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Type | Interferons (IFN-I) are important inducers of the antiviral immune response and
immune modulators. IFN-B is the most highly expressed IFN-I in the central nervous
system (CNS). The infection of SJL mice with the BeAn or the DA strain of Theiler’s murine
encephalomyelitis virus (TMEV) results in a progressive demyelinating disease. C57BL/6
mice are usually resistant to TMEV-induced demyelination and eliminate these strains from
the CNS within several weeks. Using C57BL/6 IFN-f knockout (IFN-B”") mice infected
with TMEV, we evaluated the role of IFN-B in neuroinfection. Despite the resistance of
C57BL/6 wild type (WT) mice to TMEV infection, DA-infected IFN-B”~ mice had to be killed
at 7 to 8 days post infection (dpi) due to severe clinical disease. In contrast, BeAn-infected
IFN-B”" mice survived until 98 dpi. Nevertheless at 14 dpi, BeAn-infected IFN-B”" mice
showed a stronger encephalitis and astrogliosis, higher viral load as well as higher mRNA
levels of Isg15, Eif2ak2 (PKR), Tnfa, ll1b, lI10, lI12 and Ifng in the cerebrum than BeAn-
infected WT mice. Moreover, the majority of IFN-B'/ “ mice did not clear the virus from the
CNS and developed mild demyelination in the spinal cord at 98 dpi, whereas virus and
lesions were absent in the spinal cord of WT mice. Persistently infected IFN—B’/ “mice also
had higher Isg15, Eif2ak1, Tnfa, ll1a, lI1b and Ifng mRNA levels in the spinal cord at 98 dpi
than their virus-negative counterparts indicating an activation of IFN-| signaling and
ongoing inflammation. Most importantly, BeAn-infected NesCre*’~ IFN-B"" mice, which
do not express IFN-B in neurons, astrocytes and oligodendrocytes, only developed mild
brain lesions similar to WT mice. Consequently, IFN-3 produced by neuroectodermal cells
does not seem to play a critical role in the resistance of C57BL/6 mice against fatal and
demyelinating disease induced by TMEV strains.
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INTRODUCTION

Theiler’s murine encephalomyelitis virus (TMEV) belongs to the
family of Picornaviridae and is used to study long-term
consequences caused by viral encephalitis (1). The
intracerebral inoculation of Daniel’s (DA) and BeAn 8386
(BeAn) strains of TMEV into susceptible SJL mice results in
acute polioencephalomyelitis and chronic progressive
demyelinating leukomyelitis, whereas resistant C57BL/6 (B6)
mice usually clear the virus from the central nervous system
(CNS) (1). The DA strain causes more severe brain inflammation
in the acute phase of the disease than the BeAn strain and even
induces seizures and epilepsy in B6 mice (2, 3). Resistance of B6
mice to TMEV-induced demyelinating disease (TMEV-IDD) is
associated with the induction of robust innate immune responses
(1, 4), which is partly linked to the H-2D region of the major
histocompatibility complex (MHC) class I gene (5), and lower
levels of anti-inflammatory cytokines such as transforming
growth factor (TGF)-B and interleukin (IL)-10 (3, 6, 7).

The TMEV leader (L) protein is a 76 amino acid protein
cleaved off the N terminus of the viral polyprotein and
contributes to viral persistence (8, 9). The L protein can
interfere with cellular mRNA export from the nucleus and
interferon regulatory factor (IRF)-3 dimerization, which
inhibits type I interferon (IFN-I) gene transcription enhancing
viral replication and reduces TMEV-induced hippocampal
injury (8, 10-12). Moreover, the L* protein, encoded by an
alternative open reading frame, blocks the antiviral OAS/
RNase L pathway through direct interaction with the ankyrin
domain of RNase L (13). The IFN-I receptor (IFNAR) is located
on the cell surface and composed of the subunits IFNARI and
IFNAR?2. IEN-I signal transduction is mediated by Janus kinase
(JAK)-1 and tyrosine kinase (TYK)-2, which activate interferon
stimulated gene factor (ISGF)-3. This transcription factor is a
ternary complex consisting of signal transducers and activator of
transcription (STAT)-1 and -2 and IRF-9, which binds to the IFN
stimulated response element (ISREs) in the promoter region of
over 300 interferon stimulated genes (ISGs) (14). ISG15, protein
kinase R (PKR), 2’-5-oligoadenylatsynthetase (OAS) and
myxovirus resistance (Mx) proteins represent classical antiviral
effectors, which are induced in multiple vertebrate species and
block all steps of viral replication (14, 15). IFNAR knockout mice
develop a rapid fatal encephalitis after TMEV infection
demonstrating the essential role of ISGs in virus control (16).
Moreover, C57BL/6 mice exhibit a higher expression of ISG15
and PKR in the spinal cord compared to SJL mice, which likely
contributes to virus elimination and their resistance to TMEV-
IDD (4).

Under noninflammatory conditions the CNS is characterized
by low constitutive IFN-3 expression, whereas upon infection
with neurotropic viruses strong IFN-f3 responses are induced
within the brain (17). IEN-B”" mice are highly susceptible to
vaccinia virus (Poxviridae) (18), La Crosse virus (LACV,
Bunyaviridae) (19), coxsackievirus B3 (CVB3, Picornaviridae)
(18), vesicular stomatitis virus (VSV, Rhabdoviridae) (20), West
Nile virus (WNV, Flaviviridae) (21) and influenza A viruses
(IAV, Orthomyxoviridae) (22), but not to a low neurovirulent

strain of Sindbis virus (Togaviridae) (23). IFN-B triggers IFNAR
signaling necessary for early restriction of viral replication and
spread (17, 23). IFN-B also induces the synthesis of the
transcription factor IRF-7 and thus facilitates the production of
most IFN-o. subtypes (24), whereas IFN-f deficiency does not
seem to impair IFN-o. production in the CNS (23). The role of
IFN-B in the pathogenesis of neuroinflammatory processes
caused by TMEV infection has not been determined so far.
Consequently, the aim of the present study was to analyze the
effect of IFN-P deficiency on the disease course after
TMEV infection.

MATERIAL AND METHODS

Animals Experiment

5 to 6-week old IFN-B”" mice (B6.129P2-Ifnb™! (Lambdaz (315)
GBEY mice (25) and wild type C57BL/6 mice (Charles River
Laboratories) were intracerebrally infected with 1x10° plaque-
forming units (PFU) TMEV-BeAn or TMEV-DA (2, 26, 27).
Clinical examination included weekly clinical scoring and
RotaRod® performance tests (26, 28). Necropsy was performed
to obtain frozen and paraffin-embedded brain and spinal cord
samples after perfusion with phosphate buffered saline.

For in vivo imaging of IFN-B expression, 5 to 6-week old
luciferase reporter mice (IFN-BABI“C/ "4 backcrossed to a C57BL/
6 albino background were intracerebrally infected with 1x10°
PFU TMEV-BeAn or TMEV-DA or received an intracerebral
injection of cell culture medium (Dulbecco’s Modified Eagle
Medium, DMEM, PAA Laboratories) as control. Mice were
injected with 150 mg/kg of D-luciferin in PBS (Perkin-Elmer)
into the lateral tail vein, anesthetized with 2.5% Isofluran
(Abbot), and monitored using an IVIS Spectrum CT (Perkin-
Elmer) at 0, 6, 12, 24, 48 and 72 hours post infection/injection.
Photon flux was quantified using the Living Image 4.3.1 software.

To generate tissue-specific IFN-B”~ mice, IFN-ploxB-tuc/
floxp-luc animals were intercrossed with NesCre*” mice that
express Cre in neuroectodermal cells (neurons, astrocytes and
oligodendrocytes). 5 to 6-week old NesCre”” IFN-B" mice
(B6.Cg-Tg (Nes-Cre) 1KIn-Ifnb™>!(uolieny and wild type
littermates (NesCre™”" IFN—Bﬂ/ﬂ mice) were intracerebrally
infected with 1x10° PFU TMEV-BeAn.

Virus Sequencing and Plaque

Size Analysis

Nucleic acid was extracted and sequenced as described (29).
Briefly, RNA from cell culture supernatant was recovered using a
NucleoSpin kit (Macherey-Nagel) and RNA sequencing libraries
were prepared using the ScriptSeq v2 RNA-Seq chemistry
(Ilumina). Libraries were sequenced on an Illumina MiSeq
using a 500v2 kit generating approximately 2 million paired-
end reads of 250 bp length per sample. TMEV genomes were
constructed by combining the de novo assembly generated in
CLC Genomics Workbench (Qiagen) and the JX443418
mapping consensus in Geneious Prime 2022 (Biomatters).
Assembled genomes and GenBank sequences were aligned
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using MAFFT v7.450 and a Neighbor-Joining tree
was constructed in Geneious Prime 2022 using default
parameters and 1,000 bootstrap replicates. The following
GenBank accession numbers were used for the phylogeny:
NC_001366, NC_009448, JX443418, M16020, M20301,
M20562, KF680264, MK343442, MK343443, X56019,
HQ652539, EU718732, EU718733, EU723238.

Plaque assay was performed as described (30). Briefly,
cerebral tissue was weighed, diluted in DMEM to a
concentration of 10% and homogenized using Omni Tissue
Homogenizer (Stid-Laborbedarf GmbH). Serial dilutions of
homogenates were added to 6-well culture plates (Sigma-
Aldrich) of confluent L cells for 1 hour at room temperature.
Subsequently, cells were covered with methyl cellulose (Sigma-
Aldrich) and after an incubation for 72 hours at 37°C cells were
fixed with 10% buffered formalin. PFU/ml were determined after
staining with crystal violet (Merck). Plaque sizes were evaluated
using photos of culture plates and analysis software (analySIS 3.1
software package; Soft Imaging system).

Histology and Immunohistochemistry

2-4 um paraffin section of the brain and spinal cord were stained
with hematoxylin and eosin and used for histological
examination. Perivascular mononuclear infiltrates were
semiquantitatively quantified (0: no infiltrates; 1: one layer of
infiltrates; 2: 2-3 layers of infiltrates; 3: > 3 layers of infiltrates) in
different areas of the cerebrum (meninges, cortex cerebri,
subcortical white matter, hippocampus, thalamus/
hypothalamus, third ventricle, lateral ventricles and basal
ganglia) separately in both cerebral hemispheres (16 values per
animal) and the mean calculated for each mouse. Neuronal cell
loss was evaluated separately in the left and right hippocampus
using a semiquantitative scoring system (0: no cell loss; 1: <25%
of neurons lost; 2: 25-50% of neurons lost; 3: >50% of neurons
lost) and the mean of both values determined. Moreover, the
cellularity in the spinal cord was evaluated semiquantitatively (0:
normal; 1: mildly increased; 2: moderately increased; 3: severely
increased) in the dorsal left, dorsal right, ventral left and ventral
right quarters of the gray and white matter of the cervical,
thoracic and lumbar spinal cord (24 values per animal) and
the mean calculated for each mouse.

Immunohistochemistry of paraffin-embedded brain sections
was performed to detect TMEV antigen (1:2000) (31), CD3" T
cells (GA50361-2; Agilent Dako; 1:500), CD45R™ B cells (553085;
BD Biosciences; 1:1000), Iba-1" macrophages (019-19741; Wako
Chemicals GmbH; 1:1000) and GFAP (GA52461-2; Agilent Dako;
1:1000) (32). Morphometry of immunohistochemically stained
slides was used to quantify the infiltration of CD3" T cells,
CD45R" B cells and Iba-1" macrophages (percentage of
immunopositive area) into the brain at two section levels
(cerebrum with hippocampus, thalamus and hypothalamus;
cerebellum with medulla oblongata) using a digital microscope
(HS All-in-one Fluorescence Microscope BZ-9000 Generation II,
BIOREVO, KEYENCE Deutschland GmbH) and analysis software
(analySIS 3.1 software package; Soft Imaging system). Viral load
was evaluated using a semiquantitative scoring system (0: no
TMEV™ cells; 1: <25% TMEV™ cells; 2: 25-50% TMEV™" cells;

3: >50% TMEV™ cells) in different areas of the cerebrum (see
above) and the mean calculated. Astrogliosis was also evaluated
semiquantitatively (0: no; 1: mild; 2: moderate; 3: severe) in these
areas of the cerebrum (32). In the spinal cord the absolute number
of TMEV-infected cells was determined in three complete
transversal sections (cervical, thoracic, lumbar).

Fluorescent In Situ Hybridization

To localize IFN-B expression in the brain, fluorescent in situ
hybridization (FISH) was performed using an RNA probe (Ifnb1,
63037-06; Affymetrix) and the ViewRNA ISH Tissue Assay Kit
(Thermo Fisher Scientific) as well as the ViewRNA Chromogenic
Signal Amplification Kit (Thermo Fisher Scientific) as described
(33, 34). Briefly, paraffin sections were deparaffinized, boiled for
10 min in pretreatment solution, incubated with protease QF®
for 20 min and hybridized with the RNA probe for 6 h at 40°C.
Following amplification steps, phase contrast and Cy3
fluorescence images were taken using a color video camera
(DP72, 12.8 megapixel CCD; Olympus), a microscope (IX50;
Olympus) and the cellF software (version 3.3; Olympus). Non-
probe incubations served as negative controls.

RT-gPCR

RT-qPCR was performed for TMEV, Isg15, Eif2ak2 (PKR), Tnfa,
Il1a, 111b, 114, Il6, 1110, 1112, Ifng, Tgfvl, and three housekeeping
genes (Gapdh, Actb, Hprtl) using the AriaMx Real-time PCR
System (Agilent Technologies Deutschland GmbH) and Brilliant
III Ultra-Fast SYBR®QPCR Master Mixes (Agilent Technologies
Deutschland GmbH) (35).

Statistical Analysis

Statistical analysis was performed using Prism 9 software
(GraphPad). Survival and clinical data were analyzed using
Mantle-Cox tests and Sidak multiple comparisons tests,
respectively. Mann-Whitney tests were used to evaluate
histological, immunohistochemical, virological and RT-
qPCR data.

RESULTS

IFN-B Deficiency Results in Rapid Death
After TMEV-DA But Not TMEV-BeAn
Infection

Despite the resistance of B6 wild type (WT) mice to TMEV
infection, 80% (8/10) of DA-infected IFN—B’/’ mice had to be
killed at 7 days post infection (dpi) and another 20% (2/10) at 8 dpi
due to severe clinical disease, whereas all BeAn-infected mice (10/
10) survived (Figure 1). Lethal disease in DA-infected IFN—B'/ .
mice was associated with a high viral load, which was revealed by
plaque assay (Figure 2A) and immunohistochemistry
(Supplementary Figure 1). In contrast, low numbers of
infectious viral particles were found in surviving BeAn-infected
IFN-B7" mice at 14 dpi (Figure 2A). Interestingly, plaque analysis
showed that BeAn induced small uniform plaques, whereas DA
infection results in larger heterogeneous plaques (Figure 2B and
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Kaplan-Meier survival curve

Supplemental Figure 2). This prominent difference in plaque size
was found in TMEV strains used for intracerebral infection and
viruses re-isolated from brain tissue of infected animals
(Supplementary Figure 3). The unanticipated difference in
virulence instigated a detailed analysis of TMEV strains used for
animal experiments and their interaction with IFN-f signaling. Virus
sequencing detected 12 nucleotide differences in the TMEV-DA
genome compared to a reference sequence (JX443418), but these
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FIGURE 1 | IFN-B is critical for the survival of C57BL/6 (B6) mice after infection with the DA but not the BeAn strain of TMEV. B6 wild type (WT) and IFN—B'/' mice
(n=10) were intracranially infected with 1 x 10° PFU of TMEV-BeAn or TMEV-DA and survival was monitored twice a day. Mantle-Cox tests: ****p < 0.0001.

changes only caused three amino acid changes in the virus proteins
2C, 3A and 3D, respectively (Figure 3 and Supplemental Table 1).
Moreover, a phylogenetic analysis demonstrated that TMEV strains
used in the present study are highly similar to TMEV strains used by
other research groups (Supplemental Figure 4).

In summary, DA but not BeAn induces a lethal disease in
IFN-B”" mice. These virus strains also differ in their in vitro
growth characteristics.

B
5000 [ xX¥
— — .
£ 4000 .
=
g 3000+
("2]
8 20004 ®
O
Lo
o 1000
0 I I
> v
¥ d’o
N’ &
A

FIGURE 2 | Low numbers of infectious viral particles were found in IFN-B~ mice after TMEV-BeAn infection, whereas TMEV-DA-infected IFN-B”~ mice developed a
high viral load and had to be euthanized due to severe clinical disease (A). TMEV-BeAn and TMEV-DA induce small uniform plaques and large heterogeneous
plaques, respectively (B). IFN—B'/ ~ mice were intracranially infected with 1 x 10° PFU of TMEV-BeAn or TMEV-DA. Plaque analysis was performed on L cells and used
to detect infectious viral particles in the brain of TMEV-infected mice (A). Moreover, plaque sizes of TMEV strains used for mouse infection were determined (B).
Mann-Whitney tests demonstrated statistically significant differences between the two TMEV strains (****p < 0.0001). Shown are all data points with means.
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Luciferase Reporter Mice Show a Lower
IFN-B Expression After a TMEV-DA
Compared to a TMEV-BeAn Infection
In vivo imaging using luciferase reporter mice demonstrated a
strong IFN-B expression already 6 hours after BeAn infection,
whereas mice infected with DA only showed a limited IFN-3
expression at this time point. Nevertheless, the strong IFN-
expression after BeAn infection rapidly declined and was similar to
DA-infected mice at 3 dpi (Figure 4). [FN-B mRNA expression at 1
dpi waslocalized to the CA1 area of the hippocampus and ependymal
cells of the third ventricle using FISH (Supplemental Figure 5).

In summary, IFN-f expression is restricted in DA- compared
to BeAn-infected mice, which produce IFN-B mRNA in the
hippocampus and third ventricle.

IFN-B”- Mice Show Increased
Inflammation, Viral Load and Astrogliosis
After TMEV-BeAn Infection due to Lacking
IFN-B Expression of Non-Neuroectodermal
Cells

BeAn-infected IFN-B” mice showed higher numbers of
perivascular inflammatory infiltrates, more viral antigen and
an increased astrogliosis in the cerebrum at 14 dpi compared
to B6 WT mice (Figure 5). Moreover, the percentage of
perivascular Iba-1* macrophages was higher in IFN-B”" than
in B6 WT mice, whereas no difference was found in the
percentages of perivascular CD3" T cells and CD45R" B cells
(Figure 6). Likewise, a quantification of Iba-1¥, CD3" and
CD45R" cells in the brain demonstrated that IFN-B”" mice
display a higher number of intraparenchymal microglia/
macrophages but a similar infiltration of lymphocytes after
TMEV infection (Figure 7 and Supplemental Figure 6).
Hippocampal cell loss was similar in IEN-B”" and B6 WT mice
(Supplemental Figure 7).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) revealed higher levels of TMEV RNA and Eif2ak2
(PKR), Isgl5, Tnfa, 11b, 1110, 1112 and Ifng mRNA in the
cerebrum of IFN-B”" compared to B6 WT mice at 14 dpi
(Figure 8). No difference in Il4, II6 and Tgfbl mRNA
transcripts was detected in the cerebrum between these mice at
14 dpi and for all genes at 98 dpi (Supplemental Figure 8).

To investigate the relevance of central and peripheral IFN-f3
expression, NesCre™ IFN-B"™ mice, which do not express IFN-

B in neuroectodermal cells (neurons, astrocytes and
oligodendrocytes), and wild type littermates were intracranially
infected with TMEV-BeAn. Interestingly, lack of IFN-f
expression in neuroectodermal cells did not result in enhanced
inflammation, viral load, astrogliosis and hippocampal cell loss
(Figure 9 and Supplemental Figure 7). Consequently, inhibition
of viral replication and efficient immune responses seem to be
dependent on IFN-fB expression of non-neuroectodermal cells
after BeAn infection.
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FIGURE 4 | Strong IFN-B expression in C57BL/6 mice infected with TMEV-
BeAn but not TMEV-DA. Groups of three IFN-B Iuciferase reporter mice (IFN-
BABUeY received an intracranial injection of cell culture medium (Dulbecco’s
Modified Eagle Medium) as control or were intracranially infected with 1 x 10°
PFU of TMEV-BeAn or TMEV-DA, respectively. For analysis of luciferase
expression, luciferin was i.v. injected at 0, 6, 12, 24, 48 and 72 hours post
infection (hpi), and mice were monitored in an IVIS Spectrum CT in vivo imager.
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TMEV-BeAn Persists in IFN-B~ Mice and
Induced a Mild Demyelination in the Spinal
Cord White Matter

After BeAn infection, IFN-B’/’ and WT mice did not differ in
their clinical scores, weight and RotaRod performance up to 98
dpi (Supplemental Figure 9). In addition, histology did not
detect morphological lesions in the brain of infected IFN-B”~ and
B6 WT mice at 98 dpi. However, TMEV persisted in the spinal
cord of IFN-B”" mice at a low level and caused an increased
cellularity in the spinal cord white matter and a mild

demyelination at 98 dpi (Figure 10). Correspondingly, RT-
qPCR detected TMEV RNA in the spinal cord of six out of ten
IFN-B”" mice but not in B6 WT mice at 98 dpi, which was
associated with higher 116 mRNA levels in IFN-B”~ compared to
B6 WT mice. Finally, IFN-B”" mice persistently infected with
TMEYV had higher Isg15, Eif2ak1, Tnfa, Il1a, 1l11b and Ifng mRNA
levels in the spinal cord at 98 dpi compared to IFN-B”" mice
without TMEV (Figure 11).

In summary, IFN-B”" mice showed a severely restricted
capacity to eliminate BeAn from the CNS leading to ongoing
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FIGURE 7 | IFN-B”~ mice show an increased number of Iba-1* microglia/
macrophages compared of C57BL/6 wild type (B6 WT) mice in the brain at
14 days after TMEV-BeAn infection. In contrast, IFN—B'/ " deficiency did not
change the infiltration of lymphocytes (CD3* T cells and CD45R"* B cells).
Immunohistochemistry (IHC) using the avidin-biotin complex (ABC) method.
Percentages of immunopositive area were determined using morphometry of
immunohistochemically stained brain sections (cerebrum with hippocampus,
thalamus and hypothalamus; cerebellum with medulla oblongata). Mann-
Whitney test: (“p=0.0030). Shown are all data points with means.

inflammation and mild demyelination in the spinal cord despite
of higher ISG expression.

DISCUSSION

The present study aimed to investigate the role of IFN-8 during
TMEYV infection. For this purpose IFN-B”" mice were generated on
a C57BL/6 background that is usually resistant to TMEV-IDD (1).
Surprisingly, all IFN-B”" mice died one week after infection with the
DA strain of TMEV, whereas the TMEV-BeAn strain did not cause
death in these mice. TMEV strains and substrains are known to
differ in their capacity to cause brain inflammation and
neurodegeneration and can even cause early seizures and epilepsy
in C57BL/6 mice (2, 29). A comparison between the sequences of
two TMEV-BeAn substrains detected four coding changes located
within the VP1 and VP3 (capsid), 3A (nonstructural protein) and
3D (polymerase) genes, which most likely contribute to these
differences in neurovirulence (29). Likewise, poliovirus protein 3A
inhibits the transport from the endoplasmic reticulum to the Golgi
apparatus, blocks TNF-induced apoptosis and even limits IL-6, IL-8
and IFN-f secretion during viral infections (36-38). The present
TMEV-DA strain exhibited three coding changes in the virus
proteins 2C, 3A and 3D compared to a reference sequence
(JX443418), which might also affect its virulence. Mutations in the
N-terminus of the nucleosid triphosphatase (NTPase) 2C can
impair virus replication but the detected amino acid substitution
(51458P) was located in the C-terminus of this virus protein making
functional relevance unlikely (39, 40). Interestingly, our BeAn and
DA strains produced small (< 1 mm) and larger heterogeneous
plaques (1-5 mm), respectively. Highly neurovirulent TMEV strains
such as GDVII and FA are known to induce large plaques in BHK-
21 cells, whereas low neurovirulent strains including DA, TO, WW,
Yale and BeAn produce small plaques (41, 42). When assayed on L2
cells, small (0.75 + 0.13 mm) and large (1.51 + 0.16 mm) plaque
forming variants of the DA strain were described (43). Nevertheless,
the small plaque forming variant caused severe lesions in SJL/J and
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C57BL/6 mice, whereas the large plaque forming variant was
attenuated most likely due to mutated L and L* proteins (43, 44).
In contrast, TMEV strains used in the present study did not have
coding changes in these proteins, which are known to interfere with
IFN-I gene transcription and the antiviral OAS/RNase L pathway
(8-13). Nonetheless, luciferase reporter mice demonstrated a
restricted TFN-§ expression in DA- compared to BeAn-infected
mice indicating a disturbed IFN-I signaling. The higher virulence of
the DA compared to the BeAn strain is also related to a restricted
avidity and epitope recognition of CD8" T cells (3, 45, 46).
Consequently, DA seems to block early innate immune responses
and prevent detection by virus-specific T cells more efficiently than
BeAn resulting in fatal disease in IFN-B”" mice.

Another major finding of the present study was that BeAn-
infected TFN-B”" mice showed higher inflammation and viral
load as well as stronger astrogliosis than WT mice. IFN-f
deficiency did not modify lymphocyte infiltration into the
brain at 14 dpi but might have affected their activation status
and antiviral activity. [FN- controls T cell activation, pro- and
anti-inflammatory cytokine secretion and blood-brain barrier
integrity during neuroinflammatory diseases (47, 48). IFN-f3 can
either promote or inhibit T cell activation, proliferation,
differentiation and survival, which primarily depends on the
timing of IFN-I exposure and T cell receptor stimulation (49).
However, the TMEV-BeAn strain persisted in IFN-B”" mice
resulting in ongoing inflammatory processes in the spinal cord
white matter and even mild demyelination at 98 dpi. The genetic
background of C57BL/6 mice can influence the extent of clinical
disease, neuroinflammation and neurodegeneration after
TMEV-BeAn infection (2). Nonetheless, differences in the

\
Yo, T

FIGURE 9 | NesCre*” IFN-B"™ mice do not develop more severe lesions than wild type littermates after TMEV-BeAn infection. NesCre”” IFN-B"" and NesCre*~ IFN-
B"/" mice were intracranially infected with 1 x 10° PFU of TMEV-BeAn. Inflammation, viral load and astrogliosis was evaluated semiquantitatively in the cerebrum at 14
days post infection. Upper row: Perivascular mononuclear infiltrates are similar in the cell-type specific knockout mice and wild type littermates. Hematoxylin and
eosin (HE) stain. Middle row: Very low amount of TMEV antigen in both mouse strains. Immunohistochemistry (IHC) using the avidin-biotin complex (ABC) method.
Lower row: An astrogliosis is present in the hippocampus of both mouse strains revealed by glial fibrillary acidic protein (GFAP) staining. IHC using the ABC method.
Bars = 150 pym. Insets show higher magnifications. Mann-Whitney tests did not detect statistically significant differences between cell-type specific knockout mice

genetic background of IFN-B”~ and WT mice cannot explain
virus persistence and demyelinating lesions in IFN-B”" mice,
because both 129 mice (original strain of IFN—B’/ " mice) and
C57BL/6 mice including all substrains are highly resistant to
TMEV-IDD and eliminate the virus in the acute phase of the
disease (1, 50). Interestingly, IFN-B”" mice also developed more
extensive inflammation and demyelination in experimental
autoimmune encephalomyelitis (EAE), an animal model of
human multiple sclerosis (MS), underlining the prominent role
of IFN-f in the prevention of demyelinating diseases (51). EAE
lesions in IFN-B”" mice were not caused by increased T cell
priming or encephalitogenicity of T cells nor a skewed balance
between Thl and Th2 responses. In contrast, locally produced
IFN-B seems to limit microglia activation and TNF-o
production. This inhibitory effect on resident antigen
presenting cells might reduce the in situ T cell reactivation and
their cytokine production (51). In general, IFNAR signaling of
myeloid cells such as microglia/macrophages but not of T cells or
neurons seem to mediate the protective effects of IFN-f during
autoimmune CNS inflammation (52, 53).

Similar to the results of the above-described EAE study, TMEV-
infected IFN-B” mice developed an increased expression of the pro-
inflammatory cytokine TNF-c, which can be produced by microglia,
astrocytes and infiltrating immune cells (35). Likewise, both resident
glial and infiltrating immune cells can contribute to increased
expression of IL-1fB, IL-10, IL-12 and IFN-y in the cerebrum of
IFN-B”" compared to B6 WT mice at 14 dpi. High TNF-o,, IL-1B, IL-
10 and IFN-y levels might also have caused astrogliosis in TMEV-
infected IFN—B’/ " mice (54-56), which can be a self-reinforcing
process, because reactive astrocytes can produce themselves various
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BeAn infection. Upper row: histological lesions in the spinal cord of B6 wild type
(WT) and IFN-B”~ mice. Note increased cellularity in the white matter and
multifocal mononuclear infiltrates in the meninges of IFN-B”~ mice. Hematoxylin
and eosin (HE) stain. Middle row: Mild demyelination in the white matter of the
spinal cord of IFN—B'/ " mice (arrows). Luxol fast blue stain (LFB). Lower row:
immunohistochemical detection of TMEV antigen. Note virus-infected cells in the
spinal cord white matter (arrow). Avidin-biotin complex immunoperoxidase
method. Bars = 20 um. Mann-Whitney tests demonstrated significantly increased
hypercellularity (“p=0.0079), demyelination (‘p=0.0126), and TMEV-infected cells
(*p=0.0031) in the spinal cord of IFN-B" compared to B6 WT mice at 98 dpi.
Shown are all data points with means.

chemokines and cytokines to regulate CNS inflammation (35, 57).
IL-12 and IFN-y are pro-inflammatory Thl cytokines and support
protective cytotoxic T cell (CTL) responses, which are critical for
resistance to TMEV-IDD (6, 58-60). Nonetheless, elevated
expression of the anti-inflammatory cytokine IL-10 inhibits Thl
responses critical for TMEV elimination (7). Moreover, high-level
expression of IL-1f can elevate pathogenic Th17 responses, which
facilitate viral persistence and inhibit T cell cytotoxicity (61, 62).
However, increased cytokine expression might simply be the result
and not the cause of enhanced viral replication in TMEV-infected
IFN-B”" mice limiting conclusions about its pathogenic role. A
recent VSV study revealed that IFN-I stimulation of neurons and
astrocytes is critical for full microglia activation and restriction of
viral spread (63). Similarly, BeAn-infected IFNAR”" mice
developed rapid fatal encephalitis due to less efficient stimulation
of virus-specific T cells by antigen-presenting cells and hence
unrestricted viral replication (16). This indirect effect of IFN-I on
microglia activation strikingly contrasts the direct inhibitory effects
of IFNAR signaling on CNS myeloid cells described in EAE.
Consequently, the absence of IFN-f stimulation of neurons and
astrocytes might impair antigen presentation in the present BeAn-
infected IFN-B”" mice and thereby efficient antiviral immune
responses despite of increased ISG expression.

IFN-I can be produced by basically all types of nucleated cells,
but plasmacytoid dendritic cells are main producers of IFN-I during
viral infections (64). In the brain, abortively infected astrocytes are
the major source of IFN-[3 after infection with different neurotropic
viruses including TMEV, VSV and rabies virus. Moreover,
microglia/macrophages and to a minor extent neurons contribute
tolocal IFN-f3 expression (20, 65). To investigate the importance of
IFN-B expression by resident CNS cells on the outcome of TMEV
infection, we used NesCre*"” IEN-B"™ mice, which do not express

Shown are all data points with means.

<

g 40000 2 800

4 : = .

o

£ 30001 s < 600+ coun

2 . ] .

2 a

& 2000 . S 400 .

o L4 <

g =

¥ 1000+ % 2004 ®m °

> .

g O T

g o ? o-—,—,—‘
B6 WT IFN-§” B6 WT IFN-5”

- < 0=

< 2000 a 4

[4 [4

) . 2

£ 1500 . £ 30 o

o o

2 o uit 2 ##

2 1000 . g 201

o

S ol T s 3 =

¥ 500 HEE .. ¢ 104 *®

: = . 5 | -=

g g ag 3.

bl T T /. bl T T i
B6 WT IFN-5™ B6 WT IFN-p

<
Z 2500 < 2501
o oe®
o o .
£ 2000 =® 2 200 H
@ o # = ##
2 . H
3. 1500 2 150 .
o
o o 3
§ 1000 - < 100+
x odla z B
E 500 . £ soq =
© H oo .
x 8 .o
] s . o8 '
g T T ~ 0 T T
w B6 WT IFN-§” B6WT IFN-g”
* < 2000
L T 2
o o x
) 2
2 o £ 15004 =
- 100 ‘. P
2 .. & #
3 H . & 1000
o * © .
< s <8 g .
z X 500 oo
£ £ e
g g - lea:
B6 WT IFN-5” B6 WT IFN-§”

FIGURE 11 | Virus persistence results in increased expression of interferon stimulated genes (ISGs) and pro-inflammatory cytokines in the spinal cord of IFN—B'/ :
mice at 98 days after TMEV-BeAn infection. C57BL/6 wild type (B6 WT) and IFN—B'/ ~ mice were intracerebrally infected with 1 x 10° PFU of TMEV-BeAn. Mann-
Whitney tests of RT-gPCR data demonstrated higher levels of TMEV RNA (*p=0.0108) and //6 (*p=0.0408) mRNA in the spinal cord of IFN—B’/ ~ compared to WT
mice. Note that TMEV RNA was detected in six IFN—B'/ “mice (gray dots), whereas four IFN—B'/ “mice (black dots) eliminated the virus. Moreover, Mann-Whitney tests
revealed higher levels of TMEV RNA as well as Isg15, Eif2ak1, Tnfa, ll1a, lI1b and Ifng mRNA in TMEV* compared to TMEV IFN—[S"’ mice (*p < 0.05; *p < 0.01).
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IFN-B in neuroectodermal cells. These cell-type specific knockout
mice did not develop more severe brain lesions than wild type
littermates demonstrating that the resistance of C57BL/6 mice to
TMEV-IDD does not depend on IFN-B expression of neurons,
astrocytes and oligodendrocytes. In contrast, IFN-f production of
microglia and peripheral immune cells as well as the expression of
other IFN-I family members might prevent severe disease in BeAn-
infected NesCre™” IEN-B"" mice.

In conclusion, IFN-f deficiency in C57BL/6 mice results in
fatal disease after DA infection or virus persistence and
demyelinating disease after BeAn infection. These results
demonstrate a critical function of this innate cytokine for
effective antiviral immune responses and prevention of
demyelination processes. Moreover, lack of severe disease in
BeAn-infected NesCre*’” IFN-BY® mice shows that the resistance
of C57BL/6 mice to TMEV-IDD does not depend on IFN-B
expression of neurons, astrocytes and oligodendrocytes. Further
studies investigating the interactions of specific IFN-I pathway
members with resident CNS and invading immune cells during
virus-induced inflammatory processes of the brain and spinal
cord will certainly help to understand the exact role of IFN-I in
the development of long-term consequences of viral encephalitis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Niederséchsisches
Landesamt fiir Verbraucherschutz und Lebenmittelsicherheit,
Oldenburg, Germany, permission number: 33.12-42502-04-14/1656.

REFERENCES

1. Gerhauser I, Hansmann F, Ciurkiewicz M, Loscher W, Beineke A. Facets of
Theiler's Murine Encephalomyelitis Virus-Induced Diseases: An Update. Int |
Mol Sci (2019) 20(2):E448. doi: 10.3390/ijms20020448

2. Broer S, Kiufer C, Haist V, Li L, Gerhauser I, Anjum M, et al. Brain
Inflammation, Neurodegeneration and Seizure Development Following
Picornavirus Infection Markedly Differ Among Virus and Mouse Strains
and Substrains. Exp Neurol (2016) 279:57-74. doi: 10.1016/j.expneurol.
2016.02.011

3. Oleszak EL, Chang JR, Friedman H, Katsetos CD, Platsoucas CD. Theiler's
Virus Infection: A Model for Multiple Sclerosis. Clin Microbiol Rev (2004) 17
(1):174-207. doi: 10.1128/CMR.17.1.174-207.2004

4. Li L, Ulrich R, Baumgirtner W, Gerhauser 1. Interferon-Stimulated Genes-
Essential Antiviral Effectors Implicated in Resistance to Theiler's Virus-
Induced Demyelinating Disease. | Neuroinflamm (2015) 12:242.
doi: 10.1186/s12974-015-0462-x

5. Bureau JF, Montagutelli X, Bihl F, Lefebvre S, Guenet JL, Brahic M. Mapping
Loci Influencing the Persistence of Theiler's Virus in the Murine Central
Nervous System. Nat Genet (1993) 5(1):87-91. doi: 10.1038/ng0993-87

6. ChangJR, Zaczynska E, Katsetos CD, Platsoucas CD, Oleszak EL. Differential
Expression of TGF-Beta, IL-2, and Other Cytokines in the CNS of Theiler's

AUTHOR CONTRIBUTIONS

MB - drafting and manuscript preparation, data collection and
data analysis. SR, DL, JG, CD, VN, and MS - data collection and
data analysis. UK - idea generation and manuscript editing. AB,
TS, and WB - manuscript editing. IG - idea generation, drafting
and manuscript preparation, data analysis and manuscript
editing. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Niedersachsen-Research
Network on Neuroinfectiology (N-RENNT) of the Ministry of
Science and Culture of Lower Saxony to WB and UK. DL was
funded by the China Scholarship Council (File No.
01606170128). This Open Access publication was funded by
the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) within the programme LE 824/10-1 “Open Access
Publication Costs” and University of Veterinary Medicine
Hannover, Foundation.

ACKNOWLEDGMENTS

The authors thank Julia Baskas, Petra Griinig, Angela Karl,
Christiane Namneck, Kerstin Schone, Caroline Schiitz and
Danuta Waschke for excellent technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.786940/
full#supplementary-material

Murine Encephalomyelitis Virus-Infected Susceptible and Resistant Strains of
Mice. Virology (2000) 278(2):346-60. doi: 10.1006/viro.2000.0646

7. 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.
J Neuroimmunol (2012) 249(1-2):27-39. doi: 10.1016/j.jneuroim.2012.04.010

. Ricour C, Delhaye S, Hato SV, Olenyik TD, Michel B, van Kuppeveld FJ, et al.
Inhibition of mRNA Export and Dimerization of Interferon Regulatory
Factor 3 by Theiler's Virus Leader Protein. ] Gen Virol (2009) 90(Pt
1):177-86. doi: 10.1099/vir.0.005678-0

9. Calenoff MA, Badshah CS, Dal Canto MC, Lipton HL, Rundell MK. The

Leader Polypeptide of Theiler's Virus Is Essential for Neurovirulence But Not

for Virus Growth in BHK Cells. J Virol (1995) 69(9):5544-9. doi: 10.1128/

jvi.69.9.5544-5549.1995

Delhaye S, van Pesch V, Michiels T. The Leader Protein of Theiler's Virus

Interferes With Nucleocytoplasmic Trafficking of Cellular Proteins. J Virol

(2004) 78(8):4357-62. doi: 10.1128/JV1.78.8.4357-4362.2004

Stavrou S, Feng Z, Lemon SM, Roos RP. Different Strains of Theiler's Murine

Encephalomyelitis Virus Antagonize Different Sites in the Type I Interferon

Pathway. ] Virol (2010) 84(18):9181-9. doi: 10.1128/JVL.00603-10

Moore TC, Cody L, Kumm PM, Brown DM, Petro TM. IRF3 Helps Control

Acute TMEV Infection Through IL-6 Expression But Contributes to Acute

o

10.

11.

12.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 786940


https://www.frontiersin.org/articles/10.3389/fimmu.2022.786940/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.786940/full#supplementary-material
https://doi.org/10.3390/ijms20020448
https://doi.org/10.1016/j.expneurol.2016.02.011
https://doi.org/10.1016/j.expneurol.2016.02.011
https://doi.org/10.1128/CMR.17.1.174-207.2004
https://doi.org/10.1186/s12974-015-0462-x
https://doi.org/10.1038/ng0993-87
https://doi.org/10.1006/viro.2000.0646
https://doi.org/10.1016/j.jneuroim.2012.04.010
https://doi.org/10.1099/vir.0.005678-0
https://doi.org/10.1128/jvi.69.9.5544-5549.1995
https://doi.org/10.1128/jvi.69.9.5544-5549.1995
https://doi.org/10.1128/JVI.78.8.4357-4362.2004
https://doi.org/10.1128/JVI.00603-10
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bdhler et al.

IFN-B Deficiency in TMEV-Infected Mice

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hippocampus Damage Following TMEV Infection. Virus Res (2013) 178
(2):226-33. doi: 10.1016/j.virusres.2013.10.003

Sorgeloos F, Jha BK, Silverman RH, Michiels T. Evasion of Antiviral Innate
Immunity by Theiler's Virus L* Protein Through Direct Inhibition of RNase L.
PloS Pathog (2013) 9(6):e1003474. doi: 10.1371/journal.ppat.1003474

Sadler AJ, Williams BR. Interferon-Inducible Antiviral Effectors. Nat Rev
Immunol (2008) 8(7):559-68. doi: 10.1038/nri2314

Shaw AE, Hughes J, Gu Q, Behdenna A, Singer JB, Dennis T, et al
Fundamental Properties of the Mammalian Innate Immune System
Revealed by Multispecies Comparison of Type I Interferon Responses. PLoS
Biol (2017) 15(12):¢2004086. doi: 10.1371/journal.pbio.2004086

Jin YH, Hou W, Kim §]J, Fuller AC, Kang B, Goings G, et al. Type I Interferon
Signals Control Theiler's Virus Infection Site, Cellular Infiltration and T Cell
Stimulation in the CNS. J Neuroimmunol (2010) 226(1-2):27-37. doi: 10.1016/
jjneuroim.2010.05.028

Lienenklaus S, Cornitescu M, Zietara N, Lyszkiewicz M, Gekara N, Jablonska
J, et al. Novel Reporter Mouse Reveals Constitutive and Inflammatory
Expression of IFN-Beta In Vivo. | Immunol (2009) 183(5):3229-36.
doi: 10.4049/jimmunol.0804277

Deonarain R, Alcami A, Alexiou M, Dallman M]J, Gewert DR, Porter AC.
Impaired Antiviral Response and Alpha/Beta Interferon Induction in Mice
Lacking Beta Interferon. J Virol (2000) 74(7):3404-9. doi: 10.1128/
jvi.74.7.3404-3409.2000

Blakqori G, Delhaye S, Habjan M, Blair CD, Sanchez-Vargas I, Olson KE, et al.
La Crosse Bunyavirus Nonstructural Protein NSs Serves to Suppress the Type
I Interferon System of Mammalian Hosts. J Virol (2007) 81(10):4991-9.
doi: 10.1128/jvi.01933-06

Detje CN, Lienenklaus S, Chhatbar C, Spanier J, Prajeeth CK, Soldner C, et al.
Upon Intranasal Vesicular Stomatitis Virus Infection, Astrocytes in the
Olfactory Bulb Are Important Interferon Beta Producers That Protect From
Lethal Encephalitis. J Virol (2015) 89(5):2731-8. doi: 10.1128/JV1.02044-14
Lazear HM, Pinto AK, Vogt MR, Gale MJr., Diamond MS. Beta Interferon
Controls West Nile Virus Infection and Pathogenesis in Mice. J Virol (2011)
85(14):7186-94. doi: 10.1128/JV1.00396-11

Koerner I, Kochs G, Kalinke U, Weiss S, Stacheli P. Protective Role of Beta
Interferon in Host Defense Against Influenza A Virus. J Virol (2007) 81
(4):2025-30. doi: 10.1128/JV1.01718-06

Burdeinick-Kerr R, Wind J, Griffin DE. Synergistic Roles of Antibody and
Interferon in Noncytolytic Clearance of Sindbis Virus From Different Regions
of the Central Nervous System. ] Virol (2007) 81(11):5628-36. doi: 10.1128/
JVI1.01152-06

Sato M, Hata N, Asagiri M, Nakaya T, Taniguchi T, Tanaka N. Positive Feedback
Regulation of Type I IFN Genes by the IFN-Inducible Transcription Factor IRF-7.
FEBS Lett (1998) 441(1):106-10. doi: 10.1016/S0014-5793(98)01514-2
Erlandsson L, Blumenthal R, Eloranta ML, Engel H, Alm G, Weiss S, et al.
Interferon-Beta Is Required for Interferon-Alpha Production in Mouse
Fibroblasts. Curr Biol (1998) 8(4):223-6. doi: 10.1016/s0960-9822(98)70086-7
Uhde AK, Herder V, Akram Khan M, Ciurkiewicz M, Schaudien D, Teich R,
et al. Viral Infection of the Central Nervous System Exacerbates Interleukin-
10 Receptor Deficiency-Mediated Colitis in SJL Mice. PLoS One (2016) 11(9):
€0161883. doi: 10.1371/journal.pone.0161883

Ciurkiewicz M, Herder V, Khan MA, Uhde AK, Teich R, Floess S, et al.
Cytotoxic CD8(+) T Cell Ablation Enhances the Capacity of Regulatory T
Cells to Delay Viral Elimination in Theiler's Murine Encephalomyelitis. Brain
Pathol (2018) 28(3):349-68. doi: 10.1111/bpa.12518

Ulrich R, Baumgirtner W, Gerhauser I, Seeliger F, Haist V, Deschl U, et al.
MMP-12, MMP-3, and TIMP-1 Are Markedly Upregulated in Chronic
Demyelinating Theiler Murine Encephalomyelitis. ] Neuropathol Exp Neurol
(2006) 65(8):783-93. doi: 10.1097/01.jnen.0000229990.32795.0d

Broer S, Hage E, Kdufer C, Gerhauser I, Anjum M, Li L, et al. Viral Mouse
Models of Multiple Sclerosis and Epilepsy: Marked Differences in
Neuropathogenesis Following Infection With Two Naturally Occurring
Variants of Theiler's Virus BeAn Strain. Neurobiol Dis (2017) 99:121-32.
doi: 10.1016/j.nbd.2016.12.020

Uhde AK, Ciurkiewicz M, Herder V, Khan MA, Hensel N, Claus P, et al. Intact
Interleukin-10 Receptor Signaling Protects From Hippocampal Damage

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Elicited by Experimental Neurotropic Virus Infection of SJL Mice. Sci Rep
(2018) 8(1):6106. doi: 10.1038/s41598-018-24378-z

Kummerfeld M, Meens J, 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(1-2):185-8. doi: 10.1016/j.jviromet.2009.04.030
Gerhauser I, Ulrich R, Alldinger S, Baumgiartner W. Induction of Activator
Protein-1 and Nuclear factor-kappaB as a Prerequisite for Disease
Development in Susceptible SJL/] Mice After Theiler Murine
Encephalomyelitis. ] Neuropathol Exp Neurol (2007) 66(9):809-18.
doi: 10.1097/nen.0b013e3181461f31

Stanelle-Bertram S, Walendy-Gnirss K, Speiseder T, Thiele S, Asante IA,
Dreier C, et al. Male Offspring Born to Mildly ZIKV-Infected Mice Are at Risk
of Developing Neurocognitive Disorders in Adulthood. Nat Microbiol (2018)
3(10):1161-74. doi: 10.1038/s41564-018-0236-1

Pfankuche VM, Hahn K, Bodewes R, Hansmann F, Habierski A, Haverkamp
AK, et al. Comparison of Different In Situ Hybridization Techniques for the
Detection of Various RNA and DNA Viruses. Viruses (2018) 10(7):384.
doi: 10.3390/v10070384

Gerhauser I, Hansmann F, Puff C, Kumnok J, Schaudien D, Wewetzer K, et al.
Theiler's Murine Encephalomyelitis Virus Induced Phenotype Switch of
Microglia In Vitro. ] Neuroimmunol (2012) 252(1-2):49-55. doi: 10.1016/
jjneuroim.2012.07.018

Dodd DA, Giddings THJr., Kirkegaard K. Poliovirus 3A Protein Limits
Interleukin-6 (IL-6), IL-8, and Beta Interferon Secretion During Viral
Infection. J Virol (2001) 75(17):8158-65. doi: 10.1128/JV1.75.17.8158-
8165.2001

Doedens JR, Kirkegaard K. Inhibition of Cellular Protein Secretion by
Poliovirus Proteins 2B and 3A. EMBO ] (1995) 14(5):894-907. doi: 10.1002/
j.1460-2075.1995.tb07071.x

Neznanov N, Kondratova A, Chumakov KM, Angres B, Zhumabayeva B, Agol
VI, et al. Poliovirus Protein 3A Inhibits Tumor Necrosis Factor (TNF)-
Induced Apoptosis by Eliminating the TNF Receptor From the Cell Surface.
J Virol (2001) 75(21):10409-20. doi: 10.1128/JV1.75.21.10409-10420.2001
Jauka T, Mutsvunguma L, Boshoff A, Edkins AL, Knox C. Localisation of
Theiler's Murine Encephalomyelitis Virus Protein 2C to the Golgi Apparatus
Using Antibodies Generated Against a Peptide Region. J Virol Methods (2010)
168(1-2):162-9. doi: 10.1016/j.jviromet.2010.05.009

Murray L, Luke GA, Ryan MD, Wileman T, Knox C. Amino Acid
Substitutions Within the 2C Coding Sequence of Theiler's Murine
Encephalomyelitis Virus Alter Virus Growth and Affect Protein
Distribution. Virus Res (2009) 144(1-2):74-82. doi: 10.1016/
j.virusres.2009.04.001

Lipton HL. Characterization of the TO Strains of Theiler's Mouse
Encephalomyelitis Viruses. Infect Immun (1978) 20(3):869-72.
doi: 10.1128/iai.20.3.869-872.1978

Lipton HL. Persistent Theiler's Murine Encephalomyelitis Virus Infection in
Mice Depends on Plaque Size. ] Gen Virol (1980) 46(1):169-77. doi: 10.1099/
0022-1317-46-1-169

Oleszak EL, Leibowitz JL, Rodriguez M. Isolation and Characterization of Two
Plaque Size Variants of Theiler's Murine Encephalomyelitis Virus (DA
Strain). ] Gen Virol (1988) 69( Pt 9):2413-8. doi: 10.1099/0022-1317-69-9-
2413

Bijalwan M, Young CR, Tingling J, Zhou XJ, Rimmelin AR, Leibowitz JL, et al.
Characterization of Plaque-Sized Variants of Daniel's (DA) Strain in Theiler's
Virus-Induced Epilepsy. Sci Rep (2019) 9(1):3444. doi: 10.1038/s41598-019-
38967-z

Zoecklein LJ, Pavelko KD, Gamez ], Papke L, McGavern DB, Ure DR, et al.
Direct Comparison of Demyelinating Disease Induced by the Daniel's Strain
and BeAn Strain of Theiler's Murine Encephalomyelitis Virus. Brain Pathol
(2003) 13(3):291-308. doi: 10.1111/j.1750-3639.2003.tb00029.x

Kang BS, Lyman MA, Kim BS. Differences in Avidity and Epitope Recognition
of CD8(+) T Cells Infiltrating the Central Nervous Systems of SJL/] Mice
Infected With BeAn and DA Strains of Theiler's Murine Encephalomyelitis
Virus. J Virol (2002) 76(22):11780-4. doi: 10.1128/JVI1.76.22.11780-
11784.2002

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 786940


https://doi.org/10.1016/j.virusres.2013.10.003
https://doi.org/10.1371/journal.ppat.1003474
https://doi.org/10.1038/nri2314
https://doi.org/10.1371/journal.pbio.2004086
https://doi.org/10.1016/j.jneuroim.2010.05.028
https://doi.org/10.1016/j.jneuroim.2010.05.028
https://doi.org/10.4049/jimmunol.0804277
https://doi.org/10.1128/jvi.74.7.3404-3409.2000
https://doi.org/10.1128/jvi.74.7.3404-3409.2000
https://doi.org/10.1128/jvi.01933-06
https://doi.org/10.1128/JVI.02044-14
https://doi.org/10.1128/JVI.00396-11
https://doi.org/10.1128/JVI.01718-06
https://doi.org/10.1128/JVI.01152-06
https://doi.org/10.1128/JVI.01152-06
https://doi.org/10.1016/S0014-5793(98)01514-2
https://doi.org/10.1016/s0960-9822(98)70086-7
https://doi.org/10.1371/journal.pone.0161883
https://doi.org/10.1111/bpa.12518
https://doi.org/10.1097/01.jnen.0000229990.32795.0d
https://doi.org/10.1016/j.nbd.2016.12.020
https://doi.org/10.1038/s41598-018-24378-z
https://doi.org/10.1016/j.jviromet.2009.04.030
https://doi.org/10.1097/nen.0b013e3181461f31
https://doi.org/10.1038/s41564-018-0236-1
https://doi.org/10.3390/v10070384
https://doi.org/10.1016/j.jneuroim.2012.07.018
https://doi.org/10.1016/j.jneuroim.2012.07.018
https://doi.org/10.1128/JVI.75.17.8158-8165.2001
https://doi.org/10.1128/JVI.75.17.8158-8165.2001
https://doi.org/10.1002/j.1460-2075.1995.tb07071.x
https://doi.org/10.1002/j.1460-2075.1995.tb07071.x
https://doi.org/10.1128/JVI.75.21.10409-10420.2001
https://doi.org/10.1016/j.jviromet.2010.05.009
https://doi.org/10.1016/j.virusres.2009.04.001
https://doi.org/10.1016/j.virusres.2009.04.001
https://doi.org/10.1128/iai.20.3.869-872.1978
https://doi.org/10.1099/0022-1317-46-1-169
https://doi.org/10.1099/0022-1317-46-1-169
https://doi.org/10.1099/0022-1317-69-9-2413
https://doi.org/10.1099/0022-1317-69-9-2413
https://doi.org/10.1038/s41598-019-38967-z
https://doi.org/10.1038/s41598-019-38967-z
https://doi.org/10.1111/j.1750-3639.2003.tb00029.x
https://doi.org/10.1128/JVI.76.22.11780-11784.2002
https://doi.org/10.1128/JVI.76.22.11780-11784.2002
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bdhler et al.

IFN-B Deficiency in TMEV-Infected Mice

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kay M, Hojati Z, Dehghanian F. The Molecular Study of IFNbeta Pleiotropic
Roles in MS Treatment. Iran J Neurol (2013) 12(4):149-56.

Kraus J, Voigt K, Schuller AM, Scholz M, Kim KS, Schilling M, et al.
Interferon-Beta Stabilizes Barrier Characteristics of the Blood-Brain Barrier
in Four Different Species In Vitro. Mult Scler (2008) 14(6):843-52.
doi: 10.1177/1352458508088940

Crouse J, Kalinke U, Oxenius A. Regulation of Antiviral T Cell Responses by Type
I Interferons. Nat Rev Immunol (2015) 15(4):231-42. doi: 10.1038/nri3806

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
Teige I, Treschow A, Teige A, Mattsson R, Navikas V, Leanderson T, et al.
IFN-Beta Gene Deletion Leads to Augmented and Chronic Demyelinating
Experimental Autoimmune Encephalomyelitis. J Immunol (2003) 170
(9):4776-84. doi: 10.4049/jimmunol.170.9.4776

Kalinke U, Prinz M. Endogenous, or Therapeutically Induced, Type I Interferon
Responses Differentially Modulate Th1/Th17-Mediated Autoimmunity in the
CNS. Immunol Cell Biol (2012) 90(5):505-9. doi: 10.1038/icb.2012.8

Prinz M, Schmidt H, Mildner A, Knobeloch KP, Hanisch UK, Raasch J, et al.
Distinct and Nonredundant In Vivo Functions of IFNAR on Myeloid Cells
Limit Autoimmunity in the Central Nervous System. Immunity (2008) 28
(5):675-86. doi: 10.1016/j.immuni.2008.03.011

Herx LM, Yong VW. Interleukin-1 Beta Is Required for the Early Evolution of
Reactive Astrogliosis Following CNS Lesion. ] Neuropathol Exp Neurol (2001)
60(10):961-71. doi: 10.1093/jnen/60.10.961

Hyvarinen T, Hagman S, Ristola M, Sukki L, Veijula K, Kreutzer J, et al. Co-
Stimulation With IL-1beta and TNF-Alpha Induces an Inflammatory Reactive
Astrocyte Phenotype With Neurosupportive Characteristics in a Human
Pluripotent Stem Cell Model System. Sci Rep (2019) 9(1):16944.
doi: 10.1038/541598-019-53414-9

Sofroniew MV, Vinters HV. Astrocytes: Biology and Pathology. Acta
Neuropathol (2010) 119(1):7-35. doi: 10.1007/s00401-009-0619-8

Sofroniew MV. Multiple Roles for Astrocytes as Effectors of Cytokines and
Inflammatory Mediators. Neuroscientist (2014) 20(2):160-72. doi: 10.1177/
1073858413504466

Rodriguez M, Zoecklein L], Howe CL, Pavelko KD, Gamez JD, Nakane S, et al.
Gamma Interferon Is Critical for Neuronal Viral Clearance and Protection in
a Susceptible Mouse Strain Following Early Intracranial Theiler's Murine
Encephalomyelitis Virus Infection. J Virol (2003) 77(22):12252-65. doi:
10.1128/JV1.77.22.12252-12265.2003

Rodriguez M, Pavelko K, Coffman RL. Gamma Interferon Is Critical for
Resistance to Theiler's Virus-Induced Demyelination. ] Virol (1995) 69
(11):7286-90. doi: 10.1128/jvi.69.11.7286-7290.1995

60. Kim SJ, Jin YH, Kim BS. Prostaglandin E2 Produced Following Infection With
Theiler's Virus Promotes the Pathogenesis of Demyelinating Disease. PLoS
One (2017) 12(4):€0176406. doi: 10.1371/journal.pone.0176406

Kim BS, Jin YH, Meng L, Hou W, Kang HS, Park HS, et al. IL-1 Signal Affects
Both Protection and Pathogenesis of Virus-Induced Chronic CNS
Demyelinating Disease. ] Neuroinflamm (2012) 9:217. doi: 10.1186/1742-
2094-9-217

Hou W, Kang HS, Kim BS. Th17 Cells Enhance Viral Persistence and Inhibit
T Cell Cytotoxicity in a Model of Chronic Virus Infection. ] Exp Med (2009)
206(2):313-28. doi: 10.1084/jem.20082030

Chhatbar C, Detje CN, Grabski E, Borst K, Spanier J, Ghita L, et al. Type I
Interferon Receptor Signaling of Neurons and Astrocytes Regulates Microglia
Activation During Viral Encephalitis. Cell Rep (2018) 25(1):118-29.e4.
doi: 10.1016/j.celrep.2018.09.003

Swiecki M, Colonna M. Unraveling the Functions of Plasmacytoid Dendritic
Cells During Viral Infections, Autoimmunity, and Tolerance. Immunol Rev
(2010) 234(1):142-62. doi: 10.1111/j.0105-2896.2009.00881.x

Pfefferkorn C, Kallfass C, Lienenklaus S, Spanier J, Kalinke U, Rieder M, et al.
Abortively Infected Astrocytes Appear To Represent the Main Source of
Interferon Beta in the Virus-Infected Brain. J Virol (2016) 90(4):2031-8.
doi: 10.1128/JV1.02979-15

61.

62.

63.

64.

65.

Conflict of Interest: CD was and UK is employed by Twincore, Centre for
Experimental and Clinical Infection Research, a joint venture between the
Hannover Medical School and the Helmholtz Centre for Infection Research.

The remaining 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.

Copyright © 2022 Biihler, Runft, Li, Gotting, Detje, Nippold, Stoff, Beineke, Schulz,
Kalinke, Baumgiirtner and Gerhauser. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 786940


https://doi.org/10.1177/1352458508088940
https://doi.org/10.1038/nri3806
https://doi.org/10.1006/meth.1996.0123
https://doi.org/10.4049/jimmunol.170.9.4776
https://doi.org/10.1038/icb.2012.8
https://doi.org/10.1016/j.immuni.2008.03.011
https://doi.org/10.1093/jnen/60.10.961
https://doi.org/10.1038/s41598-019-53414-9
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1177/1073858413504466
https://doi.org/10.1177/1073858413504466
https://doi.org/10.1128/JVI.77.22.12252-12265.2003
https://doi.org/10.1128/jvi.69.11.7286-7290.1995
https://doi.org/10.1371/journal.pone.0176406
https://doi.org/10.1186/1742-2094-9-217
https://doi.org/10.1186/1742-2094-9-217
https://doi.org/10.1084/jem.20082030
https://doi.org/10.1016/j.celrep.2018.09.003
https://doi.org/10.1111/j.0105-2896.2009.00881.x
https://doi.org/10.1128/JVI.02979-15
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	IFN-β Deficiency Results in Fatal or Demyelinating Disease in C57BL/6 Mice Infected With Theiler’s Murine Encephalomyelitis Viruses
	Introduction
	Material and Methods
	Animals Experiment
	Virus Sequencing and Plaque Size Analysis
	Histology and Immunohistochemistry
	Fluorescent In Situ Hybridization
	RT-qPCR
	Statistical Analysis

	Results
	IFN-β Deficiency Results in Rapid Death After TMEV-DA But Not TMEV-BeAn Infection
	Luciferase Reporter Mice Show a Lower IFN-β Expression After a TMEV-DA Compared to a TMEV-BeAn Infection
	IFN-β-/- Mice Show Increased Inflammation, Viral Load and Astrogliosis After TMEV-BeAn Infection due to Lacking IFN-β Expression of Non-Neuroectodermal Cells
	TMEV-BeAn Persists in IFN-β-/- Mice and Induced a Mild Demyelination in the Spinal Cord White Matter

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


