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ABSTRACT

The Zika virus (ZIKV) infection has spread widetgainly in Africa, South and Central America, and
South Pacific. This mosquito-borne virus had itstfappearance on a rhesus monkey in the Zikatfores
of Uganda, in 1947. Like other flaviviruses, tH&Y has a single-stranded positive RNA genome that
encodes a polyprotein, which is processed by sindl host proteases. In the context with the epidemi
in the South America, a clear correlation betwéennfection of pregnant women and the development
of microcephaly in fetuses was observed. Thus, nstaieding the life cycle of the virus and discorgri
ways to reduce or even eradicate the infectionlidi/zhas become urgent.

Autophagy, as an essential process for the celhdaneostasis and survival, is responsible for the
lysosomal degradation of damaged or unwanted @somkt proteins and organelles. The relationship
between virus and autophagy is not yet fully unex. Several reports suggest that flavivirused lea
to an increase of autophagic activity to promoftedint stages of the viral life cycle. The samélbo
true for ZIKV, as it was shown in infected fibrobta. However, the relevance of this pathway for the
numerous steps of the ZIKV life cycle is poorlydiad. To investigate the relevance of autophagy,
ZIKV-infected cells were treated with various chealicompounds. In this study, Bafilomycin Al, a
V-ATPase inhibitor, was capable to diminish virafection effectively. Moreover, the intracellular
cholesterol transport inhibitor, U18666A, was shote reduce the spreading of infection. 3-
Methyladenine, an early autophagy inhibitor, cdnited to a decrease of viral replication, whereas
Rapamycin, an autophagy inducer, promoted it.

This work provided new insights into the relatioipshetween autophagy and ZIKV infection. Clearly,
the acidification of endosomal-lysosomal compartteés extremely important for the entry process
and for the establishment of infection. As for thwortance of intracellular cholesterol trafficking
further experiments need to be performed to clasifiych stages of the ZIKV life cycle are affected.
These data suggest that the main influence of hatpplies in the augmentation of viral replication.

Keywords: ZIKV; life cycle; acidification of endosomal-lysos@ml compartments; trafficking of
intracellular cholesterol; autophagy



RESUMO

O virus Zika (ZIKV) € um arbovirus, isto é, &€ umug transmitido por artropodes, sendo o seu phcip
vetor de transmissdo o mosquito do génkedles ZIKV teve a sua origem na Floresta Zika, na
Republica de Uganda, tendo sido isolado, em 19 8adgue de um macadwesus Em 1954, foram
relatados, na Nigéria, os primeiros casos de humarietados com o virus e, nos 57 anos seguintes,
apenas 13 casos foram reportados. O primeiro gt surgiu, em 2007, no estado de Yap (Estados
federados da Micronésia), atingindo a Polinésianéesa e o Brasil no ano de 2013 e 2015,
respetivamente. O facto do virus também ser trditkndexualmente e por transfusées sanguineas pode
promover a sua rapida dissiminagéo, conduzindoapotencial pandemia. Atualmente, a presenca do
ZIKV ja foi documentada na maior parte dos paisespeus e nos Estados Unidos da América, mas a
sua maior incidéncia tem lugar em Africa, Amérieatcal e do sul, bem como no Pacifico.

Somente cerca de 20% das pessoas infetadas camsa@piesenta manifestagdes clinicas, sendo que
0s principais sintomas séo febre ligeira, erupgis&neas, dores de cabeca, dores nas articulagdes e
conjuntivite. Porém, complicacdes neurolégicas ceindrome de Guillain-Barré (GBS) e, em recém-
nascidos, microcefalia tém sido associadas ao ZKK¥ua rapida expansdo e o aumento de casos de
microcefalia levaram a Organizacdo Mundial de Saddeinglés:World Heath Organization em
fevereiro de 2016, a declarar a infecdo pelo ZIKvVastado de emergéncia publica.

Semelhante a outros flavivirus, o ZIKV é constitujgor uma nucleocapside viral composta pela
proteina C associada a um genoma de RNA de cadedes e polaridade positiva. Esta capside
encontra-se rodeada por uma bicamada lipidicauabhsg encontram ancoradas as proteinas E e M,
formando o envelope. O ciclo de vida destes flawsszcomeca pela internalizacdo das particulassvirai
na célula hospedeira, através de endocitose-megiadeecetores. O meio acidico dos endossomas
favorece a ocorréncia de alteragdes conformacienasnsequentemente, na libertacdo do genoma viral
para o citoplasma, onde é traduzido numa poliprateEsta poliproteina é, entdo, processada por
enzimas virais e celulares em proteinas estrutwaigio estruturais. Enquanto que as proteinas
estruturais integram novas particulas virais, as egtruturais participam na replicacdo viral e na
clivagem proteolitica da poliproteina. O ZIKV indieobrganizacdes do reticulo endoplasmatico (RE),
de modo a formar os locais de replica¢é@o. Perttesliéscais, as novas particulas virais sdo mont&das
conduzidas para a via secretora, onde, na trads-Golgi (do inglés:itrans-Golgi network sofrem
maturacao e, portanto, tornam-se infeciosas. Defasiarticulas virais serem maturadas, estas saem
da célula por exocitose.

Macroautofagia, mais conhecida por autofagia, € puotesso catabolico conservado em células

eucaridticas. Este processo celular é respons&lel gegradacdo de proteinas citoplasmaticas e
organelos envelhecidos ou em excesso. Deste mstipsistema é extremamente importante para a
manutencdo da homeostasia e sobrevivéncia dasséfgndo um processo altamente regulado, tem
capacidade de combater infecdes virais atravésaldegradacao direta nos lisossomas ou estimulando
respostas imunes. A relagdo entre virus e autofigda ndo esta compreendida na sua totalidade.
Curiosamente, varios estudos provaram que os ftagivaumentam a atividade desta via para seu
préprio beneficio, promovendo diferentes passosalociclo de vida. Recentemente, particulas do

ZIKV foram encontradas em vesiculas semelhantescdagossomas, associados ao RE. No entanto, a
importancia desta via para os diversos passosctipds vida do ZIKV esta ainda pouco estudada.

Desta forma, pretendeu-se investigar a relevaneixeaitos fatores, tais como, a acidificacdo de
compartimentos endossomais-lisossomais, o trafegol@sterol intracelular e a autofagia, para o cic
de vida deste virus. Neste estudo, células epit@iavenientes de adenocarcinoma de pulmao humano



(A549) foram infetadas com duas estirpes do ZIKdladas na Polinésia Francesa e na Republica de
Uganda.

De modo a compreender como € que a acidificacdizngen dos endossomas e lisossomas afeta o ciclo
de vida do virus, células infetadas com as estiqueZIKV foram tratadas com Bafilomicina Al
(BFLA). Nesta parte do trabalho, tratamento prégéb (do ingléspre-infection e pds-infe¢éo ( do
inglés:post-infectiof foram usados com o intuito de perceber como égteecomposto interfere com

a entrada do virus nas células hospedeiras e cawemrolar da infe¢édo, respetivamente. No tratament
pré-infecdo, as células foram em primeiro lugdattas e, duas horas mais tarde, infetadas coms vir
Por outro lado, o tratamento pds-infecao, tal cemmmme indica, consiste no tratamento das células
duas horas ap6s terem sido infetadas. BFLA é unidimi da bomba de protdes V-ATPase, impedindo
a acidificacdo de organelos como, por exemplo,nawEsomas e os lisossomas. O tratamento pré-
infecdo impediu a entrada de ambas as estirpesiKid, £nquanto que, o tratamento pés-infecédo
conduziu a diminuicao da infec&o viral ao longdetopo. Assim sendo, € possivel inferir que a BFLA
dificulta a endocitose-mediada por recetores endma infecéo ja estd estabelecida, a acidificdgdo
[imen dos endossomas e lisossomas é fulcral, mantdcio como no fim do ciclo de vida do ZIKV.

Na segunda parte deste trabalho, tentou-se peraélmrortancia do trafego de colesterol intracelula
para a infe¢cdo do virus. Para tal, células infetddeam tratadas pré- e pos-infecdo com U18666A
(U18). U18 bloqueia o trafego de colesterol inthalee como consequéncia da sua acumulacdo em
endossomas tardios (do ingl8ate endosomése lisossomas. Ambas as estirpes revelaram um
decréscimo da infegdo viral consoante o tempo &i@ssemelhante entre os dois tipos de tratamentos
aplicados. Contudo, os resultados ndo permitirditareconclusées acerca do passo do ciclo de vida
afetado por este inibidor.

Por fim, de modo a compreender a influéncia diddaautofagia para o ciclo de vida do ZIKV,
Rapamicina (RAPA) e 3-Metiladenina (3-MA) foramligdidos para tratar células infetadas. Neste caso,
apenas tratamento pos-infecdo foi necessario, w@nague estes moduladores ndo interferem com
processos relacionados com a entrada viral. A RARA ativador da autofagia, enquanto que a 3-MA
previne a sua iniciagdo. O seu efeito parece ireflet maioritariamente, no aumento do nivel da
replicacdo. Tal como sugerido por Liagigal, 2016, o ZIKV aparenta necessitar da via autofadec
célula hospedeira para criar estruturas membraparasos locais de replicacao.

Em suma, este trabalho permitiu aprofundar a relagdre a autofagia e o ZIKV, podendo contribuir
para posteriores estudos a realizar, ndo s6 colg, Znas também com outros flavivirus. Como se
veio a demonstrar, a acidificacdo de compartimesno®somais-lisosomais é de extrema importancia
para a entrada viral e para o estabelecimentofegéio. Ficou, igualmente, demonstrado que o trafego
de colesterol intracelular é requerido para podeehuma eficiente infe¢do. Porém, estudos adisona
devem ser realizados para clarificar qual ou goaipassos do ciclo de vida € que sao afetados. Os
resultados obtidos sugerem que a atividade autaf&gia aumentada em células infetadas com oantuit
de promover a replicacdo do ZIKV. Devido a faltaumea vacina ou de compostos especificos com
atividade antiviral contra o ZIKV, aliados ao aurttede casos de GBS e microcefalia, esforcos devem
ser feitos na medida de melhor compreender o delovida deste flavivirus, bem como, a sua
patogenicidade.

Palavras-chave: ZIKV; ciclo de vida; acidificacdo de compartimenteadossomais-lisossomais;
trafego de colesterol intracelular; autofagia
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1.INTRODUCTION
1.1 Zika virus

1.1.1 Classification and structure

The Zika virus (ZIKV) is an emerging arbovirus fadpod-borne virus) which belongs to the genus
Flavivirus in the Flaviviridae family. This genus is comprised of 53 virused i@ divided within
clusters based on virus transmissioAs a mosquito-borne virus, ZIKV shares similastigith
Spondweni virus (SPOV), representing the only membétheir clade (clade %) Other flaviviruses,
closely related to ZIKV, are yellow fever virus (VF; dengue virus (DENV), West Nile virus (WNV),
Japanese encephalitis virus (JEV), and tick-boneeghalitis virus (TBEV}:®

Like other flaviviruses, the ZIKV genome is a pogtsense single-stranded RNA and it has a size of
approximately 11 kilobases (kb). It encodes 34193410 amino acids (aa) for the African and French
Polynesia strains, respectivél{Additionally, two non-coding regions (5’ and 3'NECRank a single
long open reading frame (ORF). The 3'NCR holds eorsd sequences, including the dinucleotide CU
at the end of the transcript, which are repladiegRoly(A) tract that is usual present in cellud®NA 2
Secondary structures are also present and, bydsieXRN1 exoribonuclease, form a subgenomic
flavivirus RNA (sfRNA) important for viral replicain.® The other extremity (5’) contains the promoter
and a type | cap, followed by the conserved diraiade sequence AG. Besides that, another secondary
RNA structure is encoded in this NCRhe ORF encodes a viral polyprotein which is céshto give
three structural proteins (capsid [C], precursamefmbrane/membrane [prM/M] and envelope [E]) and
seven non-structural proteins (NS1, NS2A, NS2B, NE34A, NS4B and NS%)’1°This cleavage is
carried out by cellular host and viral proteasd®e Tellular host signalase is responsible for dheayv
M/E, E/NS1 and the C-terminal hydrophobic regiorN&4A (denominated as 2k peptide)/NS4B. As
for the NS1/NS2 junction, the cleavage is accorhplisby an unknown cellular signalase. Moreover,
to create mature infectious viral particles, thet@olytic cleavage of prM into the pr peptide and M
protein in thetransGolgi network (TGN) by furin-like protease is nesary.®12Meanwhile, it is
presumed that the viral serine protease (NS3)sdpié sites between virion capsid proteip) @hd the
C-terminal hydrophobic domain of capsid proteir) (C./Ci], NS2A/NS2B, NS2B/NS3, NS3/NS4A,
NS4A/2k peptide, and NS4B/N$big 1.1).°

The expected function of these proteins concuns thibse of other flaviviruses. The structural pirate
are involved in the assembly of new virions (vipalticles). The C protein is associated with thalvi
genome, forming the capsid, while the E glycoprotsiinvolved in receptor binding, attachment and
virus fusion during the internalization of the @i As for the prM, it stabilizes the E proteirepenting
premature fusion of the virions before its relefisen the cell. When the particle is reaching thié ce
membrane, this pr fragment is no longer requiratitans, the cleavage of prM into M occéit$? In
relation to non-structural proteins, NS1 is reqdiirfor virus replication and acts as an
immunomodulator; NS2A is also implicated in immuramtalatory and replication processes, as well
as in viral assembly; NS2B serves as a cofacttiregprotease NS3; NS3 is a serine protease tlaatade
part of the viral polyprotein and has an additiohalicase, nucleoside triphosphatase, and RNA
triphosphatase activity essential for replicatioN\S4A induces autophagy and membrane
rearrangements necessary for the replication sitk #gether with NS4B, inhibits the interferon
signalling pathway in infected cells; NS5 is thealiRNA-dependent RNA polymerase that is



responsible for the replication of the viral genonie possesses a methyltransferase domain,
indispensable for capping the 5’end of the viral&RN1°
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Figure 1.1 — Schematic representation of ZIKV genom The viral genome is composed by a single ORF flardietivo
NCR. The 3'NCR owns secondary structures, which forefiRINA after cleavage by the host XRN1. The ORF desa
polyprotein which is cleaved into three non-struatyroteins (C, prM/M, and E) and seven structprateins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5). Both linear (top) armedicted membrane topology (bottom) of the polypirotare
represented. The polyprotein is processed by lgisalspeptidase (signalase), Golgi protease arad M3 protease. All sites
cleaved are marked with the respective enzyme nReteieved from ViralZoné’

ZIKV particles consist of a hucleocapsid, whiclidsned by the C protein in association with thelir
genome, surrounded by a lipid bilayer derived ftbim host cell. This lipid envelope is coated with E
and M proteins 90 E:M dimeric heterodimers, witltogal of 180 copies of each, displaying an
icosahedral arrangemeriEig 1.2).28°The particles have a total diameter of approxitgat@ nm with

a central core of 28-30 nffr:?

M protein

E dimer

Figure 1.2 — Schematic representation of ZIKV virim structure. The genomic RNA is associated with the C proteith bo
surrounded by a E:M coated-lipid bilayer. The stefaimers are displayed in an icosahedral arrangerRetrieved from
ViralZonel?



1.1.2 Epidemiology and pathogenesis

In the course of a study on yellow fever, multipteoviruses, including ZIKV, were isolated in 1%t7

the Yellow Fever Research Institute, in Entebbeand@?® In April 1947, ZIKV was isolated from
blood of a rhesus monkey (no. 766) that had begactan the Zika Forest of Ugan@aig 1.3). This
isolated virus gave birth to the African ZIKV MR786ain?* In January 1948, researchers started to
consider that ZIKV might be mosquito-borne when thus was isolated fronAedes africanus
mosquitoeg? The first human illness report of ZIKV was in taréfrican people, in Nigeria (1954),
suggesting the virus as a human pathogen. Thengatieported cough, fever, headache and pain behind
the eyes and in the joint3In 1969, ZIKV was isolated for the first time oigis Africa, in Malaysia,
from theAedes aegyptnosquito(Fig 1.3).2

In the next 57 years after the first ZIKV humanlagion, only 13 cases of illness were reported anti
sudden outbreak in 2007, in the State of Yap (FeddrStates of Micronesiglrig 1.3)231 Of 59
probable cases, 49 were confirmed as infected eordgily, 5005 out of 6892 total residents had been
infected with ZIKV. During the 3 months of the orgbk, rash, fever, arthritis or arthralgia, and
conjunctivitis were the most commonly observedictihsigns:!

Afterwards, between October 2013 and April 201€nEh Polynesia suffered the largest outbreak ever
documented until that time, with an estimation 8f(®0 persons suspected to had been infected with
ZIKV. Maculopapular rash, asthenia, fever, arthelgconjunctival hyperaemia were the most
commonly reported symptoni$34 Although ZIKV disease was as mild as the one desdrin Yap,
some cases of neurologic and autoimmune complitatieere associated with this infection. In fact, 42
cases of Guillain-Barré syndrome (GBS) were st#tédsBS is an acute immune-mediated neuropathy
that causes nerve damage, muscle weakness angsjmramong others. The effects of this disorder
are mostly temporary, but they can be permanentiargbme cases, life threatiffg® From French
Polynesia, ZIKV spread in the Pacific, where outlisewere reported in most of the islands, including
New Caledonia (201#) Easter Island (201%) Cook Islands (201%) Vanuatu (2015} and Solomon
Islands (2015} (Fig 1.3).

By March 2015, ZIKV arrived to Latin American and, May 2015, the presence of the virus was
confirmed in Brazil, in the city of Nat4#:*3 Patients complained of arthralgia, edema of exties)
mild fever, maculopapular rashes frequently pruyritheadaches, retro-orbital pain, no purulent
conjunctivitis, vertigo, myalgia, and digestive afider’> As of October 2015, autochthonous
transmission of ZIKV have been confirmed in 14 Hraz states with an estimation of 440 000 to 1 300
000 cases by the Ministry of Health of Br&Zif° The spreading of the virus proceeded to Colombia
with the first report in October 20#5and by March 2016, it had reached at least 33tdesrin South
and Central America, the Caribbean, and Mexi&g 1.3).48

Several cases of ZIKV have been reported wherelleag carried the virus into non-endemic countries

promoting a faster dissemination of the virus @adling to a potential pandemic threat. In Euroases

of ZIKV were detected in Portugal, Spain, Frantaly| Germany, Netherlands, Switzerland, Belgium,

England, Ireland, Finland, Denmark, Austria, ande8&n. As for the United States, many states
reported cases, but the main risk of secondargmnggsion is in Texas and Florida, due to the pencd

of Aedesmosquitos. Hawaii, Canada, Chile, Japan, Chinatralia, and New Zealand also reported

cases of ZIKV infectiort?*°
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infected with ZIKV. In 2010, it had reached Cambodial in 2014, the largest outbreak documented thil occurred in
French Polynesia. In the next year, the virus vedsaled on the American continent, affecting Brazd Mexico, among other
countries. Retrieved from goinvo website.

Unexpectedly, besides GBS reports, the epidenBraail revealed another neurological complication.
More precisely, cases of microcephaly in newboresainked to ZIKV infection and, until 3Wanuary
2016, 4783 suspected cases had been reportedjinglsome fetal deaths and miscarriageghese
neurological manifestations were non-existent anAlfrican continent. Furthermore, a retrospective
study of the outbreak in French Polynesia uncoveeasgs of microcephaly which were not connected
to ZIKV before this epidemic in BrazZif. Microcephaly is a neurological condition in whittte head
circumference is smaller than expected for agepsethnicity(Fig 1.4).>* This disorder can be evident
at birth or postnatally, associated with a undeettgped brain, and consequently, motor and cognitive
dysfunction®® The rapid spread of ZIKV on the American continand the possible association with
microcephaly and GBS led the World Health Orgamza(WHO) to declare ZIKV infection a public
health emergency of international concern (PHEIC1%February 2016°

Typical Typical
head size PSS - head size e ..

Baby with Typical Baby with Baby with Severe
Head Size Moderate Microcephaly Microcephaly

Figure 1.4 — Representative illustration of newbora with microcephaly.ZIKV infection is associated with microcephaly
in newborns, resulted from maternal fetal transimissThis neurological complication can be modematesevere and is
characterised by a smaller head size. Retrieved Retaersert al, 201648

Up to now, multiple ZIKV strains have been idemtifi and phylogenetic studies suggest the
classification of the strains into two distinctdages — African and Asian lineagé® The African
lineage has its origin in Uganda with the strain MR, whereas the Asian lineage evolved from the
isolate in Malaysia. Onlg11.7% of nucleotide divergence separates the tmeagie$® This fact



indicates that the Asian lineage resulted fromAfrecan one, and consequently, the migration of the
virus from one continent to another introduced mmadifications. The Asian lineage expanded to the
Pacific and, according to phylogenetic analysig HiKV strains, which were responsible for the

outbreaks in the Americas, hold 99.7% of nucleatidied 99.9% of amino acid identity with the strain
from the outbreak in French Polyne3ia.

Only about 20% of ZIKV-infected people develop syams® The most common ones include low
fever grade, skin rashes, conjunctivitis, arthalgnyalgia, fatigue, and headack&8.The incubation
period of ZIKV is estimated to be 3-12 days andsyn@ptoms have a duration of 2-7 d&&.Despite
these mild symptoms, evidence of neurological cosapbns, including GBS and, microcephaly in
newborns are associated to ZIKV infection.

1.1.3 Transmission, diagnosis and therapy

ZIKV is an arbovirus mainly transmitted by mosquitibes. The first isolations of ZIKV frorAedes
africanusandAedes aegyptnosquitoes, in Africa (1948) and in Asia (196@spectively, suggested
mosquitos fromAedesgenus as the principal vector of transmissfoh.Aedes aegyptand Aedes
albobictusare considered the most important vectors in tlagstmission of ZIKV, due to their wider
geographical distributions, in detriment of otedesmosquitoe$? Besides the bite of an infected
mosquito, cases of non-vector transmission have begorted. Risk of infection through perinatal
transmission (transplacental, breastfeeding, salral exchange of other body fluitfs)sexual
contact*®® blood transfusioi¥®’, animal bite®, and laboratory exposufé® can occur.

In the absence of ZIKV epidemics, diagnosis cayoalclinical signs. However, most of the outbreaks
overlap with other infections that show similar ptoms, and up to 80% of infected people are
asymptomatié¢®’ Therefore, ZIKV diagnosis depends on laboratorstste Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR) is the mostitsensand specific assay performed for
diagnosis’! The recognition of ZIKV RNA rests on the viral thduring the acute phase of disease, but
the viremia is relative short (mainly from dayso04t after clinical manifestation). Only in rare esas
viral RNA could be measured up to 11 d&/&ther specimen types besides serum can be coedider
for virus confirmation. In fact, ZIKV RNA has bedetected in saliv3, urineg, and semef, presenting
significant longer duration than the viremic periéd®’#When molecular tests are negative from day
5 after the onset of symptoms, serological anabtsiild be performed to detect ZIKV IgM antibodies.
In contrast, serological tests are not recommenddng viremia because antibodies may be
undetectablé Even though, detection of virus IgM by ELISA ise&ffective method, most of the times
cross-reactivity with other arboviruses causesfalssitives, limiting specificity? That being said, all
positive results should be confirmed by a plaqukicéon neutralization assay’®

Currently, there is no vaccine or specific antivteug available for ZIKV infection. Since no thesa

for infection exists, treatment focuses only orierehg symptoms. Thus, during the acute phase,
acetaminophen for fever and pain, antihistaminigfaritic rash, and ingestion of fluids for dehgtion

are recommended. Acetylsalicylic acid and nonstiadaanti-inflammatory drugs (NSAID) should be
avoided to prevent risk of haemorrhagic compliaati§ The lack of a vaccine until the present day is
comprehensive due to its production and testingchvitakes years and requires highly monetary
funding. In addition to that, until recently, ondporadically mild disease was associated to ZIKV.
Hence, almost no research was done in this fiebtheltheless, either inactivated or live attenuatedgv
vaccines are licensed for four flaviviruses and shme principle and research has been utilised for
ZIKV."” Subunit, DNA, and viral vector vaccine platformentaining or expressing ZIKV structural
proteins, are also highly attractive as an altévaapproacH! In the course of this research, the ZIKV



vaccine trials are now ongoing, with an experimeDtdA vaccine already in Phase 2-%°In relation

to an antiviral drug, a screen of approved drugsighed for other diseases, can be performed to
discover a compound with antiviral activity againdkV.”” As an example, Chloroquine, an
antimalarial drug, was shown to inhibit ZIK&.Another possibility is the development of new
inhibitors.”

1.1.4 Life cycle

The ZIKV life cycle follows the same mechanism dkeo flaviviruses. The cycle begins with the
internalisation of an infectious viral particle anthe host cell membrane. At the cell surface, iplelt
receptors and attachment factors interact withvited envelope protein. AXL, DC-SIGN, Tyro3 and
Tim-1 were recently described to take part in gisces<? Then, the virion is internalised by clathrin-
mediated endocytosis, providing it access to thigi@occompartment of the endosorieThis
acidification facilitates conformational changesl dhe disassembling of the virus particle, leadimg
the uncoating of the ssRNA.In the host cell cytoplasm, the ssRNA is recoghiae a mRNA and
translated into a polyprotein, which is subseqyefitmed and cleaved to yield structural and non-
structural protein&/1°The structural proteins are going to assemblernete viral particles, while the
non-structural proteins play a role on viral reglion and protein cleavaggig 1.5).**
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Figure 1.5 — ZIKV life cycle. The viral life cycle is initiated by the attachmefithe virion to the cell surface and consecutive
internalisation by clathrin-mediated endocytogisthe endosome, the low pH of the lumen promotegocmational changes
and, consequently, the release of the viral gen&Nid into the cytoplasm. Hither, the viral genomé&énslated into structural
and non-structural proteins. The virus induces E&mangements to form RFs, where ZIKV replicatiocuns. Close to these
sites, the immature viral particles are assembiatl @nducted to the secretory pathway. The viriomdergo maturation,
where the low pH of the TGN induces a conformatibange, allowing the cleavage of the prM by a flika protease. After
maturation, the virions become infectious and leheecell by exocytosis. Retrieved from Pierson Biainond, 20133



The ZIKV replication occurs on virus-induced memiwas replication factories (RFs) derived from the
endoplasmic reticulum (ER), more specifically irsiete packets (VP<f:848Here, a negative-sense
stranded RNA is copied from the viral RNA templgtepducing a double-stranded RNA (dsRNA).
Afterwards, this dsRNA is transcribed asymmetrigathvouring the positive sense RNAThe newly
synthetised strand is packaged and immature vieatiges are assembled near the replication
vesicles’88 These particles are conducted to the secretohwaat where they become mature viral
particlest*2This virus maturation consists of a conformatiart@nge induced by the low pH present
in the TGN, reorganising the virion surf&elhe structural modification allows the cleavagethaf
prM by a furin-like proteas¥:'? Lastly, the infectious viral particles leave tredl€ by exocytosis and
the pr fragment is dissociated from the virion tughe neutral pH of the extracellular environmid
1.5)8°

1.2 Autophagy

Autophagy, also known as the process of cellulalf-sating”, is a catabolic pathway that is highly
conserved among eukaryotes. This system is extyeimglortant for the maintenance of the cellular
homeostasis and survival, since it degrades danwmgetvanted cytoplasmic proteins and organéfles.
There are three types of autophagy described sméamnely, microautophagy, chaperone-mediated
autophagy and macroautoph&gyhe latter is going to be addressed here andregféo hereafter as
autophagy. Autophagy can be triggered by stredsrfasuch as nutrient starvation, accumulation of
damaged cytoplasmic components, pathogen infeckéh,stress, among othéfs$® Thereby, it is
tightly regulated to provide intracellular nutrisndand energy if needed, ensuring the function of
indispensable cellular process$és.

The first step of the autophagy pathway corresptmtise formation of the phagophore, also termed as
isolation membrane, which is believed to derive myafrom the ER>°¢ However, other additional
autophagosomal membrane sources have been imglidateexample, plasma membrafieGolgi
complex?® and mitochondri& This phagophore elongates to wrap and fully sundoimtracellular
cargo or a portion of the cytoplasm, forming a deubhembraned autophagosome. Afterwards,
autophagosomes can go through an optional stegdingists in the fusion with late endosomes, also
named, multivesicular bodies (MVBs), from the endimcpathway, to generate amphison{€s%!
Subsequently, autophagosomes and amphisomes filslyszisomes to give birth to autolysosortgs.
This fusion allows the autophagosome to obtaincii@lumen and hydrolases, which are responsible
for the degradation of the autophagosome’s innemionane and the autophagic cat@oThe
degradation products are exported back into theptagsm, by lysosomal permeases and transporters,
where they can be reused for biosynthesis or tdym® energyFig 1.6)02103

More than 30 autophagy-related genes (Atgs) areliad in the formation of the autophagosome,
strictly regulating this proces% One of the key regulators of the initiation of@hagy is a nutrient
sensing serine/threonine kinase, the mammaliaettarigrapamycin (mTORYF® Under nutrient-rich
conditions, mTOR phosphorylates the Unc-like kindseand 2 (ULK1/2) complex, suppressing
autophagy® On the other hand, during starvation, AMP-actidgteotein kinase (AMPK) represses
the kinase activity of mTOR, which leads to thewation of the ULK1/2 complex, thereby inducing
autophagy?’
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Figure 1.6 — Representative illustration of the awiphagy pathway. Autophagy initiates with the formation of the
phagophore, which elongates and fully enwraps theyo; creating a double-membraned autophagosomen, Time
autophagosome can undergo an optional step andniitiséate endosomes/MVBs from the endocytic pathweaygenerate
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autophagosome to receive acidic hydrolases redpenfar the degradation of the cargo and the irmembrane of the
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recycling. Retrieved from Klionsky, 2067
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Upon autophagy activation, the ULK1/2 complex iatt¢s with the vacuole membrane protein 1
(VMP1), activating the class Il phosphatidylina$i8-kinase (PI3KC3) complex which is composed
by the vacuolar protein sorting 34 (Vsp34), p156¢i®-1, and Atg14%:1%° After being targeted the
site of autophagosome initiation, the PI3KC3 complsynthetises a specific pool of
phosphatidylinositol-3-phosphate (PI3P) that emictthis membrane regiétf. Hence, effectors
harbouring PI3P-binding molecules, like double-FY&@htaining protein 1 (DFPC1) and WD-repeat
domain phosphoinositide interacting (WIPI) prot&imily members, are translocated to this ¥ité!?
These proteins promote the formation of an ER-astmt membrane with am-like shape
(“omegasome”}!1113 Subsequently, the phagophore derived from the aswge, elongates and
encloses to form the autophagosome. This processeitiated by actions of two ubiquitin-like
conjugation complexes Atg5-Atgl2-Atgl6L1 and AtgtyA-LC31!* Initially, the Atgl2-Atg5
conjugate is produced by Atg7 activation (El-likezyme), followed by AtglO transfer (E2-like
enzyme). Finally, this conjugate associates withlAt.1 to create the Atgl2-Atg5-Atgl6L1 complex
(E3-like enzyme}®14 The second ubiquitin-like system is the MAP1LC3icfimtubule-associated
protein 1 light-chain 3) or short LC3. The C-teralinf LC3 is cleaved by the cysteine protease Atg4,
exposing a glycine residd€:1® Then, the cytosolic LC3-I form is conjugated witte head group
amine of phosphatidylethanolamine (PE), resultmthe lipidated LC3-Il fornt!’ This conjugation is
mediated by the Atg7 (El-like enzyme), the Atg3-(ik8 enzyme) and the Atgl2-Atg5-Atgl6L1
complex (E3-like enzymé}/ 118 The lipidated LC3-Il form integrates into both thater and inner
membranes of autophagosom&sThe LC3-l present in the inner membrane is deggadgether with
the autophagic cargo, while the LC3-II located lie buter membrane is delipidatéei*!® For this
reason, LC3-Il constitutes a common marker of auigy. Furthermore, the protein p62, also termed
sequestosome 1 (SQSTM1), recruits ubiquitinatedasafor degradation in the autophagic process,
through directly binding to LC3-II during the aut@gosome formatiofFig 1.7).12° Intracellular levels

of p62 reflect the autophagic activity becauselégradation is dependent on this prodésghus, p62



Is usually used as an autophagy marker, since emnmadation of p62 corresponds to autophagy
inhibition.

Isolation Membrane
elongation & cargo
recognition

Autophagosome
completion

Endoplasmic
Reticulum

Figure 1.7 — Representative scheme of autophagosofeemation. During starvation, AMPK supresses the kinase agtivi
of MTOR, activating the ULK1/2 complex and thus unoithg autophagy. Upon activation of this complée YMP1 initiates
the PIBKC3 complex to produce PIP3 to enrich the ditosen for the autophagosome formation. Lateretfectors DFCP1
and WIPI2 are recruited to this region and binthePIP3, promoting the phagophore formation. phiagophore elongates
with the complex Atgl2-Atg5-Atgl6L1, whereas Atgkkaves LC3, exposing a Gly residue. Afterwards, A3 and
Atg12-Atg5-Atgl6L1 mediate the conjugation of LC3WPE, resulting in a lipidated form of LC3. Thipitated form will
integrate into both inner and outer membrane o&titephagosome. The adaptor protein p62 recrugtedtgo for degradation
and binds to the LC3 on the inner membrane, follolyednclosing of the autophagosome. Retrieved aaptad from Harnett
et al, 2017106

1.2.1 Autophagy modulators

Given the association of autophagy in many diseaseeral chemical compounds have been developed
or repurposed as therapeutic agents, to eithemeeha suppress this process, according to itsomle
the progression of the dised$&?*From the innumerous autophagy modulators, 3-Matlgine (3-
MA), Bafilomycin Al (BFLA), Ammonium Chloride (N&CI), Chloroquine (CQ), U18666A (U18),
and Rapamycin (Rapa) are going to be approached.

3-MA was first implied as an autophagy inhibitos, @ result of a screening of purines and related
substance¥® It is a class Il PI3K inhibitor, repressing theoguction of PIP3, which is essential for
the initiation of autophagif®1?’

BFLA is a plecomacrolide antibiotic, which contaias16-membered lactone ring, produced by
Streptomyces griseti®¥ This compound was demonstrated to be a potenhighty selective inhibitor

of the vacuolar HATPase (V-ATPase) at nanomolar concentratiéh3he V-ATPases, which are
present in lysosomes and endosomes, are respofwilthee acidification of the organelles’ lum&A.
By suppressing these proton pumps, the activatiblyspsomal hydrolases is prevented, and
consequently, the cargo degradation is impdite@iherefore, BFLA is a late autophagy inhibitor.



NH4CI is dissociated until it reaches the membranespable form, Nkl which diffuses across lipid
membranes and easily penetrates acidic compartnodntse cell. Due to the low pH of these
compartments, it gets protonated and impeded tosdifoack to the cytosol, hither accumulafitfgAs

a lysosomotropic agent, it acts by raising therimepH of lysosome¥? That being said, NiCl
inactivates lysosomal hydrolases and thus, inhéitephagic cargo degradation.

CQ is also a lysosomotropic weak base that inhéhitephagy using the same principle asGlHWith
this mechanism of action, it became a well-knowrAFdpproved drug to treat malarfi#. CQ is also
used to treat rheumatoid arthritis and other autnime diseasée's®

U18 is an amphipathic steroid that prevents theacatlular trafficking of cholesterol, leading s i
accumulation in late endosomes/MVBs and lysosoifieds a result, their function in autophagy
pathway is impaired. Cholesterol accumulation feteis with the function of the NPC1 protein,
mimicking the lysosomal storage disease, Niemack-§pe C diseas&®

Rapa or Sirolimus, is a macrocyclic lactone produmgStreptomyces hygroscopictié This chemical
is an immunosuppressive FDA-approved drug withtamidr and antifungal propertié¥.Rapa induces
autophagy by downregulating the mTOR pathwAy.

1.2.2 ZIKV and autophagy

As a highly regulated complex cellular system, phemy can respond to viral infections in different
ways. It can directly target pathogens for lysodogiegradation or can stimulate innate and adaptive
immune responsé$.Besides the antiviral protective mechanisms, tteghagic machinery can be
exploited by viruses for their own benefit, promgtidifferent stages of their life cyéfé

Several studies have demonstrated the inductiantophagy by flaviviruses, including ZIKV. The firs
link between ZIKV and autophagy surged when virattigles were found in autophagosome-like
structures associated with the ER in infected §kiroblasts?? In the same study, the involvement of
autophagy in ZIKV infection was further confirmey toeatment with Torin-1 (autophagy inducer), and
3-MA (autophagy inhibitor). Rapidly, other reseaochpharmacological modulation of autophagy were
conducted on human fetal neural stem cells (fN&@d)human trophoblasts (JEG-3), revealing changes
in viral RNA copy and infectious viral particle nbers!®4 Recently, NS4A and NS4B were
associated with the induction of autophagy by regrg the Akt-mTOR signalling pathway in human
fNSCs!4? On top of that, ZIKV infection results in ER merahe rearrangements, promoting the
formation of VPs, which are believed to be the siraplication sité2#*& Genetic knockout (KO) or
knockdown of autophagy genes suppressed ZIKV rafphic, proposing that autophagy vyields
membrane structures for these Rf2sAnother proviral function of autophagy is relataith the
ATG16L1, which was demonstrated to reduce the oflplacenta as a protective barrier, allowing
maternal-fetal transmission of ZIK\*!
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2. OBJECTIVES

The main goal of this thesis was to investigateitiqgact of different factors, such as acidificatmin
endosomal-lysosomal compartments, intracellulatesterol trafficking and autophagy on the ZIKV
life cycle.

Autophagy is a conserved cellular process thattardamaged or unwanted cytosolic proteins and
organelles to lysosomal degradation, enabling sieiival and maintenance of cellular homeostasis.
During virus infection, this pathway can be hijagke promote different stages of the viral life leyc
Recently, the induction of autophagy was demoredrain ZIKV-infected fibroblasts. To verify this
effect on another line of ZIKV-permissive cells, 45cells were infected with two strains of ZIKV. To
define which steps of the autophagy pathway weserdsl for the ZIKV life cycle, modulation with
Bafilomycin Al, U18666A, 3-Methyladenine, and Ragam was carried out. Bafilomycin A1 and
U18666A have an indirect effect on autophagy bykilog the V-ATPases and causing accumulation
of cholesterol in MVBs and lysosomes, respectivilgreover, infected cells were treated with these
modulators before or after infection to inspect éfiects of treatment on the virus entry and on the
spreading of the infection, respectively.

Thus, investigation of the relationship betweerophagy and ZIKV infection can provide further
insights in understanding the virus pathogenesid #m identify new therapeutic targets, and
consequently, to develop compounds with antiviciivity against ZIKV.
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3. MATERIALS AND METHODS

3.1 Materials

3.1.1 Mammalian cells

Table 3.1 — Mammalian cell lines used in the cell ture. Designation of the cell lines with correspondergaiiption and
source.

Cellline  Description Source

A549 Adenocarcinoma human alveolar basal epitheéts Giard, D.J. (1962¥

. . Yasumura, Y. & Kawakita,
Vero African green monkey kidney cells Y. (19624

3.1.2 Oligonucleotides for the light cycler

Table 3.2 — Oligonucleotides utilised for amplificabn of genomes in the light cyclerDesignation of the oligonucleotides
with the respective 53’ sequence. Oligonucleotides were synthetized loyrgrs.net (Ulm, DE).

Oligonucleotide Sequence (523)

Human ribosomal protein L27 (hRPL27_fw) aaa gctagtcgtg aag aac
Human ribosomal protein L27 (hRPL27_rev) gct géttercgg ggg tag
Zika virus (ZIKV_fw) aga tcc cgg ctg aaa cac tg
Zika virus (ZIKV_rev) ttg caa ggt cca tct gtc cc

fw = forward; rev = reverse

3.1.3 Fluorescent dyes

Table 3.3 — Fluorescent dyes utilised in IPDesignation of the fluorescent dyes with the respedilutions and manufacturer.

Fluorescent dye Dilutions Manufacturer
DAPI (0.1 mg/mL in PBS) 1:200 Carl Roth, Karlsrubé
Filipin complex 1:100 Sigma-Aldrich, St.Louis, USA

3.1.4 Molecular weight markers

Table 3.4 — Protein marker used in WBDesignation of the protein marker with the corresjfent manufacturer.

Protein marker Manufacturer

PageRuleé™ Prestained Protein Ladder Thermo Fischer Scientfaltham, USA
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3.1.5 Antibodies

Table 3.5 — Primary and secondary antibodies used iwestern blot (WB) and indirect immunofluorescence(lF).
Designation of the antibodies with the correspondprcies, clonality, dilutions, and manufacturer.

Antibody Species/Clonality Dilution (WB/IF) Manufacturer
Primary antibodies
Anti-ZIKVNS1  Mouse/Monoclonal 1:1000/- BioFront Technologies,
Tallahassee, USA
Anti-4G2 Mouse/Monoclonal -/1:300 Merck M”“pglr:’ Darmstadt,
: . . BIOZOL Diagnostica
Anti-LC3 Rabbit/Polyclonal 1:1000/ Vertrieb GmbH, Echnig, DE
. , , _ _ Progen Biotechnik GmbH,
Anti-p62 Guinea pig/Polyclonal 1:1000/1:200 Heidelberg, DE
Anti-LAMP2 Mouse/Monoclonal 1:800/- BD Biosciences, Franklin
Lakes, USA
Anti-Lamin [
Rabbit/Polyclonal -/1:500 Santa Cruz Biotechnology,
(H-102) Dallas, USA
Anti-B-Actin Mouse/Monoclonal 1:10.000/- Sigma-Aldrich, St.Lous,
USA
Secondary antibodies
Anti-mouse _ GE Healthcare, Little
IgG-HRP Donkey/Polyclonal 1:2000/- Chalfont, UK
Anti-rabbit GE Healthcare, Little
IgG-HRP Donkey/Polyclonal 1:2000/- Chalfont, UK
Anti-mouse _ LI-COR Biosciences,
IRDye800CW Donkey/Polyclonal 1:10.000/- Lincoln, USA
Anti-mouse _ LI-COR Biosciences,
IRDye680RD Donkey/Polyclonal 1:10.000/- Lincoln, USA
Anti-mouse ] Thermo Fischer Scientific,
lgG-Alexa 488 Donkey/Polyclonal -/1:1000 Waltham. USA
Anti-guinea pig . Jackson ImmunoResearch,
IgG-Cy3 Donkey/Polyclonal /1:400 West Grove, USA
Anti-rabbit Thermo Fischer Scientific
Donkey/Polyclonal -/1:400 '
1gG-Cy5 onkey/Polyclona / Waltham. USA

HRP = horseradish peroxidase; Cy3 = cyanine3; Cymaniog5




3.1.6 Inhibitors

Table 3.6 — Inhibitors used in this project.Designation of the inhibitors with the corresporndanget and manufacturer.

Inhibitor Target Manufacturer

3-Methyladenine PI3-kinase Selleckchem, HoustomPAUS
Aprotinin Serine proteases AppliChem, Darmstadt, DE
Bafilomycin Al Vacuolar-type HATPase Sigma-Aldrich, St.Louis, USA
Leupeptin Serine and cysteine proteases AppliClEmmstadt, DE
Pepstatin Acidic and aspartic proteases AppliChHaanmstadt, DE
PMSF Serine proteases Carl Roth, Karlsruhe, DE
Rapamycin mTOR Selleckchem, Houston, USA

3.1.7 Reagents for cell culture

Table 3.7 — Reagents utilised in cell culturdDesignation of the reagents with the respectiveufaamurer.

Reagent Manufacturer

DMEM medium (4.5 g/L glucose) Biowest, Nuaillé, FR

PBS without C& and Md@* Paul-Ehrlich-Institut, Langen, DE

Fetal bovine serum (FBS superior) Biochrom GmbH]iBeDE

L-glutamine Biochrom GmbH, Berlin, DE

Penicillin/streptomycin Paul-Ehrlich-Institut, Laggy, DE

Tripsin/EDTA (0.05% Trypsin) Paul-Ehrlich-Institutangen, DE
3.1.8 Kits

Table 3.8 — Kits used in this projectDesignation of the kits with the correspondent nfiacturer.

Kit Manufacturer

QIAamp® viral RNA Mini Kit Qiagen, Hilden, DE

LightCycler® Multiplex RNA Virus Master Roche, BelsCH

LDH Cytotoxicity Detection Kit Takara Bio USA, IndMountain View, USA
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3.1.9 Enzymes

Table 3.9 — Enzymes utilised for cDNA synthesi®esignation of the enzymes with the respective rfzaurer.

Enzyme Manufacturer
RevertAid H Minus Reverse Transcriptase ThermoHéas&cientific, Waltham, USA
RQ1 RNase-free DNase Promega, Fitchburg, USA

3.1.10 Buffers and solutions

Table 3.10 — Buffers and solutions required in thigproject. Designation of the buffers and solutions with tespective
composition. All buffers and solutions were preplanéth DEPC-HO, obtained from a Milli-Q Ultrapure water systeRa(il-
Ehrlich-Institut, Langen, DE). Exceptions are iratiad.

Buffer Composition

20% Ethanol (v/v)

Anode buffer | 300 mM Tris

20% Ethanol (v/v)

Anode buffer Il 25 mM Tris

20% Ethanol (v/v)

Cathode buffer 40 mM 6-aminohexanoic acid

50 mM Tris-HCI pH 7.2
150 mM NaCl
RIPA buffer 0.1% SDS (w/v)
1% Sodium desoxycholate (w/v)
1% Triton X-100

0.25 M Tris-Base
2 M Glycine

1% SDS (w/v)
pH 8.3

SDS running buffer (10x)

4% SDS (w/v)
125 mM Tris-HCI pH 6.8
SDS loading buffer (4x) 10% Glycerol (v/v)
10% p-Mercaptoethanol (v/v)
0.02% Bromophenol blue (w/v)

1.5 M Tris
Separation gel buffer 0.4% SDS (w/v)
pH 8.8

0.5 M Tris
Stacking gel buffer 0.4% SDS (w/v)
pH 6.7
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Solution

Composition

10% APS
1x Roti-Block
4% Formaldehyde

Crystal violet

Mowiol

PBST

APS diluted 1:100

10x Roti-Block diluted 1:10
Formaldehyde diluted in PBS

0.1% crystal violet in 20% ethanol

10% Mowiol (w/v)

25% Glycerol (w/v)
2.5% DABCO

100 mM Tris-HCI pH 8.5

PBS without C& and Md@*
0,5 % Triton X-100 (V/v)

3.1.11 Chemicals

Table 3.11 — Chemicals required in this projectDesignation of the chemical with the corresponaeanufacturer.

Chemical

Manufacturer

3-MA

5x Reaction buffer for RT

6-Aminohexanoic acid

10 mM dNTPs

Acetone

Ammonium chloride

APS

BFLA
-mercaptoethanol
BSA fraction V
Bradford reagent
Bromophenol blue
Butanol
Chloroform

CcQ

Crystal violet

DABCO
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Selleckchem, Houston, USA
Thermo Fischer Scientifidaltham, USA
Paul-Ehrlich-Institut, Lang@&t;
Thermo Fischer Scientific, Waltham, USA
Carl Roth, Karlsruhe, DE
Merck Millipore, Darmstadt, DE
Carl Roth, Karlsruhe, DE
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
AppliChem, Darmstadt, DE
Sigma-Aldrich, St.Louis, USA
Merck Millipore, Darmstadt, DE
Merck Millipore, Darmstadt, DE
Carl Roth, Karlsruhe, DE
Sigma-Aldrich, St.Louis, USA
Sigma-Aldrich, St.Louis, USA
Merck Millipore, Darmstadt, DE



DEPC-HO

DMSO

EDTA

Ethanol (pure)
Formaldehyde (37,5%)
Glutaraldehyde
Glycerol

Hydrochloric acid
Isopropanol

Luminata Forte Western HRP Substract

Maxima Probe SYBR Green gPCR Master Mix

Methanol

Mowiol

PBS

peqGOLD TriFast

Phenol

PrestoBlue® cell viability reagent
Random hexamer primer

RAPA

Roti 40 Acrylamide/Bisacrylamide
Roti-Block (10x)

RQ1 DNase 10x reaction buffer
RQ1 DNase stop solution

SDS

SeaPlaque® Agarose

Skim milk powder

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Sodiumdesoxycholat

SuperSignal West Pico Luminol/Enhancer

Paul-Ehrlich-Institut, Langen, DE
Genaxxon, Biberach, DE
Paul-Ehrlich-Institut, Langen, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

GERBU Biotechnik GmbH, Heidelberg, DE

Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Merck Milljgddarmstadt, DE
Thermol@sScientific, Waltham, USA
Carl Roth, Karlsruhe, DE
Sigma-Aldrich, St.Louis, USA
Paul-Ehrlich-Institut, Langen, DE
peglLab, Erlangen, DE
AppliChem, Darmstadt, DE
Thermo Fischeiegtific, Waltham, USA
Thermo Fischer Scientificlthgan, USA
Selleckchem, Houston, USA
Carl Roth, Karleey DE
Carl Roth, Karlsruhe, DE
Promega, FitchbugAU
Promega, Fitchburg, USA
Paul-Ehrlich-Institut, Langen, DE
FMC BioProducts, Rockland, USA
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Thermo KEisS8tientific, Waltham, USA

SuperSignal West Pico Stable Peroxide Solution mbdfischer Scientific, Waltham, USA

TBST
TEMED

Tris

Paul-Ehrlich-Institut, Langen, DE
AppliChem, Darmstadt, DE
Carl Roth, Karlsruhe, DE
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Tris-HCI Paul-Ehrlich-Institut, Langen, DE
Triton X-100 Sigma-Aldrich, St.Louis, USA
uis Sigma-Aldrich, St.Louis, USA

3.1.12 Expendables materials

Table 3.12 — Expendable materials utilised in thispject. Designation of the material with the respective ufacturer.

Material Manufacturer

Cell culture flasks (T175) Greiner Bio-One GmbHickenhausen, DE
Cell culture plates (6, 12, 96 wells) Greiner BingOGmbH, Frickenhausen, DE
Cell scrapers A. Hartenstein GmbH, Wirzburg, DE
Coverslips (18 mm) Thermo Fischer Scientific, Waith USA
Disposable syringes B.Braun, Melsungen, DE

Falcon tubes (15 mL, 50 mL) Greiner Bio-One GmbHickenhausen, DE
Fixer type F 1-2 C & L GmbH, Planegg, DE

FrameStar® 96 PCR Plate for LC480 GeneON, LudwigshdE

Developer type E 1-3 C & L GmbH, Planegg, DE

Graduated pipettes (2 mL, 5 mL, 10 mL, 25 mL) GeeiBio-One GmbH, Frickenhausen, DE
Hybond-P, PVDF Membrane Carl Roth, Karlsruhe, DE

Hyperfilm ECL Chemiluminescence GE Healthcare, burgg, DE

LightCycler capillaries (polycarbonate) GenaxxoihdBach, DE

Microscope slides Carl Roth, Karlsruhe, DE

Parafilm Bemis, Bonn, DE

Petri Dishes Sarstedt AG & Co, Nimbrecht, DE

Phase Lock Gel Heavy (2 mL) 5PRIME Hilden, DE

Pipette Tips (10 puL, 100 pL, 300 pL, 1000 uL)  S=ds”AG & Co, Numbrecht, DE

Pipette Tips with filter (10 pL, 100 pL, 300 pL, Biotix, California, USA

1000 pL)

Reaction tubes (1.5 mL, 2 mL) Sarstedt AG & Co, Mimeht, DE
Sterile filters (0.22 pm) Carl Roth, Karlsruhe, DE

Whatman paper 3 mm VWR International GmbH, Darntstag
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3.1.13 Devices

Table 3.13 — Devices required in this projecDesignation of the device with the correspondenturfecturer.

Device Manufacturer

AGFA Curix60 Film Developer AGFA, Koéln, DE

Axiovert 40C Zeiss, Oberkochen, DE

COz-Incubator BBD 6220 Thermo Fischer Scientific, Waltham, USA

Confocal laser scanning microscope LSM 510 Zeiss, Oberkochen, DE

EM 109 Zeiss, Oberkochen, DE

Eppendorf centrifuge 5415D Eppendorf, Hamburg, DE
Hemocytometer Carl Roth, Karlsruhe, DE

Heraeus Fresco 17 Centrifuge Thermo Fischer Scientific, Waltham, USA
Heraeus Multifuge 1S-R Thermo Fischer Scientific, Waltham, USA
Hoefer electrophoresis power supply EPS301 GE Healthcare, Freiburg, DE
Hypercassetid GE Healthcare, Freiburg, DE

Infinite M1000 Tecan, Mannedorf, CH

LightCycler 480 Roche, Basel, CH

LightCycler R1.5 instrument Roche, Basel, CH

Microcentrifuge Carl Roth, Karlsruhe, DE

Mighty small multiple gel caster SE200 Series GREldeare, Freiburg, DE

Nanophotometer P300 Implen, Minchen, DE

Odyssey infrared imaging system LI-COR Biosciences, Lincoln, USA
Pipettes Eppendorf, Hamburg, DE

Promax 1020 shaker Heidolph, Kelheim, DE

RCT Classic Magnetic stirrer IKA, Staufen, DE

S20 - SevenEa$y pH Mettler Toledo, Ohio, USA
Sartorius balance TP 6000 200S Sartorius, Gottingen

Sartorius universal analytical balance SartoriudttiGgen, DE

Sonopuls HD 220 Bandelin, Berlin, DE

Standard power pack P25 Biometra, Goéttingen, DE
SterilGardIIl Advance The Baker Company, Maine, USA
Stuart roller mixer SRT9 Bibby Scientific, Stone, UK

TE77 ECL-Semi-Dry Transfer Unit GE Healthcare, Freiburg, DE
Thermomixer compact Eppendorf, Hamburg, DE
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Vortex-Genie 2 Scientific Industries, New York, USA

Water bath TW12 Julabo, Seelbach, DE

3.1.14 Software

Table 3.14 — Software used in this projecDesignation of the software with the respective ofacturer.

Software Manufacturer

Graph Pad Prism 7 GraphPad Software, La Jolla, USA
i-control 1.8 Tecan, Mannedorf, CH

Image Studio LI-COR Biosciences, Lincoln, USA
Image Studio Lite LI-COR Biosciences, Lincoln, USA
LightCycler Software Version 3.5 Roche, Basel, CH

MS Office Microsoft, Redmond, USA

ZEN 2012 black edition Zeiss, Oberkochen, DE

ZEN 2012 blue edition Zeiss, Oberkochen, DE
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3.2 Methods
3.2.1 Cell biology

3.2.1.1 Eukaryotic cell culture

In this study, A549 and Vero cells were used. Gelise cultivated in 175 chilasks with Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with%0@BS superior, 1% penicillin/streptomycin
and 1% L-glutamine, further referred to as DMEM gqbate. Both cell lines were grown in an incubator
at 37°C with a content of 5% G@nd 90% of relative humidity. Passaging of adheoetis was
performed 3 times a week at 60%-90% confluenceaypsinisation. The cells were carefully washed
with 10 mL of PBS and detached from cell cultueesKs by incubation with 2.5 mL of trypsin/EDTA
solution for 5 min at 37°C. Protease activity ofpsin was stopped by adding 7.5 mL of DMEM
complete and cells were resuspended and seedeeksin hedium at different dilutions (1:2-1:10) to
obtain optimal growth. To perform experiments, sgmnded cells were seeded in 6-, 12- or 96-well
plates at a density of 3x3,0L.5x1G and 1x10 cells per well or 3.5xTells in Petri dishes. All cell
culture procedures were performed in laminar-flaweds using aseptic techniques, sterile equipment
and solutions.

3.2.1.2 Infection of A549 cells

All experiments and maintenance of infectious ce#se performed under biosafety level 3 (BSL-3)
conditions. A549 cells were infected with FrenchyResia (PF13/251013-18) and Uganda (MR766)
strains of Zika virus (ZIKV). Prior infection, cslwere seeded in 12-well plates for 5 h, allowimg t
cells to adhere to the surface of the well. Toahfeeded cells consistently with the same amaunt o
virus, supernatants from previously infected cedise harvested and titrated by plaque forming assay
(see Chapter 3.2.1.5). After determination of tinesutiters, the supernatants were stored in at&gab
-80°C. A multiplicity of infection (MOI) of 0.1 washosen to infect A549 cells in this study. MOI
represents the ratio of infectious viral partiges cell. Thus, a MOI of 0.1 indicates that thex®@mne
infectious viral particle present per 10 cells. Tiygut of the virus was stopped 16 h post-infec(igm)

by removing the medium from the wells and washielisaonce with PBS.

3.2.1.3 Autophagy modulation

A549 cells were treated with autophagy modulatorgiffferent periods of time and concentrations, as
summarised in Table 3.15. The modulators were addedefore infection (pre-infection treatment) or
2 h after infection (post-infection treatment), @atng to the goal of the experiment. All substance
were supplied with DMEM complete to the cells. Theatment was renewed every day to assure the
maximum effect of the compounds in cells.
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Table 3.15 — Autophagy modulators used in cell culte. Designation of the autophagy modulator with theespondent
final concentration in each well and the type etment applied.

Modulator Final concentration Type of treatment
Bafilomycin Al (BFLA) 10 nM Pre- and post-infection
U18666A (U18) 2 pg/mL Pre- and post-infection
Rapamycin (RAPA) 100 nM Post-infection
3-Methlyadenine (3-MA) 5mM Post-infection

3.2.1.4 Cell viability and cytotoxicity assays

To investigate the cell viability after treatmenttrwautophagy modulators and to determine the
cytotoxicity of these compounds, PrestoBlue anthteaadehydrogenase (LDH) assays were performed,
respectively. For this purpose, A549 cells werated with different concentrations of autophagy

modulators for 24, 48, and 72 h.

The PrestoBlue assay is a calorimetric method rifedisures the metabolic active cells by using the
PrestoBlue reagent. This reagent is metabolicaliyiced by viable cells from resazurin to resofuain,
fluorescent compountt? A549 cells were seeded in 96-well plates for b hltow its adherence to the
surface of the wells. Subsequently, cells werddbaith the substances and the treatment was sghew
every day. To determine the cell viability at thesided time points, the medium was removed, foltbwe
by the addition of 100 pL of the PrestoBlue reaginted 1:10 in DMEM complete to each well. After
an incubation time of 1 h at 37°C, the fluoresceuicéne reagent (excitation wavelength: 560 nm, 10
nm bandwidth; emission wavelength: 590 nm, 10 nndbédth) was measured in the Infinite M1000
(Tecan reader).

The LDH assay is a calorimetric method as well, alvhéstimates the number of dead cells by
quantitatively measuring the LDH released into te#l culture medium from damaged céfs.
Therefore, it is commonly used as a biomarker fgtotoxicity and cytolysis. To measure the
cytotoxicity of the autophagy modulators, A549 sellere seeded in 96-well plates for 5 h and treated
with the compounds. At the appropriate time poih@) L of the supernatant was harvested and tested
for LDH activity. 100 pL of the reaction mix inclad in the kit was added, upon which tetrazolium
(yellow) is converted by diaphorase to formazaml)& This conversion is only possible if LDH is
present in the supernatant and provides necessdugction equivalents. Thus, an increase in LDH
activity stems from dead or membrane-damaged oghgh correlates directly with the amount of
formazan formed. Plates were protected from ligid ancubated for 30 min at room temperature.
Following this, the absorbance of formazan was omegsat 490 nm in the Infinite M1000 (Tecan
reader). The cytotoxicity was calculated by settalls treated with 2% Triton X-100 to 100% (posgti
control) and untreated cells to 0% (negative cdntho this assay, the DMEM was supplemented with
1% FBS superior instead of 10%, since it contaiDsiLincreasing the fluorescence measured.

In both assays, 2% of Triton X-100 was includegasitive control, as it is a well-known non-ionic
detergent that induces cellular apoptosis when udadng long periods of time or in high
concentration$?® On the other hand, DMEM complete was used as ivegatntrol.
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3.2.1.5 Virus titration

To determine the virus concentration inside andidatcells, intra- and extracellular plaque forming
assay was performed. For the intracellular plagumihg assay, infected A549 cells were harvested
using 100 pL of trypsin per well. After 3 min ina@tion at 37°C, the cell suspension was transferred
into 1.5 mL reaction tubes and 600 uL DMEM completess added. Subsequently, the suspension was
frozen and thawed three times at -80°C and 3796&cgisely, to achieve cell lysis. After cell lystbe
suspension was centrifuged at 4°C, maximum speekbfmin.

For both, intra- and extracellular plaque assayfold dilutions (non-diluted to 1¥) of supernatant
were utilised to infect seeded Vero cells in 6-vpddites. Then, the plates were placed into thebiaimu

at 37°C for 2 h, allowing attachment of the infeas viral particles to the cell surface. Subseduent
the medium, including unbound infectious viral paes, was removed. To prevent a wide spread of
newly synthesised viral particles, an agarose ayewas prepared. A solution of 4% SeaPlaque®
agarose was boiled in a microwave and cooled t6 5% water bath. Following this, the agarose was
diluted 1:10 in DMEM complete (37°C), well mixedda mL were poured carefully over the cells in
each well. Finally, after 15 min at room temperatuhe solidification of the agarose overlay was
achieved and the plates were placed into the inoulad 37°C. After 4 days of incubation, to allow
formation of sufficiently visible plaques, the oksrwas carefully removed and a staining appliéust F
cells were fixed for 15 min in 4% formaldehyde. Tdedls were washed once with PBS and stained with
400 pL crystal violet solution for 15 min. Subsewjie the plates were washed once with water and
plagues counted.

3.2.1.6 Cell harvest and lysis

A549 cells were harvested after 24, 48, and 72Mpdium was removed and cells were washed once
with PBS. Subsequently, the plates were frozen 80°C for storage or fixed for indirect
immunofluorescence (see Chapter 3.2.4.1) and placddC in PBS. Different methods of cell lysis
were performed according to the goal of the expemnimTo assess to the intracellular RNA, 200 pL of
TriFast was added to each well and cells collectemi 1.5 mL reactions tubes. To create protein cell
lysates, 100 pL of RIPA buffer, supplemented witbtgase inhibitors (see Chapter 3.1.3), was added
to each well and incubated for 5 minutes. Subsetyehe cells were removed with a cell scraper and
transferred into a 1.5 mL reaction tube. Finalhe samples were sonicated for 10 s at 20% power,
centrifuged for 10 min at 4°C and maximum speed, stored at -20°C. Protein concentration was
estimated by Bradford assay (see Chapter 3.2.3.1).

3.2.2 Molecular biology

3.2.2.1 Isolation of the total intracellular RNA

After cells being lysed and homogenized with thi&dst reagent (see Chapter 3.2.1.6), the intrdaellu
RNA was isolated by a phenol/chloroform extractiéfier homogenization, a centrifugation of 10 min
at 4°C and 13.300 rpm was performed and the suaaitngas transferred into a new reaction tube. With
this step, insoluble material such as polysacchariéxtracellular membranes and high molecular
weight DNA was removetf! To assure complete dissociation of nucleoprot@mplexes, an
incubation of 5 min at room temperature was necgsSabsequently, 240 uL of chloroform were added
to the reaction tube, followed by a mixing stepléfs using a vortex. This step was followed by an
incubation for 5 min at room temperature. Thenwhele sample was transferred to a Phase Lock Gel
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tube and the phase separation was accomplishedéytafugation at 13.300 rpm and 4°C for 1 min.
This tube contains a gel, which during centrifugiatinigrates and creates a barrier between theigrgan
and aqueous phases, eliminating interphase-proteitamination. The aqueous phase, which contains
the RNA, was transferred to a new reaction tube. ditecipitation of RNA was carried out by adding
600 pL of isopropanol and subsequent centrifugdtio80 min at 13.300 rpm and 4°C. Afterwards, the
supernatant was removed and the RNA pellet waseudasith 75% ethanol, followed by centrifugation
for 30 min at 13.300 rpm and 4°C. Lastly, the RNa&svgolubilised with 15-50 uL of DEPG® after

the excess of isopropanol was removed.

3.2.2.2 Determination of RNA concentration

The concentration of RNA was accomplished by a phatometer at a wavelength of 260 nm. First, a
blank with DEPC-HO was set. For the measurement of the RNA condanird pL of the sample was
applied on the cuvette with a lid factor of 10 @&. Tach sample was measured in triplicates. To
determine the purity of the RNA and detect possibMA or phenol contaminations, the Abs260
nm/Abs280 nm ratio was calculated as well.

3.2.2.3 cDNA synthesis

To eliminate potential DNA contaminations derivedn the RNA isolation procedure (see Chapter
3.2.2.1), a DNase digestion step was includedttisipurpose, 4 pg of total RNA were incubated with
DNase | (RQ1 RNase-free DNase) at 37°C for 1 h thighcorresponding buffer, as described in Table
3.16.

Table 3.16 — Components required for DNase digestioBesignation of the component with the respectiieme applied
per sample.

Component Volume (pL)
RNA X UL (equivalent to 4 ug)
RQ1 RNase-free DNase 1uL

RQ1 DNase 10x Reaction Buffer 1.1 pL
DEPC-HO Fillup to 11 pL

Inactivation of DNase | was achieved by adding 1oiRQ1 DNase Stop Solution to the reaction tube,
followed by an incubation for 10 min at 65°C. Thanscription was started by incubating 1 pL of
random hexamer primer at 65°C for 15 min, allowthmyprimer annealing. First strand cDNA synthesis
was initiated by the addition of 7 pL of the Mastex to the reaction tube, as specified in Tabl&/3.1
Subsequently, incubation at room temperature famttDand at 42°C for 1 h was carried out. Finally,
the RT was inactivated at 72°C for 10 min.
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Table 3.17 — Components required for cDNA synthesi$esignation of the component with the correspondehime
applied per sample.

Component Volume (pL)
5x RT buffer 4 uL
dNTPs mix (10 mM each) 2uL

RevertAid H Minus Reverse Transcriptase 1 uL

3.2.2.4 Isolation of the extracellular RNA

From the supernatants harvested, extracellular Rid8 isolated using the QlAamp Viral RNA Mini
Kit according to the manufacturer's instructions. drief, the sample was lysed and applied into a
column for RNA binding. Then, the RNA was washedhwiwvo buffers and collected into 1.5 mL
reaction tubes by a single elution with 60 pL af glution buffer.

3.2.2.5 Determination of intracellular ZIKV genomes by RT-gPCR

To detect and quantify intracellular transcriptge tightCycler 480 and 1.5 systems with the SYBR
Green method were utilised. During the PCR, therflacent dye SYBR Green binds to the DNA,
enabling its quantification. The increase of flemence is directly proportional to the amount of
amplified DNA and measured after each PCR cyclenFihese data, the n-fold expression, using the
224¢r method was calculated. For normalisation of theasueed values, the house-keeping gene
hRPL27 was analysed. For each reaction, 3 pL of ARMNuted 1:10 was added to 7 pL of the
Mastermix (5 pL of 2x SYBR Green, 0.25 uL of eadiganucleotide [10 uM] and 1.5 pL nuclease-
free-water) into FrameStar® 96 PCR Plate for LCdBQightCycler capillaries. The plates/capillaries
were placed into the instrument and the RT-gPCRrara was executed, as described in Table 3.18.

Table 3.18 — RT-gPCR program used for quantificatiorof intracellular genomes.Designation of the parts of the program
with the respective temperature, hold time, slapemumber of cycles.

Program Temperature (°C) Hold time (s) Slope (°C/s) Cycles
Initial 95 600 20 1
denaturation
Denaturation 95 15 20
Annealing 56 30 20 45
Elongation 72 30 5

95 60 20
Melting 60 30 20 1

95 0 0.1
Cooling 40 30 20
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3.2.2.6 Determination of extracellular ZIKV genomes by RT-g°PCR

Quantification of extracellular ZIKV genomes wasfpemed by RT-gPCR analysis. For the reaction,
the components from the LightCycler Multiplex RNArds Master Kit were utilised according to the
instructions of the manufacturer. 5 pL of the Masig (components from the kit) were added to 5 pL
of undiluted RNA sample into FrameStar® 96 PCRdfat LC480 or LightCycler capillaries. The
plates/capillaries were placed into the instrunsem the RT-gPCR program was executed, as detailed
in Table 3.19. From these data, the n-fold expoessising the 2°P method was calculated.

Table 3.19 — RT-qPCR program used for quantificatiorof extracellular genomesDesignation of the parts of the program
with the respective temperature, hold time, slapemumber of cycles.

Program Temperature (°C)  Hold time (s) Slope (°C/s) Cycles
RT 50 600 4.4 1
Initial denaturation 95 30 4.4 1

e 95 5 4.4
Amplification 60 30 59 45
Melting 95 10 4.4 1

60 10 2.2

Cooling 40 2 2.2

3.2.3 Protein biochemistry

3.2.3.1 Protein quantification by Bradford assay

The total protein amount of cell lysates was quigatiusing the Bradford reage¥it. This reagent
contains the dye Coomassie Brilliant Blue G-250jciwtshifts its absorbance from red to blue after
contact with proteins (from 465 to 595 nm). To pari this assay, 5 pL of the cell lysates were mixed
with 100 pL of Bradford reagent in 96 well plat&$ter 5 min of incubation at room temperature and
protected from light, the well-plate was placedthe Infinite 1000 (Tecan reader) to measure the
absorbance at 595 nm. Protein concentrations waoelated using a standard curve generated with
BSA.

3.2.3.2 SDS-PAGE

Protein mixtures were separated by SDS-PAGE depgrati their molecular weight? Since it is a
discontinuous system, this gel is composed of gkstg gel and a separation gel. The first one alow
proteins to get concentrated by choosing a polydeesity of 4%. This is followed by a separation gel
whose density varies according to the expected alizthe protein of interest, in which the SDS-
denatured proteins are separated.

10% and 14% of bisacrylamide concentrations weseh for detection of the proteins of interest.
These concentrations were mixed with TEMED and AdM@ applied between glass plates for
polymerisation. After polymerisation of the sepamatgel has concluded, 4% of bisacrylamide for the
stacking gel was poured on top of this gel and thadymerised. SDS gels were set into chamberglfille
with 1x SDS running buffer. On every gel, equal amtaf protein (100 pug) were denatured in 1x SDS-
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PAGE loading buffer by heating for 10 min at 958@d subsequently separated in a vertical chamber
at 100-160 V.

3.2.3.3 Western blot

Proteins separated by SDS-PAGE were transferredl amethanol-activated PVDF-membrane, via
a semi-dry blotting chamber and a discontinuousesyg1.3 mA/crifor 1 h}*° as illustrated in Fig
3.1

O Cethode ]

6x Whatman paper (soaked in cathode buffer)

SDS Polyacrylamide gel
PVDF membrane

4x Whatman paper (soaked in anode buffer 1)

2x Whatman paper (soaked in anode buffer I)

Y Anode (+)

Figure 3.1 — Schematic representation of a semi-dtylot stack. Negatively charged proteins are transferred froengtsl to
the membrane, in direction to the cathode (+). Fbmttom to top: two layers dhatmanpaper, soaked in anode buffer I;
four layersWhatmanpapers, soaked in anode buffer Il; one methantlated PVDF membrane; SDS gel with separated
proteins; six layer§Vhatmanpaper, soaked in cathode buffer.

In order to prevent unspecific interactions, thembeane was blocked using 5% (w/v) BSA in TBST or
10% (w/v) skim milk powder in TBST for 1 h at rodemperature. The blocking solution was chosen
depending on the primary antibody used. Later ba,membrane was incubated with the primary
antibody, diluted in the blocking solution, for Jahroom temperature or overnight at 4°C. Unspecifi
bounded antibody was removed by washing 3x 10 miTBST, followed by incubation of the
membrane with the secondary antibody against teeiep of the primary antibody for 1 h, at room
temperature. As secondary antibodies, either ahmilsh peroxidase (HRP)-coupled antibody, diluted
in the blocking solution or a fluorophore-coupleatibody, diluted in 1x Roti®-Block were used.
Unbound antibody was again removed by washing 3xibOwith TBST. Proteins bands were detected
with peroxidase substrate reagent and scientifaging films or, as alternative, by using the LICOR-
Odyssey System.

3.2.4 Microscopy

3.2.4.1 Indirect immmunofluorescence microscopy

Determination of intracellular localisation andtdisution of proteins, as well as the estimatiorttod
number of ZIKV-positive cells were achieved by immstaining of permeabilized cells with
fluorophore-coupled antibodies. Therefore, A54®%sogkre grown on coverslips in 12-well plates. Prio
fixation, medium was removed and cells were washigd PBS. The fixation solution was chosen
according to the antibodies used. Thus, cells wigher fixed with ice-cold ethanol:acetone (1:1)ror
4% formaldehyde in PBS for 10 min and 20 min atmdemperature, respectively. Afterwards, cells
were washed twice with PBS. According to the fizatsolution, different protocols were followed, as
summarised in Table 3.20.
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Table 3.20 — Different protocols used in IFDesignation of each step and the respective tredtaneording to the fixation
method, either ethanol:acetone or 4% formaldehydéess indicated otherwise, 1 mL of the solutiors wsed per well. All
steps, except antibody incubations, were perforwtdte shaking. All steps were executed in room terafure.

Step Ethanol:acetone 4% Formaldehyde
Permeabilisation TBST for 10 min PBST for 10 min
Washing 3x 5 min with TBST 3x 5 min with PBS
Blocking 10% BSA in TBST 1% BSA in PBS
50 pL per coverslip for 1 h 50 pL per coverslip for 1 h
Primary antibody incubation (antibodies diluted in (antibodies diluted in blocking
blocking solution) solution)
Washing 3x 5 min with TBST 3x 5 min with PBS

Secondary antibody incubation50 pL per coverslip for 1 h, 50 pL per coverslip for 1 h,

(fluorophore-conjugated) + protected from light protected from light (antibodies

ﬂuores"::em o 1ug (antibodies diluted in diluted in blocking solution) +
y blocking solution) + DAPI filipin complex

Washing 3x 5 min with TBST 3x 5 min with PBS

Subsequently, the coverslips were mounted on ngopss slides with 10 pl Mowiol and analysed by
confocal laser scanning microscopy (CLSM).

3.2.4.2 Confocal laser scanning microscopy (CLSM)

The confocal laser scanning microscopy allows #teation of fluorescent-tagged proteins in a define
plane of the cell, as well as the investigatiortheir possible co-localisation. For this purpose t
sample is illuminated with focused laser beams siiecific wavelength to excite the antibody coupled
fluorophore. A dichroic filter is used to directhosen wavelength of the laser onto the sampldewhi
the emitted light travels back to the dichroic mirrpassing the pinhole to the detector. The pmhol
serves to increase the focus of the sample plaeeepting light, which did not originate from thecl
point, to pass to the detector. The detector itsedfphotomultiplier, enabling detection of lowrsals.
The LSM-510 microscope was used for analysis.

3.2.4.3 Transmission electron microscopy (TEM)

To create ultra-thin sections, A549 cells were edeh Petri dishes and infected with the French
Polynesia strain with a MOI of 0.1. Before infectjdhe cells were treated with 2 pg/mL of U18. Afte
48 hpi, the cells were fixed with 2,5% glutaraldédyin DMEM complete for 45 min at room
temperature. Subsequently, two washing steps vidth Were carried out and cells were scraped off the
culture disk. After addition of a warmed agaroskitson of 2%, small agarose blocks containing the
cells were cut. These blocks were post-fixed wih @mium tetroxide in PBS and treated with 1%
tannic acid, improving visibility of viral surfagaroteins. Afterwards, cells were dehydrated by asag
of increasing ethanol concentrations and, embeddediquid epoxy resin. Following this, the resin
was incubated at 60°C for 48 h for polymerisatiad aut into ultrathin sections via a ultramicrotome
These sections were fixed on glow-discharged cadoated nickel grids and treated with 2% uranyl
acetate for 15 min, followed by 2% lead citrate 3anin. Ultrathin sections were analysed by EM 109
Transmission Electron Microscope.
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This experiment was kindly performed by Begina Eberle.

3.2.,5 Statistical analysis

Results are described as mean + SEM from 3 indepeénexperiments, except when indicated
otherwise. Error bars in the figures represent SEMdent’s t-test was used to compare two different
samples in GraphPad Prism software. Statisticaifgignce is represented in the graphs, as destribe
in Table 3.21.

Table 3.21 — Statistical significance indicated irhie graphs.Thresholds of p-values and the significance (*ythepresent.
More stars depicted in the graphs indicate highificance.

Significance p-value

Non-significant (ns) > 0.05

* <0.05
* <0.01
ok <0.001
b <0.0001
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4. RESULTS

4.1 Determination of cell viability and cytotoxicity of autophagy
modulators on A549 cells

To determine the optimal working concentration ancexclude side effects from toxicity of each
autophagy modulator on A549 cells, PrestoBlue aaatate dehydrogenase (LDH) assays were
performed as described in Chapter 3.2.1.4. Frommthkéiple concentrations testédppendix 1), 10

nM of Bafilomycin Al (BFLA), 2 ug/mL of U18666A (LB), 5 mM of 3-Methyladenine (3-MA), and
100 nM of Rapamycin (Rapa) were chosen to modalatephagy for 24, 48, and 72 h. DMSO 1:1000
was included as a vehicle control for BFLA and Réjgapendix 1). The concentrations were selected
based on toxic effect and previous studfés>*Potential toxicity from the modulators was conside
when interpreting further results.

As mentioned previously, the PrestoBlue assay iedinator of cell proliferation and viability. lother
words, this assay reflects the number of metalaaive cells. For BFLA and U18, only at 72 h after
treatment, the viability decreased thereabout rg60.3, respectivelfFig. 4.1 A, B) 3-MA does not
affect cell viability, even after 72 h of treatmdfig 4.1 C) On the other hand, Rapa reduces the
viability of this cell line over timgFig 4.1 D)
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Figure 4.1 — Cell viability assays after treatmenivith autophagy modulators.A549 cells were treated with 10 nM of BFLA
(A), 2 pg/mL of U18B), 5 mM of 3-MA(C), and 100 nM of Rap¢D) during 24, 48, and 72 h. Relative cell viabilitysva
determined by comparing treated to untreated dg#tis treated with 2% Triton X-100 were includedpasitive control. As
negative control, cells were not treated (only DMEMnplete).

As a complementary assay to PrestoBlue, the cyitotpxf the modulators was also tested. The LDH
colorimetric assay measures the LDH released im0 cell culture medium from damaged cells
quantitatively. Therefore, it is commonly used dsi@marker for cytotoxicity and cytolysis, allowing
the estimation of the number of dead cells.
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BFLA and U18 were found not to be toxic for A549lsat the concentrations used after 24 h of
treatment(Fig. 4.2. However, around 20% of cells were dead within R46f Rapa treatment.
Determination of the cytotoxicity for later timeipts was not possible due to the instability oéft&dH

in the medium after being released from dead cells.
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Figure 4.2 — Cytotoxicity assay of autophagy modutars. The cytotoxicity of 10 nM of BFLA, 2 pug/mL of U18nd 100
nM of Rapa was measured after 24 h of treatmentiyl Bssay. The measurement of LDH activity is anicaidr of cell
death. The cytotoxicity was calculated by settiatisctreated with 2% Triton X-100 to 100% (positi@ntrol) and untreated
cells to 0% (negative control).

Two more autophagy modulators were tested by thssays, but no further studies were pursued
(Appendix II) .

4.2 Modulation of autophagy on ZIKV-infected cells

The relationship between virus and autophagy isyrbfully understood. In fact, autophagy can not
only have antiviral activity, but can also be teggd upon virus infection to promote different ssgf
the viral life cycle> Several reports suggest that flaviviruses leahtincrease of autophagic activity
to enhance viral replication on mammalian cEfts!>®The same holds true for ZIKV, which was shown
to induce autophagy on fibroblastsl o verify this effect on another line of ZIKV-peissive cells and

to further characterize ZIKV infection and the macism behind this hijack of the autophagy
machinery, autophagy was modulated. This modulatiorZIKV-infected cells was carried out by
BFLA, U18, 3-MA and Rapa during 24, 48, and 72 Isopost-infection (hpi). French Polynesia
(PF13/251013-18) and Uganda (MR766) strains of ZIiKere used to infect A549 cells with a
multiplicity of infection (MOI) of 0.1.

4.2.1 Relevance of endosomal-lysosomal acidification fahe ZIKV
life cycle

To investigate the influence of acidification ofdesomal-lysosomal compartments on ZIKV infection,
infected cells were treated with 10 nM of BFLA amarvested at 24, 48, and 72 hpi. Furthermore, to
understand the impact of this inhibitor, not onftytbe spreading of infection and release of interdi
viral particles, but also on the entry of the vjrp®st- and pre-infection treatment was applied,
respectively. Pre-infection treatment means thadAéells were treated with the modulator and 2 h
later, infected with ZIKV. On the other hand, postction treatment consists of treating the c2lis
after infection. The modulator was present durlmgwhole experiment.
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4.2.1.1 Determination of intra- and extracellular ZIKV genomes

To determine the amount of intra- and extracelldl&V genomes, intra- and extracellular ZIKV RNA
was converted to cDNA by reverse transcriptaseaaaty/sed by RT-gPCR. For pre-infection treatment,
no significant amount of intracellular ZIKV genomeas detected for all time points and for bothisgra
(Fig 4.3). Meanwhile, Polynesia-infected cells, which wesated post-infection, showed a significant
decrease on the amount of intracellular ZIKV geneméhin 24 hpi, diminishing even more after 48
and 72 hp(Fig 4.3 A). A similar outcome was noticed for the Ugandaistralthough, no significant
effect was evident after 24 hiftig 4.3 B)
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Figure 4.3 — Reduction of the amount of intracelludr ZIKV genomes after BFLA treatment. Determination of the amount
of intracellular ZIKV genomes in Polynesig), and Uganda-infected ce(B) was performed by RT-qPCR. A549 cells were
treated with 10 nM of BFLA before (pre-) or aftep§p-) infection, as indicated in the graphs. Astmaninfected-untreated
cells were used to normalise the values of 24anA8,72 hpi-treated cells. Although only one bartti@rcontrol is represented,
each normalisation was effectuated with the regpecontrol for each time point.

A comparable effect of BFLA on the extracellularmamt of ZIKV genomes was observed by RT-gPCR
analysis. Indeed, no relevant amount was measarguid-infection treatment for both straiffég 4.4)
Post-infection treatment on ZIKV-infected cells ealed a significant decline of the amount of
extracellular ZIKV genomes within 24 hpi for thelfawesia straif{Fig 4.4 A) and after 48 hpi for the
Uganda strairfFig 4.4 B)
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Figure 4.4 — BFLA reduces the amount of extracellulaZIKV genomes. Determination of the amount of ZIKV genomes
in supernatants from Polynes{#), and Uganda-infected ce(B) was performed by RT-gPCR. A549 cells were treated wi
10 nM of BFLA before (pre-) or after (post-) infamti, as indicated in the graphs. As control, inféaiatreated cells were

used to normalise the values of 24, 48, and 72rbpted cells. Although only one bar for the cohisorepresented, each
normalisation was effectuated with the respectiv@rol for each time point.
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4.2.1.2 Determination of intra- and extracellular infectious viral particles

In addition to ZIKV genomes, the number of intraxdaextracellular infectious viral particles was
assessed by plaque forming assay. In brief, plagsay measures the concentration of infectious viru
in a sample (virus titer) by the number of plagisemed after infection, as detailed in Chapter B2.

BFLA pre-infection treatment significantly lessertad intracellular virus titers for both straif#sg 4.5

A, C). As matter of fact, absence or a reduced numbefaofues were found after treatment. Unlike
pre-infection, several plaques were formed aftdeBEeatment for post-infection. Still an impairmen
of the number of intracellular infectious viral peles was recognisg@ig 4.5 B, D) Focusing on just
untreated cells, Polynesia strain titers appeard@ase, reaching a peak at 48 hpi, followed dsop-
down at 72 hp{Fig 4.5 A, B) Nonetheless, a different outcome was perceivetdf@anda strain pre-
and post-infectiolfFig 4.5 C, D) Despite that variation, a pattern analogouséeaitita of the Polynesia
strain was noticed for Uganda strain pre-infectighere a rise in the number of infectious viralijotas
was distinguished. Likewise, it has its higher p@n48 hpi, succeeded by a small diminution of the
intracellular virus titers at 72 hgFig 4.5 C) Contrary, for Uganda post-infection, a progressiv
increment of the number of infectious viral padiivas discernibl@ig 4.5 D) Even though, the virus
titers were lower than for pre-infectighig 4.5 C)
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Figure 4.5 — Decline of intracellular ZIKV titers subsequent BFLA treatment. Determination of the intracellular ZIKV
titers of PolynesiafA, B), and Uganda-infected cell€, D) was performed by plaque forming assay in Veroscé&b49-
infected cells were treated with 10 nM of BFLA befdipre-) or after (post-) infection, as indicatedthie graphs. The
intracellular virus titers are expressed in platprering units per mL (pfu/mL). Infected-untreateells were used for direct
comparison with the values of 24, 48, and 72 hgratied cells. In some bars, the error bars represean + SEM (n=2). The
outliers from untreated cells were excluded foualsation of the impact of the treatment.

These results were also supported by the numberexdfacellular ZIKV titers measured.

Correspondingly, BFLA treatment leads to a sigalificreduction of the extracellular virus titers. In
fact, no plagues were visible for pre-infectiomatraent(Fig 4.6 A, C) whereas only a few plagues

33



developed post-infectigffrig 4.6 B, D) As for untreated cells, discrepancies in the remolbinfectious

viral particles were detected. However, the sanddncy as the intracellular virus titers was olesr

for post-infection and for both strains, with ammentation of the virus titers, achieving the maxim

values at 48 hfiFig 4.6 B, D) In opposition to intracellular infectious viradmicles, for post-infection,
the Uganda strain exhibited a sudden decrease ofrthl titers at 72 hi(iFig 4.6 D) For pre-infection,

whilst the extracellular Polynesia titers undergowagressive diminutio(Fig 4.6 A), the Uganda strain
showed almost no differentiation of the virus stewver timgFig 4.6 C).
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Figure 4.6 — BFLA minimises the extracellular ZIKV titers. Extracellular ZIKV titers of PolynesidA, B), and Uganda-
infected cell§C, D) were assessed by plaque forming assay in Vers. &849-infected cells were treated with 10 nM of
BFLA before (pre-) or after (post-) infection, asglicated in the graphs. The extracellular virugdigre expressed in plaque-
forming units per mL (pfu/mL). Infected-untreateglls were used for direct comparison with the valog24, 48, and 72 hpi-
treated cells. In some bars, the error bars represean + SEM (n=2). The outliers from untreatelisosere excluded for
visualisation of the impact of the treatment.

4.2.1.3 Determination of the amount of ZIKV and autophagy poteins

Moreover, to examine the effect of BFLA on the amtoaf ZIKV and autophagy proteins, western blot
analysis was performed, as explained in ChapteB.3.2The 44 kDa ZIKV-NS1 protein was detected
together with p62 (62 kDa), LC3-I (14 kDa) and L3816 kDa), as well as the loading contrélactin
(42 kDa). Detection of LC3-1l and p62 was carriatt  uninfected cell lysates to investigate the
influence of the treatment on autophagy markeradGal accumulation of these proteins was recognised
after BFLA treatment over timgAppendix Il and Fig 4.7 F). Yet, densitometric quantification of
LC3-1l levels showed the oppositappendix Il A, B). In infected cell lysates, a continuous elevation
of p62 amount was perceptible, while LC3-II levéligtered (Appendix Ill and Fig 4.7 A, C, E).
Regarding ZIKV, no accumulation of NS1 protein vadserved after pre-infection treatment for both
strains. On the other hand, post-infection treatmeath BFLA lessened the amount of N§dig 4.7 A,

B, C, D, E).It was uniquely detected at 24 hpi, revealing md8L accumulation for Uganda than for
the Polynesia straifrig 4.7 A, B, D)
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Figure 4.7 — BFLA treatment leads to a diminished ZKV-NS1 level and to an accumulation of p62 and LC3tproteins.
Preparation of cell lysates was achieved by RIPAdbu#nd detection of ZIKV-NS1, p62, LC3, afieActin by consecutive
western blot analysis. The protein levels wereaetkafter 24A), 48(C), and 72 hp(E) for Polynesia-, and Uganda-infected
cells. A549-infected cells were either untreatettreated with 10 nM of BFLA before (pre-) or afteoét-) infection. p62 and
LC3-1l were used as autophagy markers, wilkctin was included as loading control. Beyond tohainfected-untreated cell
lysates were utilised as negative control. As arobof the effect of BFLA on autophagy protein menk p62 and LC3 were
detected in uninfected-treated cell lysaf€s Furthermore, densitometric quantification of ZINS1 protein after BFLA
treatment for Polynesi@B) and Ugand4D) strains was accomplished by Image Studio Litewsoie. The values were first
normalised to the loading control and then to itddeuntreated cells. Antibody dilutions are indéchin Chapter 3.1.3

4.2.1.4 Determination of the amount of ZIKV and its intracellular localisation
and distribution

To further gain insight in the amount of ZIKV prite and number of ZIKV-positive cells, indirect
immunofluorescence microscopy was performed, astiorexd in Chapter 3.2.4.1. The flavivirus E
protein was detected by a specific antibody (4G2en). For pre-infection treatment, no envelope
protein of ZIKV was noticed at any time point fastb strains. Looking at post-infection treatment, a
reduction of the amount of E protein over time wissble. In addition, due to the cytopathic effe€t
ZIKV, progressively less infected A549 cells weliserved over the time franfEig 4.8).
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Figure 4.8 — Reduction of ZIKV-infected cells afteBFLA treatment. Fluorescence analysis of Polynegi)}, and Uganda-
infected cellgB) after 24, 48, and 72 hpi. Infected cells weretg@avith 10 nM of BFLA before (pre-) or after (pgstfection.
Uninfected cells were included as a negative cbrd®19 cells were fixed with ethanol:acetone (laf)l analysed by confocal
laser scanning microscopy (CLSM). Cells nuclei andr&ein were stained with DAPI (blue) and 4G2 amip (green),
respectively. The pictures were taken with the d6jective.
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To investigate the intracellular localisation amstribution of ZIKV-specific proteins, the same gales
were analysed at higher magnification. Since thabwr of infected cells declined dramatically aft8r
and 72 hpi, only cells harvested at 24 hpi werevsh@\t early stages of infection different locatisa

of ZIKV proteins were exhibited, such as a dispgrshroughout the celFig 4.9 Ac, Bb)or perinuclear
(Fig 4.9 Aa, Ab, Ad, Ba, Bc, Bd) The most predominant distribution is the dot-lgtaining(Fig 4.9
Aa, Ab, Bc, Bd), being more evident and frequent in late stagasfettion (not shown) and for the
Uganda strairfFig 4.9 Bc) The distribution of ZIKV-specific proteins and iintracellular localisation
were modified after BFLA treatment. Besides, thgidsl dot-like staining and strong cytosolic dots
(Fig 4.9 Ag, Bh)appeared together with a reticular structiiig 4.9 Ae, Be) The reticular staining and
the cytosolic dots were found on infected celld@&tand 72 hpi as well (not shown).

A

Infected treated
(post-infection)

Polynesia infected

Infected treated
(post-infection)

d. & .

Figure 4.9 — BFLA treatment changes intracellular détribution and localisation of ZIKV-specific proteins. Fluorescence

analysis of PolynesidA), and Uganda-infected cellB) after 24 hpi. Different intracellular distributi@nd localisation was
discernible in untreated and treated cells witmWDof BFLA (a. - g.) A549 cells were fixed with Ethanol:Acetone (1:1@an
analysed by confocal laser scanning microscopy (CL$MllIs nuclei and E protein were stained with Dg&tue) and 4G2

antibody (green), respectively. The pictures wakemn with the 100x objective.

Uganda infected
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4.2.2 Effect of cholesterol trafficking inhibition and relevance of
endosomal maturation for ZIKV life cycle

To understand the role of cholesterol transpomediod the importance of endosomal maturation on the
evolution of ZIKV infection, infected cells wereetited with 2 pg/mL of U18 and harvested after 24,
48, and 72 hpi. For the same reasons mentionedhapt€r 4.2.1, a pre- and post-infection treatment
was applied.

4.2.2.1 Determination of intra- and extracellular ZIKV genomes

Likewise, quantification of the amount of intra-da@xtracellular ZIKV genomes was accomplished by
RT-gPCR. Contrary to BFLA treatment, no substamtistrepancies were measured on the intracellular
amount between pre-and post-infection treatmededd, both strains revealed a similar patternlfor a
time points analysed. U18 treatment seems to deetba amount of intracellular ZIKV genomes over
time (Fig 4.10)

>
w

Polynesia strain Uganda strain

1.54 . .
Hm Pre-infection

Post-infection

mm Pre-infection
Post-infection

-
(=]
1

ZIKV genomes

Relative amount of intracellular
ZIKV genomes
Relative amount of intracellular

o o
o C
*
|

x
.-y
*
A%
*
*
4
*

Figure 4.10 -Diminution of the amount of intracellular ZIKV geno mes after U18 treatmentDetermination of the amount
of intracellular ZIKV genomes in Polynesi@), and Uganda-infected ce(B) was performed by RT-qPCR. A549 cells were
treated with 2 pg/mL of U18 before (pre-) or affeost-) infection, as indicated in the graphs. Astool, infected-untreated
cells were used to normalise the values of 24aA8,72 hpi-treated cells. Although only one battli@ control is represented,
each normalisation was effectuated with the regpecontrol for each time point.

A gradual downtrend in the amount of extracelldlBi¢V genomes was noticed. The observed tendency
was comparable to the intracellular Uganda gendifigs4.11 B) Nonetheless, the Polynesia strain
showed slight variations at 72 hpi, where an elewatf genomes was distinguish@dg 4.11 A)
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Figure 4.11 — U18 decreases the amount of extracgir ZIKV genomes. Determination of the amount of ZIKV genomes
in supernatants from Polynes{#), and Uganda-infected ce(B) was performed by RT-gPCR. A549 cells were treated wi
2 ug/mL of U18 before (pre-) or after (post-) irtfen, as indicated in the graphs. As control, itddeuntreated cells were
used to normalise the values of 24, 48, and 72rbpted cells. Although only one bar for the cohisarepresented, each
normalisation was effectuated with the respectimetiol for each time point. In some bars, the elrars represent mean *
SEM (n=2). The outliers from were excluded for absation of the impact of the treatment.
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4.2.2.2 Determination of intra- and extracellular infectious viral particles

To assess the amount of intra- and extracellufk@ciious viral particles, plague forming assay was
performed. In general, a reduction on the intratal virus titers was visible after U18 treatment,
displaying no relevant changes between pre- antip@stion treatmen{Fig 4.10) Regarding the
Polynesia strain, only at 24 hpi (pre-infectioniiat 48 hpi (post-infection) a significant decliofehe
number of infectious viral particles was percegtiblfter treatmen(Fig 4.12 A, B) Contrariwise,
intracellular virus titers lessened for the Ugaattain at all time pointéFig 4.12 C, D)

As for the intracellular titers of untreated ceifsjumerable differences were exhibited for bothiss.
For the Polynesia strain, a distinct number ofaicgtlular infectious viral particles was identified
between the experiments, with inferior virus titess post-infection. Nevertheless, the same trend a
previously described in Chapter 4.2.1 was recogrhigee, with a maximum of infectious viral partgle
at 48 hpi(Fig 4.12 A, B) On top of that, this tendency was also preseyetie Uganda strain for the
pre-infection experimer(Fig 4.12 C) With respect to the post-infection experimeng, thganda strain
demonstrated a progressive increase of the intwaelirus titers(Fig 4.12 D)
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Figure 4.12 — Intracellular ZIKV titers are diminish ed by subsequent U18 treatmenDetermination of the intracellular

ZIKV titers of Polynesia{A, B), and Uganda-infected celf€, D) was performed by plaque forming assay in Veroscell
A549-infected cells were treated with 2 pg/mL of8lefore (pre-) or after (post-) infection, as caded in the graphs. The
intracellular virus titers are expressed in plafpresing units per mL (pfu/mL). Infected-untreateells were used for direct

comparison with the values of 24, 48, and 72 hgated cells. In some bars, the error bars represean + SEM (n=2). The

outliers from untreated cells were excluded foualsation of the impact of the treatment.

An identical effect was also observed on the amotiektracellular infectious viral particles aftdi8
treatment, without deviations between pre- and-pdesttion for both strains. On average, the virus
titers of Polynesia and Uganda strains decreaded @f8 treatment at all time points analy¢Eit)
4.13) However, at 24 hpi for pre-infection (Polynestand post-infection (Uganda) experiments, no
distinction was found between untreated and cedlatéd with U1§Fig 4.13 A, D) Concerning the
extracellular viral titers of untreated cells, appmately equal amounts of infectious viral paggivere
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exhibited by the Polynesia strain for pre- and jmofsction experiments. Additionally, the same
tendency as reported before in Chapter 4.2.1 veaspadrceived, with the highest virus titers at gB h
followed by a diminution to almost the same levekhown for 24 hpiFig 4.13 A, B) Besides that, in
general, an augmentation of the virus titers waassmesd by comparison to the ones presented for BFLA
in the previous chaptéFig 4.6 B) On the other hand, the Uganda strain revealéerdift extracellular
virus titers for pre- and post-infection. In thespfection experiment, a continuous rise of thenber

of infectious viral particles was discerniblEig 4.13 D) while in the pre-infection experiment a
considerable increase was yielded from 24 to 48whih a constant level until 72 hfftig 4.13 C)
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Figure 4.13 — U18 treatment lowers the extracelluraZIKV titers. Extracellular ZIKV titers of PolynesigA, B), and
Uganda-infected cellgC, D) were assessed by plaque forming assay in Vers. @&849-infected cells were treated with 2
png/mL before (pre-) or after (post-) infection,iagdicated in the graphs. The extracellular virters are expressed in plaque-
forming units per mL (pfu/mL). Infected-untreateglls were used for direct comparison with the valog24, 48, and 72 hpi-
treated cells. In some bars, the error bars represean + SEM (n=2). The outliers from untreatelisosere excluded for
visualisation of the impact of the treatment.

4.2.2.3 Determination of the amount of ZIKV and autophagy poteins

Moreover, to investigate the effect of U18 treatbmnthe amount of ZIKV-specific proteins, western-
blot analysis was performed. Apart from the ZIKV-Nfrotein and the autophagy markers (p62 and
LC3-11), the lysosome-associated membrane protéiA®1P2) was also detected in this study. LAMP2

is a protein with a molecular weight of 120 kDatsnglycosylated form>® Detection of LC3-Il and p62
was carried out in uninfected cell lysates to itigade the influence of the treatment on autophagy
markers. A gradual accumulation of these protepimeared after U18 treatmeg(iig 4.14 F) Still, the
densitometric quantification of LC3-1l indicatestbontrary. The same changes were observed for p62
and LC3-1l in infected cell lysates after treatm@fig 4.14 A, C, E) with some irrelevant exceptions
for the Uganda strain after densitometric quargtfamn. (Appendix IV E, F). As for ZIKV protein,

both strains expressed a downtrend of NS1 levet pfist-infection treatment, which levelled offrfro
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48 to 72 hpiFig 4.14 B, D) Meanwhile, for pre-infection treatment, the Pagia strain displayed an
even more drastic reduction, with a constant lowamh of NS1 protein for all time poin{gig 4.14 B)
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Figure 4.14— Reduction of ZIKV-NS1 levels and accumulation of LAMP2, p62 and LC3-1I levels after U18 treatment.
Preparation of cell lysates was achieved by RIPAdbwnd detection of ZIKV-NS1, p62, LC3, LAMP2, afidictin by
consecutive western blot analysis. The proteinltewere detected after Z4\), 48 (C), and 72 hpiE) for Polynesia-, and
Uganda-infected cells. A549-infected cells wer@agituntreated or treated with 2 pg/mL of U18 befpre-) or after (post-)
infection. LAMP2, p62 and LC3-Il were used as lysoaband autophagy markers, respectively, wgikctin was included
as loading control. Beyond that, uninfected-untrate! lysates were utilised as negative contrglafcontrol of the effect of
U18 on autophagy markers, p62 and LC3 were detantemhinfected-treated cell lysat€g). Furthermore, densitometric
quantification of ZIKV-NS1 protein after U18 treagmt for Polynesi§B) and Ugand4D) strains was accomplished by Image
Studio Lite software. The values were first norsedi to the loading control and then to infectedeated cells. Antibody
dilutions are indicated in Chapter 3.1.3
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4.2.2.4 Determination of the amount of ZIKV proteins and its intracellular
localisation and distribution

To further gain insight about the effect of U18tba amount of ZIKV and autophagy specific proteins,
indirect immunofluorescence was performed. Morsaion of autophagic activity was achieved by
detection of p62 (red) and ZIKV-infected cells wetentified with the 4G2 antibody (green). In this
experiment, samples from pre- and post-infecti@attnent were analysed, but due to a comparable
outcome only post-infection data was presented Begpeogressive intensification of the filipin cohag

and p62 signal was visible over time after treatnvath U18(Fig 4.15 — cyan, red)With respect to
ZIKV, lessened E protein amount was found afteattreent for both strain@-ig 4.15 - green) Even
though a decline of the number of ZIKV-positivelsefter U18 treatment was always seen between
untreated and treated cells. The same outcome atgserceptible for treated cells, where the amount
of positive cells went up at 48 hpi and droppedragha 72 hpi(Fig 4.15 - green) On top of that, the
cytopathic effect of ZIKV and the peak of infectiah48 hpi could be observed here.

A. Polynesia strain

Untreated Treated Untreated Treated Untreated Treated

Filipin complex
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B. Uganda strain
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Figure 4.15 — U18 treatment decreases the number Z\«infected cells and intensifies of p62 and filipicromplex signal.

Fluorescence analysis of Polynegja), and Uganda-infected celfB) after 24, 48, and 72 hpi. Infected cells weretega
post-infection with 2 pg/mL of U18. A549 cells wdiired in 4% formaldehyde and analysed by confdasér scanning
microscopy (CLSM). Cholesterol, E protein, p62 ane tluclear envelope were stained with filipin compleyan), 4G2
antibody (green), p62 antibody (red) and lamin luéh, respectively. The pictures were taken with 16x objective.

To investigate the intracellular localisation amstribution of ZIKV-specific proteins, the same gaes
were analysed at higher magnification. At earlgssaof infection, a major type of protein localisat
was recognised for Polynesia and Uganda straiespéhinuclear localisation with a dot-like staining
(Fig 4.16 left panel) The latter was even more prevalent in late staf@Hection, especially for the
Uganda strairfFig 4.16 B left panel) As an overall for both strains, a dispersion tigtwout the cell of
the envelope protein was evident after U18 treatnfieiy 4.16 right panel) Though, the dot-like
staining appeared as well in the presence of thigutator (not shown).
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Figure 4.16 — U18 treatment promotes cytoplasmic sipersion of ZIKV-specific proteins. Fluorescence analysis of
Polynesia{A), and Uganda-infected ce(B) after 24, 48, and 72 hpi. The left panel showsdtéd untreated cells and infected
cells treated with 2 pg/mL of U18 on the right padé49 cells were fixed in 4% formaldehyde andlgsed by confocal
laser scanning microscopy (CLSM). Cholesterol, E@nptp62 and the nuclear envelope were stained filishn complex
(cyan), 4G2 antibody (green), p62 antibody (red) Emin A (blue), respectively. The pictures weaken with the 100x
objective.
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4.2.2.5 Cellular changes after ZIKV infection and U18 treatment

For a better understanding and characterisati@hdy infection and to further comprehend the impact
of U18 treatment on a cellular level, transmisgtattron microscopy (TEM) was performed. For this
purpose, Polynesia-infected cells were either éxbatith U18 or untreated, and harvested after 48 hp
followed by preparation of microscopic samples, described in Chapter 3.4.2.3. The electron
microscopy revealed the presence of large and sraalloles in the cytoplasm of infected céigy
4.17 C) In addition, pyknosis (irreversible condensatiortimfomatin), cytoplasmic fragments and cell
shrinkage were also distinguishi@dg 4.17 B)whencompared to uninfected cellBig 4.17 A) On top

of that, vesicle packets (VPEJig 4.17 D)and displacement of cellular organel(&sy 4.17 G)were
observed, close to the ER. Potential virus pagialere detected in association with these membganou
RFs(Fig 4.17 E)and in vacuole¢Fig 4.17 F) Furthermore, multilamellar bodies (MLBs) and dipi
droplets (LDs) were identified in cells treatediwii18(Fig 4.17 H)

Figure 4.17 — Effects of ZIKV and U18 treatment on A49 cells.Transmission electron microscopy images of Polynesi
infected cells after 48 hpi. Effects of ZIKV infémh on A549(B - G) were directly compared with the morphology of
uninfected cell¢A). Vacuoles, RFs, and viral particles are marked waiéimge, green and black arrows, respectively. Btom

of MLBs and LDs after U18 treatmeti). (LD — lipid droplet; M — mitochondria; N — nucleuMLBs — multilamellar bodies)
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4.2.3 Impact of autophagy inhibition and activation on ZIKV life cycle

Lastly, to gain further insight regarding the relege of autophagy for the ZIKV life cycle, infected
cells were harvested at 24, 48, and 72 hpi andetleaither with 5 mM of the inhibitor 3-MA or 100

nM of the activator Rapa. Unlike the preceding eipents, autophagy was directly blocked or
activated using exclusively post-infection treatteimce these modulators do not interfere witpste

related to the entry of the virus.

4.2.3.1 Determination of intra- and extracellular ZIKV genomes

To determine the amount of intra- and extracelldd#V genomes, RT-gPCR was performed. In
relation to 3-MA treatment, the amount of intragkdl ZIKV genomes were impaired for both strains
(Fig 4.18 A, B) More specifically, a noteworthy downtrend of theracellular Polynesia genomes was
revealed within 24 hpi after treatment, succeededlight decreases until 72 higtig 4.18 A) As for

the Uganda strain, the same fold reduction wableisvithin 24 hpi, proceeded from a hardly notideab
increase, and once more, a decrement at 7Fgp4.18 B) On the other hand, Rapa treatment enhanced
the amount of intracellular genomes for all timénpoand for both strains, with the exception ahpk

for the Uganda straiffFig 4.18 D) Moreover, the effect of Rapa on the Uganda siragis undoubtedly
lost over the time fram@-ig 4.18 D),while the Polynesia strain underwent some flucturetf{Fig 4.18

C).
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Regarding the extracellular ZIKV genomes, the Pe$ja strain displayed a significant diminution of
the genomes within 24 hpi after 3-MA treatment]dwked by an increment over time until 72 hpi,
reaching the control levéFig 4.19 A) Comparable results were observed for the Ugatndmm sbut at

a later time point, the amount of extracellular ¥ligenomes remained approximately stgBlig 4.19

B). Concerning the Rapa treatment, an elevationeofthount of extracellular Polynesia genomes was
perceived from 48 to 72 hpi. Measurement of 24rbpulted in higher standard deviation, leading to a
not meaningful resuliFig 4.19 C) On the contrary, extracellular Uganda genomed dewn steadily
over time, with an irregularity at 48 hfftig 4.19 D)
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Figure 4.19 — The amount of extracellular ZIKV genores is lessened by 3-MA treatment and undergoes difent effects
by Rapa treatment. Determination of the amount of ZIKV genomes in supgéants from PolynesigA, C), and Uganda-
infected cell§B, D) was performed by RT-qPCR. A549 cells were treatetd &imM of 3-MA, and 100 nM of Rapa after
(post-) infection. As control, infected-untreatedl€ were used to normalise the values of 24, A8,72 hpi-treated cells. In
some bars, the error bars represent mean + SEM).(Th2 outliers were excluded for visualisationtioé impact of the
treatment.

4.2.3.2 Determination of intra- and extracellular infectious viral particles

To assess the number of intra- and extracellufacimous viral particles, plaque forming assay was
conducted. 3-MA led to a decline of the intraceltuliral titers only at 24 hpi for the Polynesieast,
while the Uganda strain showed a decreasing effezsured for all time pointgig 4.20 A, B)
Contrarywise, Rapa treatment promoted a signifieaigimentation of the virus titers for the Uganda
strain.(Fig 4.20 D) The number of Polynesia-infectious viral parscigent up only at 48 hpi after
treatmen{Fig 4.20 C)

Overall, the intracellular virus titers of untredieells resembled the ones already presented ipt&ha
4.2.1 and 4.2.2. However, some differences in theber of infectious viral particles for the Polyrzes
strain were discernible. For the 3-MA experimentadation was found at 24 and 48 hpi, and only at
24 hpi for Rapa experime(iig 4.20 A, C) These higher and lower titers, at 24 and 48rkppectively,

led to a disappearance of the peak at 4§figi 4.20 A) With respect to the Uganda strain, minimal
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changes were distinguished between experimentgthbr words, comparable progression of infection
was recognised, with a peak of infection at 48 fglipwed by an unsubstantial decrease at 7ZFipi
4.20 B, D) The intracellular Uganda titers were higher for 8-MA experiment at all time poin{Sig
4.20 B)
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Figure 4.20 — 3-MA and Rapa treatment have impact ro the intracellular Uganda titers and almost no eféct on
intracellular Polynesia titers, respectively Extracellular ZIKV titers of PolynesidA, C), and Uganda-infected cellB, D)
were assessed by plaque forming assay in Vera e&l9-infected cells were treated with 5 mM of Mand 100 nM of
Rapa after (post-) infection. The intracellular gititers are expressed in plague-forming unitsmler(pfu/mL). Infected-
untreated cells were used for direct comparisoh thie values of 24, 48, and 72 hpi-treated cellsome bars, the error bars
represent mean + SEM (n=2). The outliers were ebadufor visualisation of the impact of the treatinen

As for the extracellular virus titers, no signifitaeffect was detected for Polynesia and Ugandénstr
after 3-MA and Rapa treatment, respectiveliig(4.21 A, D) The same holds true for the Polynesia
strain after Rapa treatment, with the exceptiof2dipi where an impairment of the number of infacsi
viral particles was visibléig 4.21 C) Meanwhile, 3-MA treatment reduced the numbextfeeellular
infectious viral particles for 24 and 48 K{pig 4.21 B)

The same tendency for the extracellular virusgijtas reported in the previous chapters, was mbtice
As matter of fact, Polynesia titers reached itsimaxn at 48 hpi and went down at 72 Kipig 4.21 A,
C). The number of Uganda infectious viral particleentwp for the 3-MA experiment until 48 hpi and
stayed the same from 48 to 72 (ipig 4.21 B) For the Rapa experiment, the Uganda titers coatin
to increase until 72 higFig 4.21 D)
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Figure 4.21 — The extracellular virus titers are mosy not affected by 3-MA or Rapa treatment.Extracellular ZIKV titers
of Polynesia{A, C), and Uganda-infected cellB, D) were assessed by plaque forming assay in Vers. &349-infected
cells were treated with 5 mM of 3-MA, and 100 nMRHpa after (post-) infection. The extracellulausititers are expressed
in plaque-forming units per mL (pfu/mL). Infectedtteated cells were used for direct comparison thithvalues of 24, 48,
and 72 hpi-treated cells. In some bars, the eam epresent mean + SEM (n=2). The outliers weckided for visualisation
of the impact of the treatment.

4.2.3.3 Determination of the amount of ZIKV and autophagy poteins

To study the effect of 3-MA on the amount of autagyand ZIKV proteins, western blot analysis was
performed. Detection of LC3-Il and p62 was carmed in uninfected cell lysates to investigate the
influence of the treatment on autophagy markerssidemetric quantification revealed an increment of
p62 and LC3-II after 3-MA treatme@ppendix V A, B). In infected cell lysates, an augmentation of
p62 levels was observed for both straifig 4.22 A, C, E and Appendix V D, F)On the other hand,
LC3-1l amount decreased for the Polynesia strathiacreased for the Uganda stré#ppendix C, E).
Regarding ZIKV-NS1 protein, a marginal decline waerceived for the Polynesia strain, with an
exception at 72 hgFig 4.22 B) Still, lower NS1 levels were present for the Ugdmstrain(Fig 4.22
D).

The same study was conducted for Rapa. In unirdextdl lysates, a downtrend of p62 and LC3-II
levels was discerned after treatment, with an iraty at 48 hpi for the LC3-I{Appendix VI A, B).
Likewise, these proteins were detected in infecwblysates. In the same manner, less amount2f p6
and LC3-Il was found after treatmefitig 4.23 A, C, E and Appendix VI C, D, E, F)But, small
accumulation was perceptible for the Uganda sae@4 hp{Appendix VI E). With reference to ZIKV-
NS1 protein, Rapa treatment induced an accumulatien time for the Polynesia straifig 4.23 B)

An opposed effect was detected for the Ugandanstraih an abrupt decrement from 24 to 48 (i
4.23 D)
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Figure 4.22 — 3-MA treatment lessened the amount @KV-NS1 protein. Preparation of cell lysates was achieved by RIPA
buffer and detection of ZIKV-NS1, p62, LC3, afidActin by consecutive western blot analysis. Thetgin levels were
detected after 2¢A), 48(C), and 72 hp{E) for Polynesia-, and Uganda-infected cells. A54f@dted cells were treated with
5 mM of 3-MA after (post-) infection. LC3-Il and p&2re used as autophagy markers, whikctin was included as loading
control. In(A), two bands were detected, with NS1 being the upper Beyond that, uninfected-untreated cell lysate®
utilised as negative control. Furthermore, densimimquantification of ZIKV-NS1 protein after 3-Mi#eatment for Polynesia
(B) and Ugand4D) strains was accomplished by Image Studio Litens. The values were first normalised to the logdi
control and then to infected-untreated cells. Aodipdilutions are indicated in Chapter 3.1.3
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Figure 4.23 — Rapa treatment augments and reduces BY/-NS1 protein for Polynesia and Uganda strains, repectively.
Preparation of cell lysates was achieved by RIPAgownd detection of ZIKV-NS1, p62, LC3, afidictin by consecutive
western blot analysis. The protein levels wereatetkafter 24A), 48(C), and 72 hp{E) for Polynesia-, and Uganda-infected
cells. A549-infected cells were treated with 100 afMRapa after (post-) infection. LC3-Il and p62 wesed as autophagy
markers, whilgs-Actin was included as loading control. Beyond thainfected-untreated cell lysates were utilisedeagative
control. Furthermore, densitometric quantificat@fZIKV-NS1 protein after Rapa treatment for Polyiag8) and Uganda
(D) strains was accomplished by Image Studio Litens#. The values were first normalised to the logaiontrol and then
to infected-untreated cells. Antibody dilutions ardicated in Chapter 3.1.3

72 hpi

4.2.3.4 Determination of the number of ZIKV-positive cells

To further gain insight about the effect of 3-MAdaRapa on the number of ZIKV and autophagy
specific proteins, indirect immunofluorescence \wasgformed. Monitorisation of autophagic activity

was achieved by detection of p62 (red) and ZIK\&atéd cells were identified with the 4G2 antibody
(green). An accumulation of p62 was observed &HeiA treatment. Concerning the E protein amount,
comparable results were detected between treattdrdareated cells for both strai(fSig 4.24 A, B)

In other words, 3-MA does not seem to affect thenloer of ZIKV-infected cells. As for the Rapa

experiment, the laser intensity was reduced dtleetdigh background of p62 channel in order todett

discern protein present. A decline of p62 signakweavealed after treatment, but no significant
differences on the amount of E protein were recsmghifor both strain@~ig 4.24 C, D) Although, a

51



slight increase of Uganda-infected cells at 72dff@r treatment was spottédig 4.24 D) On top of
that, the cytopathic effect of ZIKV could be obsshhere.

A

Uninfected Treated Infected treated

Uninfected Polynesia Infected (3-MA)

24 hpi

48 hpi

Uninfected Treated Infected treated

Uninfected Uganda Infected (3-MA)

24 hpi

48 hpi

72 hpi

52



Uninfected Uninfected Treated Polynesia Infected Infected treated
(Rapa) (Rapa)
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Figure 4.24 — No significant changes in the amoumf E protein after treatment with 3-MA, and Rapa. Fluorescence
analysis of PolynesigA, C), and Uganda-infected cel{B8, D) after 24, 48, and 72 hpi. Infected cells weret&@gost-

infection with 5 mM of 3-MA(A, B), and 100 nM of Rapé&C, D). A549 cells were fixed with ethanol:acetone (lahjl

analysed by confocal laser scanning microscopy (CL&\brotein, p62 and the nuclei were stained W2 antibody (green),
p62 antibody (red) and DAPI (blue), respectivelgePictures were taken with the 16x objective.
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5. DISCUSSION

5.1 A549 cell viability after treatment with autophagy modulators
and the cytotoxicity of these compounds

PrestoBlue and LDH assays were performed to ingpectell viability of A549 after treatment with
autophagy modulators and to evaluate the cytotiyxafi these chemicals, respectively. These assays
allowed the discrimination between unspecific togitects and specific effects by the treatment,
required for the interpretation of the results.

In the cell viability assay, the PrestoBlue reagentetabolically reduced by viable cells from ms&

to resofurint** An increase of relative cell viability was detatfer BFLA within 24 h and for U18,
after 24 and 48 h of treatment. Regarding U18,dl@gation was also reported by Elgeéal, 2016 in

Huh 7.5 cell$® It can be speculated that this inhibitor hamplesftinction of proteases involved in
the degradation of oxidoreductases. Thus, the ¢Bkst reagent undergoes an augmentation of its
reduction by active cells. As for BFLA, the cellufdress caused by the impairment of autophagydcoul
lead to an increment of the metabolism of celledmpensate the induced stress. Another plausible
explanation can be the fact that by inhibiting atiEgy, the lysosomal degradation of oxidoreductases
could be affected, leading to an enhancement ofdtiection of the reagent. Contrariwise, BFLA can
also diminish the relative cell viability, as obasd at 72 h, due to its role on both inhibitioncefl
growth and activation of apoptosf8:'61The about same drop of cell viability was shownUJa8 at 72

h. This observation might be related to the indurctif cell death in response to the accumulation of
cholesterol in MVBs and lysosom&8 The relative cell viability went down for Rapaeily because it
activates caspase-3 expression on human lung ceelte(A549)1%31%4Caspase-3 is an endoprotease
that promotes apoptosis, thereby Rapa lessensrtbera of viable cell4®®

On the other hand, the LDH assay estimates the euofldead cells by quantitatively measuring the
LDH released into the cell culture medium from dgethcellst*® No significant cytotoxicity for BFLA
and U18 was revealed after 24 h of treatment. ¢, faegative values were calculated because the
absorbance of the treated samples was inferidretaimtreated ones. This observation suggestshthat t
compounds tested might interfere with the measunémethey could trigger pro-survival effects on
A549. By contrast, Rapa caused around 20% of dealhwithin 24 h of treatment. This cytotoxicity,
as already explained above, derive from the fadtRapa upregulates caspase-3 expression.

5.2 Acidification of endosomal-lysosomal compartmeds plays a
role on ZIKV life cycle

BFLA is a late autophagy inhibitor that blocks V-Radses, preventing the acidification of the lumen of
organelles such as lysosomes and endos&heE8 Therefore, lysosomal degradation is impetféd.
BFLA pre- and post-infection treatment was appliedtudy the relevance of endosomal-lysosomal
acidification on the ZIKV entry and on the spreagof infection, respectively.

Determination of the amount of intra- and extradal ZIKV genomes was accomplished by RT-qgPCR
analysis to assess the influence of the treatnewital RNA levels. For pre-infection treatment, no

significant amount of intracellular ZIKV genomesswasible for all time points analysed and for both
strains. This fact indicates that BFLA might hinderceptor-mediated endocytosis, probably by
precluding pH-dependent conformation changes nape&s the viral entry process. Consequently, no
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new viral particles were produced and releasechéo supernatant, justifying the nonexistence of
extracellular ZIKV genomes. As for post-infectioreatment, the viral RNA was translated and
replicated, but after the introduction of BFLA, theoduced viral particles, even if they were exgdyt
they would not be able to repeat their life cyd®iher cells. Hence, a significant decline ofaheunt

of intracellular ZIKV genomes was discernible witt24 hpi for the Polynesia strain. Due to a high
standard deviation, no conclusion could be drawith® Uganda strain at the same time point. However
at 48 and 72 hpi, no significant amount of intrdat ZIKV genomes was found for both strains
because, even if newly assembled viral particleessgd the cell, they can no longer establish an
infection in the neighbouring cells. Additionaltie infected cells will die over time, as a resdlZIKV
cytopathic effect, releasing the viral genomes thsupernatait:1®61¢’The high standard deviation
for the Uganda strain at 24 hpi can most likehatiebuted to an error. Possible errors can bdeavrated
MOI or a lower concentration of the modulator. Argmarable outcome was noticed for the amount of
extracellular ZIKV genomes. Once more, a high staddleviation was perceptible for the Uganda
strain at 24 hpi. A noteworthy decrease of theaedllular ZIKV genomes was recognised at this time
point. From these data, it can be concluded tlaadidification of endosomal-lysosomal compartments
is essential for the secretion of viral RNA. Furthere, death of infected cells leads to the egrétize
intracellular viral RNA into the extracellular sgadven though, this should promote an increase of
detected RNA at 48 hpi, most of it seems to be x&tdy the included washing step between 24 and
48 hpi. This observation suggests that cell deathrs around 24 hpi. Thereupon, no significant amou
of extracellular ZIKV genomes was evident at 48 @@dpi.

Even though RT-gPCR is an effective tool to det@retl genomic RNA, it measures RNA fragments,
immature viral genomic RNA, naked capsids loadeith \W®RNA, and unpackaged genomes. For those
reasons, plague forming assay was carried outtésrdme the number of actual intra- and extracatlul
infectious viral particles. This method providesight on the amount of virions that are capable to
execute the life cycle. Lethal mutations in thelgenomes, as well as incorrect packaging ordbss
envelope can result in lack of infectivity or capifypto establish infection. For pre-infection &tenent,

no significant number of intra- and extracellul#iectious viral particles was perceived for botlaisis
and for all time points analysed. These data asgiaement with the results of RT-gPCR analysis. Th
fate of the infectious viral particles which entétle cells during the initial input remained unkmo
Since the MOI used to infect cells was too low, ititernalised particles might not be easily detiécte
by intracellular plaque assay. Despite that, amatixplanation for the lack of intracellular infemiis
viral particles might be that there is still sonotivaty in the endosomes. Therefore, the viral dope
could be partial degraded and the genomic RNAlighdiesed. An alternative to this, the virus palkts
that reside inside the compartments, might exitcéleby sorting in the endosomal pathwé&Then,
the washing step removes the released infectiotiglpa, preventing their detection. Meanwhile, for
post-infection treatment, some intracellular inieas$ viral particles were produced within 24 hpit b
in a less number when compared to the untreated. drtee infection is established, but after the
introduction of BFLA the receptor-mediated endosidas disturbed, thus the intracellular virusriite
went down after treatment. As for the extracellutdectious viral particles, no plaques were formed
for both strains, indicating that viral maturatioequires conformational changes at low pH and,
consequently, spreading of infection is impairednek, the extracellular viral RNA detected by the
RT-gPCR does not seem to be included in infectianas particles.

The effect of BFLA on the protein level was alswdstigated. For this purpose, western blot analysis
was performed and ZIKV-NS1, p62, and LC3 were detkdén cell lysates. First, detection of the
autophagy markers, p62 and LC3, was carried ouniimfected cell lysates to analyse the impact ef th
treatment itself. Densitometric quantification relesl an accumulation of p62 over the time frame Th
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same outcome was observed in infected cell lysdtesse findings were expected due to the fact that
p62 degradation is autophagy-dependér®@n top of that, the LC3-1I/LC3-I ratio was higragrall time
points for uninfected cells treated with BFLA thtom the untreated ones. This fact stems from an
accumulation of LC3-II, resulted from an impairmefitysosomal degradation. Despite that, the ratio
decreased with the time, as a consequence froae afiLC3-1 amount. Possible reasons could be the
delipidation of LC3-1l from the outer membrane bétautophagosome or a compensatory upregulation
of LC3-I. Nevertheless, an increment of LC3-1I/LCB8atio was quantified in infected cell lysates,
suggesting that ZIKV infection interferes with tiiechanism behind this augmentation of LC3-I. With
respect to ZIKV-NS1 detection, the results werenshto support the RT-qPCR data. For pre-infection
treatment, NS1 was absent for all time points anwdobth strains, demonstrating that by disrupting
receptor-mediated endocytosis, the translationhef \tiral polyprotein was impeded. As for post-
infection treatment, a notable diminution of theIN&nount at 24 hpi was visible for both strains,
confirming the indirect influence of BFLA on virpfoteins translation. Still, the reduction of NSasw
less evident for the Uganda strain, substantiatieghigher infectivity for this strain as measuned
plague forming assay. This elevated amount of N8the Uganda strain was also verified by &iu

al., 2017, in Vero cells, when compared to Asian s

Confirmation of these findings was accomplishedrmirect immunofluorescence microscopy. This
method allowed to further gain insight on the intpat this modulator on ZIKV infection and to
determine the intracellular localisation and disition of ZIKV-specific proteins as well. As expedt

no E protein was detected for pre-infection treatimerhereas for post-infection, a significant deeli

of the E protein amount was noticed. A reticulaucure appeared after BFLA treatment that might
derived from an accumulation of the E protein i@ ER and Golgi compartments. In addition, cytosolic
dots were also discernible, which could indicat thrus particles might get trapped in heavilyaegéd
endosomes/lysosomes or that the viral polyprotatietgoes an uncorrected processing.

In conclusion, BFLA affects the receptor-mediatedaeytosis and, once the infection is established,
the acidification of endosomal-lysosomal compartisés crucial for both early and late steps of the
ZIKV life cycle. A similar effect of the acidificain inhibition of these compartments in ZIKV infext
was also reported by Delvecclgbal, 2016 through the use of Chloroquifie.

5.3 Intracellular cholesterol trafficking inhibitio n hinders ZIKV
infection

U18 is a chemical compound that affects the triafig of the intracellular cholesterol, leading te i
accumulation in late endosomes/MVBs and lysosdifeSubsequently, their biogenesis is impaired.
Pre- and post-infection treatment was applied udysthe influence of U18 on the ZIKV entry and on
the spreading of infection, respectively.

RT-gPCR analysis was performed to inspect the itmpfdd18 on viral RNA levels by the determination
of ZIKV genomes. The number of intracellular ZIK\émmpmes were found to be almost identical for
both strains, without substantial variations betwgee- and post-infection treatment. The minor
changes at 24 hpi reflects the longer duratiomezftinent for pre-infection compared to post-infacti
Overall, a downtrend was perceptible over timerafeatment, with remarkably low amount of genomes
at 48 and 72 hpi. The intracellular cholesterouaaglation could interfere with the virus entry pess,

as it was demonstrated by Leeal, 2008 for JEV and DENV® The excess cholesterol changes the
rigidity of the cellular membranes, possibly affegtuncoating of the genomic RNA? Additionally,
viral replication might be hampered by the reductaf cholesterol in the ER, which could have
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repercussions on the replication complex format¥8imilar results were obtained for the extracetlula
ZIKV genomes for both strains. From this outconmtecdn be presumed that the decrease of the
extracellular genomes stems from the decremeiftieointracellular ones. Nonetheless, the fact that t
export of viral RNA could be compromised as welhmat be excluded. Particularly, an increase of
genomes at 72 hpi compared to 48 hpi, was recagjaiter treatment. It was more pronounced for the
Polynesia strain, which might be attributed tcigher cytopathic effect. Moreover, a strong deorat
was observed for the Polynesia strain at 72 hpirgeetion treatment. The origin of this discrepanc
can be ascribed to sample contamination or ernoifsal execution of the experiment.

Furthermore, the number of intra- and extracellitéectious viral particles was assessed by plague
forming assay. Apart from the statistical test&amnand extracellular viral titers were reduceddth
time points and both strains. These findings ctaldhe result of interference in viral entry, regtion

or release. The mechanistic influence of U18 waestigated by Elgnest al, 2016 for HCV, and for
DENV by Pohet al, 20112171 These reports demonstrated the inhibition of DEBMry and
replication, and also HCV viral particles releaye li8.

The impact of U18 on viral and cellular proteindéwas determined as well. For this purpose, waster
blot analysis was performed and ZIKV-NS1, LAMP22p@&nd LC3 were detected in cell lysates.
Densitometric quantification revealed an accumaraif p62 levels in uninfected and infected cell
lysates over time. This might be explained by thpdirment of the biogenesis of MVBs and lysosomes
and thus, degradation via autophagy is blockedth@same reasons, the LC3-1I/LC3-I ratio increased
but this ratio dropped over the time frame, whidghthbe caused by a compensatory upregulation of
LC3-I or delipidation of LC3-Il, as suggested foFIBA. Looking at LAMP2, a lysosomal marker
included in this study, an accumulation was eviddtgr U18 treatment, as clearly shown by Elgter
al., 2016**2 Since the intracellular accumulation of choledtémpedes the biogenesis of MVBs and
lysosomes, these organelles promote the formafioom-functional lysosomal MLBs, which are also
positive for LAMP2. As for the ZIKV-NS1, its amoumtas minimised for pre-infection treatment,
proposing an effect of U18 on viral translationeotry. On the other hand, a gradual decline of NS1
amount was visible for post-infection treatmenteMiral translation or entry was also disturbed, bu
with the difference of a previous establishmenhigéction before the introduction of U18.

To further gain insight about the influence of WIBZIKV infection, indirect immunofluorescence was
performed. As a verification of the intracelluldrotesterol accumulation due to U18 treatment,ifilip
complex was required in this experiment, sincénitlb to free cholesterdl? Comparable augmentation
of cholesterol after treatment was stated by &ohl, 2011 and Elgneet al, 20162171 In addition,
the disruption of the autophagic activity, as aultesf the defective biogenesis of lysosomes, was
monitored by the increment of p62. Regarding ZIKpésific protein, the E protein amount diminished
in the presence of U18, corroborating its interi@non the viral entry, replication or release. Hwer,

a gradual elevation of the number of positive cietien 24 to 48 hpi after treatment was perceived fo
both strains, indicating a kind of lag-phase inltfeecycle of treated cells. Using the same methibe
intracellular distribution and localisation of tiegaroteins was also inspected. U18 induced a disper
of the E protein throughout the cytoplasm whichldaeflect an effect on membrane fluidity and,
consequently, on the formation of the RFs or reledsiral particles.

To better understand ZIKV infection and the impafcthe treatment on a cellular level, transmission
electron microscopy was performed. The ZIKV cytbpaeffect was clearly observed after 48 hpi for
the Polynesia strain by the presence of pyknogimptasmic fragments and cell shrinkage. All this
indicate imminent cell death. Moreover, ZIKV indsag/toplasmic vacuole formation derived from the
ER, as reported by Monet al, 2017273 This cytoplasmic vacuolisation together with thesling of
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the ER and mitochondria characterises a specifie ©f cell death, paraptosi€. Displacement of
swollen mitochondria and of other cellular orgageliwas also discernible, suggesting possible
cytoskeletal rearrangement, as proposed by Cogtede2017%° This conjunct of modifications favours
the formation of the RFs. In fact, VPs were easifntified. Potential viral particles were foundciose
association with the RFs and the large vacuol@goreing the importance of these cellular alteras

for viral replication and assembly. Treatment with8 revealed MLBs and lipid droplets formation.
Besides the inhibition of the trafficking of chalesol, U18 blocks the trafficking of lipids, leadjro

its accumulation in these lipid droplé#§ As suggested for HCV, the viral particles might gapped
inside of the MLBs, since U18 seems to affect exasig. However, no direct association between ZIKV
viral particles and MLBs were visible.

To sum up, U18 could have an effect of differeagss of the ZIKV life cycle. On one hand, it might
interfere with early steps since viral replicatimnassembly and/or interfere with late steps, ngmel
exocytosis of the viral particles. Thus, furthepesiments are required to clarify this.

5.4 Autophagy is involved in ZIKV replication

3-MA and Rapa are directly involved in the init@tiof autophagy. 3-MA inhibits the PI3KC3 and, as
a consequence the PI3P production is impairedgllyehe phagophore is unable to be forAt&é’On

the other hand, Rapa blocks the kinase activitpn®OR, activating the ULK1/2 complex and thus,

contributing to the phagophore creatidhTherefore, 3-MA and Rapa constitutes autophagjpitan

and activator, respectively. In this study, onlysipimfection treatment was applied since these
modulators do not affect steps related to the eofttiie virus.

The effect of the treatment at viral RNA levels vilmgestigated by RT-gPCR analysis of the ZIKV
genomes. A meaningful diminution of the intracelluZIKV genomes was detected after 3-MA
treatment within 24 hpi, suggesting that autophglgys a role in the virus replication. Thereup@ssl
viral RNA was secreted, as shown for the extrat@ItlKV genomes. Similar results were reported by
Hamelet al, 2015 and Liangt al, 2016%214°However, it is important to consider that the bitairy
effect of 3-MA in the PI3KC3 is transieh® Additionally, 3-MA inhibits the class | PI3K, wHic
indirectly promotes autophagy induction. That besagd, after the effect of 3-MA on the PI3KC3 is
concluded, autophagy is induced. From 24 to 48thpirelative amount of intracellular genomes siaye
constant for both strains. Interestingly, for 72thp amount of intracellular ZIKV genomes went gow
This could indicate an overlapping effect of 3-M#here renewing of the medium refreshes the
blocking ability of 3-MA, causing the relative valsito grow apart. However, the extracellular number
of genomes revealed an increase over time fordha®sia strain and a reduction for the Ugandarstra
at 72 hpi. While these data correlate for the Ugasidain, it is surprising to detect an elevation i
extracellular genomes, while the intracellular antadecreases for the Polynesia strain. If refraghin
the medium induced inhibition of autophagy aneslpaved production of viral RNA would be expected
for both strains, making it impossible to deducesomns for the observed increase in extracellulah RN
for Polynesia without further experiments. Nonetlss| the influence of 3-MA might differ between the
two strains and promote certain parts of the §ee. In relation to Rapa, the two ZIKV strains bead
differently over time in response to the treatmésta matter of fact, the influence of the treattam
the amount of intracellular Uganda genomes caugeddual decline over time, while the impact varied
for the Polynesia strain, with a deviation at 48 Qverall, Rapa significantly elevated the amooit
intracellular genomes for 24 hpi, supporting the af autophagy on ZIKV replication. The decreatse a
48 hpi could be explained by the unfolding of thwed effect of Rapa and therefore, lowering thatiee
values. Since the cell viability of Rapa-treateliisceas been shown to stay more or less constamt fr
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48 to 72 h, an incline of intracellular RNA was ebged at 72 hpi for the Polynesia strain. On tieot
hand, the intracellular number of genomes continwedecrease for the Uganda strain until 72 hpi.
Concerning the amount of extracellular ZIKV genomBapa treatment supports the data for the
intracellular number of genomes for the Polynesiairs, exhibiting similar changes at the same time
points. However, the Uganda strain displayed akeah extracellular genomes for 24 and 48 hpi,mhe
compared to the untreated ones, while the amoustelavated for the intracellular genomes. Even
though the intracellular number of genomes wasaeddrom 24 to 48 hpi, the level of the extracaltul
amount remained more or less constant for thoseime points. Lastly, the amount of extracellular
Uganda genomes decreased at 72 hpi. This indidhtswhile Rapa induces autophagy, it exposes
different impacts on the strains. The inductiomofophagy seems to promote viral replication, legwvi
the export of RNA unaffected for the PolynesiaistrAs for the Uganda strain, induction of autophag
causes an initial augmentation of the intracelldd€V genomes, after which a steady decline was
evident. Furthermore, the number of extracellukemames stayed lower than for the untreated cells,
possibly indicating an adverse impact on the releas

To evaluate the impact of the modulators on theriralisation and production of infectious viral
particles, plaque forming assay was performed.ifhibitory effect of 3-MA on autophagy revealed a
decrease of the number on intracellular infectigival particles for both strains. These data reicdo
the possible role of autophagy on viral replicatiand, consequently, on viral production, as
demonstrated by the decline of the extracellularsviiters. Nonetheless, the release of infectidnad
particles for the Polynesia strain did not seerbaaffected. Interestingly, this observation wa® al
reported by Frumencet al, 20162 An elevation of the number of Uganda intra- anttaeellular
infectious viral particles at 48 and 72 hpi wasdewt when compared to 24 hpi, probably due to the
overlapping effect of 3-MA. These findings are greement with the RT-gPCR results. However, no
significant changes of the intra- and extracellwiiaal titers were measured for the Polynesia strai
Concerning Rapa treatment, a general rise of tihabeu of intracellular infectious viral particles sva
noticed, but no changes on the amount of the eslitdar ones. This fact indicate that the role of
autophagy might be on viral replication, withouteafing the secretion of infectious viral particlés
unexplainable decrease of the extracellular vitesstwas found for the Polynesia strain at 72 hpi.

The influence of 3-MA and Rapa on viral and cellydeotein levels was investigated as well through
the western blot detection of ZIKV-NS1, p62, and3l@ cell lysates. After 24 hpi, an augmentation of
p62 level was detected after 3-MA treatment forntedted and infected cell lysates due to the
impairment of lysosomal degradation. Surprisinglseems that 3-MA can increase the p62 amount,
even after the inhibitory effect of 3-MA on autoplgas over. This increment was also observed by Wu
et al, 2010 where they showed that upregulation of pp34MA is independent of the autophagy
machinery:’® In fact, 3-MA can elevate the transcription rafeh® mRNA, leading to a rise of the
protein expressiof® Opposing this, Rapa diminished the p62 level ihhminfected and infected cells
lysates, as result of the enhancement of the aatpplactivity. With respect to LC3, LC3-Il keep®th
about same level after treatment with 3-MA, sinlge tonversion of LC3-I to LC3-Il is impeded.
Looking at the LC3-II/LC3-I ratio, no conclusionrche drawn due to quantification errors, as well as
detection problems. As for Rapa, the LC3-1I/LC3atio underwent some fluctuation, but a general
decrease can be discernible. This decline traducaseduction of LC3-I level when compared to the
untreated one. This observation is a consequertte @ficrement of the autophagic activity. Regagdin
ZIKV-NS1, a gradual elevation was visible for bdtbatments, whereas slight reduction was noticed.
As shown for the number of genomes, the amountKk¥ANS1 between the two strains was different.
This fact proposes a diverse effect of autophag¥1&V infection depending on the strain.
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To further understand the importance of autophagyI&V infection and to determine the impact of
these modulators on the number of ZIKV-positivds;éhdirect immunofluorescence was performed.
As demonstrated for western blot analysis, an aotatron and reduction of p62 was discernible after
3-MA and Rapa treatment, respectively. Regardieg&hprotein amount, similar results were obtained
for untreated and treated cells for both straiis Dbservation suggests that autophagy does feot af
the spreading of infection and the influence mighonly facilitating the viral replication.

As a conclusion, the impact of 3-MA and Rapa seeniie mainly on ZIKV replication, supporting the
proposed role of autophagy on providing membraaethg replications site4®
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6. FUTURE PERSPECTIVES

Currently, there is no vaccine or specific antivihaig available for ZIKV infection. Together withe
increase of microcephaly cases, discovering a waeduce or eradicate the infection has become
urgent. Therefore, further studies should be pursadetter understand the ZIKV life cycle.

In the framework of this thesis, the relevancenefdcidification of endosomal-lysosomal compartrment
and the trafficking of intracellular cholesteras, \@ell as the role of autophagy on ZIKV infectioare
under investigation.

An effect of BFLA on the viral entry and maturatiaas discernible. However, the exact mechanism
how the augmentation of pH can impair these prasessnot fully clear by the experiments that were
performed. Thereupon, more experiments should reedaut as an attempt to elucidate this. Another
interesting aspect would be the study in detaictiraposition of the reticular structure and thesgtic
dots formed after BFLA treatment. This could beieekd by co-staining with ER/Golgi markers such
as, PDI, TGN46 or GM130, and with autophagy/lysoaomarkers like, p62, LC3 or LAMP-2,
respectively.

The exact steps of the ZIKV life cycle that areeafed by U18 are still unclear. Thus, further
experiments need to be performed, focusing espedalviral replication and on the release of viral
particles. Since the TEM experiments were incomatusegarding the determination of possible viral
particles inside MLBs, immunogold labelling coulel performed to address this question. This method
allows the identification of organelles and virariicles by using specific antibodies. Moreoveg th
dispersion of the E protein induced by U18 is aeristing topic to be further investigated and may
clarify the impact of the modulator. Co-staininghlwcytoskeletal markers such §sActin, o- andp-
Tubulin, and Cytokeratin 8 might be performed.

Additionally, a major asset in the comprehensiothefhigher pathogenesis of the Asian strain, when
compared to the African strain relies on comprelmenthe differences presented by the two strains
during autophagy modulation. Different inhibitoresld be used to further investigate these vanatio

This work provided insights into the relationshigtween autophagy and ZIKV, which can be helpful
for ongoing studies on other flaviruses. Furthemntre knowledge gained from the results of thisith
can be used to the development of new compountisamtiviral activity against ZIKV.
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8. APPENDICES

8.1 Appendix | — Cell viability assays
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Figure 8.1 — Cell viability assays of A549 cells ¢éated with autophagy modulators A549 cells were treated with multiple
concentrations of BFLA, U18, Rapa, 3-MA, CQ and48Hduring 24(A), 48 (B), and 72 HC). Relative cell viability was
determined by comparing treated to untreated dgitls treated with 2% Triton X-100 were includedpasitive control. As
negative control, cells were not treated (only DMEdnplete). DMSO 1:1000 was included as vehicldgrobfor BFLA and
Rapa.

74



8.2 Appendix Il — Cytotoxicity assays
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Figure 8.2 — Cytotoxicity assays of autophagy modators. The cytotoxicity of BFLA(A), U18(B), RapaC), CQ(D), and
NH4CI (E) was measured after 24 h of treatment by LDH as8ay measurement of LDH activity is an indicatocell death.
The cytotoxicity was calculated by setting 2% Tmitg-100 as maximum LDH released (100% - positivetid) and only
DMEM complete (untreated) as minimum LDH releas@$ ¢ negative control).
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8.3 Appendix Il — Densitometric quantification of cell lysates from

BFLA-treated cells
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Figure 8.3 — Densitometric quantification of p62 ad LC3-Il of cell lysates from BFLA-treated cells. Densitometric
quantification of p62 and LC3-II after 24, 48, artihpi was accomplished by Image Studio Lite sofew&olynesia(C, D)
and Uganda-infected cel(&, F) were treated before (pre-) and after (post-) tidecwith BFLA. Moreover, the effect of
BFLA on p62 and LC3-I levels was evaluated in unitée cell lysateéA, B). The values were first normalised to the loading
control and then to untreated cell lysates. Thatiked amount of LC3-II corresponds to the ratio LOBCT3-I.
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8.4 Appendix IV — Densitometric quantification of &Il lysates from
U18-treated cells
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Figure 8.4 — Densitometric quantification of p62 ad LC3-1l of cell lysates from Ul18-treated cells.Densitometric
quantification of p62 and LC3-II after 24, 48, artihpi was accomplished by Image Studio Lite sofew&olynesia(C, D)
and Uganda-infected cel(&, F) were treated before (pre-) and after (post-) tidecwith U18. Moreover, the effect of U18
on p62 and LC3-1l levels was evaluated in uninfecttllysategB, D). The values were first normalised to the loadiogtml
and then to untreated cell lysates. The relativetarnof LC3-Il corresponds to the ratio LC3-II/LC3-I.
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8.5 Appendix V — Densitometric quantification of cé lysates from
3-MA-treated cells
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Figure 8.5 — Densitometric quantification of p62 ad LC3-Il of cell lysates from 3-MA-treated cells. Densitometric
quantification of p62 and LC3-Il after 24, 48, arihpi was accomplished by Image Studio Lite sofew&olynesia¢C, D)
and Uganda-infected cellg, F) were treated after (post-) infection with 3-MA.rehermore, the effect of 3-MA on p62 and
LC3-ll levels was evaluated in uninfected cell lgs{B, D). The values were first normalised to the loadiogtml and then
to untreated cell lysates. The relative amount@84ll corresponds to the ratio LC3-11/LC3-I.
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8.6 Appendix VI — Densitometric quantification of @Il lysates from
Rapa-treated cells
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Figure 8.6 — Densitometric quantification of p62 ad LC3-Il of cell lysates from Rapa-treated cells.Densitometric
guantification of p62 and LC3-Il after 24, 48, arihpi was accomplished by Image Studio Lite sofew&olynesia¢C, D)
and Uganda-infected cel(§, F) were treated after (post-) infection with Rapa.tifemmore, the effect of Rapa on p62 and
LC3-Il levels was evaluated in uninfected cell lgs{B, D). The values were first normalised to the loadiogtml and then
to untreated cell lysates. The relative amount@834ll corresponds to the ratio LC3-11/LC3-I.
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