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Deficiency of galactosyl-ceramidase in adult
oligodendrocytes worsens disease severity during
chronic experimental allergic encephalomyelitis
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Galactosyl-ceramidase (GALC) is a ubiquitous lysosomal
enzyme crucial for the correct myelination of the mammalian
nervous system during early postnatal development. However,
the physiological consequence of GALC deficiency in the adult
brain remains unknown. In this study, we found that mice
with conditional ablation of GALC activity in post-myelinating
oligodendrocytes were lethally sensitized when challenged
with chronic experimental allergic encephalomyelitis (EAE), in
contrast with the non-lethal dysmyelination observed in Galc-
ablated mice without the EAE challenge. Mechanistically, we
found strong inflammatory demyelination without remyelina-
tion and an impaired fusion of lysosomes and autophagosomes
with accumulation of myelin debris after a transcription factor
EB-dependent increase in the lysosomal autophagosome flux.
These results indicate that the physiological impact of GALC
deficiency is highly influenced by the cell context (oligodendrog-
lial vs. global expression), the presence of inflammation, and the
developmental time when it happens (pre-myelination vs. post-
myelination). We conclude that Galc expression in adult oligo-
dendrocytes is crucial for the maintenance of adult central
myelin and to decrease vulnerability to additional demyelinating
insults.

INTRODUCTION
Control of lipid homeostasis is essential for myelin stability and
function in mammals." """ Deficient activities of enzymes involved

in the metabolism of cholesterol, plasmalogens, and glycosyl-sphin-
golipids alter the stoichiometric balance of lipids in the myelin
membrane, increasing the vulnerability to demyelination and sec-
ondary damage to axons. Although galactosyl-ceramidase (GALC)
is a ubiquitous acid lysosomal hydrolase, its expression in myelin-
forming cells (i.e., oligodendrocytes and Schwann cells) is essential
for the catabolism of galactosyl-ceramides and, in particular, galac-
tosyl-sphingosine (psychosine).'” A global deficiency of GALC and
the consequent toxic accumulation of psychosine is the metabolic
pathophysiological basis of Krabbe disease (KD) (also known as
globoid cell leukodystrophy [GLD]), an inherited autosomal reces-
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sive leukodystrophy.'”'* KD patients are largely infants and young
adolescents, with a smaller fraction of patients presenting with
milder clinical symptoms in late adolescence or adulthood.'* Most
of the pathogenetic mechanisms of demyelination, inflammatory
gliosis, and neuronal dysfunction are triggered through the
abnormal accumulation of psychosine in membrane lipid rafts early
in life."

Our laboratory and others have shown that perinatal reconstitu-
tion of GALC activity, mainly by gene therapy with adeno-associ-
ated viral vectors (AAVs), has a positive impact in protracting
disease in both twitcher (Twi) mice and GLD dogs, preclinical
10719 AAV  therapy also
complete normalization of neurological readouts, motor skills,
and neuropathology in the Twi mouse'® and the GLD dog.'
Despite this significant improvement, we and others have
identified late-onset lesions in brain white matter of treated

KD animal models. led to near

Twi mice, damage that was not present in treated Twi mice at
younger ages.’””' These aging-related lesions correlated with
local loss of GALC activity secondary to loss of the therapeutic
AAV and the reoccurrence of psychosine-mediated disease.”'
These observations and additional studies showing deficient
myelin responses to induced chemical demyelination in young
adult haplo-insufficient Twi mice** underline the importance of
preserving a functional GALC metabolism for myelin homeostasis
throughout life.
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Figure 1. Ablation of Galc expression in adult oligodendrocytes transformed the chronic presentation of MOG-EAE into a fulminant acute disease
(A) Experimental paradigm to assess the impact of Galc deletion in mature oligodendrocytes on the clinical manifestation of EAE in PLP-CRES"-Galc”" mice. (B) DSS
was measured in TMX+EAE mice during the 30 days after EAE induction or until mice reached humane end point criteria. Control groups included +EAE (EAE+PLP-

(legend continued on next page)
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Most of our current knowledge on GALC function comes from
studies done in early postnatal life in wild-type and Galc mutant
animals and cell cultures.”””* However, there are no formal
studies examining the role of GALC after myelination is completed
in the mammalian brain. The lack of models to conditionally and
cell specifically ablate Galc was a limitation for these types of
studies. The recent generation of a lox-P-inducible Galc knockout
transgenic line’® enabled us to perform such studies. Considering
that oligodendrocytes must also maintain healthy myelin
throughout life, we hypothesized that the loss of function of
GALC after myelination is complete negatively impacts on
the long-term stability of myelin and its vulnerability to
demyelination.

In this work, we crossed loxP-Galc transgenic mice’’ with PLP-
CRE-*®" mice* and generated conditional Galc ablated mice with
deficiency restricted to post-mitotic PLP* oligodendrocytes between
postnatal days (P) P40 and P44. By this genetic approach, we studied
the functional role of the GALC enzyme in adult myelin stability and
vulnerability to disease when challenged to chronic experimental

33,34

allergic encephalomyelitis (EAE).

RESULTS

Conditional loss of function of GALC in mature oligodendrocytes
sensitized mice to EAE with fulminant demyelination

In this study, we evaluated the extent to which the adult loss-of-func-
tion of the Galc gene in post-mitotic oligodendrocytes is a worsening
factor for the progression and intensity of EAE, the most used exper-
imental model for multiple sclerosis (MS). For this, we used a condi-
tionally regulated floxed line to ablate Galc expression only in PLP*
oligodendrocytes.”” Tamoxifen (TMX) recombination was initiated
at P40 when the mouse brain is mostly myelinated,”® while EAE
was induced by immunization with myelin oligodendrocyte glycopro-
tein (MOG) at P400°” (Figure 1A).

Experimental groups were assessed using our Disease Severity Scoring
(DSS) system for 30 days after immunization.'® Notably, all mice with
ablation of Galc in oligodendrocytes exhibited increased DSS scores
from 13 days after EAE and rapidly deteriorated (Figure 1B) to the
point that by human end point Institutional Animal Care and Use
Committee criteria, all double challenged mice had to be euthanatized
by 18 days after immunization (Figure 1C). In contrast, EAE in mice
with normal Galc expression underwent a stereotypical EAE disease
(Figure 1B) with approximately one-half of the EAE", non-TMX
mice reaching humane end point by 21 days after EAE and many sur-
viving throughout the 30-day experiment (Figure 1C). The control
groups, +TMX, and non-TMX displayed minor and insignificant
DSS signs (Figure 1B), variations attributed to aging (e.g., fluctuations
in body weight in aged mice are noticeable) and lived throughout the

30-day experiment without any impairment or death (Figure 1C).
In vitro and in vivo quality control of CRE-recombination confirmed
correct ablation of Galc only in oligodendrocytes with expected de-
creases in enzyme activity and psychosine increases (Figures SI
and S2).

GALC activity was evaluated in brain lysates (Figure 1D) and, as
expected, +TMX mice regardless of EAE, exhibited significantly
reduced GALC activity (Figure 1D). The roughly 50% decrease
in GALC activity (Figure 1D) and the lack of significant
changes in ACD activity’® (Figure S3) converged in significant in-
creases in psychosine levels in TMX+EAE and +TMX brain lysates
(Figure 1E). The higher levels of psychosine detected in TMX+-
EAE mice respect +TMX mice (Figure 1E) correlated with a robust
deterioration of microglial activity in the double challenged
TMX+EAE mice (see below). Together, these data highlight that
GALC deficiency in mature oligodendrocytes elevates the suscepti-
bility to additional demyelinating stressors such as EAE and in-
volves a Furthermore,
ablation of Galc in adult oligodendrocytes is sufficient to change
EAE presentation from a chronic condition to an acute fulminant
disease.

toxic accumulation of psychosine.

Loss of function of GALC in mature oligodendrocytes enhanced
demyelination, gliosis, and inflammation in EAE mice

To examine the extent of demyelination, gliosis, and inflammation,
brain tissue from terminal animals was immunostained for the
expression of myelin proteolipids (PLPs), which enabled us to
differentiate areas with intact myelin from those lacking myelin,””
GFAP, CD68, and Iba-1. In demyelinated areas, significant levels
of PLP" myelin debris were observed (Figures 21, S4G, S5G, and
S6G). Marked levels of demyelination with an abundance of myelin
debris were observed in the cerebellar deep white matter (Figure 2A),
medulla oblongata (Figure S4), and hippocampus (Figure S5), and
less evident in cortical areas (Figure S6) of TMX+EAE mice. Mild
regional dysmyelination in the same aforementioned areas
(Figures S4C-S4F and S5C-S5F) was observed in +TMX mice.
The cerebral cortex of + TMX mice showed apparently normal mye-
lination (Figures S6C-S6F).

Demyelination was accompanied by a sharp increase in GFAP+ astro-
cytes and CD68+ and Iba-1 microglia in both TMX+EAE and +EAE
mice groups. Astrogliosis in both groups was evidenced within
the same regions but to a greater extent than in +TMX mice
(Figures 2A, 2B, 2], S4A, S4B, S4H, S5A, S5B, and S5H). Gliosis in
cortical areas was not changed significantly (Figure S6). Similarly,
our western blot analysis showed elevated levels of GFAP in all con-
ditions compared with the control (Figures S7A and S7B). We also
observed a significant increase in CD68" cells in demyelinated areas

CREFRT-Galc"), +TMX (TMX+PLP-CREFFT-Galc”), and no-TMX (comn oil + mineral oil treated PLP-CREFR-Galc”" mice). (C) Lifespan probability analysis is shown in
the Kaplan-Meier plot. N = 3 animals for No TMX and +TMX groups; N = 9 animals for +EAE and N = 12 for TMX+EAE conditions. (D and E) GALC activity and
(E) psychosine levels were determined in total brain lysates. Graphs represent the mean + SEM. ns: p > 0,05; *p < 0.05; ***p < 0.001; ***p < 0.0001 (one-way

ANOVA, followed by Tukey post hoc test). N = 3-9 mice/group. ns, not significant.
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Figure 2. Ablation of Galc expression in adult oligodendrocytes increased demyelination and gliosis after EAE induction

(A-H) The effects of Galc ablation in oligodendrocytes upon EAE induction on demyelination and gliosis was evaluated in P430 brain sections by immunohistochemistry using
antibodies against the myelin PLPs (red) and GFAP (green) (A, B, E, and F), or CD68 (red) (C, D, G, and H). Nuclei were counter stained with DAPI (blue). Confocal microscopy
images of deep cerebellar white matter are shown. (I-K) Myelin debris per field was quantified in the deep cerebellar white matter for each condition. The number of GFAP*
(J) and CD68" cells (K) per field was quantified. Graphs represent the mean + SEM for each condition. p > 0.05; *p < 0.05; ****p < 0.0001; ns, not significant (p > 0.05) (one-
way ANOVA, followed by Tukey post hoc test). N = 3 mice/group. Data points represent the average value for each quantification per mouse.

at the deep cerebellar white matter of TMX+EAE and +EAE, but not
of the +TMX or control mice (Figures 2C, 2D, 2G, 2H, and 2K). West-
ern blotting confirmed a significant increase in the levels of CD68 im-
munodetectable bands in both EAE experimental groups (Figure S7A
and S7C). Iba-1-positive cells were abundant in both the TMX+EAE
and +EAE groups (Figure S8), with significant increases of Iba-1 cells
in the cerebellum (Figure S8M), hippocampus (Figure S8N), and
corpus callosum (Figure S80). Iba-1 cells were moderate but signifi-
cantly increased in the +TMX mice group (Figures S8M and S8N). In
general, demyelinated fibers were always surrounded by filopodia
from astrocytes and Iba-1+ microglia, which was more evident in
TMX+EAE mice (Figure S9, arrows).

Importantly, active caspase-3 levels were significantly increased after
induction of EAE in +TMX mice (Figures S7A and S7D), suggesting
that the combination of Galc ablation in oligodendrocytes and EAE
led to a substantial apoptotic cell death. Further typification
confirmed that, in all three conditions, the cells undergoing apoptosis
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were chiefly oligodendrocytes and microglia and to a much lesser
extent neurons, astrocytes, and OPCs (Figures S10-S15).

Loss of function of GALC in mature oligodendrocytes impaired
remyelination in EAE mice

Ablation of Galc in adult oligodendrocytes negatively impacted the
levels of platelet-derived growth factor receptor-o. (PDGFRa),
Olig2, and Sox10 in demyelinated areas of EAE mice (Figures 3F-
3I). We examined the remyelination capacity in the +TMX brain by
counting dividing OPCs in the cervical spinal cord, a region that
also shows clear signs of demyelination. OPCs were labeled with an-
tibodies against NG2 and Sox10, which are markers for OPCs and are
involved in their differentiation into myelinating oligodendrocytes.
Dividing cells were identified using an antibody to PCNA. Even
though some NG2+ OPCs were observed (Figure 3A), proliferating
(PCNA+) Sox10+ OPCs were barely found in the spinal cord white
matter in TMX+EAE mice (Figures 3C and 3E). Mice subjected to
EAE with normal GALC levels also exhibited significantly fewer
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OPCs when compared with the control groups, but a fraction of OPCs
in these animals were undergoing cell division (Figures 3D and 3E),
indicating that remyelination is occurring to some extent. However,
transmission electron microscopy (TEM) analysis (Figures 3J-3N)
confirmed that, although there were more axons showing signs of
demyelination in TMX+EAE mice, fewer axons were in the process
of remyelination (Figures 3], asterisk, 3N). In contrast, the +EAE
group exhibited significant levels of both demyelinated axons and re-
myelination (Figures 3K and 3N). In contrast, while there were some
demyelinated axons in +TMX cords, the percentage of these axons
did not differ significantly from the control group (Figures 3L and
3N). +TMX mice also showed significantly lower numbers of NG2+
and Sox10+ OPCs, yet they showed an increase in dividing OPCs
(Sox10"/PCNA™" cells) (Figures S16A-S16E and 3E), suggesting pro-
liferation to support a weak remyelination (Figures 3L and 3N).

Importantly, when we evaluated the long-term impact of Galc dele-
tion in adult PLP+ oligodendrocytes, + TMX mice showed mild motor
deficits, with the greatest relative deficits in the ledge balance test as
compared with control mice (Figure S17D). No significant differences
were observed in weight, grip strength, and locomotor activity
(Figures S17F-S17H). When evaluating the motor coordination of
mice on an accelerating rotarod, + TMX mice performed significantly
worse than the control mice at P240 (Figure S17E), aligning with the
deficits observed in the ledge balance test. This did not significantly
affect the survival of PLP-restricted Galc-deficient mice (Figure S17C).
The control group mice showed minor, insignificant DSS signs (Fig-
ure S17B). These variations may be due to aging, as aged mice often
experience noticeable fluctuations in body weight (Figure S17F). Of
importance, although some reports have indicated that treatment
with TMX may elicit some side effects,”® ** wild-type control mice
treated with TMX only did not show any change in myelination,
body weight, and motor skills (data not shown).

These data suggest a strong synergistic effect between the reduction of
GALC activity in mature oligodendrocytes and EAE, turning in an
acute, non-surviving, highly damaged, and poorly remyelinating
demyelinating disease.

Loss of function of GALC did not promote globoid cell formation
and impaired the lysosomal autophagosomal flux upon EAE
induction

Globoid cells are one of the hallmarks of KD. In the Twi brain, multi-
nucleated CD68™ active globoid cells are abundant (Figure S18A, ar-
rows), in sharp contrast to the stereotypical ramified single-nucleated
CD68 resting microglia found in healthy brains (Figure S18B, arrow).
While the ablation of Galc in adult oligodendrocytes in +TMX mice
elicited a mild microglia activation (Figure 2K), all CD68" cells
were single nucleated without any evidence of globoid cell formation
(Figure S18C, arrow). Globoid cells were not observed in either +EAE
(Figure S18D, arrow) or TMX+EAE (Figures S18E-S18I, arrow) mice.
Notably, all three experimental conditions showed the presence of
visible CD68" vacuoles in microglial cells (Figures S18G-S18I,
arrowheads).

Being that CD68 protein also a type I membrane protein that shuf-
fles between lysosomes and the plasma membrane,*' the presence
of enlarged CD68" vacuoles suggested of abnormalities within the
lysosomal compartment. A common finding in lysosomal storage
diseases such as KD is the deficit in the lysosome autophagosome
flux (LAF).”*"** LAF is tightly regulated and responds to cellular de-
mands. For example, cellular stress, starvation, and removal of cell
debris are potent stimuli that activate the transcription factor EB
(TFEB)-coordinated lysosomal expression and regulation (CLEAR)
5 with the goal of recycling cellular components. To examine
the contribution of changes in LAF in our disease model, we first

axis

focused on the two most stereotypical lysosomal-associated mem-
brane proteins (LAMPs), LAMP1 and LAMP2. Immunodetection
of these major lysosomal proteins showed an important increase
in levels of immunodetectable LAMP1 in white matter tracts of
either TMX+EAE (Figure 4A, insets), +TMX (Figure 4B, insets)
or +EAE (Figure 4C, insets), compared with the basal levels in
non-TMX mice (Figure 4D, insets). Remarkably, LAMP2 expression
seemed to be markedly decreased in all three experimental condi-
tions, falling below the levels observed in non-TMX mice
(Figures 4A-4D). Western blotting (Figure 4N) confirmed an in-
crease of LAMP1 (Figure 4Q) and approximately a 60% decrease
of LAMP2 in the +TMX and +EAE brain (Figure 4R) with respect
to control levels in the non-TMX brain. Interestingly, LAMP2 levels
showed further reduction (approximately 75%) in the TMX+EAE
brain (Figure 4R). Autophagic (p62, beclinl, and LC3I/II) markers
were then studied to examine whether autophagy was also altered.
Co-labeling with p62 and LAMP1 showed lack of co-localization
of p62 and LAMPI in all three experimental conditions suggesting
an impaired fusion of lysosomes and autophagosomes (Figures 4E-
4H, insets). In fact, we observed significant increases in the abun-
dance of p62, particularly in the TMX+EAE brain (Figure 4E),
which were confirmed by western blotting (Figure 4N) quantitative
analysis (Figure 4T). This apparent increase in autophagosomes was
further supported by western blotting analysis (Figure 4N) for LC31/
IT (Figure 4S) and beclinl (Figure 4U).

Lysosomal biogenesis is largely regulated through the nuclear activ-
ity of TFEB (Figure 4M). Nuclear TFEB activity depends on phos-
phorylation status at S211. Under normal conditions, activation of
mTORCI at the lysosomal membrane (via phosphorylation by
active AKT-P-S473, Figure 4M) phosphorylates TFEB at S211,
which is retained in the cytoplasm. Upon cellular stress, dephos-
phorylated (either by down-regulation of the AKT-mTORC1 axis
or by the activity of PPP3-calcineurin) TFEB is translocated to
the nucleus where it promotes the transcription of CLEAR genes.
We evaluated phosphorylation levels of TFEB at S211 as well as
AKT at S473 (Figure 4N). In consonance with the increase of
LAMP1 expression, we found that phosphorylated TFEB was signif-
icantly decreased in +TMX and +EAE mice (approximately 60%
and approximately 70%, respectively), but particularly in TMX+
EAE mice (approximately 80%) (Figure 4P). Similarly, the upstream
regulator of mMTORC-1, phosphorylated AKT was also reduced (Fig-
ure 40). Immunodetection of TFEB clearly showed that TFEB
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Figure 3. Impaired remyelination in mice with ablated Galc expression in adult oligodendrocytes during EAE

(A-D) The impact of EAE in mice subjected to Galc ablation in oligodendrocytes on OPC response was evaluated in cross-sections of P430 cervical spinal cords by
immunohistochemistry followed by confocal microscopy. Analyses were performed using an antibody against NG2 (red) (A and B), or Sox-10 (red) and PCNA (green) (C and
D). Nuclei were counter stained with DAPI (blue) to reveal the total number of cells per field. (E) Graphs represent the total number of Sox10* cells in each condition (Sox10*/
PCNA™, gray bars), as well as the number of Sox10* cells that were also PCNA* (Sox10*/PCNA*, black bars). (F—I) P430 brain lysates were subjected to western blot analysis
using antibodies against PDGFRa, Olig2 and Sox10. Gray rectangles depict different bands located within the same gel. The ratio of band intensity against tubulin was
quantified for Olig2 (G), Sox10 (H) and PDGFre. () and normalized against control (No TMX) condition. Graphs represent the mean + SEM. (J-M) The effect of Galc ablation in
oligodendrocytes on remyelination was evaluated by TEM of cervical spinal cords ultra-thin sections obtained from the different experimental groups. (N) The percentage of
myelinated, demyelinated and remyelinated axons were quantified and represented as the number of affected axons for each condition. Inimage (J): M, myelinated axon; D,
demyelinated axon; red asterisk, remyelinated axon. Graphs represent the mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001 (Student t test). N = 3 animals were
employed for No TMX and +TMX groups, whereas N = 6 animals were used for +EAE and TMX+EAE conditions.

translocated to the nucleus of cells of TMX+EAE (Figure 4I), +EAE
(Figure 4K), and +TMX (Figure 4]) spinal cords, in comparison
with the mostly cytoplasmic localization in the control non-TMX
(Figure 4L) cord.

Collectively, these findings reveal that GALC deficiency in oligoden-
drocytes, EAE induction, or a combination of both insults leads to the
activation of TFEB. TFEB activation in turn promotes and up-regu-
lates autophagy-lysosomal biogenesis. However, fusion of lysosomes
and autophagosomes seemed to be compromised, which in mice
with Galc ablated and EAE may lead to a critical bottleneck in the
removal of myelin debris and reinforcement of inflammation.
Notably, TFEB has also been indicated to repress the differentiation

3168 Molecular Therapy Vol. 32 No 9 September 2024

of OPCs in myelinating oligodendrocytes, which may underline the
poor remyelination measured in our study.*’

DISCUSSION

GALC is a lysosomal enzyme crucial for the early postnatal meta-
bolism of myelin. This notion has been demonstrated using Galc-defi-
cient TWI mice, GLD dogs, and autopsy material from KD pa-
tients.'®'”*"**">2 However, the extent to which GALC has similar
physiological roles in the adult brain remains unexplored. In addition
to its well-established pathogenetic role in KD, GALC has recently
been identified in genome-wide association studies and biochemical
analyses as a risk gene in other adult-onset neurodegenerative condi-
tions, including Parkinson disease™* and MS.> A case report”™ and

56
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Figure 4. Increased TFEB-mediated CLEAR response with impaired lysosomal autophagosomal flux

(A-H) Immunohistochemistry analysis of brain sections from TMX + EAE, as well as control groups (EAE + No TMX+; +TMX and No TMX) was performed using antibodies
against LAMP-1 (red) and LAMP-2 (magenta) (A-D), or p62 (green) and LAMP1 (red) (E-H). (-L) TFEB localization was evaluated by immunohistochemistry analysis of cervical
spinal cord cross-sections using antibodies anti-TFEB (green) and CD68 (red). Nuclei were stained with DAPI (blue). (M) Diagram representing the molecular pathway of AKT-
mTORC1-mediated regulation of TFEB activity, a master promoter of lysosome biogenesis. Briefly, phosphorylated (active) AKT at serine 473 (S473) leads to mTORC1
phosphorylation and activation, which leads to downstream phosphorylation of TFEB at Ser211 (S211). S211-phosphorylated TFEB is no longer able to translocate to the

(legend continued on next page)
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several personal communications of KD pedigrees with adult family
members developing MS and down-regulation of GALC expression
in some MS patients®” reinforce the possibility that reductions of
GALC activity increase the risk to develop MS.

To start examining this hypothesis, we generated an MOG-induced
EAE model of MS”>** using mice with conditional ablation of Galc
expression®’ in post-mitotic oligodendrocytes.”” Induction of EAE
in adult TMX-treated PLP-CRE**"-Galc”’ mice led to a fulminant
and deadly acute form of EAE with 100% obligate euthanasia by
18 days after immunization in contrast with control EAE mice with
more than approximately 50% of mice fully recovering from EAE.
This notable and distinct presentation of the disease in the doubly
challenged TMX+EAE mice involved a strong demyelination, signif-
icant accumulation of myelin debris throughout the brain and spinal
cord, and poor remyelination. TMX side effects including changes in
bone, temperature, movement, and contradictory effects on myelina-
tion have been reported.”® *° In our experimental conditions, control
mice treated only with TMX (data not shown) did not show any mye-
lination and behavioral changes that could significantly have ac-
counted for the above reported differences in survival and disease
severity in TMX-treated, EAE-treated, and doubly challenged TMX+-
EAE animals.

As expected, demyelination in the double-challenged model was
accompanied by significant levels of cell death among mature oligo-
dendrocytes and approximately a 2.5-fold increase in psychosine
respect levels in the non-EAE Galc-ablated controls. We did not
find significant changes in ACD activity in the double-challenged
model, suggesting that the increased levels of psychosine correlated
better with the noted abundance of myelin debris than from de
novo synthesis.”® Despite the decrease in GALC, psychosine accumu-
lation was overall modest in all experimental conditions. This could
be caused by some level of cross-correction of ablated oligodendro-
cytes by GALC produced in neighboring cells.”® How much GALC
was cross-corrected by individual cells remains uncertain. Because
ablation of Galc occurred only in mature PLP+ oligodendrocytes,
neighboring neurons, astrocytes, and microglia may all serve as
endogenous sources of secretable GALC, which if reaching Galc-abla-
ted oligodendrocytes may decrease the magnitude of the deficiency in
these cells. Differential cell sensitivities to take up lysosomal enzymes
have been suggested from work done with aryl-sulfatase A,”” and
while direct extrapolations to GALC cannot be done, we could
speculate on several factors affecting the overall efficiency of GALC
cross-correction in the brain, including level of enzyme production
and secretion by individual cells, degree of phosphorylation
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of mannose-6 residues in the enzyme, and expression of active
mannose-6-phosphate receptors on the surface of oligodendrocytes.>
Planned studies using the new lysosomal membrane-tethered GALC
(Galc-LAMPI) transgenic line, where cross-correction is blocked,®’
will help to determine how much cross-correction contributes to
the final metabolic effect.”® Low levels of psychosine may also reflect
an overall decrease in psychosine synthesis by the ACD anabolic
pathway in the adult brain,”® especially because in our model CRE-
ablation of Galc occurred between P40 and P44, after central myelina-
tion was largely completed. In addition, our model involved CRE-
mediated ablation after myelination completion (P40-P44), with
analysis conducted on aged mice (P400). Over time, oligodendrocytes
lacking GALC may have been gradually replaced by newly formed ol-
igodendrocytes derived from resident quiescent OPCs, with normal
unaffected expression of Galc. However, this long-term cell replace-
ment did not fully mitigate the early recombination effects, leading
to increased psychosine levels and myelin damage in adult ablated an-
imals. Future experiments employing a combination of PLP and
PDGFRa. promoters for CREFXT recombination could further eluci-
date this aspect.

Our results showed that TMX+EAE in PLP-CRE**"-Gal¢"/ mice had
significantly decreased levels of PDGFRa, Sox10, and Olig2, key for
the successful recruitment and migration of OPCs to engage in pro-
ductive remyelination. Decreased expression of these genes may
have contributed a lack of productive remyelination in mice facing
the double challenge. It is well established that successful
remyelination also requires an intact phagocytic capacity of micro-
glial cells to remove myelin debris to enable the recruitment and
engagement of OPCs.'"® We found that TMX+EAE-treated
PLP-CREPRT-Gald”’ mice indeed developed a robust microglial
and macrophage presence with high numbers of CD68" and Ibal”
cells associated with demyelinating areas. However, despite this
robust inflammatory response, myelin debris were poorly removed
(marked by the abundance of PLP* myelin remnants in major white
matter areas). This underlines that, over time, the capacity of micro-
glia and infiltrating macrophages to phagocyte and remove myelin
debris waned in the doubly challenged mice. We suspect that this
is non-cell autonomous maladaptive innate response of microglial
cells to an increased toxicity from psychosine-enriched myelin
membranes.”* Multiple studies have shown that microglial cells
can be non-cell autonomously impaired. For example, poor micro-

glia function was observed in models of myelin damage,""* or

6
” and even when exposed

when pro-inflammatory signaling fails,’
to toxic AB in Alzheimer disease.”*® Another study where Twi het-

erozygous mice were exposed to non-inflammatory cuprizone

nucleus, and thus becomes inactive. (N-U) Brain lysates were subjected to western blot analyses to determine the levels of phosphorylation of the AKT-mTORC1-TFEB
signaling pathway, along with lysosomal and autophagy proteins as a readout of LAF. Phospho-AKT (AKT-P-S473), phospho-TFEB (TFEB-P-S211), total AKT (tAKT)
and TFEB (tTFEB), LC3 I/ll, p62, beclin-1, LAMP-1 and LAMP-2 antibodies were used for each condition. GAPDH antibody was employed as loading control. Gray rectangles
depict different bands located within the same gel. Band intensities were quantified for each condition, normalized against GAPDH levels, and fold changes normalized to the
control (No TMX) group calculated for phospho-AKT/AKT (O), phospho-TFEB/TFEB (P), LAMP-1 (Q), LAMP-2 (R), LC3 1I/I (S), p62 (T), and Beclin-1 (U). Graphs represent the
mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; p < 0.0001 (one-way ANOVA, followed by Tukey post hoc test). N = 3 animals were employed for no TMX and + TMX groups,

whereas N = 6 animals were used for +EAE and TMX+EAE conditions.
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demyelination® also showed deficiencies in remyelination and mi-
croglia responses, although without a lethality as seen in our TMX+
EAE model. Notably, our study differs in that GALC deficiency was
only done in mature oligodendrocytes but not in microglia, thus,
underlining a non-cell autonomous defect impairing the innate ca-
pacity of microglia to remove damaged myelin when challenged
with EAE. The lack of lethality and the modest demyelination
observed in +TMX mice underlines that in the absence of additional
stressors affecting myelin integrity (i.e., EAE), GALC deficiency in
adult oligodendrocytes is per se insufficient to compromise survival
or trigger a severe neurological phenotype. Future experiments
will test whether Galc ablation in mature oligodendrocytes as well
as in microglia synergize to make mice more sensitive to EAE.
The combination of multiple factors may play important pathogno-
monic roles in neurodegeneration, disease presentation, and
disability observed in adult-onset myelin disorders such as
MS.%"7! In this sense, our results underline that carrying mutations
in the Galc gene in the presence of additional environmental and/or
genetic factors may render GALC carriers more vulnerable.

In addition to the maladaptive response of microglial cells, EAE and
Galc deficiency in oligodendrocytes seemed to target the regulation of
the LAF pathway. This pathway is crucial when cells undergo stress
conditions and need to recycle, remove, and degrade toxins, damaged
organelles, and other cellular components. TFEB is a master tran-
scription factor regulator of the CLEAR genes,”” and therefore, has
a prime role in modulating autophagy and lysosomal biogenesis.
Our results showed severe changes in many readouts of LAF, with de-
creases in LAMP-2, and increases in p62 and beclinl, proteins
involved in the biogenesis of lysosomes and their fusion with auto-
phagosomes. Not surprisingly, we found increased activation (i.e.,
less phosphorylated TFEB at S211 and nuclear translocation) of
TFEB associated with decreased activation of the AKT pathway in
all three challenged conditions with respect to control levels, indi-
cating that the recruitment of the pathway to aid in cellular clearance
responded. However, the decreased levels of LAMP-2 and increased
levels of p62 and beclin-1 suggest that the late steps of autophagosome
and lysosome maturation are impaired, with significant accumulation
of autophagosomes without obvious fusion to lysosomes. LAMP-2
knockout mice exhibit a massive accumulation of autophagic vacu-
oles,”>”* which seems to be consequent to impaired autophagosome
maturation.”” Our results revealed a marked presence of vacuoles ex-
pressing the lysosomal protein CD68*" in all experimental conditions.
This accumulation may be related to the decreased levels of LAMP-2.
Interestingly, autophagy is highly dysfunctional in the Twi brain,*”
with large cytoplasmatic aggregates of p62 and increases in beclin-1
levels,”” changes that are also present in other neurodegenerative
and lysosomal disorders, EAE, and MS.”>78% Of relevance, inhibition
of mTORCI, which is an intermediate regulator of TFEB, as well as
a restoration of autophagy ameliorated neurological deficits in
Twi mice.”” This supports the idea that the proper assembly and
function of autolysosomes is key for the degradation of toxic mole-
cules, including psychosine, which is a known inhibitor of AKT
activation.”!

The up-regulation of active TFEB may have also contributed to reduce
remyelination, as TFEB is a known suppressor of myelination.”” Hence,
the fulminant effects triggered by EAE in TMX-treated PLP-CRE™*"-
Gald”! mice may involve a multitude of contributing factors, including
a dual role of TFEB. On one hand, TFEB activates the CLEAR response,
and concomitantly, it induces the inhibition of remyelination by block-
ing the formation of myelinating oligodendrocytes.

In summary, our study contributes with insights on the interplay be-
tween genetic factors, such as GALC deficiency, and external triggers,
such as EAE, in the context of demyelinating diseases. Although adult
GALC deficiency alone in oligodendrocytes seems insufficient to
generate a disease analogous to KD, enzyme deficits may be a risk fac-
tor to develop major demyelinating phenotypes such MS when com-
bined with additional stressors. Therefore, further research is war-
ranted to elucidate the susceptibility of KD patients undergoing
hematopoietic stem cell transplantation or gene therapy, especially
in cases where GALC correction within oligodendrocytes remains
deficient or attenuated. One possible extrapolation of this work is
that individuals with mutational heterozygosity, single nucleotide
polymorphisms, and epigenetic dysregulation of the GALC gene
may develop adult dysfunctional expression of GALC and thus, in-
crease their vulnerability to different adult-onset neurodegenerative
disorders, such as MS as well as Parkinson disease, Alzheimer disease,
and other adult-onset conditions, which have been linked to lyso-
somal deficiencies. Likewise, similar synergic interactions may occur
with other lysosomal enzymes (e.g., arylsulfatase A, multiple sulfa-
tase). Understanding how these interactions occur will be important
to developing improved therapies to treat adult-onset demyelination
and neurodegeneration.

MATERIALS AND METHODS

Animals

Animal work in this study was performed in accordance with
approved protocols from the Animal Care and Use Committee at
the University of Illinois at Chicago. Mice were maintained in a
12-h light/dark cycle at 25°C and received ad libitum food and
water. Mice genotypes were maintained in a C57BL/6] background.
The Galc-flox mouse line’ was kindly donated by Dr. Laura
Feltri (State University of New York at Buffalo) and crossed with
the PLP-CRE™®" mouse line.”” Resulting PLP-CRE**"-Galc-flox ge-
notypes were confirmed in newborn pups by PCR using specific
primers for Galc-Flox: P1: 5'-CATCATCCTGTTTCCACAGG, P2:
5'-AATATGTAGGGAGAGAGTGGTC, P3: 5-CTATTTTAA GG
GAGTTCTGCCAGTG and for PLP-CRE: F: AGGTGGACCTGAT
CATGGAG, R: ATACCG GAGATCATGCAAGC. Non-recombined
Galc-flox band size is 393 bp; recombined Galc-flx is 514 bp and wild
type is 266 bp.*"*> CRE-“*" recombination was done by 5 consecutive
daily intraperitoneal injections with 75 mg/kg TMX (Sigma-Aldrich
#15648) starting at P40. Controls received equal daily injections of
corn oil. At collection time, mice were anesthetized with isoflurane
and transcardially perfused with PBS. Brains were removed and
further processed for either biochemistry or histology as outlined
below.
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EAE induction

EAE was induced by immunization with MOG3s_s5 using the Hooke
Kit MOG3s_s5 Emulsion PTX antigen (Cat. N°® EK-2110, Hooke Lab-
oratories), according to the manufacturer’s instructions. In our exper-
imental design, EAE was initiated on P400 mice. On day 1, mice
received two subcutaneous 0.1 mL injections of MOG3;s5_s5 in com-
plete Freund’s adjuvant (CFA), followed by an intraperitoneal admin-
istration of 80 ng of pertussis toxin (PTX) diluted in PBS after 2 h. A
second equal dose of PTX was given on day 2. Control groups were
treated with a mineral oil control for MOG, and PBS control for
PTX. Progression of EAE was monitored every other day for the first
week and then daily.

Clinical and survival follow-up

The progression of clinical signs was assessed employing a modified
version of the DSS system previously established in our lab."® DSS ex-
hibits a minimum score of 0 for no observable signs and values of
greater than 5 for the most severe clinical signs, which include weight
loss, locomotion skill loss, wire hanging latency, hindlimb clasping,
and ledge balance (for detailed DSS components, please refer to
Marshall et al.'®). Mice were evaluated weekly by an operator blinded
to the genotypes and treatments. In accordance with the Animal Care
and Use Committee at the University of Illinois at Chicago, humane
end point criteria were considered when mice displayed complete
limbs paralysis for 2 consecutive days or exhibited more than 2.0 g
of weight loss in two consecutive grading periods. This time point
was recorded as the maximal survival point.

A dedicated scoring system was used for EAE experiments as follows:
score 0, no obvious changes in motor function compared with control
mice; score 1, limp tail; when picked up by the tail, the tail is not erect
and drapes over finger; score 2, limp tail and weakness of the hind
legs; when picked up by the tail, the legs are not spread apart but
held closer together, and mice have wobbly/ataxic gait; score 3,
limp tail and complete paralysis of hind legs or urinary incontinence
or limp tail with paralysis of one front and one hind leg or severe head
tilting, walking along the edges of the cage, pushing against the cage
wall, and spinning when picked up by the tail; score 4, limp tail, com-
plete hind leg paralysis, front leg paresis, partial front leg paralysis, or
atonic bladder; mouse is minimally moving around the cage but ap-
pears alert and is eating and drinking; and score 5, complete hind and
front leg paralysis, no movement around the cage. In complement to
these analyses, final EAE scoring also considered body weight loss
(0 points: no weight loss; 0.5 points, 0-0.5 g weight loss; 1.0 point,
0.6-1.0 g weight loss; 1.5 points, 1.1-2 g weight loss; 2.0 points,
>2.0 g weight loss). Upon EAE induction, experimental (and control)
animals were scored every other day using this scoring system, until a
value of 2 was reached, after which the measurements were performed
daily. A score of 3 is needed to increase the measurements to twice
per day.

Rotarod test
Training on the rotarod apparatus (San Diego Instruments) was per-
formed over 3 consecutive days, each day at 4 rpm for 5 min x three
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sets with breaks between each run. Performance was then evaluated
once a month in mice between P120 and P240 and then at P400.
The rod rotated at 10 rpm for a 5-min maximum period and latency
to fall was recorded over three trials with breaks between each run.
Latencies to fall in the rotarod below normal values were measured
as previously described.'®

Tissue processing

Collected brains were homogenized in H,O containing Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) by
sonication on ice with three pulses of 5 s each at 40% amplitude. Pro-
tein concentration of brain homogenates was subsequently measured
by the Pierce BCA Protein assay kit (#23225, Thermo Fisher Scienti-
fic), using BSA as a reference for the standard curve. Brain lysates
were used for analyses of GALC activity, psychosine levels, acid ce-
ramidase (ACD) activity (3 animals were employed for the no
TMX and +TMX groups, 8 for EAE group and 10 for TMX+EAE
group), or diluted in 2 x RIPA buffer for western blotting, respectively
(3 animals were used for the no TMX and +TMX groups, and 6 for
EAE and TMX+EAE groups).

GALC enzymatic activity

A 30-pL reaction was prepared by mixing 10 pL of equal amounts of
protein (30 pg) from brain lysates with 20 pL of the reaction buffer
(0.2 M Na,HPO,, 0.1 M citric acid buffer, pH 5.2, and 0.02% Na-
Azide) containing the fluorescent GALC substrate (6HMU-beta-D-
galactoside; moscerdam substrates). Reaction was incubated at 37°C
for 17h and stopped by the addition of 200 uL of stop buffer
(0.2M glycine/NaOH buffer pH 10.7 + 0.2% Na-SDS + 0.2% Triton
X-100). Fluorescence was measured to assess enzyme activity using
a Beckmann Coulter DTX 880 multimode detector through excita-
tion/emission wavelengths of 370 nm and 535 nm, respectively. As
a blank and negative control for GALC reaction, a similar reaction
was performed with 10 puL of 0.2% BSA.

ACD enzymatic activity

Assays were performed according to the protocol previously
described.® Brain lysates (15 jig) were diluted in a 0.2M sucrose so-
lution to a final volume of 25 uL and mixed with 74.5 pL of 25 mM
sodium acetate buffer (pH 4.5) and 0.5 pL of the fluorogenic substrate
Rbm14-12 (4 mM). The reaction was incubated for 3 h at 37°C and
subsequently stopped by adding 50 uL methanol and 100 pL of a so-
lution of 2.5 mg/mL NalO, dissolved in 100 mM glycine/NaOH
buffer (pH 10.6). The mixture was protected from light for 2 h at
37°C, and the released fluorescence was measured in a plate reader us-
ing excitation/emission wavelengths of 370 nm and 465 nm, respec-
tively. Reaction blanks included all reaction components except
enzyme sources.

Psychosine analysis

Psychosine was extracted from 100-200 pg of brain lysates by adding
a methanol-acetic acid mixture (0.5% acetic acid in methanol).
After 1 h of rotating incubation at room temperature, samples were
centrifuged at 16,000xg at 4°C and supernatants collected to
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determine psychosine content by liquid chromatography-tandem
mass spectrometry, as previously described.'® Lactosyl-(B)-sphingo-
sine (d18:1) was used as an internal standard.

Preparation of mixed glial primary cultures

Brain cortices were obtained from PLP-CREFRT-Gald”/ pups at
approximately P4, mechanically dissociated in a sterile mesh with
Basal Medium (DMEM with 5 mM HEPES, penicillin/streptomycin,
and glutamax), and subsequently passed by a metal cell strainer to
remove any tissue clamp. Collected cell suspension was centrifuged
at 800xg for 5 min, and the pellet was resuspended in basal
medium +10% fetal bovine serum (FBS). Cells were then plated either
on poly-L-Lysine coated coverslips or on a six-well plate, and the cul-
ture medium was replaced with fresh basal medium +10% FBS every
3-4 days. For TMX-induced CRE*®" recombination in vitro, 14 day
in vitro cells were treated with 2 uM TMX (Sigma-Aldrich #T5648)
for 24 h or with ethanol as a vehicle. The culture medium was re-
placed, and cells were maintained for additional 7 days before collec-
tion for immunocytochemistry, GALC activity, or psychosine
measurements.

Immunofluorescence analysis

For immunocytochemistry, mixed glial primary cultures (mouse glial
primary culture (MGPCs) were fixed with 4% PFA-PBS for 30 min at
room temperature. PFA was washed out with PBS, and cells were
incubated overnight at room temperature with rabbit anti-PLP
(1:200, a kind gift from late Dr Robert Skoff, Wayne State University,
MI), mouse-GALC (1:50, in-house produced monoclonal IgGéB), rab-
bit-Olig2 (1:200, in-house produced) and rabbit anti-GFAP (1:1,000,
Millipore) primary antibodies diluted in 0.2% BSA 0.1% Triton X-100
PBS. After three washes with PBS, anti-rabbit or anti-mouse second-
ary antibodies conjugated to Alexa Fluor 488 or 565 (1:1,000) were
incubated for 3 h at room temperature. Coverslips were mounted
in VECTASHIELD Antifade Mounting Medium with DAPI (H-
1200-10, Vector Laboratories). Images were acquired by confocal mi-
croscopy (Leica TCS SPE, Wetzlar, Germany).

For immunohistochemistry, fixed brains were cryoprotected in su-
crose and optimal cutting temperature embedded before cryosection-
ing with a Leica CM3050 cryostat (Leica Biosystems). Floating sec-
tions (sagittal 30-um cryosections) were washed with PBS three
times for 10 min each, and incubated with rabbit anti-PLP (1:400, a
kind gift from Robert Skoff, Wayne University), mouse anti-GALC
(1:50, in-house produced monoclonal IgG), rabbit anti-PDGFR-a
(1:200, SC-338, Santa Cruz Biotechnology), rat anti-PDGFR-a
(1:50, Apa5, BD Pharmingen), rat anti-MBP (1:300, a kind gift
from Anthony Campagnoni, UCLA), rat anti-CD68 (1:800,
MCA1957GA, Biorad), mouse anti-GFAP (1:300, MAB360, EMD
Millipore), rabbit anti-LAMP2 (1:300, PA1-655 Invitrogen), rat
anti-LAMP1 (1:400, sc-19992 Santa Cruz Biotechnology), anti-
TFEB (1:200, 4240S, Cell Signaling), rabbit anti-Sox10 (1:400, ab
155279, Abcam), rabbit anti-NG2 (1:300, AB5320, EMD Millipore),
rabbit anti-SQSTM1/p62 (1:400, D6M5X, Cell Signaling), mouse
anti-PCNA (1:400, PC10, Cell Signaling), mouse anti-GFAP (1:600,

MAB360, EMD Millipore), mouse anti-APC (1:200, mAb CC-1,
Millipore), rabbit anti-cleaved caspase-3 (1:200, AF835, R&D Sys-
tems), or rabbit anti-Ibal (1:200, Fujifilm) primary antibodies diluted
in 0.2% BSA 0.1% Triton X-100 PBS. Tissue stained with anti-PCNA,
anti-SOX10, and anti-TFEB was pretreated with 0.2N HClI for 20 min
at 37°C for antigen retrieval before primary antibody incubation. Af-
ter three washes with PBS, sections were incubated with the appro-
priate secondary antibodies conjugated to Alexa Fluor 488, 565,
and 635 (1:1,000) for 2 h. After final washes, sections were mounted
with VECTASHIELD Antifade Mounting Medium with DAPI.
Different brain regions, including cerebellum, upper cortex, medulla
oblongata, and hippocampus were imaged by confocal microscopy
Leica TCS SPE using 20x, 40%, or 63X objective lens. In these re-
gions, the extent of demyelination was assessed by acquiring the
confocal microscopy images with same parameters among all groups,
as well as by the quantification of the number of PLP+ debris per field
for each experimental condition. To analyze the abundance of cells
double-positive for cleaved-caspase 3 and for either CC1, GFAP,
CD68, or NeuN, acquired images were analyzed in the respective fluo-
rescence channel by Image] using the Cell Counter plug-in. Three
representative images per region/per animal/per condition were
analyzed with Image] software and performed blinded to each exper-
imental condition and group.

Western blotting

Brain lysates were diluted in an equal volume of 2X RIPA (Radio Im-
muno Precipitation Assay) buffer with protease and phosphatase in-
hibitors. For SDS-PAGE, 20 pg of proteins were loaded in NuPAGE
4-12% Bis-Tris protein gels (Invitrogen), and separated at 120V,
transferred onto polyvinylidene difluoride membranes (Biorad),
blocked for 1 h at room temperature with either 3% BSA or 1%
Non-fat milk in TBS-tween (TBS-T), and incubated overnight at
4°C with the following primary antibodies: rabbit anti-phospho-
TFEB S211 (1:1,000, S211, Cell Signaling), rabbit anti-TFEB
(1:2,000 42408, Cell Signaling), rabbit anti-phospho-AKT (1:2000,
§473,Cell Signaling), mouse anti-AKT (1:3,000, 40D4 Cell Signaling),
rabbit anti-LC3A/B (1:1,000, 4108 Cell Signaling), chicken anti-
GFAP (1:2,000, AB5541 EMD Millipore), rat anti-CD68 (1:1,000,
MCA1957GA, Biorad), rabbit anti-Olig2 (1:500, in-house produced),
rabbit anti-LAMP2 (1:2,000, PA1-655, Invitrogen), rat anti-LAMP1
(1:1,000, sc-19992 Santa Cruz Biotechnology), rabbit anti-Beclin-1
(1:1,000, D40C5, Cell signaling), rabbit anti-Sox10 (1:1,000,
ab155279, Abcam), rabbit anti-SQSTM1/p62 (1:1,000, D6M5X,
Cell Signaling), rabbit anti-cleaved caspase-3 (1:1,000, D175, Cell
Signaling), mouse anti-GAPDH (1:5,000, CB1001, EMD Millipore),
and mouse anti-tubulin (1:5,000, CP06, EMD Millipore). Membranes
were washed three times with TBS-T and incubated with IRDye sec-
ondary antibodies (1:10,000 Li-COR) for 1 h at room temperature.
After three washes with TBS-T, fluorescence signals were acquired us-
ing a LICOR Odyssey CLx Imager.

TEM
Experimental animals were perfused with 0.1 M phosphate buffer
(Electron Microscopy Sciences), and the cervical spinal cords were
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subsequently removed and fixed with 2.5% paraformaldehyde/2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 h at 4°C.
For TEM, tissue was embedded in araldite, ultrathin sections pre-
pared and stained at the Electron Microscopy Core of the University
of Illinois at Chicago. TEM images were acquired in a EOL JEM-1400
Flash TEM. The percentage of affected axons was calculated consid-
ering the number of axons that showed normal myelination, demye-
lination or remyelination of the total number of axons per case for
each experimental condition. Between 300 and 700 axons per exper-
imental group were quantified.

Statistical analysis

Data and graphs were analyzed using GraphPad Prism software
version 8.0 (GraphPad Software Inc.). Outliers contained in sample
data were identified by ROUT method, with Q value set to 1% in
GraphPad Prism software. Statistical analyses were performed using
the Student’s t-test of unpaired data, or one-way ANOVA followed
by Tukey’s post hoc test for comparisons involving three variables.
A p value of less than 0.05 was considered statistically significant.

DATA AND CODE AVAILABILITY

All data necessary for reproducibility are contained in this manu-
script. Any other additional information is available upon request
to the corresponding author.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2024.06.035.
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