
quantified S1P, our transcriptomic analysis found that the S1P
pathway was altered in Mcoln1 ™/~ astrocytes (Fig. 4B and D).
This, together with our demonstration that multiple down-
stream S1P pathways are dysregulated in MLIV, strongly sug-
gests that fingolimod would improve astrocyte function.

Interestingly, despite broad suppression of MAPK and PI3K/
Akt signaling, p-fingolimod only modulated some of the inflam-
matory cytokines over-expressed by Mcolnl ™~ astrocyte cul-
tures (e.g. IP-10, IL-6 and MIP-1p; Fig. 5B), while others were
unchanged (e.g. RANTES, VEGF and MCP-1). Importantly, each
of the modulated cytokines or chemokines have strong
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Figure 5. p-fing suppresses phospho-protein signaling in Mcoln1 ™~ astrocytes and reduces cytokine expression. (A) Luminex analysis of phospho-protein signaling at
5 min time point after 1 h pre-treatment with p-fing demonstrates broad down-regulation of signaling in the MAPK and PI3K/Akt pathways (z-score). (B) Multiple phos-
pho-proteins in the PI3K/Akt and MAPK pathways were significantly suppressed in Mcolnl™~ astrocytes treated with p-fing (two-tailed t-test; mean + SEM).
(C) Luminex analysis of 32 cytokines quantified from Mcoln1 /= or Mcoln1*/~ astrocytes treated with p-fing or vehicle (z-score); (D) p-fing treatment reduced astrocyte
expression of certain pro-inflammatory cytokines (IP-10, IL-6, MIP-1p), and did not modulate others (RANTES, VEGF, MCP-1) (two-tailed t-test; mean + SEM).



pro-inflammatory roles, while those that were not affected are
primarily chemokines. One of the chemokines resistant to p-fin-
golimod treatment is a neurotrophic factor VEGF (39). Lack of its
suppression by p-fingolimod in Mcolnl~/~ astrocytes may be an
important part of the neuroprotective action of fingolimod.
Although showing only a modest trend in suppressing IP-10 in
our data (Fig. 5D), the effect of fingolimod to suppress IP-10 has
been also demonstrated in an in vivo model of traumatic brain
injury model and in human primary astrocytes (62,65).

In addition to inflammatory and signaling differences,
Mcoln1~/~ astrocytes reproduced defective Lamp1 staining of
lysosomes (Fig. 6). Excitingly, p-fingolimod suppressed Lamp1-
positive immunoreactivity in Mcoln1 ™~ cells, which may sug-
gest a restoration of lysosomal homeostasis. Note that morpho-
logic assessment does not entirely prove the functional
recovery of lysosomes in our experiments since we did not per-
form any functional assessment. The effects of fingolimod on
lysosomal function have not previously been reported.
However, mTOR is a strong regulator of lysosomal activity (66).
Thus, one possible mechanism for the positive effect of p-fingo-
limod on lysosomal function is via inhibition of the PI3K/Akt
pathway, including mTOR (Fig. 5). Mucolipin-1 is known to be a
key regulator, and also a target, of mTOR signaling (67-70).
Therefore, the fact that inhibition of mTOR by p-fingolimod
resulted in reversal of the lysosomal phenotype in the absence
of mucolipin-1 is intriguing and may indicate unknown
mucolipin-1-independent compensatory mechanisms of mTOR
regulation of lysosomal function. Since dysfunctional lyso-
somes are the key pathologic hallmark of MLIV in humans and
mice, this result suggests that fingolimod restores homeostasis
of multiple functional components affected in MLIV.

Fingolimod has been used in 93 clinical trials for multiple
sclerosis and other diseases (www.Clinicaltrials.com).
It is currently in trials for acute stroke (NCT02002390),
astrocytoma (NCT02490930), ALS (NCT01786174), schizophrenia
(NCT01779700), Rett syndrome (NCT02061137) and multiple
sclerosis (NCT01892722). Importantly, the latter two are pediat-
ric trials. These studies are anticipated to provide extensive
safety data for various age groups and extend the list of indica-
tions. Given the growing evidence of the role of neuroinflamma-
tion in CNS dysfunction and disease (71,72), it is likely that
fingolimod may prove effective in other rare genetic conditions
such as MLIV. A recent study reported that fingolimod was ben-
eficial in mouse models for two forms of NCL, CLN1 and CLN3
(73,74). Administration of fingolimod reduced microgliosis and
infiltration of T cells into the CNS and attenuated axonal dam-
age and neuronal death in the brain and retina in both models.
This exciting result highlights the promise of employing immu-
nomodulation for the treatment of lysosomal diseases, includ-
ing MLIV. Our future work will be focused on pre-clinical testing
of fingolimod in our Mcoln1~~ mouse model of MLIV, where the
effect on astrocyte and microglia activation, levels of brain cyto-
kines and chemokines and other hallmarks of MLIV neuropa-
thology will be measured.

In summary, our data show that Mcoln1™/~ astrocytes
show broad signaling dysregulation. Moreover, these defects in
signaling are associated with elevated expression of pro-
inflammatory cytokines which likely promote MLIV pathogene-
sis. Excitingly, p-fingolimod was highly effective at restoring in-
tracellular signaling, cytokine secretion and lysosomal function
in Mcoln1™~ astrocytes. Since fingolimod is already FDA-
approved for MS, our data suggest it can be a rapidly translat-
able therapeutic strategy for this devastating childhood disease.
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Materials and Methods

Animals

Mcolnl knock-out mice (on a C57Bl/6] background) were main-
tained and genotyped as described previously (17). Mcoln1 ™~
and Mcoln1~* mouse pups for astrocytic cultures were gener-
ated from Mcolnl~* and Mcolnl~/~ mating. Littermate mice
(Mcoln1™* or Mcoln1*/~) were used as controls for all experi-
ments. CD-1 mice for the amyloid p1-42 conditioning experi-
ment were purchased from Charles River. All experiments were
performed according to the US National Institute of Health
guidelines and approved by the Massachusetts General Hospital
or the Georgia Institute of Technology Institutional Animal Care
and Use Committee.

Astrocyte cultures

Neonatal littermate Mcoln1™/~ and Mcoln1~/*, or CD-1, pups
(post-natal days 1-3) were euthanized by decapitation and tail
snips were collected for genotyping. Brains were harvested, cor-
tices isolated and meninges removed. The cortical tissue was
homogenized via trituration and then transferred to poly-L-ly-
sine (PLL) coated T25 cell culture flasks. The next day, flasks
were knocked and media was exchanged to remove unwanted
debris or residual tissue. Cells were grown to confluency (5-7
days), then placed on a shaker at 250 rpm for 18 h at 37°C to
eliminate OPCs and microglia. After shaking the media was as-
pirated to remove the detached non-astrocytic cells, and the
flask was rinsed with phosphate buffered saline (PBS).
Astrocytes were detached from the bottom of the flask by tryp-
sin; cells were counted and seeded in cell culture plates. For cy-
tokine/chemokine and phosphoprotein assays, cells were
seeded in six-well plates at 120 000 cells per well. Wild-type CD-
1 astrocytes were used for analysis of cytokine expression in re-
sponse to amyloid p1-42 in a vehicle of 0.001% NH,OH (rPeptide,
Bogart, GA, USA). For immunocytochemistry, cells were seeded
on 12 mm PLL-pre-coated glass coverslips in 24-well plates at
30 000 cells per slip. After confluency was established (6-7 days)
media was aspirated and replaced with 1 ml per well of either
basal culture media or supplemented with 600 nM fingolimod
phosphate for either 5 minutes or 24 h. Treatment was
quenched with a cold PBS wash, conditioned media was col-
lected, cells were lysed using the Bio-Plex Cell Lysis Kit (Bio-Rad,
Hercules, CA, USA), scraped and lysates collected for analysis.
For microscopy, cells seeded on glass coverslips were cultured
for 6 days and were then treated with 300 pl of either base me-
dia or 600 nM fingolimod phosphate for 24 h. Treatment was
quenched using cold PBS and slips were fixed in 4% PFA for
10 min on ice. Slips were rinsed and stored in PBS for future
staining.

Luminex multiplexed immunoassays for cytokine and
phospho-protein detection

Astrocyte media and cell lysates were stored at —80°C. For cyto-
kine analysis, samples were diluted to 20% in Milliplex assay
buffer and analyzed using the Milliplex MAP Mouse Cytokine/
Chemokine Multiplex assay (Millipore Sigma, St. Louis, MO,
USA, MCYTMAG-70K-PX32). Protein concentration was deter-
mined using Pierce bovine serum albumin (BSA) Protein Assay
kit (ThermoFisher Scientific, Waltham, MA, USA). Protein con-
centration was normalized in Bio-Plex lysis buffer (Bio-Rad) to
0.15 pg for the STAT Cell Signaling 5-Plex Multiplex assay
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Figure 6. Lysosomal correction by p-fingolimod in Mcoln1~/~ astrocytes. (A) Representative images of Mcoln1~/* and Mcoln1~/~ astrocytic cultures immunostained for as-
trocytic marker GFAP (green) and lysosomal marker Lamp1 (red) treated with either p-fingolimod or vehicle for 24 h. Scale bar =50 um. (B) Lamp1 immunoreactivity is
significantly increased in Mcoln1~/~ cells when compared with Mcoln1"/~ controls showing impaired lysosomal content and morphology. p-Fingolimod treatment sig-
nificantly reduced Lamp-1 immunoreactivity in Mcoln1 /= astrocytes. Lamp1 immunoreactivity is expressed as mean pixel intensity, values for individual cells (n =116,
Mcoln1*/~ vehicle; n= 141 Mcoln1~/~ vehicle; n =80, Mcoln1*/~ p-fingolimod; n = 154, Mcoln1 /= p-fingolimod) and median values with interquartile range (black bars) are
shown. P-values were computed using the Brown-Forsythe variance test, demonstrating significant difference in the variance between groups.



(Millipore Sigma, 48-610MAG), to 0.5 pg for the MAPK/SAPK
Signaling 10-Plex Multiplex assay (Millipore Sigma, 48-660MAG)
and to 0.4 pg for the Akt/mTOR Phosphoprotein Multiplex assay
(Millipore Sigma, 48-611MAG). Phosphorylation sites for the
MAPK/SAPK as follows: ATF2 (Thr71), Erk (Thri85/Tyr187),
HSP27* (Ser78), JNK (Thrl83/Tyr185), c-Jun (Ser73), MEK1
(Ser222), MSK1 (Ser212), p38 (Thr180/Tyr182), p53* (Serl5) and
STAT1 (Tyr707). Akt/mTOR phospho-sites are: Akt (Ser473),
GSK3a (Ser21), GSK3p (Ser9), IGFIR (Tyrl1135/Tyr1136), IR*
(Tyr1162/Tyr1163), IRS1* (Ser312), mTOR (Ser2448), p70S6K
(Thr412), PTEN (Ser380), RPS6 (Ser235/Ser236) and TSC2 (Ser939).
STAT kit phosphorylation sites are: STAT1 (Tyr701), STAT2*
(Tyr690), STAT3 (Tyr705), STATSA/B (Tyr694/699) and STAT6"
(Tyr641) (available in Millipore Sigma Milliplex Analyte
Quarterly, Vol. 2, 2017). Analytes marked with an asterisk have
not been reported to be mouse-reactive and were removed from
the analysis. Assays were read out with a MAGPIX Luminex in-
strument (Luminex, Austin, TX, USA).

Partial least squares modeling

D-PLSRs were performed in MATLAB using the PLS function
written by Cleiton Nunes (available on the MathWorks File
Exchange). The data were z-scored before being input into the
PLS script. D-PLSRs were run individually for each Luminex as-
say. Phospho-proteins or cytokine measurements were used as
the independent variables, and the discrete regression variable
in all analyses was astrocyte treatment condition. Orthogonal
rotations were applied to the sample scores and analyte weight-
ings to obtain consistent separation of each group along the LV1
and LV2 axes. Error bars for LV loadings were calculated by iter-
atively excluding samples without replacement 1000 times, and
regenerating the D-PLSR model each time. Error bars in the LV1
plots report the mean and SD computed across the models gen-
erated to provide an indication of the variability within each cy-
tokine or phospho-protein among models.

Immunocytochemistry and image analysis

Fixed cells were blocked in 1% BSA (Gibco by ThermoFisher
Scientific), 2% normal goat serum (Vector Laboratories,
Burlingame, CA, USA) and 0.05% Saponin (Millipore Sigma) in
PBS at room temperature for 5 min. Cells were then stained us-
ing primary antibodies against GFAP (mouse, 1:1000; 3670S, Cell
Signaling Technology, Danvers, MA, USA) and LAMP1 (rat,
1:1000; 553 792; BD Pharmingen, San Jose, CA, USA) in blocking
buffer for 90 min at room temperature. Cells were washed three
times in 1% BSA in PBS and then stained with secondary anti-
bodies goat anti-mouse AlexaFluor488 (1:1000; Invitrogen,
Eugene, OR, USA) and goat anti-ratAlexaFluor633 (1:1000;
Invitrogen) for 1 h at room temperature. Cells were again
washed and then mounted on glass slides using Immumount
(ThermoFisher Scientific). Cells were imaged using a Leica TCS
SP5 confocal laser scanning microscope (Leica Microsystems,
Inc., Wetzlar, Germany) with a 20x dry objective. Cells were im-
aged in Z-stacks with 1 um intervals and Z-sections with the
biggest cell surface area were included in analysis. Images were
analyzed using FIJI software (NIH, Bethesda, MD, USA).
Selections [region of interests (ROIs)] were made by tracing
GFAP positive cells. All present GFAP+ cells within six to seven
fields of view per genotype/treatment group were included in
analysis. All images were thresholded using the same settings
and mean pixel intensity of LAMP1 staining for all GFAP+ cells
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(n=116, Mcoln1™/~ vehicle; n=141 Mcoln1~~ vehicle; n=280,
Mcoln1™/~ p-fingolimod; n=154, Mcoln1~~ p-fingolimod) was
measured. Normality of the datasets was analyzed using
D’Agostino and Pearson normality test using GraphPad Prizm 7
software (GraphPad, La Jolla, CA, USA). Lamp1 staining was pri-
marily different in distribution, rather than mean, therefore, we
compared Lampl staining for using the Brown-Forsythe vari-
ance test using vartestn in MATLAB.

Immunohistochemistry, imaging and analysis

Brain tissues for histologic analysis were obtained from P1, P10
and 2-month-old Mcoln1~/~ and Mcoln1™* mice. Brains were
fixed in 4% PFA for 24 h, washed with PBS, cryoprotected in 30%
sucrose, frozen in isopentane, and stored at —80°C until sec-
tioned. For the P1 and P10 tissues, 20 um thick coronal sections
were made using a Cryostat and directly adhered to glass slides.
Slides were allowed to dry completely overnight at room tem-
perature, and sections were outlined with Dako Pen (Agilent,
Santa Clara, CA, USA). Antigen retrieval was achieved by micro-
waving the slides 18 min, low power, in citrate buffer (10 mM
citric acid and 0.05% Tween 20, pH 6.0). Slides were washed with
PBS and then incubated for 1 h at room temperature with block-
ing buffer (0.5% Triton X-100, 5% normal goat serum in PBS).
Primary anti-GFAP antibodies (mouse, 1:1000; 3670S; Cell
Signaling Technology) in 1% NGS in PBS were applied and incu-
bated overnight at 4°C. The next day, slides were incubated
with secondary donkey anti-mouse AlexaFluor 488 antibodies
(1:500; Invitrogen) for 90 min at room temperature, washed and
mounted with Immumount (ThermoFisher Scientific). The
brains from 2-month-old mice were serially sectioned at 40 pm
thickness and stored free-floating in 96-well plates with TBSAF
(TBS, 30% ethylene glycol, 15% sucrose and 0.05% sodium azide)
at —80°C. GFAP immunostaining was done according to the pro-
tocol above adopted for free-floating sections.

The cortex region of each section was imaged on a Leica
DMi8 epifluorescent microscope with at 10x dry objective.
Images were the processed using FJJI (NIH). Regions of primary
somatosensory and primary and secondary motor cortex were
selected on each image, equally thresholded, and GFAP immu-
noreactivity was measured and expressed as percent of positive
pixels from each selection. Comparisons between genotype
groups were made using unpaired t-test in GraphPad Prizm 7
software (GraphPad).

RNA isolation and sequencing details

For RNA-seq, astrocyte pellets were collected and stored at -
80°C. Total RNA was prepared using an RNeasy mini kit (Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s
guidelines, which included DNase treatment. We used a modifi-
cation of MARSseq (75) for the generation of RNA-seq libraries.
RNA-seq libraries were sequenced using Illumina NextSeq-500.
Adaptors and low-quality bases were removed from the raw
reads by cutadapt (76) and the remaining reads were mapped to
the Mus musculus genome (mm10) using STAR v2.4.2a (77) with
the option alignEndsType EndToEnd, and only the reads with
unique mapping were considered for further analysis. Gene ex-
pression levels were calculated using htseq-count (78) with the
option intersecsion-strict and mm10 Refseq 3'UTR GRF annota-
tions. Normalization and differential expression analysis were
performed using the DESeq2 R-package (Bioconductor, https://
bioconductor.org/packages/release/bioc/html/DESeq2.html).
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Transcriptome analysis

Genes measured by RNA-seq were normalized using DESeq2 R-
package and only genes with 10 or more normalized reads for at
least one sample were selected for analysis. Differentially
expressed genes were defined as genes that had significant ad-
justed P-value <0.05. GSEA (44,79) was run using the MLIV astro-
cyte RNA-seq data and the full curated pathways list version 6.1
(cp2 v6.1 available at software.broadinstitute.org/gsea) with
gene-set permutations. As recommended GSEA was conducted
using human annotated gene sets. Mouse gene names were
converted to upper case nomenclature to match human gene
symbols and input to the GSEA software. Pathways above 0.25
FDR were considered significantly enriched (44,79). The accom-
panying heatmaps (generated using MATLAB) show normalized
expression values for the genes in our dataset that fall in select
enriched pathways.

Supplementary Material

Supplementary Material is available at HMG online.
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