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Introduction: A hallmark of many lysosomal storage diseases (LSD) is the
alteration of immune responses, often starting before the onset of clinical
disease. The present study aimed to investigate how Gpmi gangliosidosis
impacted the course of an acute central nervous system (CNS) virus infection
before the clinical onset of LSD.

Methods: For this purpose, Glb1”" and wildtype control mice (both C57BL/6
background) were intracerebrally infected with the BeAn strain of Theiler's
murine encephalomyelitis virus (TMEV) at the age of 5 weeks and sacrificed 4,
7,14 and 98 days post infection, respectively. Histology, immunohistochemistry,
and flow cytometry was used to assess viral load and immune cell activation
and infiltration.

Results: Both wildtype and Glb1~/~ mice were able to clear the virus from the CNS
and did not develop any clinical symptoms of TMEV-associated disease, thus
indicating no overt alteration in susceptibility to TMEV infection. However, in the
early phase post infection, Glb1™" mice displayed a slightly delayed T cell
response as well as an increase in the number and activation of CNS microglia.
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Discussion: These results suggest that already in the early stage of disease
(before clinical onset) Gy gangliosidosis causes an impaired T cell response
and microglial hyperreactivity.

B-galactosidase deficiency, brain, GM1 gangliosidosis, microglia activation, T cell
activation, Theiler's murine encephalomyelitis virus

1 Introduction

G gangliosidosis is a lysosomal storage disease (LSD) caused
by mutations in the [-galactosidase (GIbI) gene impeding its
enzyme activity (1). Aside from humans it has been described in
cats (2-4), dogs (5-8), sheep (9-12), cattle (13, 14), emus (15, 16)
and American Black Bears (17). Additionally, it has been induced in
several mouse models (18-22). GIb1 deficiency leads to lysosomal
accumulation of the ganglioside Gy, a sialic acid-containing
glycosphingolipid, and other glycoproteins mainly in the central
nervous system (CNS) (23, 24). In humans, three distinct clinical
manifestations are distinguished: the infantile form is characterised
by an early onset (birth to 6 months of age) (24). Symptoms include
CNS degeneration, hepatosplenomegaly and facial and skeletal
abnormalities (24). The late infantile or juvenile form becomes
clinically apparent between 7 months and 3 years after birth and is
characterized by progressive motor problems and seizures (24). The
adult form is defined by first symptoms appearing between the age
of 3 and 30 years and results in cerebellar dysfunction, dystonia and
mild vertebral abnormalities (23, 24).

LSDs have been shown to have a variety of effects on immune
homeostasis and induced immune responses (25). Gaucher disease,
mucopolysaccharidosis VII and a-mannosidosis cause a predisposition
towards immunosuppression, while Gy, gangliosidosis (Tay-Sachs
disease and Sandhoff disease), globoid cell leukodystrophy, Niemann-
Pick disease type C (NPC), Fabry disease, and juvenile neuronal ceroid
lipofuscinosis predispose towards immune hyperreactivity (25, 26). In
NPC, sphingolipid accumulation results in alterations in mTORCI,
VEGEF/SphK, c-Abl/HDAC?2, insulin, and interferon (IFN) signaling
pathways and calcium-homeostasis of neurons and glial cells (26).
Through yet unknown mechanisms, neuronal loss in NPC leads to
early activation of glial cells contributing to CNS disease (26). Mouse
models of Gy and Gy, gangliosidoses also demonstrated a
progressive increase in microglial activation/expansion and T cell
infiltration into the CNS with alterations in blood-brain barrier
permeability as well as elevated major histocompatibility complex
(MHC) class II expression and cytokine levels (INF, IL-1B and
TGF-B1) (27). Furthermore, autoantibodies directed against
gangliosides have been demonstrated to contribute to disease in
human Gy, gangliosidosis and its corresponding mouse model (B3-
hexosaminidase (Hexb)” mice) (26, 28). Anti-ganglioside antibodies
were also observed in patients suffering from Guillain-Barré syndrome
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and amyotrophic lateral sclerosis further implicating an autoimmune
response against undegraded gangliosides in the progression of
neurodegenerative diseases (26, 28). In GIb1”" C57BL/6 mice,
ganglioside accumulation occurs mainly in CNS neurons leading to
progressive neurologic disorder starting at an age between 3.5 to 4
months, while skeletal malformations and organomegaly are not
observed (21). Histologically, neurons in the brain stem, cerebellum,
cerebral cortex and thalamus display progressive vacuolation (21).
Interestingly, axonopathy and reduction of membrane resistance were
key features in this new murine model of human Gy
gangliosidosis (21).

Theiler’s murine encephalomyelitis virus (TMEV) is a single
stranded RNA virus of the genus Cardiovirus of the Picornaviridae
family (29-31). Two subgroups of the virus are distinguished: the
highly virulent GDVII subgroup, and the less virulent Theiler’s
Original (TO) subgroup (32, 33). The main representatives of the
TO subgroup are the BeAn- and Daniel’s (DA)-strains (32, 34, 35).
Mouse strains differ in their susceptibility to TMEV-induced
demyelinating disease (TMEV-IDD) (32). Resistant strains like
C57BL/6 are able to clear the virus from the CNS (36-40),
whereas susceptible strains (especially SJL mice) (40-42) develop
a biphasic disease (32, 36). The acute phase is characterized by
polioencephalomyelitis with virus persistence in neurons,
sometimes leading to severe neurological disorders (32). The virus
is suspected to spread via axonal as well as haematogenous
transport in susceptible animals (43). The chronic phase of
disease is characterized by predominantly T cell-mediated
demyelinating leukomyelitis with virus persistence mainly in
microglia, oligodendrocytes and astrocytes (32). Clinically,
animals display progressive lameness of the hind limbs leading up
to paraplegia and incontinence (34-36, 44-46). As TMEV-IDD
causes progressive demyelinating disease, it represents a widely
accepted animal model for the chronic progressive form of human
Multiple Sclerosis (39, 47-49).

While it is known that LSDs may affect the immune response,
currently there is a knowledge gap on how progressive lysosomal
storage in GIb1”’~ C57BL/6 mice might affect axonal spread of
TMEV and antiviral responses. Therefore, the aim of the present
study was to determine how GIb1 deficiency affected the immune
response to TMEV infection. To this end, GIbI”" and wildtype
(GIb1**) control mice with a C57BL/6 background were infected
intracerebrally with the BeAn strain of TMEV and sacrificed at 4, 7,
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14, and 98 days post infection (dpi). Both GIb1*/* and GIbI”" mice
were able to eliminate the virus from their CNS without exhibiting
any clinical symptoms of TMEV-related illness. Nonetheless,
during the early post-infection phase, GIbI”" mice exhibited a
slightly delayed T cell response and an elevated activation state of
CNS microglia compared to C57BL/6 wildtype mice. These findings
suggest that prior to the onset of clinical symptoms, Gy
gangliosidosis induces enhanced microglial reactivity and
restricted T cell responses in TMEV infection. Consequently,
innate and adaptive immune reactions to neurotropic virus
infections are likely to be disturbed in several LSD, which could
result in a higher susceptibility of affected patients to severe CNS
disease. Moreover, a delay in viral elimination and increased
microglia activation status might predispose to long-term
consequences of viral encephalitis including neurocognitive
impairment, neuropsychiatric disorders, and epilepsy.

2 Material and methods
2.1 Animals

Homozygous Glb1™/®ASE""Tg(LacZ)C57BL/6 (GIbI™") mice
and C57BL/6 wildtype (GIbI™*) littermates were generated by
breeding of heterozygous animals from a previously established
population (21). Animals were housed in individually ventilated
cages (Tecniplast Deutschland GmbH, Hohenpeifienberg,
Germany) with 12 h light and 12 h darkness at 22 - 24°C and 50
- 60% humidity. Food for maintenance and breeding (ssniff
Spezialdidten GmbH, Soest, Germany) as well as water were
provided ad libitum. Enrichment of the cages included mouse
houses (Tecniplast Deutschland GmbH) and nesting material
(ssniff Spezialdidten GmbH).

DNA was extracted from ear notch tissue taken from up to
three-week-old mice. Standard genotyping of the mice was
performed using PCR with the forward primer GIbl Primer 0 fwd
(5-CTG TTG GCT TGA GAC CAG TGT AGT C-3’) binding in
intron 14 and the reverse primer GIbI Primer 0 rev (5-GAT GCA
TAC CTT GGA CCA CCC AG-3’) binding in exon 15 of the GIbI
gene (21).

The study was approved by the Local Institutional Animal Care
and Research Advisory committee and permitted by the
appropriate authority (LAVES, Oldenburg, Germany, permission
number: 33.8-42502-04-19/3204).

2.2 Experimental design

C57BL/6 GIb1** and homozygous GIbI”’™ mice were
intracerebrally infected with 1x10° plaque forming units (PFU) of
TMEV-BeAn at 5 weeks of age under general anaesthesia. An equal
number of control GIbI”" and GIbI** mice was intracerebrally
injected with virus-free cell solution (mock/placebo). General
anaesthesia was performed via intraperitoneal injection of
Medetomidin (Domit0r®, Pfizer 1.0 mg/ml) and Ketamin
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(Ketamin 10%, WDT, 100 mg/ml) diluted in NaCl at a dosage of
0.5 mg/kg Medetomidin and 100 mg/kg Ketamin. Starting at 0 dpi,
mice were examined weekly for general appearance and posture,
behaviour and activity as well as gait. Further examination included
measuring of the body weight, parachute test (50), grid-walking test
(50), hang test (51) and RotaRod performance test (RotaRod
Treadmill, TSE Technical & Scientific Equipment, Bad Homburg,
Germany) as described before (52). Mice were placed on a rotating
rod, with the rotation speed steadily accelerating from 5 rounds per
minute (rpm) to 30 rpm over the course of 300 seconds. Each
mouse was tested three times, and the highest rod turn rate (rounds
per minute (rpm)), that was tolerated at each trial before mice
fell off, was recorded and averaged. All clinical and neurological
tests performed are described in detail in Supplementary Table 1.
For euthanasia, mice were first put in general anaesthesia as
described above and then humanely killed via a second,
undiluted intraperitoneal injection of Medetomidin (Domitor®,
Pfizer 1.0 mg/ml) and Ketamin (Ketamin 10%, WDT, 100 mg/ml)
at a dosage of 1 mg/kg Medetomidin and 200 mg/kg Ketamin.
After death, mice were perfused with phosphate buffered saline
(PBS). Following euthanasia at 4, 7, 14 and 98 dpi, respectively,
tissue samples were taken from brain, spinal cord and spleen.
Samples were fixed overnight in 10% neutral buffered
formalin, decalcified with EDTA (only spinal cord with adjacent
vertebrae) and embedded in paraffin. Additional organ samples
were embedded in OCT medium, frozen in liquid nitrogen
and stored at -80°C. Tissue samples from both brain (front left
quarter of cerebrum) and spleen were taken and stored in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with
10% FCS, 2 mM L-glutamine, and 100 U/mL penicillin/
streptomycin until further flow cytometry analysis. All analyses
performed in the study were performed once (number of repeat
experiments = 1).

2.3 Histology and immunohistochemistry

Histology and immunohistochemistry were performed on
paraffin sections applying the avidin-biotin-peroxidase complex
method (Vector Laboratories Inc., Burlingame, CA, USA) with
the chromogen 3,3’-diaminobenzidine-tetrahydrochloride (DAB)
as previously described (53-57). Primary antibodies directed
against glial fibrillary acidic protein (GFAP), amyloid precursor
protein (APP), TMEV, CD3, Ibal and CD107b (Mac3) were used to
detect astrocytes, axonal lesions, virus, T cells, microglia/
macrophages and activated microglia/macrophages cells,
respectively (Table 1).

Haematoxylin and Eosin (H&E) stains were evaluated for
perivascular cuffing, i.e. layered perivascular accumulation of
infiltrating leukocytes using a semiquantitative scoring system
going from 0 to 3 (0 - normal, 1 = single perivascular infiltrates,
2 =2-3 layers of perivascular infiltrates, 3 = >3 layers of perivascular
infiltrates). Cortex, hippocampus, diencephalon/mesencephalon,
cerebellum and medulla oblongata were scored separately, and the
scores were combined into an average brain score.
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TABLE 1 Specifications of the antibodies used
for immunohistochemistry.

Antibody Target Producer Dilution
Kummerfeld

Rabbit anti-TMEV, polyclonal = TMEV etal, 1:2000
2009 (81)

Mouse anti-amyloid precursor | B Amyloid Merck KGaA

protein (APP) A4, monoclonal | precursor Cat.: 1:2000

(clone 22C11) protein (APP) MAB348

i . Wako
Rabbit anti-Ibal, polyclonal Microglia/ Cat.: 1:2000
macrophages
019-19741
. Activated Bio-Rad
Rat anti-mouse microglia/ Cat: 1:800
CD107b, monoclonal & y '
macrophages MCA2293
i i- lial fibrill;

Ra't)il')lt anttl 'cow glial fibrillary Aoyt DAKO oo

acidic protein strocytes :
Cat.: Z-0334

(GFAP), polyclonal :

Rabbit anti-human T-lvmphocytes DAKO 12000

CD3, polyclonal ymphocy Cat.: A-0452 ’

Immunostainings were analysed by counting the number of
APP positive spheroids, CD3 positive T cells, and TMEV positive
cells in cortex, hippocampus, diencephalon/mesencephalon,
cerebellum and medulla oblongata (regions of interest (ROI)) in
the brain, resulting in a cumulative, total number of positive cells
per brain section. Stainings for GFAP, Ibal and CD107b were
evaluated by measuring the relative positive brain area through the
use of the QuPath software (QuPath 0.5) (58). Perivascular
infiltration of Ibal-positive macrophages at 4 and 7 dpi was
investigated semiquantitatively analogous to the scoring system
described above for perivascular cuffing on H&E sections.

2.4 Real-time quantitative polymerase
chain reaction

RNA was isolated from frozen brain tissue using the RNeasy®
Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) following the
manufacturers’ instructions. The Omniscript RT Kit (Qiagen),
Random Primers (Promega, Mannheim, Germany) and RNase
Out (Invitrogen, Darmstadt, Germany) were used for the
generation of cDNA. RT-qPCR was performed using the AriaMx
Real-time PCR System (Agilent Technologies Deutschland GmbH)
and the Brilliant III Ultra-Fast SYBR®QPCR Master Mix as
described (59). The following primers were used: TMEV forward
(GAC TAA TCA GAG GAA CGT CAG C), TMEV reverse (GTG
AAG AGC GGC AAG TGA GA), IEN-y forward (CAC GGC ACA
GTC ATT GAA AG), IEN-y reverse (AAT CTG GCT CTG CAG
GAT TT), GAPDH forward (GAG GCC GGT GCT GAG TAT GT)
and GAPDH reverse (GGT GGC AGT GAT GGC ATG GA).
Tenfold serial dilution standards ranging from 10% to 10 copies/
UL were used for quantification and the specificity of each reaction
was controlled by melting curve analysis. GAPDH was used as
housekeeping gene to normalize the results.
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2.5 Plaque assay

Plaque assay was performed as described (60). Briefly, a frozen
section of cerebral tissue was weighted, diluted in DMEM to a
concentration of 10%, and homogenized using an Omni Tissue
Homogenizer (Siid-Laborbedarf GmbH). Then, serial dilutions of
homogenates were added to 6-well culture plates (Merck KGaA,
Darmstadt, Germany) containing a confluent layer of L cells for 1
hour at room temperature. Subsequently, cells were covered with
methyl cellulose (Merck) and incubated for 72 hours at 37°C.
Finally, cells were fixed with 10% buffered formalin and stained
with crystal violet (Merck) to allow counting of plaque forming
units (PFU).

2.6 Flow cytometry

Spleens and brains were dissected from TMEV- or mock-
infected C57BL/6 GIbI™* and homozygous GIbI”" mice and
stored in IMDM complete (IMDM, 10% FCS, 2 mM L-glu, 100 U/
ml penicillin, 100 pg/ml streptomycin) until further processing. For
processing, brain isolates (left front quarter of cerebrum) were
transferred to a petri dish filled with IMDM complete and
dissociated using the back of a 25 ml syringe (Roth, #0058.1). For
further homogenization, cell dissociates were re-suspended several
times. All isolated cells were filtrated using a cell strainer (40 pm) to
obtain a uniform single-cell suspension. The filtered cells were
centrifuged (300 x g, 5 min, 4°C), the supernatant was discarded
and RBCs in the pellet were lysed in lysis buffer (10% 100 mM Tris
pH 7.5, 90% 160 mM NH,CI) for 5 min at room temperature (RT).
Cells were centrifuged twice with one PBS-washing step in between
and the resulting pelleted cells were resuspended in IMDM complete
until flow cytometrical staining. For flow cytometrical staining, all
cells were blocked with anti-mouse CD16/32 (93, eBioscience) for 10
min at 4°C. Afterwards, splenocytes and brain cells were stained for
composition and activation state. To analyse splenocyte
composition, cells were either stained with PE-conjugated anti-
mouse CD4 (GK1.5, BD Biosciences, Franklin Lakes, NJ), APC-
conjugated anti-mouse CD8a (53-6.7, BD Biosciences) and FITC-
conjugated anti-mouse CD19 (1D3, eBioscience, Frankfurt am
Main, Germany) or APC-conjugated anti-mouse CDI1lc (N418,
eBioscience), PE-conjugated anti-mouse CD11b (M1/70, BD
Biosciences) and FITC-conjugated anti-mouse CD19 (1D3,
eBioscience, Frankfurt am Main, Germany) for 20 min at 4°C. To
analyse brain cell composition, cells were stained with PerCP-Cy5.5-
conjugated anti-mouse CD45 (30-F11, eBioscience, Frankfurt am
Main, Germany), APC-conjugated anti-mouse CDI11c (N418,
eBioscience) and PE-conjugated anti-mouse CD11b (M1/70, BD
Biosciences) for 20 min at 4°C. To analyse the activation of CD4 and
CD8a positive T cells in spleen and brain, cells were either stained
with FITC-conjugated anti-mouse CD4 (RM4-5, eBioscience), PE-
Cy7-conjugated anti-mouse CD62L (MEL-14, eBioscience) and
APC-conjugated anti-mouse CD69 (H1.2F3, eBioscience) or FITC-
conjugated anti-mouse CD8a (53-6.7, eBioscience), PE-Cy7-
conjugated anti-mouse CD62L (MEL-14, eBioscience) and APC-
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conjugated anti-mouse CD69 (H1.2F3, eBioscience), respectively, for
20 min at 4°C. All spleen and brain samples were analysed using an
Attune NxT Flow Cytometer (Thermo Fisher Scientific, Waltham,
MA). The gating strategy is illustrated in the Supplementary
Figure 1. Data analysis was performed using FlowJo (Version 10,
FlowJo LLC., Ashland, OR). Due to variability of sample size, cell
numbers were normalized to 10” analyzed cells.

2.7 Statistics, graphs and figures

Statistical analysis was performed using SAS/STAT software,
Version 7.1 of the SAS® System for Windows (SAS Institute Inc.).
Graph plotting was performed using GraphPad Prism 9. Significance
values for clinical, histological and immunohistochemical results,
except for TMEV, were compared via Wilcoxon Tests with Dwass-
Steel-Critchlow-Fligner method as post-hoc tests. Similarly, RT-qPCR
and plaque assay data were analysed using Wilcoxon Tests. Both the
immunohistochemical results for TMEV as well as the flow
cytometry-based assays were compared via Mann-Whitney-U-Test
including Bonferroni-correction for the latter. Figures for clinical,
histological and immunohistochemical data were generated using
GIMP 2.10.32.

3 Results

3.1 Increased virus replication and delayed
inflammatory response in Glb1”~ mice after
TMEV infection

LSDs can affect immune responses, even before the onset of
clinical disease. Thus, antiviral immune responses might be
restricted in GIb1”~ mice making them susceptible to TMEV-
IDD. To investigate changes in the susceptibility of GIbI”~ mice
to TMEV-IDD, we infected GIbI” and GIbI** control mice on a
C57BL/6 background with the BeAn strain of TMEV.

Immunohistochemistry was used to localize and quantify
TMEV antigen in the brain. Moreover, virus load in the brain
was quantified via RT-qPCR and plaque assay. At 4 dpi, a slightly
higher number of TMEV-positive cells was found in GIb1*/*
compared to GIbI”" mice via immunohistochemistry, but
generally only few cells contained viral antigen (Figure 1A1-A3).
RT-qPCR and plaque assay showed a similar trend towards a higher
virus load in GIbI*"* mice at 4 dpi but a statistically significant
difference was lacking (Supplementary Figure 2). At 7 dpi, GIb1™"

** mice via

mice showed more TMEV-positive cells than GIbI
immunohistochemistry, which is consistent with a retarded viral
clearance (Figure 1B1-B3). RT-qPCR and plaque assay also
demonstrated a trend for a higher viral load in GIb1”" mice at 7
dpi but no statistically significant difference was found
(Supplementary Figure 2). At 14 and 98 dpi, neither GIb1”" nor
GIb1™* mice displayed TMEV-positive cells in the brain
(Figure 1C1-D3). However, RT-qPCR still detected TMEV RNA

in two GIbI™" mice at 14 dpi (Supplementary Figure 2).
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Next, to investigate the impact of Gy; gangliosidosis on
inflammatory processes in the brain, perivascular cuffing was
quantified using a semiquantitative scoring system. As expected,
at 4 dpi, stronger perivascular cuffing was found in TMEV-

+/+

compared to mock-infected GIbI™" mice. Interestingly, TMEV-
infected GIbI™* mice also exhibited a stronger perivascular cuffing
than TMEV-infected GIbI”" mice (Figure 2A1-A5). In contrast, at 7
dpi, TMEV-infected GIbI"" mice displayed a stronger perivascular
cuffing than mock-infected GIbI”’" mice and TMEV-infected
GIbI™* mice (Figure 2 B1-B5). At 14 dpi, a stronger perivascular
cuffing was present in TMEV-compared to mock-infected GIb1”~
mice, whereas no significant difference was found between TMEV-
infected GIbI™* and GIbI”" mice (Figure 2C1-C5). Cortex,
hippocampus and diencephalon/mesencephalon (close to the
injection site) were most strongly affected by perivascular cuffing.
Finally, perivascular cuffing was low or even absent in mice at 98 dpi
without statistically significant differences between the groups
(Figure 2D1-D5). This suggests that GIb1”" mice mount a delayed
inflammatory response to TMEV-infection, which is still present at
14 dpi in the brain. Corresponding to the lack of increased clinical
disease in TMEV-infected animals, no inflammatory or
demyelinating lesions were present in the spinal cord of TMEV-
and mock-infected GIbI”~ and GIbI™* mice at 98 dpi.

3.2 Dela)/ed T cell infiltration into the brain
in Glb1™”" mice after TMEV infection

T cell infiltration into the CNS was further assessed by
quantifying CD3" cells. At 4 dpi, TMEV-infected GIbI*"* mice
displayed a higher number of CD3" T cells than TMEV-infected
GIbI”" mice. (Figure 3A1-A5). At 7 dpi, TMEV infection resulted in
an increase in T cell numbers in both GIb1™* and GIb1”’" mice,
which remained at a higher level in GIbI”" compared to GIbI"*
mice at 14 and 98 dpi (Figure 3B1-D5). At 98 dpi, only GIbI”" but
not GIbI™* mice showed an increased number of CD3" T cells after
TMEYV infection (Figure 3D1-D5). From 7 dpi until 98 dpi, mock-
infected GIb1”" mice displayed increased T cell numbers in the
brain compared to mock-infected GIbI™* mice (Figure 3B1-D5).
Overall, these data indicate a delayed antiviral T cell response in
GIb1”" compared to GIbI™* mice after TMEV infection but a
slightly enhanced T cell infiltration into the CNS due to Gyp
lysosomal storage in older animals. Additionally, to evaluate
lymphocyte activity (especially CD8" T cells, but also NK cells),
IFN-y levels were measured at 4, 7 and 14 dpi. Similar to the
immunohistochemical results (Figure 3), TMEV-infected GIb1**
mice displayed higher levels of IFN-y than TMEV-infected GIb1”~
mice at 4 dpi (Figure 4). At 7 and 14 dpi, TMEV-infected GIb1*/*
mice and TMEV-infected GIbI”" mice displayed equally higher
levels of IFN-y than their respective mock-infected control
groups (Figure 4).

Subsequently, flow cytometry was used to assess both the
composition and activation of CD4" and CD8" T cells in the
brain during TMEV infection. In general, the most prominent
effects were observed at 4 and 7 dpi. At 4 dpi, TMEV-infected
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Total number of Theiler's murine encephalomyelitis virus (TMEV)-antigen positive cells per brain section of TMEV-infected Glb1”~ and C57BL/6
wildtype (Glb1*"*) mice at 4, 7, 14, and 98 days post infection (dpi). (A1-A3) At 4 dpi, Glb1*"* mice (grey dots) displayed a significant increase in the
number of TMEV-positive cells in the brain compared to Glb1™~ mice (green triangles, p=0.013). (B1-B3) At 7 dpi, GIb1”~ mice (green triangles)
showed a significantly higher number of TMEV-positive cells in the brain compared to Glb1** mice (grey dots, p=0.016). (C1-C3, D1-D3) At 14 and
98 dpi, neither GIb1”~ mice (green triangles) nor Glb1*’* mice (grey dots) showed TMEV-positive cells in the brain. Box and whisker plots (min-max)
with medians and all data points. ABC-DAB immunohistochemistry, TMEV; Positive cells (—). Bars (A1-D2) = 50 pm. Images taken from hippocampus. 4
dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo: n=6, Glb1*’* TMEV: n=6, Glb1*"* Placebo: n=6; 7 dpi: Glb1”~ TMEV: n=8, Glb1”" Placebo: n=8, Glb1*"* TMEV:
n=10, GIb1** Placebo: n=10; 14 dpi: Glb1”" TMEV: n=6, Glb1™" Placebo: n=6, GlbI** TMEV: n=6, Glb1*’* Placebo: n=6; 98 dpi: Glb1”~ TMEV: n=9,
Glb1™”" Placebo: n=5, Glb1** TMEV: n=10, Glb1*"* Placebo: n=10.
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Average semiquantitative score for perivascular cuffing in the whole brain sections of Theiler's murine encephalomyelitis virus (TMEV)- and mock-
infected Glb1”" and C57BL/6 wildtype (Glb1*/*) mice at 4, 7, 14, and 98 days post infection (dpi). (A1-A5) At 4 dpi, TMEV-infected Glb1*/* mice (right,
grey dots) displayed significantly increased perivascular cuffing compared to mock-infected Glb1** mice (left, grey dots, p=0.047) and TMEV-
infected Glb1™~ mice (right, green triangles, p=0.026). (B1-B5) At 7 dpi, TMEV-infected Glb1~~ mice (right, green triangles) showed a significant

increase in perivascular cuffing compared to both mock-infected Glb1”" mice (left, green triangles, p=0.0036) and TMEV-infected Glb

1*/* mice

(right, grey dots, p=0.036). (C1-C5) At 14 dpi, TMEV-infected Glb1”" mice (right, green triangles) displayed a significant increase in perivascular

cuffing compared to mock-infected Glb1”~ mice (left, green triangles, p=0.014). (D1-D5) At 98 dpi, overall perivascular leukocyte infiltration was very
low without significant differences between the study groups. Box and whisker plots (min-max) with medians and all data points. Hematoxylin &
Eosin staining; Positive cells (—). Bars (A1-D4) = 50 pm. Images taken from diencephalon/mesencephalon. 4 dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo:
n=6, GIb1*"* TMEV: n=6, Glb1*’* Placebo: n=6; 7 dpi: Glb1”~ TMEV: n=8, Glb1”" Placebo: n=8, Glb1™"* TMEV: n=10, Glb1*"* Placebo: n=10; 14 dpi:
Glb1”” TMEV: n=6, Glb1”" Placebo: n=6, Glb1** TMEV: n=6, Glb1*"* Placebo: n=6; 98 dpi: Glb1”" TMEV: n=9, Glb1™" Placebo: n=>5, Glb1*/* TMEV:

n=10, Glb1*"* Placebo: n=10.

GIb1*"* mice already exhibited an increased number of CD4* and
CD8" T cells (Figure 5A). Only starting at 7 dpi, these changes were
observed for cells from GIbI”" mice, while both GlIb1™* and GIb1”"
mice showed robust T cell activation as indicated by the down-
regulated CD62L expression and increased CD69 expression by
both CD4" and CD8" T cells (Figure 5B). From 14 dpi on, the
number and activation of brain-infiltrated T cells started to decline

*/* mice, which

(Figure 5). This decline was more prominent in GIb1
again indicates a protracted response in GIb1”" mice as seen in
immunohistochemistry. At 98 dpi, immune cell composition in the
brain and their activation had largely returned to basal levels,
comparable to mock-infected GIb1™* and Glb1”~ mice (Figure 5).
In the spleen, there was a tendency (sometimes significant) for a

higher frequency of CD4" in the GIb1*'* mice, which could reflect a

Frontiers in Immunology

larger T cell repertoire in comparison to the knockout mice
(Supplementary Figures 3, 4).

3.3 Enhanced microglia/macrophage
activation in Glb1™”~ mice after TMEV
infection

To quantify the expansion of microglia/macrophages in the
brain, we stained for Ibal and determined the immunopositive area
using morphometry. Furthermore, the perivascular infiltration of
macrophages in the early phase of the disease (4 and 7 dpi)
was semiquantitatively scored on sections stained for Ibal. At 4, 7
and 14 dpi, there were no statistically significant differences in
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FIGURE 3

Total number of CD3-positive T cells per brain section of Theiler's murine encephalomyelitis virus (TMEV)- and mock-infected Glb1”" and C57BL/6
wildtype (GIb1*/*) mice at 4, 7, 14, and 98 days post infection (dpi). (A1-A5) At 4 dpi, TMEV-infected Glb1*/* mice (right, grey dots) displayed a
significant increase in CD3* T cells compared to mock-infected Glb1*"* mice (left, grey dots, p=0.02) and TMEV-infected Glb1”" mice (right, green
triangles, p=0.025). TMEV-infected Glb1”" mice (right, green triangles) showed an increased number of CD3* T cells compared to mock-infected
(left, green triangles) Glb1™~ mice (p=0.049). (B1-B5) At 7 dpi, TMEV-infected Glb1** mice (right, grey dots) displayed a significant increase in CD3*
T cells compared to mock-infected Glb1*/* mice (left, grey dots, p=0.003). Similarly, TMEV-infected Glb1”~ mice (right, green triangles) showed a
significantly increased number of CD3" T cells compared to mock-infected Glb1™" mice (left, green triangles, p=0.015). Mock-infected Glb1”" mice
(left, green triangles) also displayed a significantly increased number of CD3* T cells in the brain compared to mock-infected Glb1*/* mice (left, grey
dots, p=0.017). (C1-C5) At 14 dpi, TMEV-infected Glb1™~ mice (right, green triangles) displayed a significantly increased number of CD3" T cells
compared to mock-infected Glb1™~ mice (left, green triangles, p=0.02) and TMEV-infected Glb1*/* mice (right, grey dots, p=0.02). TMEV-infected
Glb1*"* mice (right, grey dots) also showed significantly increased CD3* T cells compared to mock-infected Glb1*'* mice (left, grey dots, p=0.019).
In addition, mock-infected Glb1”" mice (left, green triangles) displayed a significantly increased number of CD3* T cells in the brain compared to
mock-infected Glb1** mice (left, grey dots, p=0.019). (D1-D5) At 98 dpi, TMEV-infected Glb1”~ mice (right, green triangles) displayed significantly
increased CD3* T cells compared to TMEV-infected Glb1*/* mice (right, grey dots, p=0.0014) and mock-infected Glb1™~ mice (left, green triangles)
showed significantly increased CD3* T cells compared to mock-infected Glb1*/* mice (left, grey dots, p=0.012). TMEV-infected Glb1*/* mice (right,
grey dots) also showed an increased number of CD3* T cells compared to mock-infected Glb1*/* mice (left, grey dots, p=0.015). Box and whisker
plots (min-max) with medians and all data points. ABC-DAB immunohistochemistry, CD3; Positive cells (—). Bars (A1-D4) = 200 um, bars in inserts
(A1-D4) = 50 ym. Overview images taken from hippocampus and diencephalon/mesencephalon, insert images taken from diencephalon/
mesencephalon (C4 insert image taken from hippocampus). 4 dpi: Glb1”~ TMEV: n=6, Glb1”"~ Placebo: n=6, Glb1*"* TMEV: n=6, Glb1*’* Placebo:
n=6; 7 dpi: Glb1”~ TMEV: n=8, Glb1™" Placebo: n=8, Glb1*"* TMEV: n=10, GIb1*"* Placebo: n=10; 14 dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo: n=6,
GIbI™* TMEV: n=6, Glb1*'* Placebo: n=6; 98 dpi: GIb1”" TMEV: n=9, Glb1”" Placebo: n=5, Glb1*/* TMEV: n=10, GIb1*"* Placebo: n=10.

10.3389/fimmu.2025.1467207

the relative Ibal-positive area between the study groups
(Figure 6A1-C5). In contrast, at 98 dpi, TMEV-infected GIb1”
mice displayed an increase in the Ibal-positive area compared to
TMEV-infected GIb1** mice indicating a long-lasting effect of
TMEV infection on the number and/or size of microglia/
macrophages in the brain (maybe due to a transition from a
ramified to a hyperramified or amoeboid state of microglial cells),
which seems to be enhanced by Gyy; lysosomal storage (Figure 6C1-

Frontiers in Immunology

D5). Moreover, the evaluation of perivascular Ibal-positive cells at 4
and 7 dpi showed a delayed infiltration of macrophages into the
CNS of TMEV-infected GIbI”" mice compared to TMEV-infected
GIbI™* mice similar to the delayed infiltration of T cells described
above (Supplementary Figure 5).

Flow cytometry was also used to assess the numbers of antigen-
presenting cells in the brain during TMEV infection. Only minor
changes were found for the absolute numbers of CD45™CD11b*
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FIGURE 4

Interferon-y (IFN-y) levels in the brain of of Theiler's murine encephalomyelitis virus (TMEV)- and mock-infected Glb1”~ and C57BL/6 wildtype
(Glb1*"*) mice at 4, 7 and 14 days post infection (dpi). (A1) 4 dpi: TMEV-infected Glb1*/* mice display higher IFN-y levels than both TMEV-infected
Glb1”" mice (p=0.03) and mock-infeckted Glb1*/* mice (p=0.02). (A2) 7 dpi: Both TMEV-infected Glb1*"* mice and TMEV-infected Glb1™~ mice
displayed higher IFN-y levels than their respective mock-infected control group (Glb1*/*: p=0.009; Glb1™": p=0.004). (A3) 14 dpi: Both TMEV-
infected Glb1*"* mice and TMEV-infected Glb1”" mice displayed lower IFN-v levels than at 7 dpi, but still higher than their respective mock-infected
control group (Glb1**: p=0.02; Glb1”": p=0.02). Box and whisker plots (min-max) with medians and all data points. *: p<0.05; **: p<0.01. 4 dpi:
Glb1”" TMEV: n=5, Glb1”" Placebo: n=6, Glb1*"* TMEV: n=6, Glb1*/* Placebo: n=6; 7 dpi: Glb1”~ TMEV: n=8, Glb1”~ Placebo: n=8, GIb1*/* TMEV:
n=8, Glb1*/* Placebo: n=8; 14 dpi: Glb1”’~ TMEV: n=6, Glb1”~ Placebo: n=6, Glb1*/* TMEV: n=6, Glb1*’* Placebo: n=6.

cells (predominantly microglia). Similar to T cells, increased
numbers of CD45™8"CD11b* (most likely macrophage but
also natural killer (NK) cell) and CD45"¢"CD11c" (most
likely dendritic cell) populations were found in TMEV-infected
GIbI™* mice already at 4 dpi and in GIbI”" mice not until 7 dpi
(Supplementary Figure 6). At later time points, the total number of
CD45"¢"CD11b* and CD45™¢"CD11c" cells in the brain returned
to basal levels comparable to mock-infected GIbI™* and GIb1”
mice (Supplementary Figure 6).

Next, we investigated the microglia/macrophage activation status
in the brain during TMEV infection using immunohistochemistry
for CD107b (Mac-3). At 4 dpi, there were no statistically
significant differences in the relative CD107b" area between the
study groups (Figure 7A1-A5). At 7 and 14 dpi, TMEV- and
mock-infected GIbI”" mice displayed a significant increase in
CD107b* area compared to TMEV- and mock-infected GIbI™*
mice, respectively (Figure 7B1-C5). At 98 dpi, CD107b" brain area
was similarly low in all study groups (Figure 7D1-D5). Consequently,
G lysosomal storage seems to amplify microglia/macrophage
activation transiently in the brain during TMEV infection.
Moreover, increased microglia/macrophage activation in mock-
infected GIbI”™ mice might be related to an unspecific and maybe
dysregulated reaction of microglia/macrophages caused by Gy
lysosomal storage.

In addition to microglia/macrophage number and activation, the
GFAP-positive area was determined to investigate the influence of Gypy
lysosomal storage and TMEV infection on astrocytes in the brain of
C57BL/6 mice. However, there were no differences in the GFAP-
positive area between the study groups at any of the investigated time
points (Supplementary Figure 7). Moreover, APP positive spheroids
were not detected in the brain of TMEV- and mock-infected Glb1**
and GIbI™" mice.

Frontiers in Immunology

3.4 No difference in clinical disease
be_tween TMEV- and mock-infected Glbl™~
mice

GIb1”" mice developed clinical signs of Gy, LSD at an age of 14-
15 weeks (9-10 weeks post infection), which were not altered by
TMEV infection (Figure 8A). Similarly, there was no difference in
RotaRod performance between TMEV- and mock-infected GIb1”~
mice (Figure 8B). This finding suggests that while GIb1”" mice show
clinical signs due to Gy gangliosidosis, they are clinically
unaffected by TMEV infection.

In summary, we observed a delayed induction of the immune
response in GIb1”" compared to GIbI** mice during TMEV
infection. However, T cell infiltration and activation as well as
microglia/macrophage activation were prolonged in GIbI”" mice
upon TMEV infection, which may suggest that Gy, gangliosidosis
leads to a dysregulated immune response during infection.
However, TMEV elimination was not substantially impaired in
GIbI”" mice, which were only affected by Gy, -associated pathology
at the end of the experimental run.

4 Discussion

The aim of the study was to discern whether Gy, gangliosidosis
affects the immune response against neurotropic virus infection,
thereby impacting the course of disease. Therefore, clinical disease
progression, cerebral virus load and cerebral immune cell
composition and -activation were measured in TMEV-infected
GIbI™* and GIb1”" mice. Both GIbI™* and GIb1”" mice were able
to clear the virus from their CNS and displayed no significant
difference in their clinical score during the early phases of the

09 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1467207
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wannemacher et al. 10.3389/fimmu.2025.1467207

A 4 dpi 7 dpi 14 dpi 98 dpi

1%10% .
.- e
+E 1%104 Je  Aaa K
— -5 *
@ DA .

S5 o - PR
O 2500 (3 . .
= %1,(102 . N T et ﬁA‘_A e P - ‘:." ‘e,
"v" g ®ee T N A ey 4 % i °, N
== a N

LERTAE B : °
o

1x10°

Placebo TMEV Placebo TMEV Placebo TMEV Placebo TMEV
1%105 . e - .
- "o At — —_—

W x0¢ Nhrie oo At
a artied N
%) 2 Aaa a . A Al ®e A
S B S e PRI
B o g L4 e o aa o A W T
o 5 1%102 N - ° . . o, T
[Ty} 5 . -
3 &1 1o ..“ da “,
o ™ :

1x10°

Placebo TMEV Placebo TMEV Placebo TMEV Placebo TMEV

B 4 dpi 7 dpi 14 dpi 98 dpi

1x105 1%105 hid 1x105 1x105g
* %
5 1%104 1x104 T e aas 1x104 R 1x10%
— = .
d 2 o PO + N
© g 1x103 N . 1%x103 ®e 4 1%x103 o ., i, 1%103 ee® .
a- . “Sm . . Aa
=) a . ®e TE e Aaa
(8] o = o 4 aie
5 1%102o %, R 1x1024 oo 1x102o * o 4 1x102y e
+§l’ = S N “a cee ° * oo’ ‘
Q  qx10 Aa 1%101 1%101 %1014 *°
(8] 1.
1x100 1x10° 1x100 1x100
Placebo TMEV Placebo TMEV Placebo TMEV Placebo TMEV
1x105 1%105 1%105 . 1%105+y .
+ 1x104 1x104 . Lo Aas 1x104 * 1%10%
3z R
8 B 1x103 1%10° e s 1%10° 1%10% 4 8°
~ LSV
=4 A
+ T 2 . 2 AL 2 A
T 5 1%10 PN 1x1029 © 1x10 . 4 o Ax  1%1029 oo o
[= = -~ ece ¢ it an e == LW
O 1x10t ct T x4 1x101 . 1%101+
— ®e
1x100 1%100 1x10° 1x10°
Placebo TMEV Placebo TMEV Placebo TMEV Placebo TMEV
1x105 . 1x1054 1x105 —_— 1%1059 .
. AA AAL
B 10 104y T ET axq04 T xtoey
- -~ a . aai®e A e ———
R X =10 °° x40 o oy A
o T R S =
To1x1029 e A 1%1024 1%102 1%x1024
o & toa
8 1%101 1x107 1%101 1%101+
1%100 1x10° 1x10° 1x100
Placebo TMEV Placebo TMEV Placebo TMEV Placebo TMEV
1x105 L 1%105 3 1x105 L 1105y
. AL —
+ 1x104 104y, Tt axee 1%104+
2z ° . :
O 3 1x103 1%10° 1%103 ° A 1%103 4
O . EadiN .
=] o a
Yo o %102 . L 11024 1x102 L. 1x1024 Moo 4 e
o& . ey Pl
O 4xq0 —  1x10'4 1x101 . 1x101 4
1x100 1x10° 1x10° 1x100
Placebo TMEV Placebo TMEV Placebo TMEV Placebo TMEV
® Glb1** A Glb1”~

FIGURE 5

Flow cytometry of cells isolated from brains of Theiler's murine encephalomyelitis virus (TMEV)- and mock-infected Glb1™~ and C57BL/6 wildtype
(Glb1*/*) mice at 4, 7, 14, and 98 days post infection (dpi). Total cell numbers of activated CD4"* and CD8" T cells (A) based on CD62L'°" and CD69
(B), respectively (rows, from top to bottom) at 4, 7, 14, and 98 dpi (columns, from left to right). In general, Glb1™”~ mice displayed a delayed T cell
response during TMEV infection compared to Glb1*"* mice. Means with all data points. *p < 0.05, **p < 0.01, ***p < 0.001 with Bonferroni-
correction. 4 dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo: n=6, Glb1** TMEV: n=6, GIb1*/* Placebo: n=6; 7 dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo:
n=7, Glb1** TMEV: n=7, GIb1*/* Placebo: n=7; 14 dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo: n=6, Glb1** TMEV: n=6, GIb1*/* Placebo: n=6; 98 dpi:
Glb1”~ TMEV: n=7, Glb1™" Placebo: n=5, GIb1*’* TMEV: n=7, Glb1*/* Placebo: n=7.
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l+/+

mice (right, grey dots, p=0.015). Box and whisker plots (min-max)

with medians and all data points. ABC-DAB immunohistochemistry, Ibal; Bars (A1-D4) = 500 ym. Overview images taken from hippocampus and
diencephalon/mesencephalon, insert images taken from diencephalon/mesencephalon. 4 dpi: Glb1”~ TMEV: n=6, Glb1”" Placebo: n=6, Glb1*/*
TMEV: n=6, GIb1*'* Placebo: n=6; 7 dpi: Glb1”~ TMEV: n=8, Glb1™”" Placebo: n=8, Glb1*/* TMEV: n=10, Glb1*"* Placebo: n=10; 14 dpi: Glb1”~ TMEV:
n=6, GIb1”" Placebo: n=6, Glb1*/* TMEV: n=6, Glb1** Placebo: n=6; 98 dpi: Glb1”~ TMEV: n=9, Glb1”" Placebo: n=5, Glb1*/* TMEV: n=10, Glb1*/*

Placebo: n=10.

experiment. Differences in clinical score between GIb1”~ and
GIb1*"* mice towards the end of the experiment are likely caused
by clinical alterations related to Gy gangliosidosis, as this is
consistent with the established onset of clinical symptoms in this
mouse model (21). However, TMEV-infected GIb1”" mice displayed
a delayed expansion of microglia/macrophages and infiltration of T
cells and macrophages into the brain, thus allowing accelerated
virus replication in the early phase of the disease. In contrast, mock-
infected GIbI”" mice showed higher cerebral T cell numbers and
increased microglia/macrophage activation compared to mock-
infected GIb1*"* mice. These observations could be explained by a
decrease in antigen-specific immunoreactivity with a concurrent
increase in unspecific microglia/macrophage reactivity.

While alterations in the immune response are only incompletely
investigated in Gyy; gangliosidosis, immunological alterations, both
in the form of immunosuppression and immunohyperreactivity/
autoimmunity, are a hallmark of most LSDs (25, 26). In general,
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LSDs can affect the immune system either directly by the
perturbations in the biological functions of the undegraded and
accumulated endogenous macromolecules or indirectly by the
effects of lysosomal dysfunction due to their excessive overload
(26). Gangliosides are included in cellular membranes and
concentrate in lipid rafts that are dynamic assemblies of
cholesterol and sphingolipids associated with various proteins
including glycosylphosphatidylinositol (GPI)-anchored proteins as
well as immunoglobulin E (IgE), T cell antigen and growth factor
receptors (61, 62). Raft-dependent signalling processes activate
different tyrosine and serine/threonine kinases and thereby Src
kinase, PI3 kinase/AKT-Nrf2, Ras-ERK/MAPK, and Hedgehog
signaling pathways (62-64). Gangliosides also serve as a possible
receptor structure for toxins, bacteria, and viruses (65, 66). Gyn
oligosaccharide is abundantly found in neurons and microglia and
involved in cell adhesion, proliferation, differentiation, and
recognition, apoptosis, and regulation of calcium homeostasis
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FIGURE 7

Relative area of CD107b-positive microglia/macrophages per brain section of Theiler's murine encephalomyelitis virus (TMEV)- and mock-infected
Glb1”~ and C57BL/6 wildtype (GIb1*/*) mice at 4, 7, 14, and 98 days post infection (dpi). (A1-A5) At 4 dpi, there were no significant differences
between the study groups regarding the CD107b* area. (B1-B5) At 7 dpi, TMEV-infected Glb1™”" mice (right, green triangles) displayed a significant
increase in CD107b* area compared to TMEV-infected Glb1*/* mice (right, grey dots, p=0.002). Additionally, mock-infected Glb1”~ mice (left, green
triangles) displayed a significant increase in CD107b" area compared to mock-infected Glb1*/* mice (left, grey dots, p=0.004). (C1-C5) At 14 dpi,
similarly, TMEV-infected Glb1™~ mice (right, green triangles) displayed a significant increase in CD107b* area compared to TMEV-infected Glb1*/*
mice (right, grey dots, p=0.02) and mock-infected Glb1”" mice (left, green triangles) displayed a significant increase in CD107b* area compared to
mock-infected Glb1** mice (left, grey dots, p=0.02). (D1-D5) At 98 dpi, there were no significant differences between the study groups regarding
the CD107b" area. Box and whisker plots (min-max) with medians and all data points. ABC-DAB immunohistochemistry, CD107b; Bars (A1-D4) =
500 pym. Overview images taken from hippocampus and diencephalon/mesencephalon, insert images taken from diencephalon/mesencephalon. 4

dpi: Glb1”" TMEV: n=6, Glb1”" Placebo: n=6, Glb1*/* TMEV: n=6, Glb1*/* Placebo: n=6; 7 dpi: Glb1”~ TMEV: n=8, Glb1”~ Placebo: n=8, Glb1*/*
TMEV: n=10, Glb1*/* Placebo: n=10; 14 dpi: Glb1”~ TMEV: n=6, Glb1”~ Placebo: n=6, Glb1*/* TMEV: n=6, Glb1*"* Placebo: n=6; 98 dpi: Glb1”~
TMEV: n=9, Glb1”" Placebo: n=>5, GIb1*/* TMEV: n=10, GIb1*"* Placebo: n=10.

mediating neurotrophic and neuroprotective functions (65, 67-73).
Moreover, Gy;; administration can reduce oxidative stress and
suppress the production of the pro-inflammatory cytokines IL-1j3,
IL-6 and TNF in serum and brain tissues (63). Consequently,
disturbed degradation of Gy molecules in the present Glb1”"
mice likely affects the cellular metabolism, activation status, and
cytokine production of neurons and microglia due to their
participation in Raft-dependent signalling processes.
Immunological alterations can also be brought about by
impaired lysosomal, lysophagosomal and autophagosomal
function, which can lead to impaired antigen presentation
through MHC-I, MHC-II, and CD1d (25, 26). In mouse models
for Gyi- and Gyp-Gangliosidosis, an increased expression of
MHC-II, Fas and TNF-receptor type 1 as well as increased
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microglial activation and expansion alongside pro-inflammatory
cell infiltration were shown in the brain (25, 27). Similarly, extensive
microglial activation and CNS infiltration of macrophage-like cell
populations, associated with increased astrocytic macrophage
inflammatory protein (MIP) 1-o expression starting at the
presymptomatic stage of the disease, were observed in human
Sandhoft disease patients and Hexb”™ mice (74). In Hexb” mice,
upregulated genes characteristic for microglia/macrophage
activation included cathepsin S, Fc receptor, complement
components, and MHC-II. A progressive increase in TNF levels
was also described in the spinal cord of Hexb” mice (74). In
contrast, reduced levels of IL-1 were found in the brain of acid
sphingomyelinase knockout mice, a mouse model of the infantile
form of Niemann Pick disease (type A), which is likely caused by a
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Progression of clinical disease and RotaRod performance of Theiler's murine encephalomyelitis virus (TMEV)- and mock-infected Glb1” and C57BL/
6 wildtype (GIb1*/*) mice at 0-14 weeks post infection (wpi). (A) Total clinical score: Both TMEV-infected Glb1”~ mice (green line with filled triangles)
and mock-infected Glb1”~ mice (green line with empty triangles) displayed an increase in clinical score compared to Glb1** mice, at 3 and 4 weeks,
respectively and starting at 9 and 11 weeks of age, respectively (p<0.05: * TMEV-infected Glb1™", t mock-infected Glb1™"). In contrast, clinical scores
of TMEV-infected Glb1*/* mice (grey line with filled-out dots) and mock-infected Glb1** mice (grey line with empty dots) remained at baseline
levels throughout the course of the experiment. Progression curves with means and standard deviations. (B) Rotarod performance: TMEV-infected

Glb1”" mice (green line with filled triangles) displayed a progressive decrease in RotaRod performance starting at 11 weeks of age (* p<0.05),

whereas a steady RotaRod performance was observed in both TMEV-infected Glb.

l+/+ 1+/+

mice (grey line with filled-out dots) and mock-infected Glb

mice (grey line with empty dots) throughout the course of the experiment. Medians with standard deviations. Glb1”~ TMEV: n=29, Glb1”" Placebo: n=25,

Glb1*"* TMEV: n=32, Glb1*"* Placebo: n=32.

blockage of IL-1B release by astrocytes (75, 76). Furthermore,
lysosomal storage of gangliosides were shown to inhibit lipid
loading of CD1d molecules in the late endosome/lysosome,
leading to reduced numbers of invariant natural killer T cells in
several mouse models for LSD, which further caused alterations in
cytokine production (77). It has also been hypothesized, that anti-
ganglioside autoimmunity, which is often seen in gangliosidoses, is
triggered by the impaired degradation of gangliosides on neuronal
cell surfaces, leading to autoantibody production and increased
microglial activation through the Fc receptor common J-chain
(26, 28).

In the present study, increased microglia/macrophage
activation was demonstrated in both TMEV- and mock-infected
GIbI”" mice. Though only minor changes were observed in cerebral

Frontiers in Immunology

13

microglia/macrophage expansion, this increase in microglia/
macrophage activation before the onset of clinical disease might
also be the result of an increased cytokine/chemokine expression
such as MIP1-a similar to Hexb” mice. Microglial activation can be
caused through the recognition of either pathogen-associated
molecular patterns (PAMPs), in this case viral protein, or danger-
associated molecular patterns (DAMPs) released by necrotic and
highly stressed cells via Toll-like receptor (TLR)-2 and -4 (78, 79).
Further, intracytoplasmic dsRNA in microglia, generated during
TMEYV replication, can be detected by TLR-3 and retinoic acid-
inducible gene-1 like receptors (RLRs) especially melanoma
differentiation-associated gene 5 (MDA5) (79, 80). These so-
called pattern recognition receptors (PRRs) signal via the adapter
proteins Toll/IL-1 receptor (TIR) domain-containing adapter-
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inducing IFN-B (TRIF) and IFN-B-promoter stimulator 1 (IPS-1,
alias MAVS or CARDIF) and the transcription factors IRF3/IRF7
and NF-kB resulting in microglia activation and interferon
production (79). Hippocampal neurons contained a major part of
TMEV antigen in the present study but a lower percentage of
microglial cells was most likely infected as well (37). In GIbI™" mice,
LSD may contribute to decreased stability and survivability of
cells and stress thereby increasing the release of DAMPs to be
recognised by TLR-2 and -4 and RLRs, leading to increased
microglial activation. Additionally, GIbI”" mice displayed a delay
in their T cell reactivity and IFN-y production possibly related to
alterations in antigen presentation via MHC-I and MHC-II due to
lysosomal dysfunction.

In conclusion, the present results indicate that Gy,
gangliosidosis is associated with changes in microglia/
macrophage activation as well as impairment of the antigen
specific immune response, which are likely caused by disturbed
antigen presentation and/or T cell reactivity with manifestation
prior to the onset of clinical LSD. These alterations in the innate
and adaptive immune responses could explain the delayed
elimination of TMEV from the CNS. Our findings may also
have implications for other neurotropic virus infections.
Therefore, future studies should investigate and compare the
pathogenesis of other viral CNS infections in LSDs to
understand the impact of these hereditary diseases on the
antiviral immune response during such infections more in-depth.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Niedersidchsisches
Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit
(LAVES), Oldenburg, Germany, under the permission number
33.8-42502-04-19/3204. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

RW: Formal analysis, Investigation, Methodology,
Visualization, Writing - original draft, Writing - review &
editing. FS: Formal analysis, Investigation, Methodology,
Visualization, Writing - original draft, Writing - review &
editing. DE: Formal analysis, Investigation, Methodology, Writing
- review & editing. MB: Formal analysis, Investigation,
Methodology, Writing - review & editing. DL: Formal analysis,
Investigation, Methodology, Writing — review & editing. TE: Formal

Frontiers in Immunology

14

10.3389/fimmu.2025.1467207

Analysis, Investigation, Methodology, Writing — review & editing.
M-KR: Formal analysis, Investigation, Methodology, Writing -
review & editing. WB: Conceptualization, Formal analysis,
Funding acquisition, Investigation, Supervision, Writing — review
& editing. BL: Conceptualization, Formal analysis, Funding
acquisition, Investigation, Supervision, Writing - review &
editing. IG: Conceptualization, Formal analysis, Investigation,
Project administration, Supervision, Writing — review & editing.
SK: Formal analysis, Investigation, Writing — review & editing. TA:
Formal analysis, Investigation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. DL was funded by the
China Scholarship Council (File No. 201606170128). SKK received
a scholarship from the Brigitte und Prof. Dr. Reiner Miiller-
Peddinghaus Foundation. TA received a scholarship from The
Royal Thai Government. We acknowledge financial support by
the Open Access Publication Fund of the University of Veterinary
Medicine Hannover, Foundation.

Acknowledgments

The authors thank Julia Baskas, Jana-Svea Harre, Caroline
Schiitz, Patrick John Simmons and Silke Schoneberg for their
outstanding technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1467207/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1467207/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1467207/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1467207
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wannemacher et al.

References

1. Okada S, Obrien JS. Generalized gangliosidosis - beta-galactosidase deficiency.
Science. (1968) 160:1002-4. doi: 10.1126/science.160.3831.1002

2. Baker HJJr, Lindsey JR, McKhann GM, Farrell DF. Neuronal GM1 gangliosidosis
in a Siamese cat with beta-galactosidase deficiency. Science. (1971) 174(4011):838-9.
doi: 10.1126/science.174.4011.838

3. Baker HJ, Lindsey JR. Animal model: feline GM1 gangliosidosis. Am ] Pathol.
(1974) 74(3):649-52.

4, Barker CG, Blakemore WF, Dell A, Palmer AC, Tiller PR, Winchester BG.
GM1 gangliosidosis (type 1) in a cat. Biochem ]. (1986) 235(1):151-8. doi: 10.1042/
bj2350151

5. Alroy ], Orgad U, DeGasperi R, Richard R, Warren CD, Knowles K, et al. Canine
GM1-gangliosidosis. A clinical, morphologic, histochemical, and biochemical
comparison of two different models. Am ] Pathol. (1992) 140(3):675-89.

6. Uddin MM, Arata S, Takeuchi Y, Chang HS, Mizukami K, Yabuki A, et al.
Molecular epidemiology of canine GM1 gangliosidosis in the Shiba Inu breed in Japan:
relationship between regional prevalence and carrier frequency. BMC Vet Res. (2013)
9:132. doi: 10.1186/1746-6148-9-132

7. Kreutzer R, Leeb T, Muller G, Moritz A, Baumg rtner W. A duplication in
the canine beta-galactosidase gene GLB1 causes exon skipping and GM1-gangliosidosis
in Alaskan huskies. Genetics. (2005) 170(4):1857-61. doi: 10.1534/genetics.105.042580

8. Read DH, Harrington DD, Keenana TW, Hinsman EJ. Neuronal-visceral GM1
gangliosidosis in a dog with beta-galactosidase deficiency. Science. (1976) 194
(4263):442-5. doi: 10.1126/science.824730

9. Ahern-Rindell AJ, Prieur DJ, Murnane RD, Raghavan SS, Daniel PF, McCluer RH,
et al. Inherited lysosomal storage disease associated with deficiencies of beta-galactosidase
and alpha-neuraminidase in sheep. Am J Med Genet. (1988) 31(1):39-56. doi: 10.1002/
ajmg.1320310108

10. Murnane RD, Prieur D], Ahern-Rindell AJ, Holler LD, Parish SM. Clinical and
clinicopathologic characteristics of ovine GM-1 gangliosidosis. ] Vet Intern Med. (1994)
8(3):221-3. doi: 10.1111/§.1939-1676.1994.tb03220.x

11. Skelly BJ, Jeffrey M, Franklin R], Winchester BG. A new form of ovine GM1-
gangliosidosis. Acta Neuropathol. (1995) 89(4):374-9. doi: 10.1007/BF00309632

12. Ryder SJ, Simmons MM. A lysosomal storage disease of Romney sheep that
resembles human type 3 GM1 gangliosidosis. Acta Neuropathol. (2001) 101(3):225-8.
doi: 10.1007/s004010000267

13. Donnelly WJ, Sheahan BJ, Kelly M. Beta-galactosidase deficiency in GM1
gangliosidosis of Friesian calves. Res Vet Sci. (1973) 15(1):139-41. doi: 10.1016/
S0034-5288(18)33872-4

14. Sheahan BJ, Donnelly WJ. Enzyme histochemical and ultrastructural alterations
in the brains of Friesian calves with GM1 gangliosidosis. Acta Neuropathol. (1974) 30
(1):73-84. doi: 10.1007/BF00685324

15. Bermudez AJ, Johnson GC, Vanier MT, Schroder M, Suzuki K, Stogsdill PL, et al.
Gangliosidosis in emus (Dromaius novaehollandiae). Avian Dis. (1995) 39(2):292-303.
doi: 10.2307/1591870

16. Bermudez AJ, Freischutz B, Yu RK, Nonneman D, Johnson GS, Boon GD, et al.
Heritability and biochemistry of gangliosidosis in emus (Dromaius novaehollandiae).
Avian Dis. (1997) 41(4):838-49. doi: 10.2307/1592337

17. Muthupalani S, Torres PA, Wang BC, Zeng BJ, Eaton S, Erdelyi I, et al. GM1-
gangliosidosis in American black bears: clinical, pathological, biochemical and
molecular genetic characterization. Mol Genet Metab. (2014) 111(4):513-21.
doi: 10.1016/j.ymgme.2014.02.002

18. Hahn CN, del Pilar Martin M, Schroder M, Vanier MT, Hara Y, Suzuki K, et al.
Generalized CNS disease and massive GM1-ganglioside accumulation in mice defective
in lysosomal acid beta-galactosidase. Hum Mol Genet. (1997) 6(2):205-11. doi: 10.1093/
hmg/6.2.205

19. Matsuda J, Suzuki O, Oshima A, Ogura A, Noguchi Y, Yamamoto Y, et al. Beta-
galactosidase-deficient mouse as an animal model for GM1-gangliosidosis. Glycoconj J.
(1997) 14(6):729-36. doi: 10.1023/A:1018573518127

20. Przybilla MJ, Ou L, Tabaran AF, Jiang X, Sidhu R, Kell PJ, et al. Comprehensive
behavioral and biochemical outcomes of novel murine models of GM1-gangliosidosis
and Morquio syndrome type B. Mol Genet Metab. (2019) 126(2):139-50. doi: 10.1016/
j.ymgme.2018.11.002

21. Eikelberg D, Lehmbecker A, Brogden G, Tongtako W, Hahn K, Habierski A,
et al. Axonopathy and reduction of membrane resistance: key features in a new murine
model of human GM1-gangliosidosis. J Clin Med. (2020) 9(4):1004. doi: 10.3390/
jecm9041004

22. Nicoli ER, Huebecker M, Han ST, Garcia K, Munasinghe J, Lizak M, et al. Glbl
knockout mouse model shares natural history with type I GM1 gangliosidosis patients.
Mol Genet Metab. (2023) 138(2):107508. doi: 10.1016/j.ymgme.2023.107508

23. Bidchol AM, Dalal A, Trivedi R, Shukla A, Nampoothiri SN, Sankar VH, et al.
Recurrent and novel GLB1 mutations in India. Gene. (2015) 567(2):173-81.
doi: 10.1016/j.gene.2015.04.078

Frontiers in Immunology

15

10.3389/fimmu.2025.1467207

24. Brunetti-Pierri N, Scaglia F. GM1 gangliosidosis: review of clinical, molecular,
and therapeutic aspects. Mol Genet Metab. (2008) 94(4):391-6. doi: 10.1016/
j.ymgme.2008.04.012

25. Castaneda JA, Lim MJ, Cooper JD, Pearce DA. Immune system irregularities in
lysosomal storage disorders. Acta Neuropathol. (2008) 115(2):159-74. doi: 10.1007/
s00401-007-0296-4

26. Rigante D, Cipolla C, Basile U, Gulli F, Savastano MC. Overview of immune
abnormalities in lysosomal storage disorders. Immunol Lett. (2017) 188:79-85.
doi: 10.1016/j.imlet.2017.07.004

27. Jeyakumar M, Thomas R, Elliot-Smith E, Smith DA, van der Spoel AC, d'Azzo A,
et al. Central nervous system inflammation is a hallmark of pathogenesis in mouse
models of GM1 and GM2 gangliosidosis. Brain. (2003) 126(Pt 4):974-87. doi: 10.1093/
brain/awg089

28. Yamaguchi A, Katsuyama K, Nagahama K, Takai T, Aoki I, Yamanaka S.
Possible role of autoantibodies in the pathophysiology of GM2 gangliosidoses. J Clin
Invest. (2004) 113(2):200-8. doi: 10.1172/JCI200419639

29. Theiler M. Spontaneous encephalomyelitis of mice, a new virus disease. ] Exp
Med. (1937) 65(5):705-19. doi: 10.1084/jem.65.5.705

30. Theiler M, Gard S. Encephalomyelitis of mice: III. epidemiology. ] Exp Med.
(1940) 72(1):79-90. doi: 10.1084/jem.72.1.79

31. Theiler M, Gard S. Encephalomyelitis of mice: I. characteristics and pathogenesis
of the virus. ] Exp Med. (1940) 72(1):49-67. doi: 10.1084/jem.72.1.49

32. Gerhauser I, Hansmann F, Ciurkiewicz M, L scher W, Beineke A. Facets of
Theiler’s murine encephalomyelitis virus-induced diseases: An update. Int ] Mol Sci.
(2019) 20(2):448. doi: 10.3390/ijms20020448

33. Lorch Y, Friedmann A, Lipton HL, Kotler M. Theiler’s murine encephalomyelitis
virus group includes two distinct genetic subgroups that differ pathologically and
biologically. J Virol. (1981) 40(2):560-7. doi: 10.1128/jvi.40.2.560-567.1981

34. Senkowski A, Shim B, Roos RP. The effect of Theiler’s murine encephalomyelitis
virus (TMEV) VP1 carboxyl region on the virusinduced central nervous system disease.
J Neurovirol. (1995) 1(1):101-10. doi: 10.3109/13550289509111014

35. Lipton HL, Kim BS, Yahikozawa H, Nadler CF. Serological evidence that Mus
musculus is the natural host of Theiler’s murine encephalomyelitis virus. Virus Res.
(2001) 76(1):79-86. doi: 10.1016/S0168-1702(01)00256-8

36. Lipton H. Theiler’s virus infection in mice: an unusual biphasic disease
process leading to demyelination. Infect Immun. (1975) 11(5):1147-55. doi: 10.1128/
iai.11.5.1147-1155.1975

37. Kummerfeld M, Seehusen F, Klein S, Ulrich R, Kreutzer R, Gerhauser I, et al.
Periventricular demyelination and axonal pathology is associated with subependymal
virus spread in a murine model for multiple sclerosis. Intervirology. (2012) 55(6):401-
16. doi: 10.1159/000336563

38. Njenga MK, Asakura K, Hunter SF, Wettstein P, Pease LR, Rodriguez M, et al.
The immune system preferentially clears Theiler’s virus from the gray matter of the
central nervous system. J Virol. (1997) 71(11):8592-601. doi: 10.1128/jvi.71.11.8592-
8601.1997

39. Dal Canto MC, Kim BS, Miller SD, Melvold RW. Theiler’s murine
encephalomyelitis virus (TMEV)-induced demyelination: A model for human
Multiple Sclerosis. Methods. (1996) 10(3):453-61. doi: 10.1006/meth.1996.0123

40. Mendez-Fernandez YV, Johnson AJ, Rodriguez M, Pease LR. Clearance of
Theiler’s virus infection depends on the ability to generate a CD8+ T cell response
against a single immunodominant viral peptide. Eur ] Immunol. (2003) 33(9):2501-10.
doi: 10.1002/¢ji.200324007

41. Clatch R], Melvold RW, Miller SD, Lipton HL. Theiler’s murine encephalomyelitis
virus (TMEV)-induced demyelinating disease in mice is influenced by the H-2D region:
Correlation with TMEV-specific delayed-type hypersensitivity. ] Immunol. (1985) 135
(2):1408-14. doi: 10.4049/jimmunol.135.2.1408

42. Melvold RW, Jokinen DM, Knobler RL, Lipton HL. Variations in genetic control
of susceptibility to Theiler’s murine encephalomyelitis virus (TMEV)-induced
demyelinating disease. I. Differences between susceptible SJL/J and resistant BALB/c
strains map near the T cell beta-chain constant gene on chromosome 6. J Immunol.
(1987) 138(5):1429-33. doi: 10.4049/jimmunol.138.5.1429

43. Wada Y, Fujinami RS. Viral infection and dissemination through the
olfactory pathway and the limbic system by Theiler’s virus. Am ] Pathol. (1993) 143
(1):221-9.

44. Lipton HL, Dal Canto MC. Chronic neurologic disease in Theiler’s virus
infection of SJL/J mice. ] Neurol Sci. (1976) 30(1):201-7. doi: 10.1016/0022-510X(76)
90267-7

45. Tsunoda I, Fujinami RS. Inside-Out versus Outside-In models for virus induced
demyelination: axonal damage triggering demyelination. Springer Semin
Immunopathol. (2002) 24(2):105-25. doi: 10.1007/s00281-002-0105-z

46. Dal Canto MC, Lipton H. Multiple sclerosis. Animal model: Theiler’s virus
infection in mice. Am ] Pathol. (1977) 88(2):497-500.

frontiersin.org


https://doi.org/10.1126/science.160.3831.1002
https://doi.org/10.1126/science.174.4011.838
https://doi.org/10.1042/bj2350151
https://doi.org/10.1042/bj2350151
https://doi.org/10.1186/1746-6148-9-132
https://doi.org/10.1534/genetics.105.042580
https://doi.org/10.1126/science.824730
https://doi.org/10.1002/ajmg.1320310108
https://doi.org/10.1002/ajmg.1320310108
https://doi.org/10.1111/j.1939-1676.1994.tb03220.x
https://doi.org/10.1007/BF00309632
https://doi.org/10.1007/s004010000267
https://doi.org/10.1016/S0034-5288(18)33872-4
https://doi.org/10.1016/S0034-5288(18)33872-4
https://doi.org/10.1007/BF00685324
https://doi.org/10.2307/1591870
https://doi.org/10.2307/1592337
https://doi.org/10.1016/j.ymgme.2014.02.002
https://doi.org/10.1093/hmg/6.2.205
https://doi.org/10.1093/hmg/6.2.205
https://doi.org/10.1023/A:1018573518127
https://doi.org/10.1016/j.ymgme.2018.11.002
https://doi.org/10.1016/j.ymgme.2018.11.002
https://doi.org/10.3390/jcm9041004
https://doi.org/10.3390/jcm9041004
https://doi.org/10.1016/j.ymgme.2023.107508
https://doi.org/10.1016/j.gene.2015.04.078
https://doi.org/10.1016/j.ymgme.2008.04.012
https://doi.org/10.1016/j.ymgme.2008.04.012
https://doi.org/10.1007/s00401-007-0296-4
https://doi.org/10.1007/s00401-007-0296-4
https://doi.org/10.1016/j.imlet.2017.07.004
https://doi.org/10.1093/brain/awg089
https://doi.org/10.1093/brain/awg089
https://doi.org/10.1172/JCI200419639
https://doi.org/10.1084/jem.65.5.705
https://doi.org/10.1084/jem.72.1.79
https://doi.org/10.1084/jem.72.1.49
https://doi.org/10.3390/ijms20020448
https://doi.org/10.1128/jvi.40.2.560-567.1981
https://doi.org/10.3109/13550289509111014
https://doi.org/10.1016/S0168-1702(01)00256-8
https://doi.org/10.1128/iai.11.5.1147-1155.1975
https://doi.org/10.1128/iai.11.5.1147-1155.1975
https://doi.org/10.1159/000336563
https://doi.org/10.1128/jvi.71.11.8592-8601.1997
https://doi.org/10.1128/jvi.71.11.8592-8601.1997
https://doi.org/10.1006/meth.1996.0123
https://doi.org/10.1002/eji.200324007
https://doi.org/10.4049/jimmunol.135.2.1408
https://doi.org/10.4049/jimmunol.138.5.1429
https://doi.org/10.1016/0022-510X(76)90267-7
https://doi.org/10.1016/0022-510X(76)90267-7
https://doi.org/10.1007/s00281-002-0105-z
https://doi.org/10.3389/fimmu.2025.1467207
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wannemacher et al.

47. Dal Canto MC, Melvold RW, Kim BS, Miller SD. Two models of multiple
sclerosis: Experimental allergic encephalomyelitis (EAE) and Theiler’s murine
encephalomyelitis virus (TMEV) infection. A pathological and immunological
comparison. Microsc Res Tech. (1995) 32(3):215-29. doi: 10.1002/jemt.1070320305

48. Oleszak EL, Chang JR, Friedman H, Katsetos CD, Platsoucas CD. Theiler’s virus
infection: A model for multiple sclerosis. Clin Microbiol Rev. (2004) 17:174-207.
doi: 10.1128/CMR.17.1.174-207.2004

49. Compston A, Coles A. Multiple sclerosis. Lancet. (2008) 372(9648):1502-17.
doi: 10.1016/S0140-6736(08)61620-7

50. Ichinomiya S, Watanabe H, Maruyama K, Toda H, Iwasaki H, Kurosawa M, et al.
Motor and reflex testing in GM1-gangliosidosis model mice. Brain Dev. (2007) 29
(4):210-6. doi: 10.1016/j.braindev.2006.08.014

51. Crawley JN. Behavioral phenotyping of transgenic and knockout mice:
experimental design and evaluation of general health, sensory functions, motor
abilities, and specific behavioral tests. Brain Res. (1999) 835(1):18-26. doi: 10.1016/
$0006-8993(98)01258-X

52. Leitzen E, Raddatz BB, Jin W, Goebbels S, Nave KA, Baumg rtner W, et al. Virus-
triggered spinal cord demyelination is followed by a peripheral neuropathy resembling
features of Guillain-Barre Syndrome. Sci Rep. (2019) 9(1):4588. doi: 10.1038/s41598-
019-40964-1

53. Kreutzer M, Seehusen F, Kreutzer R, Pringproa K, Kummerfeld M, Claus P, et al.
Axonopathy is associated with complex axonal transport defects in a model of multiple
sclerosis. Brain Pathol. (2012) 22(4):454-71. doi: 10.1111/j.1750-3639.2011.00541.x

54. Nadeem M, Spitzbarth I, Haist V, Rohn K, Tauscher K, Rohn K, et al.
Immunolabelling of non-phosphorylated neurofilament indicates damage of spinal
cord axons in TSE-infected goats. Vet Rec. (2016) 178(6):141. doi: 10.1136/vr.103425

55. Herder V, Gerhauser I, Klein SK, Almeida P, Kummerfeld M, Ulrich R, et al.
Interleukin-10 expression during the acute phase is a putative prerequisite for delayed
viral elimination in a murine model for multiple sclerosis. ] Neuroimmunol. (2012) 249
(1-2):27-39. doi: 10.1016/j.jneuroim.2012.04.010

56. Tongtako W, Lehmbecker A, Wang Y, Hahn K, Baumg rtner W, Gerhauser I,
et al. Canine dorsal root ganglia satellite glial cells represent an exceptional cell
population with astrocytic and oligodendrocytic properties. Sci Rep. (2017) 7
(1):13915. doi: 10.1038/541598-017-14246-7

57. Wannemacher R, Reiss A, Rohn K, L hder F, Fl gel A, Baumg rtner W, et al.
Ovalbumin-specific CD4(+) and CD8(+) T cells contribute to different susceptibility
for Theiler’s murine encephalomyelitis virus persistence. Front Immunol. (2023)
14:1194842. doi: 10.3389/fimmu.2023.1194842

58. Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne
PD, et al. QuPath: Open source software for digital pathology image analysis. Sci Rep.
(2017) 7:16878. doi: 10.1038/s41598-017-17204-5

59. Biihler M, Li D, Li L, Runft S, Waltl I, Pavlou A, et al. IFNAR signaling of
neuroectodermal cells is essential for the survival of C57BL/6 mice infected with
Theiler’s murine encephalomyelitis virus. ] Neuroinflamm. (2023) 20:58. doi: 10.1186/
s12974-023-02737-6

60. Bithler M, Runft S, Li D, Gétting J, Detje CN, Nippold V, et al. IFN-beta
deficiency results in fatal or demyelinating disease in C57BL/6 mice infected with
theiler’s murine encephalomyelitis viruses. Front Immunol. (2022) 13:786940.
doi: 10.3389/fimmu.2022.786940

61. Furukawa K, Ohmi Y, Yesmin F, Tajima O, Kondo Y, Zhang P, et al. Novel

molecular mechanisms of gangliosides in the nervous system elucidated by genetic
engineering. Int ] Mol Sci. (2020) 21. doi: 10.3390/ijms21061906

62. Simons K, Toomre D. Lipid rafts and signal transduction. Nat Rev Mol Cell Biol.
(2000) 1:31-9. doi: 10.1038/35036052

63. Gong G, Yin L, Yuan L, Sui D, Sun Y, Fu H, et al. Ganglioside GM1 protects
against high altitude cerebral edema in rats by suppressing the oxidative stress and
inflammatory response via the PI3K/AKT-Nrf2 pathway. Mol Immunol. (2018) 95:91-
8. doi: 10.1016/j.molimm.2018.02.001

Frontiers in Immunology

16

10.3389/fimmu.2025.1467207

64. Newburn EN, Duchemin AM, Neff NH, Hadjiconstantinou M. GM1 ganglioside
enhances Ret signaling in striatum. J Neurochem. (2014) 130:541-54. doi: 10.1111/
jnc.2014.130.issue-4

65. Aureli M, Mauri L, Ciampa MG, Prinetti A, Toffano G, Secchieri C, et al. GM1
ganglioside: past studies and future potential. Mol Neurobiol. (2016) 53:1824-42.
doi: 10.1007/s12035-015-9136-z

66. Kolter T, Sandhoff K. Sphingolipids-their metabolic pathways and
the pathobiochemistry of neurodegenerative diseases. Angew Chem Int Ed Engl.
(1999) 38:1532-68. doi: 10.1002/(SICI)1521-3773(19990601)38:11<1532::AID-
ANIE1532>3.0.CO;2-U

67. Toftano G, Savoini G, Moroni F, Lombardi G, Calza L, Agnati LF. GM1
ganglioside stimulates the regeneration of dopaminergic neurons in the central
nervous system. Brain Res. (1983) 261:163-6. doi: 10.1016/0006-8993(83)91298-2

68. Agnati LF, Agnati LF, Fuxe K, Benfenati F, Battistini N. Neurotensin in vitro
markedly reduces the affinity in subcortical limbic 3H-N-propylnorapomorphine binding
sites. Acta Physiol Scand. (1983) 119:459-61. doi: 10.1111/j.1748-1716.1983.tb07363.x

69. Facci L, Leon A, Toffano G, Sonnino S, Ghidoni R, Tettamanti G. Promotion of
neuritogenesis in mouse neuroblastoma cells by exogenous gangliosides. Relationship
between the effect and the cell association of ganglioside GM1. J Neurochem. (1984)
42:299-305. doi: 10.1111/j.1471-4159.1984.tb02678 x

70. Nedelkoska L, Benjamins JA. Binding of cholera toxin B subunit: a surface marker
for murine microglia but not oligodendrocytes or astrocytes. J Neurosci Res. (1998)
53:605-12. doi: 10.1002/(SICI)1097-4547(19980901)53:5<605::AID-JNR10>3.0.CO;2-#

71. Schwarz S, Lehmbecker A, Tongtako W, Hahn K, Wang Y, Felmy F, et al.
Neurotrophic effects of G(M1) ganglioside, NGF, and FGF2 on canine dorsal root
ganglia neurons in vitro. Sci Rep. (2020) 10:5380. doi: 10.1038/541598-020-61852-z

72. Skaper SD, Leon A, Toffano G. Ganglioside function in the development and
repair of the nervous system. From basic science to clinical application. Mol Neurobiol.
(1989) 3:173-99. doi: 10.1007/BF02935630

73. Skaper SD, Facci L, Milani D, Leon A. Monosialoganglioside GM1 protects
against anoxia-induced neuronal death in vitro. Exp Neurol. (1989) 106:297-305.
doi: 10.1016/0014-4886(89)90163-5

74. Wada R, Tifft CJ, Proia RL. Microglial activation precedes acute neurodegeneration
in Sandhoff disease and is suppressed by bone marrow transplantation. Proc Natl Acad Sci
U.S.A. (2000) 97:10954-9.

75. Bianco F, Perrotta C, Novellino L, Francolini M, Riganti L, Menna E, et al. Acid
sphingomyelinase activity triggers microparticle release from glial cells. EMBO J. (2009)
28:1043-54. doi: 10.1038/emb0j.2009.45

76. Ng CG, Griffin DE. Acid sphingomyelinase deficiency increases susceptibility to
fatal alphavirus encephalomyelitis. J Virol. (2006) 80:10989-99. doi: 10.1128/
JVI.01154-06

77. Gadola SD, Silk JD, Jeans A, Illarionov PA, Salio M, Besra GS, et al. Impaired
selection of invariant natural killer T cells in diverse mouse models of glycosphingolipid
lysosomal storage diseases. ] Exp Med. (2006) 203:2293-303. doi: 10.1084/
jem.20060921

78. Venereau E, Ceriotti C, Bianchi ME. DAMPs from cell death to new life. Front
Immunol. (2015) 6:422. doi: 10.3389/fimmu.2015.00422

79. Biswas K. Microglia mediated neuroinflammation in neurodegenerative diseases:
A review on the cell signaling pathways involved in microglial activation.
J Neuroimmunol. (2023) 383:578180. doi: 10.1016/j.jneuroim.2023.578180

80. Jin YH, Kim SJ, So EY, Meng L, Colonna M, Kim BS. Melanoma differentiation-
associated gene 5 is critical for protection against Theiler’s virus-induced demyelinating
disease. J Virol. (2012) 86:1531-43. doi: 10.1128/JV1.06457-11

81. Kummerfeld M, Meens ], Haas L, Baumgirtner W, Beineke A. Generation and
characterization of a polyclonal antibody for the detection of Theiler’s murine
encephalomyelitis virus by light and electron microscopy. J Virol Methods. (2009)
160:185-8. doi: 10.1016/j.jviromet.2009.04.030

frontiersin.org


https://doi.org/10.1002/jemt.1070320305
https://doi.org/10.1128/CMR.17.1.174-207.2004
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1016/j.braindev.2006.08.014
https://doi.org/10.1016/S0006-8993(98)01258-X
https://doi.org/10.1016/S0006-8993(98)01258-X
https://doi.org/10.1038/s41598-019-40964-1
https://doi.org/10.1038/s41598-019-40964-1
https://doi.org/10.1111/j.1750-3639.2011.00541.x
https://doi.org/10.1136/vr.103425
https://doi.org/10.1016/j.jneuroim.2012.04.010
https://doi.org/10.1038/s41598-017-14246-7
https://doi.org/10.3389/fimmu.2023.1194842
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1186/s12974-023-02737-6
https://doi.org/10.1186/s12974-023-02737-6
https://doi.org/10.3389/fimmu.2022.786940
https://doi.org/10.3390/ijms21061906
https://doi.org/10.1038/35036052
https://doi.org/10.1016/j.molimm.2018.02.001
https://doi.org/10.1111/jnc.2014.130.issue-4
https://doi.org/10.1111/jnc.2014.130.issue-4
https://doi.org/10.1007/s12035-015-9136-z
https://doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1532::AID-ANIE1532%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1532::AID-ANIE1532%3E3.0.CO;2-U
https://doi.org/10.1016/0006-8993(83)91298-2
https://doi.org/10.1111/j.1748-1716.1983.tb07363.x
https://doi.org/10.1111/j.1471-4159.1984.tb02678.x
https://doi.org/10.1002/(SICI)1097-4547(19980901)53:5%3C605::AID-JNR10%3E3.0.CO;2-#
https://doi.org/10.1038/s41598-020-61852-z
https://doi.org/10.1007/BF02935630
https://doi.org/10.1016/0014-4886(89)90163-5
https://doi.org/10.1038/emboj.2009.45
https://doi.org/10.1128/JVI.01154-06
https://doi.org/10.1128/JVI.01154-06
https://doi.org/10.1084/jem.20060921
https://doi.org/10.1084/jem.20060921
https://doi.org/10.3389/fimmu.2015.00422
https://doi.org/10.1016/j.jneuroim.2023.578180
https://doi.org/10.1128/JVI.06457-11
https://doi.org/10.1016/j.jviromet.2009.04.030
https://doi.org/10.3389/fimmu.2025.1467207
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Infection of a β-galactosidase-deficient mouse strain with Theiler’s murine encephalomyelitis virus reveals limited immunological dysregulations in this lysosomal storage disease
	1 Introduction
	2 Material and methods
	2.1 Animals
	2.2 Experimental design
	2.3 Histology and immunohistochemistry
	2.4 Real-time quantitative polymerase chain reaction
	2.5 Plaque assay
	2.6 Flow cytometry
	2.7 Statistics, graphs and figures

	3 Results
	3.1 Increased virus replication and delayed inflammatory response in Glb1-/- mice after TMEV infection
	3.2 Delayed T cell infiltration into the brain in Glb1-/- mice after TMEV infection
	3.3 Enhanced microglia/macrophage activation in Glb1-/- mice after TMEV infection
	3.4 No difference in clinical disease between TMEV- and mock-infected Glb1-/- mice

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


