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Abstract

Mitochondria are sentinel organelles thatiampacted by various forms of cellular stress,
including viral infections. While signaling events associated with mitochondria, including those
activated by pathogen associated molecular patterns (PABi@s)idely studied, alterations in
mitochondrial digribution and changes in mitochondrial dynamicsadse beginning to be

associated with cellular insultells of neuronal origin have been demonstrated to display



remarkable alterations in several instances, including neurodegenerative diséedersiéan

Equine Encephalitis Virus (VEEV) B New World alphavirus that infects neuronal cells and
contributes to an encephalitic phenotype. We demonstrate that upon infecti@nvagcine

strain ofVEEV (TC-83), astrocytoma cells experience a robust drapitochondrial activity,

which correspondsvith an increased accumulation of reactive oxygen species (ROS) in'an
infectiondependent manner. Infection status a@isoespondsvith a prominent perinuclear
accumulation of mitochondria. Cellular enzymatic iaery, including PINK1 and Parkin,

appeas to be enriched in mitochondrial fractions as compared with uninfected cells, which is
indicative of mitochondrial damage. Dynamin related protein'l (Drpl), a protein that is
associated with mitochondrial fissiostemonstrated a modest enrichment in mitochondrial
fractions of infected cells. Treatment with an inhibitor of mitochondrial fission, Mdiled to a
decrease in caspase cleavage, suggesting.that mitochondrial fission was likely to contribute to
apoptoss of infected cells. Finally, our data demonstrate that mitophagy ensues in infected cells.
In combination, our data suggest that VEEV infection results in significant changes in the

mitochondrial landscape that may influence pathologicatomes in thenfected cell.
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Introduction

VenezuelarcquineEncephalitisVirus (VEEV)is a singlestranded RNA virus belonging to the
genusAlphavirus family Togaviridae.This New World alphavirusianemerging infectious
agentthat causes natural outhies in many parts of the world® VEEV was weaponized-in the
past and continues to be classified as almieat agentas well as category B select agent

owing to the retention of stability and infectivity in aerosol fériew World-alphaviruseare
arboviruses (arthropeborne viruses) thanfect equines and humarisquines typically develop
generalized symptoms within2daysof VEEV infection, including fever, tachycardia,
depression, and anorexldowever, more serious complications, including hyperitability and
encephalitis sometimes occur withi¥klB days of infection, often resulting in death of the animal
within one week.If humans are infected with VEEV, symptoms appearing witkindays can
range from febrile, or fhklike symptoms, such as malaise, fever, chills and myalgia, to coma and
death in ~1% of case€urrently, naJnited States Food and Drug Administrat{&A)

approved vaccines or therapiea-are available as countermeasure stratégiedEEV

infections. There are twa investigational vaccines for VEEV that are offeredisk at

personnef These includéhe VEEV TC-83 strain, which is a livattenuatedirus and is known

to induce a fairly robust primary immune response. The second candidate is VBEMVMBich

is a formalininactivated vaccine and inducesativelywealer immune responsess compared

to TG83

Events that occur in the infected host,decluding activation of phosphsignaling events such
as NFeB signaling cascade, MEERK signaling cascade and the ubiquitin proteasome pathway,
play important roles in the establishment of a productive infetfolany host proteins have

been showro interact with VEEV proteins that critically influence viral multiplicatio!i Thus,
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multiple lines of evidence allude to the importance of host components in viral multiplication

and host pathology.

The role of mitocbndrial dynamics duringcuteviral infectiors is beginning to be appreciated
and the list of viruses that impact mitochondria and innate immune responses is growing.
Mitochondria are important to many cellular processes, including energy production, aging,
innate immunity and cell suival.'*** Mitochondrial size, structure and metility influence the
maintenance of cellular homeostasis has beenetinonstrated in the casersdurodegeneraie
disorders includin® ar ki nsonds, Al zhei mef'6Manyairaiproteinsnt i ngt
target the mivchondria and interfere with thdunctionality. The hepatitis B virus (HBV)

encoded regulatory protein HBV X (HBXx) localizesto the mitochondrial membrane where it
alters membrane potentahdelevates the levels of calcium ionsdaReactive Oxygen Species
(ROS), thereby causing damage to the mitochondria and activating latent transcriptior! factors
20 Similarly, Hepatitis C virus (HCV), a positivetrand RNA virus in th&laviviridae family,

has also been shown to damage th@chiondria in the liver during infection due to an increase
in ROS resulting in membrane depolarization and dysfunélieiCV infection also induces a
perinuclear phenotypherein mitochondria cluster the perinuclear spac¢éIn addition, HCV
infection and altere@hitochondrial dynamics weremonstrated to result in changes to the
mitochondrial membrane proteome and mitochondrial localization of a host KitiBE€L, and
ubiquitin ligase Parkin®??Such alterations in enzymes that can mediate phosphorylation and
ubiquitination of mitochondrial and associated protessinfluence interactions of

mitochondria with motor proteinsuch as kinesijrthat disrupt mitochondrial mobility in neurons
infected withHerpessimplex virus (HSV)In the case of Human Immunodeficiency Virus

(HIV), viral protein R (Vpr) is known to associate with the mitochondrial outer membrane,



leading to a decrease in expression of mitofusin 2. This induces mitochondrial ftagomen
ultimately affecting T lymphocyte viabilityRespiratorySyncytialVirus (RSV)encodes a
nonstructural protejiNS1, that has been showningerfere with antiviral signaling originating
from the mitochondria® The virulence factor of Rift Vallefever virus (RVFV) anon
structural S protein (NSsassociatewith the mitochondrigo dsrupt the redox balance of the
cell, leading to apoptosf8 RVFV also encodes a nestructural M protein{|Sm) thatlocalizes

to the mitochondria and has been asaedwith the onset of apoptosis in infected cefs

In the case tNew World alphavirusg infection is known to cause lethal outcomet
cytopathic effectin cellsof neuronal origit®?®?'There is little information regarding the
mechanisms that underlell death aside froncaspase activatioin a manner that idependent
on infection.The field of New World alphakuses has nothus far,focused on the mitochondria
and the infuenceof infection onmitochondrial dynamics. Our studies initiated with the
hypothesis that VEEV infection will.result in alterations in mitochondrial dynamics and
disruption of membrane potenti&l/e additionally hypothesized thaitochondrial changes will
be manifested at the level of intracellular distribution and proteomic composhiaaddress the
impact of VEEV infection on the mitochondria of infected cells, we adopted a combination
strategy that included. biochemical analysis of mitochondrial memipateatial and
mitochondrial camposition. We also utilized confocal and electron microscopic methods to study
the localization of host and viral components to the mitochondria and alterations in
mitochondrial structuréVe utilizedthe TC-83 virus to study the consequences of infection on
astrocytoma cells (U87MG cellsgs we have demonstrated in the past thaBB@hfection
induces several innate immune signaling events and leads to death of infectet cells.

Cumulatively, our stueis indicate that VEEYV infection disrupts mitochondrial structure and



function.We demonstrate that mitochondrial fission npaytially contribute to apoptosis that
occurs in infectedals. Finally, our data sugges$iat mitophagy is a consequence of VEEV
infection in cells that may contribute in an additive manner to the pathology associated with the
infection. The outcomes of this stuavill aid in the understanding dlie influence of

mitochondria ordisease progression and nenaboutcomesuch as dehatof neuronsn VEEV
infectionandin thedesignof appropriate combinatorial therapeutic strategies that may protect

neuronal cells
Results
VEEV infesulboa in | oss odf mi tochondri al me mbr

Viruses including HCVanHIi MpaBREVoandi RGEViomayv ¢ -
infected celdmnasea®é | entR@Sblyevel s that corr
202480 0S and mal functioning mit otcoh oanpdorpitao sairse iinmg
infected cebkl zedWe hlayp dViElEEYV ST upecmi baciwondr i al
woudant ri but-eWet oh aavpeotptteoishiismad ast rUBIZWESs ma c el |
model tsygsuwmdnerstand mitochondrial events that
cells are readily infected by VEEPY u8d M&Gi spl a
cell s were in8e&cstedawntdf t MEEVYCaf indeeadasomg 1
( MOIGhanges in mitochondaveir @l quaymbliaibneel dipmog eand tiiay
mict ochondria witaMa8tMREI rRrageamT el ed &t hyd e men 1
tha@ 3 infectiadercremsmbeane apatadéht italme wddihnt s
significant dathrpaasdsens tdicec thrirgiheg MOIls (10 and

24pih when compared with (tFheg uridss HpM4e)t d evlel smoveekr ec «



i nf ec tRVdF Vw hatsh al coognitcradl. (IRVHF\Wa)s already been de
RVFV infection of human lung ce®fAs ilteawass tmoti
demonstrated before that RVFV could establish
MR12 stRWFW ®oduld infect U87MG ce( Fisgbrye guB)n.t i
This indicates that our virological control <c
Overall, the r es8udl tisnfielcltui sotnr aosteodJ @7hob@ocled | s | e

mitochondri al me mbr ane -peogemdd il epma dwinther macn

ROS accumul ation i n delslrs mitigteac hdonrdercita Ir effu necctti
want eetto mi-® iidffadgCumhoaccumulation of.IlROS in
order to obtain a quantit at8i3ve nafsescetsesdmecnet!l |aosf,
conducted an intracellular ROS qua@iNj 7iNcati on
dichlorodihydrofluoresceifDCFH-DA) by ROST h e dat as iignrdiifoiadsserdts e

ROS i n-8t3ha nf@cted cells as atmpaldedesodtedhdOus
poi(nkisgQ@ J87MG cells treated withl,O, demonstrated a robust accumulation of ROS

as expectedAs an additioal control for infection, we determined the abundance of VEEV

capsid protein at the MOIs tested (Figure IOur r es ul t s -d enpdel ncdaet net aann dM Q|
dependent ~accVMmapatdonwbhicWEEan be detected a
cells infected with an MOI of 1Qumartli 2Z®|and oiug
dat a suppodepedddesrt iorhe membr ane pootfenR@ELBI3 and a

i nfedtlesd ce



Mosquito cells may be |l ess susceptible8830 mit

infection

Il n the cont-exan i nMmbs diunfteoct i ons, It has been
possess distinct mechanisms to regulate ROS |
a p o p.t'3 & is therefore of relevance to determine if VEEV infection will impact insect cells

and lead to accumulation of ROS in a similar manner as we observed inU87MG/¢ells.
Sstuahed her infection -8Bombdgqdito aeblisrwpthoh
mitochondrCa/l 3 Gaumnde It U &7nMe@ r cee liInsf e 8t3e d MOd tt ¢l OT) C
mitochondri al me mbr ane potentdial was measured
i ndi cattlheed mdhsagui t o cel lss. did not experience as
t he8 7 MG cel |l sUS§Fhngut PA2RAEBHMe aRQP eaccumul ati on
the i1 66EB&dleld | i ne anuwnldiek eertnh en eld8h7eh @ toeteal sl l i ne
significant increase in ROS (Filbgutrhe&e62®8e¢l | Ve g
and U877 Wgh icled Itshe raal atni ¢ e eivsCroa g3p6rl acxeilnmast el vy 1.
t han t he W8 7evb@tlcget il me point, the cells support
infection as reflected by the i ncoeasadma avi r a
suggestive of the idea that m8S8Sqguniedoteelks ma

di ptuoncof mitoicmoonadmpead hd mactadeoinl s.
Mi tochondri al di st r-8 duitn foenctiesd al 8 @M@ dc e Inl sT C

Viral hodektaonsbd YhyaookB been shown to cause a
clustering of amtideheandea®hA nsanmeedra s tafi but i on

mi tochondria around the nucleus of HSWf ected n



infection accompanied by increased concentrat
n u c 1¥antemestingly, such a perinuclear clusterafgnitochondriavas also observed in
fibroblasts obtained frolA | z h e ipatients $uggestive of a relevance to neurodegenerative
conditions® We wanted to determine wheth&€-83 infedion led to alterationsin the

distribution of mitochondrian infected cellsTC-83 infectedJ87MG cellswereprocessed for
immunofluorescence analysisingantt TOMM20 (mitochondrial membrane proteiahd anti

VEEV capsidantibodes We observed that in the cefissitive forVEEV capsid, the

mitochondria appeared to accumulate around the nu@fégisre 3A). Thisvas in contrast to the
filamentous, diperse localization that was evident in the uninfected cells. We determined that
62% and 69% of infected cellat 2hpi and 6hpiespectivelydisplayed the perinuclear

clustering phenotype (Figure 3B)hefragmentedperinuclear phenotype is showhhigher
magnificationin Figure 3C to contrast the mitochondrial intracellular distribution in the infected
cells withthetubular networkn uninfected cells. As part of this analysis, we observed that the
VEEV capsid signal partially etocalized withthe TOMMZ20 signal in the perinuclear regijon
suggesting that the viral capsid protein may also be a component of dysfunctional mitochondria
in TC-83 infected cells (Figure 3DAs an added control, the distribution of VEEV capsid

protein relevant to'the doplasmic reticulum (ER) was determined using antibodies to calnexin
(Figure 3E).Our analysis did not reveal any localization of capsid protein in the ER at this time

point.

We adolpiteadhemi cal fractionati onmenmalbensdomast oarenr i
alternate stratVeqy stia destsercmiarn aUBAENRG tche | hist omelr
infected at ainddepeasteg MOL® mitochondri al me m

As expect ewagd eltOti2eddh €| &VR3®)s,Nn 1i cthlem t o hondr i al



membr anes|fa@ana@®sa ngbnabsent from t he9) yWhwaposliidc f r ¢
prowaemr iicrhetdhe mitochtnalirnead ffraeawtihoimd®dt ed ce
i ncr etahpeet oo homa caiMOid 2 0esy MOI1  Fi gBtr d 2 &)sd 6

Thus, microscopic and biochemicaVERacamxsiidon me

procteuhd be detectadCBAntfleet midt celhdmsdr i a
PI NK1 and oRarkizred i n m83oichbadrea cal TE

Mitochondrial dysfunction, as observed with v
di sorder s, I sl acomad Inicz ateindn waft hspeci fi c host enz
is a &a9stthkam | ocal i amhserteo 1tthea smisttoadh dn dzreida i n
mitochondrial dysfunction. Localization of PI
retention of Parkimn, ~a ubiquitin |igase, i n t
Parkin enzymesdiinataeemmaokérs otodapmaigtelddmi t «
elimination of /(cbeyf emdtt OvpeA\Wediyt ppocthtoensdir@®d t hat T
infection -lwadd| ii madtuicen reef PI NK1 WE6H Prohkiallo
sampilnedsi c aTt@MM2th,atPl NK1 and Parkin |l evels were

and infddtigdreeiBINs Thamesudgested that i f ther

enri chment of any of these target mprBha@ions in
result of differential protein exp83esisnifoenc.t iVen
did not result in an increase in the bytal pr

western b(ldbat anmdVy selbewid) t hasi BhNEincaashleyd i n
t he mitochondr i a(lFingéufrbel atp e s frdhadditBit ol Roanraklilny ,
recruitment to the matewedhdhroamaseaedli MmMegnbfr asnteBA wac

|l amM®&é,s and chBhtrast to PI NK1, Parkin coudmwns st il
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of i nfeEtgdraa®hs Wesalbavihed her PI NK31 oamnd |iPardk i
wi VE¥capismdi nf elennmed od ¢ wbbe ®loydseinsnf ect ed cel |l s r
Pl NK8 ocdWwi zkeVVEERIsn d47 %8 dfi MiCeCFied@)cewhRast i n

cdocalizedc avp ¢ 1h8 WiEdf e c t (e degrCa mul at i vel.y, our
mi croscopic and bi odheanomaslt rTaEBadcdt fitedtrdatit o m nr esstu |
r€ocalization of PI NK1 and , wiatrtk i an -lgd@oe danhi e 2oactchicoonn

of these hostVepamgied.ns with VEE
l ncreased phoBmppbryd @atteiom odmf det adetecltled i n

An i mportant marker of mitophongt aal ohi 9$i ®n p
onelSi ngDB6BR r 6aH )de monst rat edwWawa nH B\ it mf fedcett iear mm
Drpl mroitsepl ayed pleosplromGiHaitimoelédCoetywsebsl ef t o
protein extrmotdest evedcadslec8 B mi pfiflCepliegurce |l 6 A) .
This increaseeamlsyungogteestlthipng t hat very early ch
archivoectuuren J nWewaretded etld sdet ermine i f Drpl
dynamic feature that cwhea nogbesde rwietdh aMQlr.o glroe st shiav
Dr pSler 616 phosphovOjl:athi oann db eltOwe ewh i | eo nato fMOI :
Drpl was slightlyThiecsrkeakadi drFi gfurgedh cBgthed yi @t
Figures i6A amusie8t ent with transefenarpbdosphot

host Jwhnashes ol l ow temporal patternsaafl mhgsph

reflect the possibility of. aTHewpWwaspghoereghdt i
Ser616 in infected cells was quawhithedubgsest
a statistically significaneal situ dekifaessdeny ni marf ea:

mitochondri apDripglerat 1 & a¢ 0 wind olB88 o0 md erdihedl eicra bT G
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significant diff er arhcece midwlcholmhardeatledtoedlii zat
infected and uninfechewnceeébhse b6hseevedsi a mb

|l ocal i pDartpplen6 6 i n (i mifewhaendd§ el | s

We hypodt he@kDerzgebcal i zati on patotuemim nigre «ii.mf eac tmad
t hat patrtad |meér i nual ¢ @arc hd b daadyrafraiowgl osfc opy, we
obserNad in uninfected cells, Drpl stobwegdra di
6Eoptp.amleB@B i nf e b eDd pcle IWass,t borchei pedi nucl ear
pattern si mi(lFarg utrob ceE VMR Opa mel ar- study was <cor
investigate the ipDr-géeblél &6HiUgumdreeheetdi crldfs
di splayed a dif-$Seselpasgitmirinamft @Dtraplap d e lp)hei |
case -©F iTCf ected cel l-Serphoésphomgd amede Dpprict a
cdocalizi VgawgkFidgVEEomMFpaarhdet7I1OMM20 (Figure 6G,
pané@&hus, our dat83 siumgfgeecsitn cdahnartealud ¥ i ncr ease |
phosphoryl ation ;0dfeallnmpbdemt @e¢phDic pRear8@BE en
mitochondri.alThme miénw &iemedgmmomsstti ncr ease i n mitocho

TE83 nfecteed cel |l s.

Mi t ochondria display st-88ctnonfattattnoeimhsi ti es

We '‘performed Transmission Electron Microscopy
T C8 3 dted e wrienidnefreco ulleda d haobpges i n tlhe tmiutcd auhrcend |
Uninfected cells displayed what appeared to b
me mbr anes (aFndg uclnanfeZtedhcellsmitochondria displayed a rangé

abnormalities in structuyéencluding partially swollen mitochondria (Figur®&Y, internal
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membrane compactin@rigure TC) and congregated mitochondria (Figure 7ID)the case of

internal membrane compacting, we observed membranous structures thatdpghrent
connection to the outer membran€lese compact inner structuregiich had élebbed
membrandike architecturgewere not detected in uninfected cells and were larger than‘traditional
granules. Collectively, our TEM studies revealed alterstin thestructures of mitochondria in

TC-83 infected cells.
Mi tochondrial fission c80nhtirnfbeucdtteesd toe lalpsopt osi

We questioned whet hceorulnida tpolgahye ndni ahefessabhi s|
produc8ilB3venT@®8tM&ncehl s.« To thatd ¥wind,anwe nthe dt
of mitochondrial f i s:si 683 nmhualdt iAge o incoaetinibormad i vy ne
to 1MOMVitreat ment. did  not( Fiingduutee USK7evtGmicred |i fc
Mdi-Vicoul d -8 3 hmuli tt iUBICIMGa tcied ntsr evaci rbbtli ylipei or t o

i nf eBbr b ewami b nacsl uad epdo s iotf i -8T& moht r pl i caast i on i n
wepr ev idoeunsolnystthraatt. eRBlort ezomi b eréflOsradaohBusndin
t hddi-Van inhibitor of,dmdtoohohdwveahbhnyi83mhohit o

multiplication (Figure 8B).

The New and Ol d World Al phaviruses have previ
i nfle-d epemnde n*t™ Inma ntnheeV .Ec®i snef epcftaipoonpt osi s is part.i
by.an ioaspase BMN™Asl pavagef our TEM analysis
incrphaemehambr ane bl-@dbimgewvhedkcebl sonsi st ent

in apoptgsasf'8h&8cCefore, wehenmamearedd btid itoemstof mit o

fi swoohalcreaas@Bdsie cl eahidger aase Wa poppetrofsoirsmed a
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fluorometotaspasne y3/ing-81&A e o &2gd etdheed d st ext of
treat ment . DOKiogwrbe c8md) ( DOX) , a robust inducer
as a positive cothatriodt.i el loyp seirgreidf iacant decr e
Mdi vlii t readtedl@&Rpil, sainnddi2cdahtpiing t hat mitoechondr.i
contributvimegi oot edBHBpOprodies i ndesvVegabg apopt
mi t ochondirn atl h e vea8mBBtsd xtf e | p@ ocbeldl Whyslaet es fr o
infectettwoephespbor yl atcdl Imelmbekke mipgd @ th@B Blc

fami | ySerplBlazd ®mred 1@BBad Fi gur e 8E). WeSeoahls3ebr ved e
phosphorylation at -ddlhipve-dep@®@ihdeamt apgppamr ead e bien
phosphorylation noted at-66&a#®d .{ Megaleo8Bpseom

modest 1 ncSeralsle?2 imhdBsapdhor yl ati o) at 6hpi (Fi gu

Finalwant evdat @maB88 1 hive@d @ouiintcrienased mitophagy
celWes reasoned that with the extent of mitocho
i nfectiemclcedil g recruitment of PINK1 and the ¢
l i kely that mi®Topbaghuwtkli enmutochondria go
fluor ébsacseemlc ¢ eporter assay that was previously
in HCV i nf’Ebitedrepdt ser pmoansormedr,i cp ATeOdl 6f,| uiosr eas
(mRFB-enhanced green fluorescent protétEP chimeric fluorescence reporter that encodes

a mitochondrial targeting sighal sequence fusefiaime with mRFP and EGFP genes. The

rationale behind the utility of this plasmid is that EGFP is less stable in the acidic environment of

the phagosomes thatgrif mitochondria than thmRFP. Therefore, in the event that mitophagy

occurs, the EGFP signal would be lost or attenuated, resultongyinhe mRFP signabeing

observedvia fluorescenmicroscopyOud at a i ndi cate a powietrdifud ons
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of infected, pl asmidremarkablaegredutsidnsphal:
and unaaRFBEcseéegngude BFgnt i fy relative t,ransfec
we counted the number of e@¢é¢tl sr inBamed digepl ayed
transfecti dre %3fifni cuine met yedttiGrdd%i cneflelcstt endu sc @ Inlds c a't
relatively equivalent representation of the r
observed instancacesvewlee reen crhiotsceadh omid rhiiyn wieimbhr a n
could be indicarRiigwprTdod& mi a wrp hchagtya cumul at i vel
mitochondrial fission is a preliminary event

infectietdhaecet | hawving a direct I mpact on the esH
data also support the potenti al ooff anmitteorpehda gy

mitochondrial dynami-&X iamfde cftuencc td edlnlad .i t y
Discussion

New Worldalphaviruses including VEEV are encephalitic viruses that infect humans as a result
of bites by infected mosquitees. In cases where VEEV infection leads to encephalitis, the
encephalitic outcome is accompanied by death of neurons and supporting cedisgnclu
astrocytesVEEV infection is well documented to resultagtopathic effects@PE in a capsid
proteindependent manne€PE outcomes in alphavirus infected celigy also be a

consequence of transcriptional and translational inhibition inducéuebsapsigrotein'®?’ The
mitochondria are sentinel organeliagolved in many essential cellular functions including
production of energy, innate immune signaling and deciding cellular fate. Mitochondrial
membrane potential is a cell type independediicator of mitochondrial integrity and functional
competence. In a healthy cell, membrane potential is maintained due to a functional

mitochondrial respiratory chain and oxidative phosphorylation. As a part of the energy
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production process, ROS is proeédan normécells as well. Howevepathogenic conditions

that may result in disruption of mitochondrial membrane potential will impact the integrity of the
electon transport chain and resuitan abnormal accumulation of ROS. Thus, a deviation in the
mitochondrial membrane potential and accumulated ROS are reliable indicators of interruption
of mitochondrial function. We have obserweedecrease in mitochondrial membrane potential

that is also accompanied by a prominent increase in ROS in human astracglls infected

with the TG83 strain of VEEV (Figure 1).

Many viral infectiongancluding HIV and HSVhave been recognized as.being causative of
oxidative stress phenotyp&s*’ The observed changes in mitochondrial membrane potential and
ROS accumulation may be early events that set the stage for apoptosis in VEEV infections
through the intrinsic pathway. Notably, this phenotype was observed when cells were infected
with the TG83 strain of VEEV, which is an attenuated strain provided as a vaccineisi at
personnel. TEB3 is plagued by reactogenicity concerns because it is not approved for public use.
It may be an important safety.consideration to ensure that disruption chonidrial function is

not associated with the reactogenic phenotype. It will also be of interest that the virulent strains
of VEEV such as Trinidad Donkey (TrD) strain may result in an exaggerated oxidative stress
with different kineticsn comparisorio the TG83 strain. Such differences in oxidative stress
mechanisms may be early discriminators of virulence that establish kinetics of host inflammatory

responsef early stages giostexposure.

We observed that the production of ROS and impact of infectiomitochondrial membrane
potential was lower in mosquito cellhen comparetb human cells in a manner that
correspondedvith viral load in the infected cell (Figure Z)his data may indicate thatosquito

cellsmay be relatively morprotected from ntochondrial dysfunction due to VEEYV infection
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when compared to human cells. It has been demonstrated that in the case of flavivirus infections,
infected insect cells show changes in antioxidant mechanisms that decrease the extent of cell
death® %It has been demonstrated @engue virughatinfectedmosquito cellsnounted a

stronger antioxidant response by synthesizing antioxidant enzymes (elevation of Glutathione S

transferase activity}®

Mitochondrial distribution in cells and mitochondrial bility are essential feature$ healthy

cells. Neuronal cells in particular anetablyimpacted by mitochondrial distribution between the
cell body and axon. Anterograde transport of mitochondria in neurons is mediated by kinesin
motors on microtubulesvhile retrograde transport is mediated by dynein motors.SW
infections, it was demonstrated that anteaolg transport. of mitochondria wdisrupted due to
impaired association of mitochondria with the kinesin mo6tdtis resultedn severe

impairment of mitochondrial mobility in an infectiafependent manner. Mitochondrial
congregation in a perinuclear manner has ledicatedto corresponavith oxidative stress in
many neurodegenerative statesVe have observed a prominentipaclear clustering of
mitochondria in TE83 infected cells (Figure)3In the context of neurons, this will have a direct
impact on neuronalfunctionalitywhich may also contribute to neuronal death and encephalitis
in VEEV infection.Viral protein locaization in infected cells is a wellocumented process for
many viruses that directly influence innate immuesponses of the hogtn excellent example

of this phenomenon is RSV nonstructural protein 1 (NS1) which interacted with mitochondrial
antiviralsignaling protein (MAVS) and interrupted RiGased signaling® Rubella virus is an
RNA virus belonging to the familyogaviridaewhose capsid protein localized to the
mitochondria in a manner based on post translational modificitDuaring the course of our

studies on mitochondrial distribution in infected cells, we observed thaWV/\dagsid partially
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localized in the mitochondria as confirmed by microscopic and biochemical methodologies
(Figures 3 and4). Our preliminary studies havwsuggested that while transfection of a plasmid
that encodes VE¥ capsid can produce similar phenotypes in astrocytoma cells, the extent of
mitochondrial dysfunction is lesser than that observed in infected cells, indicating that multiple
viral componentsnay contribute to the observed mitochondrial events (data not shimmlar
outcomes were demonstrated for HCV where the viral core protein was shown to indicate with

host enzymatic components that localized to mitochoridria

Of interest to us was thebservation that the host kinase PINK1 and ubiquitin ligase Parkin
localizedin mitochondriaof infected cell{Figures 5 and 6): PINK1 and Parkin have generated
significant interest in recent yedrs their associatiomwith mitochondrial dysfunction in
neurodegeneration. Of direct relevance to mitochondrial motility, PINK1 activity is known to
phosphorylate Miro, a connecting link between mitochondria and kinesin. In addition, Parkin
ubiquitinates Miro, which ultimately leads to its degradation. PINKdlse known to
phosphorylate Parkin and contribute to its ubiquitination funcfidhus, a combined action of
phosphorylation and ubiquitination of inherent mitochondrial proteins such as Miro will have a
direct impact on mitochondrial intracellular dibtrtion.****We have recently demonstrated that
VEEV capsid exists in an ubiquitinated state in U87MG é&dllsvould be interesting to

determine if capsid protein in mitochondria exists in an ubiquitinated state and if such an event is
mediated by Parki Indeedthis has been demonstrated in the casRuddella virus capsid

protein; a postranslationally modified viral core protein, specificalhepphosphorylated form,

associated with mitochondrial p32 protétrn®

Such indications as described tHasusually lead to downstream compensatory mechanisms

initiated by the host cell, directed towards removing damaged mitochondria. This is an integral
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part of maintaining cell survival while the host contends with cellular stress. These mechanisms
may include mitochondrial fission or fusion, in which damaged parts of mitochondria are excised
and smaller mitochondria fuse to create larger mitochoAdPiarp1 is a pivotal protein in

mediating mitochondrial fissioas it has the capacity to constrict mitoadria.ln the context of

HCV infection, it has been demonstrated that mitochondrial localization of phosphorylated form
of Drp1 protein (DrpiSer616) was a prelude to mitochondrial fissibNot only'did we observe
phosphorylated Drp1l localizing to mitochondrial membrahasywe also noticed that Drpl was
redistributed in a manner that mirrored mitochondrial accumulation-around the nucleus (Figure
6). Our observation that phosphorylated Dip&r616 localized to mitochondria in a transient
manner is suggestive of a dynamic relationship between Drp1l localization, mitochondrial fission

and VEEYV infection.

Transmission electron microscopic analysis otd¥infected cells showed changes in
mitochandrial structure (Figure)7In.a recent publication on mitochondrial changes induced in
parvoviral infection, the authors:include similar observations on mitochondrial dysfunction
including drop in membrane potential and accumulation of ROS as we haetaddhere. The
authors provide electron microscopic visuals of abnormal mitochondrial phenotypes that are
similar to the ones-we have included in our results including heterogeneously swollen
mitochondria, membrane blebbing and disappearance of ctidteably, the authors indicate
activation of MEK/ERK signaling resulting from mitochondrial dysfunction in Parvovirus
infection. We have previously demonstrated that VEEV infection leads to robust activation of the
MEK/ERK signaling cascade&vhich is impatant for the virus to establish a productive

infection’ In the case of HCV infected cells, similar clustering of mitochondria was
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demonstrated® In HIV infected cells, mitochondria displayed morphological alterations

including disappearance of cristfe

Our studies led us to question whether mitochondrial fission was relevant to viral multiplication.
Our studies with the inhibitor Mdiv indicated that mitochondrial fission does not contribute to
viral load in infected cells (Figure 8Bl}.has been reported that viruses iddact, utilize the

ROS rich environment of infected cells in a manner that may favor aspects of viral multiplication
including RNA synthesis. In the case of flaviviruses, it was shown.that the guanylyltransferase
activity of NS5 encoded polymerase was enhanced by oxidative condtittmemains to be
determined if there are specific aspects of mitochondrial dysfunction that may be controlled by
antioxidant treatment, which may have important implications in protetgiminally

differentiated neurons in the infected h&3ur follow up hypothesis was that mitochondrial

fission may contribute to the ensuing apoptosis in infected cells. Our TEM studies revealed
cellular morphology that was consistent with exaggeratehionane blebbing and apoptosis.

When treated with an inhibitor-of mitochondrial fission, we observed a statistically significant
reduction incaspaseleavage, thus adding support to our suggestion that mitochondrial fission

was a contributor to-apoptosi§ VEEV-infected cells.

Mitophagy is.a mitochondrial elimination process in which defective mitochondria are enveloped
in lipid-bilayers to form autophagosomes that contain whole mitochondria. Such mitochondrial
engulfment by the phagosomes leads to seeetimination of damaged mitochondria, thus
decreasing the mitochondrial dysfunction load as a means of restoring cellular health. We
observed thatitochondrial alterations in VEEhfected cellontributed tanitophagic

elimination of mitochondrialn our TEM images, w also observethat there were multiple

mitochondria in infected cells that were associated with encircling membranes.
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Taken together, our data suggest that VEEV infection produces a significant impact on
mitochondrial dynamics in infeet cells. The onset of mitochondrial dysfunction during early
stages of VEEV infection may set the stage for downstream events that culminate in neuronal
death. Mitochondrial dysfunction may be associated in a cause and effect manner with
pronounced altetmns to the mitochondrial proteorne deeper understanding of which will shed
more light on the mitochondrial influence on disease progression in New World alphavirus
infections.Notably, mitochondria as a therapeutic target is being exploredifferent
neurodegenerative disorders including optic neurodegenefafidhargeted, rationally designed
combinatorial therapeutic strategies that can target infected cells and deplete viral load while
rescuing mitochondrial health will be essentiapste ensuring recovery fromeM World

alphavirus infections.
Materials and Methods
Viruses and Cell Lines

The live-attenuated virugT C-83) and C6/36 cellsised in this studwereobtained from BEI
ResourcesTC-83 attenuatiofrom the fully virulent Trinidad Donkey (TrD) stralmas been
previously characterizeétf The MR12 strain of RVFV was obtained by 12 serial passages of
the virulent ZH548.virus in the presence efliorouracil, resulting in a total of 25 mutations
tha have beenpreviously characteriZéd®Human astrocytoma cells (US7MG celim)d

African green monkey kidney cells (Verasgre maintained in DMEM supplemented wiib%
Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin, &% L-Glutamine aB7°C aml 5%

CO..
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Viral Infections and Plaque Assays

Cells were seeded in either a@®ll plate or an 8vell chamber slide, at the indicated
concentration for each assay, in order to attain confluency within 24 hours. The media was
removed and saved, atitereafter referred to as conditioned media. The cells were.infected for 1
hour to allow for viral adsorption at 3776% CQ. The viral inoculum was then removed and
replaced with the conditioned media. The cells were incubated at 37°C, 5% rG@ke time

period indicated in each experimeRtaque assays were performed as‘previously deséribed.
TMRE assay

TMRE is a cellpermeable reagent that preferentially accumulates in active mitochondria. The
TMRE assay was obtained from Abcam and performed accotdmg manuf act ur er 6 s i
TMRE experimental controls included carbonyl cyanidérfluoromethoxy)phenylhydrazone
(FCCP)(Abcam) a potent mitochondrial oxidative phosphorylatioramupler, and RVFV, a
virus previously shown to induaaitochondrial stres& U87MG cellswere seeded inlalack
96-well plate at a density of 10,000 cells per well. Cells were either uninfaeotek), infected

with TC-83 (MOI: 2, 100r 20), or infected with MP12 (MOI: 2) FCCP (50uMWwasdiluted in
complee mediumandadded to mock cellwhich whereincubated at 37°5% CO, for 15

minutes. At 2, 46,.and 24pi, the media was removed and cells were treated with 1uM TMRE
reagent diluted'in complete mediu@ells incubated foRO minutes at 37°G% CO, prior to
readingfluorescenc€ExX/Em 549/575 nmyisinga DTX 880 multimode detector (Beckman

Coulter).
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Intracellular Reactive Oxygen Species Quantitation Assay

The OxiSelect Intracellular ROS Assay Kit (Cell Bio Labs) was used according to the

ma n u f a anstuatiens. ©hss assay utiliz€so ;digh@orodihydrofluorescein (DCHDA),

which is rapidly oxidized to the fluorescent DCF that can be measured by spectrophotometric
methodsU87MG cellswere seeded d0,000 cells per well in black96-well plate The cells

were then either left uninfected, infected with-8& (MOI: 2 or 10), or treatedwith 0 0 ¢ M
H,0.. Fluorescence intensi(fex’Em 480/530nmjvas measured at 6.and 24 hpi using a DTX

880 multimode detectqBeckman Coulter)
Mitochondrial and Protein Extractions, Western Blotting

Mitochondrial membrane and cytosolic fractions were obtained using the Mitochondrial
Extraction Kit for Cultwured Cells (Ther mo Sci
instructions Preparation of whole cell $ates and western blot have been previously desctibed.

Primary antibodies to VE¥ Capsid(BEI Resources), TOMMZ20 (Abcam), PINK1 (Santa Cruz
Biotechnology), ParkitfAbcam), pDrplSer616 (Cell Signaling), total Drpl1 (Cell Signaling),

GAPDH (Cell SignalingandHorseradish PeroxidaselRP)-c 0 n j u gaatin (€hdrm®

Scientific)\we re ~used according t o Bardeofimeestweract ur er 6s
guantitated using Quantity One software @®ad)a ChemiDoc XRS system {B8-Rad and

nor mal i-acte signalso b
Transfectionsand DNA Constructs

Transfections were performed using Attractene Transfection Reagent (Qiagen) as per the
manuf act ur e rTaespmitormREFREGHP tplasmid was a kind gift of Dr. Siddiqui
(University of California, Sabiego), which was generated as previously desctibed
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Confocal microscopy

Immunofluorescence assays were performed as previously destFibeaformaldehyde fixed
cells were mounted using FluoromouBt, ¢ o n t adiamidinmog-phdnglindéle (DARI)
(Sauthern Biotech) to visualize the nucleus. Fluorescent secondary antibodies labeled with Alexa

Fluor 488 and 568 (Thermo Fisher) were used to visualize proteins of interest.
Electron Microscopy

After infection, sampl 6s5{é&Reer pvaslhiedn)t fiuleonhi
aciMEpPpbuf fer. Subsequently, sampl &X¥ were fixed
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH. 7.4) faushatroom temperature

The fixative was replaced wita0.1M cacodylate buffer and samples were fiesd with 1%
Osmiumtetroxide (Os04)/1.5% PotassiumferrocyaiteeCN6) for 1 lour. Samples wereéhen
washedwith ultra-purewater three timesSamples weracubated in 1% aqueous uranyl acetate

for 1 hour, followed by 2waterwashesand subsequent dehydration in grades of alcohoi(hO

each 50%, 70%, 90%2, L0 min washes100%). The samples were then treated with

propyleneoxide for Ldur and infiltrated in a 1:1 mixture of propyleneoxide and TAAB Epon.

The following day the samples were embedded in TAAB Epon and polymerizedcafas18

hours. Ultrathin sections (60nm) were cut on a Reichert Ultr&caticrotomeadhered taopper

grids stained with lead citrate and examined in a JEOL 1200EX Transmelsctron

microscopelmages were recded with an AMT 2k CCD camera. Mitochondrial images were

obtained at a magnification of 25,000X, while whole cell images were obtained at a

magnification of 2,500X.
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Cell Viability Assay

Viability for cellstreated vith Mdivi-1 was determined usirtge CellTiter Glo assayPromega).
Mdivi-1 was dissolved in dimethyl sulfoxide (DMSO) prior to dilution in complete media.
Treated media was overlaid on U87MG cells in a whitdled 96well plate, which was
incubated at 3TC, 5% CQ for 24 hours, prior to addition of the CellTiter Glo substrate
according to the mauminéseeoce wadeterminasdisingitle DTXB80t i ons .

multimode detectofBeckman Coulteryith an integration time of 1200ms/well

Caspase 3/7 ® Assay

U87MG cellswere pretreated with eithe®.1uM Doxorubicin (DOX),0.1% DMSQ or 10uM
Mdivi-1 for 2 hours prior to infection with 83 at MOI: 10. Caspase activation was measured
at 10, 16, or 24 hours usitige Caspase 3/7 Glo Ass@yromegapccording to the

manuf act ur €aspase 3f7 fluoresoeace Values were adjusted for cell survival, as
determined by CellTiter Glo assay (Promedajminescence was determined using the DTX

880 multimode detectdBeckman Coultenyith an integratio time of 200ms/well

Statistical Analysis

Unless otherwise stated, graphs and images are the average of three biologically independent
experiments. Standard deviations were calculated using Microsoft Excel and represented where
applicable Statistical sigificance was tested by unpaired, ttvaa i | e d -Besthetiveenthed s t
sample data and timmatched controlThe limit for statistical significance was set at P < 0.05,

unless otherwise indicated.
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Keck et al. Figure 1

Figure 1: TC-83 infection of US7MG cells resulted in loss of membrane potential and an
increase in reactive oxygen specie8) TMRE fluorescence analysis ofinfected (mock) and
TC-83infected cells indicating increased mitochondrial damage as the regfttaifon B)
Validation of the virological control (RVFV) used in (Apuantitation of extracellular virus via
plague assaynhdicatessuccessful replication of RVFV in U87MG cellS) Accumulation of

ROS detectethinfected cellasingfluorescenDCFH-DA reagentData represents an average
of two independent.experiments performed with triplicatepdasiD) Western blot analysis

from uninfected (mock) and 783 infected whole celiysates, probed for VEE capsid b-actin,
proteinloading controlA, C) * indicates significance between infected and time matched mock

control.
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Figure 2. TC-83 infection of C6/36mosquito cells resulted in no significant loss of

membrane potential or increase in reactive oxygen species) TMRE fluorescence analysis

of uninfected (mock) and T83 infected U87MG cells, and C6/36 mosquito cells indicating no
increased mitochondrial damagethe C6/36 cell line* indicates significance between U87MG
infected and mock fluorescend®). Non-significant accumulation in ROS detected in infected
C6/36 cells using DCHDA reagent Data represents an average of two independent
experiments performedith triplicate sample<C) Extracellular viral titers as determined by

plague assay in U87MG and C6/36 cells.
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Figure 3: VEEV capsid localized in the mitochondria of infected cellsA) Confocal images
showing the cdocalization of VEBE/ capsid (red) with mitochondrial marker TOMM20 (green)

B) Cell count summary of perinuclear phenotype observeamel A). C) Magnified image®f
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uninfected U87MGs displaying healthy, tubular mitochondria networks, and infected cells
displaying a perinciear clustering of mitochondri®). Confocal images showing perinuclear
clustering of TOMMZ20 (green), and part@d-localizationwith VEEV capsid(red) (see arrow).
E) Confocal images showing no-tacalization between ER markealnexin (green) and VBE
capsid (red)Scale bar indicates 5um, C-E) Nuclei stained with DAPI (blueA, C-D) Scale

bars indicate 10m.
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Figure 4. VEEV capsid localized to the mitochondrial membranes of infected cells in an

infection dependent manner. A)Western blot analysisf whole cell extract (WCE) and

subcellular fractions from uninfected (mock) and-8&infected cells. Mitochondrial marker:

TOMM2O0 ;

cyt os ol i cactmaroteieloading GohtPoB) Bapsidbands

intensities analyzed b@uantity One softwareistribution of VEEV capsid in subcellular

fractions graphed as a percentage of total capsidicates significancéetweermitochondrial

and cytosolic quantities.
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Figure 5: PINK1 and Parkin co-localize in the mitochondrial membrane of TG83 infected

cdls. A) Western blot analysis of whole cell extract (WCE) and subcellular fractions from
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uninfected (mock) and T83 infected cellsinfection control: capsid; mitochondrial marker:
TOMM2O0; <cyt os ol i cactmgroteieloading@ohtFoB) RINK1fand Parkin
mitochondrial membraneand intensities analyzed by Quantity One softwanedicates
significance between infected and mock PINK1 quanti@@sConfocal images showing €0
localization ofPINK1 (green)and VEEV/ capsid(red). D) Confocalimages showing partial eo
localization of Parkin and VE¥E capsid (red)C-D) Nuclei stained with DAPI (blueScale bars

indicate 20um.
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Figure 6. Increased phosphorylation of Drpl protein in TG83 infected cells. AWestern
blot analysis of time course insiigating pDrpiSer616 and total Drpl in uninfected (mock) and
TC-83 infected cellsB) Western blot analysis of whole cell extracts collected at 2hpi and probed

for pDrpl-Ser616 and total DrpLC) pDrpl-Ser616 bandhtensitiesfrom (B). * indicates
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