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Abstract

Evidencefrom postmortem human brains, animal studies and cell culture mbdsls
implicated gneuroinflammation in theetiology of chronic neuropathologies including
Alzheimer's,,and Parkinson’s diseasesAlthough the neuroinflammatory responge
considereddetrimentalin contributingto these pathologiegshe underlying mechanisms are
still not"well"understoodThe type-I interferons(IFNs) have been well characterised in the
periphery and are known to initiate/modulate the immune response. Recenthgubdyekn
implicated in aging andve have also demonstrated increaigge-1 IFN expression in post
mortem humarAlzheimer'sand Parkinson’s disease brains. We hypothesise thaypbd
IFNs are _key drivers of the damagingelfperpetuatingpro-inflammabry responsehat
contributes to thesehronic neuropathologies. In support of this, we hraeentlyconfirmed
in models of Alzheimer’s and Parkinson’s disetis® mice lacking théype-I IFN receptor
(IFNAR1), display an attenuated neuroinflammatory responssith subsequent

neuroprotection To further investigateype-I IFN mediated neuroinflammation and the
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specific CNS cell types involvethis study treated primary cultured wildtype and IFNAR1
neurons ormixed glia with the mitochondria complex | inhibitor, rotenoneWildtype
neurons and glia treated with 3nM and 25nM rotenone, respectively exhibited- a pro
inflammatory response, including increasgge-1 IFN expression that wastenuated in cells
lacking 1ENARL. Reduced type-I IFN signaling in IFNAR1” neurons also conferred
protection/against caspa3emediated rotenori@duced cell death. Furthehisreduced pro
inflammatory’fesponse in the IFNARYlia subsequentigiminished their neurotoxic effects
to wildtypeineurons.in support of this, we confirmed that therapeutically targetingythe-|
IEN glial response to rotenone through a specific IFNAR1 blocking monoclonal antitasdy
neuroprotective: Our datahas confirmed that both neurons aglé contribute to theoro-
inflammatary response induced by rotenow#h attenuation of this response beneficial in

reducing neuronal cell death.

Introduction

Interferons (IFNs) are pleiotropic cytokines with a known role in the host immune
response to infections améthogengde Weerd & Nguyen 2012)Type-I IFNs (IFN-o. and
IFN-B) exert _their effects throughhe classical Janus Kinase/Signal Transducers and
Activators| of Transcription (JAK/STAJ signaling pathwayleading to the secretion of
classical prenflammatory cytokines (including umour Necrosis Factar (TNF-a),
Interleukin6u(ll=-6) andInterleukinkp (IL1-B)) and induction ofapoptosis. Indeed, without
the presence“dype-l IFNs an innate inflammatory response is unable to be gendrsed
Weerd & Nguyen 2012). In the CNS, both neurons and glial cells are known to produce and
respond taype-l IFNs (Owenset al. 2013)and increasedype-l IFN expression has been
linked t0"CNS disorders including systemic lupus erythematosus (Meyer, 2d09)
encephalopathfRhoet al. 1995)and AicardiGoutieres syndromgrow et al. 2006) More
recently thetype-l IFNs have ben linked to the elevated neuroinflammatory response in the

lysosomal storage diseasgaucher diseaq®/itner et al. 2016).
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Recently, a role for thgype-I IFNs in aging has also been proposed. Specifically, a
type-lI IFN dependent gene expression profile was reported in the choroid plexus of aged
mice and human@aruchet al. 2014) Blocking oftype-I IFN signaling restored cognitive
function and hippocampal neurogenesis in aged mice.h&@Ve recently confirmed increased
type-1 IFN‘levds’in postmortemhuman AD brains and in the APP/PS1 mo(iszylor et al.
2014) Furthermore, mice with attenuatsgbe-I IFN signaling (APP/PS1 mice crossed with
IFNAR1" mice) display a alteredneuroinflammatory phenotypeith reduced microglial
activationand some cognitive improvement at 9 months of @gater et al. 2016a)
Recently, a.number of animal models halso supported a detrimental role fype-1 IFN
signaling in,PD.« Qiret a/, (2016) demonstratedtgpe-I IFN signature in an alpksynuclein
rat model swith attenuation of the downstream JBKAT signding protecting against DA
neurodegeneration(Qin et al/ 2016). We have confirmed that genetically or
pharmacologically blockinghe IFN receptgrIFNARL1, to diminish type-I IFN signaling
attenuateshe early neuroinflammatoryesponsen the MPTP mouse model of AMain et
al.2016) These mice displayadduced levels of pro-inflammatory cytokines and microglial
activation .whieh correlated withdecreased MPTFihduced nigral degeneratioand
improvements, in striatal dopamine levels and behavioural outcofrfesse studies suggest
thattype-IL'IFNs have deterious effects iage-related neurodegenerative disorders.

In this.study,we used ann viro rotenone modelo further characterise the cellular
sourceand contribution of théype-lIFNsto the neuroinflammatory responet contributes
to neuronalcell death Rotenoneis a mitochondrial complex Inhibitor known to be
neurotoxic toboth dpaminergic (Chokt a/.2015)and nordopaminergic neuron&henet
al. 2006),with this attributed in part to its effects on mitochondrial respiration eladated
oxidative stress_Significantly in studies with primary cultured glia/microglia htas also
been shown to induaexidative stress ana neuroinflammatory response, including increased
pro-inflammatory cytokine secretiofYe et a/.2016) We hypothesise that tigpe-I FINs
are critical"mediators of rotenofeduced neuroinflammation and neuronal cell deadlere
we presentsevidenceifa criticalrole of the type-lIFNs in mediating the neuroinflammatory
responsgnduced by rotenon&r vitroin bothprimary cultured neurorsnd glia. Importantly,
we demonstrate, théihe attenuation ofype-I IFN signaling is neuroprotective in this model
confirmingthe crucial role th&e cytokines play in mediatirige neuroinflammatory response

that contributes to neuronal cell death in chronic neuropathologies.

Methods
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Mice

IFNAR1” mice were initially generated byHwang et al. 1995) with wildtype
C57Bl/6 time-mated female mice sourced from Australian Resources Centre (ARSEeWe
Australia). All pregnant female mice werboused under specific pathogkeee (SPF)
conditionsin a 20C to 24C room with a 12 h light/dark cycle and with food and weader
libitum according to standard animal care conditions at the Biomedical Research Facility,
University of Melbourne. All animal studies complied with and were approved by the
University“of Melbourne, Faculty of Medicine, Dentistry and Health Sciencemaritthics
Committee«(Ethics #1212477).

Isolation of mixed cortical and hjppocampal neurons

Mixed cortical and hippocapal neurons were isolated from day-14 embryos as
previously describedCrack et al. 2006, Tayloret al. 2005) The purity of cultures was
determined.to.be >95% neurons as indicated by3AsruN andGFAP stainiig to identify
neurons and. gliarespectively. Neuronal culturegere utilised for treatment at @ays /in-

vitro.

Primary mixed cortical and hippocampal glial cultures

Mixedsprimary glial cells were isolated from posital POP1 C57BL/6 wildtype and
IFNAR1" genotypes as previously described (Minter et al. 201€8lls were cultured in
T75cnt flasks in DMEM (containing 20% FBS, 0.5% penicilitreptomycin). DMEM
culture medium was changed every 8lays and cells cultured until reaching approximately
90-95% canfluency. Cells were used at passageaBdwere plated into 1dm dishes for

experimental.use.

Cell treatmens

Rotenone (Sigmaldrich) was prepared fresh for each experiment, to a 12.7uM stock
solution in““dimethylsulphoxide (DMSO), which was diluted further to desired final
concentrations in treatment medium before use (final coratemt of DMSO <0.001% V/v).
For MTT and caspas8 assayscells were treatedith vehicle or rotenone for ®or 8, 24
and 48h, respectivelfzor mMRNA analysis neurons and gliatells were treatedver a time
coursewith either 3nM 025nM rotenonerespectively
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MAR1-5A3 (monoclonal antibody specifically targeted to block IFNAR1, Leinco
Technologies, St. Louis, Missouri, USA) was diluted in sterj@ td a stock concentration of
2.3mg/ml and stored in aliquots #®0°C. Cells were préeated with Zmg/ml MAR1 or
IgG isotype control in appropriate culture media forndi@utes prior to rotenone treatment.
Cell viability'of'neuronsvas then determined by MTT assay after 24h or the media from glia
removed after 24, 48 or 72h to measure tyfgeN levds by reporter assay.

For"conditiohed media experiments, wildtypelBINARL” primary glia were treated
with 25nMyrotenone (or vehicle) for 24, 48 or 7@halternatively, wildtype glianly were
treated with, ratenone (25nM) in the presence of MARR.qug) or IgG control for 24h.
Media was,then removednd ell viability was assessed by MTT assay with values of

rotenonetréatéd cells expressed as a percentage of their vehicle control.

MTT cell viabilityassay

Cell_viability was measured by the ability of cells to metabolisé4,35
Dimethylthiazol-2yl)-2, 5diphenyltetrazolium bromide (MTT) reagent (2mg/ml, Sigma) to a
formazan preduct. Following rotenone treatment, MTT was added to culture and incubated
for 2h at 37°C/5% CQ Culture medium was theemoved an@00ul DMSO was added to
each well.to solubilis¢he formazan product, followed by transferral to a 96 well plate and
absorbance.was determined at 595nm. All experiments were performed in triplicate and

viability was expressed as a percentagllistgsnmof the vehicle control.

RNA extraction and cDNA synthesis

Cells were lysed and homogenised in 1mL of T@zatagent (Invitrogen). RNA was
isolated as_per.manufacturers guidelines, with concentration and purity of the RNA assessed
using the  Nanbrop 1000 Spectrophotometer (Thermo Scientific). RMAS reverse
transcribed=into cDNA using a Highapacity RNAto-cDNA Reverse Transcription Kit
(Applied Biosystems) in accordance with manufactures guidelines. Briefly, reverse
transcription‘of‘ig RNA tocDNA was performed using thermocycler (Eppendorf) under the
followingsconditions: 25°C/10min, 37°C/120min, 95°C/5min, 10min/4°C. The resulting
cDNA was diluted 1:3 with DEPE1,0 and stored at -8C for QPCR analysis.
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Quantitative Real Time PolymeraGéain Reaction (QPCR)

All QPCR was performed in standard 3&4ll plates (4309849, Applied Biosystems)
using the 7900ht fast retime PCR system (Applied Biosystems) and reactions for a given
sample were performed in triplicate. All Tagman gene expresseays were purchased
commercially=(431182, Applied Biosystems) and reactions were performed timeler
following conditions with the listed primers

Step #| Temperature (°C) | Time (minutes) | Comments

1 50 2 -

2 94.5 10 -

3 97 0.5

; 57 . X40 repeats
Gene Species Inventory number
GAPDH Mouse Mm99999915 mil
IFNB Mouse MmO00439552_s1
IL-1p Mouse MmO01336189_m1l
TNFa Mouse MmO00443258 m1l

For SYBR® greerbased detection, gerspecific primers were synthesized commercially

(Geneworks)-and reactions wererformed under the following thermal conditions:

Step #| Temperature (°C) | Time (minutes) | Comments
1 95 20 -
2 95 0.5
X40 repeats
3 60 1.5
4 95 15 -
5 60 15 -
6 95 15 -

Gene Direction (5 — 3”) | Sequence (5> 3’)
GAPDH | Forward ATCTTCTTGTGCAGTGCCAGC
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Reverse ACTCCACGACATACTCAGCACC
Forward GCAATCCTCCTAGACTCACTTCTGCA
[FNe Reverse TATAGTTCCTCACAGCCAGCAG
IFNoE4 | Reverse TATTTCTTCATAGCCAGCTG
) Forward CAAGCACCTTGGAAGAGGAG
'e Reverse AAGGCCAAACACAGCATACC
Forward TTTGGACACCCAGATGTTTAAG
R Reverse GTCTTCCTTGAGCACCTGGATC
Forward CCAAGACGATCTCAGCATCA
‘& Reverse TTCTGGCTTGCTGAATCCTT
Forward TTGTGTGTGTTCTGGAAACGGAG
CcD8e Reverse AACTTAGAGGCTGTGTTGCTGGG
Forward TCACCTGAGCTTTGATGTCG
A Reverse CTGAAAGGAGCCCTGTCTTG
Forward CAGGGTAATGAGTGGGTTGG
e Reverse CACGGCACCTCCTAAATTGT

The software SDS 2.4 (Applied Biosciences) was used to generate threshold cycle
(Ct) values. Ct values were collected and relative gene transcript levels were calculated using
the33CT method as described (Winer et a/.1999).
Caspases activity assay

Caspass, activity was measured hyuantitating theability of cells to cleave Ac
DEVD-pNauinto free colorimetric pNA using theolorimetric CaspACE™ assay system
(Promega; G7220) as per manufacturer’'s guidelines. Briedlyg/well of protein extract (as
determined by Bradford ass&Bio-rad) was loaded in triplicate in a 96 well plate, and
incubated ‘at 37°C forhd Absorbance was read at 405nM and levelsedved pNa released

for each sample was calculated relative to a standard pNa substrate curve.

Bl6-Blue™typel IFN reporter assay

B16-Blue™ IFNa/B reporter cells (bb4fntl, Gibco/Invitrogen, Scoresby, VIC,
Australia) were used to measutgpe-l IFNs produced by primary cultured glial cell lines.
B16-Blue™ murinetype-I IFN reporter cells were derived from a murine B16 melanoma cell

line of C57BL/6 origin. These cells have been stably transfected with a secrdigehmin
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alkaline phosphatase (SEAP) rejeo gene under the control of the I&/8-inducible ISG54
promoter enhanced by a multimeric Interferon Stimulated Response Elements (ISRE).
Stimulation of these cells with murine lleM[ Jtriggers the production of SEAP by the
activation of the IRHnducible promoter. Levels of SEAP in the supernatant are then
determined with QUANT-BIue™ (repgbl, Gibco/Invitrogen, Scoresby, VIC, Australia),
colorimetric enzyme assay developed to deieenany alkaline phosphatase (AP) activity in

a biological sample. The colour GUANTI-Blue™ changes from pink to purple/blue and
absorbance determined at 630nm using a Multiskan Ascent plate reader (ThermoScientific,
Scoresby, VICpAustralia).

Following treatments, conditioned media was collected and added to thBIB4B"
reporter cells/(blifntl, Invivogen, CA, USA) for 24 h. To validate reporter activity, B16
Blue™ reporter cells were concurrently treated with 4FN0-1000 IU/ml, PBL Assay
Science,Piscataway, NJ, USA) to generate a standard curve for normalisation of.results
QUANTI-Blue™,was added in a 1:1 v/v ratio to detect SEAP activity and incubated for 24h
at 37°C/5%,CQ Following SEAP detection, 200ul was transferred into a 96 well plate an

absorbancerdetermined at 630nm using Multiskan Ascent plate reader.

EL/ISA

MurinelL-6, IL-13 and IL-10 (BD Biosciences) ELISAs were performed according
to manufacturer’s instructions. 10§ of protein was loaded per well in duplicate. Protein
concentrations of individual samples were determined using a linear curve of lindggde-
1B or IL-10 standards (2@50pg/mL).

Statistical @analysis

All-datarare expressed as mean xSHEM number oéxperimental replicateQPCR
ELISA and MTT assay data were analysed usmgwo-way ANOVA, with subsequent
Bonferroni post-hoctests. Power values for each testewme calculatedpost-hoc using
G*Power (version 3.1http://gpower.hhu.de/based upon the effect size, group humber and

sample size.For all statistical tests P<0.05 was accepted as being statistically significant.
Results

IFNARL" primary cultured neurons are less sensitivotenoneinduced toxicity
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We have previously confirmed the#ENAR1” mice are less susceptible to MRTP
induced DA cell deathnn vivo (Main et al. 2016). To confirm thaeduced type-IFN
signaling wasneuroprotectivein vitro, wildtype and IFNART neurons were treated with
rotenone (5nM) for 24handcell viability was assessed by MTT assay. IFNARfeurons
were less suseceptible well death induced bgnM (WT: 74.76.2% versusFNAR1":
94.9+3.5% compared to vehicle, n=5**p<0.001, t=4.176, DF=3) and 3nM WT:
75.142.8% versusFNAR1": 93.3:2.8% n=4 **p<0.01, t=3.588, DF=3Yotenone compared
to wildtype, cultures (Figre 1A). It is well established that rotenone can induce neuronal
death via caspas® mediated apoptos{&hmadi et a/.2003, Pei & Pei 2003)lo investigate
whetherthewneuroprotection we observed in IFNA&dficient neurons wague to reduced
caspase activity, cells were treated with 3nM rotenone for 8, 24 and 48Hearelsof pNA
measuredlFNAR1" primary cultured neurts displayed a significant decrease in casfase
activity at24h (MT: 127.6:19.0pmol/5(g vsIFNAR1L”: 62.2£5.0pmol/5Qug, n=6, *p<0.05,
t=2.622, DF=8)=and 48hWT: 134.722.2pmol/5@g vs IFNAR1": 83.0t6.4pmol/5Q.g,
n=6, *p<0.054=2.847, DF=3)ompared to wildtype neurons (Figure 1B).

To correlate ouvn vitro viability studies with a reduced pinflammatory response
(including thetype-1 IFNs)in the IFNARI™ neurons, cells were treatedth rotenone over a
2-48h timeeourse QPCR analysisvasperformed to determine expression of bothtipee-I
IFNs andsthe classical pioflammatory cytokines, 1113 and TNFoa. Rotenone induced a
significant increase in IFN expression in wildtype neurons at QVT: 8.5+1.1fold versus
IFNAR1":'4.4+0.4old compared to vehicle=5, =4.053, **p<0.001, DF=5pand 4h WT:
6.5t1.8fold"VersusIFNAR1": 0.8+0.2fold compared to vehiclep=6, **p<0.01, =3.653,
DF=5) thatswa$ absent in the IFNAR1lneurons (Figure 2A). Similarly, there was a
significant difference in the levels of IFplbetween wildtype and IFNAR neurons at 4h
(WT: 4.4t1.0fold versusIFNAR1”: 1.2+0.2fold compared to vehiclen=6, **p<0.01,
=3.272, DE=5) (Figure 2B). At 48 houtbere was a second wave of increa$eédto, (WT:
8.0t1.6-old.versusIFNAR1™: 3.0t1.0fold compared to vehicle, **p<0.01=8, £3.588,
DF=5) and{ENB (WT: 5.3t0.9fold versusIFNAR1": 2.3+0.94old compared to vehicle,
n=7, *p<0.01,£3.408 DF=5) expression in the rehonetreated wildtype neurons that was
attenuated in the IFNAR1 cells. Over the entire rotenone tirmourse, he knockout
neuronsalso displayed reduced expression of-fLand TNFa, with significantdifferences
at 24h WT: 2.3t0.4fold versussFNAR1": 0.6t0.1fold compared to vehicley=6 *p<0.05,
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£=2.957, DF=% and 48h(WT: 2.7+1.24old versusIFNAR1": 0.7+0.1fold compared to
vehicle,n=7 **p<0.01,£3.529, DF=4) and 4HNT: 4.1+1.24old versusFNAR1™": 1.4+0.4-
fold compared to vehicle, n=6, *p<0.0563.126, DF=4)respectively (Figure 2C, D)

IFNARI“glid"display an attenuated pro-inflammatory response induced by rotenone
Glial cells (microglia and astrocytesare considered the predominant cell type
involved in the neuroinflammatory response in both acute and chronic brain
neuropathelogiesWe were interested in identifying whethgmpe-I IFN signaling was also
critical in mediating thelial respnse taotenone Once it was confirmedtenone was not
toxic to thewprimary mixed glial culturest the doses of-100nM (data not shown), a tem
course of 2472h with 25nM rotenone was performed. Expression ofdFhhd IFN was
determinedoy QPCR analysis with type-I1 IFN reporter cell line used to meastype-I IFN
levels released into thglial media. At 24h, rotenone induced an increaséyel IFN
expressiongsinswildtype glia with mRNA levels of IFiNsignificantly elevated compardd
IFNAR1" cells«@VT: 5.3t1.5fold versusFNAR1": 1.5+0.4fold compared to vehicle=6,
*p<0.05, £2.652, DF=3 (Figure 3A). Similarly, at 72h there was an attenuated response in
the knockout cells with reduced expression of both-6FNWT: 7.3t1.3fold versus
IFNAR1""0:5:0.1fold compared to vehiclen=6, **p<0.01, £=3.670, DF=3 and IFNB
(WT: 7.3#2.0fold versusIFNARL1": 1.2+0.5fold compared to vehiclen=6, *p<0.05,
=2.821, DF=3 (Figure 3A,B). In support of the reduced mRNA expressiGiNAR1™" glia
demonstratedsignificantly reducedtype-l IFN protein levels at both 24HMT: 37.9+6.9
IU/mL verstSIENARL”: 6.2+2.5 lU/mL, n=4, ***p<0.01, £=3.988, DF=3) and 72hW(T:
79.8t8.2 UL versus IFNAR1™: 40.7:13.9 IU/mL, n=4, ***p<0.001, £4.157 DF=3)
(Figure 3C). Analysis of prinflammatory cytokine expression by ELISA confirmed a
significant.increase in H6 levels at 24h (WT: 200.7186.7 pg/20QL versusIFNAR1":
34.3t9.0 pg/20@L, n=6, **p<0.01, £3.245, DF=3 (Figure 3D) and IL1B levels at 48h
(WT: 121.3:26.7 pg/20QL versuslIFNAR1™: 58.6t9.9 pg/20QL, n=6, **p<0.05, £=3.245,
DF=3) (Figure"3E) in thenedia fromrotenonetreatedwildtype, but not IFNART glia. In
contrast, rotenone only upregulated-10Q expressionlevels in the IFNARI cells at 24
(WT: 35.19.8 pg/20@L versus IFNAR1” - 146.3t57.2 pg/20QL, **p<0.01, £3.273,
DF=3) (Figure ¥F). This suggests thaype| IFN signaling is a critical mediator of the pro

inflammatory response induced by rotenone in primary glia.
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Wildtype, but not IFNARL glia, display increased expression of -NMke markers in
response to rotenone

Studies of the innate immune response have highlighted its complexity with a myriad
of factors, their receptors and subsequent signaling pathways involved. Akin to their
peripheral counterparts, in an attempt to simplify the response, the termsatd1*M2”
have been widelysed to designatpro- and antinflammatory microglia(and to a lesser
extent astrocytesyespectivelyreviewed in(Cherryet al. 2014)) However, lhe use othis
“M1” of “M2” nomenclature is now considered an oversimplification, with evidence
demonstrating,thamicroglia existas a continuum of the two or as a mixed phenoiype
response ‘to_specific stimu(reviewed in (Moehle & West 2016)The increased pro
inflammatary €ytokine expressionduced by rotenone in wildtype mixed glia (Figure 3D,E
did suggest gropensityof the cultures to adopt more “M1-like” phenotypeoverall.
However to confirm this, mRNA expression of M1 (CD11b, CD16, CD86 and iNOS) and M2
(ARG1 and_YM1) markers was analysed by QPCR. Expression of COMTH2(9+0.7-fold
versus IFNAR1": 0.7+0.1fold compared to vehiclen=6, ***p<0.001, £5.260, DF=3,
CD16 WI=2:3:0.4fold versus IFNAR1": 0.9t0.1fold compared to vehiclen=s,
***n<0.001}" =4.380, DF=3) and CD86A(T: 2.8t1.2fold versusIFNAR1": 1.0+0.1-fold
compared=to_vehiclen=6, *p<0.05, £2.922, DF=3 were all significantly upregulated in
wildtype _but“not IFNARI™ cultures following 72h rotenone treatment (Figure-@A
Rotenone also induced an early increase in iINOS expression at 24h in wildtypa glia,
response that was attenuated in the knockout cultWv@s 2.1+0.5fold versuslIFNAR1":
1.0+0.14oldsecomparedo vehicle,n=3, *p<0.05, £=2.862, DF=3 (Figure 4D). In contrast,
there was ‘no.significant difference in ARG1 and YM1 expression bettheenildtype and
IFNAR1” ¢ells'With an upregulation in both genotyp@&igure 4E, F). This data sggests
although™wildtypeglial cells do adopta mixed phenotyp@xhibiting both pre and ant
inflammatory responses, theselturesare overepresented by the former. h@IFNARL”
cellsin contrast, with little evidence of increased M1 marker expressiontbyame, display
a more antinflasnmatory phenotype as a whol&he elevated levels of HLO accompanied

by minimal increases in H6 or IL-1B in these cultures supports this (Figure BD-

Conditioned media from rotenomeeated IFNART glia is less cytotoxic to primary cultured

neurons
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Wildtype or IFNARL” primary glia were treated with B81 rotenone for24, 48 or
72h before the media was removed and placed ontapricltured wildtype neurons for
24h and cell viability determined WYTT assay Increased cell death was seen in wildtype
neurons that were exposed to media from rotetiated (24h) wildtype glia compared to
IFNARL ™ glia"(78.4:2.4% versus 9242.2% conpared to vehicle, n=7, *p<0.0%=3.148,
DF=3, twoway ANOVA) (Figure 5) A significant difference in viability was also seen with
media from glia treated with 25nM rotenone for 48WT¢ 73.413.9% versus IFNART:
84.73.8%" compared to vehiclen=7, *p<0.05, =2.640, DF=3, twevay ANOVA,
Bonferroni:spost.hoc tes). The reduced cytotoxicity of media frolNAR1" glia supports
the previoussdata identifying reduced {inlammatory cytokine expression as a result of
attenuatedype-I'IFN signaling.

MAR-1, an IFNARI1 blocking monoclonal antibody, is neuroprotective against rotenone
induced cell-aeath

To further characterise the neuroprotective effectsladking type-lIFN signalling,
wildtype primary neurons were incubated wighblocking monoclonal IFNAR1 antibody,
MAR-1 (2.5mg/ml) or IgG isotype contrdbr 30 mnutes before being treated with 3nM
rotenonefoer. 24h and cell viability assessed by MTT assay. In the presence of the tglz cont
antibody, .retenonéreated neurons demonstratetb.6t2.9% viability (compared to
IgG/vehicle control) (Figure 6A). In const there was a significant attenuation of roterone
induced cell death in the MAR treated cells (90#6.2% compared to MAR/vehicle
contro) (N=3;*p<0.05, £=3.495, DF=3, oneavay ANOVA, Bonferroni's post hoc tes).
MAR-1 was able to effectively block the rotenanduced type-IFN production in primary
cultured glia"(Figure 6Bas measured by reporter assath a significant reduction at 72h
(IgG/rotenone:38.9+8.91U/mL compared to IgG/vehicleversus to MAR-1/rotenone
13.2+1.91U/mL, n=3, **p<0.0]1 £=4.495, DF=3, tweawvay ANOVA, Bonferroni’s post hoc
tes). In addition, media from glia treated with rotenone in the presence of-MARS
significantlyless.cytotoxic to wildtype neurons compared to media from IgG/rotenone treated
glia (IgG/rotenone70.2+6.3% cell viability compared to MAR/rotenone: 8784.3% cell
viability (relative to vehicle controls) (n=3, *p<0.0%;3.277 DF=3, two-way ANOVA,
Bonferroni’'s post hoc tes). This data supports the neuroprotective effects seen with-MAR
in vivo and suggests that this is in pdde to its ability to attenuatthe glial typel IFN

production to these toxins.
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Discussion

Evidence suggests that neuroinflammation is a fundamental procesaltittoatgh
beneficial following acute neural injury, contributes to the neurodegeneration in chronic
neuropathologies. However, the key mediator of this inflammatory response and the
medianism of action that can lead to cell death iemadefined. Type-IFNs possess
pleiotropicgbiological functions including antiral and antiproliferative capacitieand are
considered_to,be the key initiator dfie inflammatory response Type-lI IFN-IFNAR
signaling and_subsequent activatitmough the classical JAK/STAT cascaldadsto an
upregulation in pronflammatory gene transcription including ttype-I IFNs themselvegde
Weerd et al-2012). This signaling cascade has beeall characterisg in the periphery,
however itscontribution to the neuroinflammatory response in chronic @N&rders such as
AD andPD.is_still not known.Our previousdataimplicated the type-l IFNs in the MPTP
model of RD (Main et al. 201&nd in the APP/PS1 mouse model of ARlinter et al.
2016a) withwansattenuated neuroinflammatory response in mice lacking IFNARE
hypothesised that glial cells are the major drivers of this damaging responseehasvboth
neurmsiand glia are known to produce and respond tdyjhel IFNs, this studyfurther
characterisé_type-l IFN signaling in specific CNS cellypes following exposure to the
neurotoXin rotenoneRotenone is a complex | inhibitor known to induce oxidative stress and
neuronal cell death but recently it has also been reported to activate microglia with
subsequent prmflammatory cytokine secretiofYe et al. 2016). We confirmed that
rotenone inducea praeinflammatory response that includes increasyge-I IFN expressn,
in both primary _cultured neuronand glia Removal ofthe type-1IFN receptor, IFNAR1jn
these cellsattenuated this prmflammatory response with subsequent neuroprotection
against rotenondenduced neuronal cell deatlsignificantly, by therapeutically targeting
IFNAR1 through the monoclonal antibody, MAR we were also able to provide some
protectionragainst cell death induced by rotenone.

Thesresident microgliaare consideredhe primary immune cell in the CNS and
thereforehave:beenmplicated ashe major driver of neuroinflammation both AD andPD
(reviewed in(Taylor et a/.2013, Minteret a/.2016b)) Howeverneuronsand astrocytes are
also involved in this response and it is known that neuststsexpresand respond ttype-|
IFNs through TLR stimulatiofCostelloet a/.2013, Carpentieet a/.2005) In this studywe

demonstrate that rotenone treatmdmnglatesan early upregulation (within 2h) intype-|
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IFN expressionin wild type primary neuronal cultures. Furthermore thypel IFN
production occurs before the -uggulation of prenflammatory cytokines (IL4 and TN--
o) supporting a role for thg/pe-1 IFNs as mediators oregulatorsof the reuroinflammatory
environment induced by rotenan®imilarly, we have previously reported that thg1A42-
induced TFN response in primary neurons occurs prior to the induction of other pro
inflammatory cytokinegTaylor et al. 2014).This has implications for the human conditson
wherehallmark features of neuroinflammation including the expression-afland TNFa
have been.detesd in both the CSF from AD an@&D patients and in poshortem brains.
Additionally; studies have demonstrated that neurares sensitive tdL-13 and TNFa
cytatoxicity (Kaur et al 2012) Attenuation of this pranflammatory response through TNF
o’ mice (Fergerer a/.2004) soluble TNFo[Jinhibitors(McCoy & McCoy 2006)and anti
IL-1B neutralising antibodieArai ef a/.2006)are neuroprotective, further demonstrating the
role of the.inflammatory response in disease progress&imilarly, our data reveals that
primary cdltiréd neurons from IFNAR1mice not only have attenuatetype! IFN
expression,butalso reduced rotenone-induced prdlammatory cytokine productiorof
TNF-a and 11-1B[] compared towildtype controls This reduced response in tHeNAR1™”
neurons correlated with decreasetenone-inducedccell deathcompared to wild type
culturesthat'was associated with reduced casf3aaetivity. In support of this, BE(2) M17
neuroblastoma_cells stably overexpressing a shRNA IFNAR1 knockdown condioict a
displayed reduced rotenoiteduced neuroinflammation and cell death (data not shown)
whilst we have previously confirmeth attenuated neuroinflammatory responstFNARL”
neuronswith”subsequenprotection against Al-424induced cell deatliTaylor et al. 2014)
Indeed,|FN-B=hasbeen shown to have deleterious effects on neuronal survival, by regulating
signding molecules that promote intrinsic apoptofidedoni et a/ 2010). These results
suggesa key maodulatory role fotype-l IFNs in not only thegro-nflammatoryresponse but
alsoin the downstream prapoptoticsignaling mechanisms induced by rotename other
cellular insults In addition, it supports our previous findings in the MPTP mouse model of
PD that identified increased DA neuronal calrvivalin the absence of IFNARMain et al.
2016).

Rotenone was also shown to be a postintulatorof thetypel IFNs in primary glial
cells Previous studies have confirmed a-prtammatory response in rotenotreated
mixed primary cultured glia or BV2 microglia celivith increasedexpressiorof IL1-§ and

TNF-a reported(Liang ef a/.2015, Changet a/.2013) Typel IFN levels were ugegulated
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within 24h andm contrast to the H6 and IL-1p levels which returned to near control lesel
at 72h, there was a second “wave” of IFN production at the latterptimé Thiscould be
attributed to secondary signaling pathwaygolving damageassociated molecular paths
(DAMPs) leading to elevatetype-l IFNs (Gao ef a/.2011)and mimics what we also saw in
glial cells'in‘response to[#1-42 (Minter et al. 2016a). Again, highlighting the modulatory
role of the IFNIENAR1 signaling cascade, this pimflammatory cytokine expressi was
diminished in thdFNAR1" glia. In contrast, expression of the ainflammatory 110 was
only upredulated in théFNAR1" glia. This imbalance in the WT glia only (and not in the
IFNARL" cells),was further corroborated by the mRNA expressaf Ml-microglial
markers. Whilst “M2” markers were unchanged in either roteti@zted WT or IFNART
mixed glia’ cultures, the expression of “M1” markers, CD11b, CD16, CD86 and WDsS
all elevated in the WT (but néENAR1") cultures. We therefore concluded similar to gur
vivo MPTP study, rotenone induces a more-hk& phenotype in glia that is associated with
the classicalprinflammatory responseas previously reportedDu et al/ 2014).
Interestingly, this contrasted to the upregulation in “M2” marker expression vibat
previouslyssaw' in Al-42ireated IFNARI glia (and in APP/PS1/IFNARL mice),
suggesting“insthe absence tfpe-l IFN signaling, these cells were adopting an -anti
inflammatory phenotypéMinter et al. 2016a) However,taken together these studide
suggest thatthgype-1 IFNs drive or influence glia to adopt a prdlammatory phenotype.
Indeed, the detrimental effects of this increasedinftammatory cytokine secretion was
confirmedywhen the media from the rotendreatedwildtype glia was placed onto primary
cultured neuronsThereduced newtoxicity in the absence of a glial medial€dN response
is similar to_that reported witthe type2 IFN, IFNy (Mount et a/.2007)and indeed with our
own studies'with B8-treated neurons/gliMinter et al. 2016a).

Werhave=previously confirmed thalocking the type-I IFN receptor through the use
of a maioclonal antibodyis effective in reducindype-l IFN expression in the brain, pro
inflammatory cytokine expression and ultimately nigral degeneration induced By MP
(Main et al. 2016) This study hasconfirmed that rotenonenduces type-lIFNs in both
neurons’and gliaand critically, abrogaion of this response through MAR treatment,
afforded some ‘protection against subsequent neuronal cell deeathifying the cellular
source of thaype-I IFNs and confirming the implications of targeting this response were
critical to confirm this pathway as a true therapeutic target for future drug dégegio not

propose thatype-I IFN sigreling causes AD or PDhoweverwe hypothesise thdhe type-I
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IFNs are critical mediatos of the neuroinflammatory responsthat contributes tathe
neuronal degeneration in these disea®es studies support the notion that therapeutically
targetingthis response, particularly that occurring in the glial cells of the GhN& provide
an alternatie strategy to reduce neurodegeneration and slow the progressioesef th

debilitating disease

ARRIVE guidelines have been followed:
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FigureLegends
Fig. 1. IFNAR1” primary neurons display reduced caspase-3 mediated rotenone-

induced cell death. (A) Primary cultured wildtype (WT) and IFNARLlneurons were

treated with 13 or 5nM rotenone or vehicker 24h before cell viability was assessed by
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MTT assay(n=4-5. All data expressed relative to vehicle cont(B) WT and IFNART"

neurons (n=pwere treated with 3nM rotenone for 8, 24 oh48ells were harvested and
caspase levels assessed by measuring pNA levels as deiiy referencing to a known
pNA standard curve. Data expressedhesmeatSEM. Statistical analysis done by two

way ANOVA'with Bonferroni’'s multiple comparisoest ¢p<0.05, **p<0.01, ***p<0.001).

Fig. 2. Rotenone treated IFNAR1" neurons display attenuated type-l IFN and pro-
inflammatory cytokines expression. Primary cultured wildtype (WT) and IFNAR1
neurons were treated wiBmM rotenone or vehicléor 2-48h beforecells were harvested and
MRNA expression ofA) IFN-a (B) IFN- (C) IL-1p and (D) TNF-a was determined by
QPCR All data expressed relative to vehicle conasthe meaftSEM, n=6-8. Statistical
analysis done by twaay ANOVA with Bonferroni’s multiple comparison test (*p<0.05,
*+*n<0.01, **p<0,001).

Fig. 3. Rotenone induces a type-l IFN and pro-inflammatory response in wildtype glia

that is diminished in IFNAR1” cells. Primary cultured wildtype (WT) and IFNARAL

mixed glia“were treated with B8 rotenone or vehicle for 242h before cells were
harvestedwand mRNA expression(af) IFN-a (B) IFN-B levelswas determined by QPCR

(C) Type-ldFN expression as measured by HEK reporter assay with levels determined by
comparison to a known IFR standard curve. Levels df-13 (D), TNF-a (E) and the anti
inflammatary 1L-10 (F) were assessed by ELISA.All data expressed relative to vehicle
contol as _the, mearSEM, n=6 Statistical analysis done by tway ANOVA with
Bonferroni’'s. multiple comparison test (*p<0.05, **p<0.01*p<0.001).

Fig. 4. The expression of pro-inflammatory “M1-like” microglial markers is elevated in
wildtype, but not IFNAR1™" glia, following rotenone treatment. Primary cultured wildtype
(WT) and IFNART™ mixed glia were treated with B§1 rotenone or vehicle for 2a2h
before cells were harvested and mRNA expressiaviloimarkers(A) CDIlb (B) CD16 (C)
CD86 and(D) iNOS levelswas determined by QPCRhe mRNA expression of arginage
(ARG1) (B) and"YM1 (F) was unchanged between wildtype and IFNAR{lia. All data
expressed relative to vehicle control as the m8&M, n=6 Statistical analysis done by

two-way ANOVA with Bonferroni’'s multiple comparison test (*p<0.05, ***p<0.001).
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Fig. 5. Media from rotenone-treated IFNAR1™" glia is less neurotoxic than wildtype glia

to wildtype neurons. Primary cultured wildtype (WT) and IFNARLmixed glia were
treated with 2BM rotenone or vehicle for 242h before the media was removed an applied
to primary wildtype neurons for an additional 24h. Cell viability was determined by MTT
assay with data expressed relative to vehicle control as thet+Biekh n=7. Statistical

anaysis done by two-way ANOVA with Bonferroni’s multiple comparison test (*p<0.05)

Fig. 6. MAR-Lsinhibits type-I IFN signding and rotenoneinduced neurotoxicity. (A)
Primary cultured neurons were greated witha blocking monoclonal IFNAR1 antibody,
MAR-1 (265.g) or IgG control for 30 minutes before being treated with 3nM rotenone (or
vehicle (V)) for 24 hours. Cell viability was determined by MTT assay and confirmed a
significant attenuation of rotenoimeduced cell death in MAR treated cells congped to

IgG contral.eells: (n=3)(B) MAR-1 (2.5ug) was shown to attenuate ttype-I IFN response
induced bysrotenone (25nM) in primary cultured glia as measured by a HEK reporter assa
(n=3). (C)Neuronal cell death induced by conditioned media fromnabetreated primary

glia was reduced in the presence of MAR2.5.g) compared to Ig@reated cells. All data
expressedwrelative to vehicle control and as the #r#&aM, *p<0.05, **p<0.01, ***p<0.001.
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