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Figure 6.

termination of IFN signaling. Importantly, WMMA was absent in
brain sections of adult Uspl8-C61A mice, clearly showing that
USP18-mediated microglia activation is mediated in an isopeptidase-
independent manner (Fig 5D).

As delSGylation does not play a role for Usp18-induced Stat1 acti-
vation in microglia, it is conceivable that expression of Uspl8 may

© 2015 The Authors

The EMBO Journal

affect signaling via the Ifnar. We therefore tested whether Usp18
interacts with the subunit 2 of Ifnar by immunoprecipitating Ifnar2
and found physical interaction of both partners (Fig 6A). Close prox-
imity of Usp18 with Ifnar2 could further be confirmed by proximity
ligation (Duolink) (Fig 6B). To prove the in vivo relevance of
the Uspl8 interaction with Ifnar2, we next took advantage of a
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Figure 6. WMMA is regulated by interaction of Usp18 with the Ifnar2 domain.

Uspl8 regulates microglia function Tobias Goldmann et al

A Co-immunoprecipitation (Co-IP) of flag-tagged Usp18 with the GST-Ifnar2 subunit upon overexpression in HEK293T cells. FLAG-Usp18 was precipitated using
anti-FLAG beads, and Ifnar2 was detected by anti-GST immunoblotting revealing direct interaction of Ifnar2 with USsp18. Input is shown as transfection

control.

B Proximity ligation assay for the co-localization of Usp18 with Inar2 in the microglial cell line BV-2. S-tagged Usp18 (red) associates with V5-tagged Ifnar2 (green).
Close proximity of both proteins is shown by fluorescence dots (red) using a Duolink® probe. Scale bar, 10 pm.

C Scheme of Usp18 interactions with either cytoplasmatic substrate/interacting proteins or trans-membrane anchored type | interferon receptor (Ifnar) and its subunits
1 and 2. The red cross designates the genetically inactivated motif in Usp18-L361F mutant animals.

D Molecular model of Usp18 wild-type and Usp18-L361F variant. The replacement of Leu at position 361 by Phe results in a sterical clash with Phe271 and might

disturb the conformation of the surface loop comprising residues 268-275.

E Binding analysis of USP18 and USP18-L361F with the intracellular domain of Ifnar2 by microscale thermophoresis. USP18 binds with high affinity (K4 = 54 + 5 nM)
to the intracellular domain of Ifnar2, whereas no binding is observed for USP18-L361F in the same concentration range. Data represent mean =+ s.e.m. of two

independent experiments.

F Immunoblot of microglia from Usp18*/* and Usp18-L361F mutant mice demonstrates prolonged Statl phosphorylation at defined time points after IFN-B (500 U/ml)
exposition. Gapdh is presented as a loading control. Quantification of band intensities is shown next to the blots. One representative data set out of three

independent experiments is illustrated.

G Robust microgliosis (Iba-1), presence of amoboid MAC-3* microglia and accumulation of Isg15 in adult Usp18-L361F mutant but not in UsplS*/+ mice. Quantification
of Isg15" cells in the GM and WM is depicted next to the respective histological images. Five mice per genotype were examined. Scale bars: 200 um (overview),
10 pum (insert) Each symbol indicates the mean of one mouse. Error bars represent s.e.m. Significant differences are determined by an unpaired t-test and marked

with an asterisk (*P < 0.05).

mouse mutant called Usp18-L361F, which was recently identified in
an ENU screen (Richer et al, 2010) (Fig 6C and D). Using in vitro
interaction studies, we were able to confirm the functionality of the
interaction domain. The replacement of Leu361 by Phe in Uspl8
abolished the binding affinity to Ifnar2 (Fig 6E). In fact, Uspl8-
L361F mutant microglia revealed stronger and prolonged phosphor-
ylation of Statl (Fig 6F), mirroring the IFN signaling alteration
detected in Uspl8-deficient microglia. Accordingly, Uspl8-L361F
mutant adult brains histologically showed a plethora of activated
amoboid microglia in subcortical white matter regions reminiscent
of WMMA (Fig 6G). To examine the impact of Ifnarl on Uspl8-
regulated microglia activation, we crossed UspI8 /~ mice with the
Ifnar1™~ line and analyzed the brains of their progeny (Supplemen-
tary Fig S7A). Intriguingly, lack of Ifnarl completely rescued this
microglia activation phenotype, as seen histologically, and
normalized the gene expression profile (Supplementary Fig S7B).

Myeloid-specific Usp18 shapes autoimmune inflammation
in the CNS

To investigate whether Usp18 and the Statl pathways are induced
upon autoimmune inflammation, we analyzed CNS samples from
animals with autoimmune encephalomyelitis (EAE), a widely
accepted mouse model for multiple sclerosis (MS). We observed a
profound induction of Uspl8 mRNA (Fig 7A), elevated Statl
protein levels and enhanced phosphorylation of the Statl protein,
respectively (Fig 7B). Of note, active Statl signaling in CD68"
macrophages/microglia was detectable on CNS sections in EAE as
well as in human MS tissue samples, indicating that this pathway is
also activated in MS patients (Fig 7C). We then investigated the
involvement of Uspl8 in myeloid cells for CNS autoimmune
diseases. The mice developed EAE with a similar incidence and
mean disease onset (Fig 7D). However, in Cx3cr1C’e:Usp18ﬂ/ﬂ mice,
the effector phase of disease was changed with a significant
augmented mean maximal clinical score compared to Usp18™"" mice.

Efficient priming of T lymphocytes is a critical requirement for
the induction of CNS inflammation and concomitant pathology. We
therefore isolated lymphocytes from immunized mice and tested the
recall response upon secondary exposure to MOG;s_ss peptide in vitro
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(Fig 7E). T cells derived from Cx3cr1<:Usp18"" animals did not
show an increased recall response compared to those of control
littermates, suggesting that the increased disease burden is not
caused by enhanced peripheral T-cell responses. We next examined
different CNS regions by immunohistochemistry (Fig 7F and G,
Supplementary Fig S8). In control mice, we detected many CD3" T
cells and B220™ B cells in the spinal cord parenchyma and its adja-
cent meninges. In comparison, Cx3cr1“®:Usp18"" and Usp18™"
mice had similar inflammatory cells and the same degree of axonal
(APP) and myelin damage (LFB-PAS) in the spinal cord. However,
Cx3cr1°e:Usp18™™ mice revealed significantly more lymphocytes,
and increased axonal damage in the upper white matter regions of
the CNS, namely cerebellum and cerebrum. We next quantified the
expression of T helper cell (TH)17, TH1- and TH2-linked factors in
several CNS regions (Fig 7H-J). All investigated factors showed
similar expression levels in the spinal cord, whereas in the cerebrum
of Cx3cr1°™:Usp18™™ animals, the TH1-related gene Ifng was signifi-
cantly increased. Therefore, the increased EAE severity in the
absence of Uspl8 in myeloid cells is potentially linked to locally
pre-activated microglia in the WMMA.

Discussion

Here, we identified Usp18 as a critical gatekeeper of white matter
microglia activation under homeostatic conditions. Usp18-mediated
maintenance of microglia quiescence strictly relied on the interaction
with Ifnar2, whereas the catalytic function of this isopeptidase was
found to be dispensable to control microglia activation. In addition,
the presence of the Ifnarl subunit was mandatory to uphold constitu-
tive type I IFN signaling in microglia, which needs to be tightly
regulated by Usp18 to prevent fatal activation in white matter.

Our data are of great importance because, for the first time,
provide evidence for a constitutively active type I IFN system in
microglia cells in the healthy brain. The significance of constitutive
IFN-B in maintaining immune homeostasis has been revealed by
studies examining the aberrant phenotype of mice lacking type I IFN
receptors. Ifnar-deficient mice have decreased splenic NK cells and
increased Gr-1"CD11c* myeloid cells (Hwang et al, 1995; Swann
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Figure 7. Myeloid-specific Usp18 deficiency shapes clinical course and pathology of autoimmune CNS inflammation.

A

F, G

Quantitative RT-PCR for Usp18 mRNA in the spinal cord of healthy control and EAE-diseased mice. Data are expressed as ratio of Usp18 expression versus
endogenous Gapdh relative to control and shown as mean =+ s.e.m. Each symbol represents one mouse. (**P < 0.01). Significant differences are determined by a
Mann-Whitney U-test and marked with a asterisk (**P < 0.01).

Immunoblot for pStatl and Statl in spinal cord lysates of diseased or control mice. Gapdh is shown as a loading control. Data are representative of three
independent experiments performed.

Left panel: immunohistochemistry for phosphorylated Statl (pStatl) in the border region of demyelinating lesions in spinal cord EAE samples (above) and brain
samples from a patient with multiple sclerosis (MS). Scale bars: 100 um (overview) and 25 um (zoom). Four EAE-diseased animals and three biopsies of MS
patients were examined, and one representative picture is shown. Right panel: immunofluorescence of pSTAT1 (red) and CD68 (green) in demyelinating lesions of
MS patients. Quantification of pSTAT1*CD68" and pSTAT1*CD68 ™ cells are shown next to the respective histological images. Each symbol represents on patient
sample. Error bars represent s.e.m. Significant differences are determined by an unpaired t-test and marked with an asterisk (*P < 0.05).

EAE was induced by active immunization of Cxscri":Usp18™" (n = 9, filled squares) and Usp18™ (n = 15, open squares) mice, and disease was scored. Each data
point represents the mean + s.e.m. Significant differences are determined by a Mann—-Whitney U-test and marked with asterisks (*P < 0.05, **P < 0.01). The data
shown are the mean from two independent experiments.

Normal recall assay in Cx;crlc'e:UsplSﬂ/ﬂ mice. Lymph node T cells were collected and cultured for 48 h at the indicated MOGss_s5 concentrations. Proliferation was
measured by BrdU incorporation for 16 h (left). IL-17 (middle) and IFN-y (right) release were measured by ELISA. Data represent mean =+ s.e.m. of at least three
animals per group. Results are representative of two independent experiments.

Histology of cerebral, cerebellar and spinal cord sections from diseased mice using CD3 for T lymphocytes (F) and amyloid precursor protein (APP, arrowhead) for axonal
damage (G). Scale bars, 100 um. Quantification of T-cell infiltrates and axonal damages are depicted below the respective histological images. Each symbol indicates
the mean of one mouse. Significant differences are determined by an unpaired t-test and marked with asterisks (*P < 0.05, **P < 0.01). Error bars represent s.e.m.
Gene expression levels of TH1- (H), TH17- (I) and TH2-linked factors () in isolated mononuclear cells from the cerebrum (cere.) or the spinal cord (sc) of Cxscri<":
Usp18™" (black bars; n = 7) or Usp18™ (white bars; n = 7) mice. Data are normalized to endogenous Gapdh, expressed as fold increase of diseased Usp18™" mice

and displayed as mean + s.e.m. Significant differences are determined by an unpaired t-test and marked with an asterisk (*P < 0.05).

et al, 2007). Constitutive IFN-B signaling augments myeloid cell
function and macrophage homeostasis, as shown by analysis of
macrophages from C3H-HeJ mice, which are incapable of inducing
IFN in response to LPS because of a defect in the Tlr4 gene (Poltorak
et al, 1998). Culturing C3H-HeJ macrophages with supernatants
from wild-type C3H-HeN macrophages that express constitutive
IFN-B enhanced their phagocytic potential. A similar effect was
obtained by adding low “priming” concentrations of IFN to C3H-HeJ
macrophages (Vogel & Fertsch, 1984). Conversely, phagocytic
capacity was attenuated when C3H-HeN macrophages were incu-
bated with IFN-o- and IFN-B-neutralizing antibodies (Vogel &
Fertsch, 1984), documenting the requirement for constitutive IFN in
preserving macrophage function. The physiologic consequence of
the importance of constitutive IFN for macrophage function may be
reflected by the influence of the gut microbiota on hematopoietic
homeostasis through basal TLR signaling (Musso et al, 2011).
Whether intestinal colonization is also able to tune constitutive IFN
responses in myeloid cells inside the brain remains to be deter-
mined. Although the constitutive activation of type I IFNs in micro-
glia has not been addressed so far under germ-free conditions to
assess a potential role for commensal microorganisms, we clearly
detected Mx1-positive microglia in brains from healthy mice kept in
a specific pathogen-free environment. However, it also becomes
clear from our experiments that a strict control of constitutive IFN
signaling in white matter microglia is necessary to keep these
myeloid cells under resting conditions to avoid cellular hyperactiva-
tion with detrimental consequences for the tissue environment. On
the other hand, constitutive IFN signaling might be important for
priming microglia to maintain a rapid and robust innate and adap-
tive immune response to subsequent challenge. Our data provide
evidence that this tight balance is secured by Usp18.

Our data on the specific expression of Uspl8 in white matter
rather than in cortical microglia highlight the regional heterogeneity
of these glial cells in the CNS. It is unknown so far whether micro-
glia heterogeneity is a result of irreversible subtype-specific differen-
tiation or a consequence of continuous but reversible induction of
diverse functional programs (Hanisch, 2013). Local tissue-derived
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signals are thought to control functional polarization of microglia,
but their identity remains largely unknown. Our data on the region-
specific upregulation of Usp18 in microglia, however, suggest that
cell autonomous programs exist that may correlate with their
regional-specific function. Microglia seem to assume also particular
function in the normal turnover of myelin (Fitzner et al, 2011).
Oligodendrocytes create well-organized and also tremendously
elaborate myelin structures that require constant upkeep. Appar-
ently, they thereby rely on the assistance of microglia. Oligodendro-
cytes can wrap myelin material from their turnover process in
exosomes and deliver them to the microglia in their surrounding
(Fitzner et al, 2011), indicating that subpopulations of microglia for
myelin clearance do exist.

One may speculate that a disturbance of physiological myelin
processing by microglia could be detrimental, and there might be
functional links to the triggering of myelin-afflicting autoimmune
diseases such as MS. Just recently, vulnerability of microglia has
been connected to several neurological and psychiatric disorders
that are characterized by primary or secondary “microgliopathies”
(Prinz & Priller, 2014). In fact, recent genomewide association stud-
ies with thousands of MS patients revealed the existence of some
microglia-related factors for disease pathogenesis such as interferon
regulatory factor (Irf-) 8 and Tnfrsfla (De Jager et al, 2009). In a
recent study, two Uspl8-related polymorphisms, one intronic and
another located in the promoter region of the UspI8 gene, were
found to be associated with MS susceptibility (Malhotra et al, 2013).
Importantly, haplotypic analysis revealed one haplotype, which
correlated with lower Uspl8 gene expression in peripheral blood
mononuclear cells and higher clinical disease activity (Malhotra
et al, 2011). These clinical observations fit to our experimental find-
ings with an augmented EAE course in myeloid-specific Uspl8
knockout animals. However, this clinical study included only a
limited number of MS patients. Therefore, additional functional
studies will be needed to delineate the role of microglia-specific
Usp18 in MS. Our current study, however, suggests a potential role
of microglia dysregulation in the pathogenesis of white matter
diseases.

© 2015 The Authors
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Further studies indicated broader effects of Uspl8 that may
be targeted to treat other autoimmune diseases as well. It was
previously reported that Uspl8 regulates T-cell activation and
Th17 cell differentiation. Usp18-deficient T cells were defective
in Th17 differentiation, and UspI8/~ mice consecutively showed
alterations in CNS inflammation (Liu et al, 2013). Uspl8 has
further been identified as a candidate gene for type I diabetes (Santin
& Eizirik, 2013; Altorok et al, 2014), and active hypomethylated CpG
sites of Usp18 were found to be expressed in patients with primary
Sjogren’s syndrome (Altorok et al, 2014). Furthermore, Usp18 may
also be involved in viral infections that are often associated with
a break of immunological tolerance and subsequent induction of
autoimmune diseases. In fact, it was recently shown that in a mouse
model of autoimmune diabetes, Uspl8-enforced viral replication
evoked a break of immunological tolerance (Honke et al, 2013).
Interestingly, the presence of intracranial calcifications as well as an
increased type IFN-signature due to reduced protein stability of
Uspl8 was described recently in IsglS-deficient patients (Zhang
et al, 2015).

In sum, we report here a crucial function of Usp18 in microglia
activation during health and disease and provide evidence for
Uspl8-related regulation of constitutive IFN activity in the CNS.
These results may potentially assist our understanding and treat-
ment of microglia-associated brain diseases in general and inflam-
matory diseases in particular.

Materials and Methods
Human samples

Active demyelinating MS samples that were histologically classified
as described before (Lucchinetti et al, 2000). Samples were collected
according to the approval by the Ethics Committee of the Albert-
Ludwigs University Freiburg, Germany.

Mice

All animal experiments were approved by the Federal Ministry for
Nature, Environment and Consumers’ Protection of the state of
Baden-Wiirttemberg (35-9185.81/G12/71) and were performed in
accordance with the respective national, federal and institutional
regulations. We bred UspI8"/~ heterozygous mice on a mixed
background (C57/Bl6 x 129/S) to obtain Uspl8/~ and Uspl8"/"
mice (Ritchie et al, 2002). To generate mice allowing conditional
Uspl8 depletion, a target vector was constructed as depicted in
detail in Fig 2A. After transfection of ES cells and upon homologous
recombination, Exon 3 was flanked by loxP sites. ES cells carrying
the desired mutant gene locus were detected by Southern analysis
of genomic DNA digested with Kpnl due to the appearance of a
diagnostic 3.5- and 7.5-kb band recognized by S5'probe A and
3'probe B, respectively. Germline chimeras were generated from
these ES cells by morula injection. Resulting mutant offspring was
crossed to a flp-deleter strain to excise the frt-flanked pgk-neo selec-
tion marker from the genome yielding mice with the loxP-flanked
Uspl8 gene (Uspl8Y*). Usp18™* mice were backcrossed for > 9
generations onto the C57Bl/7 background and finally crossed to
Cx3cr1®™ (Yona et al, 2013). Usp18™™ mice were genotyped by PCR
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using the following primers 5-cacctccatttggtttcagg-3’ and 5'-
aactccttectetggettee-3’ that amplify a 250-bp fragment from the trans-
genic region. UspI8-C61A mice were generated by us and bred on a
C57/Bl6 background (Ketscher et al, 2015). Usp18-L361F mice were
kept under 129/S1 background (Richer et al, 2010). Usp18™/~ were
crossed to Ifnarl ™/~ (Prinz et al, 2008) in order to generate Uspl18 ' :
Ifnar]™’~ double mutants. MxI"® were crossed to R26-confetti mice
(Snippert et al, 2010). In all experiments, littermates carrying the
respective loxP-flanked alleles but lacking expression of Cre recombin-
ase were used as controls.

Cell culture

Primary cultures from microglia, astrocytes and oligodendrocytes
were prepared from newborn mice; neurons were prepared from
E16 embryos and cultured as described previously (Raasch et al,
2011). HEK293T and BV-2 cells were grown in DMEM GlutaMAX
(Invitrogen) supplemented with 10% fetal calf serum (PAA) and 1%
penicillin/streptomycin (PAA) at 37°C and 5% CO,. Transfections of
plasmid DNA and siRNA in HEK 293T and BV-2 cells were
performed using X-tremeGENE HP (Roche) FUGENE (Promega) and
Lipofectamine RNAIMAX (Invitrogen) according to the manufac-
turer’s protocol.

Induction of EAE

Female mice from each group, aged 6-8 weeks, were immunized
subcutaneously with 200 pg of MOG;s ss peptide emulsified in
CFA containing 1 mg of Mycobacterium tuberculosis (H37RA; Difco
Laboratories, Detroit, Michigan, USA). The mice received intraperi-
toneal injections with 250 ng pertussis toxin (Sigma-Aldrich,
Deisenhofen, Germany) at the time of immunization and 48 h
later.

Clinical evaluation

Mice were scored daily as follows: 0, no detectable signs of EAE; 0.5
distal limb tail; 1.0, complete limp tail; 1.5, limp tail and hind limb
weakness; 2, unilateral partial hind limb paralysis; 2.5, bilateral
partial hind limb paralysis; 3, complete bilateral hind limb paralysis;
3.5, complete hind limb paralysis and unilateral forelimb paralysis;
and 4, total paralysis of fore and hind limbs.

Recall assay

On day 7 after immunization, the draining axillary and inguinal
lymph nodes (LN) were removed from MOG;s_ss-immunized mice
and single-cell suspensions were prepared. 6 x 10° LN cells were
placed as triplicates in a 96-well plate and pulsed with the indicated
dosages of MOG peptide. BrdU uptake was measured for 16 h to
determine proliferation (Cell Proliferation ELISA colorimetric, Roche
Applied Science) according to the manufacturer’s protocol. RPMI
1,640 (Invitrogen) and Dulbecco’s modified Eagle’s medium (Invi-
trogen) each supplemented with 10% (v/v) fetal calf serum (FCS),
3 mM r-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin
(all from Sigma-Aldrich) were used. For cytokine analysis, sister
cultures supernatants were analyzed by ELISA for IFN-y and IL-17
(R&D Systems, Wiesbaden, Germany).
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Isolation of mononuclear cells

For gene expression, samples of the cerebrum and spinal cord were
prepared by density gradient separation as described previously
(Mildner et al, 2009).

Histology

Histology was performed as described recently (Goldmann et al,
2013). Cerebrum, cerebellum and spinal cord were removed on day
26 after immunization and fixed in 4% buffered formalin. Then,
tissue samples were embedded in paraffin before staining with H&E,
luxol fast blue (LFB-PAS) to assess the degree of demyelination,
Mac-3 for activated macrophages/microglia, CD3 for T cells, B220
for B cells, APP for indication of axonal damage, Iba-1 for microglia,
Nogo for oligodendrocytes, iNOS and S100a9 for microglia activa-
tion, pStatl and Isgl5 as representative IFN-induced genes. For the
B-galactosidase staining, tissue was directly frozen unfixed in tissue
tec on dry ice. Cryosections were postfixed using 0.2% glutaralde-
hyde and stained by X-gal staining solution. Tissue sections were
evaluated on Olympus BX-61 microscope using the cell-P software
(Olympus).

Fluorescence microscopy

After transcardial perfusion with phosphate-buffered saline (PBS),
brains were fixed in 4% PFA and embedded. 14-um cryosections
were obtained as described previously (Goldmann et al, 2013).
Sections were then blocked with PBS containing 5% bovine serum
albumin and permeabilized with 0.1% Triton-X 100 in blocking
solution. Primary antibodies were added overnight at a dilution of
1:500 for Iba-1(019-19741, WACO, Japan), 1:50 for pStatl (# 9167,
Cell Signaling, Danvers, USA), 1:250 for MAC-3 (ab13524, Abcam,
Cambridge, UK) and 1:100 for Mhc class I (ab23990, Abcam), at
4°C. Secondary antibodies were added as follows: Alexa Flour® 488
1:500, Alexa Flour® 555 1:500 and Alexa Fluor® 568 1:500 for 2 h at
RT. Nuclei were counterstained with DAPI. The examined area was
determined microscopically using a conventional fluorescence
microscope (Olympus BX-61), and the confocal pictures were taken
with Fluoview FV 1000 (Olympus).

Electron microscopy

Samples for electron microscopy were prepared as previously
described (Kierdorf et al, 2013). Briefly, tissue was fixed in 3%
glutaraldehyde in Sérensen phosphate buffer and embedded in aral-
dite, and subsequently, ultra-thin sections were cut. Ultrastructural
analysis was performed using CM100 transmission electron micro-
scope (Philips).

Flow cytometry

Cells were stained with primary antibodies directed against CD11b
and CD45 (eBioscience, San Diego, USA) at 4°C for 15 min. Cells
were washed and sorted for microarray analyses. pStatl (612596, BD
Bioscience) staining was performed according to the manufacturer’s
protocol and analyzed using a FACSCanto II (Becton Dickinson).
Viable cells were gated by forward and side scatter pattern. Data were
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acquired with FACSdiva software (Becton Dickinson). Postacquisi-
tion analysis was performed using FlowJo software (Tree Star, Inc.).

Microarray & qRT-PCR

Tissues were dissected and flushed with ice-cold HBSS. Cells were
washed with PBS. RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer’s instruc-
tions. Before microarray analyses were performed, and RNA quality
was assessed using Agilent 2100 bioanalyzer. Affymetrix GeneChips
were used for genomewide expression analysis. Total RNA was
processed using the GeneChip Expression 3’ Amplification One-
Cycle Target Labeling Kit according to the manufacturer’s instruc-
tion. Biotinylated cRNA was hybridized on MOE430A 2.0 GeneChips
that were stained, washed and scanned following standard proce-
dures. Cel files were normalized using robust multiarray analysis
(RMA) implemented in the R affy package (www.bioconductor.org).
The normalized expression data were then analyzed for differential
gene expression using the software package LIMMA for R. For
gRT-PCR, RNA-samples were treated with DNasel (Roche, Mannheim,
Germany) and 1.5 pg of RNA was transcribed into cDNA using
either oligo-dT primers and the SuperScript II RT kit (Invitrogen,
Carlsbad, CA) or High-Capacity RNA-to-cDNA™ kit (Life Technolo-
gies). A total of 1 ul cDNA was transferred into a 96-well Multiply®
PCR plate (Sarstedt, Germany) and 11.5 pl ABsolute™ QPCR® SYBR
Green master mix (Thermo Fisher). RT-PCRs were performed as
described recently (Goldmann et al, 2013).

Cloning, expression and purification of recombinant proteins

Murine Uspl8 was expressed in Sf21 insect cells (Basters et al,
2014). The cDNA encoding amino acid residues 264-374 of mouse
Ifnar2 were amplified from a mouse cDNA clone (Source BioSci-
ence) using primers EcoRI-Ifnar2-for (AAAAAGAATTCAAACGGA
TTGGTTATATATGCC) and Xhol-Ifnar2-rev (TTTTTCTCGAGTC
AAGCTTCATCAGATTCCTCAGC). EcoRI and Xhol restriction sites
were introduced during amplification. The PCR product was
digested with restriction enzymes EcoRI and Xhol and ligated into
pGEX6p1 vector digested with the same enzymes. The resulting
vector pGEX6pl-Ifnar2 (264-374) encoded Ifnar2 amino acid resi-
dues 264-374 fused in frame to a N-terminal GST-tag. E. coli TB1
cells were transformed with pGEX6pl-Ifnar2 (264-374) vector.
E. coli cells were grown in DYT medium supplemented with 0.2%
(w/v) glucose and 100 pg/ml ampicillin. At an ODggp nm = 0.6,
protein expression was induced by addition of 0.5 mM IPTG to a
final concentration of 0.5 mM and cells were grown at 19°C for
20 h. Cells were harvested by centrifugation, suspended in PBS
supplemented with complete protease inhibitor (Roche) and
disrupted by three passages through a French pressure cell at
137 Mpa. The crude extract was cleared by centrifugation at
40,000 g for 1 h, and the supernatant was applied to a 30-ml gluta-
thione column. The bound protein was eluted with 50 mM Tris—
HCl, 10 mM reduced glutathione, pH 8.0.

Microscale thermophoresis

Recombinant USP18 was labeled with fluorescence dye using the
LO01 Monolith NT.115 Protein Labeling Kit RED-NHS according to
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the instructions of the manufacturer (NanoTemper). For microscale
thermophoresis analysis, the labeled protein was used at a concen-
tration of 200 nM. GST-Ifnar2 (264-374) was added in a concentra-
tion range from 3 nM to 10 uM and equilibrated for 30 min prior
analysis. The thermophoresis measurement was performed in
20 mM sodium phosphate, pH 7.4, 300 mM NaCl, 5 mM DTT and
0.05% (v/v) Tween-20 at 25°C in standard treated glass capillaries
using a Monolith NT.115 Red/Blue instrument (NanoTemper).

Protein interaction

Co-immunoprecipitation was performed using anti-FLAG M2
Magnetic Bead (M8823, Sigma-Aldrich) according to the manufac-
turer’s protocol. Briefly, transfected cells were harvested and
extracts were incubated with the beads overnight. After washing in
PBS, samples were separated by SDS-PAGE. Duolink in situ kit was
utilized in transfected BV-2 cells using antibodies against S-tag
(1:100, Novagen) and V5 (1:50, sc-81594, Santa Cruz) in compliance
with the manufacturer’s instructions.

Western blot analysis

Tissues or cells were harvested and extracted in RIPA buffer (25 mM
Tris—HCI, 150 mM NacCl, 1% Nonidet P-40, 0.5% sodium deoxycho-
late, 0.1% SDS, pH 7.5). Samples were separated by SDS-PAGE and
immunoblotted using antibodies to pStatl (1:1,000, #9171, Cell
signaling), Statl (1:1,000, #9176, Cell signaling), pStat2 (1:1,000,
#4441, Cell signaling), Stat2 (1:1,000, #4597, Cell signaling), Usp18
[1:1,000 (Ketscher et al, 2015)], Gapdh (1:2,500, Mab374, Millipore,
Billerica, USA), anti-GST (1:1,000, GE healthcare) and anti-FLAG
(1:2,000, F1804, Sigma-Aldrich). Band intensities were quantified
with ImageJ software.

Statistical analysis

No statistical methods were used to predetermine sample sizes,
and exact group numbers were determined by animal availability.
However, we did ensure that our sample sizes were similar to
those generally employed in the field. For the sample size in EAE
experiments, power analysis was performed. A sample size of at
least n =15 per group was determined by 80% power to reach
statistical significance of 0.05 to detect an effect size of at least
1.06. To obtain unbiased data, experimental mice of all relevant
genotypes were all processed together by technicians and cell
quantifications were performed blinded to the genotype by two
scientists independently and separately. Only after finalization of
all quantitative measurements were the samples allocated to their
genotypes.

If not otherwise stated, data were tested for normality applying
the Kolmogorov-Smirnov test. If normality was given, an unpaired
t-test was applied. If the data did not meet the criteria of normality,
the Mann—Whitney U-test was applied. Differences were considered
significant when P-value < 0.05.

Data availability

The datasets of all microarray analyses are deposited at Gene
Expression Omnibus (GEO) (GSE61501).

© 2015 The Authors
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Supplementary information for this article is available online:
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