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RESUME

Les virus 2 ARN sont I'une des entités biologiques évoluant le plus rapidement. A I'aide
de leur taux de mutation, recombinaison et replication élevés, ainsi que leurs petits génomes,
ils s’adaptent aisément a de nouveaux hotes, causant régulierement des épidémies. Malgré
leur simplicité, leur capacité a interagir entre eux par complémentation et d’autres formes de
comportements collectifs fait émerger des dynamiques populationnelles complexes. Dans mon
travail de these sur deux arbovirus, j'explore deux aspects de ces interactions sociales et leur
influence sur I’évolution virale.

Une premiére partie de ce manuscript s’'intéresse au role des génomes viraux défectifs
(DVG) généralement décrits comme des sous-produits délétaires de la polymérase ARN-
dépendante des virus a ARN. Dans ces travaux, nous avons testé si les DVG étaient capables
d’intéragir positivement avec les génomes viraux standards. Premierement, nous avons
indentifié une mutation de résistance a la ribavirine située dans la polymérase virale qui
restaure les titres viraux en conditions mutagénes. Nous avons par la suite introduit cette
mutation dans un DVG du virus Zika précédemment identifié, et démontré que ces DVGs
accéléraient I'adaptation virale au traitement par recombinaison génétique. Nous avons
montré que I'absence d’observation de complémentation était causée par I'impossibilité du
domaine polymérase de NS5 a étre trans-complémenté. Enfin, nous avons montré que non
seulement les DVGs pouvaient étre empaqueté en trans, mais qu’ils pouvaient égelement étre
co-empaquetés avec des génomes standards afin d’assurer leur maintien.

Dans une seconde partie, j'ai ré-étudié I'hypotheése du compromis évolutif (trade-off)
des arbovirus qui expliquerait leurs faibles taux de substitution dans la nature. En utilisant
des clones du virus chikungunya barcodés et des techniques de séquencage a haut débit, j'ai
proposé un design experimental capable de résoudre les contradictions entre précédentes
études. J’ai identifié que la diversité géntique variait selon les régions du génome et le régime
de sélection. Les virus soumis a I'alternation entre hétes montrent une diversité restraintes a
chaque locus au niveau de I'hote le moins permissif, ainsi que pour 'accumulation des DVG
spécifiques. L'analyse du nuage de variant a montré qu’ils avaient acquis en partie des
mutations associées a I'adaptation chez le moustique, ainsi que des mutations spécifiques au
régime alterné. Ces observations s’expliquent par I'asymétrie du trade-off: I'adaptation initiale
aux cellules de mammiféres a un cotat adaptatif en cellules d’insectes, ce qui empéche ces
mutations d’apparaitre dans le régime alterné. De plus, nous n’avons pas observé de cott du
généralisme, et nous proposons que cela s’explique par un paysage adaptif différent
avoisinant le chemin évolutif d’apatation aux cellules d’insectes.

Mots-clés: virus chikungunya, virus Zika, virus a ARN, évolution expérimentale,
sociovirologie, génomes viraux défectifs, complémentation, recombinaison, trade-off,
arbovirus, séquencage a haut débit






ABSTRACT

RNA viruses are one the fastest evolving biological entities. With their high mutation
and recombination rates, small genomes, and fast replication rates, they easily adapt to new
hosts, causing outbreaks regularly. Despite their simplicity, their ability to interact with each
other through complementation and other forms of collective behaviors gives rise to complex
population dynamics. In this work, I explore two aspects of these social interactions and their
influence on virus evolution, using two arthropod-borne viruses.

A first part of this manuscript investigates the role of defective viral genomes (DVGs),
which were typically described as ubiquitous deleterious by-products of the erroneous RNA-
dependent RNA-polymerase of RNA viruses. In this work, we tested if these DVGs could
positively interact with standard viral genomes. We first identified identified a ribavirin-
resistance mutation in the viral polymerase that rescued viral titers in mutagenic conditions.
We then introduced it in a previously described DVG of Zika virus, and showed that DVGs
carrying this mutation accelerated viral population adaptation to ribavirin treatment through
genetic recombination. We then showed that absence of observed complementation was due
to a trans-complementation incompetent NS5 polymerase domain. Finally, we showed that
DVGs could not only be trans-packaged, but they could also be co-packaged with standard
genomes, ensuring their maintenance across new infectious cycles.

In the second half, I re-explored the question of the arbovirus trade-off hypothesis
which is hypothesized to explain the low substitution rates of arboviruses in nature. Using
barcoded chikungunya virus clones and high-throughput sequencing techniques, I proposed
an extended experimental design to resolve conclusion discrepancies among previous studies.
In a first phase of experimental evolution, I identified that genetic diversity was accumulated
differentially in-between genomic regions and among passaging regimes. Alternating passages
were restricted in genetic diversity by the most stringent host at each locus, and did not
tolerate host-specific DVGs. Mutant cloud analysis showed that they in part acquired insect-
associated adaptive mutations, but also alternation-specific ones. This pattern was in turn
explained by the observation of an asymmetric trade-off: initial adaptation to mammalian cells
has a fitness cost in insect cells, blocking such mutations to appear in alternation. Further, no
cost of generalism was observed, which we propose is explained by a different fitness
landscape neighborhood around the insect-cell adaptive pathway.

Keywords: chikungunya virus, Zika virus, RNA virus, experimental evolution, sociovirology,
defective viral genomes, complementation, recombination, trade-off, arbovirus, high-
throughput sequencing






Résumé substantiel

Les virus a ARN sont des entités biologiques évoluant rapidement. Ils se distinguent
par leurs petites tailles de génome, leurs forts taux de mutation et de recombinaison dus aux
erreurs commises par leur ARN polymérase ARN-dépendante, et des taux de réplication
typiquement tres élevés. Ces caractéristiques en font des modeles biologiques idéaux pour
I’étude des processus évolutifs en laboratoire. Néanmoins, la virologie évolutive est encore
une discipline relativement jeune, ayant pris son essor depuis les années 1960 avec la
découverte des taux élevés de mutation et de substitution des virus a ARN. Ces propriétés 'ont
au départ éloigné de la génétique des populations issue de la synthése moderne de la théorie
de I'évolution, au profit du modeéle des quasi-especes développé par Manfred Eigen qui a
dominé le cadre théorique de la discipline jusqu’a récemment. Cette théorie des quasi-espéces
a popularisé I'idée que la sélection naturelle chez ces virus n'opérait pas a 1'échelle des
génomes individuels, mais plutdt au niveau d’'un réseau de génomes interconnectés par des
mutations abondantes. Malgré les controverses et les limitations du modele, I'idée d'une
sélection de groupe a I’échelle de la population est aujourd’hui portée par la discipline de la
sociovirologie reposant sur les théories de la sociobiologie.

La théorie des quasi-especes prédit que le taux de mutation des virus a ARN est tel que
la fréquence de chaque haplotype ne dépend pas majoritairement de son taux de réplication
et de sa valeur adaptative propres, mais également de sa génération par d’autres haplotypes
par des processus mutationnels. Ainsi, 'effet de la sélection naturelle sur les fréquences
alléliques ne pourrait agir directement sur les génomes isolés, mais opérerait plutdt sur le
réseau de variants. Certains auteurs ont vivement critiqué 'application de la théorie des
quasi-especes aux virus a ARN, argumentant principalement que le taux de mutation chez
ceux-ci étaient en-dessous de celui pré-requis pour permettre une telle dynamique
populationnelle. Dans mon introduction générale, je présente d’autres mécanismes
permettant des dynamiques de sélection de groupe chez ces virus et ne reposant pas sur des
criteres d’application débattus.

Tout d’abord, la capacité des virus a se complémenter en trans au sein d’'une méme
cellule infectée permet 1'émergence d’interactions génome-génome influencant la valeur
adaptative de chacune des molécules interagissantes. Ce phénomeéne est notamment observé
lorsqu'un génome « aidant » vient supplémenter une fonction endommagée d'un génome dit
défectif, permettant & ce dernier d’achever son cycle de réplication et de se propager. Par
opposition, certains génomes défectifs interferent avec la réplication des génomes viraux
standards, réduisant ainsi leur valeur sélective. Par ailleurs, la complémentation permet
également & des mutations bénéfiques présentes sur des génomes différents d’interagir au
niveau protéique et faire émerger de nouveaux phénotypes. Ceci permet notamment de
contourner de potentielles contraintes épistatiques entre mutations bénéfiques. A noter,
certains variants minoritaires sont capables d’influencer de maniere dominante la valeur
adaptative de la population virale a des fréquences alléliques faibles.

De plus, certains virus ont tendance a se disperser en groupe, formant des unités
d’infection collective capable d’augmenter localement la multiplicité d’infection, et donc la
fréquence de co-infection. Les événements d’infection « en masse » permettent non seulement
a la complémentation entre génomes d’opérer, mais font également émerger des dynamiques



coopératives intrinséques. En effet, un nombre initial plus important de virions infectant une
méme cellule permet d'une part d’accélérer la réplication des génomes, d’autre part
d’antagoniser de maniere collective les réponses immunitaires de I'hote.

Les travaux de ma thése portent sur ces aspects populationnels de I’évolution des virus
a ARN, et utilisent comme modeéle deux virus transmis par les moustiques, les virus Zika et
virus du chikungunya. Dans un premier chapitre, je m’intéresse aux génomes viraux défectifs
(defective viral genomes, DVG) et leur capacité ou non a interagir positivement avec des
génomes viraux standards. Dans un second chapitre, je revisite la question de 'adaptation des
arbovirus a alterner dans leur cycle de vie entre hotes mammiferes et insectes, et caractérise
par séquencage profond la composition en variants contribuant a I’adaptation a chaque hote,
ou l'alternance entre les deux.

Dans mon premier chapitre, je me suis intéressé aux roles des DVG dans I'évolution des
populations virales. Ces DVG sont des génomes viraux incapables de compléter un cycle de
réplication en l'absence de génomes standards venant complémenter leurs fonctions
endommagées. Pour la plupart, ces DVG possédent de larges délétions ou sont des
duplications des régions non-traduites a I'extrémité du génome (les « copy-backs »). De ce
fait, ces génomes sont typiquement de petites tailles, se répliquent plus rapidement et entrent
alors en compétition avec les génomes viraux standards pour les facteurs cellulaires et viraux
nécessaires a leur réplication. De plus, ces DVG, et plus particuliérement les copy-backs, sont
capables de stimuler les voies de I'immunité, induisant ainsi une réponse antivirale de I'hote
et une réponse inflammatoire. Ainsi, les DVG sont treés souvent associés a un role
d’interférence avec la réplication virale. Néanmoins, a 'exception d'un role potentiel dans la
mise en place d’infection persistante, aucune interaction positive des DVG n’a encore été
décrite. Nous avons alors imaginé deux scénarios possibles par lesquels les DVG pourraient
contribuer a 'adaptation des populations virales : par complémentation ou recombinaison de
mutations bénéfiques.

Dans un premier temps, nous avons identifié deux mutations de résistance a la
ribavirine (un analogue de nucléoside mutagéene) par séquencage profond d’expériences
d’évolution expérimentale du virus Zika. Aprés validation du phénotype de résistance, nous
avons introduit 'une de ces mutations dans un DVG précédemment caractérisé dans le
laboratoire afin de pouvoir tester son effet sur le reste de la population virale. Nous avons
également introduit différentes mutations synonymes additionnelles afin de pouvoir
distinguer par séquencage a haut débit notre mutation de résistance introduite dans le DVG de
mutations apparues de novo. Aprés quatre passages dans des cellules préalablement traitées a
la ribavirine du virus Zika standards en présence de DVG contenant la mutation de résistance,
nous avons démontré que la mutation avait permis de restaurer en partie les titres viraux lors
d’un traitement a la ribivarine. Par séquencage a haut débit, nous avons pu démontrer que ce
phénotype était d & un événement de recombinaison entre génomes viraux standards et DVG,
suggérant que les mutations acquises par les DVG pouvaient contribuer a I'évolution des virus.

Nous avons également montré par une technique de RNA FISH que le DVG identifié
était capable d’étre co-encapsidé avec des génomes standards, assurant ainsi son maintien au
sein de la population virale. Par ailleurs, nous avons montré que la mutation de résistance se



trouvait sur un domaine non-complémentable du génome du virus Zika, ne nous permettant
pas de conclure sur la possibilité de complémentation de génomes standards par des DVG.

Dans mon deuxiéme chapitre, jai ré-exploré la question du compromis évolutif des
arbovirus a circuler dans des cycles entre hotes insecte et vertébrés. En effet, les arbovirus ont
des taux de substitutions environ 10 fois inférieurs aux virus & ARN ayant des taux de
mutations similaires. Lune des hypotheses avancées pour expliquer cette différence est que
les deux hoétes imposent des pressions de sélections tres différentes, imposant un compromis
évolutif sur ces virus : une mutation bénéfique dans un hote a de grandes chances d’étre
délétere dans l'autre. Bien que ce sujet a été étudié a de nombreuses reprises au début du
siécle, aucun consensus sur I'existence d'un tel compromis n'a pu étre établi. Par ailleurs, la
caractérisation génétique des mutations adaptatives au cours de ces expériences d’évolution
expérimentale dans ces précédents travaux n'ont été réalisés qu'en séquencage Sanger, et
n'ont permis d’identifier que des variants majoritaires. Néanmoins, nous savons désormais
que les variants minoritaires sont capables d’influencer la dynamique des populations virales,
et leur identification permettrait de mieux comprendre les contraintes qu'impose le cycle de
vie des arbovirus.

Durant ma these, j'ai ainsi réalisé vingt passages de virus chikungunya barcodés dans
des cellules de U4.4 de moustique Aedes albopictus et dans des cellules BHK-21 de hamster de
maniére alternée, ou dans un seul des types cellulaires. J’ai par la suite réalisé un séquencage
profond de mes virus dérivés a intervalle de passages régulier et mesuré leurs valeurs
sélectives relatives respectives. L'analyse des résultats de séquencage profond a permis de
montrer que la diversité génétique au cours des passages variait selon la cellule hote, mais
également selon la région génétique observée. Ainsi, un type cellulaire peut étre plus
permissive a 'accumulation de mutations dans certains génes, et inversement plus réfractaire
dans d’autres régions. Le régime de sélection alterné quant a lui impose une restriction de la
diversité génétique suivant celle de I'hote le plus réfractaire tout le long du génome. De plus,
I'accumulation de DVG est également restreinte par les deux hotes dans un régime alternant.
Cela conforte I'hypothése d'un compromis évolutif restreignant le nombre de mutations
pouvant étre positivement sélectionnées chez les deux hotes. Une analyse en composante
principale de l'ensemble des variants identifiés lors du séquencage nous a permis de
déterminer des variants minoritaires responsables de l'adaptation a chacun des hotes.
Notamment, nous avons observé une abondante accumulation de mutations non-synonymes
dans le gene d’enveloppe E2 lorsque le virus a été passé en cellules de hamster. En outre, les
virus passés en régime alterné tendent a suivre la trajectoire évolutive d’adaptation aux
cellules de moustiques, mais accumulent également des mutations spécifiques a I'alternance
entre les deux types cellulaires.

La mesure des valeurs sélectives relatives des populations virales dérivées par mise en
compétition avec un clone barcodé ancestral du virus chikungunya et mesure d’abondance
relative des code-barres génétiques a permis de mettre en évidence un compromis évolutif
asymétrique : I'adaptation aux cellules de hamster a induit un cott adaptatif chez les cellules
de moustiques, tandis que 'adaptation a ces derniéres n’a pas de cott sélectif apparent. De
plus, nous n'avons pas observé de coit du généralisme lorsque les virus ont été soumis a un
régime alterné : 'augmentation des valeurs sélectives dans les deux types cellulaires ne sont
pas significativement différents des deux autres régimes de sélection. Mis en relation avec les



données de séquencage précédemment décrites, ces résultats suggerent que le régime alterné
a poussé les populations virales a s’adapter dans un premier temps aux cellules de moustiques
car ne provoquant pas de colt sélectif, et permis I'acquisition de mutations bénéfiques en
cellules de mammiféres sans cott adaptatif chez les cellules de moustiques.

Ainsi, au cours de mes travaux de thése, jai pu montrer qu'une approche
populationnelle de la virologie évolutive permet une meilleure compréhension de 1'évolution
des arbovirus. En outre, j’ai pu démontrer que les DVG ne sont pas forcément des génomes
affectant négativement les populations virales, mais qu’ils peuvent dans certains cas accélérer
I’adaptation de ces populations. J'ai également montré que ces DVG étaient capables de se
disperser collectivement avec des génomes viraux standards, leur permettant ainsi de se
maintenir dans la population. Cela suggere qu’il pourrait exister des mécanismes promouvant
la co-encapsidation de ces génomes défectifs. Enfin, par analyse par séquencage profond
d’expériences d’évolution expérimentale visant a étudier le compromis évolutif du cycle
alterné des arbovirus, j'ai pu démontrer que les deux hotes restreignaient 'accumulation de
mutations et de DVG dans un schéma alterné. Par ailleurs, jai également pu également
identifier des variants spécifiques a 'adaptation a chaque type cellulaire, et déterminé que
I'adaptation au régime alterné suivait préférentiellement la trajectoire évolutive d’adaptation
aux cellules de moustiques. Cela s’explique par I'absence de cott adaptatif initial a 'adaptation
a ces cellules, contrairement aux cellules de mammiféres. Finalement, l'identification de
mutations spécifiques au régime alterné suggére que ce cycle imposerait des contraintes
sélectives additionnelles.
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PREAMBLE

This manuscript is divided into two independent chapters.

The first one argues for the possibility for defective viral genomes to play positive roles
in virus populations, notably through genetic recombination. This chapter is mainly written
and formatted as a preprint scientific article and has been submitted once to Nature
Microbiology, but was desk-rejected. We aim to resubmit the manuscript to another journal

such as PLOS Pathogens or PNAS after adding more controls to some of the experiments.

The second chapter describes chikungunya virus population compositions and fitness
phenotypes in experimental evolution in mammalian-only, insect-only or alternated passages.
It was the initial project of my Ph.D. but has been put aside in favor of the other one during my
third year of PhD in order to be able to submit and defend in the context of the Viral
Populations and Pathogenesis Unit (my laboratory) closing down. It is an incomplete story in
regards to the initial objectives, but will nonetheless be reformatted to be submitted to a

specialist journal such as Virus Evolution.

In addition, the general introduction has been written with the aim to be reformatted
and submitted as a review for Nature Reviews Microbiology on the topic of “Mechanisms of
RNA virus evolution” An initial outline has already been submitted and accepted by the editor,

and the initial submission of the manuscript proof is planned by the end of December 2022.

Finally, I have been involved at the beginning of my PhD in different scientific
collaborations to respond to the COVID-19 pandemic crisis, which yielded several co-author
publications that I've added in the Annexes section. This work does not, however, find an

integral place in my thesis as they do not integrate with the main topic of my dissertation.
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GENERAL INTRODUCTION

Viruses are the most abundant biological entities on the planet'?, infecting virtually
every branch of cellular life’” and even other viruses®. They are obligate parasites of their
hosts, occasionally causing diseases, but their evolutionary history is independent due to their
ability to cross species barriers’*° on regular occasions throughout life's history. They play key
roles in horizontal gene flows'®!}, the regulation of ecosystems® and nutrient cycles®. In a more
anthropocentric view, they are responsible for major outbreaks throughout human history,
with a recent rise in public interest with the coronavirus disease 2019 (COVID-19) pandemic

caused by SARS-CoV-2.

Despite viruses’ importance in shaping the Tree of Life'!, evolutionary virology - the
study of virus evolution - is a relatively young field'?, inaugurated by papers on RNA virus high
mutation''* and evolutionary rates'>'® in the 1960s and 1970s. These findings highlighted the
key characteristic of RNA viruses that set them apart from other evolving entities: they have
one of the highest mutation rates’, and subsequently evolve rapidly. This property led to the
application of quasispecies theory - an alternative model to classical population genetics - as
the main theoretical framework for RNA virus evolution for several decades'”"*°. Despite its
controversies and limitations®”, the theory popularized a fundamental idea that is now
carried by social evolution theories applied to virology®'?*: that natural selection may act at

the population level.

This work focuses on this population approach of evolutionary virology using two
arthropod-borne viruses (arboviruses) with the goals to (1) explore the potential beneficial
role that defective viral genomes play in virus evolution using a Zika virus defective genome
previously described in the laboratory®, and (2) characterize the population dynamics of
chikungunya virus in experimental alternating cycles between insect and mammalian cell

lines.

The following introduction aims at providing the reader with general knowledge on the
mechanisms of RNA virus evolution, and the evolution of the idea of virus population as a unit
of selection. I then briefly review in the introduction of Chapter 1 the generation mechanisms
and roles of defective viral genomes, and highlight the lack of literature on positive

interactions with wild-type genomes. Finally, in Chapter 2, I present the specificity of the
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arbovirus life cycle and review the current literature on the experimental assessment of the

trade-off hypothesis associated with generalism.
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1. Mechanisms of RNA virus evolution

RNA viruses are fast-evolving biological entities, continuously engaged in an arms race
against the cellular organisms they infect. Their evolutionary (or substitution) rates - the
numbers of substitutions that reach fixation per nucleotide site and per year - range between
1075 to 10~? substitutions/nucleotide/year (sub/nt/year), with a median rate of 1073
sub/nt/year'>*!. This number is many orders of magnitude above those of double-stranded
DNA (dsDNA) viruses (typically between 10~° to 10~7 sub/nt/year), one or more orders
above single-stranded DNA (ssDNA) ones?. Hence, they are ideal model systems to study
evolutionary processes at the human-life timescale and have been used to test evolutionary

theories such as Muller’s ratchet *® or the prisoner’s dilemma®’.

In the modern synthesis of evolution, population genetics is a powerful theoretical
framework used to decipher and explain molecular polymorphism observed in nature. It
simply defines evolution as the change of allele frequencies in a population and defines four
major forces that influence said frequencies: mutation, selection, genetic drift, and gene flow
(or migration). In this section, I will review the principal mechanisms that modulate RNA
virus micro-evolution through this lens, intentionally omitting quasispecies theory, which will

be discussed in the following section.

1.1. High mutation rates in RNA viruses

If natural selection is by far the most popular force of ‘Darwinian’ evolution, to degrees
such that evolution, as a whole, is commonly reduced to it, mutation is probably the most
important of them. Indeed, it is the only force that creates genetic novelty (alleles) de novo in a
population and takes the form of punctual substitutions, deletions or insertions. It may not be
a coincidence that the main characteristic of RNA viruses that sets them apart from other
organisms is their high mutation rates. With a range from 107¢ to 107°
substitutions/nucleotide/cycle (sub/nt/cycle)?, their error rates highly surpass those of DNA
viruses (10~8 to 1076 sub/nt/cycle)** (Figure 1). On average, these error rates translate to one

mutation per genome replication cycle.
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Figure 1 | Comparison of per-site mutation rates of different RNA viruses (orange) and other
biological entities. Mutation rates are expressed in sub/nt/cycle and genome sizes in nucleotides.
Adapted from Gago et al., 2009%.

A major determinant of these extremely high rates is the error-prone RNA-dependent
RNA-polymerase (RdRp) of RNA viruses. While replication of genetic information is an
erroneous process per se, mechanisms of mismatch repair and proofreading usually buffer the
amount of mutations during synthesis in DNA organisms. In opposition, most RNA virus
RdRps, with the exceptions of viruses in the Coronaviridae and Roniviridae families, lack 3’-to-
5’ exonuclease proofreading activity’. Moreover, mutations that affect the RdRp fidelity itself
have been identified in many viruses*, allowing evolution of this heritable trait. Indeed,
fitness cost of both low and high-fidelity variants have led many to believe that mutation rates
in RNA viruses may be finely tuned to produce high genetic diversity while staying below a
lethal threshold®**?-*, However, biochemical assays have linked such mutations in poliovirus
to be associated with modified replication speed®”. This evolutionary trade-off rather suggests
that high mutation rates in RNA viruses are a rather tolerated than an optimized by-product of

selection for faster replication®”*,

Additionally, besides intrinsic polymerase error rates, other factors contribute to

3 39-41

mutate viral genomes such as host cytosine deaminating enzymes from the APOBEC or
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ADAR*** protein families. These enzymes are primarily used as a defense mechanism against
viral infections, leading to hyper-mutated sterile genomes, but occasionally leave footprints on
viral evolution®. Of note, while they induce a bias in mutation types from cytosine to uracil,
with sometimes specific 3’ and 5’ context bias such as with the APOBEC3 superfamily *, this

only influences the distribution of the probability of mutations but not their random nature.

1.2. Recombination and reassortment: forms of sex?

Recombination is often approached as a form of mutational process. This probably has
to do with the fact that its main manifestation in RNA viruses, copy-choice recombination,
occurs during replication by the RdRp. However, its effects on genetic diversity are of a
different nature and can rather be assimilated with its sister process in segmented viruses,
reassortment. Indeed, one can define recombination as the process that leads to the formation
of a chimeric molecule from two or more parental genomes*. As such, recombination does not

really create new alleles, but rather shuffles them into new haplotypes.

The principal mechanism of recombination is copy-choice recombination. In this
process, the RdRp starts the synthesis of the complementary strand of one parental RNA
molecule (the donor template), then dissociates from the donor, switches to a different
acceptor template and resumes synthesis, resulting in a chimeric molecule of mixed origins.
The exchange can occur between the same genomic region in the two parental templates, in
which case the resulting molecule is a fully complete genome and the recombination is termed
‘homologous’ Conversely, if it occurs at different sites or between dissimilar parental
molecules, the process is termed respectively ‘non-homologous’ or ‘illegitimate’* (Figure 2).
In the latter cases, the resulting product is often deleterious and is one of the main
mechanisms for the production of defective viral genomes, which will be discussed in the

introduction of Chapter 1.
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Figure 2 | Types of copy-choice recombination products. Homologous recombination products
have the same genomic organization as their parental genomes. Non-homologous recombinations
produce duplications or deletions depending if the RARp resumes extension on the acceptor template
respectively in 5’ or in 3’ of the dissociation site on the donor template. Illegitimate recombinations
result in chimeric progeny with different set of genes than their parental genomes. Dashed arrows
represent dissociation and reassociation events of the RdRp from the donor to the acceptor template.
Adapted from Mac Kain et al., 2021*.

Alternative mechanisms of recombination involving the polymerase have also been

theorized, such as the ‘primer alignment-and-extension’ model*’

. This process involves the
hybridization of the 3’ end of a truncated RNA template with a complementary sequence. The
truncated RNA then serves as a primer and is extended by the viral polymerase using the
opposite polarity genome as a template*®*’. Non-replicative RNA recombination events have
also been demonstrated experimentally*®*’. In these processes, truncated RNA templates
(through cleavage, physical breakage, or aborted synthesis) spontaneously recombine through

46,49

transesterification reactions or are enzymatically ligated by cellular proteins*. The

biological relevance of such mechanisms is still under debate*.

Similar to mutations, replicative recombination is highly influenced by the erroneous
replication of viral RdRps, and mutations affecting its rate are usually linked to altered fidelity
and replication speed®. However, while RNA viruses all typically display high rates of
mutations, recombination rates vary immensely between RNA virus families, from almost

151

clonal®® to highly recombinogenic®’. However, these differences could be linked to differences

induced by selection of recombinant products and should be validated through biochemical
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assays. Factors such as sequence homology®* and RNA secondary structure® play major roles

in the distribution of recombination breakpoints.

Reassortment, on the other hand, is specific to segmented viruses, whose genomes are
divided into different RNA or DNA molecules. In this specific case, no chimeric molecule is
produced, but individual segments are shuffled to produce progeny virions containing
molecules of mixed parental origin. Reassortment is very common in segmented RNA viruses,
with about 70% influenza A virus progeny being the result of reassortment after an in vivo
infection®*®. This process is highly constrained by RNA-protein and RNA-RNA signal

57,58

compatibility®”*?, resulting in a skewed distribution of segments that participate in it*”,

Both reassortment and recombination have been experimentally associated with

increased genetic diversity and virulence'®**®?

, and are involved in virus emergence and re-
emergence. For example, recombination between two distinct alphavirus species is
responsible for the generation of western equine encephalitis virus®, while multiple events of
vaccine-derived poliovirus outbreaks are the result of recombination between live-attenuated
vaccines and common enteroviruses®’. Moreover, compelling evidence shows high numbers of
recombination events inside the sarbecovirus subgenus, which could be responsible for the

recent SARS-CoV-2-related pandemic®. Finally, reassortment in influenza A virus is one of the

main drivers of the fast antigenic drift of seasonal flu®®.

These results have led many authors to hypothesize that recombination and
reassortment are favored and fine-tuned by natural selection. Indeed, because both processes
involve an exchange of parental genetic material resulting in chimeric progeny, recombination
is often seen as a form of sex. As such, it falls into the prediction that sex can alleviate the
accumulation of deleterious mutations in asexual populations predicted by Muller’s
ratchet®®”®°, or accelerate the rate of adaptive evolution by combining advantageous
mutations, thus reducing the impact of clonal interference between beneficial mutations at
two different loci’®”*. However, other authors argue that non-adaptive explanations are more
parsimonious to explain differences in observed recombination rates. Simon-Loriere and
Holmes suggest that RNA virus large population sizes and high mutation rates are sufficient
enough to counter Muller’s ratchet and generate advantageous combinations of mutations®.
Rather, they propose that recombination rates are by-products of viral genome organization
and life cycles: negative-sense single-stranded RNA (-ssRNA) viruses experience low rates of

recombination because their RNA molecules are quickly bound and stabilized by
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nucleoproteins; coronaviruses’ high rates are encouraged by the necessity to produce

subgenomic mRNAs through template switching®.

1.3. Natural selection and distribution of fitness effects

Evidence of natural selection in RNA viruses is countless. From antiviral resistance,
innate and adaptive immune escape, to adaptation to new hosts or tissues, selection gives a
direction to evolution through adaptation. However, it is important to keep in mind that
selection only acts on standing genetic variation already present in the population, and de
novo mutations are produced randomly. It does not produce adaptive alleles but rather fixes

among the ones present, those that are better adapted.

To model natural selection, population genetics uses the concept of ‘fitness’, which is
defined as the expected number of viable progeny produced by one allele. While absolute
fitness is difficult to measure experimentally in an unbiased manner, relative fitness w — the
change in frequency of one allele in regard to the total population - is easier to assess and can

be denoted as:
Equation 1 P(t+1]=%P(t\J,

with plt| the frequency of the allele at generation t, and W the mean relative fitness of the
population, usually set to 1 for convenience. It is then possible to define a selection coefficient
s as the relative advantage or disadvantage of one mutant allele against the reference wild-
type as w=1+s. Of note, fitness and selection coefficient are not absolute concepts and are
measured for specific environments and genetic backgrounds Alleles can be advantageous in

one condition and detrimental in another one, which will be further discussed in section 1.6.

A fundamental question in evolutionary biology concerns the proportion of mutants
that are lethal, deleterious, neutral, or beneficial. Indeed, the pertinence of the neutral theory

72,73

of molecular evolution theorized by Motoo Kimura’*"® as a null hypothesis and explanation of

observed molecular polymorphism” 7

is still debated more than 50 years after its
introduction. The underlying problem of the distribution of fitness effects (DFE) of mutations
is even more relevant to RNA virus evolution given that high mutation and replication rates
and small genome sizes allow RNA viruses to virtually explore all possible mutations. Initial

assessment in vesicular stomatitis virus of the DFE in RNA viruses lead by Sanjudn et al
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(Figure 3) confirmed the expectations that almost 70% of mutations were deleterious,
including almost 40% lethal ones, while beneficial mutations were rare (less than 5%)”’.

7879 and more

These observations were then further confirmed in other model bacteriophages
recently with ultra-deep sequencing approaches in dengue virus®. While the high proportions
of deleterious mutations were expected for non-synonymous changes because of the
compactness and lack of redundancy in RNA virus genomes, evidence of parallel fixation of
non-coding or synonymous mutations®' suggests that these types of mutations may also not

be strictly nor behave neutral®”
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Figure 3 | Distribution of lethal, deleterious, neutral and beneficial effects of random mutations
in vesicular stomatitis virus. (A) Table of proportions and mean fitness effects (in percentages of
change) of each class of point mutations. (B) Histogram of the distribution of fitness effects. Adapted
from Sanjuén et al., 2004”7,

A common metaphor to visualize the directionality of evolution through natural
selection is the adaptive fitness landscape. In this simplified model, genomes and/or
populations explore a multi-dimensional sequence space comprising all possible
combinations of mutations in which topology is defined by the fitness values of corresponding
haplotypes. If selection is strong enough to dominate substitution rates, populations tend to
climb fitness ‘hills’, increasing their mean fitness. The topography of this fitness landscape is
therefore essential in defining the direction of adaptation: if the landscape only comprises a
single hill, molecular evolution is highly parallel and the population eventually reaches the
theoretical ‘highest peak’, while if multiple peaks exist and are distant enough, populations can

climb local hills and reach local optimum fitness, thus getting trapped as they cannot go down
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in fitness values to reach the global highest peak (Figure 4). Landscape ruggedness® and
steepness of hills® are also predicted to play a role in molecular evolution, particularly under
the quasispecies theory and the subsequent ‘survival of the flattest’ model which will be
discussed in section 2. Nevertheless, this metaphor has caveats: populations that reach fitness
peaks are predicted to enter stasis in rates of adaptation, but long-term experimental
evolution on bacteria shows that while these rates slow down, they do not reach zero and

better fit a power law dynamic®.

Figure 4 | Adaptive pathways on a fitness landscape. An ancestral genotype can climb fitness peaks
by using adaptive routes which increases its fitness along the way. Multiple paths (solid lines) are
possible, and the peak it reaches depends on stochastic contingency of evolution. A genotype located
on a local sub-optimal peak (B) can no longer reach the highest peak (A) as it requires to decrease its
fitness first (dashed line).

1.4. Population sizes and genetic drift: the importance of bottlenecks

In opposition to natural selection, genetic drift is a non-adaptive random process of
evolution. It is the stochastic fluctuation of allele frequencies in finite populations and is
usually modeled as the result of random sampling of alleles participating in the following
generation. Consequently, the importance of drift is inversely proportional to the effective
population size N, - the number of genomes actively participating in the production of the
next generation. The effects of genetic drift in small populations can be dramatic: it can

eliminate rare beneficial alleles before they reach fixation, and conversely fix detrimental
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ones, hindering population mean fitness. For de novo neutral mutations, their rate of fixation
in asexual populations is estimated to be of the order of p the mutation rate, and more
importantly independent of population size. This substitution rate at neutral sites is often

used as a molecular clock to reconstruct phylogenies.

One prediction of genetic drift in asexual populations is the stochastic accumulation of
detrimental mutations over cycles of replication, leading to the collapse in mean population
fitness values, termed ‘Muller’s ratchet’®. This prediction has been verified in RNA viruses
through experimental plaque-to-plaque passages®®®®. However, whether this phenomenon
happens in natural viral populations has yet to be shown and might be dissipated by high

recombination rates? or compensatory mutations®.

More importantly, the estimation of effective population sizes N, of viral populations is
fundamental to deciphering which of genetic drift or selection plays the major role in
substitution rates in RNA virus evolution. Indeed, population genetics predicts that when
N,s> 1, selection dominates the dynamic of substitution rates. A naive approach to the
question would assume that because viral population sizes are so large during infection, even
near-neutral low selective effect mutations can be selected. However, viral populations

86-88

undergo successive transmission bottlenecks during their life cycles at within- and inter-

host®*! levels, and studies have shown that such bottlenecks affect genetic diversity through

founder effects®%2

These drops in genetic diversity and potential random fixation of detrimental
mutations (which we previously stated are the majority) have been associated with decrease
in viral population fitness experimentally®***. Surprisingly, bottlenecks can also have positive
effects on fitness®®: in theory, they can displace populations away from a local fitness optimum
in the adaptive landscape, allowing them to explore and potentially reach higher peaks®’.
Bottlenecks can also prevent the emergence of social cheaters by limiting co-infection

21,87

events’"®” and improve selection on trans-complementing alleles®.

1.5. Genome organization, replication and mode of transmission
While mutation, selection and genetic drift are direct forces acting on allele

frequencies, other factors constrain or influence the outcome of these forces.
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Generally speaking, RNA viruses have very short genomes with an average size of about
10,000 nt’. Therefore, they have very low to no redundancy in gene functions and extremely
high proportions of coding sequences. The remaining non-coding regions are often further
constrained by bearing RNA structures essential to the virus life cycle. Moreover, some RNA
viruses have overlapping open-reading frames (ORFs) usually involving a +1 or -1 frameshift,
such as in the Coronaviridae family. These highly constrained genomes may explain the
majority of deleterious mutations found in RNA viruses: mutations cannot be compensated by

redundant genes and may affect multiple functions at once.

Genome organization itself also plays a major role. First, RNA polarity of the packaged
genome influence how important RNA secondary structure is: positive-sense single-stranded
RNA (+ssRNA) virus genomes must serve as templates for translation, replication and
packaging, therefore cis-acting RNA elements (CREs) are fundamental for RNA modularity®®”’.
On the other hand, I have discussed in section 1.2 how -ssRNA virus genomes rapidly form
ribonucleoprotein complexes which limit the extent of recombination. Further, segmentation
of RNA virus genomes limits the extent of hitch-hiking mutations - neutral or slightly
deleterious mutations that reach fixation by being physically linked to positively selected loci -
across the genome through reassortment®. To an extreme, multipartite viruses - segmented
viruses that package their individual molecules in separate virions - allow almost
independent evolution of genome segments’®®’. Finally, translation strategies and how viruses
regulate relative protein abundance constrain genetic regions that serve as signals; some
viruses transcribe multiple mRNAs or subgenomic RNAs; others simply cleave the translated

polyproteins, and some others use discontinuous transcription, frameshift or read-through

stop codons™®.

In addition, replication mode has been theorized to affect mutation accumulation in the
population. Evidently, replication rates, and more specifically the speed of a single infectious
cycle from one cell to another, significantly modulates substitution rates. Fast-replicating
viruses are predicted to accumulate more mutations over time than latent viruses. More
dramatically, for retroviruses in which replication is dominated by clonal expansion of the
infected cells they integrated their genome in, substitution rates tend to be closer to their host
evolutionary rates'®. Of significance, which RNA molecules can be used as templates for
replication in a single cell determines the distribution of the number of mutations per

genome. If a single or few molecules are used to produce all progeny, mutations accumulate
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linearly following a so-called ‘stamping machine replication’ mode and the number of
mutations is expected to fit a Poisson distribution'®’. In opposition, if all progeny RNAs can
serve as templates, mutations accumulate geometrically (‘geometric replication’) and

therefore at a faster rate!’l.

Finally, transmission mode also affects evolutionary rates. Collective dispersal of
virions'*'* locally increases the multiplicity of infection and therefore co-infection events,
which favor recombination. Vector-borne viruses tend to have slower substitution rates due to
having to find compromises to adapt to different hosts and environments (this will be
discussed in detail in the introduction of Chapter 2). And even surprisingly, host alternation

can promote genome integrity in Rift Valley fever virus'®.

1.6. Epistasis and pleiotropy

As stated previously, mutations do not possess fitness effects (or even phenotypic
effects) per se, rather their fitness is dependent on their genetic background and the
environment. To better comprehend the effect of genetic background on a mutation at a given
locus, population genetics uses the concept of ‘epistasis’ which can be defined as the deviation
from purely additive phenotypic effects of mutations at two or more loci. What that means is
that epistasis is the result of the interaction of mutations at different loci. We can identify

different types of epistatic interactions: magnitude epistasis and sign epistasis (Figure 5A).

Magnitude epistasis is defined when two mutations, both either beneficial or
detrimental, interact in such a way that their absolute combined fitness effects is stronger
(synergistic epistasis) or fainter (antagonistic epistasis) than the expected addition of the two.
Theoretically, synergistic epistasis can happen through positive feedback loops when
mutations affect the same metabolic pathway. However, studies in RNA viruses have shown
that the widespread deleterious mutations interact mostly in an antagonistic (positive) way'%"
198; they tend to compensate each other. These compensatory mutations are thought to be
mainly linked to protein'®® and RNA secondary structures''’. In the latter case, this can explain
the positive selection patterns of non-coding or non-synonymous mutations®! observed and
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argues against selective neutrality of these sites'"”. Analysis of interactions between beneficial

mutations also shows a trend for antagonistic (negative) epistasis'*®. This tendency for mostly
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antagonistic epistasis in RNA viruses can be explained by their small, lack of redundancy

genomes: mutations will often damage the same function'****2,

Sign epistasis on the other hand happens when the deleterious or beneficial effect of a
mutation is reversed in presence of another mutation. To an extreme, reciprocal sign epistasis
occurs when two beneficial or deleterious mutations combined result in the opposite fitness
effect. These interactions are of particular interest as they can lead viruses into fitness traps:
one beneficial mutation could cause other otherwise beneficial mutations to become
deleterious, blocking further adaptation'". Conversely, stabilizing mutations can permit the
fixation of otherwise destabilizing mutations with advantageous phenotypes'®. More
generally, sign epistasis highly constrains the trajectory of molecular evolution, and has been
linked to the divergence of Asian and Indian Ocean lineages of chikungunya virus in their
capacity to adapt to the Aedes albopictus mosquito species''®''*, Widespread sign epistasis is
predicted to result in more rugged fitness landscapes'®, increasing the role of contingency in

evolution.

While the study of epistasis is interested in the interaction of two or more mutations on
one phenotype, pleiotropy is the phenomenon of one mutation affecting different functions at

once. Consequently, trade-offs are the result of pleiotropy.

First, pleiotropy can be considered at the genome level: because viral proteins usually
have multiple functions, or change functions after post-translational modifications, single
mutations are expected to affect different phenotypes at once. Moreover, for RNA viruses with
overlapping ORFs, mutations affect different proteins at once. Interestingly, because they are
usually the result of +1 or -1 frameshifts, synonymous mutations in one ORF usually results in
a non-synonymous change in the other one, highly constraining the space of non-detrimental
mutations. Additionally, RNA secondary structure and presence of CREs in coding regions
means that structural stability of mutations must also be taken into consideration in addition

to residue change in resulting proteins.

Alternatively, pleiotropy also applies to the difference in fitness effects of mutations in
different environments. Similar to epistasis, pleiotropy can affect the strength of one
mutational effect across different environments (magnitude pleiotropy) or the detrimental or
beneficial nature of said mutation (sign or antagonistic pleiotropy) (Figure 5B).

Environmental pleiotropic effects of mutations have been widely studied in RNA viruses for
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16117 and in the case of vector-borne viruses for the

adaptation to different temperatures
adaptation to multiple hosts. Because antagonistic pleiotropy tends to be widespread in the
latter case, its study is of significant importance to understand the evolution of generalist

organisms and will be the topic of Chapter 2.
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Figure 5 | Different types of epistasis and environmental pleiotropy. (A) Epistatic interactions
result in fitness deviations from the expected linear sum of gene fitness effects. Stacked color bars
correspond to the expected fitness effects of double-mutants without epistasis, while brown ones are
the observed fitness effects. The left part of magnitude epistasis corresponds to antagonistic epistasis,
the right part to synergistic epistasis. Plus (+) and minus (-) symbols indicate what are typically called
respectively ‘positive’ and ‘negative’ epistasis depending on the initial fitness effects of mutants of
interest. (B) Environmental pleiotropy corresponds to differences in fitness effect of the same
mutation in different environments. Inspired by Bergh et al., 2018"*%.

1.7. Mutational robustness

Because RNA viruses have elevated mutation rates and a majority of them are

deleterious or lethal, they have developed different mechanisms to buffer the mutational
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burden. This buffering of mutation effects, termed ‘mutational robustness’ occurs at the

genomic, population and cellular levels.

Genetic mutational robustness often takes the form of codon optimization: while
different codons can give rise to the same amino acid, they differ in their position in the fitness
landscape, and consequently in their accessible mutational neighbourhood'*'*°. For example,
the use of codons that have higher chances of resulting in synonymous or similar amino acid
changes through random mutations is more robust. Consequently, codon-deoptimized viruses

121,122

have been shown to have reduced fitness and pathogenicity and can be used to make

122,123

safer live-attenuated vaccines . These studies could be criticized because the cost of

deoptimizing codons can be confounded with the effects of discrepancies in codon bias
between the virus and its host'**'**; however mutational robustness has been elegantly
demonstrated in coxsackie B3'*, influenza A'*® and chikungunya virus'?® by attenuating them
through codon substitution with synonymous ones closer to non-sense mutations.
Interestingly, mutational robustness through codon optimization reveals a property of the
geometry of the fitness landscape: at high mutation rates, genomes that replicate the fastest
(the fittest) do not necessarily outcompete more robust slower replicator®''*'?®, This can
happen because the mean expected fitness of one progeny genome does not depend solely on
the fitness of its progenitor, but is the integration of fitness values of all possible neighboring
mutations. This phenomenon is thus termed ‘survival of the flattest’ in reference to the gentler
gradient in fitness effects surrounding local peaks. Survival of the flattest has first been
demonstrated in digital organisms®, and in vitro evidence has shown that in artificially
elevated mutation rate conditions, more robust and less fit populations outcompete otherwise
fitter ones'?*'?’, Nevertheless, evidence of such dynamics at natural mutation rates has yet to

be found®.

At the population level, robustness can occur first through population size. Because
RNA virus populations are generally large, unmutated progeny numbers can be sufficiently
large to survive and propagate to the following replication cycle. When combined with large
amounts of lethal and highly deleterious mutations, population size allows the quick and

efficient purge of unwanted alleles. This property has been coined ‘population robustness’'?®,

129 therefore

Of note, this form of robustness relies on individual genome hypersensitivity
opposing itself against genetic robustness. Additionally, population-level robustness can

emerge from networks of complementation between mutated genomes. Because random
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mutations are expected to affect different functions in progeny, trans-complementation can
buffer the effect of detrimental mutations through shared viral resources. This mechanism can
extend itself to include co-infection events at high multiplicity of infection and has been
demonstrated in RNA phage $6'*. Interestingly, in the latter study, Montville et al. showed

that high levels of co-infection relax the need for genetic mutational robustness'®.

Finally, extrinsic factors also provide robustness to mutational changes. Molecular
chaperones of the heat shock protein (Hsp) family are expressed during cellular stress to
prevent misfolding of cellular proteins during biogenesis or facilitate the degradation of
misfolded ones. As such, they can preserve protein functionality regardless of destabilizing
detrimental mutations. Hsp proteins are known to often interact with viral proteins'?® for

1 and play essential roles in viral entry'**'** and RNA synthesis'** of

trafficking or assembly
some viruses. Moreover, over-expression of chaperones is common during viral infections 135
leading to the hypothesis that they can also buffer detrimental mutations in viral genomes.
Indeed, inhibition of Hsp90 cellular expression affects poliovirus capsid variants’ fitness and

influences synonymous mutant distribution'®.

Because mutational robustness buffers the effects of mutations, it hereby reduces the
heritability of traits. A naive approach would lead to the conclusion that evolvability - the
capacity of a system for adaptive evolution through the selection of heritable traits - and
robustness are antagonisticc. However, contradictory results rather show increased
evolvability in robust systems'’. This apparent contradiction can be resolved because robust
populations can explore a wider neutral space of mutations, therefore having a wider panel of
accessible alleles'®. In addition, robust populations with cryptic genetic diversity in one
environment can show potentially higher phenotypic diversity through environmental
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pleiotropy *°. However, demonstrations of such phenomena have yet to be described in RNA

viruses.
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2. RNA virus populations as a unit of selection: from quasispecies to social
evolution theories

Quasispecies theory was first formulated by Manfred Eigen in 1971 to describe and
predict the evolutionary dynamics of self-replicating macromolecules (presumably RNAs) at

39 although the term quasispecies itself was only coined in 1977'*. The

the origins of life
theory was developed to study replicating entities at extremely high error rates, which was
argued could not be done using classical population genetics as it was developed under the
assumption of low mutation rates. At its core, it describes the dynamic of such populations as
a distribution of mutant macromolecules closely linked by mutational networks and
dominated by one or several master copies'*’. Because these molecules are genetically
coupled, frequencies of variant genomes do not depend on their own replication rates or
fitness, but also on their production by erroneous replications of linked genomes. As a

consequence, quasispecies theory defines the unit on which selection operates as the mutant

distribution, and not individual genomes**".

After the findings of the high error rates of RNA bacteriophage QB by Domingo et al. in
1978"%, quasispecies theory was broadly adopted by virologists to describe and explain
experimental evolution results, and served as the main theoretical framework for several
decades' ™. Of note, it guided successful antiviral strategies such as lethal mutagenesis by

nucleotide analog treatments'**'*?

, and increased interest in evolutionary concepts in
virology®. Nevertheless, many authors criticized the relevance of quasispecies theory to RNA
virus (and even DNA virus) evolution, arguing mainly that mutation rates were not sufficiently
high to observe such mutation coupling dynamics®?. In recent years, alternative theories that
also predict that selection acts on groups of viral genomes have gained popularity among
virologists®'*?>. Among them, social evolution theories rely on kin and/or group selection and

is compatible with population genetics (although not without its own controversies).

Additionally, it does not rely on the extreme mutation rate assumptions of quasispecies theory.

In this section, I briefly present quasispecies theory and its main concepts and
predictions, and confront them with the main arguments against its application to RNA
viruses. I then proceed to review different types of collective behaviors observed in RNA
viruses and argue that a population-wide approach is still necessary to comprehend viral

evolution, then present social evolution theories. Finally, I argue that defective viral genomes
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and other non-standard genomes should be considered as part of viral populations, therefore

contributing to their evolution.

2.1. Quasispecies theory: a controversial debate among virologists
2.1.1. DEFINITION OF QUASISPECIES TERMINOLOGY

A substantial amount of criticism towards quasispecies theory targets the misuse of its
terminology in virology literature. Indeed, many authors use the term ‘quasispecies’ solely to
refer to genetic polymorphism, or as a synonym for viral populations, without any
consideration for its underlying mathematical model®'*!. As stated earlier, a quasispecies is a
specific network of mutants bound under mutation coupling dynamics. Here, the terminology
(molecular) species refer to a single replicative unit'*® and has no link with the naturalist
species concept. Because one species abundance relies not only on its own replication but also
on that of other mutationally linked ones, the network behaves as (quasi-) a single replicative
unit (-species), and evolutionary forces act on this second-order species rather than on
individual molecules. In the following sub-section, I will introduce the fundamental equations

in quasispecies theory and the popular concepts associated with it.

First, quasispecies theory defines the rate of frequency changes X; of the mutant i as:

Equation 2 Xi(t):(AiQii - Di)xi[:t:]-'- Z wix[tl+g,,

k=1,k#i

with A; the replication rate, Q; the fraction of non-erroneous replication from sequence i to i,
D; the rate of degradation of i, w; the rate of production of sequence i from sequence k such as
w=A, Qy, and ¢; the flow of removal of sequence i outside of chemical reactions'*°. To note,
A; integrates the concept of fitness (the rate of reproduction), while Q; is related to the
mutation rate p such as Q;=1—pu. The term W;=A,;Q,;— D, called the ‘intrinsic selective value’

by Eigen'®, therefore represents a mutation-selection balance coefficient'** which tends to
resemble population genetics relative fitness w when mutation rates p are close to zero'**. The
quasispecies is then defined as the linear combination of X; and the fittest distribution
corresponds to the quasispecies composition defined by the eigenvector associated with the

maximum eigenvalue of the matrix W:
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From the previous formula, one can then define the ‘master sequence’ as the one with
the highest intrinsic selective value W;;, which dominates the mutant distribution (sometimes
called mutant ‘swarm’ ‘cloud’ or ‘spectrum’) and is critical for the maintenance of the
information in the distribution'®. Importantly, the master sequence is not necessarily the
most abundant in the distribution: this is rather determined by the values of the eigenvector,
and its sequence does not necessarily match the consensus sequence - the sequence
composed of the most dominant nucleotide at each position in the population. Even more
surprisingly, the consensus sequence may not be represented at all in the viral swarm. This
latter consequence is of particular importance, as a substantial part of virology literature

bases its conclusions on the consensus sequence and admits it as the ‘wild-type’ (Figure 6).
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Figure 6 | Simplified representation of a quasispecies. (A) Mutant network of the quasispecies on a
fitness landscape (gray circle gradient). The master sequence (star) is the fittest of the distribution.
Circle sizes represent variant abundances. Solid lines correspond to mutational coupling between
variants. (B) Composition of the quasispecies. The master sequence is not necessarily the most
abundant sequence, which is indicated by the gray arrowhead. The consensus sequence corresponds to
the ‘average’ sequence of the population and is not necessarily represented in the quasispecies.
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2.1.2. THE ERROR THRESHOLD

A second aspect of quasispecies theory focuses more on the stability of the
quasispecies itself. Briefly, because the master sequence is assumed to dominate the
distribution and hold its information content, its disappearance through excessive error
would lead to the collapse of the quasispecies itself, resulting in a random distribution of
mutations (no information). This predicts an ‘error threshold’ above which the information is

lost. It is defined when the average error rate P, is

m

In|o,,| A
" Dp+Ey

with o

Equation 4 Prax=

m

0, is the superiority parameter of the master sequence m, v,, the amount of information in the

master sequence (which is proportional to its length), and E,.,, the average productivity of all

competitors k such as Ek;mZZ (Ak— Dk)xk/Z X,. Consequently, the more information Vv, in a
sequence (the longer it is), the lower the error threshold is at similar superiority values of the
master sequence. Moreover, the master sequence must maintain a superior replication rate A,
(independent of its accurate replication) which compensates for its degradation D,, and the
overall production of minor sequences E,.,. Of note, as pointed out by Bull et al, the error
threshold of one quasispecies only signifies that the master sequence holding its structure
gets lost, but another master sequence of lower selective value W; can replace it and generate
a new distribution'*. Only when no other sequence can sustain its information content does

1145

the population reach the ‘extinction threshold’** where the viral population goes extinct.

The error threshold is a fundamental prediction of quasispecies theory and has been at
the origin of the concept of lethal mutagenesis as an antiviral strategy®'**. The major idea
coming from studies around viral polymerase fidelity is that viral populations tend to have
mutation rates situated just below the error threshold to maximize genomic diversity and thus
adaptability®®*>"*, As such, using mutagens such as 5-fluorouracil or ribavirin can push the
mutation rate passed the threshold and lead the population to an ‘error catastrophe’ The

146-149

effects of lethal mutagenesis have shown successful attenuation of viruses in vitro and in

150

vivo'. However, whether this attenuation is due to a true ‘error catastrophe’ is still debated”’. I

will discuss in section 2.1.4 alternative explanations for the observation of lethal mutagenesis.

43



2.1.3. SURVIVAL OF THE FLATTEST QUASISPECIES

Another prediction of quasispecies theory is the ‘survival of the flattest’ which was
introduced in section 1.7. Particularly for quasispecies, the evolutionary dynamic is not linked
to genetic mutational robustness of single genomes, rather it is a property of the mutant
network as a whole acting as a single unit. Because the distribution spans across a surface of
sequence space, the topology of the landscape plays an important role: the fitness of the
quasispecies is determined as the linear combination of the fitness of each mutant. As a result,
highly diverse and spread-out distributions on lower but flatter peaks tend to have better
fitness overall than ones situated at higher sharper peaks. In contrast to mutational
robustness at the genome level, where more robust genomes outcompete lesser ones at
elevated mutation rates, and is the result of contingent random mutations, this survival of the

flattest dynamic in quasispecies is completely deterministic as the population is already

composed of a mutant spectrum (Figure 7).
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Figure 7 | Survival of the flattest at high mutation rates or in quasispecies. At low mutation rates

the fittest variant (orange) produces on average a fitter progeny than the more robust but less fit
variant (yellow). At high mutation rates, progeny genomes accumulate more mutations and are more
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genetically distant than their progenitor. Because the more robust variant lies on a flatter peak, fitness
values decrease less dramatically with genetic distance, resulting on average in a fitter progeny than
the fittest variant. In quasispecies, the respective mutant networks already span the high mutation rate
distribution, and the average fitness correspond to the fitness of their populations. Arrows indicate
average fitness of progeny (mutational robustness) or mutant networks (quasispecies). Adapted from
Sanjuan et al.,, 2007,

2.1.4. LIMITATIONS AND CONTROVERSIES OF QUASISPECIES THEORY

As stated before, the main controversy around quasispecies theory is its applicability to
RNA virus evolution. Indeed, many authors argue that mutation rates in RNA viruses, and even
more so in DNA viruses, are too low to allow mutational coupling between mutants**. Indeed,
validation of quasispecies dynamics in silico with digital organisms by Wilke et al. has shown
that survival of the flattest only emerges at mutation rates ranging from 1.13-3.5 mutations
per genome per replication cycle (mut/genome/rep)®*, or for Comas et al. above 2
mut/genome/rep™’. This is typically higher than the 1 mut/genome/rep usually associated

with RNA viruses. In opposition, evidences of survival of the flattest in vitro'2®'?’

push other
authors to affirm that these tested viruses do indeed follow a quasispecies dynamic, although

it is only observed at artificially elevated mutation rates.

Moreover, other critics target the use of quasispecies theory as an alternative to
classical population genetics and argue that all current observations are more parsimoniously
explained by an already robust and validated theoretical framework. For example, I developed
in section 1.7 how survival of the flattest is also predicted in population genetics while only
involving genetic mutational robustness and the majority of deleterious mutations in the DFE,
without the need for mutation coupling. Additionally, the underlying mechanism of lethal
mutagenesis is not necessarily the error catastrophe theorized under quasispecies theory.
Indeed, the error catastrophe only predicts the loss of the master sequence but not necessarily
the collapse in fitness of the population. First, mutagen treatments can lead to the selection of

29149152153 or more robust genomes'”, thus

high-fidelity and mutagen-resistant variants
actually increasing their fitness value in the fitness landscape under mutagenic conditions.
Further, loss of viral infectivity can still happen while the viral population continues to
replicate because of the action of defective genomes'*®, Finally, the approach of viral extinction
through loss of sequence information is also too stringent: mutational robustness allows the

maintenance of phenotype despite the deformation of the initial information. Rather, lethal
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mutagenesis can simply be explained by the increase in the expected number of lethal or
deleterious mutations per replicated genomes. This last approach allows for a more relaxed
definition of a different lethal mutation threshold that could be typically lower than the error

threshold predicted by quasispecies theory.

In addition, other phenomena have been associated with quasispecies theory, although
they are not directly predicted by it. Among them, the concept of ‘memory genomes’ in
quasispecies refers to genomes that were once dominant (master sequences) in the past
evolutionary history of the population, but declined and remained as minority variants
through constant replenishing by mutational coupling. In theory, they can accelerate the rate
of re-adaptation to former selective pressures through simple selection forces and become
dominant again. The existence of such memory genomes has been reported in viral systems in

Viv0150,154

, and sheds light on the importance of minority variants and the historical
contingency of viral evolution®. Nevertheless, the maintenance of sequences at minority levels
is not specific to quasispecies and can be achieved if these sequences do not accumulate

deleterious mutations over time and are lost through genetic drift.

In conclusion, I argue that whether or not quasispecies dynamics are possible in RNA
virus populations, they do not provide better evolutionary explanations to experimentally or
naturally observed viral evolution patterns. Nevertheless, quasispecies theory popularized
among virologists the idea that the unit of selection is not necessarily the individual genome,
but could be analyzed at a second-order level. In the next sub-sections, I will illustrate how
viral genomes interact in complex manners to replicate, then argue for another type of group

selection theory.

2.2. Collective behaviors of viral populations
2.2.1. COMPLEMENTATION AND MINORITY VARIANTS

One form of interaction between different viral genomes is complementation: one
genome produces proteins that can then help in trans other genomes in their infectious cycle.
Most of the examples of complementation described in the literature show how wild-type
genomes can rescue functions of other genomes that have depleted functions'*>**’. However,
the extent of complementation does not stop at helping otherwise defective genomes, but can

also happen between strains containing beneficial mutations. In their paper, Xue et al. show
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how two influenza A virus variants at residue 151 in the neuraminidase (NA) protein are
capable of cooperating to increase viral yields superior to pure populations of one or the
other'®, The proposed mechanism is that one of the variants (G151) is more proficient at cell
entry while the other (D151) improves cell exit, and assembly would result in chimeric virions
containing both NA protein variants, regardless of the genome variant packaged. This
complementation between strains leads to stable mixed populations after multiple passages,

and even becomes obligate when the hemagglutinin protein lacks receptor-binding activity '*®.

Interestingly, complementation between genomes is not completely random, and some
genomes are required to produce some proteins in cis to be able to be complemented in trans
for other functions. In their paper, Rezelj et al. show that a defective viral genome (DVG) of
Zika virus can only be complemented by a helper full-length genome if the DVG retains its ORF
without frameshifts®®. More generally, it appears possible that not all proteins can be
complemented in trans, and spatial distribution of replication units and viral factories in a
single cell could affect protein flow. For example, structural proteins are thought to be
typically more easily shared, to the extreme that envelope glycoproteins from other virus
species can be used for delivery of genetic material of other species such as in virus
pseudotypes'. Further research should be conducted to resolve a complete map of possible

complementation between viral genomes.

In segmented viruses, complementation is almost essential for successful infection
cycles: Brooke et al. showed that at low multiplicity of infection with influenza A virus, up to
90% of infected cells failed to express at least one essential viral protein, leading to mostly
abortive infections'®. They conclude that most virions are semi-infectious and
complementation-dependent. To a certain extreme, this requirement for multiple infections to

recapitulate a fully functional infectious cycle is at the core of multipartite viruses’ life cycle.

In non-segmented viruses, such requirements for complementation do not seem to be
the rule'®, but effects on population fitness and intra-host dissemination are nonetheless
important. Ciota et al. demonstrated that fitness values of diverse West Nile virus populations
are significantly higher than the mean or median fitness of individual clones from the same
populations, and that this discrepancy increased with multiplicity of infection'®'. Even more
striking, diverse population fitness can only be recapitulated when reconstructed mutant
haplotypes are mixed with some at frequencies of only 10% in the population'¢?. These effects

of so-called ‘minority variants’ have emphasized viral population diversity as a main driver of
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pathogenicity , which has been linked for example to neurotropism in poliovirus'®,
However, genetic diversity by itself — the existence of beneficial haplotypes that can be
positively selected - obscures the role of minority variant complementation found by Borderia
et al.: some minority genomes can exert dominant phenotypes at very low frequencies, which
could explain balanced selection of variants at intermediate frequencies in experimental

evolution set-ups'®%

An interesting property of complementation is that it alleviates epistatic interactions in
the same genome, allowing interactions of beneficial mutations at the protein level, for

example during oligomer assembly'®®'¢416°

, while avoiding antagonistic negative epistasis.
Moreover, as shown in the paper from Xue et al., cooperation can happen between different
alleles at the same locus'®, which could otherwise only be possible through gene duplication
without complementation. Of note, cooperation between co-infecting genomes can produce

new phenotypes'816°,

2.2.2. CHEATER GENOMES

A direct consequence of complementation is the emergence of ‘cheater genomes.
Indeed, because some viral resources are shared, genomes can evolve to participate unequally
in costly protein production while still benefiting from these common resources. Most cheater
genomes described are defective viral genomes (DVGs): genomes that are incapable of
completing a full replication cycle on their own and require ‘helper’ genomes to do so0'®®. DVGs
are therefore complementation-dependent. However, some cheaters do not require
complementation and can function on their own, albeit when they co-infect cells with wild-
type genomes, they outcompete the latter ones by better exploiting common resources or
producing more proteins that function preferentially for their progenitor genomes'’,
Nevertheless, co-infections and complementation weaken purifying selection of deleterious
mutations, therefore promoting the accumulation and maintenance of ‘inferior’ cheater

genomes'®,

2.2.3. COLLECTIVE INFECTIONS

A determining factor for complementation and the emergence of cheater genomes is

the probability of co-infections. The simplest way to achieve co-infection of cells is through
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elevated multiplicities of infection (MOI): the distribution of the number of infectious units
infecting a single cell follows a Poisson distribution. However, evidence of several forms of
collective infectious units (CIUs) that locally increases the MOI have been reported and seems
to represent a substantial proportion of infection events'®. Consequently, in typical titration
by plaque assays, single plaques initially thought to represent single infectious genomes are
often in reality ‘chimeric plaques’ composed of different variants'®**”°, These CIUs can be
formed from clustered single virions, or readily released as multi-virion structures'®. In
addition, multiple genomes can be packaged in a single virion, resulting in polyploid viral

171-173

particles The ability for virions to co-package different genomes depends on

174 173

encapsidation selectivity "* and virion structure modularity "

Clustering of individual virions through virion aggregates can happen spontaneously
depending on pH and saline properties of their containing fluids'®>'”®, This phenomenon is
probably the underlying mechanism of virion aggregates in saliva'>'’®. Additionally,
interactions with extracellular matrix compounds can also promote aggregates, such as
amyloid fibrils found in semen which interact with human immunodeficiency virus 1 (HIV-1)
virions'”’. Other forms of clustering also occur through concentration at the surface of ‘third-
party cells’: HIV-1 particles are captured and accumulated in membrane invaginations of
dendritic cells before being transmitted to target CD4+ lymphocytes'’®. For enteric viruses, the
accumulation of virions at the surface of commensal bacteria facilitates co-infections of host

cells'”.

Moreover, viral particles can be delivered readily as multi-virion structures. Human T-
cell leukemia viruses 1 were described to aggregate after egress in virus-induced extracellular
matrix networks at infected cell surfaces, which subsequently rapidly adhere to other cells
upon contact'®, This type of structure has been compared to bacterial biofilms'®. In addition,

membrane-mediated structures have also been described. These extracellular vesicles

181-183 183-186

originate either from the exosomal secretory pathway or autophagy bodies and

enable en bloc infections without cell-to-cell contacts.

Finally, direct co-infections through cell-to-cell spread are common for many viruses.

187

These can involve preexisting junctions such as plant plasmodesmata'® or neural synapses'®®,

or virus-induced structures such as filopodial bridges'®’

. More dramatically, the formation of
syncytia through membrane fusion of infected and non-infected cells'****! leads to the delivery

of the entire intracellular viral population to the new targeted cells.
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Altogether, these mechanisms are thought to increase bottleneck sizes'*'*, especially
at inter-host transmission events'’*!”’, therefore increasing initial genetic diversity. Moreover,
co-dispersal structures can increase virion stability'”* and protect from neutralizing
antibodies'’. Complete avoidance of circulating antibodies can also be achieved by cell-to-cell
spread. Experimental infectivity assessments of virion clusters against independent ones
usually show more potent infections when viral particles disperse in CIUs'**'82!8 suggesting
that these mechanisms might have been the result of positive selection. However, no genetic
determinant for these mechanisms has been identified in viral genomes, shedding doubts on
their heritability and evolvability per se'®. Finally, mechanisms that prevent co-infection
events also exist. Among them, superinfection exclusion blocks the secondary infection of
already infected cells at either the entry'” or genome replication'**'** step. This phenomenon
can dramatically modify cell-to-cell transmission events'®® and induce spatial segregation of

virus populations in situ'**""’.
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Figure 8 | Types of collective infectious units. Adapted from Sanjuan and Thoulouze, 2019,
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2.2.4. STRENGTH IN NUMBERS: COLLABORATION THROUGH ‘MASS EFFECT’

I have discussed how collective infections and complementation networks draw an
interdependent picture of viral genomes, where selection cannot act solely on individual viral
variants because of their interactions. In addition to this view, viral population size itself has

emerging collaborating properties.

First, co-infection events can lead to cooperative replication, where early synthesis of
viral proteins from multiple templates accelerates the initial speed at which progeny are
produced. This is due to the positive feedback of viral genomes producing their own
polymerase which then replicate their numbers. This cooperative process has been validated

experimentally in different mammalian viruses'®,

Additionally, this ‘mass effect’ in single cells also allows cooperative suppression of the
host immune response. Because host restriction factors are limited, early higher numbers of
viral genomes and restriction factor antagonists can overwhelm the antiviral response,

199-201 " This cooperative antagonism of antiviral

leading to reduced abortive infections
immunity is well described in bacteriophages that must overcome the CRISPR-Cas defense
system of host bacteria. They evolved anti-CRISPR (Acr) proteins that antagonize this immune
response, however, the amount of Acr proteins delivered by a single phage is often insufficient,
leading to a critical population number threshold under which infection fails****', More
surprisingly, previous abortive infections initiated by insufficient numbers of phages still
temporarily hinder the CRISPR-Cas system of infected bacteria, therefore predisposing them
to successful infections by other phages®**®, In vertebrates, successful antagonism of the
interferon signaling pathway not only helps other viral particles to infect the already infected

cells, but also prevents neighboring uninfected cells from entering into an antiviral state®%,

2.2.5. VIRAL COMMUNICATION

The discovery of the arbitrium communication system regulating the lysis-lysogeny
cycle of bacteriophages must be one of the most fascinating forms of collective behavior yet
identified in viral populations. Briefly, the system consists in the production and sensing of a
small peptide AimP by infected bacteria: AimP is secreted and internalized by host bacteria,
where it then downregulates the transcription of an inhibitor of lysogeny AimX by binding to a

phage-encoded receptor AimR, which upregulates AimX expression in its unbound form?**.
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The concentration of AimP in the medium therefore reflects the density of already infected
bacteria. When AimP concentrations are low, lysogeny is inhibited by expressed AimX and
infected bacteria undergo lysis which releases new virions during burst. Conversely, when
AimP concentrations are high, AimR cannot activate the expression of AimX and lysogeny is
promoted, allowing prudent exploitation of hosts when their uninfected concentration is

22 Of note, while this communication system highly resembles the quorum-

expected to be low
sensing system of the bacteria they infect, AimP, AimX and AimR are all produced from the
phage genome itself. Therefore the arbitrium system is not simply a hijacking of their host

communication system.
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Figure 9 | Types of viral collective behaviors. (A) Complementation. Synergistic interactions
between co-infecting variants can improve total population fitness and lead to new phenotypes (e.g.
oligomer assembly). Complementation is sensible to the emergence of cheater viruses. (B) Collective
infections. Virus genomes often disperse in groups, increasing the multiplicity of infection locally.
(C) Cooperative replication. Positive feedbacks between the initial number of genome templates and
polymerases being synthesized result in an short term replication advantage of co-infections over
single infections. (D) Cooperative immune suppression. High multiplicity of infection can limit the
number of abortive infections through higher concentrations of restriction factor antagonists. (E) Viral
communication. The bacteriophage arbitrium system promotes prudent host exploitation by inhibiting
lysis when available uninfected bacteria numbers are low. Adapted from Sanjuén, 2021%.

2.3. Social evolution theories: alternatives to quasispecies to account for virus-virus
interactions

In the previous sub-section, I depicted RNA virus populations as complex pools of

interacting genomes which sometimes disperse in groups. Because of the widespread network
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of complementation between co-infecting genomes and de novo variants being produced by
the erroneous RdRp, I argue that considering single genomes as a unit of selection is
insufficient to describe viral infections and evolution. Nevertheless, quasispecies theory which
has been previously used to account for selection at the mutant network (quasispecies) level
has teleological flaws: if selection acts on groups of genomes, it is not mainly because they are
linked through mutational coupling, but because at different levels (intracellular replication
units, cells, tissues) the proteins they produce interact and can be shared between other

genomes.

Under this particular light, social evolution theories can help widen the theoretical
framework of population genetics without having to account for yet non-validated
prerequisites such as mutational coupling. Indeed, social evolution combines kin selection,
group selection and game theories to account for interactions between individuals when they
share resources, usually referred to as ‘public goods’, which impact their fitness. While the
theory has been first developed to account for social interactions in higher organisms, I will

present how it has already been applied to virus populations to explain some observations.

2.3.1. BRIEF INTRODUCTION TO SOCIAL EVOLUTION

Social evolution theories were first formulated to explain traits that were identified as
altruistic - organisms helping the reproduction of other organisms at the cost of their own
fitness. An extreme form of altruistic behavior is the example of sterile eusocial insects, such
as honeybees or ants, where large numbers within the colonies work to help the reproduction
of a few queens. At first look, these observations defied the selection at the individual level
thought to result from Darwinian evolution. Indeed, the emergence of social cheaters was
thought to block any form of altruism, as they would benefit from cooperative traits without
suffering their fitness costs, therefore having higher fitness than cooperators. Three main
mechanisms were then theorized to explain such traits: kin selection, game theory and group

selection.

First, kin selection focuses on a gene-centered approach to evolution. It theorizes that
for altruistic behaviors to emerge, individuals should only cooperate with other genetically
related individuals. William Donald Hamilton used the concept of ‘inclusive fitness’, in addition

to the classical ‘personal fitness’, to describe the number of offspring one individual supports
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regardless of their progenitor. Using this, he showed that not only does a gene’s evolutionary
success in a given population depend on its own replication, but success can also increase if it
promotes the reproduction or survival of other individuals carrying the same gene. He derived
a formula called Hamilton’s rule which determines if a gene coding for altruistic traits can

stably spread in a population:
Equation 5 rb-c>0

where r is the probability that a cooperating trait benefits individuals carrying the altruistic
gene and is usually referred to as the ‘degree of relatedness’, b the reproductive benefits of the
recipient of the altruistic trait, and ¢ the reproductive cost of the trait for the altruist. To
increase the probability of cooperator assortment, kin recognition - the ability to selectively
recognize related individuals - and “viscous” population - the spatial proximity of close kin

dispersal - are different mechanisms thought to increase values of r.

Second, evolutionary game theory is the application of classical game theory used in
economic sciences to explain stable evolutionary strategies. It was developed by John Maynard
Smith to understand how different heritable strategies and their interactions in cost or gain of
fitness for players could result in altruistic behaviors while maintaining the assumption that
selection occurred upon individuals which act for self-interest. In evolutionary game theory,
the evolutionary stable strategies (ESSs) are strategies or mixes of strategies that are stable
once adopted by a population. One particularly interesting game is the Hawk-Dove game (also
known as ‘Snowdrift’), in which two types of strategies exist: hawk which wins the public
goods (V) when it meets a dove, but suffers a cost (C) when it meets another hawk; and dove
which shares the resources when it meets another dove, but leaves the public goods to the
competitor if it is a hawk. When the costs suffered by hawks are higher than the gains (C>V),
the ESS is a stable mix of hawks and doves in the population. If the hawk and dove strategies
are respectively associated with cheaters and cooperators in social interactions, then
cooperators can resist the invasion of cheaters if C>V. More complex models also exist with

the addition of kin selection.

Last, in opposition to the previous theoretical frameworks, group selection rather
argues for multi-level selection. It postulates that when competition between groups is more
important than competition between individuals in said groups, then selection acts to

maximize group fitness. Briefly, it argues that if cheaters tend to beat cooperators in a group,
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groups of cooperators outcompete groups of cheaters. Group selection has been widely
criticized by gene-centric evolutionary biologists, however, it allows the consideration of
division of labor in populations, which can account for certain traits observed in microbial
populations®”. Division of labor allows for functional specialization and relieves organisms
from certain trade-offs. Interestingly, division of labor can result in individual fitness loss for
some individuals in mixed populations, while increasing population fitness overall*®”. The
latter case is observed in the case of specialized replicators and maintainers, and is often
compared to the division of labor between germinal and somatic cells in multicellular

organisms, therefore reinforcing the argument that selection acts upon the group.

2.3.2. APPLICATIONS TO VIRUS-VIRUS INTERACTIONS
While all of these social evolution theories have been first formulated for higher
organisms, they also have been applied to virus populations and form an emergent field of

studies called sociovirology*.

For example, the study of defective viral genomes (DVGs) and their ubiquitous
presence in virtually all viral families have attracted a lot of attention from evolutionary
virologists. Because DVGs are social cheaters, their ubiquity should drive cooperative traits in
viruses to extinction. However, as I have previously described, complementation and
cooperative immune escape are observed in many viruses. An analysis of this problem
through evolutionary game theory’s Hawk-Dove game, where DVGs are hawks that
preferentially hoard public goods when in presence of wild-type dove genomes, but suffer an
absolute fitness cost when they are only met with other DVGs that cannot complement them,
allows us to predict that cooperators and cheaters can still co-exist in an evolutionary stable
state. Works from Chao and Elena found that it is the non-linear advantage of DVGs both not
participating in public goods production and replicating faster than wild-type genomes
because of their smaller sizes that promote the Hawk-Dove dynamic. Further, they predict that
the system evolves towards the co-existence of ultra-cheaters and ultra-cooperators and high-
level production of public goods®®. This not only recapitulates current observations but can
serve as a neutral evolutionary explanation for the existence of DVGs without having to find in

them selective advantages.
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In addition, kin selection has been used to explain the evolution of interferon
suppression as a social trait’?%, Because interferon suppression benefits other viruses
infecting neighboring cells but has an inherent fitness cost, it acts as an altruistic trait and is
sensible to cheater invasion. Using in vitro and in vivo experiments with vesicular stomatitis
virus, Domingo-Calap et al. showed that the spatial structure of infections allows higher
assortments between cooperating variants, which promotes higher yields in virus titers and
prevents invasion of fitter cheater genomes®®. The importance of spatial structure for social
traits could explain the evolution of superinfection exclusion as a mean to increase kin
assortments, although other cooperative mechanisms such as increased viral spread have also

been proposed?”.

Furthermore, mathematical models predict that collective infectious units produced
from the same infected cells increase genetic relatedness between co-infecting genomes and

limit cheater invasion risk even when complementation is high'*®,

2.4. Defective viral genomes are an integral part of viral populations

I have described how viral populations function as complex interacting units, and how
social evolution theories can help model their evolution. However, what should be counted as
part of viral populations can be a subject of debate. I argue, similarly to Aparicio et al. in their
review?®, that DVGs are integral parts of viral populations, and could play specific roles in

viral infections.

Indeed, as I have developed before, DVGs can be considered social cheaters. As such,
their existence is not just a meaningless by-product of viral replication, but an expected part of
viral populations predicted by social evolution, with conflict dynamics in shared viral and
cellular resources. Moreover, as I will develop further in the introduction of Chapter 1, some

23,166,209,210

DVGs have clear interfering properties, stimulating the host immunity or having

enhanced competitive advantages over their wild-type counterparts'®

. As a consequence, they
can drive standard genomes to evolve resistance to their interfering properties**'2, DVGs that
persist over passages are also not random, exhibiting particular features such as preserved
ORF#*?! gpecific mutations'®’ or deletions?*?*!*?®*, They can compete with one another'®” and
accumulate specific mutations not observed in standard genomes?®'**"’, Interestingly, contrary
to their commonly accepted portrayal as purely detrimental members of virus populations,

they were shown to promote persistent infections'®**'**'®, A more complete exploration of
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possible positive interactions of DVGs with the rest of viral populations has yet to be

researched and is the topic of Chapter 1 of this thesis.
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Box 1 | MAJOR POINTS OF THE GENERAL INTRODUCTION

>

RNA viruses have high mutation and recombination rates due to their error-prone
RNA-dependent RNA polymerase. Combined with their small sizes and high

replication rates, they can virtually explore all possible mutations.

Most mutations are deleterious or lethal. Severe bottlenecks at transmission or host-

barrier crossing events can fix those deleterious mutations.

Intra-genomic epistatic interactions between mutations are usually antagonistic,
buffering additive deleterious effects and resulting in a rugged fitness landscape with

multiple adaptive pathways.

Viral population interactions can increase robustness to deleterious mutations

through mass-effect population robustness and complementation.

Complementation in viral populations is ubiquitous and can act dominantly (minority
variants), with individual genomes being either semi-infectious or having significantly

lower fitness than the population one.

The widespread network of complementation (shared resources), collective infectious
units and other forms of virus-virus interactions argue that natural selection acts

rather on the population level than the individual genome one.

Social evolution theories are more parsimonious than quasispecies theory to model

and explain virus evolution.

Defective viral genomes are integral parts of virus populations, driving standard

genome evolution and harboring specific mutations.
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CHAPTER 1: POSITIVE INTERACTIONS OF DEFECTIVE VIRAL GENOMES IN ZIKA

VIRUS

1. Introduction

1.1. Definition and types of defective viral genomes

Defective viral genomes (DVGs) were first identified by Preben Von Magnus in 1947 in
in vitro passages of influenza A virus, where he found incomplete viruses that could interfere
with and reduce viral yields of wild-type viruses®'. This discovery raised interest in viral
particles with interfering properties, and led to the coining of the term ‘defective interfering

particles (DIPs) two decades later by Huang and Baltimore?*°

. However, in their paper, Huang
and Baltimore also considered other types of defective viral particles which they excluded
from the DIP definition because they lacked interfering properties. In my manuscript,
following the definition from Vignuzzi and Lépez'®, I will refer to DVGs simply as viral
genomes incapable of completing a full replication cycle in the absence of co-infecting
standard viral genomes. This definition includes genomes that do not necessarily interfere,
but also genomes incapable of being packaged contrary to defective viral particles considered

by Huang and Baltimore. Of note, while all DVGs are by definition cheater genomes, not all

cheater genomes are defective on their own.

Because this definition only involves complementation-dependance, DVGs can be
generated by diverse genomic alterations: single lethal mutation or hypermutation, frameshift,
insertion, deletion, reassortment and copy-back or snap-back'®® (Figure 10). Among them,
DVGs comprising deletions are the most abundant species observed in vitro and in vivo in
virtually all viral families'®, and are sometimes referred specifically as deletion-containing

)?*1. Moreover, copy-back and snap-back DVGs are specifically found in

viral genomes (DelVGs
-ssRNA viruses and are generated when the polymerase detaches from its donor template and
reattaches to the nascent RNA strand, forming viral RNAs with complementary 3’ and 5’ ends

and typical hairpin structures®*.
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Wild-type genome segment

1.2. Factors of DVG generation and maintenance

Since DVG generation is mainly caused by mutational or recombinational events,
random errors generated by viral polymerases are thought to be the main factor of their
formation. Indeed, experimental results in RNA viruses showed that mutations in the RdRp
affecting recombination rates were linked to increased amounts of DVGs®******, Additionally,
mutations outside of the RdRp but affecting proteins interacting with replication complexes
were also reported to affect DVG abundance®”??’. Consequently, mutation and recombination
hotspots are believed to affect the distribution of types of DVGs'®. The particularity of copy-
back and snap-back DVGs in -ssRNA viruses but not in +ssRNA suggests that RNA polarity or

yet undiscovered genomic signals might also drive DVG generation.

Finally, as discussed in the general introduction, mechanisms promoting co-infections
consequently promote cheater genome (including DVGs) maintenance. Even more, because
high multiplicities of infection have been associated with increased DVG generation, these
CIUs play a double role: they increase DVG generation and promote their maintenance in new
infectious cycles. Surprisingly, some viral protein domains have been directly associated to

increased DVG packaging while not affecting standard genome packaging?®.

1.3. Defective Interfering Particles (DIPs): DVGs as social cheaters

When DVGs were identified by Von Magnus, he noticed that infectious viral titers were
fluctuating in an oscillating manner across passages®”®. This phenomenon was attached to the

interfering properties of the defective interfering particles he identified: when infectious titers
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are high, high levels of co-infection occur and DIPs increase in frequency, resulting in following
passages in a drop in viral titers; conversely, when titers become too low, the MOI becomes
insufficient to sustain DIPs and titers recover. This phenomenon was observed in other

viruses®”’** and mathematically modeled based on a modified predator-prey model**.

In the following section, I review different mechanisms by which DIPs interfere with
standard genomes, and discuss how DIPs can be used for novel antiviral therapies or

prevention.

1.3.1. INTERFERENCE OF VIRAL PRODUCTION
First, an already discussed mechanism for DIP interference is their competition against
standard genomes for public goods, namely viral and cellular resources'®, which has been

modeled using social evolution theories'*®2%%2%,

Briefly, DVGs are thought to replicate faster because of their usual smaller sizes*”, or by
encoding signals that enhance their ability to replicate?*?, The latter case is well documented
for copy-back species which have highly efficient flanking trailer promoters that enhance their
replication®*?**, The relationship between DVG size and replication kinetics on the other hand
appears not to be completely linear, with intermediate optimal deletion sizes found across
different viruses®**'*?**, Whether this non-linearity is due to necessary cis-acting genes® or
structures that DVGs must preserve, or packaging limitations to ensure proper assembly of the

nucleocapsid®® has still to be resolved (Figure 11A).

Moreover, DVGs can compete for other viral resources, notably structural proteins,
while keeping their replication rates at similar levels than standard genomes. Enhanced

167,236

packaging signals have been found in some DIP species , while others showed on the

contrary decreased packaging efficiency?”.

Finally, DIPs can interfere with standard genomes by affecting their infectious cycle. A
fascinating study by Fonville et al. revealed that while semi-infectious particles in influenza A
virus promoted reassortment between viral segments, DIPs on the other hand suppressed
reassortment”’, This phenomenon could affect population genetic diversity, and therefore
viral population fitness. Additionally, DVGs in Sendai virus were reported to affect cellular

238

trafficking, thus affecting released viral particles’ composition“*. Defective protein production
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from DIPs can also negatively affect viral population through dominant phenotypes such as

with oligomeric structural proteins?**%,

Of note, DVGs do not necessarily need to outcompete standard genomes for replication
or packaging to harbor interfering properties, as their defection in viral protein production

readily reduces available resources for standard genomes.

1.3.2. STIMULATION OF HOST IMMUNITY
Other well characterized mechanisms by which DIPs interfere is through stimulation of

their host immunity.

In vertebrates, DIPs are recognized by pattern recognition receptors (PRRs) such as
Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs). This in turn stimulates the
secretion of type I and III interferons (IFNs) and pro-inflammatory cytokines, including tumor
necrosis factor (TNF), interleukin (IL)-6 and IL-1p2%?%724-2%4 More particularly, copy-back
DVGs were reported to be extremely potent at immunostimulation with higher magnitudes
than DelVG**. This potency is mediated by copy-back-specific motifs enhancing RIG-I sensing
of vRNA**®, In addition, DIPs stimulate the adaptative immunity by promoting maturation of

dendritic cells and enhancing antigen presentation capabilities*****” (Figure 11B).

In plants, DIPs have been shown to activate the RNA interference (RNAi) response
through enhancement of post-transcriptional gene silencing®*®. In insects, the RNAi response
is also involved through the implication of Dicer-2. DVGs can be processed classically through
their dsRNA form by the RNAse III domain of Dicer-2 to produce small interfering RNAs
(siRNAs), but they were shown to also serve as templates for the formation of linear and

circular viral DNAs (vDNAs) which amplify the siRNA silencing pathway>*.
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1.3.3. THERAPEUTIC INTERFERING PARTICLES (TIPS): USING VIRAL PARASITES FOR CONTROL, PREVENTION
AND TREATMENT

The interfering properties of DIPs have initiated several studies to use them as antiviral
therapies for mainly human infections. These specific DIPs termed ‘therapeutic interfering
particles’ (TIPs) were shown to induce potent immune response in vivo and reduce viral loads

when administered to animals?3?!4250.251

. Specifically, some TIPs were shown to work as
prophylactics to prevent against cognate standard viral infection challenges*°*!, but also to
cross-protect against other RNA viruses from different viral families*°. However, this latter
broad-spectrum protection could also just be a result of boosted innate immune response

through the interferon pathway, rather than directly interfering with viral replication.

In addition, a TIP of Zika virus identified in our laboratory was shown not only to work
as a therapeutic in mice, but to also drastically limit viral dissemination and transmission
when injected in mosquito vectors®®. This opens the way to the use of DIPs as a way to mitigate
arbovirus epidemics by controlling viral populations directly in their vectors, therefore

limiting spill-overs or breaking their urban life cycles.
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Finally, DVGs were identified in different live-attenuated vaccines®****, However, it
remains unclear if these DVGs provide additional immunization, for example by acting as

adjuvants through increased immune stimulation®°,

1.4. Positive interactions of DVGs?

I have depicted in the previous section a strictly negative portrait of DVGs for their viral
populations. However, while some of them first attracted interest because of their interfering
properties, potential roles in promoting persistent infections and chronic diseases have been
associated to DVGs'***', This opens new research questions concerning alternative positive
roles of DVGs in viral populations. More precisely, investigations of DVGs that not only do not
interfere but actively help increase viral population fitness would drastically change the
current vision of DVGs as simple viral cheaters. In the following paragraphs, I first present
current results in DVGs’ implication in viral persistence, then explore alternative positive roles

they could play for standard genomes.

1.4.1. ROLE IN VIRAL PERSISTENCE
It has been observed on several occasions that DIPs lead to persistently infected cell

cultures in vitro?%230256.257

. This phenomenon has been attached to the ability of DIPs to
stimulate the interferon response, which correlates with the establishment of persistent
infections®*®. In their work, Xu et al. showed that cells containing high levels of DVGs were
capable of surviving infection®”, therefore promoting persistence. They attached this
phenotype to a differential activation of the TNF-induced immune pathway: high levels of
DVGs induced the expression of TNF receptor associated factor 1 (TRAF1) through activation
of mitochondria antiviral-sensing proteins (MAVS), which promoted cellular survival through
the TNF receptor 2 (TNFR2) activation pathway; conversely, cells with low levels of DVGs were

210,259

stimulated by endocrine TNF through TNFR1, promoting cell apoptosis

While these observations of persistent infections induced by DVGs were validated in
vitro, the presence of DVGs in infections in vivo**® suggests they could play a role in viral
infections that typically result in chronic diseases. Notably, Von Magnus oscillations of viral

titers could be linked to Ebola virus reactivation in convalescent patients®*’. Further
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experimental investigations of DVGs in vivo should elucidate if they indeed play a role in

persistent infections, or rather if other mechanisms are involved.

1.4.2. ADJUSTING PROTEIN STOICHIOMETRY

DelVGs that selectively preserve their ORF are believed to be able to translate their
genomes into functional deleted polyproteins®**'*, While unbalanced protein production can
lead to interfering properties, such DVGs could alternatively play similar roles than
subgenomic RNAs in regulating protein stoichiometry. Indeed, a hepatitis C virus DVG has
been reported to increase core protein accumulation without translation of envelope
glycoproteins, resulting in an upregulation of viral genome replication and release®’,
Moreover, DVGs observed in Flock House virus contain multiple deletions without
accumulation of single-deletion intermediates, which could be the result of regulation signals
that promote specific types of DelVGs, and consequently translation products®"®. One of this
DelVG in Zika virus has been however associated with interfering properties®?, but this only
occurred at DelVG proportions probably higher than what occurs in natural infections,

therefore having negative effects through artificially skewed protein stoichiometry.

If validated, this hypothesis would strengthen Simon-Loriere and Holmes’s claim that

recombination rates have evolved to regulate viral protein expression®.

1.4.3. CAN DVGS COMPLEMENT WILD-TYPE GENOMES?

Another interesting consequence of DelVGs being capable of protein production is that
their own mutations can in theory trans-complement standard viral genomes. Specific
mutations were shown to covariate with deletion breakpoints, while others anti-correlated
with the latters®". Specifically, in Flock House virus, one single-nucleotide variant (SNV) found
in a DelVG was found to be lethal in standard full-length genome?', indicating that
rearrangements in DVGs alleviate antagonistic or negative sign epistasis. This could signify
that some SNVs play specific roles in DVGs, perhaps for the benefit of the viral population.
Moreover, reports of a dengue virus type 1 DVG showing long-term co-transmission with full-
length genomes over several years®' suggest that maintenance of some DVGs could promote

their evolution and allow division of labor if co-transmission is favored.
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1.4.4. CAN DVGS ENHANCE POPULATION EVOLVABILITY?
Different studies have reported that DVGs tend to accumulate more mutations than

standard genomes?'®?%6244262

, usually with RNA editing signatures from the adenosine
deaminase acting on RNA (ADAR) enzyme family®**?*2, Whether these hypermutation patterns
are linked to relaxed purifying selection due to complementation by standard genomes or
preferential editing of DVGs has still to be determined'®®. Nevertheless, this implies that DVGs
can increase genetic diversity at particular loci, which could in turn benefit the adaptability of

viral populations through complementation or genetic exchange through recombination.

1.5. Zika virus
1.5.1. GENOME AND VIRUS STRUCTURE

ZIKV is an enveloped, single-stranded positive-sense RNA virus from the flavivirus
genus, Flaviridae family. Its genome consists of a linear non-segmented +ssRNA molecule of
around 10.8 kb with a single ORF, a 5’ a 7-methylguanosine cap and a 3’ loop structure which
leads to the formation of a non-coding subgenomic flavivirus RNA (sfRNA) upon degradation
of the rest of the genome. The ORF encodes at its 5’-part three structural proteins, namely a
capsid (C), a precursor membrane (prM) and an envelope protein (E). The remaining majority
of the ORF codes for seven non-structural proteins (NS), namely NS1, NS2A, NS2B, NS3, NS4A,
NS4B and NS5, and a 2 kDa peptide (2K) (Figure 12A).

The genome is enclosed in an icosahedral nucleocapsid, which is enveloped in a
endoplasmic-reticulum-derived membrane decorated in its mature form by 90 antiparallel E
dimers arranged in an icosahedral-like symmetry. The overall viral particle is a smooth

spherical structure of around 50 nm (Figure 12B).
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Figure 12 | Genome and polyprotein organizations and viral particle structure of Zika virus. (A)
ZIKV genome viral RNA and its polyprotein membrane anchoring. Arrows show cleavage site during
the polyprotein processing: dark blue arrows for host proteases, light blue arrows for NS3 protease
activity and red arrow for Golgi protease. (B) Schematic representation of the mature viral particle.

Extracted from ViralZone.

1.5.2. REPLICATION CYCLE

Similar to other flaviviruses, viral entry is mediated by the interaction of E proteins
with a variety of host factors expressed at the host-cell surface such as heparan sulfate or
phosphatidylserine receptors. However cellular receptors are still largely uncharacterized .
The virion is internalized through a clathrin-mediated endocytosis, and is then trafficked to
late endosomal compartments. As the pH becomes more acidic, the E protein dimers
disassociate and form E trimeric structures, exposing their fusion loops which interact with

the endosomal membrane and trigger the nucleocapsid release in the cytosol.

The nucleocapsid disassembles and the positive-sense vRNA is readily translated by
host ribosomes at the endoplasmic reticulum (ER) membrane. The genomic RNA is translated
into a single polyprotein which anchors itself in the ER membrane via the transmembrane
domains of prM, E, NS2A, NS2B, NS4A and NS5B. This polyprotein exposes C, NS3 and NS5 to
the cytosol, while prM, E, NS1 and parts of NS2A, NS4A and NS4B are located in the ER lumen.
It is then cleaved into individual proteins by host proteases on the ER lumen side, and through

NS2B-NS3 protease activity for the cytosol-facing cleavage sites (Figure 12A).

NS1, NS2A, NS2B, NS4A and NS4B transmembrane proteins associate to provide a

molecular scaffold for NS5 RdRp and NS3 activities, resulting in ER membrane
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rearrangements into small membrane invaginations called vesicle pockets (VPs) where the
replication complex is located. There, the positive-sense single-stranded vRNA is transcribed
by the NS5 RdRp activity into dsRNA. The NS3 helicase then unwinds the generated dsRNA
into positive- and negative-sense sSRNAs. The -ssRNA is then processed again by the RdRp to
serve as a replication template, while produced +ssRNAs combine with structural membrane-

associated proteins C, prM and E in assembly complexes.

The structural protein complexes bud into the ER lumen to form immature virus
particles and are trafficked to the trans-Golgi network where they are processed. Immature
virions are characterized by trimeric structures of prM-E heterodimers which form spikes at
the particle surface, unlike the smooth mature virus particle. The acidic environment of the
trans-Golgi network provokes a conformational change in E proteins which rearrange to form
antiparallel dimers which lie flat against the viral membrane, exposing prM proteins at the
surface. This exposes a furin cleavage site on prM proteins which is then cleaved by host
proteases in the Golgi lumen into precursor peptides pr and the membrane proteins M. Due to
the acidic conditions of the Golgi, pr peptides stay associated with the E-M complexes. Finally,
mature virions are released into the neutral extracellular milieu through exocytosis, which

releases the pr peptides from the final mature virion surface?** (Figure 13B).

Additionally, some +ssRNAs are partially degraded by host 5’-to-3’ exoribonuclease 1
(Xrnl) proteins, resulting in sfRNAs from the degradation-resistant 3’ loop structure at the

end of the genome. These sfRNAs are known to antagonize host immune response®®.

For a graphical summary of Zika virus replication cycle, see Figure 13A. Table 1

summarizes known protein functions described in Lindenbach et al., 20217,
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Protein Size (aa) Function

C 104 Encapsidates viral genome.

prM 168 Assists proper folding of E and prevents fusion during maturation;
anchors the prM-E complex through a C-terminal ER-retention domain.

E 500 Mediates receptor binding and membrane fusion through fusion loop;
major neutralizing antigen.

NS1 352 Essential for formation of VPs and RNA replication; contributes to virus
particle assembly; major antigen; may enhance transmission to
mosquitoes?®®,

NS2A 226 Part of the replication complex molecular scaffold; inhibits interferon
response.

NS2B 130 Part of the replication complex molecular scaffold; co-factor of the
NS2B-NS3 serine protease activity; inhibits innate immunity.

NS3 617 Cleaves polyprotein and inhibits interferon response via N-terminal
serine protease catalytic domain; RNA helicase.

NS4A 127 Part of the replication complex molecular scaffold; co-factor of NS3
helicase activity; induces membrane alterations via 2K cleavage;
antagonizes innate immunity.

NS4B 251 Part of the replication complex molecular scaffold; antagonizes innate
immunity.

NS5 903 N-terminal guanylyltransferase and methyltransferase activities for 5’

RNA capping; C-terminal RdRp; inhibits interferon response; may
dysregulate host gene expression.

Table 1 | Zika virus proteins and functions. Summarized from Lindenbach et al., 2021

1.5.3. A ZIKV DVG TO EXPLORE POSITIVE INTERACTIONS

Previous work in the laboratory by Rezelj et al.* identified a TIP candidate ZIKV DVG

comprising an in-frame deletion of nucleotides 581 to 3250, resulting in a conserved ORF

which encodes for a polyprotein lacking the C-terminal 130 amino acids of prM, the complete

envelope protein E, and the N-terminal 254 amino acids of NS1 (Figure 14A). This DVG was

shown to be incapable of packaging its own genome due to the lack of most of M and E

glycoproteins, but is also incapable of replicating its genome in absence of wild-type virus.
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Complementation of this DVG by wild-type was shown to require an intact ORF (Figure 14B),
suggesting that DVG RNA replication requires some of its own non-structural proteins
encoded in 3’ of the deletion to act in cis. Moreover, replication of DVG RNAs was restored by

solely providing in trans the NS1 protein to the DVG (Figure 14C).

This DVG showed interfering properties both in mammalian and insect cells when co-
transfected at 1:1 or 10:1 (DVG:WT) molar ratios. In mammalian cells, this interfering
property was only observed when the DVG preserved its ORF (Figure 14D), but whether the
high number of DVG RNAs replicating, stoichiometry imbalance in protein production, NS1
snatching, or other mechanisms are involved in this interference has still to be explored. In
contrast, in insect cells the ORF is not required, and interference was shown to be mediated by
the RNA interference pathway through Ago2 knock-downs. In vivo experiments in mice and
mosquitoes have shown reduced viral replication of WT viruses when the animal models were
treated with this DVG. In mice, DVG treatment reduced viral symptom severity, while
treatment in mosquitoes showed drastic reductions of viral dissemination and transmission.
Altogether, this DVG was proposed as a candidate TIP for treatment or prevention of ZIKV
infections. Importantly, this specific type of DVG has been observed in West Nile virus and
yellow fever virus high MOI passages, suggesting that it may be constitutive of flavivirus viral

populations in general.
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Figure 14 | The candidate ZIKV DVG requires a conserved ORF and WT-encoded NS1 in trans to
be replicated and show potent interfering properties in vitro. (A) The candidate DVG comprises a
deletion that conserves the ORF. A +1 framshift (DVG out of frame) results in a truncated polyprotein.
(B) Complementation assay of nanoluciferase reporter DVGs or replicons in infected or uninfected
cells. Replication of the DVG is only restored in presence of infectious virus and a conserved ORF. (C)
Complementation of the DVG only requires NS1 in trans. (D) Co-transfection of DVG and WT genomes
results in decreased infectious titers in HEK-293T only when DVGs retain the ORF. Extracted from
Rezelj et al., 2021%,

Finally, this DVG was shown to persist and increase in frequency relative to other
deleted genomes over successive passages, suggesting that it may be packaged and
transmitted to new uninfected cells. However, apart from experimental virus-like particles
(VLPs), no experimental evidence of constitutive viral packaging of these genomes has yet
been performed, and their presence in the population could alternatively be the result of de
novo generation. In case of constitutive DVG packaging, questions relative to their collective

dispersal with WT genomes to be complemented and maintained need to be addressed.

Besides its promising role for antiviral therapy and control, this DVG is an ideal
candidate to study possible positive interactions with full-length genomes. First, because it
retains a functional ORF, positive non-synonymous mutations affecting coding sequences
could be shared with WT through complementation. Second, since we showed that this DVG

had potent interfering properties, showing positive interactions that alleviate this cost in
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population fitness would suggest that viral populations could evolve to mitigate the cost of
ubiquitous cheater genomes. Moreover, because it appears to be maintained across passages,
mutations arising in this DVG could be transmitted to uninfected cells, selected for their
population advantages, and allow division of labor or memory genomes dynamics.
Interestingly, DVG genetic diversity could therefore play a role in population evolvability,
either through dominant complementation like minority variants, or genetic recombination
with full-length genomes. Finally, since this type of DVG is observed in mammalian and insect
cells and in at least two different flaviviruses, experimental observations in the following

study could lead to investigations of such dynamics in natural populations.

1.6. Aims of Chapter 1

To explore if DVGs could play positive roles in viral population infections and their
evolution, we first aimed at identifying a beneficial mutation that could be used in controlled
in vitro experiments to test our hypothesis. We realized classical experimental evolution
passages of wild-type ZIKV in mutagenic conditions to select and identify resistance

mutations to ribavirin treatments.

Then, by introducing the identified mutation in DVGs but not in WT genomes, we tested
if co-infections of beneficial mutation-carrying DVGs and WT could benefit overall population
survival in mutagenic conditions, therefore alleviating the DVG interfering cost. We then
aimed at identifying if the underlying mechanism of this positive interaction was the result of

complementation or genetic recombination.

Finally, we tried to validate that DVGs could be naturally packaged in virions to be
maintained across multiple rounds of infections, and looked for collective infectious units

which could promote DVG maintenance through DVG and WT co-infections.
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2. Article: Defective viral genomes can accelerate viral population
adaptation

The inserted manuscript corresponds to the version we submitted to Nature
Microbiology in March 2022. It was desk-rejected by the editor. Since then, more
investigations have been performed and were added in the following ‘Complementary results’

section.

76



10

11
12

13

14

15

16

17

18
19
20
21
22
23
24
25
26
27
28

29

Defective viral genomes can accelerate viral population adaptation.
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Abstract

Defective viral genomes (DVGs) are non-replicative genomes generated through non-
homologous recombination during viral replication. They are known to negatively impact viral
replication by triggering potent innate immune responses or competing with wild-type viruses for
viral and host resources required for replication. Positive interactions between DVGs and wild-type
viruses have not been described so far. By combining experimental evolution and barcoded viral
genomes, we demonstrate that DVGs are capable of exchanging genetic material with wild-type
genomes through recombination and can provide advantageous alleles in challenging environments.
RNA fluorescence in situ hybridization experiments on released virions showed that DVGs can be
co-packaged with wild-type genomes, which may contribute to the maintenance of DVGs in the
population. We challenge the current understanding of DVGs as solely deleterious for viral
replication and propose that, when present at a low frequency, they can contribute to viral

population adaptation by expanding the exploration of the fitness landscape.
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Introduction

RNA virus populations exist as swarms of genotypes with vast variability, due to their high
mutation rate and large population sizes, which allow them to evolve rapidly and adapt to new
environments'. Due to the lack of proofreading mechanism by viral RNA polymerases, at the
exception of coronaviruses, it is estimated that RNA viruses incorporate on average one mutation in
each progeny genome™’. While it was initially thought that recombination was a rare event in RNA
viruses, it is now established that exchange of genetic material between viral genomes has
considerable evolutionary significance. Indeed, RNA recombination has been implicated in
expanding viral host range’”, enhancing virulence®®, adaptability®’, and resistance to antiviral

treatment'*!. Thus, RNA recombination can also increase genetic diversity in a virus population.

During replication of the viral genome, recombination takes place when the RNA synthesis
along a genome template is disrupted and the RNA polymerase resumes synthesis elsewhere on the
template or along another genome, resulting in the formation of a chimeric molecule.
Recombination may be regarded as a form of viral sex that can accelerate the creation of
advantageous or the purging of deleterious genotypes in viruses'?. RNA recombination is also
responsible for the production of defective viral genomes (DVGs). DVGs are degenerate forms of
the viral genome that are generated as a result of ‘imperfect’ recombination leading to deletions,
insertions, genome rearrangements, or a combination of these. Because they lack genetic
information encoding key functions, DVGs cannot replicate or propagate on their own, and thus

require the presence of wild-type (WT) virus.

While initially regarded as an in vifro by-product of virus propagation, next-generation
sequencing (NGS) has revealed that DVGs are present in virtually any RNA virus population and

that their diversity is immense*™*. DVGs have recently been identified in patients infected with

18,19 20,21

influenza A virus'®, respiratory syncytial virus'’, hepatitis C virus'*"” or dengue virus??', as well as
in birds infected with West Nile virus*. Experimental evolution combined with NGS approaches
have enabled the genotypic characterization of virus populations to further describe the nature of
DVGs. Jaworski and Routh have previously shown that, while a large pool of Flock House virus
DVGs are generated, only a small number of these can accumulate over passages in vitro*. Our
previous work has shown a similar trend for Zika virus (ZIKV) and other flaviviruses, as well as for
chikungunya virus: while many deletions were observed throughout the genome, only a handful of
DVGs was propagated over passages in mammalian and mosquito cells”?*. These DVGs exerted
strong interfering activities against WT virus in mice or in mosquitoes, strengthening the

assumptions that DVGs mainly act as parasites®.
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Apart from a role in facilitating persistence of viral infections in vitro'®***'27

, positive
interactions with WT virus have not been extensively investigated. Here, using a ZIKV DVG that
we previously described® combined with a ribavirin resistance mutation identified by experimental
evolution, we demonstrate that even potent interfering DVGs can provide positive fitness to the
overall viral population by exchanging beneficial alleles through recombination in challenging
environments. Further, we show using RNA fluorescence in situ hybridization (FISH) that DVGs
can be co-packaged with WT viral genomes, albeit at low frequencies, suggesting that DVGs can
share viral resources. We propose that DVG-WT genome interactions are more complex than

simple parasitism and could play a significant role in shaping viral evolution.
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Results
Identification of mutations conferring ribavirin resistance in Zika virus

Our goal was to understand if beneficial mutations carried by co-infecting DVGs could
positively increase viral population fitness and counteract their interfering properties. First, we
sought to identify mutations that could be beneficial under controlled conditions iz vitro, and which
could be used in downstream experiments. Selection of ribavirin (a mutagenic guanosine analogue)
resistance has been achieved for several RNA viruses®'™. To select for a ZIKV variant that is
ribavirin resistant, we serially passaged the virus fourteen times in Vero cells either in vehicle
(DMSO) alone, or in the presence of 400 uM ribavirin (Fig 1a). While ribavirin treatment reduced
virus yields in early passages, this phenotype was lost in two replicates out of three (replicate A and
B) by the eighth passage, suggesting that mutagen resistance had been achieved (Fig 1b).
Sequencing of the virus population in each passage identified two mutations in the viral polymerase
that did not arise in control conditions, and for which frequencies increased throughout passaging.
These mutations were found in the replicates A and B, which exhibited ribavirin resistance in late
passages. No such mutations were identified in replicate C, which showed lower overall titres in the
presence of ribavirin in late passages, thus suggesting no ribavirin resistance arose after fourteen
passages. The mutation T9203G in replicate B (Fig 1b, right panel) emerged in passage number
four and became rapidly fixed in the population, reaching frequencies of 1 by passage number
seven. The mutation A9207C, found in replicate A, emerged in passage number six and reached
frequencies of 0.85 by passage number twelve (Fig 1c, left panel). Both T9203G and A9207C
mutations resulted in a non-synonymous change in neighbouring amino acids in the viral
polymerase: L513V and Q514P, respectively. Mapping of the amino acids on the crystal structure
of the ZIKV polymerase*® (PDB entry SUO5) revealed that these residues are found in the
polymerase palm, in close proximity to the active site, and project towards the priming loop (Fig
1d). The appearance of independent non-synonymous mutations in two replicates that exhibited
ribavirin resistance, coupled with their proximity to the polymerase active site suggest that these

mutations may be mediators of ribavirin resistance.

Zika virus polymerase L513V confers ribavirin resistance without reducing viral fitness in

vitro.

To test if the mutations confer ribavirin resistance, we introduced the T9203G or the A9207C
mutation in a ZIKV infectious clone and rescued both viruses in 293T cells, hereafter referred to as
Zika virus L513V and Q514P, respectively. Next, we tested their ability to resist ribavirin treatment

by assessing the percentage of surviving infectious viruses in the supernatant of ribavirin-treated
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Vero cells, compared to vehicle (DMSO)-treated cells. Both L513V and Q514P variants resisted
ribavirin treatment significantly better than WT virus when using 200 uM ribavirin, whereas only
L513V resisted significantly better the 400 uM ribavirin treatment (Fig 2a). Since the L513V

variant showed better resistance than Q514P, it was selected for further experiments.

L513V and WT viruses exhibited similar growth phenotypes in Vero cells (Fig 2b). To assess
whether L513V incurs a fitness cost in vitro, we performed a competition assay by infecting cells
with a population containing a 1:1 ratio of WT:L513V variant and changes in ratios were monitored
by Sanger sequencing the viral populations in three successive passages. WT and L513V alone
remained stable throughout passaging and 513V did not show signs of reversion (Fig 2¢). In direct
competition, the 1:1 WT:L513V ratio was maintained throughout the passages, suggesting that the

L513V variant does not incur a significant fitness cost under normal conditions.

Beneficial mutations in interfering DVGs can increase viral population fitness

To assess if DVGs can increase viral population fitness in adverse environments, we
compared the evolution of WT virus on its own, or when it is complemented with a DVG carrying
the L513V mutation that confers ribavirin resistance, under normal or mutagenic conditions in Vero
cells. We chose a DVG which we have previously identified and characterized in Vero and C6/36
cells®. The aforementioned DVG lacks the region encoding two viral structural proteins (pre-
membrane (PrM) and envelope (Env)) and the N-terminal part of the non-structural protein NS1 but
conserves the open reading frame following the deletion to maintain the translation of the remaining
NS proteins, which are essential for genome replication (Fig 3a). This DVG can replicate and
propagate with the virus population in the presence of WT virus; yet on its own, it is replication-
incompetent and functionally inert. Furthermore, we demonstrated that this DVG has high

interfering properties in vifro and in vivo against WT virus when present at a 10-fold excess ratio®.

To differentiate between WT virus and DVG genomes in NGS experiments, we barcoded the
WT virus genome by introducing five silent mutations into its Env-coding region spanning a 40 nt
region (WT tag) (Fig 3a). Similarly, in order to discern between ribavirin resistance mutations
arising by de novo mutations or positive selection of the ones already present in the DVG genome
(namely T9202G and G9204A), we barcoded the DVG genome with four silent mutations spanning
a 30 nt region containing the L513V mutation (DVG tag). We generated virus populations derived
from infectious clones containing barcoded WT virus only, or a mixed population of barcoded WT
virus and barcoded L513V-carrying DVG. We next passaged these populations four times in mock-
or ribavirin- treated cells at low or high MOI (in triplicate). Ribavirin resistance of the derived

populations was assessed and the frequencies of the WT or DVG tags were determined by
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sequencing each population (Fig. 3b). Of note, a lower concentration of ribavirin was used for these

passages (100 uM) to prevent population extinction.

To test if the complementation of WT virus with L513V-encoding DVGs resulted in an
advantageous phenotype for competent viruses, we challenged each of the unpassaged (p0) or
passaged (p4) viral populations with higher amounts of ribavirin (200 uM or 400 uM) in Vero cells
and measured the percentage of surviving infectious progeny virus relative to control DMSO-
treated cells by plaque assays. Unpassaged mixes of WT and DVG did not show significant
differences with WT virus alone, suggesting the phenotype of L513V is either not available in trans
for competent viruses, or that its frequency is not sufficiently high in the population. WT virus
passaged alone also did not show significant differences in resistance to ribavirin compared to
unpassaged virus. On the other hand, when DVG was present, WT virus demonstrated significantly
higher survival in the presence of ribavirin at both concentrations (Fig 3c). These results
demonstrate that DVGs can accelerate the evolution of viral population phenotypes faster than de
novo mutations provided they carry beneficial alleles that WT genomes do not readily possess, thus

compensating their fitness cost due to interference.

WT genomes can acquire beneficial mutations from DVGs through recombination

To further understand how mutations present in DVGs can affect population phenotypes, we
monitored DVG and WT tags across these passages through RNA sequencing using the barcodes
described in Fig 3a. Due to recombination across passages, both of these tags could in principle
form part of the same genome, thus limiting our ability to monitor the true DVG population. To this
end, we additionally monitored DVG abundance, by following the DVG deletion junction (deletion
of nucleotides 581 to 3250). The WT tag was generally fixed in the population through the
passaging series, indicating that the barcode mutations did not revert (Fig 4a, left panels). However,
when WT was passaged in the presence of DV Gs at high MO], the frequency of the WT tag was
generally lower than WT only-passaged populations. This may be attributed to the use of high MOI,
which favours the propagation and maintenance of DVGs (Fig 4a, right upper panel), thus
preventing the WT population from reaching 100%. DVG tag frequencies rapidly increased through
the passage series and became almost fixed in the population both at low and high MOI passaging
conditions in the presence of ribavirin, but not in DMSO-treated cells (Fig 4a, middle panels). The
same kinetics were observed for the two mutations that lead to the L513V amino acid change and
which were introduced in the DVG tag (Fig 4b). This suggests that, under conditions in which
L513V is beneficial, the readily existing mutation carried by the DVG is positively selected and
reaches high frequencies in the overall viral population instead of appearing de novo. Importantly,
the frequencies of the DVG donor backbone did not show any increase as compared to the L513V-
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containing tag (Fig 4a, right panels). This result indicates that WT virus must have acquired the

mutation through recombination and carried it to near fixation in the population.

Together, these data show that mutations found in DVGs could serve as a source of genetic
material that may be exploited through recombination by the WT virus under adverse conditions, to
quickly acquire beneficial alleles rather than relying on random de novo mutations. Indeed, in WT-
only passaged populations, a mutation in WT genomes that increased in frequency by passage
number four, namely T9202G (which results in L513V), was identified only in one out of three
ribavirin-treated samples (Fig 4a, bottom left panel). This simply mimics the original passaging
conditions that led to the emergence of ribavirin resistance mutations in two out of three replicates

in the first experiment at passage number four and six (Fig 1).

DVG and WT genomes can be co-packaged in virions

Ensuring DVG maintenance in the viral population can be regarded as a costly process for
WT virus, as structural proteins otherwise required for WT genome packaging and virion assembly
would be used to generate DV G-containing virions. Co-packaging of both WT and DVG RNA
molecules could ensure delivery of both molecules into the same target cell and avoid competition
of packaging resources. To assess whether DVG and WT RNAs can be co-packaged in virions
released from cells, we analysed the content of thousands of virions by RNA fluorescence in situ
hybridization (FISH) coupled with immunofluorescence and confocal microscopy. We used a FISH
technique that is sensitive enough to detect single RNA molecules.

To differentiate between WT and DVG RNAs by FISH, we introduced 164 silent nucleotide
substitutions into the DVG sequence that confer specificity for the FISH probe binding site. Virions
produced from 293T cells transfected with the WT infectious clone were immobilized in negatively
charged glass, incubated with the WT and DVG RNA FISH probes and stained for the viral Env
protein (Fig 5a). No DVG signal was detected in WT virions, validating the specificity of the WT
RNA probe (Fig 5a). More than three thousand virions were analysed for content. Around 57.9% of
released Env molecules were associated with WT viral RNA (Fig 5b, top panel). Env molecules that
are not associated with RNA likely stain subviral particles. Indeed, prM and Env proteins from
numerous flaviviruses, including yellow fever virus, Japanese encephalitis virus, West Nile virus
and tick-bone encephalitis virus, can assemble into subviral particles in the absence of any other
viral components®*% Around 61.3% of released WT RNAs were associated with Env molecules
(Fig 5a and 5b, bottom panel). The remaining WT RNAs may be associated with a number of Env
molecules that are under the detection limit of the assays or may be released in an Env-free form,

for instance in exosomes, as described for Hepatitis C virus RNA*®*.
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We then analysed the content of around five thousand virions produced from 293T cells
transfected with a 1:1 ratio of WT virus and DVG clones (Fig. 5c). Around 5.6% of Env-positive
virions contained both the WT and DVG RNA (Fig. 5d, top panel). The majority (around 61.3%) of
WT RNA positive-particles were associated with Env only (Fig. 5d, middle panel) and around 7.5%
of them were positive for both Env and DVG RNA (Fig. 5d, middle panel). The majority of DVG
RNA positive-particles (around 58.3%) were associated with Env only (Fig. 5d, bottom panel),
indicating that defective genome can be packaged by themselves. Finally, around 13.9% of DVG
RNA positive particles were associated with both Env and WT RNA signal (Fig. 5d, bottom panel).
These data indicate that WT and DVG RNAs can be co-packaged into virions, albeit at a low

frequency.
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Discussion

Previous work has shown that the genetic diversity of DVGs is vast at multiple levels,
including type (deletions, insertions, copybacks, rearrangements), size and copy number'*!*#243 Tt
is well established that the high mutation rates of RNA viruses enable the generation of extensive
genetic diversity, and that this is fundamental for the survival and rapid adaptation of the virus
population. DVGs, which are non-replicative, rely on WT genomes for their maintenance. Since
DVGs are replicated by the error-prone RNA-dependent RNA polymerase, one can envisage that
DVGs incorporate mutations at the same rate as full-length WT genomes. Whether point mutations
in DVGs could play a biological role in virus populations remained to be investigated. Here we
explored whether mutations in DVGs could contribute to the viral population fitness. Our work
revealed that DVGs can represent a pool of genetic information that WT virus RNAs can acquire

via recombination, enabling the rapid acquisition of advantageous genotypes and phenotypes, and

thus facilitating rapid virus adaptation.

Since arboviruses alternate between vertebrate and invertebrate hosts, they face continuous
selective pressures from changing environments and extensive population bottlenecks. In such
cycling conditions, it is possible that mutations are purged or lost by genetic drift from WT
genomes if they do not confer a fitness advantage in one environment. Because DVGs are
functionally inert on their own but nonetheless propagated by WT virus, they could have the
capacity of carrying mutations that would normally negatively affect WT genomes*®*’. In principle,
this property could allow these genomes to explore a broader spectrum of mutations in the sequence
space or store mutations that display antagonistic pleiotropy between different hosts. DVGs have
been classically regarded as molecules that negatively interfere with virus replication by triggering
innate immune responses or hijacking viral or host resources required by WT virus'*>! However,
provided that their frequency is low enough that it marginally interferes with WT virus replication,
DVGs could, in principle, store valuable genetic information that can be used in new environments

or help cross fitness valleys for the broader viral population.

By using RNA FISH we showed that DVGs can be either packaged individually in virions
or co-packaged with WT genomes. This finding poses additional questions in relation to the role of
defective viral particles in the population and their maintenance and survival. Co-packaging of WT
and DVG RNA s into the same virion can be regarded as an efficient strategy for enabling
propagation and survival of a DVG within the viral population. However, structural constraints
imposed by the size of the viral particle may limit such co-packaging from happening. Nonetheless,
an increasing number of studies have now shown that viruses have exploited mechanisms to

facilitate co-infections, by delivering multiple viral genomes via extracellular lipid vesicles,
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exosomes, virological synapses, occlusion bodies, virion aggregates and even by binding to enteric
bacteria®***>*_In addition, recent work has shown that collective virus spread by the formation of
virion aggregates in saliva promotes the emergence of defective interfering particles®. The
existence of these collective behaviours which maintain and promote the emergence of mediocre
genomes poses a serious paradox, even under the ‘survival of the flattest’” model®, if DVGs are

solely regarded as deleterious for viral replication.

The work presented here aimed at building a more in-depth comprehension of viral
population composition and interactions. By demonstrating that even highly interfering DVGs can
be utilized for the advantage of WT viruses, we propose that DVGs can also display positive
interactions, mainly by exploring at little to no cost the fitness landscape for the viral population.
Therefore, WT-DVG interactions is probably more situated at the delimitation between parasitism
and mutualism: when DVG frequencies are high, such as in antiviral approaches®*, the frequency
of cheaters exceeds the lethal threshold and the viral population crashes; however, when frequencies
are below this threshold, WT viruses can benefit from the genetic diversity of DVGs and the

population becomes more robust at a moderate cost.

Advancements in NGS technologies, such as long-read sequencing with low error rates or
single-cell sequencing methods, which will respectively enable the genotypic characterization of all
RNA types present in a virus population, including DVG RNAs, and the identification of specific
virus-derived RNAs in individual cells should allow further investigations on the relationship

between defective and WT viral genomes.
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METHODS

Cells and viruses

Vero and Vero-E6 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% (v/v) fetal bovine serum (FBS, Invitrogen). HEK-293T cells were maintained in the
same medium supplemented with 1% (v/v) non-essential amino acids. All cell lines were
supplemented with 5 units/mL penicillin and 5 pg/mL streptomycin (Life Technologies) and
maintained in a humidified atmosphere at 37 °C with 5% CO2.

The Zika virus strain used in this study is the prototype African MR-766 strain, derived from a
previously described infectious clone®. This clone was used as a template for site-directed
mutagenesis for the generation of mutant viruses containing the mutations L513V (codon TTG
changed to GTA) and Q514P (codon CAA changed to CCG) in the NS5 polymerase. The DVG
clone used has previously been described®. WT and DVG clones were barcoded by introducing the
following mutations for the WT or DVG clones, respectively; G2298C, C2307A, T2319C, A2328T
and A2337G (WT) or C9189C, G9195A, T9202G, G9204A, A9284C and A9216T (DVG).

Rescue of Zika virus was carried out by transfection of the infectious clone in HEK-293T cells
(TransIT-LT1, Mirus Bio) according to the manufacturer’s instructions. 3-4 days post-transfection
(p.t.), the cell culture supernatant was clarified by centrifugation. Virus stocks (passage 1) were then
prepared in Vero cells, by infecting the cells with a multiplicity of infection (MOI) of 0.01
PFU/cell. 5-6 days post infection (p.i.) the cell culture supernatant was clarified by centrifugation
and virus titres determined by plaque assays in Vero-E6 cells.

Ribavirin passages

Isolation of variants by ribavirin passages was carried out as follows. Vero cells were treated with
vehicle (DMSO)- or ribavirin- (400 uM) containing media 3 hours prior to infection. The cells were
then inoculated with Zika virus in triplicate at an MOI of 0.1 PFU/cell in 12-well plates. Following
a one-hour absorption period, the inoculum was removed, the cells washed with PBS three times,
and vehicle- or ribavirin- containing media replaced. 3 days p.i. the cell culture supernatant was
clarified by centrifugation, virus titre quantified by plaque assay in Vero-E6 cells and used for the

next passage.

Viral RNA sequencing

RNA from clarified cell culture supernatants was extracted using TRI reagent (Sigma). Purified
viral RNA was quantified with a Qubit fluorometer (Invitrogen) and used for sequencing by next-
generation RNA sequencing. Libraries were prepared using the NEBNext Ultra I RNA Library
preparation kit for Illumina (New England Biolabs) and loaded in a NextSeq500/550 Mid output kit
v2.5 (Illumina), for sequencing in a NextSeq500 (151 cycles, 8 nucleotides of index).
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Sequence data processing and analysis

Reads were first demultiplexed using the bcl2fastq conversion software (Illumina). Next, the reads
were adapter- and quality-trimmed using BBDuk and optical duplicates removed using Clumpify.
Both BBDuk and Clumpify are part of the BBTools and BBMap suite
(https://sourceforge.net/projects/bbmap/). Reads were then aligned to the reference genome using
BBMap and deletions called with the BBMap variant caller CallVariants.

Competition fitness assays

WT virus or L513V variants were mixed in a 1:1 ratio and used to inoculate Vero cells at 0.1
PFU/cell over three passages, in triplicate. RNA in the supernatant at each passage was extracted
using TRI reagent (Sigma), and used to amplify by RT-PCR a fragment flanking the position 513 in
the viral polymerase NS5. The PCR products were sequenced by Sanger sequencing and the
abundance of either WT or L513V estimated as the height of the peaks in sequencing
chromatograms, corresponding to the third nucleotide of the polymerase 513 codon encoding WT

(TTG) or L513V (GTA), using the QSVanalyser software (http://dna.leeds.ac uk/gsv/).
Passaging of virus populations enriched with barcoded DVG

Three independent populations of barcoded WT virus only or distinctly barcoded WT virus and
DVGs were generated as follows. HEK-293T cells were transfected with the barcoded WT virus
clone alone, or in a 1:1 molar ratio with the barcoded DVG (TransIT-LT1, Mirus Bio) according to
the manufacturer’s instructions. Three days p.t., the cell culture supernatant was clarified by
centrifugation and viral titres determined by plaque assay. Each independent population (p0) was
then used to inoculate Vero cells (p1) pre-treated for three hours with vehicle (DMSO)- or ribavirin-
(100 uM) containing media. Infections were carried out at a low (0.01 PFU/cell) or high (5
PFU/cell) MOI and media containing DMSO or ribavirin replaced following a one-hour absorption
period. 3 days p.i. the cell culture supernatant was clarified by centrifugation, and used for blind
infections in three subsequent passages using a low volume (3 L) or high volume (300 pL) in cells

seeded in 12-well plates.
Ribavirin sensitivity assays

Vero cells were pre-treated for three hours with media containing vehicle DMSO, or 200 uM or 400
UM ribavirin (Sigma). Following this treatment, the media was removed and cells inoculated with
the indicated virus population (pO or p4 virus, or engineered virus) at an MOI of 0.1 PFU/cell for 1h
at 37 °C. 24h post infection, virus was harvested, and virus titres determined by plaque assay and
the percentage of infectious virus surviving treatment used to assess virus sensitivity to ribavirin

treatment.
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RNA fluorescence in situ hybridization (FISH) virion assays

To distinguish between WT and DVG RNA, the DVG genome carrying the L513V mutation was
engineered to carry 160 synonymous mutations within an 800 nt region in the viral polymerase.
Rescue of a WT virus population or a mixed WT and DVG population was carried out by
transfection of the WT infectious clone alone, or in a 1:1 ratio with the barcoded DVG clone in
HEK-293T cells (TransIT-LT1, Mirus Bio) according to the manufacturer’s instructions. 4 days
post-transfection (p.t.), the cell culture supernatant was clarified by centrifugation, and used to
generate virus stocks in Vero cells. The virus stocks were then concentrated 10x using Amicon
Ultra-15 Centrifugal units 30K (Merck Millipore), and incubated for 6h in the CultureWell 16
chambered Coverglass wells at 37°C to allow virion binding in the negatively charged glass surface.
After the incubation period, bound virions were fixed in 4% PFA, washed with PBS and
permeabilized with PBS, 0,5% Triton X-100 for 10 min at RT, blocked with PBSTA for 30 min and
stained with anti-Env Mab 4G2 in PBSTA for 1 hour and secondary antibodies Alexa-Fluor 647
(Life Technologies) for 30 min. After immunostaining, the WT and DVG RNA were detected
following the manufacturer’s protocol (ViewRNA ISH Cells Assays) using probe sets designed by
Affymetrix. The WT RNA probe set targets a region between position nt 109 and 983 of the ZIKV
genome, lacking in the DVG RNA due to a deletion. The DVG RNA probe set recognizes the
mutagenized region in the viral polymerase (approximately in the 8800-9600 nt region equivalent to
the WT sequence).

Image acquisition and analysis

Images of immobilized virions and transfected cells were acquired with a Zeiss LSM 720 laser
scanning confocal microscope equipped with a X100 objective. smFISH and IF images were

analyzed with our Python analysis package FISH-quant®

. In short, images were first filtered with a
LoG filter to enhance spots and reduce background. Individual spots were then identified with a
user-defined intensity threshold with a local maximum detection. Co-localization analysis between
spots in the three channels was performed with a custom-written Python script. Channels were first
analyzed pairwise with the Hungarian algorithm (SciPy function optimize linear sum_assignment).
To consider spherical aberration, two spots were considered to be co-localized when they are closer
than 700nm. In a post-processing step, the results from the three pair-wise co-localization analysis

were fused and the percentage of matched pairs and triplets reported.

Statistical analyses
All data were analyzed using Prism 7 software (GraphPad) and are presented as means + standard

deviation (SD) unless indicated otherwise. For highly skewed data, statistics were carried out using
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373 log-transformed data to improve the homoscedasticity of the data. The chosen method of statistical
374 analysis is described in each figure legend. No statistical significance is indicated if p is >0.05.
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378 Figure 1. Identification of ribavirin resistant mutations in Zika virus genome, (a) Experimental
379 design for the isolation and identification of Zika virus ribavirin resistance mutations in Vero cells.
380 (b) Viral titres in fourteen passages performed with or without ribavirin (n=3). (¢) Allele

381 frequencies of two identified mutations for which frequencies throughout the passage series

382 increased; A9207C (resulting in NS5-Q514P, left panel) and T9203G (resulting in NS5-L513V,

383 right panel). (d) Location of residues 514 and 513 in the Zika virus polymerase NS5 structure (PDB
384 entry 5U05), relative to the priming loop and the catalytic motif in the active site.
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with media containing vehicle DMSO or 200 uM or 400 uM ribavirin, were infected with Zika
virus (MOI 0.1 PFU/cell). 24h post infection, virus was harvested and virus titres determined by
plaque assay. The percentage of infectious progeny virus surviving treatment, relative to titres in
control DMSO-treated cells is shown (mean values (n=3) + SD, *p at least<0.05, two-way ANOVA
with Dunnet’s post-test). (b) Replication kinetics of WT and 1513V mutant virus in Vero cells
(MOI 0.1 PFU/cell). Mean values (n=3) £ SD are shown at each indicated time point. (¢)
Competition assays comparing relative fitness of WT virus and L.513V. The variants were mixed in
a 1:1 ratio and used to inoculate Vero cells at 0.1 PFU/cell over three passages. RNA in the
supernatant at each passage was used to amplify a fragment flanking the position 513 in the viral
polymerase NS5. The abundance of either WT or L513V was estimated by Sanger sequencing, as

the height of the peaks in sequencing chromatograms). Mean values (n=3) + SD are shown.
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Figure 3. Introducing the NS5 L1513V mutation in DVGs results in rapid acquisition of
ribavirin resistance for viral populations under mutagenic conditions. (a) Illustration of
mutations introduced in WT or DVG clones to differentiate between both molecules. The WT tag
included five silent mutations in the Env (E) gene, whereas the DVG tag included four silent
mutations and two mutations that result in the L513V amino acid change in the NS5 polymerase.
(b) Experimental design to follow the evolution of barcoded WT and DVG populations under
normal or mutagenic conditions. Populations containing barcoded WT virus only or a mix of
barcoded WT and barcoded, 1.513V-carrying DVG, were passaged four times at low or high MOI,
with or without ribavirin (100 uM). Each virus population was phenotypically assayed for ribavirin
resistance and sequenced by NGS to follow the frequency of each tag. (¢) Ribavirin resistance
assays with non-passaged viruses (p0) and the respective virus population passaged four times (p4)
with (+R) or without ribavirin (-R). p0 and p4 viruses were used to infect (MOI 0.1 PFU/cell) Vero
cells, which were pre-treated with media containing vehicle DMSO or 200 uM or 400 uM ribavirin.
At 24h post infection, viruses were harvested and virus titres determined by plaque assays. The
percentage of infectious progeny virus surviving treatment, relative to titres in control DMSO-
treated cells is shown on a square-root-transformed y-axis (mean values (n=3) + SD, *P at

least<0.05, two-way ANOVA with Dunnet’s post-test).

17

93



WT tag DVG tag DVG deletion junction
0.75 <
i
0.50- +
2
) o
& 0.254
e |
o
<]
E 0.00 '%
@
® 1.00{ e @ o =
z —$ Passage condition
§ — High MOI, DMSO
= & High MOI, ribavirin 3
0.50 4 Low MOI, DMSO (]
S
—+— Low MO, ribavirin <
0.254
0.004 —yr—_pr—
T T T T T T T T T T T T
1 2 3 4 1 2 3 4 1 2 3 4
Passage number
418
T9202G G9204A
1.004
0.75 1 =
_|
0.50 "6
<
0.25 4 o
.0
Q
=
3
2 0.00
[1}]
= 1.00 —
o Passage condition
< 0.75 4 High MOI, DMSO
—e— High MOI, ribavirin é
0.50 4 Low MOI, DMSO =]
-
—o— Low MQI, ribavirin <
0.25 4
0.00 4 ————0
1 2 3 4 1 2 3 4
Passage number
419

420 Figure 4. L513V is rapidly acquired by WT genomes through recombination. (a) Mean allele
421 frequencies of the WT tag (left panels), DVG tag (middle panels) or the DVG deletion junction

422  (right panels), across the passage series in the indicated passaging conditions. The mean allele

423 frequency of each tag was derived from the frequency of each mutation in the corresponding tag
424  (mean + SD, n=4 for WT tag, and n=6 for DVG tag). The frequency of three replicate populations is
425 shown for each condition. (b) Allele frequencies of mutations that lead to the L513V change

426  (T9201G and G9204A) throughout the passage series.

18
94



DVG RNA

Hl Envalone
EH Env+WTRNA

Il WT RNA alone
mtcﬁ I WT RNA with Env

detection

N Envalone

Bl Env+WT RNA

Il Env +DVGRNA

E WT RNA +DVG RNA +Env

Il WT RNA alone

Bl WT RNA +DVG RNA

0 WTRNA +Env

1 WT RNA +DVG RNA +Env

spot

f Hl DVG RNA alone
Qmﬂmﬁﬂ._oz HEl DVG RNA +WT RNA

Bl DVG RNA +Env

Il WT RNA +DVG RNA +Env

427

19

95



428
429
430
431
432
433
434
435

436
437
438
439
440

441
442
443
444
445
446

447

448
449
450
451
452
453
454
455
456
457
458

Figure 5. WT and DVG genomes can be co-packaged in virions released from cells.
Immobilized WT ZIKYV virions (a) or WT and mutated DVG virions (¢) were stained with
antibodies specific for viral Env protein (magenta) and processed for FISH using probes specific for
ZIKV WT RNA genome (green) and for mutated DVG RNA genome (red). Detected spots are
depicted with circles. (b, d) Quantification of the content of the virions. For every channel,
colocalization with the other two signals was evaluated. For WT ZIKV virions, 2486 Env and 2349
WT RNA spots were analyzed. For WT and DVG virions, 3834 Env, 2795 WT RNA and 1505
DVG were analyzed.
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3. Complementary results

3.1. Material and methods of complementary results
3.1.1. CELLS

Vero and Vero-E6 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco) containing 10% (v/v) FBS and 1% (v/v) P/S in a humidified atmosphere at
37°C with 5% CO,. HEK-293T cells were grown in similar conditions with the addition of 1%

(v/v) non-essential amino acids in the culture medium.

3.1.2. PLASMIDS

The Zika virus (ZIKV) strain used is the prototype African MR-766 strain infectious
clone under a cytomegalovirus (CMV) promoter (GenBank accession number KX830960)%°,
This clone was used as a template for site-directed mutagenesis for the generation of mutant
viruses containing the L513V (codon TTG changed to GTA) and Q514P (codon CAA changed to
CCG) in the non-structural protein 5 (NS5) polymerase. The DVG clone used has been
previously described in Rezelj et al.”® and comprises a deletion of nucleotides 581 to 3250
from the wild-type (WT) ZIKV clone. Additionally, the ZIKV replicon was described in Rezelj et
al.” and Xie et al.’”’ and consists of the replacement of the structural protein genes (capsid C,
precursor membrane prM and envelope E) from the N-terminal 38 amino acids of C protein to
the C-terminal 30 amino acids of protein E with a NanoLuc reporter gene followed by foot-
and-mouth disease virus protease 2A (NanoLuc-2A). The DVG reporter clone was similarly
designed to contain the NanoLuc-2A cassette at the deletion site. Altered DVG or replicon
(NS5aas) have their NS5 polymerase catalytic motif GeesDessDecs modified by three successive
alanine residues. Additionally, a DVG with a deleted NS5 protein (DVG-ANS5) was constructed
by removing the entire gene at the exception of its translation-termination codon (TAA).
Barcoded WT and DVG clones were obtained through site-directed mutagenesis by
introducing the following silent mutations, respectively: G2298C, C2307A, T2319C, A2328T
and A2337G (WT) and C9189C, G9195A, A9284C and A9216T (DVG).

All plasmid stocks were obtained through classic transformation protocols of XL-10
Gold Ultracompetent cells (Agilent) or Topl0 Chemically competent E. coli (ThermoFisher
Scientific), followed by Mirapreps?’! of colonies grown in 100 mL LB Miller using NucleoSpin

Plasmids kits (Macherey Nagel). Purity and concentrations of extracted DNAs were evaluated
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on a NanoDrop (ThermoFisher Scientific Scientific). Full plasmid sequences were checked by

Sanger sequencing (Eurofins Genomics).

2.1.3. VIRUSES

Rescue of ZIKV was carried out using the TransIT-LT1 kit (Mirus Bio) to transfect the
infectious clone in HEK-293T cells following the manufacturer’s instructions. Three days post-
transfection (dpt), the cell culture supernatant was clarified by centrifugation at 11 000xg for
10 minutes (min). Virus stocks (passage 1) were then obtained by infecting Vero cells at a
multiplicity of infection (MOI) of 0.01 plaque-forming unit per cell (PFU/cell). Supernatants
were collected and clarified at 5 days post-infection (dpi), and titers determined by plaque

assays in Vero-E6 cells in triplicates.

3.1.4. SITE-DIRECTED MUTAGENESIS BY IN VIVO ASSEMBLY

Site-directed mutagenesis was performed by in vivo assembly (IVA)*"?

. Briefly,
overlapping primers containing the mutations of interest (Integrative DNA Technologies)
were used to amplify target DNA products through polymerase-chain reaction (PCR) using the
Phusion High-Fidelity DNA Polymerase kit (ThermoFisher Scientific) for 18 cycles at
annealing temperatures of 60°C. Reaction products were then digested with Dpnl
(ThermoFisher Scientific) for 30 min at 37°C to eliminate plasmid DNA and used without
purification to transform XL-10 Gold Ultracompetent cells (Agilent) or Topl0 Chemically
competent E. coli (ThermoFisher Scientific). Each transformation was performed by adding
2 pL PCR product to 25 pL suspended bacteria, incubated 30 min on ice, heat-shocked at 42°C
for 40 seconds (s), supplemented with 100 pL SOC media (ThermoFisher Scientific), then
incubated in a shaking incubator at 37°C, 120 rotations per minute (rpm) for 1 hour (h). After
incubation, total volume was plated on a LB agar plate with 100 pg/mL ampicillin and
incubated at 37°C overnight. Successful mutagenesis were validated by randomly picking
colonies to grow in 5 mL LB Miller overnight followed by plasmid DNA extraction minipreps
(NucleoSpin Plasmids, Macherey Nagel) and Sanger sequencing of the target mutation site

(Eurofins Genomics).
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Mutation Sense Primer

ANS5 Forward 5-CTGGTTAAGAGACGTTAAGCACCAATTTTAGTGTTGTCAGG-3’
ANS5 Reverse  5-ACGTCTCTTAACCAGGCCAG-3’

NSS5ana Forward 5-GGCGGTCAGTGCAGCTGCCTGCGTTGTGAAGCCAATC-3’
NS5aan Reverse  5’-CTGCACTGACCGCCATTCGTTTGAG-3’

Table 2 | Primers for ZIKV IVA site-directed mutagenesis.

3.1.5. VIRAL TITERS

Infectious viral titers were determined by plaque assays. Briefly, monolayers of Vero-E6
cells in 24-well plates were inoculated with 150 pL serial 10-fold dilutions of viruses in
unsupplemented DMEM and incubated at 37°C and 5% CO, for 1h. Then, wells were gently
covered with approximately 1 mL of a solid overlay comprising DMEM supplemented with 2%
FBS, 1% P/S and 0.8% agarose (Invitrogen) and incubated again for 5dpi until fixation with
4% formaldehyde (Sigma). Plaques were revealed by crystal violet 0.8% staining and

manually counted.

3.1.6. COMPLEMENTATION ASSAYS

DVG and replicon reporter RNAs were generated by amplifying by PCR their respective
plasmid constructs with a forward primer replacing the CMV promoter with an SP6 promoter
sequence at its 5-end (5-CCGATTTAGGTGACACTATAGAGTTGTTGATCTGTGTGAGTCAGACT-3’)
and a reverse primer which anneals downstream of the ZIKV 3’-UTR and the SV40 poly-A tail
signal of the molecular clone (5-CCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTG-3’).
PCR products were purified (NucleoSpin Gel and PCR Clean-Up, Macherey Nagel) and used for
in vitro transcription of messenger RNA (mRNA) using the SP6 mMessage mMachine kit
(Invitrogen), followed by mRNA purification using the RNeasy MinElute Cleanup kit (Qiagen).
Purified RNAs were quantified using the Qubit RNA BR assay kit (Invitrogen) on a Qubit 2.0

fluorometer (Invitrogen).
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Sub-confluent Vero cells in 24-well plates were infected with ZIKV at MOI 1 PFU/cell,
or left uninfected. After 1 h incubation at 37°C, naive and infected cells were transfected with
50 ng reporter RNAs using the TransIT-mRNA transfection kit (Mirus Bio). At 6 h, 24 h, 48 h
and 72 h post-transfection (hpt), supernatants were removed and cell lysed in 1X Luciferase
Cell Culture Lysis Buffer (Promega) for 5 min, and prepared Nano-Glo Luciferase Assay
reagents (Promega) added to the wells and incubated for10 min on a shaking plate. 10-fold
dilutions of the reaction in 1X PBS were finally loaded onto black 96-well plate and
luminescence was measured in a Tecan Infinite M200 Pro plate reader (Tecan) with an
integration time of 10 seconds. Relative light units (RLUs) were normalized against total

protein concentration by performing in parallel a Bradford assay (Zymo) on cell lysates.

3.1.7. DVG MUTANT DISTRIBUTION ANALYSIS
Variant frequency distributions were investigated in sequencing data of DVG-WT co-
infections at passage 3, which had the highest number of aligned reads to the ZIKV MR766

reference genome (GenBank accession number KX830960).

Reads containing the 581-3250 deletion breakpoint were identified using the ViReMa
(Viral Recombination Mapper) algorithm?®’®. Briefly, reads were clipped and trimmed (phred
quality score < 30 and minimum length = 50) using BBDuk, and PCR duplicates removed with

Clumpify from the BBMap v38.91 toolkit (https://sourceforge.net/projects/bbmap/). Then,

alignments against the ZIKV MR766 reference sequence and recombination sites were

determined using ViReMa v0.25 (https://sourceforge.net/projects/virema/) with seeds of 20

nucleotides and maximum 2 mismatches allowed. Reads containing the deletion breakpoint

were  then filtered from the original fastq files using seqtk v.1.3

(https://github.com/lh3/seqtk).

Variant calling on either total viral reads or filtered breakpoint-containing reads was
performed with ViVan v0.43 (Viral Variant Analysis)*’* against respectively the ZIKV MR766
WT or DVG reference sequence. Insufficiently covered bases (< 50X) were discarded prior
variant calling and a generalized likelihood-ratio test was performed to identify statistically
significant variants (pag < 0.05 after a Benjamini-Hochberg false-discovery post-hoc test). Only
SNVs with base coverage > 100 and frequencies > 0.15% (the lowest frequency successfully

called in DVG filtered reads) were considered.
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3.2. Results
3.2.1. MUTATIONS IN NS5 RDRP DOMAIN CANNOT BE TRANS-COMPLEMENTED

The ribavirin-resistance mutation introduced in the DVG did not show
complementation effects at initial passages (p1) in ribavirin-treated cells (Article Figure 3c).
However, sequencing results showed that DVGs were at relative frequencies of only 10-20% in
the viral population (Article Figure 4a), suggesting that the mutation might have been at too
low frequency to rescue viral titers. To evaluate if trans-complementation by the ribavirin-
resistance mutation was possible, we first aimed at verifying that NS5 was itself capable of
complementation. We designed DVG reporters carrying a NanonLuc gene at the deletion
junction with either no additional modification (DVG-NS5wr), an altered polymerase GDD
catalytic motif consisting of three successive alanine residues (DVG-NS5aaa), or a deleted NS5
gene (DVG-ANSS5). Additionally, we used similar replicon reporters as described previously in
Rezelj et al®® for controls, which consist of replication-capable genomes with an identical
NanoLuc reporter gene which replaces deleted structural genes. The active replicon
(Replicon-NS5yr) serves as a positive control for genome replication, while the inactive
replicon carries the same alteration to its GDD motif (Replicon-NS5444) and has been shown to

be incapable of replication even in presence of infectious virus®® (Figure 15A).

While the DVG-NS5wr reporter showed restored replication when transfected in
infected cells, neither DVG-NS5s,a nor DVG-ANS5 were able to replicate through
complementation by full-length infectious viruses (Figure 15B). This indicates that the RdRp
activity of NS5 cannot be trans-complemented, and is required in cis for DVGs to replicate. As a
consequence, because the L513V mutation affects the polymerase, absence of viral titer rescue
in ribavirin assays at early passages was due to the impossibility for this mutation to act in

trans.
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Figure 15 | NS5 polymerase activity cannot be trans-complemented to rescue DVG reporter
replication. (A) Schematic diagram of reporter constructs. The NanoLuc-2A reporter gene (yellow) is
inserted at the deletion breakpoints of the replicon or the DVG. (B) Complementation assays of DVG
and replicon reporters in infected and uninfected cells. Equal molar amounts of replicon or DVG RNAs
were transfected in naive or infected Vero cells (MOI 1 PFU/cell), and relative light units (RLUs) were
measured and normalized at the 6, 24, 28 and 72 hours post-transfection (hpt). The y-axis shows log,
fold changes of normalized RLUs against the mean values of the Replicon-NS5wr positive control at
6 hpt in uninfected cells. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Student t-test with Bonferroni
post-hoc multiple comparison correction. Means and standard deviations (SDs) are shown; n=3 per

group.

3.2.2. DVGS SHOW SIGNS OF RELAXED PURIFYING SELECTION

Previous studies have shown that some DVGs showed extensive mutagenic RNA
editing, resulting in hypermutation profiles?!®??¢?4*262 This increased genetic diversity could in
theory benefit standard WT genomes through recombination similarly to the L513V we
introduced. However, it is still unclear if these hypermutated DVGs are the result of
preferential RNA editing of DVGs, or if DVGs can tolerate deleterious or lethal mutations
through complementation by standard genomes. To provide insights on the question, we
looked at the distribution of SNV frequencies in DVGs, and compared it to the distribution in
total viral genomes. Because we only had short-read Illumina sequencing data, only reads
containing the 581-3250 deletion could be attributed with certainty to DVGs. We therefore
used ViReMa?”® to identify reads containing the 581-3250 deletion breakpoint and ran
ViVan®”* to call variants on those selected reads, which typically covered with sufficient depth
(> 100X) a 300-nucleotide window around the breakpoint. Conversely, we called SNVs on total
reads and selected variants which corresponded to the same genomic region as the DVG
window. While total viral genomes showed higher amounts (275) of called SNVs than DVGs

(51), they are in their majority (89%) situated at frequencies below 0.5% (Figure 16A). In
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DVGs, mutation frequencies span a wider distribution, with 59% of them located between
0.5% and 2.5% frequencies (Figure 16B). These results indicate that while our DVG do not
necessarily mutate more than standard genomes, mutations seems less subject to purifying
selection, allowing them to reach higher frequencies on average (0.75% against 0.31%;
p=6.74e-8) through genetic drift. Finally, inspection of relative frequencies of RNA
deamination editing substitutions caused by ADAR1 (namely A>G and U>C) in DVG or total
genome reads show relative increases, but requires bigger datasets to support preferential
editing of this specific species of DVG (respectively, p=0.558 and p=0.4339 with Pearson’s -
test) (Figure 16C).
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Figure 16 | Mutations in DVGs can reach higher frequencies than in standard genomes. Allele
frequencies of called variants in all reads (A) or in DVG reads (B) spanning a 300-nucleotide window
around the deletion breakpoints (dashed vertical line). Each point represent a SNV. Marginal curves on
the right of each panel represent density curves of variant counts in regards to allele frequencies.
p=6.74e-8; Student t-test. (C) Relative frequencies of nucleotide substitution.
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4. Discussion and perspectives

4.1. Summary of results

We successfully identified a ribavirin-resistance mutation resulting in a L513V residue
substitution in the NS5 polymerase through a classical experimental evolution approach. After
introduction of this mutation in a barcoded DVG, we challenged viral populations of either WT
genomes alone or a mix of WT genomes and mutated DVGs through successive passages in
presence of ribavirin. We demonstrated that the presence of the resistance mutation in DVGs
allowed faster adaptation of the entire viral population to the mutagenic conditions. We
showed that this phenotype was the result of genetic recombination between WT genomes
and DVGs, suggesting that DVGs can serve as a pool of genetic diversity for standard genomes.
While we did not observe higher numbers of mutations in DVG-associated reads than in total
viral reads, mutations present in DVGs arose to significantly higher frequencies, suggesting
relaxed purifying selection on these genomes. Moreover, while we first hypothesized that
mutations in coding regions of DVGs could benefit standard genomes through
complementation, we were unable to test this hypothesis. Indeed, the identified mutation was
incapable of trans-complementation as it is located on the NS5 polymerase domain, which we
demonstrated cannot be complemented. Finally, we uncovered through smFISH that not only
our DVG was capable of being trans-packaged, a low yet significant proportion of DVGs were
co-packaged with standard genomes, therefore facilitating their maintenance through co-

dispersal.

4.2. Recombination between DVGs and standard genomes

In our study, we showed that beneficial mutations readily present in DVGs could be
exchanged to standard genomes through recombination events, therefore accelerating
adaptation to mutagenic conditions. However, this is an artificial situation as it is very unlikely
that a beneficial mutation would be present in all DVGs before being transferred to standard
genomes. In more realistic scenarios, DVGs could randomly acquire mutations, possibly
increase their frequencies to intermediate levels if they provide selective advantages in cis or
in trans, and through random events provide through recombination these beneficial

mutations to WT genomes. This raises at least two fundamental questions: (1) Are mutation
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rates in DVGs higher than in WT genomes for them to significantly accelerate the rate of

adaptation? (2) How frequently does recombination occur between DVGs and WT genomes?

Evidences of hypermutation and RNA editing have already been found in several
viruses?'6226244262 However, these types of mutations provoke biased substitutions with 3’-
and 5’-nucleotide context dependence, as they rely on deaminating enzymes from the ADAR or
APOBEC protein families******, Moreover, these proteins originally act as restriction factors,
and induce lethal mutagenesis in standard genomes*"**. It is therefore probable that mutation
patterns from such processes would mostly induce deleterious mutations to DVGs, and
subsequently result in non-functional recombination products with standard genomes.
Indeed, hypermutation in DVGs has rather been associated with increased interfering

244

properties of DIPs***. Nevertheless, some ADAR1 editing has also been shown to have proviral

42,216

effects and could potentially be carried and exchanged by DVGs.

In addition, if DVGs replicate at faster rate than WT genomes, at similar mutation rates
per replication cycle, DVGs could still in theory harbor more genetic diversity through
geometric replication kinetics. Our results were however inconclusive as our sequencing data
were not of sufficient quality to have sufficient reads mapping to the deletion breakpoint.
Moreover, our deep-sequencing technique has limitations in terms of technical error rates: it
does not allow us to explore mutations below 0.1%. This could be remedied by using high-
accuracy library preparation protocols such as CirSeq?’®, that can even detect lethal mutations
as they are generated®. However, such techniques result in shorter read lengths (85-100 nt),
therefore reducing the probability of them spanning the deletion breakpoint. Development of
algorithms such as CoVaMa which associate long-read sequencing haplotype reconstruction
abilities and short-read sequencing high-accuracy?'” could theoretically break this trade-off

and offer a wider overview of mutation frequency distributions in DVGs.

Concerning the second question, a genome-wide barcoding approach of either DVG or
standard genomes and estimation of their linkage disequilibrium when co-transfected
together could help estimate the frequency of recombination events between these two types,
and even identify recombination hotspots if linkage disequilibrium is not homogeneous.
Moreover, because our results showed that NS5 polymerase activity could only act in cis for
DVG replication, this raises new questions on the biochemical mechanisms of copy-choice
recombination. Indeed, if NS5 preferentially replicates the template genome it was translated

from, mechanisms and factors of template-switching should be investigated. A possible
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explanation to resolve this apparent contradiction could be that initiation of replication has to
occur in cis, which is then followed by template-switching that is no longer restricted to

certain templates afterwards.

Finally, a possible approach to resolve if DVGs can accelerate adaptive evolution would
be to co-infect WT genomes and functional (DVG-NS5wr) or dysfunctional (DVG-NS544a) DVGs
without prior adaptative mutations at very high scale, and perform experimental evolution
passages of such preparations in selective environments, such as mutagenic treatments. If the
rate of phenotypic response is higher with functional DVGs, it would suggest that their ability
to replicate and thus accumulate mutations helped viral populations to adapt faster to new

selective pressures.

4.3. Complementation: an unresolved question

One of the goals of our work was to test if beneficial mutations in coding regions of
DVGs could complement standard genomes. This was motivated by the observations that
some reported DVGs had accumulated specific mutations, while counter-selecting for others
observed in full-length genomes®’. Unfortunately, the ribavirin-resistance mutation we
identified is located on NS5 which is not complementation-competent for its polymerase
domain, preventing us from testing this hypothesis. It is therefore necessary to identify new
mutations that confer fitness advantages, and that are capable of trans-complementation to

pursue our investigation.

A first possible approach would be to select for mutations that confer resistance to
drugs targeting structural protein functions or assembly. Indeed, structural proteins are
believed to be readily complementation-competent as they were shown to trans-package
DVGs in our study. Moreover, they are one source of competition for public goods between
defective and standard genomes'®’. Such molecules targeting oligomeric structural protein

240

assembly®* and viral entry®’® have already shown efficacy in dengue virus, and resistance

mutations have been identified?*®*’¢, However, as shown with the resistance against ST-148,

the oligomeric properties of their target could lead to susceptibility-dominance to the drug,
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rendering complementation ineffective and preventing selection of such alleles**. Moreover,

efficacy of these antivirals on ZIKV have not yet been characterized, and flaviviruses have

shown differential susceptibilities to antivirals®”’.
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One promising antiviral and its associated resistance mutations is the nucleoside
inhibitor MK-0608 described in Mateo et al.?* which showed potent inhibition of hepatitis C

virus®’® and dengue virus serotype 2 (DENV-2)2"°

replication. In their study, they showed that
evolved populations of DENV-2 treated with this drug selected independently for two
mutations in the methyltransferase domain of NS5, namely NS5-A60T and NS5-Y201H, that
partially restored viral titers upon treatment. Moreover, they showed that not only were these
mutations complementation-competent, but their phenotypes were also dominant even when

present at 10% in the inocula®*

. Nevertheless, translation of these results to ZIKV might prove
to be unsuccessful: while the 60A residue is conserved in ZIKV, the 202 residue (ZIKV’s
homologue of DENV’s 201 residue) is already a histidine, suggesting that the virus might
already be resistant to the drug. Additive resistance phenotype of double-mutant viruses have
not been explored by the authors. An alternative way to continue our investigations would be
to create a structurally similar DVG in DENV-2 and to introduce in its genome the described
mutations. Such DENV-2 DVG should have similar replicating and interfering properties, as
Rezelj et al. have shown that this specific in-frame DelVG species seems to consistently appear

in other flaviviruses®?, and have been reported in other studies?®**%,

Additionally, Mateo et al. showed that the methyltransferase domain of NS5 of dengue
virus (and probably other flaviviruses) is capable of trans-complementation, in opposition to
the strictly cis-acting RdRp activity that we described. This suggests that protein localization is
probably not involved in limitations for complementation in this specific case. Future
investigations of factors affecting complementation-competence of protein functions would
not only inform what type of DVGs are structurally capable of being replicated, but as Mateo et
al. suggest, identify targets for either susceptibility or resistance dominance during drug

development.

4.4. Co-dispersal of DVGs and WT genomes

We have shown that not only DVGs could be trans-packaged and transmitted to new
uninfected cells, but a minor but still significant proportion of them (13.9%) was capable of
being co-packaged with WT genomes, ensuring their maintenance in following infection
cycles, even at lower MOIs. Whether this ability for co-packaging is specific of this species of
DVG, or rather a more common phenomenon of polyploid virions in flaviviruses has still to be

investigated. Interestingly, this ability for DVG co-packaging could explain the report of a
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transmissible DVG of DENV-1 over several years in Myanmar®*. Indeed, such phenomenon
could enhance co-transmission even through tight cross-species bottlenecks that are believed
to occur multiple times during the full arbovirus life cycle. In addition, Ke et al. have shown
that such co-transmission events increased transmission rates compared to standard genome-
only transmission chains®®'. An interesting hypothesis would be that co-packaging of DVGs
could be an evolvable trait, either encoded by the DVG itself or its helper functional genome.
To go further, investigations on other type of CIUs DVGs could exploit to co-disperse should be
performed. For example, their ability to affect cellular trafficking and the composition of viral
particles released has already been shown in Sendai virus®®®. Finally, a hepatitis C virus DVG

has been shown to exploit the exosomal transport system?*?, which is a known form of CIU.

4.5. DVG genetic diversity and relaxed purifying selection

I have already discussed how increased genetic diversity in DVGs could benefit
standard genomes through genetic recombination and complementation. Because of their
reliance on complementation for some parts of their replication cycle, one could envisage that
DVGs are subject to more relaxed purifying selection on complemented genes. We have found
in our data that mutations in DVGs could reach higher frequencies, probably through random
drift. However, these results only indicated a distribution spanning below a 2% allele
frequency, and was not attached to any fitness effects of SNVs. On a macro-evolution level,
relaxed selective pressure has been observed in the long-term transmitted DENV-1 DVG,
where d/d ratios were significantly higher in the region in 3’ of the non-sense mutation?®2,
More strikingly, some DVGs were shown to tolerate a normally lethal mutation in flock house
virus®’, suggesting they reside in a different, more robust fitness landscape than their
standard genome counterparts. These results suggest that, in theory, DVGs could explore
fitness valleys that standard genomes could not because of their fitness costs. I propose a
model in which, through random exploration of fitness valleys by DVGs, viral populations
stuck in local fitness peaks could transition to higher peaks through genetic recombination. In
order to explore this hypothesis, identification of a beneficial phenotype that requires two
successive mutations linked by reciprocal sign epistasis is necessary. In a theoretical
experimental design, a wild-type standard genome could be co-passaged in presence of

barcoded functional and/or defective genomes containing one of these deleterious mutations.
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If standard genomes acquire the second epistatically beneficial mutation preferentially from

the DVG, this would validate the proposed model.

4.6. Investigations in less artificial set-ups

While our results serve as a proof-of-concept for beneficial interactions between DVGs
and standard genomes, our current experimental design is still very artificial. Nevertheless,
we hope that it will inspire future investigations of such interactions in more natural set-ups,
or in natural infections. To our knowledge, besides promoting persistent infection, only two
studies reported advantages associated with DVGs. The first paper corresponds to the DENV-1
DVG presented earlier, which appeared to have conferred higher transmission rates to its co-
infecting viral population lineage through phylodynamic analysis*®'. However, experimental
validation of this effect has not yet been performed, and a molecular dissection of the
underlying mechanism could reinforce the view that DVGs are integral part of virus
populations. A second study reported that a hepatitis C virus DVG enhanced viral replication
and release, and suggested that the increased production of core proteins could be
responsible for this phenotype?®. Of importance, both DVGs were identified in natural
infections. Interestingly, different reports of in-frame DelVGs have been observed in chronic

283,284

patients infected by Flaviviridae viruses , suggesting they might play important roles in

their virus life cycles, similar to subgenomes?®*,

4.7. Concluding remarks

Further investigations on positive interactions of DVGs should be pursued to finally
remove their current association with interfering properties. Indeed, while DIPs probably
represent a substantial proportion of DVGs, they have probably benefited from a biased
exposure in the published literature for their potential as therapeutics. For example, our DVG
was not reported to decrease viral titers in the experimental passages it was first identified,
suggesting it was present at low frequencies**®. Only when ratios were of 1:1 (DVG:WT) did we
observe significant interference. However, these high levels of DVGs probably do not occur in
natural infections. This would suggest that even potent identified interfering DVGs could have
relative neutral effects in natural infections, therefore suggesting that a majority of DVGs could

be neutral products of viral replication.
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Finally, as my goal was to demonstrate that DVGs were capable of positive interactions,
I want to highlight the importance of avoiding adaptationist narratives. If DVGs can improve
fitness and evolvability, it does not necessarily mean that they evolved for this reason. More
generally, even if some DVGs have been associated with life cycle functions, more
parsimonious neutral explanations for their ubiquity in viral populations exist. Among them,
the error-prone RdRp and the widespread complementation network in viral populations
naturally promote social cheaters, and game theory has established that mixed populations of
cheaters and cooperators could be stable. If DVGs have evolved to serve specific functions in
virus life cycles, it is a secondary evolutionary process, as their existence does not require

5

them. As Gould and Lewontin wrote in their critique of the adaptationist program?®, it is

critical to “distinguish current utility from reasons of origin”.
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CHAPTER 2: POPULATION DYNAMICS OF CHIKUNGUNYA VIRUS IN

EXPERIMENTAL ALTERNATING PASSAGES

1. Introduction

1.1. Arboviruses life cycles and the trade-off hypothesis

Arboviruses are RNA viruses that circulate between an arthropod vector and a
vertebrate host. In most cases, this circulation is referred as an endozootic cycle, as it does not
involve humans. The virus can exit this cycle and be transmitted by spill-over to a secondary
host, which often is a dead-end host incapable of sustaining a transmission cycle. On some
occasions, arboviruses successfully escape their primary endozootic cycle and circulate in a
secondary epizootic one. For arboviruses of human concern, this creates a so-called urban
cycle that is usually sustained by other species of competent vectors, which feed preferentially

on humans (Figure 17).
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Figure 17 | Arboviruses’ sylvatic and urban life cycles. Example of a mosquito-borne arbovirus that
circulates in non-human primates in its sylvatic cycle, and is capable of establishing an urban cycle in
humans.

During their life cycle, arboviruses undergo very different selective pressures between
their two dissimilar hosts. Body temperature, cellular factors, codon usage, microbiotes and
more importantly immune responses are a few examples of dissimilar factors to which these

viruses need to concomitantly adapt. For the latter factor, vertebrate hosts rely on the
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interferon response and their adaptative immunity to overcome viral infections, while insect

hosts use mainly the RNA interference response to antagonize infection.

These constraints have been used to explain why arboviruses tend to have around 10-
fold lower substitution rates (1.4-5 x 10~* mut/nt/year) than other RNA viruses?*®. Indeed, in
what is called the arbovirus trade-off hypothesis, it is hypothesized that arboviruses undergo
higher levels of purifying selection. Because of antagonistic pleiotropy and the majority of
single mutations being deleterious or lethal in one environment’”’, beneficial or neutral
mutations in one host are expected to be deleterious in the other one. This highly reduces the
pool of truly neutral or beneficial mutations available, therefore constraining arboviruses
adaptive pathways and neutral mutation accumulation through genetic drift and founder
effects. In addition, it theoretically limits optimal fitness values of generalists in both
environments compared to specialists''®***”. This ‘cost of generalism’ is quantifiable through
the geometry of the Pareto front of the fitness trade-off, and allows predictions on overall

fitness values over multiple environments'®,

Conversely, specialists are expected to
outcompete generalists in constant environments to which they are adapted, and suffer a cost

of adaptation when they adapt to new niches''® (Figure 18A).

However, evolutionary stasis is not necessarily predicted for generalism. First, while
Pareto fronts are useful models for simple phenotype trade-offs, they fail to model multi-
variable complex traits such as fitness. Indeed, because of widespread epistatic effects in RNA
virus genomes, fitness landscapes are rugged and adaptive pathways taken by viral
populations change the shape of the trade-off front depending on their position in sequence
space. Consequently, dynamics of adaptation depends on fitness landscape congruence

between the two environments:

- if landscapes are congruent on restricted numbers of low fitness peaks, populations suffer
the cost of generalism and stasis occurs through back-and-forth movements in fitness
landscapes;

- if congruent peaks are more densely scattered, generalists can wander through fitness
landscape local peaks and substitution rates are not diminished,;

- if congruent peaks correspond to high optimal fitness peaks in their respective
environments, then stasis occur but generalists do not suffer the cost of generalism;

- if there is no congruence, adaptation can be dominated by one environment and generalists

behave similarly to specialists of that given environment®®’ (Figure 18B).
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Moreover, as I have introduced in the general introduction, viral populations are
cooperative groups of viral genomes that can complement each other. This allows the
possibility for division of labor inside populations, and therefore the existence of sub-
populations specialized in each environment®*>**®, In mixed populations without interactions,
this already predicts higher geometric mean fitness than generalists under a fitness trade-off
through expansion of the specialist sub-population''®***® (Figure 18A). If interactions through
complementation are added, this could completely alleviate the trade-off. However, the
possibility of evolution of specialized sub-populations in alternating conditions is still

debated, as complementation puts a break on adaptation.
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Figure 18 | Model of population fitness in alternating environments. (A) Cost of generalism and
trade-off cost of adaptation (left). Schematic representation of the Pareto front of a fitness trade-off
(right). Heterogeneous populations can partially alleviate the trade-off, pushing the Pareto front. (B)
Host fitness landscapes’ congruence determines available fitness peaks of arboviruses. The fitness
landscapes can be congruent on a single low fitness peak (left), multiple peaks or the highest peak
(middle). Alternatively, one host can dominate the adaptation (right). Extracted from Bergh et al,
20188 and Novella et al., 2011%,
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1.2. Areview on previous experimental studies

Many authors have tried to test the trade-off hypothesis and derive conclusions on the
topology of the fitness landscapes by submitting arboviruses (usually alphaviruses or
flaviviruses) to experimental evolution passages in vitro or in vivo. However, studies from
different teams yielded contradicting results, leaving the questions partially unresolved. In the
following section, I summarize their results and discuss their technical and experimental

design limitations.

Most works on the trade-off hypothesis used a similar approach: investigators
experimentally passaged viruses in either a single host (insect or vertebrate cells, or live
arthropods and rodents) or in an alternating pattern for a variable number of experimental
passages, then they submitted the evolved viruses to a variety of assays to estimate fitness
changes in both environments. Additionally, some researchers also performed challenges on
cell types or animals which were not used for the experimental evolution. Sequencing of

consensus changes and measures of genetic diversity were often also performed.

As a proxy for fitness, authors were divided on two different approaches to measure it.
A first category measured the replication rate of viable viruses through classical growth
curves in the competition cell lines or hosts'®?*****, They usually derived the estimated
replicative fitness from the slope of the log-transformed titer curve during the exponential
growth, or the area under the curve to account for higher titer plateaus. This approach does
not require any pre-required manipulation of the virus genome, and can easily be performed
in viral isolates. However, because there is no direct competition between evolved lineages
and ancestral stocks, conclusions on relative fitness are subject to errors: in cases where initial
replication is faster yet yields fewer progeny during infection, it is unclear which lineage is
more fit. Moreover, the assay is less sensitive to small differences in fitness and requires more
biological replicates to increase statistical power. The second method to estimate relative
fitness is through competition assays, in which evolved lineages are co-inoculated with an
ancestor surrogate. Relative abundance changes can then be used to calculate the population

genetics relative fitness w through neutral molecular markers such as restriction enzyme

294-297 155,288,298-302

sites , neutralizing antibody resistance or molecular barcoding®®**°*, This
method can be very sensitive to small fitness differences if carried over multiple competition
passages, but requires either pre-introduction or pre-identification of target neutral markers

in order to be carried out. If competition results are measured by antibody resistance, only
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live viruses are included, while restriction sites or sequencing of molecular barcodes give
information on genome abundance regardless of infectivity. Moreover, complementation or
recombination between ancestral and derived lineages can occur, usually reducing the

magnitude of the estimated relative fitness.

While all studies reported viral adaptation of serially passaged viruses to their
respective single host, conclusions on the existence of a trade-off and therefore a cost of
adaptation in the by-passed host are contradictory, even with the same virus model. Some
authors found a fitness cost of adaptation in both single-host evolved lineages?°**°*-2%4296297
whereas others found no fitness change in the by-passed host'®*"** or even increases in
fitness®®. Asymmetric cost of adaptation was also reported when viruses adapted to the
mosquito host, but not when passaged in mammalian hosts*****>*%, A particularly interesting
case is the study from Coffey et al. where cost of adaptation was not observed when viruses

where passaged in vivo, but was found when passaged in vitro*®

. Moreover, they showed that
while in vivo passages did not result in fitness cost in by-passed hosts, viruses passed in
BHK-21 cells lost fitness when challenged in hamsters**®. As suggested by Novella et al., the
lack of expected trade-off could be linked to cell culture adaptation and released selective
pressure®®, which would indicate that viruses used are not already on the Pareto front and
still have margins for adaptation in both hosts. This could be even true for in vivo studies

where the virus model was usually isolated through successive cell passages”.

As a consequence of the absence of observable trade-offs in some experimental studies,
the cost of generalism was not always reported?*?**42%2% Tp instances where generalists

suffered a cost, in most cases they still gained in fitness value, although at magnitudes lower

105,290,291,295,297,303

than specialists . In one study with vesicular stomatitis virus, alternated

lineages even suffered fitness loss in BHK-21 cells, which was linked to persistent infection

302

passages of LL-5 sand fly cells®™*. More generally, it appears that generalists tend to maximize

their fitness gain in the vector, suggesting that they play a more determinant role in

evolutionary trajectories?%?%,

See Table 3 for a summary of experimental designs and conclusions.
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Nb Nb Cost of Cost of

Article Virus Vertebrate Invertebrate passages replicates MOI Fitness proxy generalism adaptation
Arias-Goeta, 20142%° CHIKV BHK-21 Aag-2 30 1 0.1 Growth curve No Yes in Aag-2
Coffey, 2011294 CHIKV BHK-21, C6/36 7 1 0.1 Competition assay No Yes
Hela (restriction site)
Cooper, 2001291 EEEV PDE C7-10 10 10 0.01 Growth curve Yes No
Weaver 1999296 EEEV BHK-21 C6/36 100 1-4 0.01 Competition assay No Yes
(20-40) (clonal) (restriction site)
Greene 2005297 SINV  BHK-21 C6/36 20-50 2 0.01 Competition assay Yes Yes

(restriction site)

Coffey, 2008295 VEEV Hamsters, Ae. aegypti 10 1 108 PFU Competition assay Yes No
mice (restriction site)

Coffey, 2008295 VEEV BHK-21 RML12 10 1 0.1 Competition assay Yes Yes in
(restriction site) RML12

Chen, 2003293 DENV Vero C6/36 30 1 10 Growth curve No Yes

Vasilakis, 2009290 DENV Huh-7 C6/36 10 2 0.01 Growth curve Yes Yes

Jerzak, 2008°%° WNV  Chickens  Cx. spp. 20 3 100 IDs, Competition assay Yes in Yes in

Deardorft, 201 1303 (Sanger) mosquito mosquito

Ciota, 2007292 WNV DF-1 C6/36 20-40 2 0.1 Growth curve N/D Yes

Zarate & Novella, VSv BHK-21 LL-5 25 4 0.1 Competition assay Yesin BHK Yes

9004392 (MARMU)

Novella, 1999298 VsV BHK-21 LL-5 80 4 0.1 Competition assay No Opposite in
(MARMU) BHK

Moutailler, 2011105 RVFV  BHK-21 Aag-2 30 1 0.1Growth curve Yesin BHK  No

Table 3 | Experimental evolution designs and results investigating the trade-off hypothesis in
arboviruses. Cost of generalism is observed if the fitness gain in generalist is lower than in specialist.
Cost of adaptation is observed if adaptation to a serial condition leads to fitness cost in the by-passed
condition. CHIKV: chikungunya virus; EEEV: eastern equine encephalitis virus; SINV: Sindbis virus;
VEEV: Venezuelan equine encephalitis virus; DENV: dengue virus; WNV: West Nile virus; VSV: vesicular
stomatitis virus; RVFV: Rift Valley fever virus; IDso: infectious dose 50%; MARM U: VSV clone resistant
to neutralizing antibody.

Some of these studies not only assayed the fitness phenotype of derived viral lineages,

but also tried to identify causal mutations for the population fitness changes. Most of them

NA293,296—298,302 0

used Sanger sequencing of either amplified extracted total vR , isolated plaques®
or subcloned vRNA after RT-PCR!0°288289292294295305 " therefore restricting themselves to near-

consensus SNV identification. Methods using plaque isolation and subcloning allowed for
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determination of genomic diversity of lineages. Generally, the alternated lineages did not
undergo evolutionary stasis and accumulated substitutions?*°?°*??83023% However, conclusions
on stronger purifying selection in alternating conditions were contradictory as well. Coffey et
al. found that alternation reduced mutation frequencies, and associated it with higher
proportions of viable genomes than in serially passaged populations, suggesting higher

selective constrains®®*. On the other hand, other authors rather found that while single-host

289,290,294,295 t302,305

passaging restricted genetic diversity, whether the vector or the hos was
responsible for reduced genetic diversity was not consensual. Additionally, when substitutions
were cloned and assayed for replication efficiency, they did not necessarily recapitulate the
observed phenotype in evolved lineages®®, suggesting that undetected minority variants
played a role in population adaptative values. This is even more striking in the study from
Coffey et al. where no consensus change was observed in viruses passaged in mosquitoes,

despite significant fitness increase of the population®®.

Altogether, these investigations on the existence of a trade-off hypothesis do not draw a
definite conclusion. These inconsistencies can be attributed to differences in virus and cellular
or animal models used; however, limitations in experimental design also spurred hasty
conclusions. First, on the cost of adaptation and generalism, it is impossible to conclude if
ancestor populations are not readily situated on the Pareto front of the trade-off. Second,
estimation of nucleotide diversity is only partial when using low-throughput sequencing
techniques which cannot identify low frequency variants. Finally, in order to link genotype and
phenotype, minority variants should be identified. In this chapter, my aim is to re-explore this
evolutionary question using an updated experimental design and high-throughput sequencing
which has since become more affordable. In the following section, I briefly present
chikungunya virus (CHIKV) which is my virus model, and then present the initial experimental

design I had planned.

1.3. Chikungunya virus
1.3.1. GENOME AND VIRUS STRUCTURE

CHIKV is a small enveloped, positive-sense single-stranded RNA virus belonging to the
alphavirus genus within the Togaviridae family. It is part of the Semliki Forest virus complex
together with closely related viruses such as o'nyong-nyong, Semliki Forest, Ross River and

Mayaro viruses®®. Its genome consists of a non-segmented linear RNA molecule of
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approximately 11.8kb, with a 7-methylguanosine cap at its 5’-end and a 3’ polyadenyl (poly-A)
tail. It contains two ORFs separated by an non-coding region containing a subgenomic
promoter, which allows the generation of a 26S subgenomic RNA. The first ORF encodes for
four non-structural proteins (nsPs, namely nsP1 to nsP4), which constitute the replication
complex. Similarly to most alphaviruses, CHIKV nsp3 gene contains a read-through opal
termination codon (UGA) near the 3’-end of its sequence. The second ORF codes for six
structural proteins, namely the capsid (C), 3 envelope glycoproteins (E1, E2 and E3), a small
6 kDa peptide (6K) and a transframe peptide (TF) produced from a ribosomal frameshift

sharing the same N-terminal region with 6K*"7 (Figure 19A).

The genome is surrounded by an icosahedral nucleocapsid formed by 240 capsid
monomers, which is enclosed in a plasma-membrane-derived lipid bilayer decorated with 80
trimers of E1-E2 heterodimers. These trimers constitute the spikes on the virus surface and
mediate virus-cell contact and viral entry. Overall, the mature virion has a diameter of

approximately 70 nm*"’ (Figure 19B).
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Figure 19 | Genome organization and viral particle structure of chikungunya virus. (A) Full-
length genomic (49S) and subgenomic (26S) viral RNA of CHIKV. (B) Schematic representation of the
viral particle. Extracted from ViralZone.

1.3.2. REPLICATION CYCLE

CHIKYV has a broad cellular tropism, replicating in many mammalian and insect cells. In
mammalian cells, matrix-remodeling associated protein 8 (Mxra8) has been identified as an
entry receptor for the virus®***®, However, partial protection against CHIKV infection from
knock-outs of Mxra8 in some cell lines suggest that other receptors could also be used?®®.
Interactions with phosphatidylserine receptors T-cell immunoglobulin and mucin domain 1

(TIM-1)**° and glycosaminoglycans (GAGs)*"' promote viral binding and entry. On the virus
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side, E2 mediates the attachment to cells, and the viral particle is internalized by a clathrin-

mediated endocytosis.

Lower pH in endosomes induces conformational changes in the viral glycoproteins,
exposing the E1 fusion loop that inserts itself in the endosomal membrane, leading to the
fusion of the viral and endosomal membranes and the release of the nucleocapsid in the
cytoplasm. Upon release, the nucleocapsid disassembles and the full-length 49S genomic viral

RNA (vRNA) is delivered into the cytosol for translation.

There, the host ribosomal machinery translates and processes the first ORF into two
non-structural precursor polyproteins P123 and P1234. P123 represents the majority of
products, while P1234 is synthesized through a low-frequency ribosomal read-through of the
opal stop codon at the end of nsp3, yielding around 10% of full-length polyproteins®'?. After
translation, nsP4 is cleaved autoproteolytically through the cysteine protease activity residing
at the C-terminus of nsP2. The complex formed by P123 and nsP4 is the early polymerase
complex capable of synthesizing the full-length 49S minus-strand vRNA which serves as a
template for the synthesis of subgenomic 26S and de novo 49S plus-strand vRNAs. Minus-
strand VRNA synthesis takes place at the plasma membrane, through anchoring of the
replication complex mediated by nsP1 amphipathic domain, in membrane invaginations called
‘spherules’ These viral replication compartments are thought to protect double-stranded

RNAs (dsRNAs) from degradation and detection by the host immune system.

The P123 polyprotein is rapidly cleaved into nsP1 and P23, which in turn is cleaved in
trans into nsP2 and nsP3. Concomitantly, a fraction of spherules are internalized to form type I
cytopathic vacuoles (CPV-I) containing numerous spherules at the membrane interface. All
fully processed nsPs form the late replication complex which can only synthesize plus-strand
49S and 26S vRNAs. This induces a switch to strictly plus-strand vRNA synthesis in

mammalian cells after 4 hours post infection.

Translation of the subgenomic 26S vRNAs, which are produced in excess comparatively
to the 49S vRNAs, leads to the production of the structural polyprotein. During its synthesis,
the capsid protein is cleaved and released early through its autocatalytic serine protease
domain, and forms oligomers with newly synthesized 49S plus-strand vRNAs to form
nucleocapsids each containing a full-length vRNA. The remaining polyprotein synthesis

produces a majority of E3-E2-6K-E1, and about 10-18% of E3-E2-TF due to a -1 ribosomal
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frameshift. The signal peptide at the N-terminus of E3 translocates the two polypetides to the
endoplasmic reticulum (ER) where they are cleaved by host proteases into pE2 (E3-E2), 6K or
TF, and E1. As the E1 and pE2 complex matures through the secretory pathway as a non-
covalent hetero-oligomer, it undergoes post-translational modifications such as palmitoylation
and glycosylation to form mature glycoproteins. Next, E3 is released through cleavage, leading
to trimerisation of E1-E2 heterodimers to form mature spikes which are transported to the
plasma membrane. Finally, recruitment of nucleocapsids at the plasma membrane results in
mature virion budding. Alternatively, at a late stage of infection, type II cytopathic vacuoles
(CPV-II) are formed from the trans-Golgi network. They typically contain oligomers of E1-E2
dimers and are studded with nucleocapsids, which allow assembly and egress of mature

virions.

For a graphical summary of CHIKV replication cycle, see Figure 20. Table 4

recapitulates known functions of CHIKV proteins.
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Protein Size (aa) Functions

nsP1 535 Methyltransferase and guanylyltransferase for vRNA capping;
membrane anchor through amphiphatic domain.

nsP2 798 N-terminal NTPase, helicase and RNA triphosphatase activities; non-
structural polyprotein cleavage through C-terminal cysteine protease.

nsP3 530 Phosphoprotein with unknown functions, but required for minus-stran
synthesis; likely interacts with host proteins.

nsP4 611 RNA-dependent RNA polymerase; putative terminal transferase activity.

C 261 Encapsidates vRNA to form nucleocapsid; autocatalytic serine protease.

E3 64 N-terminus directs structural polyprotein to the ER-Golgi pathway.

E2 423 Mediates attachment to cell receptors; major target of neutralizing
antibodies.

6K/TF 61/76 Putative ion channels; may enhance viral egress.

El 437 Mediates fusion of viral envelope and cellular membrane via fusion
loop.

Table 4 | Chikungunya virus proteins and functions. Adapted from Silva and Dermody, 2017°”.

1.3.3. EPIDEMIOLOGY

CHIKYV is an arbovirus which was first identified in an 1952-1953 outbreak in Southern
Tanganyika (current Tanzania)®*". The different strains are classified into different lineages
according to their genetic diversity, namely the West African, Asian, East-Central-South-
African (ECSA)*", and more recently the Indian Ocean lineage (IOL) which emerged and

evolved from the ECSA genotype®™®.

The virus circulates in a sylvatic cycle between non-human primates and sylvatic Aedes
spp. mosquitoes such as Aedes furcifer, Aedes luteocephalus and Aedes africanus®'®. The ECSA

7 and causes

lineage has been detected in multiple non-human primate species in Africa®
outbreaks in human populations through spillovers from its sylvatic cycle to its urban life

cycle where Aedes aegypti becomes the main vector®®®,

The first major outbreak in modern times occurred in 2005, when a strain from the
ECSA lineage spread to the Indian Ocean islands, India and South-East Asia, giving rise to the

IOL lineage. This outbreak caused around 6.5 million cases, including imported cases in
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319 and southern

Europe and North America and small autochthonous outbreaks in Italy
France®. The importance of this epidemic was linked to a change in vector species: while
ECSA strains in Africa are typically transmitted by Aedes aegypti mosquitoes in their urban
cycle, most human IOL infections were linked to Aedes albopictus ones, which distribution has
expended to tropical and temperate regions worldwide®?". In particular, a specific mutation in
the E1 glycoprotein inducing a A226V substitution was linked to the outbreak®", and was later
confirmed to increase infectivity, dissemination and transmission rates in Aedes albopictus,
while having no effect in Aedes aegypti*****. Additional substitutions, namely E2-1L210Q and

E2-K252Q, were shown to increase virus fitness in Aedes albopictus in the E1-A226V genetic

background??***,

In Asia, introduction of the Asian lineage is thought to have happened through
shipping at the beginning of the 20™ century®'®, and has caused sporadic outbreaks mediated
by Aedes aegypti*'®, until the 2013 epidemic where it spread to the Caribbean Sea and the
American continent, causing the world second major CHIKV outbreak®?***”. Interestingly, while
Aedes albopictus is abundant in South-East Asia, there is no evidence of its implication in Asian
lineage outbreaks. This phenomenon was attributed to an epistatic interaction with the E1-

98T residue present in all Asian genotypes, which prevents the acquisition of the E1-A226V

substitution''*, and therefore adaptation to this new vector.

More recently, outbreaks in India, Pakistan, Bangladesh, Thailand, Myanmar and
Cambodia between 2010 and 2020 were linked to another sub-lineage of the ECSA clade,
which is characterized by E1-K211E and E2-V264A substitutions, and the absence of the IOL
E1-A226V one®*,

1.4.4. EXPERIMENTAL DESIGN AND AIMS OF CHAPTER 2
In order to re-explore and test the arbovirus trade-off hypothesis, we will use an IOL

lineage CHIKV clone previously used in the laboratory'***'*

to serially or alternately passage it
in BHK-21 or U4.4 cells. Both of these cell lines were chosen as they are widely used in
virology literature, yield sufficient viral titers for subsequent assays and high-throughput
deep-sequencing, and relatively preserve their functional innate immune pathways. Fitness
estimations will be performed by competition assays as they are more sensible to small fitness

differences, and relative abundance of derived populations measured with an accuracy-
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improved multiplex RT-qPCR approach described in Carrasco et al®**’. To identify evolved
populations from the ancestral surrogate competitor, all experimental evolution lineage
replicates and the surrogate contain a unique 6-nucleotide molecular barcode inserted at the
3’ end of the subgenomic promotor. While exogenous, this small barcode is non-coding and

1'2, and it does not affect the initial position of each

has been shown to be relatively neutra
clone in fitness landscape. In addition to its use for competition assay read-outs, it allows
identification of cross-contamination between samples, and the possibility to mix evolved
populations to evaluate their contributions in complementation. Sequencing of lineages across
passages will be performed with Illumina short-read RNA-sequencing, which allows the

identification of minority variants down to 0.1% in frequencies.

Briefly, similarly to previous studies, barcoded clones are first passaged serially or
alternately for 20 experimental evolution passages in BHK-21 and U4.4, and variant
composition and population fitness assayed across passages. This allows initial adaptation to
each passaging condition, and should move viral populations towards the theoretical Pareto
front. In a second phase of experimental evolution, each lineage switches regime: alternated
passages are released from alternation and serially passaged in each cell line; serial passages
are either switched to the by-passed host, or alternately passaged (Figure 21). In theory, if a
trade-off exists, new adaptation to their former by-passed host should result in fitness cost to
the formerly adapted one, as the virus population moves along the Pareto front. Combined
with high-throughput sequencing, loci under antagonistic epistasis could be identified and
mapped onto the viral genome. Moreover, other conditions aim to explore the ruggedness and
congruence of the two fitness landscapes, allowing us to conclude if evolutionary stasis is
expected. Finally, to test if division of labor and collaborative complementation between
specialist populations could be maintained in alternated regimes, we will mix serially-

passaged populations over several passages.

To account for evolutionary contingency and measure parallel evolution of each
condition, six independent biological replicates for each regime, with their own distinctive

molecular barcode, will be passaged.
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Figure 21 | Two-phase experimental evolution design in constant or alternated passages of
barcoded CHIKV in BHK-21 or U4.4 cells. (A) Each lineage replicate is barcoded with a unique 6-
nucleotide insert in 3’ of the subgenomic promotor. (B) Virus populations are initially passaged either
serially in U4.4 or BHK-21 cells, or alternately between the two cell lines for 20 passages. (C) Viral
population fitness and variant compositions are determined through Illumina RNA deep-sequencing
and a competition assays followed by a multiplex RT-qPCR read-out. (D) Terminal passages of the
initial phase of experimental evolution are switched to new regimes to map the Pareto front geometry
and determine fitness landscape congruence and loci of antagonistic pleiotropy. (E) Serially-passaged
populations are mixed together to test if division of labor yield higher population fitness in alternated
passages.
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2. Material and methods

2.1. Cells, plasmids and viruses
2.1.1. CELLS

U4.4 cells were maintained in Leibovitz’s L-15 medium (Gibco) complemented with
10% (v/v) fetal bovine serum (FBS; Gibco), 1% (v/v) penicillin-streptomycin (P/S; Gibco), 1%
(v/v) non-essential amino acids (Gibco) and 2% (v/v) tryptose phosphate broth (Sigma) at
28°C without CO,.

Vero-E6 and BHK-21 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco) containing 10% (v/v) FBS and 1% (v/v) P/S in a humidified atmosphere at
37°C with 5% CO,.

2.1.2. PLASMIDS

The chikungunya virus (CHIKV) infectious clone used as the marked ancestor is the
Indian Ocean Lineage (IOL) La Réunion 06-049 strain (GenBank accession number
AM258994) under a SP6 promoter, and modified with an Avrll restriction site (CCTAGG)
inserted at position 7612 after the subgenomic promoter as previously described in Carrau et
al’®, Subsequent tagged lineages were generated by site-directed mutagenesis modifying the
Avrll restriction site with a unique 6-nucleotide barcode (Table 5). Each barcode is unique
and has a minimum of 3 nucleotide differences with all the other ones in order to distinguish

them after numerous passages and potential fixation of random mutations.

All plasmid stocks were obtained through classic transformation protocols of XL-10
Gold Ultracompetent cells (Agilent) or Top1l0 Chemically competent E. coli (ThermoFisher
Scientific), followed by Mirapreps?’! of colonies grown in 100 mL LB Miller using NucleoSpin
Plasmids kits (Macherey Nagel). Purity and concentrations of extracted DNAs were evaluated
on a NanoDrop (ThermoFisher Scientific). Full plasmid sequences were checked by Sanger

sequencing (Eurofins Genomics).
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EEregime ID Barcode Sense Primer sequence

U4.4 I1  GAGTAC Forward 5-GAGTACATGGAGTTCATCCCAACCC-3’
[2 CATCTC Forward 5-CATCTCATGGAGTTCATCCCAACCC-3’
I3 CTAGCT Forward 5-CTAGCTATGGAGTTCATCCCAACCC-3’
14  AACTGT Forward 5-AACTGTATGGAGTTCATCCCAACCC-3’
I5 TTCGAG Forward 5-TTCGAGATGGAGTTCATCCCAACCC-3’
I6 TCACTC Forward 5-TCACTCATGGAGTTCATCCCAACCC-3’

BHK-21 V1l ATCCGG Forward 5-ATCCGGATGGAGTTCATCCCAACCC-3’
V2 ACTAAC Forward 5-ACTAACATGGAGTTCATCCCAACCC-3’
V3 CGTACC Forward 5-CGTACCATGGAGTTCATCCCAACCC-3
V4  GCTACT Forward 5-GCTACTATGGAGTTCATCCCAACCC-3’
V5 CTGCAG Forward 5-CTGCAGATGGAGTTCATCCCAACCC-3’
V6 AAGCCT Forward 5-AAGCCTATGGAGTTCATCCCAACCC-3’

Alternated Al GCCATC Forward 5-GCCATCATGGAGTTCATCCCAACCC-3’
A2 TGGATC Forward 5-TGGATCATGGAGTTCATCCCAACCC-3’
A3 TGTTCA Forward 5-TGTTCAATGGAGTTCATCCCAACCC-3’
A4 TACGGC Forward 5-TACGGCATGGAGTTCATCCCAACCC-3’
A5 TATCAG Forward 5-TATCAGATGGAGTTCATCCCAACCC-3’
A6  ATTCAT Forward 5-ATTCATATGGAGTTCATCCCAACCC-3’

All All - Reverse 5-TGTAGCTGATTAGTGTTTAGATACTTG-3’

Table 5 | Site-directed mutagenesis primers for barcoded CHIKV clones. EE = Experimental
evolution. ID = Lineage identifier.

2.1.3. VIRUSES

CHIKV rescues were carried out by first linearizing the infectious clone plasmids with
the Notl restriction enzyme (Anza) for 30 min at 37°C, followed by DNA purification using the
NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel), in vitro transcription of messenger
RNA (mRNA) using the SP6 mMessage mMachine kit (Invitrogen), and finally mRNA
purification using the RNeasy MinElute Cleanup kit (Qiagen). Purified RNAs were quantified
using the Qubit RNA BR assay kit (Invitrogen) on a Qubit 2.0 fluorometer (Invitrogen). RNA

was subsequently transfected into BHK-21 cells using the TransIT-mRNA kit (Mirus Bio)
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following the manufacturer’s instructions, and clarified supernatant collected at 2 dpt. Viral
stocks were obtained after an initial passage (passage 1) in either BHK-21 or U4.4 cells at MOI

0.1 and collected at 2 dpi. Stocks were titered in Vero-E6 cells by plaque assays in triplicates.

2.2. Site-directed mutagenesis

Site-directed mutagenesis was performed by classical amplification and ligation
protocol. Briefly, primers containing the mutations of interest (Integrative DNA Technologies)
were used to amplify target DNA products through polymerase-chain reaction (PCR) using the
Phusion High-Fidelity DNA Polymerase kit (ThermoFisher Scientific) for 18 cycles at
annealing temperatures of 60°C. Reaction products were then digested with Dpnl
(ThermoFisher Scientific) for 30 min at 37°C to eliminate plasmid DNA, and subsequently
purified (NucleoSpin Gel and PCR Clean-up, Macherey Nagel). Linear DNAs were circularized
by adding 4 pL Ligase Buffer (New England BioLabs) and 1 pL T4 polynucleotide kinase (PNK;
New England BioLabs) for 30 min at 37°C, followed by 1 pL T4 DNA ligase (New England
BioLabs) and incubating at 4°C overnight. Circular DNA was then used to transform XL-10
Gold Ultracompetent cells (Agilent) or Topl0 Chemically competent E. coli (ThermoFisher
Scientific). Each transformation was performed by adding 2 pL circular DNA product to 25 pL
suspended bacteria, incubated 30 min on ice, heat-shocked at 42°C for 40 seconds (s),
supplemented with 100 pL SOC media (ThermoFisher Scientific), then incubated in a shaking
incubator at 37°C, 120 rotations per minute (rpm) for 1 hour (h). After incubation, total
volume was plated on a LB agar plate with 100 pg/mL ampicillin and incubated at 37°C
overnight. Successful mutagenesis were validated by randomly picking colonies to grow in
5mL LB Miller overnight followed by plasmid DNA extraction minipreps (NucleoSpin
Plasmids, Macherey Nagel) and Sanger sequencing of the target mutation site (Eurofins

Genomics).

2.3. Viral titers

Infectious viral titers were determined by plaque assays. Briefly, monolayers of Vero-E6
cells in 24-well plates were inoculated with 150 pL serial 10-fold dilutions of viruses in
unsupplemented DMEM and incubated at 37°C and 5% CO, for 1h. Then, wells were gently

covered with approximately 1 mL of a solid overlay comprising DMEM supplemented with 2%
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FBS, 1% P/S and 0.8% agarose (Invitrogen) and incubated again for 2-3 dpi until fixation with
4% formaldehyde (Sigma). Plaque-forming units (PFUs) were manually enumerated after

crystal violet 0.2% staining .

2.4. Viral experimental evolution passages

Barcoded virus populations were blindly passaged either in BHK-21 cells only, U4.4
cells only or alternately between the two different cell lines in 6-well plates or T25 flasks at
approximately MOI 0.1 PFU/cell following regular volume adjustments after viral titration
every 5 passages. Briefly, inoculum was added on 80% confluent cells in their respective
media complemented with 2% (v/v) FBS and incubated for 2 dpi at 37°C (BHK-21) or 28°C
(U4.4). Infectious supernatants were collected and clarified by centrifugation for10 min at
4,000xg, then aliquoted for subsequent viral assays or RNA extractions. Initial passages were
carried until passage 20, and infections in T25 flasks were done for all passages that were

sequenced (passage 1, 5, 10, 15, 19 and 20).

2.5. Competition fitness assays
2.5.1. COMPETITION PASSAGES

Relative fitness of passaged virus populations in either BHK-21 or U4.4 were
determined through three subsequent competition passages in presence of an unpassaged
marked clone in three biological replicates. Inocula (passage 0) were prepared by mixing
assayed populations and the marked competitor (AvrIl) at 1:1 ratio following their infectious
titers, and competition passages carried out blindly in 96-well plates at approximately MOI 0.1
PFU/cell for 2 dpi. Clarified supernatants were heat-inactivated at 95°C for 5 min and used
directly for multiplex real-time quantitative reverse transcription polymerase chain reaction

(RT-qPCR) to determine relative abundance of each barcoded populations.

2.5.2. MULTIPLEX RT-QPCR
Relative abundance of assayed virus populations were determined through an

improved multiplex RT-qPCR version of the assay described in Carrasco et al.***

A dual-probe
TagMan set-up was used to improve accuracy and limit sensibility to pipetting errors and

measurement stochasticity. Briefly, a first probe TagMan 6-FAM™ probe (Integrative DNA
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Technologies, Table 6) binds to a 125-nucleotide amplicon downstream of the engineered
molecular barcode introduced in each virus populations. Two different forward primers
specific at their 3’ ends to the barcode of either the assayed population or the marked
competitor are used along a common reverse primer into two separated reaction mixes using
the same RNA preparation, allowing discriminant absolute quantification of each population.
A second TagMan JOE NHS probe (Integrative DNA Technologies; equivalent to VIC™; Table 6)
binds to a 98-nucleotide amplicon in the nsp3 gene region using common forward and reverse
primers in the two reaction mixes, and is used to quantify total viral RNAs in order to correct
for pipetting errors in-between the two mixes. To account for potential amplification-
specificity differences between marked competitor and assayed population RNAs, serial 10-
fold dilutions of in vitro transcription stocks (250 ng/pL) of each clone were used as
standards, and standard curve values of the assayed population and associated cycle threshold
(Cr) values were linearly transformed to match the dynamic range of the marked clone

standard curve.

Individual RT-qPCR reactions were set up using 1 pL of 5-fold diluted inactivated
supernatant in DNAse- and RNAse-free water, mixed with their respective forward primer for
the 6-FAM™ amplicon, common primers and probes (Integrative DNA Technologies; Table 6)
and Luna® Universal Probe One-Step RT-qPCR kit reagents (New England BioLabs) up to a
final volume of 5.5 pL following ratios recommended by the manufacturer. RT-qPCRs were
carried out in 384-well plates in an Applied Biosystems QuantStudio 6 or 7 Flex thermocycler
with the following cycling conditions: 55°C for 10 min, 95°C for 1 min and 40 cycles of 95°C for
10 seconds followed by 60°C for 1 min.
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Region Target Type Sequence

nsP3 All Probe 5-[6JOEN]TAAAACGCATGGACATCGCGAAGAACGATG[IABKFQ]-3°
All Reverse 5-ACAGGTCACCCGAGCAG-3’
All Forward 5-GTATACTGCCTTGCAAACACC-3’

Barcode All Probe 5-[6FAM]TTTACAATAGGAGGTACCAGCCTCGACCCT[IABKFQ]-3
All Reverse 5’-TAACTGCTGAGATCAGCTGG-3’
Avrll  Forward 5-GTATCTAAACACTAATCAGCTACACCTAGG-3’

V1 Forward 5-GTATCTAAACACTAATCAGCTACAATCCGG-3’
V2 Forward 5-GTATCTAAACACTAATCAGCTACAACTAAC-3’
V3 Forward 5-GTATCTAAACACTAATCAGCTACACGTACC-3’
V4 Forward 5-GTATCTAAACACTAATCAGCTACAGCTACT-3’
V5 Forward 5-GTATCTAAACACTAATCAGCTACACTGCAG-3’
Vé Forward 5-GTATCTAAACACTAATCAGCTACAAAGCCT-3’
Al Forward 5-GTATCTAAACACTAATCAGCTACAGCCATC-3’
A2 Forward 5-GTATCTAAACACTAATCAGCTACAAGGATC-3’
A3 Forward 5-GTATCTAAACACTAATCAGCTACATCTTCA-3’

A4 Forward 5-GTATCTAAACACTAATCAGCTACATACGGC-3’
A5 Forward 5-GTATCTAAACACTAATCAGCTACATATCAG-3’
A6 Forward 5-GTATCTAAACACTAATCAGCTACAATTCAT-3’

Il Forward 5-GTATCTAAACACTAATCAGCTACAGAGTAC-3’
12 Forward 5-GTATCTAAACACTAATCAGCTACACATCTC-3’
I3 Forward 5-GTATCTAAACACTAATCAGCTACACTAGCT-3’
14 Forward 5-GTATCTAAACACTAATCAGCTACAAACTGT-3’
I5 Forward 5-GTATCTAAACACTAATCAGCTACATTCGAG-3’
Ie Forward 5-GTATCTAAACACTAATCAGCTACATCACTC-3’

Table 6 | Probes and primers for CHIKV multiplex RT-qPCR.

2.5.3. RELATIVE FITNESS
Relative fitness values w of assayed evolved populations can be derived after

rearranging formula 1, such as:
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Equation 6% w=

with plt| and qlt|=1- plt| the frequencies of respectively the assayed population and the
marked competitor at competition passage t. In our assay, frequency ratios R(t|=p|t)/qlt] at
each passage t are determined for each biological replicates, and log,-transformed relative

fitness values log, (\W) estimated by the slope of the linear regression
Equation 7 log, (R[t|/R[1)|~log,w] xt.

Competition passage 1 frequency ratios R(1) were used to normalize relative frequency
ratios R[t|/R(1] as they have consistently less missing values due to undetermined Cy values
than inocula (passage 0). Linear regressions were performed using base R 3.6.3. Standard

errors of the relative fitness estimates are obtained from the linear model.

2.6. Viral RNA extraction

Viral RNAs were obtained through classic trizol extractions of clarified supernatants
after incubating supernatants with 15pL RNAse T1/A mix (ThermoFisher Scientific), 3pL
Ambion™ DNAse I (Invitrogen) and 3pL RQ1 DNAse (Promega) at 37°C for 1 hour. Briefly, 1 ml
trizol reagent (Sigma) was added to 1 mL thawed supernatants and allowed to incubate 5 min
at root temperature. Then, 400 pL chloroform was mixed to the suspension, incubated for
3 min and centrifuged 15 min at 12,000xg at 4°C for phase separation. Upper phases were
collected and nucleic acids were precipitated by mixing 1 mL isopropanol (Sigma) and 1.5 pL
glycoblue (15 mg/mL; Invitrogen) and incubating at -20°C overnight. RNA pellets were
recovered by centrifuging at 12,000xg at 4°C for 20 min, followed by a 1 mL 75% ethanol
wash. RNAs were finally recovered in 30 pL DNAse- and RNAse-free water. The quality and
quantity of extracted RNAs were analyzed using the Quant-iT RNA BR assay kit (ThermoFisher

Scientific) on a Tecan infinite M200 PRO plate reader (Tecan).

2.7. Viral RNA sequencing

Viral RNA preparations were first purified using the NEBNext Poly(A) mRNA Magnetic
Isolation Module (New England BioLabs) to get rid of abundant ribosomal RNAs (rRNAs)
found particularly in U4.4 passages, and quantified afterwards using the Quant-iT RNA BR

140



assay kit (ThermoFisher Scientific). Libraries were prepared using the NEBNext Ultra II RNA
Library kit (New England BioLabs) and multiplexed using the 96-index primers from the
NEBNext Mulitplex Oligos for Illumina kit (New England BioLabs). Quality of the libraries was
checked using a High Sensitivity DNA Chip (Agilent) and quantity determined using the Quant-
iT dsDNA assay kit (ThermoFisher Scientific). Libraries were diluted to 1 nM and pooled
together, then quantified again using the Qubit dsDNA HS assay kit (Invitrogen) on a Qubit 2.0
fluorometer (Invitrogen). Sequencing of the libraries was performed by single-end on a
NextSeq 500/550 MidOutput v2.5 (150 cycles) flowcell (Illumina) using a NextSeq 500

sequencing machine (Illumina).

2.8. Sequencing data alignment and variant calling
Sequencing reads were demultiplexed using bcl2fastq v2.20.0.422 (Illumina). Sample

quality control was performed using FastQC v0.11.9 (https://github.com/s-andrews/FastQC),

and number of reads aligning to the chikungunya virus reference sequence (GenBank
accession number AM258994) were determined using Bowtie 2%° v2.3.5.1
(https://github.com/BenLangmead/bowtie2). Samples with number of aligned reads below
200,000 (approximately 18X genome coverage) were re-extracted and re-sequenced after a
fresh library preparation. In case of low viral RNA yields in different independent sequencing

runs, fastq files were concatenated and quality control re-performed on the new files.

Variant calling was performed with ViVan v0.43 (Viral Variant Analysis)*’*, an in-house
pipeline which performs multiple rounds of alignments and consensus reference sequence
modifications to increase alignment and variant calling accuracies. Briefly, reads are clipped

and trimmed using fastq-mcf from ea-utils v1.1.2 (https://expressionanalysis.github.io/ea-

utils/) to remove Illumina adapters and low quality ends with phred scores below 30. Reads
are then aligned using the Burrows-Wheeler aligner*®**' (BWA v0.7.4,

https://github.com/lh3/bwa) against their corresponding barcoded reference sequence,

allowing a maximum of 2 mismatches and no gap. Alignments are then processed using the

SAMtools v0.1.19 toolkit*** (https://github.com/samtools/samtools) to generate pileups of

called bases at each position. Insufficiently covered bases (< 200X) are discarded and a
generalized likelihood-ratio test is performed to identify statistically significant variants

(pagy < 0.05 after a Benjamini-Hochberg false-discovery post-hoc test). Majority variants
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identified are then modified in the reference sequence, and alignment and variant calling are

re-performed.

2.9. Defective viral genomes calling

Demultiplexed fastq reads from variant calling were used to call recombination points.
First, reads were clipped and trimmed (phred quality score < 30 and minimum length = 50)
using BBDuk, and PCR duplicates removed with Clumpify from the BBMap v38.91 toolkit

(https://sourceforge.net/projects/bbmap/). Then, alignments against corresponding

barcoded reference sequence and recombination sites were determined using ViReMa v0.25

(Viral Recombination Mapper) algorithm?”® (https://sourceforge.net/projects/virema/) with

seeds of 20 nucleotides and maximum 2 mismatches allowed. ViReMa can identify
recombination points in-between positive or negative sense RNAs, and between opposite
polarity RNAs. For simplicity, we only filtered recombination points resulting in deletions (5’-
positive to 3’-positive; and 3’-negative to 5’-negative) to be considered as defective viral

genomes, and discarded possible duplications or copy-backs.

2.10. Shannon entropy
Average Shannon entropies S, of viral genes were manually computed using variants
with frequencies over 0.1% on R v3.6.3. The following formula was used:

=2 pilog,(p,)+(1- p,)log, (1~ p,)
N

Equation 8 S,=

with p; the allele frequency of SNVs at each position i, and N the length of the gene.

2.11. Principal Component Analysis

Principal component analysis was performed on R v3.6.3 using the FactoMineR
package available on CRAN. Briefly, variants with frequencies > 0.5% were filtered, and only
non-synonymous mutations which were reported in at least two different passages in the
same replicate were used to create a matrix of all SNV frequencies across replicates and
passages. Allele frequencies were logio-transformed to reduce heteroscedasticity of the data.

PCA was performed on all passages but P1, and passage 1 components predicted a posteriori.
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2.12. Statistical analysis
R v3.6.3 was used to perform statistical analysis and generate graphs. Error bars

correspond to standard deviations (SD) unless otherwise indicated.
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3. Results

3.1. Alternating passages have restricted genetic diversity determined by permissivity
of both hosts

To assess the effect of host alternation on the accumulation of genetic diversity across
the genome, we deep-sequenced evolved populations from the initial phase of experimental
evolution at passage 1, 5, 10, 15, 19 and 20, and analyzed variant composition using our in-

house pipeline ViVan*”*

. We observed at terminal passages (19 and 20) signs of positive
selection with mainly non-synonymous mutations reaching frequencies over 1%. While nsP1
and E2 genes appear to accumulate mutations in all regime types, the serially-passaged
replicates in U.4.4 showed signs of positive selection in nsP2, E1 and in the two UTRs at the
extremities of the viral genome. Populations passaged in BHK only showed additional clear
selection patterns at a specific site at the 5’ half of nsP4. Interestingly, the alternated lineages

acquired less mutations at moderate to high frequencies overall, and selection patterns only

matched regions common in the two serially-passaged lineages (Figure 23A-B).

In order to observe changes in genetic diversity over passages at the gene-level, we
computed the average Shannon entropy of each lineage at every passages. We observed
overall that in most cases, genetic diversity increased over passages, although at different
levels and rates depending on the gene. This is at the exception of nsP1 and the 5’ UTR, which
showed a decrease in genetic diversity with passages. Given nsP1 showed signs of positive
selection, this diminution could be the result of a selective sweep on the 5’ region which
occurred in all regimes. Alternatively, sign epistasis of fixed mutations could limit the
accumulation of new ones. Of interest, E2 which also had signs of positive selection showed on
the opposite an increase in entropies, suggesting that fixation of mutations did not displace
other variants, or that genetic diversity reconstituted faster than the rate of variant loss.
Moreover, as already suggested by Figure 22A-B, viruses passaged in U4.4 increased in
genetic diversity faster in nsP2. Lineages passaged in BHK had significantly higher SNV
diversity in the E2 gene across all passages, which suggests that mutations are readily more
tolerated by mammalian cells. Finally, at all genomic regions, the Shannon entropies of viruses
passaged alternately consistently followed the dynamic of the most restrictive host
(Figure 22C). This observation agrees with the prediction of the trade-off hypothesis that in
alternation, arboviruses are limited by their most stringent host. Of importance here, this

pattern is observable at the gene-level.
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Figure 22 | Alternating passages accumulate less genetic diversity than single-host ones across
passages. (A) Allele frequencies of SNVs with frequency over 0.1%. Shaded rectangles indicate gene
positions. Colors correspond to mutation types: non-coding (gray), non-synonymous (pink), non-sense
(orange) and synonymous (blue). The y-axis is logic-transformed for better visualization of minority
SNVs. (B) Distribution of SNVs with frequency > 1% across the genome. Bins correspond to 100-
nucleotide windows. (C) Genetic diversity across passages for each gene. Diversity is measured by the
average Shannon entropy of individual positions for SNVs with frequency > 0.1%. In A and B, all
replicates are shown.
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3.2. Alternation between insects and mammals limits accumulation of defective viral
genomes

Previous works in CHIKV have identified specific hotspots of deletion emerging in viral
populations depending on the cell types they were generated®'*. This is indicative of
differences in host selective pressures on DelVG formation and maintenance. To test if
alternation affected DVG abundance and species types, we compared deletion points between

our different selective regimes using ViReMa?*”®

. While at initial passages (P1, top panels),
mostly small deletions were observed across all regime types, at terminal passages (P19,
bottom panels), larger deletions accumulated at high frequencies, suggestive of DVG
replication. Strikingly, mosquito-passaged viruses accumulated more DVGs than other regimes
(Figure 23B), and had three specific neighborhoods of deletion: neighborhood A spanning
from the 5’ UTR to nsP2, neighborhood B with internal deletions of nsP2, and neighborhood C
which spans from the 5 to the 3’ UTR (Figure 23A). Mammalian-passaged viruses on the
other hand showed significantly less DVG amounts, and had a specific species of DVG
(neighborhood D) which spanned from E2 or downstream to the 3’ UTR, resulting in deleted
structural protein genes (Figure 23A). Quantification of overall DVG abundance showed that
alternately-passaged populations had significantly less DVGs. In addition, only marginal
numbers of DVGs in host-specific neighborhoods were observed (Figure 23B). Overall, these
observations indicate that mosquito cells are more permissive to DelVGs, but reciprocal
intolerance of each cell type to the other’s DVG species limits their accumulation in the

alternating regime.
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Figure 23 | DVG accumulation is limited by the two host tolerance in alternating passages. (A)
Deletion hotspots in serially- or alternately-passaged viruses. Host-specific neighborhoods are
delimited by rectangles. (B) Quantification of deletion breakpoints genome-wide or in host-specific
neighborhoods. RPM: reads per million total aligned reads, represented on a logioscale.

3.3. Evolution of alternating passages follows insect-cell adaptive pathway while also
selecting for alternation-specific mutations

Previous studies reported individual mutations to assess if common variants were
shared among different regimes. However, because we used deep-sequencing approaches,
reports of the entire mutant cloud of each replicate is difficult to comprehend. Rather,

1%, we reduced the dimensions of our data by performing a principal

similarly to Dolan et a
component analysis (PCA) on the frequency matrix of all SNVs that are at least shared by two
different replicates regardless of regime type, and over all sequenced passages but the initial
P1. The analysis resulted in separation of the three selective regimes across passages,
indicating parallel evolution between replicates of the same regime. Moreover, principal
component 1 (PC1) separated insect- and mammalian-only selective regimes, accounting for
19.5% of the total variation. Of importance, the alternating regime evolved towards values
corresponding to insect-specific mutations on PC1, indicating it shared more common
variants with insect-adapted lineages. Surprisingly, it also separated from the other regimes

on PC2, which was driven by few non-synonymous mutations, notably E2-W64R

(Figure 24A). This suggests that the replicates in the alternating regime accumulated specific
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mutations, specifically in E2 and nsP1, which do not appear at similar levels or parallelism in

other regimes.

Inspections of mutation contributions to each PC allows us to also identify mutations
specific to U4.4 cells, including the E2-V226A mutation which confers adaptation to Aedes
albopictus®*? and a few in nsP1 and E2. Mutations specific of BHK-21 cells mainly cluster in E2
and nsP1 at high densities (Figure 24B). While these high numbers of mutations clustered in
the E2 genes are consistent with previous observations of genetic diversity (Figure 22C), this

is nonetheless surprising and suggests extensive conformational changes of the E2 protein.
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A Selective regime
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3.4. Initial phase of experimental evolution does not detect cost of generalism and
shows an asymmetric trade-off cost

We further submitted all passages that were sequenced to competition assays against a
non-passaged marked surrogate competitor virus in either BHK-21 or U4.4 cells in three
sequential competition passages. Relative abundance of each competitor was measured
through a high-accuracy multiplex RT-qPCR approach, and changes in relative frequencies
over the three passages determined. The slope of the linear regression on the relative
frequency ratios is then used as our relative fitness proxy. In the majority of cases, linearity
was observed, confirming the additivity of log-transformede fitness across passages (Figure

25).

Viruses passaged in BHK-21 cells consistently displayed a cost of adaptation in the by-
passed U4.4 cells. On the other hand, populations passaged in insect cells consistently
increased their fitness in the adapted host, but individual replicates showed all possible
scenarios: minor cost of adaptation, no-cost neutrality, or even increase in fitness for one
replicate (Figure 26A). On average, no cost of adaptation was reported (Figure 26B). These
results indicate that while adaptation to mammalian cells necessarily incur a fitness cost in
insect cells, the opposite is not true. Adaptation to U4.4 can randomly accumulate mutations
that have antagonistic pleiotropic effects, but the possible adaptive mutations have a broader
range of effects in mammalians, resulting in no clear cost of adaptation. Interestingly, viruses
passaged alternately between mammalian and insect cells showed consistent fitness increases
in both hosts, although to lower magnitudes in BHK cells. Overall, no significant cost of
generalism was reported in U4.4 and BHK cells (Figure 26A-B). This is consistent with the
sequencing observations in which alternating passages followed to some degrees the adaptive

pathway of insect cells, which offers the possibility for fitness increase in the other host.
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Figure 25 | Competition assays in single-host challenges show linearity of fitness effects over
passages. The y-axis represent the log2 relative frequency ratios of assayed populations against the
surrogate competitor. The frequency ratios were normalized against the first competitive passage (p1)
as some inocula (p0) had degraded vRNA and therefore undetermined frequencies. Each competition
experiment was run in biological triplicates. Slopes of regression lines give the average relative fitness
of the viral population over one passage (used in Figure 26).
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Figure 26 | Competition assays reveal an asymmetric trade-off in serial passages and no
significant cost of generalism in alternating ones. (A) Relative fitness changes across experimental
evolution passages. Estimated relative fitness + standard error of each passaged population is derived
from the linear regression performed in Figure 25, and represented in light gray. Individual replicate
lineage fitness trajectories are fitted in light gray. Average fitness trajectory of each selective regime is
fitted on average fitness values at each passage and represented in their respective colors. (B)
Comparisons of relative fitness values at passage 20. ****p<0.001; ns: non-significant; Student t-tests
with Holm’s post-hoc correction for multiple tests.

Unfortunately, despite our best efforts, results from the second phase of experimental
evolution showed signs of cross-contamination between samples, rendering the results

unexploitable. These experiments will be repeated with caution in the future.
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4. Discussion and perspectives

4.1. Summary of results

To re-investigate the arbovirus trade-off hypothesis, we proposed an experimental
design in two experimental evolution phases to first push viral populations to the trade-off
Pareto front, then in a second time identify fitness costs after the regime switch. To that aim,
we used barcoded CHIKV clones and passaged it serially or alternately in BHK-21 and U4.4
cells. Sequencing was performed using deep sequencing, which allowed us to uncover that
genetic diversity accumulated differentially along the virus genome and depending on the
selective regime. Overall, all regimes accumulated diversity mainly in nsP1 and E2, although at
different rates. At every region of the genome, the alternating regime diversity was restricted
to the level of the most stringent host, suggesting antagonistic pleiotropy predicted in the
trade-off hypothesis. Similar observations were made by looking at DelVG accumulation over
passages: overall numbers of DVGs and inside host-specific deletion neighborhoods were
significantly lower, suggesting higher constrains in alternation. Surprisingly, the insect cells
showed relaxed purifying selection against DVGs, with very high accumulation of some
species. Analysis of mutant cloud composition through PCA showed that although the
alternating regime followed to some degrees the molecular evolution imposed by the insect
host, independent accumulation of specific mutations was also identified, notably the E2-
W64R substitution. High molecular parallelism between replicates was reported. Finally, the
first phase of experimental evolution reported an asymmetric cost of adaptation for viruses
adapted to BHK-21 cells, but not in insect cells. The alternating passages did not show signs of
cost of generalism and gained fitness in both cell lines at similar levels to the specialist
regimes. Unfortunately, the second phase of the experimental design was unexploitable,

rendering us incapable of concluding on the existence of the trade-off.

4.2. Genetic diversity varies along the virus genome

In our study, we showed that genetic diversity accumulated differentially over the viral
genome, with especially nsP1 and E2 genes accumulating more mutations than other sites.
Moreover, diversity patterns were different among selective regimes: while the insect cells
showed more diversity in nsP2 and the terminal UTRs, mammalian cells showed a localized

increase of diversity in nsP4. This indicates that in our experimental design, viruses passaged
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in insect cells tend to have more relaxed purifying selection on a bigger part of their genomes.
Additionally, we found that insect-passaged viruses also tolerated higher amounts of DVGs
overall, suggesting again that they are more permissive to mutations. An alternative
explanation would be that the genetic diversity found in U4.4 in nsP2 is localized on DelVGs
which have been shown to have more relaxed selection in chapter 1 or in other studies?®,
therefore biasing our diversity measurements. Nevertheless, this contradicts previous studies

that found that the mosquito host puts a break on diversity accumulation in

289,290,294,295 302,305

arboviruses , and rather align with opposite observations

Because genetic diversity varies along the genome, one possible explanation of this
discrepancies could be that some studies only calculated genetic diversity in some particular
regions. For example, Coffey et al. only amplified E1 sequences in their samples for diversity
measurements because it was previously reported that it tolerated more mutations®**®,
Moreover, because all these previous reports used low-throughput sequencing methods, only
mutations with more than 5-10% frequencies were used in their analysis. This incorporates
another bias as mutations at such frequencies are for the majority either beneficial mutations
under selection, or hitchhiking neutral mutations. Our high-throughput sequencing approach
allowed us to go down as far as 0.1% SNV frequencies, which allowed a more accurate
depiction of neutral variation in the viral genome. Ultra-deep sequencing techniques such as
CirSeq*”® can even go to 10~¢ mutation frequencies, therefore being able to accurately identify
de novo mutations being produced and draw an accurate distribution of fitness effects along
the genome. This approach has been realized by Dolan et al. with dengue virus in serial
passages only, and showed that adaptation to human cells had higher amounts of sites under
positive selection®. Consequently, because mammalian cells select positively for more sites,

which was also suggested in the non-synonymous cluster in E2 in our results, previous

measure of diversity could have been biased to report higher diversity in such models.

Nonetheless, we clearly showed a pattern in which the alternated-passaged viruses
were restricted in genetic diversity accumulation depending on the stringency of both hosts at

each locus.
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4.3. The insect host partially drives the evolution of the alternating passages

In our results, we also showed that the mutant cloud and substitution pattern of the
alternating regime followed at least partially the trajectory of viruses adapted to mosquito
cells only. This observation could be linked to the selection of the E2-A226V substitution in
this condition, as it contributes to the majority of the negative component score of PC1, and

has been selected on multiple occasions in natural outbreaks®'®*****?

, suggesting it does not
incur a fitness cost to mammalian hosts. However, we re-performed the PCA by excluding the
E2-A226V substitution, and did not find significant changes in the PCA topology apart from
reduced explained variance on both PCs (data not shown), therefore suggesting that other
mutations contributed to this similar adaptive pathway. By associating these results with
subsequent fitness assays, we theorize that the main driver that pushes alternating passages
to follow the insect-specific adaptive pathway is the absence of initial fitness cost to first adapt
to U4.4. Indeed, because they must adapt to both hosts, the evolutionary pathway taken by

mammalian-adapted lineages would be too costly, while fitness gain in one host without

adaptation cost still benefits the alternating population.

Moreover, specific mutations in alternating passages associated with fitness gain in
mammalian cells were observed. We propose that adaptation to insect cells pushed the
alternating regime in a new neighborhood where it could acquire beneficial mutations to
mammalian cells without paying a fitness cost in insect cells. Report of one lineage of serially-
passaged virus in U4.4 cells stochastically gaining fitness in the by-passed host suggests that
such pathways exist and that alternation drives the population towards it. This would signify
that while insect-specific mutations do not display antagonistic pleiotropy, they induce

antagonistic or sign epistasis on loci responsible for mammalian adaptation.

Overall, we propose that the reason for similar adaptive pathways between insect- and
alternately-passaged populations rely solely on the absence of cost of adaptation towards
insect-specific adaptation. Further, this drives the alternated population to a new
neighborhood in sequence space where further adaptations to mammalian cells do not induce
adaptation cost. This conclusion opposes the hypothesis that the reason the vector host tend

290,295

to drive arbovirus evolution is due to more restricted genetic diversity , stringent

purifying selection® or more severe bottlenecks®°!. Additionally, this suggests that punctual

asymmetric trade-offs in the fitness landscape allow to avoid evolutionary stasis®***%,
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4.4. Alternation-specific mutations

The identification of alternation specific mutations raises questions on their specific
fitness effects. Indeed, if they provide beneficial fitness effects to both hosts, why do they not
also emerge at similar levels in the serially-passaged ones? One mutation in particular, E2-
W64R, drove most of the component score on PC2 towards the alternated-passage trajectory.
Interestingly, this mutation has been reported in multiple studies. Because the residue 64 in
E2 resides at the interaction between two E2 proteins in their homodimer form?**®, mutations
are expected to affect CHIKV spike assembly and conformation. Moreover, the residue is
exposed at the spike surface and interacts with the Mxra8 mammalian receptor®®, explaining
why it has been reported in antibody escape®*® and in patient samples®*. The acquisition of
the W64R substitution has been reported to decrease viral dissemination in Aedes aegypti but
not in Aedes albopictus and to interact epistatically with the E2-A226V substitution®'®, The
latter observation could have explained the emergence of the 64R residue, but we did not
observe concomitant fixation of A226V and W64R in our samples (data not shown).
Nevertheless, extensive epistatic interactions between mutations affecting CHIKV
glycoproteins have been demonstrated''*****?*3%>  Combined with our results showing
extensive non-synonymous mutation accumulation in E2 in mammalian-passaged lineages,
emergence of W64R could be inhibited by the accumulation of more beneficial initial
mutations in E2, which in turns interact through negative epistasis, blocking further
acquisition of the mutation. This follows our previous hypothesis that initial adaptation to
mammalian cells could not only lead viruses to an adaptation cost for insect cells, but also
could trap viral populations in evolutionary dead-ends. Future investigations should thrive to
test if such epistatic interactions with mammalian-selected E2 mutations could inhibit W64R

fitness effects.

Alternatively, W64R could not necessarily confer fitness benefits in either host on their
own, but act as a specific beneficial mutation when viruses shed by one cell type infects the

other. This hypothesis could be tested through entry assays.

4.5. The trade-off hypothesis: a pending question & future investigations

While we were able to draw some conclusions on the fitness landscape of alternating-
regime adaptation from the initial phase of our experimental evolution design, these results

are still subject to the same criticisms and limitations than previous studies. Repetition of the
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second phase of experimental evolution and associated experiments described in the
introduction are still lacking to conclude on the nature of the trade-off hypothesis, and the
possibility that it slows down the substitution rate of arboviruses. Nevertheless, some
questions can still be resolved without extensive passaging and will be performed in the

future.

First, we want to test the hypothesis that mixes of specialist populations can interact
through complementation and limit the cost of adaptation and generalism. To that end, we will
co-infect either initial or late passages of our serially-passaged viruses with our surrogate
ancestor clone at different multiplicity of infection, and perform early-replication viral
titration and total or surrogate-genome specific RT-qPCR quantification to assess if, when at
sufficient MOIs to allow co-infection, replication of the surrogate is improved when co-
infected with adapted lineages. This would first inform us if evolved passages are capable of
complementation. Moreover, sequencing of successive alternating passages of mixed
populations would inform us if one population takes the advantage over the other, rejecting
sub-population structures, or rather if complementation allows mixed populations to remain
stable over time. In addition, sequencing of two successive passages of our evolved lineages in

all cell types should allow us to identify sites subject to antagonistic pleiotropy.

Finally, a study from Novella et al. showed that infecting a previously mammalian-
adapted lineage that was then adapted to persistent insect cell infection back to mammalian
cells resulted in fast adaptation to the mammalian host?**®. This was mediated by a minority
variant that was previously selected for mammalian adaptation, but was subsequently
relegated to low frequencies during persistent infection of insect cells**®, Existence of such
memory genomes could also accelerate adaptation to both hosts even under trade-offs, and
result in stasis by back-and-forth adaptation through expansion of previously acquired
substitutions. This could be explored in a medium- to long-term extension of our experimental

evolution design.
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Arthropod-borne viruses pose a major threat to global public health. Thus, innovative stra-
tegies for their control and prevention are urgently needed. Here, we exploit the natural
capacity of viruses to generate defective viral genomes (DVGs) to their detriment. While
DVGs have been described for most viruses, identifying which, if any, can be used as ther-
apeutic agents remains a challenge. We present a combined experimental evolution and
computational approach to triage DVG sequence space and pinpoint the fittest deletions,
using Zika virus as an arbovirus model. This approach identifies fit DVGs that optimally
interfere with wild-type virus infection. We show that the most fit DVGs conserve the open
reading frame to maintain the translation of the remaining non-structural proteins, a char-
acteristic that is fundamental across the flavivirus genus. Finally, we demonstrate that the
high fitness DVG is antiviral in vivo both in the mammalian host and the mosquito vector,
reducing transmission in the latter by up to 90%. Our approach establishes the method to
interrogate the DVG fitness landscape, and enables the systematic identification of DVGs
that show promise as human therapeutics and vector control strategies to mitigate arbovirus
transmission and disease.
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genome, known as defective viral genomes (DVGs), as a

by-product of virus replication. These DVGs manifest as
genomes with complementary ends, deletericus point mutations,
deletions, insertions, mosaic rearrangements, or a combination of
these. As a result, DVGs cannot complete a full replication cycle.
Following their discovery after serial passaging of influenza virus
at high multiplicity of infection (MOIL) in 1947, DVGs have been
described for nearly every virus family.

Although DVGs cannot self-replicate, complementation by
wild-type (WT) virus enables their propagation within a virus
population, by providing functions that they have lost. Certain
DVGs interfere with virus replication by competing for viral and/
or host resources or by enhancing immunostimulation, among
other means. These are known as defective interfering particles
(DIPs). While DIPs are known to be effective against some
viruses in cell culture, they are largely considered a nuisance and
artifact of cell culture passaging conditions. However, a rising
number of recent reports describe DVGs in clinical and natural
isolates: in patients infected with influenza A virus®, respiratory
syncytial virus®, hepatitis C virus*%, and dengue virus;® in birds
infected with West Nile virus;” and even in plants®’, suggesting
that DVGs are not strictly an in vitro phenomenon. A major
obstacle in exploring their potential for application as therapeutic
agents for viral diseases is the difficulty in isolating DVGs with
antiviral capacity from the much larger spectrum of defective
genomes generated during W'T virus replication.

Arthropod-bome viruses (arboviruses) pose a major global
public health threat, given their continuous and rapid (re-)
emergence. These viruses are maintained in nature in a cycle
between invertebrate vectors and vertebrate amplification hosts.
The effect of DVGs on either or both hosts has not been inves-
tigated extensively. Here, we describe a method to triage DVG
sequence space to identify fit DVGs generated during virus
replication in both vertebrate and invertebrate environments.
Further, we demonstrate that these DVGs can exert antiviral
activities in both hosts, highlighting their potential as an inter-
vention to perturb or control arbovirus infection and
transmission.

V iral infections give rise to degenerate forms of the viral

Results

Experimental evolution to identify Zika virus defective viral
genomes (DVGs) in vertebrate and invertebrate host environ-
ments. Our primary goal was to develop a method to identify
DVGs with the best potential to inhibit WT virus. While hun-
dreds to thousands of different DVGs are generated during virus
replication, we hypothesized that DVGs capable of competing
and interfering with WT virus should satisfy certain criteria:
occur more frequently and with greater abundance than other
DVGs in conditions favoring co-infection; be observed in several
replicates and in different host cell types; and be packaged into
virions to infect new cells over several passages. We thus passaged
Zika virus in vertebrate (Vero) and invertebrate (C6/36) cell lines
at high multiplicity of infection (MOI), a condition that favors co-
infection of cells by multiple genomes and thus, complementation
by WT virus. We additionally performed low MOI passages to
compare DVGs that arose in conditions with reduced probability
of complementation with W'T virus. After 12 serial passages
(Supplementary Fig. 1), we sequenced encapsidated RNA gen-
omes to identify all deletions generated in the passage series. In
total, we identified 6303 and 6184 different deletions in the Vero
and C6/36 high MOI passage series, respectively (Supplementary
Data 1 and 2). While small deletions (1-10 nucleotides) were
common in both low and high MOI conditions, larger deletions
were abundant only in high MOI conditions (Supplementary

2 NATURE COMMUNIC/

Fig. 2), suggesting that larger deletions constitute competitive
DVGs that rely on W'T virus for propagation. It is worth noting
that we did not observe a clear reduction in WT infectious virus
in high MOI compared to low MOI conditions (Supplementary
Fig. 1), suggesting that inhibitory DVGs did not reach high
enough levels to outcompete WT virus under these growth
conditions in this cell type.

A deletion cluster with higher relative fitness is identified
across multiple flaviviruses. To down-select DVGs with the
highest potential to outcompete WT virus, we identified deletions
of higher relative fitness with respect to the overall population of
DVGs presenting random deletions (that is, deletions occurring
with significantly increasing frequency over passages). To do this,
we computationally defined regions along the Zika virus genome
where deletions were most predominant using a nested neigh-
borhood algorithm. Three neighborhoods enriched in deletions
were detected in Vero cell passages (Fig. la, left panel) encom-
passing: (i) deletions from nucleotide 500 to 3500, approximately
(DVG-A) (ii) large deletions stretching from the beginning of the
genome to nearly the end (DVG-B); and (iii) a small deletion
around nucleotide position 5500 (DVG-C). In mosquito cells,
only the DVG-A neighborhood was identified as significantly
enriched with deletions (Fig. la, right panel). Deletions were
uniformly distributed within each neighborhood (Supplementary
Fig. 3). Enrichment z-scores then allowed us to estimate the
significance of deletions within the neighborhood, across pas-
sages. The DVG-A neighborhood exhibited increasing enrich-
ment z-scores over the passage series in Vero and C6/36 cells,
whereas the other two showed the opposite effect (Fig. 1b). Thus,
deletions in the DVG-A neighborhood were predicted as fit,
whereas those in DVG-B and DVG-C neighborhoods were less
fit. Importantly, the deletion hotspot corresponding to the DVG-
A neighborhood was exclusively found in replicates performed at
high, but not low, MOI conditions, with increased frequency
compared to other deletions (Supplementary Figs. 4 and 5). Once
this deletion hotspot appeared, it was maintained in subsequent
passages, confirming propagation from one passage to another.
By contrast, deletions corresponding to neighborhoods B and C
were transient, found to appear in some passages and disappear
in later ones. We next asked whether this type of DVG was
unique to Zika virus, or was shared among the flaviviruses. We
thus performed similar passaging experiments with two other
flaviviruses, yellow fever virus (Fig. 1c) and West Nile virus
(Fig. 1d) and found this same neighborhood of deletions in both
cases.

High fitness DVG-A conserves the open reading frame fol-
lowing the deletion site. We evaluated the effect that DVG-A-
type deletions inflicted on the remainder of the polyprotein still
encoded in its sequences. We further delineated the deletion
hotspot for both Vero and C6/36 cell lines with boundaries
encompassing deletions with the highest frequencies (suggesting
higher biological relevance): where the breakpoint was between
nucleotide positions 500 and 900, and the rejoin was between
nucleotide positions 2800 and 3400 (Supplementary Fig. 6a, d).
Deletions outside the delineated region were randomly generated
with respect to maintaining the open reading frame (ORF) fol-
lowing the deletion or frame-shifting. Strikingly, nearly 100% of
deletions within the high-fitness hotspot conserved the ORF
(Supplementary Fig. 6g). This observation was further supported
by the yellow fever and West Nile virus data, for which 99.5% and
98.2% of deletions also conserved the ORF downstream of the
deletion (Supplementary Fig. 6b, c, e, f, g).

TIONS | (2021012:2290 | https.//doi.org/10.1038/541467-021-22341-7 | www.nature.com/naturecommunications

187



ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-021-2
a Vero C6/36 b Nelghborhoods In Vero Nelghborhood In C6/36
- 0 450,
mmn{ﬁ'z,(." e | 10000 ¥ P
og .o .
- & 6, ® 2 %20 ¢ 3
| PRI I 5 -,/ | N
g ool o a2 o 2 800 i 3 / g o
0 o .
T T 1 , E® % 250, / !
cl o g o s g / DVG A neighborhood
@ 6000y S 0% @ 6000 E o/ 7 i
] 6 90§ ovecommnpaarsen 3 S 3]s i 5 a0 P * DVG B neighborhood
] _§ & s E £ + DVG € neighborhood
“ml r £ 000 Deletions with freq 0.003% =, p.| § 10 /
7 o Bl Neighbouboods wih feq 000 5 20 o 2 F
B i VG A i iz 3 0. z SN : 2 00, r
Nesghbouhoods wilh freq ~0.0086% . /
2000 10 * A ) i
i« + Neighbouhood = .
’,,,‘f'./’ L N * A
o o | P
L] 2000 4000 BOD0 8000 10000 2000 4000 €000  BODO 10000 1234567 89101112 1 2 3 4567 8 9101112
start {nudsotide postion) ‘start (nuclectide position) Passage number Passage numbar
YFV 17D WNV ST 1..WT polp
b
0030 ’v’ - ¥ ¢ =
# # i
- H
el o H
X i Raads par million 3 Reads per million 5
. e e m| 4 =
> 18 H = = Aigred
r Deleted
o7

] c I A
start {nuckeotide posifon) start {nuckeoide posiion)

Fig. 1 Identification and genetic characterization of Zika virus DVGs with high fitness. Virus populations enriched in DVGs, passaged in Vero or C6/36
cells, were sequenced and deletions identified. a Computationally-determined neighborhoods enriched with deletions in Vero or C6/36 cells are shown in a
2-dimensional plane representation of the Zika virus genome, with start and end positions of the identified deletions dencted as dots on the plane. Poisson
p values for each neighborhood are shown. b Dynamics of deletion enrichment within DVG neighborhoods identified in Vero and C6/36 cells. Enrichment
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and end positions within each hexagon (>10 nt in length, bin =100) are shown. The color of each hexagon is relative to the sum of the reads per million of
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fever virus and West Nile virus, respectively.

To understand if the resulting DVG-A polyprotein retained
relevant signal peptides or domains required for correct proces-
sing, translocation, and topology in the ER membrane, we aligned
each putative DVG within this hotspot with the viral polyprotein
(Fig. le). For the 244 or 418 deletions identified in Vero or C6/36
cells, respectively, every deletion followed the capsid anchor that
directs the translocation of Pr into the ER lumen. Concomitantly,
these deletions ended at the N-terminus of NS1, which is also
found in the lumenal side of the ER. Thus, although the complete
E protein, part of PrM, and NSI are missing, the topology of the
rest of the polyprotein is presumably maintained in these DVGs.
Moreovet, all deletions lack the B-roll domain of NS1, essential for
its dimerization and function'®!!, Taken together, our analysis
suggests that while other non-structural proteins would be
properly translated and processed, the truncated NS1 protein of
these DVGs would be non-functional.

DVG-A is non-replicative per se and relies on WT virus NS1
protein for genome replication. The ubiquity and high fitness of
this DVG neighborhood led us to select DVG-A as the optimal
candidate to be used as a viral competitor in downstream
experiments. While some genomes containing deletions can be
defective in producing their own structural proteins, they may
retain their ability to self-replicate, and would thus be classified as
replicons. Replicons are often used as surrogates to study repli-
cation of positive-sense RNA viruses, including Zika virus,
because they retain all non-structural functions required to copy
themselves and need WT virus only to encapsidate their progeny
genomes'?!%. We thus evaluated if DVG-A was either a true
replicon or a truly defective genome. We genetically engineered
DVG-A to represent one of the most abundant deletions

NATURE C

identified in the DVG-A high fitness neighborhood. We also
engineered a cognate DVG in which the ORF following the
deletion was disrupted by removing a nucleotide at the deletion
junction (hereafter referred to as DVG-A_out-of-frame). A
NanoLuc reporter gene was inserted intc each construct to
measure genome replication by luminescence. As a positive
control, we employed a WT replicon that can self-replicate and as
a negative control, an inactive version of this replicon in which
the catalytic motif at the polymerase active site was mutated
(Fig. 2a). While the WT replicon was replication-competent on its
own, the inactive replicon, DVG-A, and DVG-A_out-of-frame
did not replicate (Fig. 2b, left side of panel). Importantly, DVG-A
replication could be rescued in infected cells (Fig. 2b, right side of
panel). Thus, DVG-A is not a true replicon, as it requires the
presence of WT virus to replicate. DVG-A_out-of-frame did not
replicate even in infected cells, indicating that preserving the ORF
after the deletion is an absolute requirement for DVG-A genome
replication.

Since DVG-A carries intact non-structural sequences except
for NS1, we investigated whether this protein rescues DVG-A
replication through trans-complementation. We assessed DVG-A
genome replication in cells pre-transfected with plasmids
encoding the non-structural proteins: namely a plasmid encoding
all of the non-structural proteins, from NSI through NS5 (Ezo-
NS); a control plasmid in which a stop codon was placed in lieu of
the first amino acid of NS1, such that no non-structural proteins
are expressed (Esp-NS«ns;); and a third plasmid in which a stop
codon replaced the first amino acid of NS2A, so that only NS1
protein is expressed (E;p-NSensza). Only cells expressing the
entire non-structural proteins or the single NS1 protein could
support DVG-A replication (Fig. 2c). Thus, DVG-A relies solely
on WT virus-encoded NS1 function to facilitate its genome
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****p <0.0001. € DVG-A RNA reporter activity in HEK-293T cells pre-transfected with control DNA, E3p-NS, E3g-NSsigpns OF E3p-NSgiopns2a- WT replicon
was used as a control. RLU were measured at the indicated times p.t. ****p £ 0.0001. d WT and DVG-A reporter assays in HEK-293T cells pre-transfected
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the mean and SD; n=3 per group for a representative experiment of three. Control DNA: GFP-expressing plasmid. Source data are provided as a Source

Data file.

replication. Indeed, DVG-A replication was rescued in cells
transfected with a plasmid encoding only the NS1 sequence (Es;-
NS1), devoid of any downstream NS sequences that were present
in the previous experiment (Fig. 2d). The expression of NS1
protein was confirmed by western blot with an antibody against a
V5 epitope used to tag NSI in the plasmid construct (Fig. 2e).

DVG-A inhibits WT Zika virus replication in vertebrate cells
through competition for cellular resources. Qur primary goal
was to identify DVGs of high fitness that could best compete with
WT virus. To evaluate this, we measured WT virus production in
the presence of DVG. In addition to DVG-A and DVG-A_out-of-
frame, we included two other DVGs representing deletion
neighborhoods with lower fitness: DVG-B and DVG-C (Fig. 3a).
DVG-A significantly decreased W'T virus titers in a dose-
dependent manner by up to 2.2-log (Fig. 3b). Interestingly,
both DVG-B and DVG-C failed to inhibit WT virus production
even at the highest DVG:WT molar ratio and no inhibition was
observed when DVG-A_out-of-frame was used. Since DVG-A is
missing the structural proteins, we further examined whether
inhibition was related to competition for structural proteins
provided by WT virus. To address this, we evaluated whether
DVG-A could also inhibit a WT replicon lacking structural
proteins. Indeed, DVG-A RNA significantly decreased WT
replicon activity (Fig. 3c) and this effect was dose-dependent,
with pronounced inhibiticn at the highest DVG:WT replicon
RNA molar ratios (Supplementary Fig. 7a). Finally, since DVGs

of other viruses, such as the copyback DVGs of negative-sense
RNA were shown to inhibit WT virus replication by stimulating
innate immune responses®'%, we measured the activation of three
antiviral genes in cells harboring DVG-A and WT virus at a 10:1
molar ratio. No significant differences in the expression of
interferon-alpha, interferon-lambda, or RIG-I were found (Sup-
plementary Fig. 7a-c), indicating that DVG-A is no more
immunostimulatory than WT Zika virus.

Thus, in mammalian cells, DVG-A seemingly inhibits WT
virus production by entering in competition with WT virus for
cellular machinery and resources required for genome replication,
rather than by activation of innate immunity. These results also
suggest that the observed inhibition requires the expression of the
replicase and non-structural proteins directly by the DVG itself,
once NS1 has been provided in trans by WT virus.

DVG-A inhibits WT Zika virus in invertebrate cells in an
RNAi-dependent manner, regardless of whether the remaining
ORF is in frame. To determine if DVG-A could also inhibit Zika
virus in the invertebrate host environment, we infected C6/36
mosquito cells harboring either DVG-A, DVG-A out-of-frame, or
control RNA. We observed no reduction of virus titer for any
treatment condition (Fig. 3d, left side of panel). Since C6/36 cells
are known to have a defective Dicer-2 activity and they cannot
initiate the RNA interference (RNAi) antiviral response'>!%, we
repeated the experiment in Dicer-2 competent U4.4 mosquito
cells'”>!8, In this case, both DVG-A and DVG-A_out-of-frame
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elicited a significant decrease in virus titers (up to 2-log) com-
pared to control conditions (Fig. 3d, right side of panel). Since
RNAi is a sequence-dependent silencing mechanism, both DVG-
A and DVG-A_out-of-frame inhibited virus replication, as a
single nucleotide change in the DVG sequence should not prevent
the mounting of an efficient RNAi response. Knockdown of
Argonaute-2 (Ago-2, an essential component of the RNAi
response) in U4.4 cells (up to 90% knock-down efficiency, Sup-
plementary Fig. 7e) abrogated the inhibition of Zika virus infec-
tion (Fig. 3e). Therefore, DVG-A-induced inhibition of virus
replication in the invertebrate host environment is governed by
the RNAi response.

DVG-A can be packaged into virus-like particles (VLPs) for
in vivo delivery. To continue exploring DVG-A as a potential
therapeutic agent, we required an appropriate delivery method.
Thus, we established a packaging system to encapsidate DVG-A
into virus-like particles (VLPs). We first needed to confirm that
DVG-A could be encapsidated at all. To this end, we transfected
uninfected or infected Vero cells with DVG-A reporter or con-
trol WT replicon RNA. These cells, named ‘producer’ cells,
should (if infected) produce W'T' virus progeny, as well as virions
containing genomes that can be packaged. Transfer of the
supernatant derived from infected producer cells to naive (reci-
pient) cells enabled us to assess packaging of reporter-expressing
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genomes. Significantly higher WT replicon and DVG-A reporter
activities were observed in recipient cells in the presence of WT
virus, compared to background activity in the absence of virus,
confirming that DVG-A was packaged by WT virus (Fig. 4a,
producer cell reporter activity is shown in Supplementary
Fig. 8a). Comparatively, no increase in reporter activity was
detected for the inactive replicon or DVG-A_out-of-frame,
suggesting that genome replication is a requirement for genome
packaging.

Next, we developed a VLP-producing system to encapsidate
DVG-A in the absence of WT virus. Briefly, we transfected
HEK293T cells (chosen due to their high transfection efficiency)
with plasmids encoding DVG-A, the structural proteins
(CPrME), and the non-structural protein NS1, to enable
packaging and replication of DVG-A, respectively (Fig. 4b).
Packaging of DVG-A into VLPs was then assessed following
transfer of supernatants onto naive recipient Vero cells. Using
reporter DVG-A, we confirmed that the reporter activity in
recipient cells for packaged DVG-A was comparable to that of
packaged W'T replicon (Fig. 4c, producer cell reporter activity
shown in Supplementary Fig. 8b). Finally, we confirmed that
native DVG-A was packaged into VLPs, as shown by RT-qPCR of
transfected cell supernatants (Fig. 4d). Importantly, we confirmed
by plaque assay that no infectious virus was produced with the
VLPs (Supplementary Fig. 9).

Thus, DVG-A can be actively packaged into VLPs, which could
serve as therapeutic interfering particles (TIPs) for in vivo
evaluation.

Zika virus TIPs reduce infection and virulence in mice. We next
assessed the efficacy of these TIPs as an antiviral measure in mice.
We used mice deficient in a/p and y receptors (AGI129 mice), as
these are highly susceptible to Zika virus infection and disease
progression' >, Mice were mock-infected (vehicle alone), infected
with 10* PFU of WT virus alone, or with a mixture of WT virusand
DVG-A TIPs. Approximately 10 DVG-A TIP genome copies per
Zika virus infectious virion were used. As an additional control,
mice received a mix of WT virus and supernatant from mock
conditions of TIP production (“control TIPs,” generated in the
absence of CPrME or NS1) (Fig, 5a). All mice lost weight by day 6,
except mock-infected mice. At this time, TIP-treated (but not
control TIP-treated) mice presented significantly lower weight loss
than WT virus-infected mice (Fig. 5b). Further, unlike mice
receiving WT virus alone or control treatment, TIP-treated mice
presented significantly lower viremia at 2, 4, and 6 days p.i, with up
to 2-log differences in virus titer (Fig. 5¢). Viral loads in the foot-
pads, spleens, ovaries, and brains were also 1-2log lower in TIP-
treated mice on day 6, underscoring the protective effect of this TIP
(Fig. 5d). While DVG-A RNA in circulating blood was below
detection levels, we confirmed the presence of DVG-A RNA in the
footpads of TIP-treated mice, and at lower quantities in the spleens,
ovaries, and brains (Fig. 5e). These results confirm that DVG-A
TIPs successfully disseminate from the injection site to distal
organs. Importantly, the safety profile of DVG-A TIPs was
demonstrated in mice. In the absence of WT virus, DVG-A TIPs
did not persist and did not disseminate to distal organs. The TIPs
were degraded and undetectable within a day of administration
(Supplementary Fig. 10).

In further support, we assessed TIP efficacy in a more
immunologically competent mouse model?’. C57BL/6 mice were
treated with IFNARI-blocking monoclonal antibody before infec-
tion with Zika virus, with or without TIPs. Weight loss was not
monitored, as mice do not lose weight nor succumb to infection
under these conditions®”. Viremia was significantly lower in TIP-
treated mice at 3 and 6 days p.i. (Fig. 5f). While we did not observe
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Fig. 4 Generation of DVG-A-carrying virus-like particles. a Assessment of
DVG-A packaging ability by WT virus. Infected or uninfected Vero cells
were transfected with WT replicon, inactive replicon, DVG-A reporter, or
DVG-A out-of-frame reporter RNA. 48 h post-transfection, the cell
supernatant was collected from donor cells, depleted of naked RNA, and
used to infect naive recipient cells, which were harvested 24 h later for
measuring reporter activity. Luciferase activity in recipient cells is shown.
****p < 0.0001 (by two-way ANOVA with Dunnet’s multiple comparison,
as compared to uninfected cells). b Schematic illustration of VLP assays:
HEK-293T cells were transfected with a CPrME, E3o-NS1 and DVG
-encoding plasmids. 72 h post-transfection the cell culture supernatant with
DVG-containing VLPs was harvested. ¢ VLP assays using WT replicon and
DVG-A reporter. Donor HEK-293T cells were transfected with WT replicon
or DVG-A reporter plasmid, with or without (mock) CPrME and E;5-NS1.
The cell culture supernatant was treated with nuclease and used to infect
naive recipient Vero cells. Reporter activity in recipient cells is shown.
***p < 0.0001 (by two-way ANOVA with Dunnet’s multiple comparison,
as compared to mock conditions). d Quantification of DVG-A genomes in
VLPs generated using native DVG-A. Clarified and nuclease-treated
supernatant from donor cells were subjected to DV G-A quantification using
RT-qPCR. Negative control refers to supernatant derived from cells
transfected with the same amount of DVG-A-containing plasmid in the
absence of CPrME or E3p-NS1. ***p=10.0004 (by two-tailed t-test). All
graphs show the mean and SD; n=3 per group of a representative
experiment out of three. Source data are provided as a Source Data file.

differences in viral loads in the footpads or spleens, viral loads in
ovaries and brains were significantly lower in TIP-treated mice
compared to control conditions, with up to 2-log difference in viral
loads (Fig. 5g). As noted in AG129 mice, the high quantities of
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Fig. 5 Zika virus DVG-A-carrying TIPs inhibit virus replication in mice. a Experimental design. 4-6-week-old AG129 or C57BL/6 female mice were
inoculated with WT virus diluted in DMEM, mock TIP supernatant (from transfections performed with no structural proteins), or with supernatant
confirmed to contain DVG-packaging VLPs (TIPs). C57BL/6 mice were treated with 2 mg of IFNAR1-blocking monoclonal antibody 24 h prior to infection.
At different times post-infection, sera were collected. 6 days p.i. mice were euthanized and organs harvested. b-e AG129 mice: (b} Weight loss of infected
mice is shown as a % of weight at day O (n=75). ****p < 0.0001. ¢ Viremia on days 2, 4, and 6 post infection (n = 5). ****p < 0.0001. d Virus load in the

injected footpad, spleen, ovaries and brain, 6 days p.i. (n=5) ****p < 0.0001.

e DVG amounts in all organs collected measured by RT-qgPCR {(n=5). f-h

C57BL/6 female mice that were given an IFNART-blocking monoclonal antibody 24 h prior to infection. f 3 and 6 days p.i. viremia was measured by RT-
qPCR and is depicted as PFU equivalents/mL (n=5). ****p < 0.0001. g 6 days p.i. mice were euthanized and virus load in organs measured by RT-qPCR (n
=5). ****p <0.0001. h DVG-A amounts in all organs measured by RT-qPCR (n=5). All graphs show the mean and SD; n=>5. In all cases, two-way

ANOVA with Dunnet’s multiple comparison was carried out comparing each condition to mice infected with WT virus only. Source data are provided as a

Source Data file.

DVG-A at the injection site disseminated to the spleens, brains, and
ovaries of TIP-treated mice (Fig. 5h).

DVG-A impairs Zika virus dissemination and transmission in
mosquitoes. Finally, we investigated DVG-A inhibitory capacity
in the mosquito vector. First, Ae. aegypti mosquitoes were
injected with a mix containing equimolar amounts of RNA
(DVG-A, DVG-A_out-of-frame or control RNA), anatomical
compartments were dissected, and the longevity of DVGs in vivo
was determined by RT-PCR. DVG-A and DVG-A_out-of-frame
RNA was detectable in the midgut and carcass of transfected
mosquitoes for at least 10 days post transfection, even in the
absence of virus (Fig. 6a), while no RNA could be detected in
head or saliva samples (Supplementary Fig. 11a).

Next, we fed mosquitoes an infectious blood meal containing
Zika virus two days after injection of DVG or control RNA, and
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examined viral loads in mosquito compartments 8 days after
infection (Fig. 6b). The midguts and carcasses of mosquitoes were
scored for the presence of virus to determine the infection and
dissemination rates, respectively. Similar infection rates were
observed, regardless of the pre-treatment mosquitoes received.
While virus disseminated in 100% of mosquitoes that underwent
control RNA pre-treatment, only 10% of mosquitoes that received
either version of DVG-A had disseminated virus (Fig. 6¢). In both
cases, the viral titer in the single positive mosquito carcass from
each group was 2-3-logs lower than the mean viral load in control
RNA-transfected mosquito carcasses, whereas no differences were
found in midgut viral loads (Fig. 6d).

To determine if dissemination was either completely blocked
or delayed by DVG-A treatment, we repeated the experiment at a
later time point (13 days post oral exposure to Zika virus). DVG-
A RNA was still present in mosquitoes at this time point
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(Supplementary Fig. 11b). It should be noted that a lower
percentage of mosquitoes were productively infected compared to
the previous experiment (58%, 77%, and 75% infection rates for
control, DVG-A, or DVG-A_out-of-frame treated mosquitoes,
respectively) (Fig. 6e). As in the previous experiment, 100% of
control RNA-treated mosquitoes presented disseminated virus,
whereas virus had disseminated in only 55% and 52% of DVG-A
or DVG-A_out-of-frame treated mosquitoes (Fig. 6e). While
100% of heads (a proxy for late dissemination) of control RNA-
treated mosquitoes were also virus-positive, only 30% or 32%
DVG-A or DVG-A out-of-frame treated mosquitoes manifested
late virus dissemination (Fig. Ge). Further, there were no
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differences in viral load in the midgut, but the viral load was
significantly lower in the carcass and heads of both DVG-treated
groups than in control mosquitces (Fig. 6f). Thus, both DVG-A
and DVG-A_out-of-frame block or significantly delay Zika virus
dissemination, and for mosquitoes in which dissemination is not
blocked, disseminated viral loads are significantly lower than in
control mosquitoes.

These observations prompted us to question if lower amounts
of disseminated virus could result in impaired transmission. We
thus analyzed saliva that was collected from a subset of
mosquitoes in the last experiment. While infectious virus was
present in the saliva of 78% of carcass-positive mosquitoes that
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Fig. 6 Zika virus DVG inhibits virus dissemination and blocks transmission in experimentally-infected mosquitoes. a Longevity of DVG-A in
mosquitoes. Ae. aegypti mosquitoes were in vivo transfected with equimolar solutions of DVG-A or DVG-A out-of-frame RNA. At the indicated times post
transfection, 5 mosquitoes were salivated and midgut, carcass, and head dissected. RNA was extracted from homogenates of a pool of the 5 mosquitoes
and RT-PCR specific for the DVG was performed. Results from a representative experiment out of two is shown. Lanes 1, 3, 5, and 7 = DVG-A out-of-frame,
Lanes 2, 4, 6, and 8 = DVG-A. Results for head and saliva samples are shown in Supplementary Fig. 11a. b Schematic representation of the experimental
design. Ae. aegypti mosquitoes were injected with a transfection mix 0.02 pmoles of RNA. 2 days post-transfection, mosquitoes were fed a bloodmeal
containing 2,108 PFU/mL of Zika virus, and dissected at 8 or 13 d p.i. ¢ Prevalence of Zika virus infection in the midgut or carcass of mosquitoes pre-
transfected with control (n=7), DVG-A (n=12) or DVG-A out-of-frame (n=12) RNA 8 d pi. ***p=0.0009 (by Fisher's exact test, two-sided). d Viral
load in infected mosquitoes from the midgut (control: n = 6; DVG-A: n =10; DVG-A out-of-frame: n = 10) or carcass {control: n= 6; DVG-A: n=1; DVG-A
out-of-frame: n=1) of the mosquitoes from (c). Mean and SD are shown. For midgut data, a one-way ANOVA with Dunnet’s multiple comparison was
performed. For carcass, no statistical test was performed because due to n=1. e Prevalence of Zika virus infection in the midgut, carcass or heads of
mosquitoes pre-transfected with control (n=36), DVG-A (n=35) or DVG-A out-of-frame (n=33) RNA 13 d p.i. ****p <0.0001 (by Fisher's exact test,
two-sided). f Viral load in the organs of the same infected mosquitoes from (e): midgut (control: n= 21; DVG-A: n = 26; DVG-A out-of-frame: n = 25),
carcass (control: n=21; DVG-A: n=13; DVG-A out-of-frame: n = 13), or heads (control: n = 21; DVG-A: n= 8; DVG-A out-of-frame: n = 8). Mean and SD
are shown. ****p < 0.0001 (by one-way ANOVA with Dunnet's multiple comparison). g Percentage Zika virus-positive saliva in mosquitoes pre-
transfected with control (n=9), DVG-A {(n=16) or DVG-A out-of-frame (n =13) RNA 13 d p.i. h Prevalence of Zika virus infection in the midgut or carcass
of sucrose- or AZT-fed mosquitoes that were injected with control or DVG-A RNA. Prevalence was assessed at 7 d p.i. Control RNA, sucrose fed (n=18);
DVG-A RNA, sucrose fed (n =14); control RNA, AZT fed (n =18); DVG-A RNA, AZT fed (n = 22). **p = 0.0053 (by Fisher's exact test, two-sided). i Viral
load in the midgut (control, sucrose fed: n = 12; DVG-A, sucrose fed: n =10; control, AZT fed: n = 14; DVG-A, sucrose fed: n =19) or carcass (control: n =
7; DVG-A: n=10<LOD; control, AZT fed: n=8; DVG-A, sucrose fed: n= 4) of the same mosquitoes from (h). Mean and 5D are shown. ****p < 0.0001
(by one-way ANOVA with Dunnet’s multiple comparison). Data from two independent experiments is shown. LOD = limit of detection. Control RNA:

pTRI-Xef RNA. Source data are provided as a Source Data file.

received control RNA treatment (n=9), only one carcass-
positive mosquito (6.25%) contained infectious virus for DVG-
A treated mosquitoes (1 = 16), and no saliva of DVG-A_out-of-
frame treated mosquitoes (1 = 13) had infectious virus (Fig. 6g).

We have previously shown that arboviruses establish persistent
infections in the mosquito host via the production of a viral-
derived DNA (vDNA) and that DVGs can serve as templates for
the synthesis of this vDNA2L22, To assess whether the Zika virus
DVG-induced protection in mosquitoes was mediated by the
presence of vDNA, DVG-A, or control RNA-injected mosquitoes
were treated with azidothymidine (AZT), a compound that
inhibits reverse transcription and thus the synthesis of the
vDNA?%23, AZT treatment rescued dissemination rates (Fig. 6h)
and viral load of disseminated virus (Fig. 6i) at 7 days post
infection, confirming that in the mosquito host, Zika virus DVGs
mediate an RNAi-dependent inhibition of WT virus via vDNA
production.

Discussion

The potential to use DVGs as antivirals or prophylactics has
previously been proposed in studies showing that virus stocks
rich in DVGs can interfere with disease outcomes in mice or
ferrets’*~?". To date, synthetically engineered DVGs with inter-
fering potential were shown to be effective as prophylactic (vac-
cine adjuvants} or therapeutic antivirals for two respiratory
viruses, RSV and influenza A, in mouse models?3-3Y, DVG
diversity has been largely overlooked in the field, with only few
DVGs per virus family described. This is because early reports
relied on classic methods of isolation, such as RT-PCR amplifi-
cation, that bias toward the shortest, most readily amplified, and
abundant DVGs. Here, using a combined approach based on
experimental evolution, NGS, and computational methods to
measure fitness, we explored the vast DVG sequence space in
three different flaviviruses to identify a top candidate DVG with
potential to interfere with W'T' virus infection. Indeed our NGS
data show that deletions occur randomly throughout the viral
genome with no apparent bias (Supplementary Fig. 6a-c) and
suggest that the subset observed at higher frequency is dictated by
biclogical constraints, such as the retention of coding sequences,
replication elements, and packaging signals. Our results
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demonstrate that DVG-A meets all these conditions, and could
explain why the DVG-A cluster exists.

One key element to success was relying on high replicate
numbers in the passage series that is customary in evolutionary
sciences, rather than the minimal triplicate that is the default in
molecular biology. Triplicate passage simply would not have been
enough to observe convergent evolution in experiments, as the
variation among replicates illustrated (Supplementary Fig. 4). The
methodology described here to identify DVG therapeutic candi-
dates could be applied to any virus species. While we focused
solely on deletions, other types of DVGs such as rearrangements,
insertions or a combination of these that cannot be easily char-
acterized by short-read sequencing may also constitute ther-
apeutic candidates. Emerging sequencing technologies such as
long-read sequencing or ClickSeq’! and analysis tools such as
ViReMa?? will allow us to identify more complex genomes in a
high-throughput manner.

As expected, our list included DVGs that resemble those
identified by more classic methods, similar to the dengue virus
DVGs with large deletions containing only key regulatory ele-
ments at the ends of the genome®®. However, our analysis pre-
dicted and we experimentally confirmed that such DVGs did not
have sustained fitness and showed no antiviral activity. This
observation questions the classical notion that competition
between DVGs and WT genomes is mostly a matter of genome
size, where the smallest DVGs would be replicated at much faster
rates and outcompete W virus. Instead, we found that a DVG
with a deletion of the structural proteins, that retains non-
structural protein sequences except NS1, was most fit. This same
DVG was identified as high fitness in other flaviviruses and found
to be most capable of inhibiting WT virus. DVGs similar to
DVG-A have been reported in flavivirus persistent infections
in vitro and in natural isolates”-*4-3%, although their naturally
occurring frequency was seemingly not high enough to success-
fully interfere with WT virus.

By packaging the fittest DVG candidate into VLPs, we show
that these TIPs are not only active at the site of injection in the
mammalian host, but disseminate to distal organs that are pri-
mary targets of Zika virus infection, an important feature for
combatting most arbovirus infections. Importantly, the reduced
viral loads in brains and ovaries of TIP-treated mice suggest that
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DVGs may help avert the neurological complications of Zika
virus infection in severe cases of the disease™+10, or vertical and/
or sexual transmission of the virus*'=4>. Thus, our results provide
a proof of concept that DVGs can target infection against flavi-
viruses such as Zika virus in the vertebrate acute infection cycle. A
limitation of our study, in terms of antiviral efficacy, is that we
did not evaluate to what extent TIPs can be administered after
virus exposure, since we only administered TIPs at the same time
as virus infection. The success of this DVG in the vertebrate host
may lie in its ability to compete and interfere with WT on more
than one level. First, it competes with WT virus in the most
classic parasitic sense by ‘stealing’ key viral proteins away from
virus, which it requires for genome replication and packaging
(e.g. NS1 or structural proteins). Second, while it may interfere
with WT replication by taking viral replicase proteins away from
the virus, it may not solely rely on WT-derived non-structural
proteins. In fact, while DVG-A is not a true replicon, and it
behaves like an inert replicon with an ‘On’ switch that only
becomes active once NSI is supplied in frans, whereby it then
produces its own non-structural proteins. These DVG-encoded
proteins can then enter into competition with WT virus proteins
for cellular resources as well.

While studies on DVGs from other viruses showed them to be
strong triggers of innate immune responses affecting viral
replication®!446-30, DVG-A did not upregulate these interferon-
related genes. Further, the mouse models used here are either
deficient in interferon a/p and y receptors or have temporally
diminished IFN a/B signaling. Thus, the protection conferred by
DVG-A in these mice provides further evidence that the
mechanism of action by DVG-A is independent of the type I and
II interferon responses. Presumably, DVGs such as DVG-A with
internal deletions are weaker activators of the interferon response
than those used in previous studies, such as copy-back DVGs,
which can form dsRNA known to be a critical factor in
immunostimulation*®.

Contrary to what was observed for acute infections in the
vertebrate host, DVG-A was antiviral in mosquito cells regardless
of whether the ORF was maintained, suggesting that the antiviral
activity of the DVG is independent of the proteins or functions it
encodes. Indeed, RNAI is the major antiviral pathway in insects,
and our work shows that inhibition by DVG-A relies on an intact
RNAi pathway. Furthermore, we show that the major mechanism
by which DVGs inhibit viral infection in insects is through the
generation of a DNA form of the DVG RNA which boosts the
RNAi response. Indeed, our previous work suggested that DVGs
are a preferential template from which to for the viral DNA
form?!. Our results provide a proof of concept that DVGs could
constitute a new vector control strategy for any arbovirus. Pre-
vious work showed that West Nile virus stocks containing DVGs
correlated with decreased infection rates in Culex mosquitoes’.
Here, we show that synthetic DVG-A RNA introduced into
mosquitoes can block virus dissemination in mosquito bodies by
50% and most importantly, reduce transmission by 90%. Since
inhibition occurred regardless of the retention of the reading
frame, its plausible that a large array of DVGs presenting random
deletions could be as effective at reducing transmission in mos-
quitoes if expressed at high enough amounts. Given the recent
advances in mosquito genome editing techniques®'~>3, it would
be interesting to assess the use of knock-in mosquitoes carrying
DVGs or DVG-derived sequences in endemic settings and to
apply this approach to other arboviruses to reduce global disease
burden.

Arboviral diseases constitute a public health threat worldwide.
To tackle the (re-)emergence of arboviruses, novel strategies for
therapeutic and prophylactic treatments, as well as vector control
are required. Qur study provides an in-depth approach to identify
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fit, competitive DVG molecules naturally generated by a virus and
most suitable for interfering with infection, and underscores the
potential of DV Gs to address these needs; not only as therapeutics
by reducing virulence in the vertebrate host, but also as a vector
control by limiting virus dissemination and transmission during
persistent infection of the natural mosquito vector. Given that
virtually all RNA viruses can generate DVGs, our experimental
and computational method to select high fitness DVG may be
useful as a global intervention strategy against RNA viruses.

Methods

Cells and viruses. Vero and Vero-E6 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS,
Invitrogen). HEK-293T cells were maintained in the same medium supplemented
with 1% (v/v) non-essential amino acids. SW-13 cells were maintained in Leibo-
vitz's L-15 medium (Life Technologies) with 2mM L-glutamine and 10% (v/v) FBS.
C6/36 and U4.4 were maintained in Leibovitz's L-15 medium (Life Technologies)
supplemented with 10% FBS (v/v), 1% (v/v) non-essential amino acids and 1% (v/
v) tryptose phosphate broth (Sigma). All cell lines were supplemented with 5 units/
mL penicillin and 5 pg/mL streptomycin (Life Technologies). Mammalian cell lines
were maintained in a humidified atmosphere at 37 °C with 5% CO,. C6/36 and
U4.4 cells were maintained at 28 °C without CO,.

The Zika virus strain used in this study is the prototype African MR-766 strain,
derived from a previously described infectious clone®*. Rescue of WT Zika virus
was carried out by transfection of the infectious clone in HEK-293T cells (TransIT-
LT1, Mirus Bio) according to the manufacturer’s instructions. 3-4 days post-
transfection (p.t.), the cell culture supernatant was clarified by centrifugation, Virus
stocks were then prepared in Vero cells, by infecting cells with a multiplicity of
infection (MOI) of 0.01 plaque-forming units (PFU)/cell. 5-6 days post-infection
(p.1) the cell culture supernatant was clarified by centrifugation, and virus titers
determined by plaque assay in Vero-E6 cells.

The yellow fever virus 17D strain was derived from pACNR/FLYF plasmid
containing the full-length infectious YF17D genome under a SP6 promoter™.

West Nile virus (Israeli strain 1S-98) was generated from the “two-plasmid”
system infectious clone previously described®®.

Serial passaging of Zika virus to generate virus populations enriched in
DVGs. Zika virus stocks were used to inoculate Vero or C6/36 cells at a low (0.01
PFU/cell) or high (20 PFU/cell) MOI in 12-well plates. 3 or 5 days p.i (for Vero or
C6/36 cells, respectively) the cell culture supernatant was clarified by centrifugation
and used for the next passage. After passage 1 (pl), blind passaging was performed,
using 5 pl or 300 pl of the virus from the previous passage per well for low and high
MOI conditions, respectively. All samples were titrated and we confirmed that
indeed the high and low MOI conditions were respected (Supplementary Fig. 1).
Yellow fever virus was passaged at high (5 FFU/cell) and low (0.1 FFU/cell) MOT in
SW13 cells for 2 days. West Nile virus was passaged similarly, in C6/36 cells.

Viral RNA sequencing. RNA from clarified cell culture supernatants was extracted
using TRI reagent (Sigma). Purified viral RNA was quantified with a Qubit fluo-
rometer (Invitrogen) and used for sequencing by next-generation RNA sequencing.
Libraries were prepared using the NEBNext Ultra I RNA Library preparation kit
for lllumina (New England Biolabs) and loaded in a NextSeq500/550 Mid output
kit v2.5 (Illumina), for sequencing in a NextSeq500 (151 cycles, 8 nucleotides of
index).

Sequence data processing and analysis. Reads were first demultiplexed using the
bcl2fastq conversion software (Illumina). Next, the reads were adapter- and
quality-trimmed using BBDuk and optical duplicates removed using Clumpify.
Both BBDuk and Clumpify are part of the BBTools and BBMap suite version 38.06
(https://sourceforge net/projects/bbmap/). Reads were then aligned to the reference
genome using BBMap and deletions called with the BBMap variant caller Call-
Variants. The number of reads mapping to a deletion was normalized relative to
the total number of reads that aligned to the reference genome. This value was
multiplied by 106 to obtain deletion event reads per million reads (RPM), as
described previously’.

Computational determination of neighborhoods enriched with deletions.
“Junction” reads (reads that align to the reference virus genome but not as a
continuous alignment) were grouped into clusters of fragments with similar start
and end deletion positions, Specifically, deleted fragments with less than 10 posi-
tions in divergence in their start and end positions were grouped in a cluster
(“elementary deletion cluster”). The size of the elementary deletion cluster is a
“junction coverage” of the deletions” narrow start and end position interval by
reads with the corresponding junctions. The ratio of “junction coverage” to the
sum of “junction coverage” and “continuous coverage” (derived from reads with
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continuous alignment that cover these deletions’ start and end intervals) is a fre-
quency of the elementary deletion cluster.

The most abundant deletions (with frequencies higher than 0.0085%) from all
high MOI replicates were selected to determine regions in the viral genome in
which deletions were more predominant. Since deletions with this threshold are
not uniformly distributed, enriched areas can be found unequivocally by the
applied nested neighborhood algorithm in a 2-dimensional plane composed of start
and end positions of deletions as X and Y coordinates. This method allows
detecting the area (neighborhood) enriched by points around a certain center by
sequentially extending the neighborhood’s border (distance to the center from the
next closest point) and calculating the neighborhood’s fractal dimension to get
more accurate p values of enrichments on each step. For methods describing the
calculation of fractal dimension, refer to the “Fractal dimensions of
neighborhoods™ section.

Putative centers of the neighborhoods enriched by deletions were detected on
the plane using a grid method. Namely, a number of deletions (“points™) were
randomly selected as the grid references. For all points, distances to these reference
points were calculated. For every point, a product of all-rounded logs of its
Euclidean distances to the reference points was used as a hashing index. The
hashing indexes of all points were sorted, and big enough islands of points
(threshold > 7 elementary deletion points) in the sorting that have the same hash
index were considered as containing putative centers of significant enrichment.
Any point of the island can be used as a center for the subsequent determination of
the center’s neighborhood most significantly enriched by points/deletions. Let the
null hypothesis assumption be that all points/deletions are uniformly distributed
on the start/end plane (i.e., no enrichments assumption). Then probability for a
number of points to be in a neighborhood of radius r from the center with volume
(or an area if the space is a two-dimensional plane) V, can be calculated from
Poisson distribution. Indeed, if points are uniformly distributed in the
neighborhood with radius R, R > r of volume V., then the number of points in a
neighborhood with the same center and radius r (therefore, with volume V,) will be
a random variable, having a Poisson distribution with the parameter 1 = « - 7%,
where k is the dimension of the space, and « is the density of the uniform
distribution of n points in Vj, (fx = R—’L) Thus, n is proportional to Vr. The
probability (P) of finding more or equal to m points in a neighborhood with radius
r (pvalue) will be:

A o (@)

P.(r)= Zimﬁe_l = ZimLﬂ—)e_(“-ﬂ (1)
All deletions/points were sorted according to closeness to the selected central point.
Those regions that are most enriched by points were determined as follows. In the
sorting, let us consider a transition from a neighborhood with radius r, which is
equal to a distance from the center to point ¢ in the sorting, to a neighborhood with
radius r, ;. The Poisson p value of the enrichment of the neighborhood of radius r,
containing ¢ points is calculated from the perspective of the extended neighborhood
with the radius r,, ; and assumptions that its ¢ + 1 points are uniformly distributed
in this volume of space of fractal dimension: the fractal dimension is defined by the
sequence of distances from the t + 1 points to the center. For non-uniform dense
areas, the Hausdorff fractal dimension is higher than the geometrical dimension of
the plane equal to two. This higher dimension makes a drop of p value sharper on a
transition from ¢ to t + 1 than in two-dimensional space. The t-neighborhood with
the most significant Poisson p value was selected as the best neighborhood, i.e., the
one that is most enriched by deletions/points.

Statistical significance of deletion frequency within enriched neighborhoods.
‘We assumed a binomial distribution for a number of “junction coverage” events in
trials numbered as the sum of numbers of all “junction coverage” and all “con-
tinuous coverage” events. Since the “continuous coverage” was high, the 95%
confidence interval for the “junction coverage” frequency was evaluated via a chi-
square distribution for binomial log-likelihood ratio (Wilks theorem). In this way,
the significance of the deletion, i.e., its deviation from zero, can be measured in
standard deviation (SD) units of the normal distribution (z-score of the elementary
deletion). This SD-unit measurement is based on the consideration that the 95%
confidence interval of the normal distribution nearly equals to four SDs.

Significance of a cluster of deletions in a neighborhood was inferred by
calculating the z-score of the neighborhood. For each passage, the neighborhood z-
score was calculated as the sum of z-scores of its deletions divided by the square
root of the total number of deletions in the neighborhood. Since significance of
each deletion is measured in SD and therefore distributed normally N(0,1), the
caleulated z-score for total significance of all deletions in the neighborhood is also
distributed normally N(0,1) and therefore easily translated to a p value. Thus, the
dynamics of the neighborhood z-scores across passages show how the total
significance of the neighborhood’s set of deletion frequencies increases or
decreases.

Fractal dimensions of neighborhoods. Fractal dimensions of neighborhoods were
calculated for a more sensitive determination of the most enriched neighborhoods. A
fractal dimension for a neighborhood of a center of radius r,, | with t 4 1 closest

distinct points in it can be calculated as follows. Let each point in the neighborhood be

exchanged with the same neighborhood compressed with the itimunDidance ~ 2—::

ratio. Next, each point in the compressed neighborhood N; will be exchanged with the

each point of the double compressed neighborhood will be exchanged with the triple

3
compressed neighborhoed: (2—:#) ratio, and so on.
-

2
double compressed original neighborhood: compressed with the (5—:‘—) ratio, next

In this nested construction, balls of diminishing radiuses cover the infinite
sequence of the nested compressed self-similar (fractal) ball-neighborhoods. Hence,
the Hausdorff fractal dimension of the ball-neighborhood can be calculated as a
minimal dimension d of a ball (volume without compression is rfﬂ) in order to get
the lowest estimation for sum of volumes of infinite series of all diminishing balls
that cover all points in this nested fractal construction.

The Hausdorff content of this series is

pem{erf )T} @

Dimension d of this Hausdorff content of the ball-neighborhood is defined as:

dim(H) = z‘nf<d>0 : nlir&{(r+ " {r,ﬂ : (er]m) ]d} = 0> (3)

Alternatively, the equivalent formula will be as follows:

dim(H*) = inf<d >0: }H&{(r{ﬂ)d. [(H 1)- (2.?'“) ] }:o) (4)

This infimum for dimension is calculated as:
In(t + 1)
R — 5
ln(erH} —In(r) )

Indeed, for the above limit under # — oc to be equal to zero the inequality as
follows has to be true:

E)s (2 _rr‘ )d<1 (6)

41

Taking the logarithm from both parts, the inequality will be transformed into
equivalent:

ln(t+1)+d-ln(2 rrl )<a 7)
T
g In(t+1) )
—1"(5?:)
Taking infimum we will get:
In(t +1)
= 9
ln(Z . r,H} —In(r,) ()

Generation of DVG clones. The Zika virus infectious clone was used as a template
for the generation of DVG-encoding clones, using primers to excise deleted region
of interest. The deleted nucleotides in each DV G clone were: 581-3250 for DVG-A,
339-9033 for DVG-B, and 5351-5668 for DVG-C. Zika virus replicons were gen-
erated as previously described'”. Briefly, the region encoding the structural proteins
(C, Pr, M, and E) was replaced by a cassette containing C38-NanoLuc-2A-E30 (the
N-terminal 38 amino acids of C protein, NanoLuc reporter, foot-and-mouth dis-
ease virus 2 A protease, and the C-terminal 30 amino acids of the E protein). The
N-terminal 38 amino acids of the C protein contains the cis-acting element of
nucleotides complementary to the 3’ cyclization sequence”. The C-terminal 30
amino acids of E correspond to the transmembrane domain required to maintain
the topology of NS1 in the ER. In addition, the intron present in NS1 in the Zika
virus clone was removed. A mutant replicon plasmid was generated for use as a
negative control, by replacing the catalytic motif Ggg4Dgg5Dges in the viral poly-
merase NS5 by three alanine residues (inactive replicon). The DVG-A reporter
clone was generated similarly; with NanoLuc-2A introduced at the deletion site,
namely between the N-terminal 38 amino acids of Pr and the C-terminal 98 amino
acids of NS1.

Replicon assays. To generate replicon RNA, the full replicon cassette from CMV-
driven clones was amplified using primers annealing to the backbone of the
plasmid, and in which the forward primer contained an SP6 sequence. RNA was
in vitro transcribed from the PCR product (nMESSAGE mMACHINE SP6
Transcription kit, Thermo Fisher), and purified using the RNeasy mini kit (QIA-
GEN). RNA was quantified using a Qubit fluorometer (Invitrogen) and used for
transfection of HEK-293T or Vero cells. Briefly, sub-confluent cells in 24-well
plates were transfected with 100 ng of replicon RNA using TransIT-mRNA
transfection kit (Mirus Bio). Over a 72 h time course, the supernatant was removed
and cells lysed in passive lysis buffer (Promega). Luciferase expression was
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measured using the Nano-Glo luciferase assay system (Promega) in a Tecan infinite
M200 pro plate reader (Tecan group).

Assays in which the effect of non-structural proteins on DVG replicon activity
was studied were performed as described above, except HEK-293T cells were
transfected with E3p-NS, E3g-NS«ns1, Eso-NS#ns2a, E2g-NS1 plasmids using LT-1
transfection reagent (Mirus Bio) 24 h prior to reporter RN A transfection. E;-NS is
a CMV-driven clone encoding the Zika virus C-terminal 30 amino acids of E and
all nonstructural proteins. E3o-NS+ns1, E3g-NS+ns24 plasmids are identical to Esp-
NS, except a stop codon introduced as the first amino acid of NS1 or NS2A,
respectively. E3-NS1 encodes only E3, and NS1. We performed these assays in
HEK-293T cells because of their high transfection efficiency, which proved to be
important for the successful transfection of both DNA and RNA molecules. To
confirm successful expression from the clones, we generated a C-terminal, V5-
tagged version of E3o-NSL. Cell lysates of transfected cells were collected at 24 h p.t.
in RIPA buffer (Sigma). V5-tagged NS1 was detected by conventional western
blotting, using an anti-V5 antibody (Abcam; ab27671) and anti-mouse HRP linked
antibody (GE Healthcare Life Sciences).

DVG@ inhibitory activity in vitro. HEK-293T cells were transfected with the DVG-
encoding clones along with the WT Zika virus clone at different molar ratios (1:10,
1:1 and 10:1 DVG:WT) using LT-1 transfection reagent (Mirus Bio). As controls,
additional WT virus clone or a GFP-encoding clone (control clone unrelated to
Zika virus) were used. 72 h p.t. WT virus titers were determined by plaque assay.

Due to the low efficacy of the CMV promoter in invertebrate cells*®, we tested
DVG-induced inhibition in mosquito cells by transfection of DVG RNA. Briefly,
PCR amplicons of the full DVG sequences were generated using primers with an
SP6 promoter at the 5” end. SP6 in vitro transcription was then performed using
the PCR product as a template (mMessage mMachine SP6 Transcription kit,
ThermoFisher). Following DNase treatment, the reaction was cleaned up (RNeasy
MinElute Cleanup kit, QIAGEN) and RNA quantified with a Qubit fluorimeter
(Invitrogen). 0.062, 0.125, or 0.25 pmoles DVG or pTRI Xef control RNA were
transfected into sub-confluent C6/36 or U4.4 cells seeded in a 48-well plate
(Lipofectamine LTX, ThermoFisher). The next day, cells were infected with Zika
virus at an MOI 0.1 PFU/cell and the medium replaced. 5 days p.i., infectious virus
in the cell culture medium was quantified by plaque assay. For assessing the effect
of DVG RNA in Ago-2 knockdown cells, co-transfection of the DVG or control
RNA was carried out with Ago-2 or control dsRNA.

Induction of antiviral genes. For quantitative reverse transcription PCR (RT-
qPCR) of antiviral genes, total cellular RNA was reverse transcribed using the
Maxima H Minus First Strand ¢cDNA Synthesis Kit with random primers (Ther-
moFisher). cDNA was used for qPCR using specific primers (Supplementary
Table 3) and the Power SYBR Green PCR Master Mixture (Applied Biosystems) on
a Step-One-Plus Real-Time PCR thermocycler (Applied Biosystems). The relative
fold gene expression of genes was calculated relative to GAPDH using the delta-
delta Ct method, comparing to mock conditions.

Knockdown of Ago-2 in U4.4 cells. RNA from U4.4 cells was extracted (TRIzol,
Thermo Fisher) and ¢cDNA generated using the Maxima First Strand ¢cDNA
Synthesis Kit with random primers (Thermo Fisher). A 686 bp Ago-2 region was
amplified from the cDNA using specific T7-promoter flanked primers (T7-Ago2-F
and T7-Ago2-R, Supplementary Table 3). PCR products were cleaned up
(NucleoSpin Gel and PCR Clean-up, Macherey Nagel) and used for dsRNA pro-
duction (MEGAScript RNAi kit, Thermo Fisher). Knock-down of Ago-2 was
performed by transfection of 250 ng dsRNA per well in sub-confluent U4.4 cells
seeded in a 48 well plate (Lipofectamine LTX, Thermo Fisher). Control knock-
downs were carried out using the control dsRNA provided in the MEGAScript
RNAi kit.

The efficiency of Ago-2 knockdown was assessed by mRNA quantification.
Briefly, 24 h following dsRNA transfection, cells were lysed in RNA lysis buffer and
RNA extracted using the Quick-RNA 96 kit (Zymo), including the in-column
DNAse digestion step to remove genomic DNA. RT-qPCR was carried out using
the Luna Universal One-Step RT-qPCR kit (New England Biolabs) following the
manufacturer’s instructions, with Ago-2 and actin specific primers (Supplementary
Table 3), on a Step-One-Plus Real-Time PCR thermocycler (Applied Biosystems).
Quantification of Ago-2 mRNA expression was calculated relative to actin mRNA
using the delta-delta Ct method.

Determination of DVG packaging capacity. Uninfected or infected Vero cells
(producer cells, MOI 1 PFU/cell at 24 h) in 24-well plates were transfected with
100 ng of DVG replicon RNA, WT replicon (positive control), or inactive replicon
(negative control), using TransIT-mRNA transfection reagent (Mirus Bio). 48 h p.t.
the supernatant was endonuclease-treated (25 Units/pl BaseMuncher, Expedeon)
and used to infect naive Vero cells in 24-well plates (recipient cells). Replicon
activity in recipient cells was assessed 24 h p.i. Donor and recipient cells were lysed
in passive lysis buffer (Promega) and luciferase activity measured using the Nano-
Glo luciferase assay system (Promega) in a Tecan infinite M200 pro plate reader
(Tecan group).

12 NATUR

Generation of DVG-containing VLPs. DVG-containing VLPs were generated as
previously described'®. Briefly, HEK-293T cells seeded in a 24 well plate were
transfected with a mix of 200 ng of a CPrME-encoding plasmid, 200 ng of Es;-NS1,
and 200 ng of the DVG-encoding plasmid (LT-1 transfection reagent, Mirus Bio).
72h p.t, the medium was clarified by centrifugation. Naive recipient cells were
infected with producer cell supernatant following endonuclease (Basemuncher,
Expedeon) treatment, and successful packaging determined with luciferase mea-
surement when using reporter DVG clones, or by RT-qPCR when using

native DVG.

RT-qPCR for WT or DVG RNA. Detection of WT and DVG RNA was performed
by RT-qPCR, using WT and DVG specific primers and probes. For WT RNA, the
probe and primers were designed to bind to the deleted region in the DVG. DVG-
specific primers were designed such that a 113 nt region containing the deleted part
of the genome is amplified by primers binding to the Pr gene and the NS1 gene.
Amplification of this region in WT virus RNA would result in a significantly larger
product (2783 nt). In addition, the DVG recognizing probe was designed such that
it would bind to the breakpoint of the deletion. The primer sequences are shown in
Supplementary Table 3. DVG or WT RT-qPCR was carried out using the TagMan
RNA-to-Ct One-step RT-PCR kit (Applied Biosystems) or the Luna Universal

One-Step RT-qPCR kit (Abcam) on a Step-One-Plus Real-Time PCR thermocycler
(Applied Biosystems). The number of RNA genomes was derived from a standard
curve produced in each RT-qPCR run using in vitro generated DVG or WT RNA.

Mouse experiments. AG129 mice™ were bred in a specific-pathogen-free facility
at Institut Pasteur’s animal facility, and C57BL/6 mice were obtained from Charles
River Laboratories. Infected adult mice were housed in BSL-3 level isolators and
handled in compliance with the Animal Committee regulations and guidelines of
Institut Pasteur Paris France, under the 2010/63 European Union Council directive.
Animal protocols were approved by the Ethics Committee on Animal Experi-
mentation (CETEA) under dossier number dap160116/CHCST 18,176 and the
USAMRMC Animal Care and Use Review Office (ACURQ), under the protocol
number DARPA-5417.04. Mice were monitored daily, with food and water sup-
plied ad libitum. Endpoints were defined and mice humanely euthanized when
these were reached.

4-6 week old AG129 or C57BL/6 female mice were given a mix of Ketamine(10
mg/mL)/Xylazine (1 mg/mL) by intraperitoneal injection. Once anesthetized, mice
were inoculated by a subcutaneous (footpad) route with vehicle (DMEM media),
10* PFU of Zika virus alone, or complemented with DVG-containing VLPs (TIPs).
C57BL/6 mice were treated with 2 mg of an IFNARI blocking mouse MAb (MAR-
5A3, Euromedex) by intraperitoneal injection one day prior to infection. Weight
loss and viremia were monitored at the indicated times after infection. Blood was
collected from the facial vein in Microtainer blood collection tubes (BD) and
allowed to clot at room temperature. Serum was separated by centrifugation and
stored at —80 °C. Viremia was quantified either by plaque assay or RT-qPCR on
unextracted and diluted serum samples, as described previously®”, Infected mice
were euthanized by cervical dislocation. Spleen, ovaries, brain, and injected
footpads were harvested and homogenized with 600 pl DMEM supplemented with
2% FBS in Precellys tubes containing ceramic beads, using a Precellys 24
homogenizer (Bertin Technologies) at 5000 rpm for 2 cycles of 20 seconds.
Homogenates were cleared by centrifugation, and the supernatant stored at —80 °C
until virus titration or RT-qPCR. Viral burden in organs was measured either by
plaque assay (expressed as PFU/g for organs) or by RT-qPCR (expressed as PFU
equivalents relative to GAPDH) following RNA extraction using Direct-zol-96
(Zymo). The number of DVG or WT RNA genomes in mouse organs was
normalized to GAPDH genomes, derived from a standard curve using mouse
GAPDH primers (Supplementary Table 3) and RNA extracted from the respective
organ of uninfected mice.

Mosquito experiments. 6-8 days old female Ae. aegypti mosquitoes (1 colony, F7
generation, collected originally in Kamphaeng Phet Province, Thailand) were cold-
anesthetized and injected with a transfection mix of CellFectin II reagent (Thermo
Fisher) containing Liebovitz’s L-15 medium, 0.02 pmoles of pTRI Xef control or
DVG RNA in a total volume of 200 nL. The injection was performed intra-
thoracically using a nanoinjector (Nanoject I1I, Drummond Scientific) and a glass
capillary needle. 2 days after transfection and following starvation for one day,
mosquitoes were allowed to feed for 30 min on an artificial blood meal at 37°C
containing previously washed human blood (2 mL), Zika virus (1 mL, 6x108 PFU)
and 5 mM ATP. Engorged mosquitoes were counted, selected and maintained at
28°C in a humidified atmosphere (70%), supplemented with 10% sucrose ad
libitum. For experiments where mosquitoes were fed with azidothymidine (AZT),
mosquitoes were supplemented daily with sucrose-containing 37 mM AZT (Ade-
nosine 5'-triphosphate disodium salt solution A6559, Sigma-Aldrich). 8 days after
the blood meal, mosquitoes were cold-anesthetized and dissected. Midguts and
carcasses were collected in microtubes containing steel beads (5 mm diameter) and
200 uL. DMEM supplemented with 2% FBS. 13 days after the blood meal, mos-
quitoes were salivated in a tip containing 5 uL FBS, followed by the collection of
heads, midgut, and carcass. Body parts were homogenized using a TissueLyser II
(QIAGEN) at 30 shakes/second for 2 min. Homogenates were clarified by
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BRD?2 inhibition blocks SARS-CoV-2 infection
by reducing transcription of the host cell

receptor ACE2
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SARS-CoV-2 infection of human cells is initiated by the binding of the viral Spike protein to its cell-surface receptor ACE2. We
conducted a targeted CRISPRI screen to uncover druggable pathways controlling Spike protein binding to human cells. Here
we show that the protein BRD2 is required for ACE2 transcription in human lung epithelial cells and cardiomyocytes, and BRD2
inhibitors currently evaluated in clinical trials potently block endogenous ACE2 expression and SARS-CoV-2 infection of human
cells, including those of human nasal epithelia. Moreover, pharmacological BRD2 inhibition with the drug ABBV-744 inhibited
SARS-CoV-2 replication in Syrian hamsters. We also found that BRD2 controls transcription of several other genes induced
upon SARS-CoV-2 infection, including the interferon response, which in turn regulates the antiviral response. Together, our
results pinpoint BRD2 as a potent and essential regulator of the host response to SARS-CoV-2 infection and highlight the poten-

tial of BRD2 as a therapeutic target for COVID-19.

gency. As of September 2021, SARS-CoV-2, the novel corona-

virus causing this disease, has infected over 200 million people
worldwide, causing at least four and a half million deaths (https://
covid19.who.int). New infections are still rapidly increasing, despite
current vaccination programmes. The emergence of novel viral vari-
ants with the potential to partially overcome vaccine-elicited immu-
nity highlights the need to elucidate the molecular mechanisms
that underlie SARS-CoV-2 interactions with host cells to enable
the development of therapeutics to treat and prevent COVID-19,
complementing ongoing vaccination efforts.

SARS-CoV-2 entry into human cells is initiated by the interac-
tion of the viral Spike protein with its receptor on the cell surface,
angiotensin-converting enzyme 2 (ACE2). To uncover new therapeu-
tic targets targeting this step of SARS-CoV-2 infection, we have con-
ducted a focused CRISPR interference {CRISPRi)-based screen for
modifiers of Spike binding to human cells. We expected that ACE2
and factors regulating ACE2 expression would be major hit genes in

| he ongoing COVID-19 pandemic is a public health emer-

this screen. A second motivation for identifying regulators of ACE2
was the fact that ACE2 affects inflammatory responses and is itself
regulated in the context of inflammation'~*, Inflammatory signal-
ling, in particular the type I interferon response, is known to be mis-
regulated in the most severely affected patients with COVID-19*7.
Therefore, regulators of ACE2 expression would probably be relevant
for COVID-19 in human patients, as suggested by clinical data®.

Previous CRISPR screens have been performed in cell-based
models of SARS-CoV-2 infection that overexpressed an ACE2
transgene™', represented cell types not primarily targeted by
SARS-CoV-2" or were non-human cells”. Although these studies
elucidated major features of SARS-CoV-2 biology, we reasoned that
the cell lines used would not have enabled the discovery of regula-
tors of ACE2 expression in relevant human cell types.

We selected a lung epithelial cancer cell line, Calu-3, which
endogenously expresses ACE2, to perform a targeted CRISPRi
screen to find regulators of Spike protein binding. We found that the
strongest hit genes are potent regulators of ACE2 levels. Knockdown
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saturable binding, for which an EC., value was fit. The error of EC,, is the 95% confidence interval. b, Spike-RBD binding is eliminated in Calu-3 cells with
ACE2 knockout (KO, grey). ¢, Validation of CRISPRI activity of a Calu-3 CRISPRi line. Calu-3 cells stably expressing CRISPRi machinery were transduced
with an sgRNA targeting CD81 (orange) or a non-targeting sgRNA (grey), and CD81 levels were determined by flow cytometry. The experiments in a-¢
were performed once. d, CRISPRI screen strategy. CRISPRi Calu-3 cells transduced with an sgRNA library targeting the ‘druggable genome’ were stained
either with Spike-RBD or an anti-TFRC antibody. Cells were then FACS-sorted into bins (top and bottom 30%) based on Spike-RBD or anti-TFRC binding
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performed once. e, Rank-order plot of Spike-RBD hit genes. Genes selected for follow-up experiments are highlighted as red dots. f, Scatter plot of gene

scores for the Spike-RBD screen (x axis) and the anti-TFRC screen (y axis). Genes selected for follow-up experiments are highlighted as red dots.

of these genes reduced or increased ACE2 levels transcriptionally,
and prevented or enhanced, respectively, SARS-CoV-2 infection in
cell culture.

We identified the transcriptional regulator bromodomain-
containing protein 2 (BRD2) as a major node for host-SARS-CoV-2
interaction. BRD2 is part of the bromodomain and extra-terminal
domain (BET) family of proteins that includes Brd3, Brd4 and
BrdT. BETs are being explored as targets for a number of cancers".
These proteins are known to be master transcriptional regulators
and serve to bridge chromatin marks (mostly acetyl-lysines) to
the transcriptional machinery'’. We found BRD2 inhibition to

NATURE CELL BIOLOGY | VOL 24 | JANUARY 2022 | 24-34 | www.nature.com/naturecellbiology

downregulate ACE2 expression in Calu-3 cells, induced pluripotent
stem cell (iPSC)-derived cardiomyocytes, primary human lung epi-
thelial cells and reconstructed human nasal epithelia. Inhibition of
BRD?2 with small molecules, some of which are in phase I clinical
trials, inhibited SARS-CoV-2 infection in primary human nasal epi-
thelia and in Syrian hamsters. We propose BRD2 as a key regulator
and potential therapeutic target for COVID-19.

Results
CRISPRIi screen for Spike-RBD binding to cells. To identify cel-
lular mechanisms controlling the binding of SARS-CoV-2 to human
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b, Quantification of ACE2 protein levels relative to GAPDH based on the data in a. Average normalized ACE2 intensity as a fraction of no sgRNA and

the standard deviation for three biological replicates are shown. ¢, Relative amounts of ACE2 transcript levels measured by gPCR in Calu-3 CRISPRi cells
expressing sgRNAs targeting different hit genes, compared to cells without sgRNA. Average relative gene expression of three technical replicates is shown
from a single experiment. d, Calu-3 CRISPRi cells expressing different sgRNAs targeting hit genes were infected with SARS-CoV-2 and viral RNA in the
supernatant was measured by RT-qPCR as a function of time post-infection. The average SARS-CoV-2 load and the standard deviation of three biological
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cells, we identified a cell line that would robustly bind the viral Spike
protein (S). We measured binding of a previously described recom-
binant protein construct encompassing the SARS-CoV-2 Spike
protein receptor-binding domain (RBD) with a C-terminal human
immunoglobulin-G (IgG) Fc-domain fusion', referred to hereafter
as Spike-RBD, to several commonly used human cell lines (Fig. 1a
and Extended Data Fig. 1a). Within this cell line panel, only Calu-3
cells displayed a binding curve consistent with specific binding of
Spike-RBD, with a half-maximum effective concentration (EC,;) of
9.72nM (95% CI: 4.37-22.42 nM). This value agrees with the disso-
ciation constant of Spike-RBD-ACE2 binding determined in vitro
(4.7 nM)", within measurement error. Spike-RBD binding is depen-
dent on ACE2 expression, as binding is abrogated in Calu-3 ACE2
knockout cells (Fig. 1b). Calu-3 cells are challenging to culture

26

compared to most cell lines—they proliferate slowly, and their adher-
ence properties pose challenges for flow cytometry. Nevertheless,
Calu-3 cells are a particularly attractive cell culture model for
studying SARS-CoV-2 from the biological point of view, because
they are derived from lung epithelia, which is selectively infected
by SARS-CoV-2 in patients”, are known to support infection of
SARS-CoV and SARS-CoV-2"* and have recently been reported to
closely recapitulate gene-expression changes that occur in patients'.

We generated a polyclonal Calu-3 line constitutively express-
ing machinery to enable CRISPRi-based genetic screens™*" and
validated its CRISPRi activity (Fig. 1¢ and Extended Data Fig. 1b).
CRISPRi uses a catalytically dead Cas9 (dCas9) fused to a transcrip-
tional repressor, KRAB, to knock down genes at specific sites pro-
grammed by the loading of the dCas9-KRAB with a single-guide
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RNA (sgRNA). Using this line, we then performed a focused
CRISPRi screen for factors controlling Spike-RBD binding (Fig. 1d).
To maximize our chances of identifying potential undiscovered ther-
apeutic targets for COVID-19, we screened a sgRNA library target-
ing the ‘druggable genome, comprising ~2,300 genes, with ~16,000
total sgRNAs including non-targeting control sgRNAs™. In parallel,
we screened the same library using a fluorophore-conjugated anti-
body against the transferrin receptor (TFRC, also known as CD71)
to control for factors that generally affect protein trafficking or pro-
tein binding to the cell surface (Fig. 1d-f). Owing to the limitations
of the Spike-RBD binding assay and Calu-3 cells, this screen was
conducted at a lower average representation (~100 sorted cells per
sgRNA) than ideal, resulting in relatively high noise and therefore
fewer hits crossing a false discovery rate cutoff of 0.1 than in typical
CRISPR screens (Extended Data Fig. 1¢ and Methods).

Despite the increased noise, ACE2, as expected, was the stron-
gest hit gene, knockdown of which decreased binding of Spike-
RBD, while having no effect on TFRC levels (Fig. 1¢,f). Conversely,
RAB7A, which was recently reported to be essential for the traf-
ficking of TFRC to the cell surface”, was the strongest hit that
decreased TFRC levels, with no effect on Spike-RBD binding
(Fig. 1f). Generally, hits were not correlated between the two
screens (Fig. 1f), demonstrating the specificity of each screen.
Although the screens did not result in a large number of strong hits
(Supplementary Table 1), we decided to validate the top 15 genes
for which knockdown decreased Spike-RBD binding and the top
five genes for which knockdown increased Spike-RBD binding. We
cloned individual sgRNAs targeting each of these genes and evalu-
ated their effect on Spike-RBD binding (Extended Data Fig. 2).
Based on these experiments, we selected hits that robustly recapitu-
lated their phenotypes from the primary screen for further charac-
terization: two genes for which knockdown decreased Spike-RBD
binding (ACE2 and BRD2) and three genes for which knockdown
increased Spike-RBD-binding (CDC7, COMP and TRRAP).

Hit genes modulate ACE2levels and infection with SARS-CoV-2.
Because Spike-RBD binding is dependent on ACE2 expression, we
hypothesized that other hit genes might act by modulating ACE2
levels. Western blots for ACE2 levels in Calu-3 cell lines express-
ing sgRNAs against validated target genes (hereafter referred to as
knockdown lines) indeed revealed marked changes in ACE2 protein
levels. For hits associated with lower levels of Spike-RBD binding in
the primary screen, we observed lower levels of ACE2 protein, and
vice versa for those hits associated with higher levels of Spike-RBD
binding (Fig. 2ab). To distinguish whether hit genes affected
ACE2 protein levels via transcriptional or post-transcriptional
mechanisms, we performed quantitative polymerase chain reac-
tion (qPCR) to measure ACE2 transcript levels in these same
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knockdown lines. For all tested genes, we observed changes in
ACE?2 transcript levels that were concordant with the changes in
ACE?2 protein levels (Fig. 2¢), indicating that they acted at the tran-
scriptional level. Some genes, such as COMP and TRAPP, showed
relatively modest effects on ACE2 transcript levels, but quite large
effects on ACE2 protein levels, suggesting that these hit genes addi-
tionally affect post-transcriptional regulation of ACE2 expression.

We next determined the effect of hit gene knockdown on sus-
ceptibility to SARS-CoV-2 infection. We infected cells expressing
sgRNAs against hit genes with SARS-CoV-2 and measured virus
replication 24, 48 and 72h post-infection using qPCR with reverse
transcription (RT-qPCR; Fig. 2d). Already at 24h post-infection,
viral genome copies diverged concordantly with changes in ACE2
levels and Spike-RBD binding: sgRNAs that lowered Spike-RBD
binding reduced virus replication, and sgRNAs that increased
Spike-RBD binding resulted in higher virus replication. BRD2
knockdown abrogated viral replication in these cells to levels simi-
lar to ACE2 knockdown, even at 72h post-infection, and COMP
knockdown supported an order of magnitude increase in viral titres.
Focusing on these three hit genes—ACE2, BRD2 and COMP—we
then quantified how gene knockdown modulates Spike-RBD bind-
ing to cells (Fig. 2¢). Knockdown of ACE2 and BRD2 abolished
spike binding, while COMP decreased the EC,, compared to wild
type (WT) from 9.72nM (95% CI: 4.37-22.42nM) to 1.32nM (95%
CI: 0.59-3.20nM), by almost a full order of magnitude (Fig. 2¢). We
also confirmed that gene knockdown decreased SARS-CoV-2 rep-
lication by performing plaque assays on WT, BRD2 KD and ACE2
knockdown cells (Fig. 2f).

BRD2 inhibitors prevent SARS-CoV-2 infection of human cells.
Given the stringent inhibition of SARS-Co V-2 infection achieved by
BRD2 knockdown, and the fact that BRD?2 is currently being evalu-
ated as a therapeutic target in cancer'"*, with several small-molecule
inhibitors in clinical trials”, we decided to focus on this hit gene.

We validated that CRISPRi knockdown of BRD2 robustly
reduced BRD2 protein levels (Extended Data Fig. 3). Transgenic
expression of full-length BRD2 restored ACE2 transcript levels
(Fig. 3a), validating that the reduction in ACE2 expression triggered
by CRISPRI targeting of BRD2 was indeed due to BRD2 knockdown.
Transgenic expression of truncation mutants of BRD2 did not res-
cue ACE2 expression (Fig. 3a), indicating that full-length BRD2 is
required for ACE2 expression.

To test the potential of BRD2 as a therapeutic target for COVID-
19, we treated cells with a panel of compounds targeting BRD2: two
BET-domain inhibitors (JQ1°° and ABBV-744%; the latter is cur-
rently in clinical trials NCT03360006 and NCT04454658) and three
proteolysis targeting chimaeric (PROTAC) compounds that lead to
the degradation of BRD2 (dBET-6*, ARV-771” and BETd-260").

>

Fig. 3 | BRD2 inhibitors potently reduce ACE2 levels and SARS-CoV-2 infection. a, Transgenic constructs expressed in Calu-3 cells (left), and transcript
levels of ACE2 relative to ACTB in Calu-3 cells transduced with enhanced green fluorescent protein-BRD2 truncations in a BRD2 knockdown background
(right). Average relative ACE2 gene expression compared to non-transduced cells and the standard deviation of n=3 biological replicates are shown.

aa, amino acid. b, Transcript levels of ACE2 relative to ACTB in Calu-3 cells treated with BRD2 inhibitors (JQ1 at 10 uM, ABBV-744 at T0puM and dBET-6

at 200 nM) were quantified at 24 h (dark grey bars) and 72 h (light grey bars) post-treatment. Average ACE2 mRNA levels relative to vehicle-treated

of three technical replicates are shown from a single experiment. €, Transcript levels of ACEZ relative to ACTB in primary human bronchial epithelial

cells treated (NHBE) with BRD2 inhibitors (JQT at 10 uM, dBET-6 at 20 nM, ABBV-744 at 0.01-10 uM) were quantified at 72 h post-treatment. Average
ACE2 mRNA levels relative to vehicle and the standard deviation of n= 3 biological replicates are shown, except for vehicle-treated, for whichn=6
replicates are shown. d, Transcript levels of ACE2 relative to 185 ribosomal RNA (rRNA) in human iPSC-derived cardiomyocytes treated with the indicated
concentrations of BRD2 inhibitors were quantified at 72 h post-treatment. Average ACE2 mRNA levels relative to vehicle-treated and the standard
deviation of n=3 biological replicates for each condition are shown, except for the vehicle-treated sample, for which n=6 biological replicates are shown.
e, SARS-CoV-2 viral RNA in supernatant measured by RT-qPCR at 24 h post-infection of Calu-3 cells. Infection took place 72 h after treatment with the
indicated concentrations of BRD2 inhibitors. Measurements are the average of n=5 biological replicates. Error bars show the standard deviation. f, Plague
assays in Calu-3 CRISPRi cells treated with increasing concentrations of the BET inhibitors JQ1 or ABBV-744 infected with SARS-CoV-2 as a function of
time post-infection. Average viral titre and the standard deviation of six biclogical replicates are shown, except for vehicle and untreated, for which three

biological replicates are shown.
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After only 24h of treatment with these drugs, ACE2 messenger
RNA (mRNA) levels measured by qPCR decreased roughly twofold
(Fig. 3b). This effect was magnified after treatment for 72h, when
almostno ACE2 mRNA was detectable for any of the BRD2-targeting
compounds tested, phenocopying BRD2 knockdown (Fig. 3b).
Similarly, we found that BET inhibitors led to substantial decreases
in ACE2 mRNA levels in primary human bronchial epithelial cells
(Fig. 3¢) and human iPSC-derived cardiomyocytes (Fig. 3d)—two
non-transformed cell types that are susceptible to SARS-CoV-2
infection"'. Importantly, BET inhibitors were non-toxic to Calu-3

cells, primary human bronchial epithelial cells and cardiomyocytes
at effective concentrations (Extended Data Fig. 4).

Because pharmacological inhibition of BRD2 phenocopied BRD2
knockdown, we hypothesized that these same compounds might
prevent infection of cells exposed to SARS-CoV-2. To test this, we
treated Calu-3 cells for 72h with the BET inhibitors JQ1 and ABBV-
744, and measured SARS-CoV-2 replication at 48 h post-infection.
Strikingly, we found that treated cells displayed 100-fold decreased
viral replication versus untreated cells (Fig. 3¢), a similar effect size
to BRD2 or ACE2 knockdown (Fig, 2d.e).
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BRD2 regulates ACE2 and SARS-CoV-2-induced host genes.
We next asked whether BRD2 controls transcription of additional
genes beyond ACE2. We performed RNA-sequencing (RNA-seq) of
Calu-3 cells after treatment with the BET-domain inhibitors JQ1 and
ABBV-744 as well as BRD2 CRISPRi knockdown (Supplementary
Table 2). We also included CRISPRi knockdown of two other vali-
dated hit genes from our screen, COMP and ACE2, as well as over-
expression of the viral protein E, which has been reported to interact

NATURE CELL BIOLOGY | VOL 24 | JANUARY 2022 | 24-34 | www.nature.com/naturecellbiology

with BRD2*, RNA-seq of BRD2 knockdown and BET-domain
inhibitor treated cells recapitulated downregulation of ACE2 (Fig.
4a). TMPRSS2, the gene encoding a protease important for viral
entry in many cell types, was not a differentially expressed gene in
any condition (Supplementary Table 2). Surprisingly, BRD2 knock-
down or pharmacological inhibition also resulted in marked down-
regulation of genes involved in the type I interferon response, while
ACE2 knockdown slightly increased expression of those same genes
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Fig. 4 | BRD2 controls genes induced by interferon and SARS-CoV-2 infection. a, Differentially expressed genes (DEGs) from RNA-sequencing of

Calu-3 cells under different treatment conditions compared to control cells: 72-h treatment with 10 uM JQ1 or 10uM ABBV-744, BRD2 knockdown (KD),
SARS-CoV-2 protein E overexpression (OE), COMP KD and ACE2 KD. The quasi-likelihood method glmQLFTest was implemented in edgeR. P values

were adjusted for multiple comparisons using the Benjamini-Hochberg method. The heatmap shows the log,-fold change (log,FC) relative to untreated
controls for each condition (columns) for genes (rows) among the top 50 DEGs (by P values) in at least one condition. ACE2 was not among these genes
and is shown as a separate row. Inset: a cluster of genes downregulated upon both BRD2 inhibition and BRD2 knockdown. Among these, genes associated
with the Gene Ontology (GO) term ‘Cellular Response to Type | interferon’ are marked by black circles. b, Significantly enriched (FDR <0.05) GO
biological process terms for the genes shown in the inset in a. ¢, Enrichment analysis for genes in the inset in a reveals COVID-19-related gene sets. Genes
associated with a gene set are marked in blue. d, Calu-3 cells expressing sgRNAs knocking down genes essential for interferon signalling assayed for ACE2
gene expression relative to ACTB by gPCR. Average ACE2 mRNA level relative to non-targeting control (NTC) sgRNA and the standard deviation of n=3
biological replicates are shown for each condition. e, WT (dark grey) or BRD2 KD (light grey) Calu-3 cells were treated with IFN-B, and transcript levels of
ACE2 relative to ACTB were quantified at 72 h post-treatment by gPCR. Average ACE2 levels relative to vehicle-treated and the standard deviation of n=3
biological replicates are shown for each condition. f, Primary human bronchial epithelial cells (left) and human iPSC-derived cardiomyocytes (right) were
treated with the indicated concentrations of IFN-B, and transcript levels of ACEZ relative to ACTB (for Calu-3 and primary human bronchial epithelial cells)
or 185 rRNA (cardiomyocytes) were quantified at 72 h post-treatment by qPCR. Average ACE2 mRNA levels relative to WT and the standard deviation of

n=13 biological replicates are shown for each condition.

(Fig. 4a,b). Furthermore, the genes downregulated by both BRD2
knockdown and inhibition were strongly enriched in genes induced
by SARS-CoV-2 infection in patient and cultured cells (Fig. 4c).

These findings are compatible with two distinct mechanisms:
BRD2 could independently regulate ACE2 and SARS-CoV-
2-induced interferon response genes, or BRD2 could mediate the
response to interferon, which in turn regulates ACE2 transcription.
ACE2? expression has been reported to be induced by interferons in
some studies'~, Other studies, however, suggest that interferon sup-
presses ACE2 expression .

In Calu-3 cells, disruption of basal interferon signalling, via
knockdown of the genes essential for interferon signal trans-
duction—IRF9, STAT1 or IFNARI—abrogated ACE2 expression
(Fig. 4d and Extended Data Fig. 5). Conversely, treatment with
exogenous interferon-f (IFN-p) stimulates ACE2 expression in a
concentration-dependent manner. Upon BRD2 knockdown, how-
ever, this concentration-dependent increase in ACE2 expression is
inhibited (Fig. 4¢). Thus, BRD2 is required for interferon-induced
ACE?2 expression. Treatment with IFN-f similarly strongly increased
ACE2 mRNA levels in primary human bronchial epithelial cells, but
reduced ACE2 mRNA levels in human iPSC-derived cardiomyo-
cytes (Fig. 4f), suggesting that the effect of interferons on ACE2 can
be context-dependent.

To test whether BRD2 is a direct transcriptional regulator
of ACE2, we performed CUT&RUN™ to comprehensively map
genomic loci bound by BRD2 in Calu-3 cells (Supplementary
Table 3). CUT&RUN is similar to chromatin immunoprecipita-
tion sequencing (ChIP-seq), as it measures the occupancy of fac-
tors bound to DNA, but has the advantage of higher sensitivity
and a lower requirement for cell numbers™. Genes adjacent to
BRD2-bound sites detected in our experiment showed a highly
significant overlap with BRD2-bound sites previously mapped by
ChiP-seq in NCI-H23" cells, another lung epithelium-derived

cancer cell line (Fig. 5a). To further validate our CUT&RUN analy-
sis, we performed binding and expression target analysis” (BETA)
to uncover direct BRD2 targets that were differentially expressed
upon BRD2 knockdown, and identified several interferon response
genes as direct BRD2 targets that were downregulated (Fig. 5b). We
verified that a previously described’ BRD2 binding side upstream of
PVTI wasalso detected in our experiment (Fig. 5¢). We also mapped
a BRD2 binding site upstream of the several interferon-stimulated
genes (ISGs), including IRF9, STATI and MX1 (Fig. 5d). Although
there was some signal in the WT background at the ACE2 locus
that is decreased in BRD2 knockdown cells, there were no peaks as
determined by the peak calling algorithm (Fig. 5¢), suggesting that
BRD2 is not a direct transcriptional regulator of ACE2 expression.

We also performed CUT&RUN for histone H2A.Z, which was
previously reported to modulate the magnitude of ISG expression
and thus connect BRD2 activity to interferon stimulation™. We
found decreased H2A.Z occupancy at ISGs in BRD2 knockdown
cells (Fig. 5d), recapitulating the role of BRD2 as a potential chap-
erone of H2A.Z. These results support a model in which BRD2
controls the transcription of key interferon response genes, which
can in turn induce ACE2 transcription in some cell types (Fig. 5f).
Alternatively, ACE2 expression may be controlled by other genes
that are expressed in a BRD2-dependent, interferon-stimulated
manner (Fig. 5f).

ABBV-744 reduces infection in primary cells and in vivo. We
then tested whether ABBV-744, a bromodomain inhibitor cur-
rently in clinical trials, could reduce SARS-CoV-2 infection and
infection-associated phenotypes in more physiological models.
First, we investigated a human nasal epithelial model”. We
treated reconstituted nasal epithelia maintained in air/liquid inter-
phase conditions with 100nM and 300nM ABBV-744 (above the
reported half-maximum inhibitory concentration (IC.,) of 4-18nM)

-
-

Fig. 5 | BRD2 directly regulates transcription of interferon-induced genes. a, Genes associated with BRD2 CUT&RUN peaks within 10kb of a transcription
start site determined in this study in Calu-3 cells overlap significantly with published BRD2 ChIP-seq peaks from the indicated datasets (P<0.0001,
two-sided Fisher's exact test). b, BETA was performed to identify direct BRD2 targets that were differentially expressed upon BRD2 knockdown using

the one-tailed Kolmogorov-Smirnov test. Many interferon response genes were identified as direct BRD2 targets. Direct BRD2 targets that were
downregulated upon BRD2 knockdown were analysed by ENRICHR for enriched Reactome pathways. Pathways with adjusted P values less than 0.05

are displayed. c-e, CUT&RUN experiments were conducted to map BRD2, H2A.Z and H3K4me3 genomic localization in WT (blue traces) and BRD2
knockdown (red) Calu-3 cells. Each trace represents an independent biological replicate. ¢, Known BRD2 regulatory sites are recapitulated. Raw signal

tracks for WT and BRD2 knockdown cells are shown at the known BRD2 locus PVTI. BRD2 ChlP-seq tracks from human lung cells are shown. BRD2 peaks
were called over IgG using SEACR at FDR < 0.05. d, Identified BRD2 and histone H2A.Z occupancy and peak calling at ISGs in BRD2 knockdown and WT
Calu-3 cells. Raw signal tracks for BRD2, histone H2A.Z and H3K4me are shown. BRD2 peaks were called over IgG using SEACR at FDR <0.05. BRD2
ChlP-seq tracks from human lung cells are also shown. e, Raw BRD2 signal tracks and peak calling as for ¢, at the ACEZ locus. f, Proposed model for BRD2
control of ACE2 expression.
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and performed SARS-CoV-2 or mock infections (Fig. 6a). First,
we found that ABBV-744 treatment reduced ACE2 levels in
these conditions (Fig. 6b). Apical supernatants did not show sig-
nificant changes in viral RNA concentrations at two or four days
post-infection (Extended Data Fig. 6a). Intracellular viral RNA
concentrations, however, were significantly decreased in the
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ABBV-744 conditions (Fig. 6c). Furthermore, epithelial bar-
rier integrity, as measured by transepithelial electrical resistance
(Fig. 6d) and cytotoxicity (Fig. 6e), were rescued in infected cells
treated with ABBV-744. Thus, ABBV-744 partially inhibited
SARS-CoV-2 replication and fully rescued epithelial barrier integ-
rity in a primary human nasal epithelial model.
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Fig. 6 | BRD2 inhibitors prevent cytotoxicity and reduce SARS-CoV-2 infection in human primary nasal epithelia and inhibit SARS-CoV-2 infection in
Syrian hamsters. a, Design for reconstructed human nasal epithelia experiments. b, ACE2 transcript levels relative to the average of GAPDH, TFRC, RPL13
and ACTB as a function of ABBV-744 concentration and/or SARS-CoV-2 infection (right). The average ACE2 mRNA level relative to mock infection and
vehicle-treated of n=3 biological replicates, with error bars representing the standard deviation, are shown. ¢, Intracellular SARS-CoV-2 gene expression
relative to the average of GAPDH, TFRC, RPL13 and ACTB as a function of ABBV-744 concentration and/or SARS-CoV-2 infection (right). The average of
n=13 biological replicates and error bars representing the standard deviation are shown. P values were determined using Student's unpaired two-tailed
t-test. SARS-CoV-2 gene expression relative to mock infection and vehicle-treated are shown. d, Transepithelial electrical resistance (TEER), evaluated as
a function of ABBY-744 concentration and/or SARS-CoV-2 infection. The average of n=4 biological replicates and error bars representing the standard
deviation are shown. P values were determined using Student’s unpaired two-tailed t-test. e, Cytotoxicity, as measured by LDH release, evaluated as a
function of ABBV-744 concentration and/or SARS-CoV-2 infection. The average of n= 4 biological replicates and error bars representing the standard
deviation are shown. P values were determined using Student’s unpaired two-tailed t-test. f, Experimental design for the Syrian hamster experiments.

g, Volcano plot showing differentially expressed genes for Syrian hamster lungs infected or not with SARS-CoV-2. A subset of ISGs for which BRD2 peaks
were identified by CUT&RUN are labelled. h, Volcano plot showing differentially expressed genes for Syrian hamster lungs infected with SARS-CoV-2 and
treated with vehicle or ABBV-744 at 100 nM. A subset of I1SGs for which BRD2 peaks were identified by CUT&RUN are labelled. i, Normalized viral RNA
counts for Syrian hamsters infected with SARS-CoV-2 and treated with vehicle or ABBV-744 at 100 nM. The average of n= 8 biological replicates and error

bars representing the standard deviation are shown.

Next, we tested whether ABBV-744 could reduce SARS-CoV-2
infection in golden Syrian hamsters. Syrian hamsters provide a
physiologically relevant model for SARS-CoV-2 infection, with
high viral replication and signs of lung involvement™-". In our
hands, hamsters did not show substantial weight loss follow-
ing SARS-CoV-2 infection (Extended Data Fig. 6b). After 24h of
treatment with ABBV-744 or vehicle, hamsters were infected with
SARS-CoV-2 (Fig. 6f) and treated daily with ABBV-744 or vehicle.
Three days post-infection, the lungs of hamsters were harvested and
subjected to RNA-seq. Infected, but untreated, hamsters showed
marked upregulation of a number of genes including ISGs when
compared to uninfected controls (Fig. 6g). By contrast, infected
hamsters treated with ABBV-744 showed a downregulation of ISG
(Fig. 6h) levels relative to vehicle-treated infected hamsters, con-
tirming ABBV-744 activity. Remarkably, viral RNA counts were
reduced by about five orders of magnitude in the ABBV-744-treated
hamsters versus those treated with vehicle controls (Fig. 6i). Thus,
Brd2 inhibition can dramatically decrease SARS-CoV-2 infection in
Syrian hamsters.

Discussion

‘We have demonstrated that BRD2 is necessary for ACE2 expression
in a number of different SARS-CoV-2-relevant systems. We also
found that treatment with ABBV-744, a bromodomain inhibitor, can
reduce SARS-CoV-2 viral RNA concentrations in primary human
nasal epithelial cells and Syrian hamsters. These findings suggest
that pharmacological BRD2 inhibitors may be of therapeutic benefit
to prevent or reduce the impact of SARS-CoV-2 infection.

Our data suggest that BRD2 is an indirect regulator of ACE2
transcription and thus viral entry in COVID-19-relevant cell types.
This is consistent with two other recent studies that show that
BET-domain inhibitors can prevent SARS-CoV-2 infection in cul-
ture and reduce ACE2 gene expression"’. Qur data suggest that
BRD2 is the most likely target of the BET-domain inhibitors used in
these studies, as opposed to other BET-domain containing proteins,
such as BRD4,

We also show that BRD2 is required for interferon-mediated
stimulation of ACE2 expression, as both exogenous interferon
stimulation and basal interferon stimulation of ACE2 expression
are blocked upon BRD2 knockdown or pharmacological inhibition
(Fig. 6i). Indeed, inhibition of the Janus kinase (required for trans-
duction of interferon signalling) with ruxolitinib has been shown
to downregulate ACE2 levels in cell culture”. This does not, how-
ever, preclude a more direct, and interferon-independent, regula-
tory mode.

Our data also show that BRD2 activity is essential for the tran-
scription of ISGs in cell culture and in Syrian hamsters. Based on

our findings and the previous literature, BRD2 regulation of ISG
transcription is probably mediated by a reduction in histone H2A.Z
occupancy at these promoters. Intriguingly, these BRD2-dependent
effects might be cell-type specific, as one study'* has shown that BET
inhibition, but not the BET inhibitor ABBV-744, can block cardiac
dysfunction due to inflammation caused by SARS-CoV-2 infection.
Either way, our data indicate that BRD2 could be a key regulator of
the host response to SARS-CoV-2 infection.

The previously described’* interaction between the SARS-CoV-2
E protein and BRD2 might have evolved to manipulate gene expres-
sion during infection, including the expression of ACE2. In isola-
tion, however, protein E overexpression in Calu-3 cells did not
recapitulate expression changes resulting from BRD2 knockdown
or inhibition (Fig. 4a). These data suggest that there is no direct
effect of protein E on BRD2 function, or that other viral or host
factors expressed during SARS-CoV-2 infection are required to
modulate BRD2 function. Further studies are needed to define the
function of the protein E-BRD2 interaction.

Several previous CRISPR screens aiming to uncover strategies to
inhibit SARS-CoV-2 infection were carried out in cell lines in which
an ACE2 transgene was overexpressed”'’. Those screens therefore
failed to uncover BRD?2 as a regulator of endogenous ACE2 expres-
sion. BRD2 did show a phenotype, however, in a CRISPR screen
carried out in Vero-E6 cells (which express ACE2 endogenously)",
although it was not further characterized in that study. These dif-
ferences highlight the importance of conducting CRISPR-based
screens in disease-relevant cell types.

There is a growing literature about the relationship between
COVID-19 disease severity, ACE2 expression and interferon reg-
ulation'=". Given that ACE2 is known to promote recovery after
lung injury and that SARS-CoV-2 manipulates the host interferon
response ", the misregulation of these two pathways may play a
major role in enhancing the severity of COVID-19. Our data sug-
gest that BRD2 is central to this regulatory network and therefore
pharmacological targeting of BRD2 may be a promising therapeu-
tic strategy for the treatment of COVID-19: BRD2 inhibition could
both block viral entry, through ACE2 downregulation, and act as
an ‘emergency brake’ for misregulated patient immune responses to
COVID-19, via downregulation of ISGs.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
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Methods

Cell culture. Calu-3 cells were cultured in RPMI 1640 (Life Technologies, 22400-
105) with 10% fetal bovine serum (FBS; VWR, 89510-186), 1% pen/strep (Life
Technologies, 15140122) and 5mM glutamine (Life Technologies, 25030081) at
37°Cand 5% CO,. Cells were split by treatment with TrypLE (Life Technologies,
12604013) for 15min, quenching with media and spinning down at 200g for 5min.

At Institut Pasteur, where virus infections were carried out, Calu-3 cells were
cultured in minimum essential medium (MEM; Gibco, 11095-080) with 20% FBS
(Gibco, A3160801), 1% pen/strep (Gibco, 15140-122), 1% non-essential amino
acids (NEAA; Sigma-Aldrich, M7145) and 1 mM sodium pyruvate (Sigma-Aldrich,
$8636). These were split in trypsin-EDTA 0.05% (Gibco, 11580626).

HEK?293 cell culture and the production of lentivirus were performed as
previously described ™.

A vial of short tandem repeat (STR) authenticated Caco-2 cells was obtained
from the UCSF Cell and Genome Engineering Core (CGEC). Caco-2 cells were
cultured in Eagle’s minimum essential medium (EMEM; ATCC, 30-2003) with 20%
FBS (VWR. 89510-186), 1% pen/strep (Life Technologies, 15140122) and 5mM
glutamine (Life Technologies, 25030081) at 37 °C and 5% CO,.

A vial of A549 cells was obtained from D. Ruggero’s laboratory as a gift. A549
cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher
Scientific, 10313-039) with 10% FBS (VWR, 89510-186), 1% pen/strep (Life
Technologies, 15140122) and 5mM glutamine (Life Technologies, 25030081) at
37°Cand 5% CO,.

Human iPSC-derived cardiomyocytes were generated and cultured, as
previously described”’, from AICS90iPSCs (Allen Institute Cell catalogue). Drugs
were added on day 69 of differentiation, and cardiomyocytes were collected for
analysis on day 72.

Normal human bronchial epithelia (Mattek NHBE-CRY) were cultured
following the supplier’s instructions.

Generation of the Calu-3 ACE2 knockout line. The polyclonal ACE2
knockout Calu-3 cell line was generated using the Gene KO kit V2

from Synthego, using three sgRNAs targeting ACE2 with the following
protospacer sequences: sSRNAL, 5'-GACAUUCUCUUCAGUAAUAU-3"
sgRNA2, 5-AAACUUGUCCAAAAAUGUCU-3'; sgRNA3,
5-UUACAGCAACAAGGCUGAGA-3'. The sgRNAs were designed according
to Synthego’s multiguide gene knockout kit™. Briefly, two or three sgRNAs are
bioinformatically designed to work in a cooperative manner to generate small,
knockout-causing fragment deletions in early exons. These fragment deletions
are larger than standard indels generated from single guides. The genomic
repair patterns from a multiguide approach are highly predictable on the basis
of the guide spacing and design constraints to limit off-targets, resulting in a
higher-probability protein knockout phenotype.

The ribonucleoprotein complex with a ratio of 4.5:1 of sgRNA and Cas9 was
delivered following the protocol of the SE Cell Line 4D-NucleofectorTM X Kit
(Lonza, V4XC-1012), using the nucleofection program DS-130 on the Lonza 4D
X unit. At 72h post-transfection, genomic DNA was extracted to serve as the
template for PCR amplification of the region that covers the sites targeted by the
sgRNAs with the following two primers: ACE2-F, 5'-CTGGGACTCCAAAATCA
GGGA-3"; ACE2-R, 5'-CGCCCAACCCAAGTTCAAAG-3'. Sanger sequencing
reactions using the sequencing primer ACE2-seq 5'-CAAAATCAGGGATATGG
AGGCAAACATC-3' were then performed, and the knockout efficiency was
determined to be 80% with ICE software from Synthego™ (v2, https://ice.synthego.
com/#/).

Generation of the Calu-3 CRISPRi line. The parental Calu-3 line was obtained
from the UCSF Cell and Genome Engineering Core. Calu-3 cells were cultured

at 37 °C with 5% CO, in EMEM medium containing 10% FBS, 100 Uml™!
streptomycin, 100 ugml™ penicillin and 2 mM glutamine. To generate the CRISPRi
lines, ~3 x 10° cells were seeded into medium containing lentiviral particles
packaging dCas9-BFP-KRAB under a UCOE (universal chromatin opening
element)-SFFV (spleen focus-forming virus) promoter™. Five days post-infection,
blue fluorescent protein (BFP)-positive cells were sorted using BD Fusion. To
validate the CRISPRi line, Calu-3-CRISPRi cells were transduced with lentiviral
particles expressing non-targeting sgRNA (protospacer 5'-GCTCCCAGTCGGC
ACCACAG-3") or CD81-targeting sgRNA (protospacer 5'-GGCCTGGCAGGATG
CGCGG-3'). CD8I expression was measured seven days post-transduction by
dislodging cells with TrypLE and live cells were stained with Allophycocyanin
(APC)-conjugated anti-human CD81 antibody (Biolegend, 349509). CD81
expression was assessed on a BD LSRII system with >90% of Calu-3 CRISPRi cells
with CD81 knocked down compared to a non-targeting sgRNA control.

Spike-RBD binding assay. Recombinant biotinylated SARS-CoV-2 spike
Spike-receptor-binding domain with a C-terminal human IgG Fc domain fusion
(referred to as Spike-RBD) was prepared as previously described”. Calu-3 cells were
grown in 96-well flat-bottom plates until >50% confluence. Medium was aspirated
and cells were washed once with phosphate-buffered saline (PBS). Cells were then
treated with TrypLE to release them from the plate, RPMI 1640 medium was added
to dilute TrypLE, and cells were pelleted by centrifugation at 200g for 5 min. From
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this point on, all steps were carried out on ice. Cells were incubated in 3% bovine
serum albumin (BSA; Sigma-Aldrich, A7030) in Dulbecco’s phosphate-buffered
saline (DPBS; Sigma-Aldrich, D8537) for 15 min to block, then washed twice in 3%
BSA in DPBS by centrifugation at 200g for 5min in V-bottom plates, followed by
resuspension. Spike-RBD was diluted in 3% BSA to the appropriate concentrations
and incubated with cells for 30 min on ice. Cells were then washed twice with 3%
BSA in DPBS and incubated with anti-strep PE-Cy7 (Thermo Fisher, SA1012)

at 5pgml™". Cells were washed twice and subjected to flow cytometry on a
FACSCelesta in HTS mode. Cells were gated to exclude doublets and the median
PE-Cy7 signal was calculated for each sample. The gating strategy is shown in
Supplementary Fig. 2. BD FACSDiva (version 8.01.1) was used to collect flow
cytometry data and perform fluorescence activated cell sorting (FACS). EC;, values
and their 95% confidence intervals were calculated by fitting the RBD binding data
into a Sigmoidal 4PL model in Prism 6.

CRISPRi screen. Calu-3 cells were infected with the H1 CRISPRi sgRNA library*
as described in ref.  and selected using treatment with 1 pgml~' puromycin for

3 days. After selection, cells were stained with 10 nM Spike-RBD as described
above or for TFRC as previously described™ and subjected to FACS, where cells
were sorted into the top 30% and bottom 30% based on high and low expression
of TFRC or Spike-RBD. Because of the viability and stickiness known for Calu-3
cells, coverage was lower than optimal, at 200-fold over the library diversity. Sorted
populations were spun down at 200g for 5 min, and genomic DNA was isolated as
described in ref. . sgRNA cassettes were amplified by PCR and sequencing and
analysis was performed as described in ref. ** but with FDR of 0.1 rather than 0.05
or 0.01, due to noise.

Validation of screening hits. Individual sgRNAs were selected based on
phenotypes in the primary screens and cloned into a lentiviral expression vector

as described”. Protospacer sequences of these sgRNAs are provided in cells
expressing sgRNAs were selected using treatment with 1pgml~' puromycin for 3-7

days.

Drug treatments. Drugs (ABBV-744, Selleckchem, $8723; JQ1, Sigma-Aldrich,
SML1524; dBET-6, Selleckchem, $8762) were dissolved in dimethyl sulfoxide
(DMSO) or water according to the manufacturers’ instructions. Cells were treated
with drugs for 72 h with medium changes performed every 24 h with medium
containing fresh drug.

Interferon treatments. IFN-P (R&D Systems, 8499-IF) was dissolved according
to the manufacturer’s instructions. Cells were treated with IFN-p for 72 h, with
medium changes performed every 24 h with medium containing fresh IFN-f.

Quantitative PCR. qPCR was performed and analysed as described in ref. *.
Primers: ACE2 forward, GGTCTTCTGTCACCCGATTT; ACE2 reverse, CATC
CACCTCCACTTCTCTAAC; ACTB forward, ACCTTCTACAATGAGCTGCG;
ACTB reverse, CCTGGATAGCAACGTACATGG; IRF9 forward, GCCCTACAA
GGTGTATCAGTTG; IRF9 reverse, TGCTGTCGCTTTGATGGTACT; IFNAR1
forward, AACAGGAGCGATGAGTCTGTC; IFNARI reverse, TGCGAAATGG
TGTAAATGAGTCA; STATI forward, CAGCTTGACTCAAAATTCCTGGA;
STAT1 reverse, TGAAGATTACGCTTGCTTTTCCT.

Western blotting, Cells from one confluent well of a six-well plate were lysed

in RIPA buffer plus cOmplete EDTA-free protease inhibitor tablets (Roche,
11873580001) and spun for 10min at 21,000g at 4°C. The pellet was removed

and a bicinchoninic acid (BCA) assay (Thermo Fisher, 23225) was performed on
the remaining supernatant. Lysate volumes with equivalent protein content were
diluted with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) loading dye and subjected to gel electrophoresis on 4-12% BisTris SDS—
PAGE gels (Life Technologies, NP0322). Gels were then transferred and blocked

in 5% non-fat dry milk (NFDM) for 1 h at room temperature. Antibodies in fresh
5% NFDM were added (mouse monoclonal GAPDH 1:10,000; goat polyclonal
ACE2, R&D Tech AF933, 1:200; rabbit monoclonal BRD2, Abcam 197865, 1:5,000)
and incubated at 4 °C for at least 16 h. Membranes were washed four times with
TBS+0.1% Tween-20 and incubated with secondary antibodies (1:10,000 donkey
anti-goat-800 (LI-COR, 926-32214), donkey anti-mouse-680 (LI-COR, 926-68072)
and horse radish peroxidase (HRP) donkey anti-rabbit (CST, 7074P2)). Membranes
were visualized using a LI-COR or Femto HRP kit (Thermo Fisher, 34094).
Uncropped images of western blots are provided as Supplementary Fig. 1.

Virus. The SARS-CoV-2 strain used (BetaCoV/Prance/IDF0372/2020 strain)

was propagated once in Vero-E6 cells and was a gift from the National Reference
Centre for Respiratory Viruses at Institut Pasteur, Paris, originally supplied through
the European Virus Archive goes global platform.

Cytotoxicity measurements of Calu-3 cells. Thirty-thousand Calu-3 cells per well
were seeded into Greiner 96-well white-bottom plates and incubated for 48 h at
37°C and 5% CO,. The cells were then treated with identical drug concentrations
as in the infection assays, for five days, by refreshing the medium with 100 ul per
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well fresh drug-containing medium every 24h. Cell viability was then assayed by
adding 100yl per well of CellTiter-Glo 2.0 (Promega) and incubated for 10min
at room temperature. Luminescence was recorded with an Infinite 200 Pro plate
reader (Tecan) using an integration time of 1s.

Virus infection assays. Thirty-thousand Calu-3 cells per well were seeded

into 96-well plates and incubated for 48 h at 37°C and 5% CO,. At the time

of infection, the medium was replaced with virus inoculum (multiplicity of
infection of 0.1 plaque-forming units (p.f.u.) per cell) and incubated for 1h at
37°C and 5% CO,. Following the 1-h adsorption period, the inoculum was
removed, replaced with fresh medium, and the cells incubated at 37°C and

5% CO,. At 24h, 48 h and 72h post-infection, the cell-culture supernatant was
collected, and the viral load was assessed by RT-qPCR as described previously ™.
Briefly, the cell-culture supernatant was collected, heat-inactivated at 95 °C for
5min, and used for RT-qPCR analysis. SARS-CoV-2-specific primers targeting
the N gene region—5"-TAATCAGACAAGGAACTGATTA-3’ (forward) and
5-CGAAGGTGTGACTTCCATG-3’ (reverse)—were used with the Luna
Universal One-Step RT-qPCR Kit (New England Biolabs) in an Applied
Biosystems QuantStudio 6 thermocycler or an Applied Biosystems StepOnePlus
system, with the following cycling conditions: 55 °C for 10 min, 95 °C for 1 min,
and 40 cycles of 95°C for 10, followed by 60 °C for 1 min. The number of viral
genomes is expressed as p.f.u. equivalents per ml, and was calculated by performing
a standard curve with RNA derived from a viral stock with a known viral titre.

Plaque assays. Viruses were quantified by plaque-forming assays. For this, Vero-E6
cells were seeded in 24-well plates at a concentration of 1x 10° cells per well. The
following day, tenfold serial dilutions of individual virus samples in serum-free
DMEM medium were added to infect the cells at 37°C for 1h. After the adsorption
time, a solid agarose overlay (DMEM, 10% (vol/vol) PBS and 0.8% agarose) was
added. The cells were incubated for a further three days before fixation with 4%
formalin and visualization using crystal violet solution.

CUT&RUN. CUT&RUN was performed with one million Calu-3 cells. Cells were
removed from the plate by treatment with Versene (Life Technologies 15040066)
for 20 min and resuspended in fresh medium. They were then spun down and
washed twice with DPBS before proceeding with the CUTANA CUT&RUN kit
(EpiCypher, 14-0050). The experiment was performed with the included IgG and
H3K4Me control antibodies and the BRD2 antibody (Abcam 197865) as well as
Escherichia coli spike-in DNA according to the kit protocol.

QuantSeq analysis. Raw sequencing reads from QuantSeq were trimmed using
Trimmomatic™ (v0.39, PMID 24695404) and mapped to the human reference
transcriptome (GRCh38, GENCODE Release 36) using Salmon™ (v1.3.0) to
obtain transcript abundance counts. Gene-level count estimates were obtained
using tximport™ (v1.18.0) with default settings. Subsequently, differential
gene-expression analyses were performed using the glmQLFTest method
implemented in the edgeR package™ (v3.28.1). Cluster™ (v3.0) was used for
hierarchical clustering and Java TreeView™ (v1.1.6r4) for visualization.

CUT&RUN analysis. CUT&RUN analysis was performed as previously
described™". Briefly, paired-end reads were mapped to the human genome GRCh38
using Bowtie2 (v2.3.4.1) with the options --end-to-end --very-sensitive --no-unal
--no-mixed --no-discordant --phred33 -I 10 -X 1000. Sparse enrichment analysis
for CUT&RUN (SEACR™, https://seacr.fredhutch.org/f) was used for peak calling,
H3K4me3 and BRD2 peaks were normalized to IgG control. Published BRD2
ChIP-seq data in human lung cells were obtained from ChIP- Atlas (https://
chip-atlas.org/). The Integrative Genomics Viewer (IGV, igv.org) was used for
visualization.

SARS-CoV-2 infection of reconstructed human nasal epithelia. MucilAir (https://
www.epithelix.com/products/mucilair), corresponding to reconstructed human
nasal epithelium cultures differentiated in vitro for at least four weeks, was
purchased from Epithelix. Epithelix obtains donor consent and this study does

not involve any human participants. The cultures were generated from pooled
nasal tissues obtained from 14 human adult donors. Cultures were maintained

in air/liquid interface (ALI) conditions in transwells with 700 ul of MucilAir
medium (Epithelix) in the basal compartment, and kept at 37°C under a 5% CO,
atmosphere. SARS-CoV-2 infection was performed as previously described”.
Briefly, the apical side of ALI cultures was washed for 20min at 37°C in Mucilair
medium (+/— drug) to remove mucus. Cells were then incubated with 10* p.fu.

of the isolate BetaCoV/France/IDF00372/2020 (EVAg collection, Ref-SKU 014V-
03890; provided by S. Van der Werf). The viral input was diluted in DMEM
medium (+/— drug) to a final volume 100 pl, and left on the apical side for 4h

at 37 °C. Control wells were mock-treated with DMEM (Gibco) for the same
duration. Viral inputs were removed by washing twice with 200 pl of PBS (5 min

at 37 °C) and once with 200 ul of Mucilair medium (20 min at 37 °C). The basal
medium was replaced every 2-3 days. Apical supernatants were collected every 2-3
days by adding 200 pl of Mucilair medium on the apical side, with an incubation of
20min at 37 °C before collection.

For ABBV-774 treatment, cultures were pretreated for four days with 100 nM or
300nM of the drug. For this pretreatment, ABBV-744 was added to an apical wash
at day —4 and to the basal compartment from day —4 to day 0. The drug was then
added on the apical side during viral adsorption at day 0, and then every 2-3 days
to both the apical wash and the basal compartment throughout the infection.

Transepithelial electrical resistance measurements. The apical side of transwell
cultures was washed for 20min at 37 °C in Mucilair medium. The transwells were
then transferred in a new 24-well plate and DMEM was added to both the apical
(200p1) and basal (700 pl) sides. The transepithelial electrical resistance was then
measured using an Evom3 ohm meter (World Precision Instruments).

Lactate dehydrogenase cytotoxicity assay. Diluted culture supernatants (1:25)
were pretreated with Triton-X100 1% for 2 h at room temperature for viral inactiva-
tion. Lactate dehydrogenase (LDH) dosage was performed using the LDH-Glo
cytotoxicity assay kit (Promega) following the manufacturer’s instructions.
Luminescence was measured using an EnSpire luminometer (Perkin Elmer).

Viral RNA quantification. Apical supernatants were stored at —80°C until
thawing and were diluted fourfold in PBS for quantification in a 96-well PCR
plate. Supernatants were then inactivated for 20 min at 80 °C. One microlitre

of supernatant was added directly to 4 ul of PCR reaction mix for SARS-CoV-2
RNA quantification. PCR was carried out in a final volume of 5 pl per reaction
in 384-well plates using the Luna Universal Probe One-Step RT-gPCR kit (New
England Biolabs) with SARS-CoV-2 N-specific primers (forward, 5°-TAA TCA
GAC AAG GAA CTG ATT A-3'; reverse, 5'-CGA AGG TGT GACTTC CAT
G-3') on a QuantStudio 6 Flex thermocycler (Applied Biosystems). Standard
curves were established in parallel using purified SARS-CoV-2 viral RNA.

Tissue RNA quantification. ACE2 and SARS-CoV-2 expression levels were
quantified in epithelial cells by real-time gPCR. The epithelial cultures were
washed in ice-cold PBS and then lysed in 150l of Trizol reagent (Thermo Fisher
Scientific) added to the apical side of the insert for 5min. RNA was purified using
the Direct-zol miniprep kit (ZR2080, Zymo Research). Transcripts of genes of
interest (ACE2, SARS-CoV-2 N gene) were amplified in a final volume of 5 pl per
reaction in 384-well plates using the Luna Universal Probe One-Step RT-qPCR
kit (New England Biolabs) on a QuantStudio 6 Flex thermocycler. The RT-qPCR
results were normalized to the mean expression of four reference genes (GAPDH,
TFRC, ALASI and RLPI13) to compute relative gene expression, as described
previously”. The ACE2 primers used were ACE2-For 5'-TGG GAC TCT GCC
ATT TAC TTA C-3' and ACE2-Rev 5'-CCA GAG CCT CTC ATT GTA GTCT-3".

In vivo infections. All animal infections were conducted at the Icahn School of
Medicine at Mount Sinai, in the biosecurity level 3 (BSL-3) facility of the Global
Health and Emerging Pathogen Institute approved by the Institutional Animal
Care and Use Committee at Icahn School of Medicine at Mount Sinai under
protocol number IACUC#20-0743. Six- to eight-week-old male golden Syrian
hamsters (Mesocricetus auratus) were purchased from Jackson Laboratories,
housed in pairs and fed ad libitum. On the day of infection, animals were
anaesthetized by administration of 100 pl of a ketamine HCl/xylazine (4:1)

mix by intraperitoneal injection and infected intranasally with 1,000 p.fu. of
SARS-CoV-2 USA-WA1/2020 diluted in 100 pl of PBS. At the indicated time
points, animals were treated with 1 ml of ABBV-744 by oral gavage. The drug

was prepared fresh daily to a final concentration of 20 mgkg™" in 0.5%
hydroxypropyl methylcellulose/0.5% Tween 80 in water. On day 3 after infection,
animals received 100pl of a mix of pentobarbital/PBS (1:4) intraperitoneally and,
once anaesthetized they were cervically dislocated and lung lobes collected in 1 ml
of Trizol reagent. Tissues were homogenized in a tissue lyser for two cycles of 40s,
spun down for 5 min at 8,000g, and the supernatants were stored at —80 °C for
plaque assay or RNA extraction.

RNA extraction. RNA extraction was performed following the instructions

from the manufacturer of TRIzol reagent (Invitrogen). Briefly, a 1/5 volume of
chloroform was added to the lung supernatants in TRIzol, phases were separated by
centrifugation and RNA was precipitated by overnight incubation with isopropanol
at —20°C. The RNA pellet was washed with ethanol 70% and resuspended in
RNase-free water. RNA was quantified by NanoDrop and resuspended to a final

concentration of 100 ng pl™ in water.

RNA-seq. One microgram of RNA was used as the starting material for library
preparation. The kit employed was a TruSeq RNA Library Prep kit v2 (Illumina)
over polyadenylated RNA and the manufacturer’s instructions were followed. The
sequencing was performed on an Illumina NextSeq 500 instrument. The raw reads
obtained from the run were aligned against the Syrian golden hamster genome
(MesAurl.0) in the BaseSpace platform by [llumina, with the tool ‘RNA-Seq
Alignment’

Statistics and reproducibility. All experiments were carried out using standard
cell biological/biochemical techniques with pre-validated reagents including
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cell lines. Accordingly, the minimum standard of at least three replicates per
experiment was used for all experiments, with the following exceptions. In Fig.
la,b we report the dose responses of different cell types to Spike protein where each
dose response has data points for seven doses. These experiments were performed
once. In Extended Data Fig. 1 we report a dose response with data points for two
doses. These experiments were performed once. In Extended Data Fig. 2 we report
measured dose responses where each dose response was performed in duplicate
and with data points for seven to eight doses. Experiments that were performed
with n=1 are reported in Figs. lc,e.f, 2c and 3b. No statistical method was used to
predetermine sample size. No data were excluded from analyses. Experiments were
not randomized. Investigators were not blinded to allocation during experiments
and outcome assessment.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

Sequencing data are available from the NCBI Gene Expression Omnibus (GEO)
with the following accession numbers: GSE165025 (RNA-sequencing data
associated with Fig. 4), GSE182993 (CUT&RUN data associated with Fig. 5) and
GSE182994 (RNA-sequencing data associated with Fig. 6{-h). Previously published
BRD2 ChIP-seq data that were re-analysed here are available under accession codes
GSE113714 and GSE104481. All other data supporting the findings of this study
are available from the corresponding author on reasonable request. Source data are
provided with this paper.

Code availability

Analysis of the CRISPRi screen results was carried out using custom code
(MAGeCK-iNC) developed in the Kampmann laboratory. This has been described
previously” and is freely available at https://kampmannlab.ucsf.edu/mageck-inc.
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Interferon restricts SARS-CoV-2 replication in cell culture, but only a handful of Interferon
Stimulated Genes with antiviral activity against SARS-CoV-2 have been identified. Here, we
describe a functional CRISPR/Cas9 screen aiming at identifying SARS-CoV-2 restriction
factors. We identify DAXX, a scaffold protein residing in PML nuclear bodies known to limit
the replication of DNA viruses and retroviruses, as a potent inhibitor of SARS-CoV-2 and
SARS-CoV replication in human cells. Basal expression of DAXX is sufficient to limit the
replication of SARS-CoV-2, and DAXX over-expression further restricts infection. DAXX
restricts an early, post-entry step of the SARS-CoV-2 life cycle. DAXX-mediated restriction of
SARS-CoV-2 is independent of the SUMOylation pathway but dependent on its D/E doemain,
also necessary for its protein-folding activity. SARS-CoV-2 infection triggers the re-
localization of DAXX to cytoplasmic sites and promotes its degradation. Mechanistically, this
process is mediated by the viral papain-like protease (PLpro) and the proteasome. Together,
these results demonstrate that DAXX restricts SARS-CoV-2, which in turn has evolved a
mechanism to counteract its action.
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CoV-2) is the causative agent of COVID-19 and the third

coronavirus to cause severe disease in humans after the
emergence of SARS-CoV in 2002 and Middle East Respiratory
Syndrome-related Coronavirus (MERS-CoV) in 2012. Since the
beginning of the pandemic, SARS-CoV-2 has infected more
than 500 million people and claimed at least 6 million lives. While
the majority of infected individuals experience mild (or no)
symptoms, severe forms of COVID-19 are associated with
respiratory failure, shock and pneumonia. Innate immune
responses ?lay a key role in COVID-19 pathogenesis: immune
exhaustion’ and reduced levels of type-1 and type-III interferons
(IFN) have been observed in the plasma of severe COVID-19
patients®>. Imbalanced immune responses to SARS-CoV-2, with
a low and delayed IFN response coupled to early and elevated
levels of inflammation, have been proposed to be a major driver
of COVID-19%. Neutralizing auto-antibodies against type-1 IFN®
and genetic alterations in several IFN pathway genes’ have also
been detected in critically ill COVID-19 patients. These studies
highlight the crucial need to characterize the molecular
mechanisms by which IFN effectors may succeed, or fail, to
control SARS-CoV-2 infection.

Although SARS-CoV-2 has been described to antagonize the
IFN pathway by different mechanisms involving the viral proteins
ORF3b, ORF9b ORF6, and Nspl5%, detection of SARS-CoV-2 by
the innate immune sensor MDA5%!? leads to the synthesis of IFN
and expression of IFN Stimulated Genes (ISGs) in human airway
epithelial cells®. IFN strongly inhibits SARS-CoV-2 replication
when added in cell culture prior to infection'"!'? or when
administered intranasally in hamsters'®, suggesting that some
ISGs might have antiviral activity!?. Relatively few 1SGs with
antiviral activity against SARS-CoV-2, however, have been
identified so far. For instance, spike-mediated viral entry and
fusion is restricted by LY6E'®!® and IFITMs!”%!5, Mucins have
also been suggested to restrict viral entry'?. ZAP, which targets
CpG dinucleotides in RNA viruses, also restricts SARS-CoV-2,
albeit moderately?’. OAS1 has been recently identified in an I1SG
overexpression screen to restrict SARS-CoV-2 replication,
through the action of RNAseL, both in cell lines and in patients®!.
Another overexpression screen identified 65 ISGs as potential
inhibitors of SARS-CoV-222, and found that BST-2 is able to
restrict viral budding, although this activity is counteracted by the
viral protein ORF7a. We hypothesize that additional I1SGs with
antiviral activity against SARS-CoV-2 remain to be discovered.
Other antiviral factors that are not induced by IFN may also
inhibit SARS-CoV-2: for instance, the RNA helicase DDX42
restricts several RNA viruses, including SARS-CoV-2%°. While
several whole-genome CRISPR/Cas9 screens identified host fac-
tors required for SARS-CoV-2 replication**-2°, none focused on
antiviral genes.

In this work, we performed a CRISPR/Cas9 screen designed to
identify restriction factors for SARS-CoV-2, assessing the ability
of 1905 ISGs to modulate SARS-CoV-2 replication in human
epithelial lung cells. We report that the Death domain-associated
protein 6 (DAXX), a scaffold protein residing in PML
nuclear bodies’ and restricting DNA viruses’’ as well as
retroviruses*2-3, is a potent inhibitor of SARS-CoV-2 replication.
SARS-CoV-2 restriction by DAXX is largely independent of the
action of IFN, and unlike most of its other known activities, of the
SUMOylation pathway. Within hours of infection, DAXX re-
localizes to sites of viral replication in the cytoplasm, targeting an
early, post-entry step of the viral life cycle such as viral tran-
scription or uncoating. We show that the SARS-CoV-2 papain-
like protease (PLpro) induces the proteasomal degradation of
DAXX, demonstrating that SARS-CoV-2 developed a mechanism
to evade, at least partially, the restriction imposed by DAXX.

S evere Acute Respiratory Syndrome Coronavirus 2 (SARS-

2 NATURE COMMUNIC

Table 1 Gene editing efficiency.

Gene % of alleles edited
LYGE 96+£1.73

DAXX 79,67+252
APOL6 99+ 0

HERC5 970

CTSL 9141

IFl6 88,33+£0.58
IFNART 76,67 £3.21

The frequency of editing was determined using Sanger sequencing and ICE analysis. Values are
represented as mean 5D (n=3).

Results

A restriction factor-focused CRISPR/Cas9 screen identifies
genes potentially involved in SARS-CoV-2 inhibition. To
identify restriction factors limiting SARS-CoV-2 replication, we
generated a pool of A549-ACE2 cells knocked-out (KO) for 1905
potential ISGs, using the sgRNA library we previously developed
to screen HIV-1 restriction factors®. This library includes more
ISGs than most published libraries, as the inclusion criteria was
less stringent (fold-change in gene expression in THPI cells,
primary CD4 4T cells or PBMCs > 2). Therefore, some genes
present in the library may not be ISGs per se in A549 cells.
Transduced cells were selected by puromycin treatment, treated
with IFNa and infected with SARS-CoV-2. Infected cells were
immuno-labelled with a spike (S)-specific antibody and analyzed
by flow cytometry. As expected!!!, IFNa inhibited infection by
sevenfold (Fig. S1). Infected cells were sorted based on §
expression (Fig. la), and DNA was extracted from infected and
non-infected control cells. Integrated sgRNA sequences in each
cell fraction were amplified by PCR and sequenced by Next
Generation Sequencing (NGS). Statistical analyses using the
MAGeCK package’® led to the identification of sgRNAs sig-
nificantly enriched or depleted in infected cells representing
antiviral and proviral genes, respectively (Fig. 1b). Although our
screen was not designed to study proviral genes, we did suc-
cessfully identify the well-described SARS-CoV-2 co-factor
cathepsin L (CTSL)®, validating our approach. USPI8, a gene
encoding a negative regulator of the IFN signaling pathway*’, and
ISG15, which favors Hepatitis C Virus replication®®, were also
identified as proviral ISGs. Core IFN pathway genes such as those
encoding for the IFN receptor (IFNARI), STAT1, and STAT2,
were detected as antiviral factors, further validating our screening
strategy. LY6E, a gene previously described to encode an inhibitor
of SARS-CoV-2 entry'>!6, was also a significant hit. Moreover,
our screen identified APOLS, IFI6, DAXX and HERCS, genes that
are known to encode proteins with antiviral activity against
other viruses®*-%, but had not previously been studied in the
context of SARS-CoV-2 infection. For all these genes except
APOLG, individual sgRNAs were consistently enriched (for anti-
viral factors) or depleted (for proviral factors) in the sorted
population of infected cells, while non-targeting sgRNAs were not
(Fig. lc).

LY6E and DAXX display antiviral activity against SARS-CoV-2.
To validate the ability of the identified hits to modulate SARS-CoV-
2 replication in human cells, we generated pools of A549-ACE2
knocked-out (KO) cells for different genes of interest by electro-
porating a mix of 3 sgRNA/Cas9 ribonucleoprotein (RNP) com-
plexes per gene target. Levels of gene editing were above 80% in all of
the A549-ACE2 KO cell lines, as assessed by sequencing of the
edited loci (Table 1). As controls, we used cells KO for IFNARI, for
the proviral gene CTSL or for the antiviral gene LY6E, as well as cells
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Fig. 11SG-focused CRISPR/Cas9 screening approach to identify restriction factors for SARS-CoV-2. a CRISPR/Cas9 screen outline. A549-ACE2 cells
were transduced with lentivectors encoding the 1ISG CRISPR/Cas9 library and selected by puromycin treatment for 20 days. Library cells were then pre-
treated with 200 U/mL of IFNa for 16 h, and infection with SARS-CoV-2 at an MOI of 1. At 24 h p.i, infected cells were fixed with formalin treatment,
permeabilized by saponin treatment and stained with a monoclonal anti-spike antibody. After secondary staining, infected cells were sorted and harvested.
Non-infected, non-IFNa treated cells were harvested as a control. DNA was extracted from both cellular fractions and sgRNA loci amplification was carried
out by PCR. Following NGS, bio-informatic analysis using the MAGeCK package was conducted. This figure was created with BioRender.com. b Screen
results. By taking into account the enrichment ratios of each of the 8 different sgRNAs for every gene, the MAGeCK analysis provides a positive score for
KO enriched in infected cells (i.e. restriction factor, represented in the top fraction of the graph) and a negative score for KO depleted in infected cells i.e.
proviral factors, represented in the bottom portion of the graph). Genes with an FDR < 0.05 are represented in black. 3 genes with a FDR > 0.05, but with a
p value < 0.005 were additionally selected and are represented in red. ¢ Individual sgRNA enrichment. For the indicated genes, the enrichment ratio of the
8 sgRNAs present in the library was calculated as the MAGeCK normalized read counts in infected cells divided by those in the original pool of cells and is
represented in log2 fold change. As a control, the enrichment ratio of the 200 non-targeting control (NTCs) is also represented.

electroporated with non-targeting sgRNAs/Cas9 RNPs (indicated
here as WT). These different cell lines were then treated with IFNa
and infected with SARS-CoV-2. Viral replication was assessed by
measuring the levels of viral RNA in the supernatant of infected cells
using RT-qPCR (Fig. 2a). In parallel, we titrated the levels of
infectious viral particles released into the supernatant of infected
cells (Fig. 2b). As expected, infection was significantly reduced in
CTSL KO cells, confirming the proviral effect of this gene’6. Among
the selected antiviral candidate genes, only 2 had a significant impact
on SARS-CoV-2 replication: LY6E (as expected), and to an even
greater degree, DAXX. Both genes restricted replication in absence of
IFNa, an effect which was detectable at the level of viral RNA (8-fold
and 42-fold reduction of infection, respectively, Fig. 2a) and of
infectious virus (15-fold and 62-fold reduction, Fig. 2b). Based on
available single-cell RNAseq datasets,”> DAXX is expected to be
expressed in cell types physiologically relevant for SARS-CoV-2
infection such as lung epithelial cells and macrophages (Fig. $2).
In IFNa-treated cells, DAXX and LY6E KO led to a modest, but
significant rescue of viral replication, which was particularly visible
when measuring the levels of infectious virus by plaque assay
titration (Fig. 2b), while the antiviral effect of [FNa treatment was
completely abrogated in IFNARI KO cells, as expected (Fig. 2c).
However, IFNa still had robust antiviral effect on SARS-CoV-2
replication in both DAXX KO and LY6E KO cells (Fig. 2c). This

suggests that other ISGs likely contribute to the anti-SARS-CoV-2
IFN response. DAXX is sometimes referred to as an ISG, and was
originally included in our ISG library, although its expression is
only weakly induced by IFN in some human cell types®2#.
Consistent with this, we found little to no increase in DAXX gene
expression in IFNa-treated A549-ACE2 cells (Fig. $3). In addition,
we tested the antiviral effect of DAXX on several SARS-CoV-2
variants that have been suggested to be partially resistant to the
antiviral effect of TFN in A549-ACE2 cells*>. Qur results
confirmed that Lineage B.1.1.7. (Alpha) and Lineage P1 (Gamma)
SARS-CoV-2 variants were indeed less sensitive to IFN (Fig. 2d).
DAXX, however, restricted all variants to a similar level than the
original Lineage B strain of SARS-CoV-2 (Fig. 2d), suggesting that
while some variants may have evolved towards IFN-resistance,
they are still efficiently restricted by DAXX. To determine whether
DAXX restriction is specific to SARS-CoV-2 or also inhibits other
RNA viruses, induding coronaviruses, A549-ACE2 WT and
DAXX KO cells were infected with SARS-CoV, MERS-CoV, and 2
RNA viruses belonging to unrelated families: Yellow Fever Virus
(YFV) and Measles Virus (MeV), which are positive and negative
strand RNA viruses, respectively. DAXX restricted SARS-CoV, but
had no effect on the replication of YFV, MeV or MERS-CoV
(Fig. 2e, f). Thus, our data suggests that DAXX restriction may
exhibit some level of specificity.
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Fig. 2 DAXX is a restriction factor for SARS-CoV-2. a-c Antiviral activity of ISGs against SARS-CoV-2. A549-ACE2 knocked-out for the indicated genes
were generated using a multi-guide approach, leading to pools of KO cells with a high frequency of indels. KO cells were pre-treated with O {circles) or 200
(triangles) U/mL of IFNa 24 h prior to infection with SARS-CoV-2 (at an MQI of 0.1). Supernatants were harvested at 72 h p.i. The mean £ SD of three
independent experiments, each performed in three biological replicates, is shown. a For the titration of RNA levels, supernatants were heat-inactivated prior
to quantification by qRT-PCR. Genome copies/mL were calculated by performing serial dilutions of a synthetic RNA with a known concentration. Statistics:
2-way ANOVA using Dunnett's test. Significant p values {below 0.05) are indicated on the graph. b For the titration of infectious virus levels by plaque assay,
supernatants were serially diluted and used to infect VeroE6 cells. Plaques formed after 3 days of infection were quantified using crystal violet coloration.
The limit of detection (LOD) is indicated as a dotted line. Statistics: Dunnett’s test on a linear model, (two-sided). Significant p values (below 0.05) are
indicated on the graph. ¢ For each of the indicated KO, the data shown in (a) is represented as fold change in logl0 titers (i.e. the logl0 titers of the non-
treated condition divided by the mean of the triplicate loglQ titers IFNa-treated condition, n = 3). Statistics: 2-way ANOVA using Sidak’s test.

P values are indicated on the graph (ns: p value > 0.05). d-f Antiviral activity of DAXX against SARS-CoV-2 variants and other viruses. d A549-ACE2 WT or
DAXX KO cells were infected at an MOI of 0.1 with the following SARS-CoV-2 strains: Lineage B (original strain); Lineage B.1.1.7. {Alpha variant); Lineage
B.1.35.1 (Beta variant); Lineage P1 (Gamma variant). Supernatants were harvested at 72h p.i. Supernatants were heat-inactivated prior to quantification by
qRT-PCR. Genome copies/mL were calculated by performing serial dilutions of a synthetic RNA with a known concentration. The mean £ SD of three
independent experiments, with infections carried out in three biclogical replicates, is shown. Statistics: 2-way ANOVA using Dunnett's test. Significant p
values (below 0.05) are indicated on the graph. e A549-ACE2 WT or DAXX KO cells were infected with Yellow Fever Virus (YFV, Asibi strain, MOI of 0.3)
or with Measles Virus (MeV, Schwarz strain expressing GFP, MOI of 0.2). At 24h p.i., the percentages of cells positive for viral protein E (YFV) or GFP
(MeV) was assessed by flow cytometry. The mean £ SD of 3 independent experiments is represented. Statistics: 2-way ANOVA using Sidak’s test. P values
are indicated on the graph. f WT or DAXX KO cells were infected at an MOI of 0.1 with SARS-CoV or MERS-CoV. Supernatants were harvested at 72 h p.i.
Supernatants were heat inactivated prior to quantification by qRT-PCR. Serial dilutions of a stock of known infectious titer was used as a standard. The
mean + SD of 2 independent experiments, with infections carried out in three biological replicates, is represented. Statistics: 2-way ANOVA using Dunnett's
test. P values are indicated on the graph. Source data are provided as a Source Data file.

To determine whether DAXX targets viral transcription, A549-
ACE2 WT or DAXX KO cells were infected with SARS-CoV-2,

DAXX targets an early post-entry step. Next, we investigated
which steps of the SARS-CoV-2 replication cycle were targeted by

DAXX. To assess whether DAXX affects SARS-CoV-2 Spike-
mediated entry, we took advantage of a replication-competent
Vesicular Stomatitis Virus expressing GFP (VSV*} and carrying
the Spike protein instead of its G envelope (VSV*AG-S). This
approach allows to study Spike-mediated viral entry without
relying on lentiviral pseudotypes, which are likely to be targeted
by DAXX?. We first ensured that DAXX was not affecting VSV
replication in A549-ACE2 cells using the VSV* control virus
(Fig. 3a). Flow cytometric analysis revealed that VSV*AG-S
replicated at similar levels in WT and DAXX-KO cells (Fig. 3a),
suggesting that DAXX does not inhibit the entry steps that are
mediated by SARS-CoV-2 Spike.

4 NATURE CO

and the intracellular levels of viral RNA were assessed at different
time post-infection (Fig. 3¢, d). At early time points (from 2 h to
6h pi), the levels of viral RNA transcripts were similar in WT
and DAXX KO cells, further suggesting that comparable amounts
of SARS-CoV-2 RNA were entering cells in both cell lines. The
levels of viral transcripts significantly increased starting at 8 h p.i.,
representing the initiation of viral transcription. The levels of viral
RNA as detected by amplification of the 5" UTR (Fig. 3¢c) were 6.4-
fold higher at 8 h; 4.1-fold higher at 10 h; and eightfold higher at
24 h post-infection in DAXX KO cells compared to WT cells. We
observed a similar effect when using primers amplifying the RdRp
region (Fig. 3d) with levels of viral transcripts 1.7-fold and 3.5-fold

MMUNICATIONS | (2022)13:2442 | https://doi.org/10.1038/541467-022-30134-9 | www.nature.com/naturecommunications

219



NATURE COMMUNICATIONS | https://doi.org/10.1038/s

ARTICLE

a uearz b
100 |
A
@
@
Qo
k-3
2
2 104 D.3980 o wT
2 A DAXX KO
o I
s
[T
2
1
sy VSV*AG-S
c d
1000+
& RdRp <0.001
3
H
<F <600t
5 100+ [T
¥a
it ;
e ® WT
2
= A DAXX KO
%.a
5 i 8 R
28 ¢
o
z
8

2

4 6 8 10 24

Time post-infection (h)

10004 “
@ 5 UTR et
[
>
2
= 0003538 <0001
g Z 1004
o
ES R
>0 -
Eg " o wWT
2 H
2% & DAXX KO
22 1
Q
3
o
w
0 2 4 6 8 10 24
Time post-infection (h)
20 0.0008
an
E 154 00127 00019
o
2 owr
g 10 & DAXX KO
(]
=
@ 5
=
g

16 24

Time post-infection (h)

43

Fig. 3 DAXX inhibits SARS-CoV-2 at an early post-entry step. a DAXX has no effect on Spike-mediated entry. AS49-ACE2 WT or DAXX KO were

infected with the GFP reporter viruses VSV* or VSV*AG-S. Cell monolayers

were harvested at 16 h p.i. and analyzed by flow cytometry. The mean of 3

independent experiments £ SD is shown. Statistics: 2-way ANOVA using Sidak’s test. P values are indicated on the graph. b, ¢ DAXX inhibits viral RNA

synthesis. A549-ACE2 WT or DAXX KO were infected at an MOI of 1. Cell

monolayers were harvested at the indicated time points, and total RNA was

extracted. The levels of viral RNA (¢: 5"UTR; d: RdRp) were determined by qRT-PCR and normalized against GAPDH levels. The mean £ SD of 3 independent

experiments, with infections carried out in three biclogical replicates, is repr

esented. Statistics: Dunnett's test on a linear model (two-sided). Significant

p values (below 0.05) are indicated on the graph. d DAXX inhibits viral protein synthesis. A549-ACE2 WT or DAXX KO were infected at an MOI of 2. Cell
monolayers were harvested at the indicated time points and Spike levels were quantified by flow cytometry. The mean of 3 independent experiments = SD is
represented. Statistics: 2-way ANOVA using Sidak's test. P values are indicated on the graph. Source data are provided as a Source Data file.

higher in DAXX KO cells compared to W'T cells at 10h and 24h
post-infection, respectively.

Finally, we measured the levels of Spike protein synthesis at
different times post-infection by flow cytometry in A549-ACE2
WT or DAXX KO cells. In agreement with the observed effect of
DAXX KO on viral RNA synthesis (Fig. 3c, d), we observed a 4-
to 8-fold increase in the intracellular levels of Spike (Fig. 3e).
Together, these results suggest that while DAXX has no effect on
viral entry, it restricts a post-entry step of the viral life cycle such
as viral transcription or uncoating,

DAXX restriction is mediated by its D/E domain but is
SUMOylation-independent. DAXX encodes a small scaffold
protein that acts by recruiting other SUMOylated proteins in
nuclear bodies through its C-terminal SUMO-Interacting Motif
(SIM) domain®*®. The recruitment of these factors is required for
the effect of DAXX on various cellular processes such as tran-
scription and apoptosis, and on its antiviral activities??47-4,
DAXX can also be SUMOylated itself°’, which may be important
for some of its functions. To investigate the role of SUMOylation
in DAXX-mediated SARS-CoV-2 restriction, overexpression
assays using WT and two previously described mutated versions
of DAXX3! were performed (Fig. 4a). Fifteen lysine residues have
been mutated to arginine in the first mutant (DAXX 15KR),
which is unable to be SUMOylated. The second mutant is a
truncated version of DAXX that lacks its C-terminal SIM domain
(DAXXASIM)*® and is thus unable to interact with its SUMOy-
lated partners. A549-ACE2 were refractory to SARS-CoV-2
infection upon transfection with any plasmid, precluding us
from using this cell line. The experiments were performed in
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293T-ACE2 cells, which are permissive to SARS-CoV-2!% and
easy to transfect. In order to quantify the antiviral effect of
overexpressed DAXX WT and mutants, we assessed the number
of transfected cells that were positive for the Spike protein by
flow cytometry. Western blot (Fig. S4a) and flow cytometry
(Fig. S4b) analyses showed that DAXX WT and mutants were
expressed at similar levels, with around 40 to 50% cells expressing
the HA-tagged constructs. DAXX WT, 15KR and ASIM effi-
ciently restricted SARS-CoV-2 replication. Indeed, at 24 h p.i, the
proportion of infected cells (among HA-positive cells) was
reduced by 2 to 3-fold as compared to control transfected cells
(Fig. 4b). This effect was less pronounced but still significant at
48 h p.i. (Fig. 4c). Moreover, DAXX overexpression led to a sig-
nificant reduction of the levels of intracellular viral RN A (Fig. S5),
in line with our earlier results showing that DAXX targets viral
transcription (Fig. 3¢, d). Together, these results show that
DAXX overexpression restricts SARS-CoV-2 replication in a
SUMOylation-independent mechanism.

DAXX was recently described as a protein chaperone able to
solubilize protein aggregates and unfold misfolded proteins™”. We
investigated whether this activity was required for SARS-CoV-2
restriction using a DAXX mutant lacking the D/E domain, critical
for this chaperone activity”. The DAXXAD/E mutant, while
expressed at similar levels than WT DAXX in transfected cells
(Fig. S4c), was unable to restrict SARS-CoV-2, as assessed by
Western Blot analysis on Spike levels (Fig. 4d) and RT-qPCR
analysis detecting intracellular SARS-CoV-2 RNA (Fig. d4e).
Taken together, these results suggest that DAXX dampens
SARS-CoV-2 replication through a SUMOylation-independent
mechanism that likely involves its chaperone activity.
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Fig. 4 DAXX restriction of SARS-CoV-2 is dependent on its chaperone activity but SUMOylation-independent. a Schematic of the DAXX mutants used.
The fifteen lysine residues of DAXX 15KR have been mutated to arginine. DAXXASIM lacks the 732-740 C-terminal residues. Both mutants were described
in.#8 DAXXAD/E is lacking its 414-505 domain and has been described in°? b, ¢ SUMOQylation-deficient DAXX mutants are still able to restrict SARS-CoV-2.
293T-ACE2 cells were transfected with HA-DAXX WT; HA-DAXX 15KR; HA-DAXXASIM; or with HA-NBR1 as negative control plasmid. 24 h after
transfection, cells were infected with SARS-CoV-2 at an MOI of 0.1. When indicated, cells were treated with remdesivir at the time of infection. After 24 h or
48 h, infected cells were double-stained for dsRNA (to read out infection) and HA (to read out transfection efficiency) and acquired by flow cytometry. The
percentage of infected cells among HA-positive (transfected) cells for one representative experiment is shown in (b), for the mean + SD of 3 independent
experiments in {e). Statistics: one-way ANOVA using Dunnett's test, Holm corrected. P values are indicated on the graph. d, e: The chaperone activity of
DAXX is required for SARS-CoV-2 restriction. 293T-ACE2 cells were transfected with DAXX WT or with the DAXXAD/E mutant. 24 h after transfection,
cells were infected with SARS-CoV-2 mNeonGreen at an MOl of 1. After 24 h, the levels of Spike and GAPDH levels were analyzed by Western Blot (d). A
Western Blot representative of 3 independent experiments is shown. In parallel, SARS-CoV-2 replication levels were measured by RT-qPCR targeting the 5
UTR and normalized against RPL13A transcript levels (@). The mean £ SD of 4 independent experiments, with infections carried out in two biological
replicates, is represented. Statistics: 1-way ANOVA using Dunnett's test. P values are indicated on the graph. Source data are provided as a Source Data file.

SARS-CoV-2 infection triggers DAXX re-localization. DAXX
mostly localizes in PML nudlear bodies®’, whereas SARS-CoV-2
replication occurs in the cytoplasm. We reasoned that DAXX
may re-localize during the course of infection in order to exert its
antiviral effect. We first examined the effect of DAXX over-
expression on the replication of SARS-CoV-2-mNeonGreen>* by
microscopy. DAXX overexpression starkly reduced the number of
infected cells (Fig. 5a, b), confirming our flow cytometry data
(Fig. 4). Using double staining for HA-tagged DAXX and SARS-
CoV-2, we found that most of the DAXX-transfected cells were
negative for infection, and conversely, that most of the infected
cells did not express transfected DAXX (Fig. 5c), confirming that
DAXX imposes a major block to SARS-CoV-2 infection. Next, we
infected 293T-ACE2 cells with SARS-CoV-2 and used high-
resolution confocal microscopy to study the localization of
endogenous DAXX (Fig. 5d}. As expected’’, DAXX localized in
discrete nuclear foci in non-infected cells. Strikingly, SARS-CoV-2
infection induced the re-localization of DAXX in the cytoplasm,

as early as 6 h post-infection, although some nuclear foci were still
detected. At 24 h post-infection however, DAXX was completely
absent from nuclear bodies, and was found almost exclusively in
the cytoplasm, in close association with dsRNAs, likely repre-
senting SARS-CoV-2 replication sites. These results suggest that
early events following SARS-CoV-2 infection trigger the cyto-
plasmic translocation of DAXX.

SARS-CoV-2 PLpro induces proteasomal degradation of
DAXX. Next, we asked whether this relocalization of DAXX
following infection destabilizes the protein. Western blot analysis
revealed that SARS-CoV-2 infection induces a marked decrease of
total DAXX expression levels in infected cells (Fig. 6a). In con-
trast, SARS-CoV-2 infection had no effect on DAXX mRNA
levels (Fig. 56). Importantly, the decrease in DAXX protein levels
is likely not attributed to a global host protein expression shut
down, as the levels of Lamin B, HSP90, Actin, GAPDH, Tubulin,
TRIM22 and RIG-I were unchanged upon infection (Fig. 6a).
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These results suggest that DAXX may be specifically targeted by
SARS-CoV-2 for degradation. SARS-CoV-2 papain-like protease
(PLpro) is a possible candidate for this activity, as it cleaves other
cellular proteins such as ISG15°%5%, and ULKI1%°. Moreover,
PLpro of foot-and-mouth disease virus (FDMV) degrades
DAXX". To investigate this possibility, we treated cells with
GRLO0617, an inhibitor of SARS-CoV-2 PLpro®"; MG132, a well-
described proteasome inhibitor; or Masitinib, an inhibitor of
SARS-CoV-2 3CL protease®®. These inhibitors had minimal
effects on cell viability at the selected concentrations (Fig. S7).
Strikingly, GRLO617 treatment partially restored DAXX expres-
sion (Fig. 6b), especially at the highest concentration. Similarly,
MGI132 also prevented DAXX degradation in SARS-CoV-2
infected cells. In contrast, Masitinib treatment had no effect on
DAXX levels. These results suggest that PLpro, but not 3CL,
targets DAXX for proteasomal degradation. Consistently,
GRL0617 treatment also restored DAXX subcellular localization
to nuclear bodies (Fig. 6¢c). As expected, GRLO617 treatment also
inhibited the production of SARS-CoV-2 proteins, such as Spike
(Fig. 6b), and may thus have an indirect effect on DAXX levels by
inhibiting SARS-CoV-2 replication itself. However, the fact that
Masitinib also inhibits Spike production but does not restore
DAXX expression suggested that DAXX degradation is not an
unspecific consequence of a reduced viral replication but rather a
specific activity of PLpro. To investigate further the direct con-
tribution of PLpro to DAXX degradation, we assessed the impact
of overexpressing a panel of individual SARS-CoV-2 proteins in
293T-ACE2 cells on DAXX levels. We included in the analysis

NATURE COMMUNIC

mCherry-tagged SARS-CoV-2 Non-structural proteins (Nsp>?,
which were not expressed from a lentiviral vector that may be
targeted by DAXX antiviral activity’>. This included Nsp3 (which
encodes PLro), Nsp4, Nsp6, Nsp7, Nspl10, Nspl3 and Nspl4. All
proteins were expressed at similar levels (Fig. S8a). Only the
overexpression of Nsp3 led to DAXX reduced expression (Fig. 6d,
Fig. 58b). This effect was dose-dependent (Fig. ce, Fig. S8c, d),
and was abrogated when cells were treated with GRL0617 (Fig. 6f,
Fig. S8¢). Taken together, these results indicate that PLpro
directly induces the proteasomal degradation of DAXX.

Discussion

The whole-genome CRISPR/Cas9 screens conducted to date on
SARS-CoV-2 infected cells mostly identified host factors neces-
sary for viral replication®?—2 and did not focus on antiviral genes,
as did our screen. Three overexpression screens, however, iden-
tified ISGs with antiviral activity against SARS-CoV-2162122, In
the first one, Pfaender et al. screened 386 ISGs for their antiviral
activity against the endemic human coronavirus 229E, and
identified LY6E as a restriction factor inhibiting both 229E and
SARS-CoV-2. Qur screen also identified LY6E as a top hit (Fig. 1),
further validating the findings of both studies. Four additional
genes had significant p-values in both Pfaender et al. and our
work: IFI6, HERC5, OAS2 and SPSBI (Supplementary Data 1 and
2). We showed that knocking-out LY6E and DAXX only partially
rescued SARS-CoV-2 replication in IFN-treated cells (Fig. 2),
suggesting that other IFN effectors active against SARS-CoV-2
remain to be identified. For instance, other proteins, such as
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Fig. S8b,d, e. Source data are provided as a Source Data file.

IFITMs, inhibit SARS-CoV-2 viral entry!’-!°. In the second
screen, Martin Sancho et al. tested 399 ISGs against SARS-CoV-2.
Among the 65 antiviral ISGs identified, they focused on BST-2,
which encodes a protein targeting viral budding. BST-2 was not a
significant hit in our screen (Supplementary Data 1 and 2). This
discrepancy is likely due to the fact that our screen relies on the
sorting of S-positive cells, and is therefore unable to detect factors
restricting the late stages of the viral replication cycle. The most
recent overexpression screen assessed the contribution of 539
human and 444 macaque ISGs in SARS-CoV-2 restriction, and
further characterized the role of OASI in sensing SARS-CoV-2
and restricting its replication through RNASEL. While we did not
identify OASI or RNASEL in our screen (Supplementary Data 1
and 2), we did identify hits in common with this screen, including
IFI6 and OASZ (that were also identified by Pfaender et al.). Of
note, DAXX was absent from the ISG libraries used by these
overexpression screens, which explains why it was not previously
identified as an antiviral gene for SARS-CoV-2. Qur sgRNA
library, by including 1905 genes, targeted a wider set of ISGs and
“ISG-like” genes, including genes like DAXX that are not (or only
weakly} induced by IFN in some cell types’>*%, One potential
caveat to our screen is that it compared IFN-treated infected cells
8 NATURE

to non-infected untreated cells (rather than IFN-treated non-
infected cells). Although we validated this approach in previous
studies®®°0, it may cause enrichment of genes induced by IFN,
but not antiviral against SARS-CoV-2 per se. Interestingly, IFN
has a stronger effect on DAXX gene expression levels in cells from
other mammals such as bats.°! Future studies may investigate
whether DAXX orthologs of different species are also able to
restrict SARS-CoV-2 and whether DAXX participates in IFN-
mediated viral restriction in these species.

We identify DAXX as a potent antiviral factor restricting the
replication of SARS-CoV-2, acting independently of IFN (Fig. 3).
DAZXX fulfills all of the criteria defining a bona fide SARS-CoV-2
restriction factor: knocking-out endogenous DAXX leads to
enhanced viral replication (Fig. 2), while over-expression of
DAXX restricts infection (Figs. 4-5). While DAXX had no effect
on Spike-mediated viral entry (Fig. 3), it led to a stark reduction
in the levels of viral transcripts at 8 h post-infection, in the levels
of Spike protein at 16 h post-infection (Fig. 3). This suggests that
DAZXX blocks a post-entry step of the viral life cycle such as viral
transcription. DAXX co-localizes with viral replication sites
(Fig. 5) and SARS-CoV-2 antagonizes DAXX to some extent, as
evidenced by the proteasomal degradation of DAXX induced by
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PLpro (Fig. 6). Although DAXX expression is not upregulated by
IFNa in A549 cells (Fig. 83), basal levels of expression are suffi-
cient for its antiviral activity, as has been shown for other potent
restriction factors. Publicly available single-cell RNAseq analyses
(Fig. S2) indicated that DAXX is expressed in cell types targeted
by the virus in vivo, such as lung epithelial cells and macrophages.
Interestingly, DAXX exhibited some degree of specificity in its
antiviral activity, as unrelated viruses such as YFV and MeV, as
well as the closely related MERS-CoV were not sensitive to its
action, in contrast to SARS-CoV and SARS-CoV-2 (Fig. 2).
Future work will determine which viral determinants are
responsible for the specific antiviral activity of DAXX.

DAXX is mostly known for its antiviral activity against DNA
viruses replicating in the nucleus, such as adenovirus 5 (AdV5)°>
and human papillomavirus (HPV)%. Most of these viruses
antagonize PML andfor DAXX, which interacts with PML in
nuclear bodies®”. We show here that DAXX is also able to restrict
SARS-CoV-2, a positive sense RNA virus that replicates in the
cytoplasm. Recent studies have shown that DAXX inhibits the
reverse transcription of HIV-1 in the cytoplasm?”*3. Within hours
of infection, DAXX subcellular localization was altered, with
DAXX accumulating in the cytoplasm and colocalizing with
incoming HIV-1 capsids®®. Here, we observed a similar phe-
nomenon, with a rapid re-localization of DAXX from the nucleus
to cytoplasmic viral replication sites (Fig. 5), where it likely exerts
its antiviral effect. Early events in the replication cyce of both
HIV-1 and SARS-CoV-2, such as fusion between viral and cellular
membranes, or virus-induced stress, may thus trigger DAXX re-
localization to the cytoplasm. DAXX seems to inhibit SARS-CoV-
2 by a distinct mechanism than HIV-1: whereas the recruitment of
interaction partners through the SIM-domain is required for the
effect of DAXX on HIV-1 reverse transcription®?, it was not the
case in the context of SARS-CoV-2 restriction. This result was
unexpected, since DAXX has no enzymatic activity and rather acts
as a scaffold protein recruiting SUMOylated partners through its
SIM domain®!. Other DAXX functions, such as interaction with
the chromatin remodeler ATRX?? or its role as a chaperone
protein®? are, however, SIM-independent. This last activity was
recently shown’? to be dependent on the D/E domain (amino
acids 414 to 505). We found that DAXX anti-SARS-CoV-2 activity
also depends on this domain (Fig. 4), suggesting that it restricts
SARS-CoV-2 replication through an original mechanism invol-
ving protein refolding, Future work will determine whether DAXX
binds and refolds viral proteins to hamper viral replication, or acts
through binding and folding another host factor.

Our results suggest that SARS-CoV-2 evolved a mechanism to
antagonize DAXX restriction, with PLpro inducing its degrada-
tion via the proteasome (Fig. 6). This antagonism, however, is not
complete, since knocking-out DAXX expression enhanced SARS-
CoV-2 replication (Fig. 2). Another possibility is that DAXX, by
acting early in the viral life cycle (i.e. as soon as 8h p.i,, Fig. 3)
exert its antiviral effect before the expression of PLpro. Proteins
expressed by other viruses are also able to degrade DAXX: for
instance, the AdV5 viral factor E1B-55K targets DAXX for pro-
teasomal degradation®?, and FDMYV PLpro cleaves DAXX>. We
showed in Fig. 2 that several SARS-CoV-2 variants and SARS-
CoV were sensitive to DAXX, but MERS-CoV was not. Thus, it
will be interesting to test whether PLpro from these different
coronaviruses differ in their ability to degrade DAXX, and whe-
ther this has an impact on their sensitivity to DAXX restriction.
Future research may also establish whether PLpro induces the
degradation of DAXX through direct cleavage, or whether it acts
in a more indirect way, such as cleaving or recruiting cellular co-
factors. Such investigations may be relevant for the development
of PLpro inhibitors®%: indeed, in addition to directly blocking

SARS-CoV-2 replication, PLpro inhibitors may also sensitize the
virus to existing antiviral mechanisms such as DAXX restriction.

Methods

Cells, viruses & plasmids. HEK 293T (ATCC #CRL-11268) were cultured in
MEM (Gibco #11095080) complemented with 10% FBS (Gibco #A3160801) and 2
mM L-Glutamine (Gibco # 25030081). VeroE6 (ATCC #CRL-1586), A549 (ATCC
#CCL-185) and HEK 293T, both overexpressing the ACE2 receptor (A549-ACE2
and HEK 293T-ACE?2, respectively), were grown in DMEM (Gibco #31966021)
supplemented with 10% FBS (Gibco #A3160801), and penicillin/streptomycin
(100 U/mL and 100 pg/mL, Gibco # 15140122). Blasticidin (10 pg/mL, Sigma-
Aldrich #SBR00022-10ML) was added for selection of A549-ACE2 and HEK 293T-
ACE2. All cells were maintained at 37 °C in a 5% CO, atmosphere. Universal Type
I Interferon Alpha (PBL Assay Science #11200-2) was diluted in sterile-filtered PBS
1% BSA according to the activity reported by the manufacturer. The strains
BetaCoV/France/IDF0372/2020 (Lineage B); hCoV-19/France/IDF-IPP11324/2020
(Lineage B.1.1.7); and hCoV-19/France/PDL-IPP01065/2021 (Lineage B.1.351)
were supplied by the National Reference Centre for Respiratory Viruses hosted by
Institut Pasteur and headed by Pr. Sylvie van der Werf. The human samples from
which the lineage B, B.1.1.7 and B.1.351 strains were isolated were provided by Dr.
X. Lescure and Pr. Y. Yazdanpanah from the Bichat Hospital, Paris, France; Dr.
Besson J., Bioliance Laboratory, saint-Herblain France; Dr. Vincent Foissaud, HIA
Percy, Clamart, France, respectively. These strains were supplied through the
European Virus Archive goes Global (Evag) platform, a project that has received
funding from the European Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement #653316. The hCoV-19/Japan/TY7-501/

2021 strain (Lineage P1) was kindly provided by Jessica Vanhomwegen (Cellule
d’Intervention Biologique d'Urgence; Institut Pasteur). The mNeonGreen reporter
SARS-CoV-2 was provided by Pei-Yong Shi®>. SARS-CoV FEM-1 strainf’ was
kindly provided by H.W. Doerr (Institute of Medical Virology, Frankfurt Uni-
versity Medical School, Germany), The Middle East respiratory syndrome (MERS)
Coronavirus, strain IP/COV/MERS/Hu/France/FRA2 (Genbank reference
KJ361503) isolated from one of the French cases®® was kindly provided by Jean-
Claude Manuguerra (Cellule d'Intervention Biologique d’Urgence; Institut Pas-
teur). SARS-CoV-2 viral stocks were generated by infecting VeroE6 cells (MOI
0.01, harvesting at 3 dpi) using DMEM supplemented with 2% FBS and 1 pg/mL
TPCK-trypsin (Sigma-Aldrich #1426-100MG). SARS-CoV and MERS-CoV viral
stocks were generated by infecting VeroE6 cells (MOI 0.0001) using DMEM
supplemented with 5% FCS and harvesting at 3 dpi or 6 dpi, respectively. The
Yellow Fever Virus (YFV) Asibi strain was provided by the Biological Resource
Center of the Institut Pasteur. The Measles Schwarz strain expressing GFP (MeV-
GFP) was described previously.®” Both viral stocks were produced on Vero NK
cells. The Human Interferon-Stimulated Gene CRISPR Knockout Library was a gift
from Michael Emerman and is available on Addgene (Pooled Library #125753).
The plentiCRISPRy.2 backbone was ordered through Addgene (Plasmid #52961).
PMD2.G and psPAX2 were gifts from Didier Trono (Addgene #12259; #12260).
pcDNA3.1 was purchased from Invitrogen. Plasmids constructs expressing WT
and mutant HA-tagged DAXX constructs were kindly provided by Hsiu-Ming
Shih®!. The plasmids encoding mCherry-tagged viral proteins were a gift from
Bruno Antonny and ordered through Addgene: Nsp3 -mCherry (#165131); Nsp4-
mCherry (#165132); Nsp6-mCherry (#165133); Nsp7-mCherry (#165134); Nsp10-
mCherry (#165135); Nspl3-mCherry (#165136); Nsp14-mCherry (#165137).
Vesicular stomatitis virus (VSV) encoding green fluorescent protein (GFP) has
been previously described as VSV*%%. The chimeric virus VSV*AG-SARS-CoV-2-
Saz1 (VSV*AG-S), which lacks the homotypic glycoprotein G but rather encodes
the spike protein of SARS-CoV-2 (Wuhan-Hu-1 strain) along with GFP has
recently been described”. The DAXXAD/E mutant is a kind gift from Pr.
Xiaolu Yang.

Antibodies. For Western Blot, we used mouse anti-DAXX (diluted 1:1000, Abnova
#7A11), rat anti-HA clone 3F10 (diluted 1:3000, Sigma #2158167001), mouse anti-
GAPDH clone 6C5 (diluted 1:3000, Millipore #FCM AB252F), Goat anti-Lamin B
clone M-20 (diluted 1:500, Santa Cruz sc-6217), mouse monoclonal HSP90a/p clone
F-8 (diluted 1 :500, Santa Cruz sc-13119), mouse monoclonal p-actin clone AC-15
(1:3000 Sigma #A1978), mouse monoclonal a-Tubulin clone DMA1 (diluted 1:1000,
Sigma #T9026), rabbit anti-TRIM22 (diluted 1 :1000, Proteintech #13744-1-AP) and
mouse Monoclonal RIG-I clone Alme-1 (diluted 1: 1000, adipoGen #AG-20B-0009).
To detect SARS-CoV-2 Spike protein, we used mouse anti-spike clone 1A9 (diluted
1:1000, GeneTex GTX632604). Secondary antibodies were goat anti-mouse and
anti-rabbit HRP-conjugates (diluted 1:5000, ThermoFisher #31430 and #31460) and
horse anti-goat HRP (diluted 1: 1000, Vector # PI-9500). For immunofluorescence,
we used rabbit anti-DAXX (diluted 1:50, Proteintech #20489-1-AP) and mouse anti-
dsRNA ]2 (diluted 1:50, Scicons #10010200). Secondary antibodies were goat anti-
rabbit AF555 and anti-mouse AF488 (diluted 1:1000, ThermoFisher #A-21428 and
#A-28175). For flow sorting of infected cells, we used the anti-S2 H2 162 antibody
(diluted 1:150), a kind gift from Dr. Hugo Mouquet, (Institut Pasteur, Paris, France).
Secondary antibody was donkey anti-mouse AF647 (diluted 1:1000, Invitrogen
#A31571). For FACS analysis, we used rat anti-HA clone 3F10 (diluted 1:100, Sigma
#2158167001) and mouse anti-dsRNA ]2 (diluted 1:500, Scicons #10010200).
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Secondary antibodies were goat anti-rat AF647 and anti-mouse AF488 (diluted
1:1000, ThermoFisher #A-21247 #A-28175). The pan-flavivirus anti-Env 4G2
antibody was a kind gift from Phillipe Després.

Generation of CRISPR/Cas9 library cells. HEK 293T cells were transfected with
the sgRNA plasmid library together with plasmids coding for Gag/Pol (R8.2) and
for the VSVg envelope (pVSVg) using a ratio of 5:5:1 and calcium phosphate
transfection. Supernatants were harvested at 36 h and 48 h, concentrated 80-fold by
ultracentrifugation (22,000 g, 4°C for 1h) and pooled. To generate the ISG KO
library cells, 36 x 105 A549-ACE2 cells were seeded in 6-well plates (10 cells per
well) 24 h before transduction. For each well, 100 puL of concentrated lentivector
was diluted in 500 pL of serum-free DMEM, supplemented with 10 pg/mL of
DEAE dextran (Sigma #D9885). After 48 h, transduced cells were selected by
puromycin treatment for 20 days (1 pg/mL; Sigma #P8833).

CRISPR/Cas9 screen. In total, 4 x 107 A549-ACE2 cells were treated with IFNa
(200 U/mL). 16 h later, cells were infected at an MOI of 1 in serum-free media
complemented with TPCK-trypsin and IFNa (200 U/mL). After 90 min, the viral
inoculum was removed, and cells were maintained in DMEM containing 5% FBS
and IFNa (200 U/mL). After 24 h, cells were harvested and fixed for 15 min in
Formalin 1%. Fixed cells were washed in cold FACS buffer containing PBS, 2%
Bovine Serum Albumin (Sigma-Aldrich #A2153-100G), 2mM EDTA (Invitrogen
#15575-038) and 0.1% Saponin (Sigma-Aldrich #57900-100G). Cells were incu-
bated for 30 min at 4 °C under rotation with primary antibody diluted in FACS
buffer. Incubation with the secondary antibody was performed during 30 min at
4°C under rotation. Stained cells were resuspended in cold sorting buffer con-
taining PBS, 2% FBS, 25 mM Hepes (Sigma-Aldrich #H0887-100ML) and 5 mM
EDTA. Infected cells were sorted on a BD FACS Aria Fusion. Sorted and control
(non-infected, not IFN-treated) cells were centrifugated (20 min, 2,000 g) and
resuspended in lysis buffer (NaCI 300 mM, SDS 0.1%, EDTA 10 mM, EGTA

20 mM, Tris 10 mM) supplemented with 1% Proteinase K (Qiagen #19133) and 1%
RNAse A/T1 (ThermoFisher #EN0551) and incubated overnight at 65 °C. Two
consecutive phenol-chloroform (Sigma #P3803-100ML) extractions were per-
formed and DNA was recovered by ethanol precipitation. Nested PCR was per-
formed using the Herculase II Fusion DNA Polymerase (Agilent, #600679) and the
DNA oligos indicated in Supplementary Table 1. PCR1 products were purified
using QIAquick PCR Purification kit (Qiagen #28104). PCR2 products were pur-
ified using Agencourt AMPure XP Beads (Beckman Coulter Life Sciences
#A63880). DNA concentration was determined using Qubit dsDNA HS Assay Kit
(Thermo Fisher #Q32854) and adjusted to 2 nM prior to sequencing. NGS was
performed using the NextSeq 500/550 High Output Kit v2.5 75 cycles (Illumina
#20024906).

Screen analysis. Reads were demultiplexed using bel2fastq Conversion Software
v2.20 (Illumina) and fastx_toolkit v0.0.13. Sequencing adapters were removed
using cutadapt v1.9.1.”" The reference library was built using bowtie2 v2.2.9.7!
Read mapping was performed with bowtie2 allowing 1 seed mismatch in -local
mode and samtools v1.9.”> Mapping analysis and gene selection were performed
using MAGeCK v0.5.6, normalizing the data with default parameters. sgRNA and
gene enrichment analyses are available in Supplementary Data 1 and 2, respectively
and full MAGeCK output at https://github.com/Simon-LoriereLab/crispr_isg
sarscov2.

Generation of multi-guide gene knockout cells. 3 sgRNAs per gene were
designed (Supplementary Table 2). 10 pmol of NLS-Sp.Cas9-NLS (SpCas9)
nuclease (Aldevron #9212) was combined with 30 pmol total synthetic sgRNA (10
pmol for each sgRNA) (Synthego) to form RNPs in 20 pL total volume with SE
Buffer (Lonza #V55C-1002). The reaction was incubated at room temperature for
10 min. In total, 2 x 10° cells per condition were pelleted by centrifugation at
100 x g for 3 min, resuspended in SE buffer and diluted to 2 x 104 cells/uL. 5 pL of
cell solution was added to the pre-formed RNP solution and gently mixed.
Nucleofections were performed on a Lonza HT 384-well nucleofector system
(Lonza #AAU-1001) using program CM-120. Immediately following nucleofection,
each reaction was transferred to a 96-well plate containing 200 pL of DMEM 10%
EBS (5 x 10* cells per well). Two days post-nucleofection, DNA was extracted using
DNA QuickExtract (Lucigen #QE09050). Cells were lysed in 50 pL of QuickExtract
solution and incubated at 68 °C for 15 min followed by 95 °C for 10 min. Ampli-
cons were generated by PCR amplification using NEBNext polymerase (NEB
#M0541) or AmpliTaq Gold 360 polymerase (ThermoFisher #4398881) and the
primers indicated in Supplementary Table 3. PCR products were cleaned-up and
analyzed by Sanger sequencing. Sanger data files and sgRNA target sequences were
input into Inference of CRISPR Edits (ICE) analysis https://ice.synthego.com/#/ to
determine editing efficiency and to quantify generated indels.”* Percentage of
alleles edited is shown in Table 1 (n=3).

Hit validation. In total, 2.5 x 10* A549-ACE2 KO cells were seeded in 96-well
plates 18 h before the experiment. Cells were treated with [FNa and infected as
described above. At 72 h post-infection, supernatants and cellular monolayers were
harvested in order to perform qRT-PCR and plaque assay titration. Infectious
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supernatants were heat-inactivated at 80 °C for 10 min. For intracellular RNA, cells
were lysed in a mixture of Trizol Reagent (Invitrogen #15596018) and PBS at a
ratio of 3:1. Total RNA was extracted using the Direct-zol 96 RNA kit (Zymo
Research #R2056) or the Direct-zol RNA Miniprep kit (Zymo Research #R2050).
For SARS-CoV-2 detection, qRT-PCR was performed either directly on the inac-
tivated supernatants or on extracted RNA using the Luna Universal One-Step RT-
qPCR Kit (NEB #E3005E) in a QuantStudio 6 thermocycler (Applied Biosystems)
or in a StepOne Plus thermocycler (Applied Biosystems). The primers used are
described in Supplementary Table 4. Cycling conditions were the following: 10 min
at 55 °C, 1 min at 95 °C and 40 cycles of 95 °C for 10 s and 60 °C for 1 min. Results
are expressed as genome copies/mL as the standard curve was performed by
diluting a commercially available synthetic RNA with a known concentration
(EURM-019, JRC). For SARS-CoV and MERS-CoV, gqRT-PCR were performed
using FAM-labelled probes (Eurogentec) and the Superscript III Platinum One-
Step qQRT-PCR System (Thermo Fisher Scientific, #11732020). The cycling condi-
tions were the following: 20 min at 55 °C, 3 min at 95 °C and 50 cycles of 95 °C for
155 and 58 °C for 30 s. The primers used are described in Supplementary Table 4.
Standard curves were performed using serial dilutions of RNA extracted from and
SARS-CoV and MERS-CoV viral culture supernatants of known infectious titer.
For plaque assay titration, VeroE6 cells were seeded in 24-well plates (10° cells
per well) and infected with serial dilutions of infectious supernatant diluted in
DMEM during 1 h at 37 °C. After infection, 0.1% agarose semi-solid overlays were
added. At 72 h post-infection, cells were fixed with Formalin 4% (Sigma
#HT501128-4L) and plaques were visualized using crystal violet coloration. Time-
course experiments were performed the same way, except that supernatants and
cellular monolayers were harvested at Oh, 2h, 4h, 6h, 8h, 10h and 24 h post-
infection.

SARS-CoV-2, SARS-CoV and MERS-CoV infection assays. A549-ACE2 cells
were infected by incubating the virus for 1 h with the cells maintained in DMEM
supplemented with 1 pg/ml TPCK-trypsin (Sigma #4370285). The viral input was
then removed and cells were kept in DMEM supplemented with 2% FBS. For 293T-
ACE2 cells, infections were performed without TPCK-trypsin. MERS-CoV and
SARS-CoV infections were performed in DMEM supplemented with 2% FBS and
cells were incubated 1h at 37 °C 5% CO2. Viral inoculum was then removed and
replaced by fresh DMEM supplemented with 2% FBS. All experiments involving
infectious material were performed in Biosafety Level 3 facilities in compliance
with Institut Pasteur’s guidelines and procedures. When indicated, SARS-CoV-2
infected cells were stained for intracellular Spike levels as described below.

Yellow fever virus and measles virus infection assays. Cells were infected with
YFV (at an MOI of 0.3) or MeV-GFP (at an MOI of 0.2) in DMEM without FBS
for 2 h in small volume of medium to enhance contacts with the inoculum and the
cells. After 2 h, the viral inoculum was replaced with fresh DMEM 10% FBS 1% P/
S. FACS analysis were performed at 24 h p.i. Cells were fixed and permeabilized
using BD Cytofix/Cytoperm (Fisher Scientific, # 15747847) for 30 min on ice (all
the following steps were performed on ice and centrifuged at 4°C) and then
washed tree times with wash buffer. Cells infected with YFV were incubated with
the pan-flavivirus anti-Env 4G2 antibody for 1 h at 4°C and then with Alexa 488
anti-mouse IgG secondary antibodies (Thermo Fisher, #A28175) for 45 min at 4 °C
in the dark. Non-infected, antibody-stained samples served as controls for signal
background. The number of cells infected with MeV-GFP were assessed with the
GFP signal, using non-infected cells as controls. Data were acquired with an Attune
NxT Acoustic Focusing Cytometer (Life technologies) and analyzed using FlowJo
software.

Entry assays. Cells were seeded at 1 x 10° cells per well in 24-well plates in DMEM
with 1% FBS. The next day, cells were infected with VSV* (MOI 0.001) or
VSV*AG-S (MOI 7) in DMEM without FBS. The virus suspension was removed
after 2h and replaced with DMEM with 1% FBS. 16 h p.i, cells were washed once
with PBS, trypsinized and subsequently fixed in 4% PFA. Fixed cells were washed
once with PBS and analyzed by flow cytometry. The percentage of infected cells
was identified based on GFP expression.

Overexpression assay. In total, 2 x 10° 293T-ACE2 cells were seeded in a 24-well
plate 18 h before the experiment. Cells were transfected with 500 ng of plasmids
expressing HA-DAXX WT, HA-DAXX 15KR and HA-DAXXASIM plasmids,
using Fugene 6 (Promega # E2691), following the manufacturer’s instructions. HA-
NBRI1 was used as negative control. After 24 h cells were infected at the indicated
MOI in DMEM 2% FBS. When indicated, cells were treated with 10 mM of
remdesivir (MedChemExpress #HY-104077) at the time of infection. For flow
cytometry analysis, cells were fixed with 4% formaldehyde and permeabilized in a
PBS 1% BSA 0.025% saponin solution for 30 min prior to staining with corre-
sponding antibodies for 1 h at 4°C diluted in the permeabilization solution.
Samples were acquired on a BD LSR Fortessa and analyzed using FlowJo. Total
RNA was extracted using a RNeasy Mini kit and submitted to DNase treatment
(Qiagen). RNA concentration and purity were evaluated by spectrophotometry
(NanoDrop 2000c, ThermoFisher). In addition, 500 ng of RNA were reverse
transcribed with both oligo dT and random primers, using a PrimeScript RT

DMMUNICATIONS | (2022013:2442 | https:/ /doi.org/10.1038/541467-022-30134-9 | www.nature.com/ naturecommunications

225



ARTICLE

Reagent Kit (Takara Bio) in a 10 mL reaction. Real-time PCR reactions were
performed in duplicate using Takyon ROX SYBR MasterMix blue dTTP (Euro-
gentec) on an Applied Biosystems QuantStudio 5 (ThermoFisher). Transcript
levels were quantified using the following program: 3 min at 95 °C followed by 35
cycles of 155 at 95°C, 20 at 60 °C, and 20s at 72 °C. Values for each transcript
were normalized to expression levels of RPL13A. The primers used are indicated in
Supplementary Table 4.

Microscopy immunolabeling and imaging. 293T-ACE2 cells were cultured and
infected with SARS-CoV-2 as described above. When indicated, cells were treated
with 50 uM of GRL0617 (MedChemExpress #HY-117043) at the time of infection.
Cultures were rinsed with PBS and fixed with 4% paraformaldehyde (electronic
microscopy grade; Alfa Aesar) in PBS for 10 min at room temperature, treated with
50 mM NH4Cl for 10 min, permeabilized with 0.5% Triton X-100 for 15 min, and
blocked with 0.3% BSA for 10 min. Cells were incubated with primary and sec-
ondary antibodies for 1 h and 30 min, respectively, in a moist chamber. Nuclei were
labeled with Hoechst dye (Molecular Probes). Images were acquired using a
LSM700 (Zeiss) confocal microscope equipped with a 63X objective or by Airyscan
LSM800 (Zeiss). Image analysis and quantification was performed using Image]
(Fiji) v2.1.

Western blot. 293T-ACE2 cells were transfected with the indicated plasmids or
treated with the indicated concentrations of GRL0617; with 10 pM of Masitinib
(MedChemExpress #HY-10209); or with 10 M of MG132 (SIGMA #M7449), an
inhibitor of the proteasome and infected with SARS-CoV-2. Cell lysates were
prepared using RIPA lysis and extraction buffer (ThermoFisher #89901). Protein
concentration was determined using Bradford quantification. Proteins were
denatured using 4X Bolt LDS Sample Buffer (Invitrogen) and 10X Bolt Sample
Reducing Agent (Invitrogen). 40 pg of proteins were denatured and loaded on 12%
ProSieve gel and then subjected to electrophoresis. Gels were then transferred (1 h,
90'V) to Western blotting membranes, nitrocellulose (GE Healthcare
#GE10600002) using Mini Trans-Blot Electrophoretic Transfer Cell (Biorad
#1703930EDU). Membranes were blocked with 5% BSA in PBS (blocking buffer)
and incubated with primary antibodies diluted in blocking buffer. Membranes were
washed and incubated with secondary antibodies diluted in blocking buffer. Che-
miluminescent acquisitions were performed on a Chemidoc™ MP Imager and
analyzed using Image Lab v6 software (Bio-Rad Laboratories).

Flow cytometry. For flow cytometry analysis, all cells were fixed with 4% for-
maldehyde. For intracellular staining, cells were permeabilized in a PBS 1% BSA
0.025% saponin solution for 30 min prior to staining with corresponding primary
antibodies for 1 h at 4 °C and then secondary antibodies for 45 min at 4 °C, diluted
in the permeabilization solution. Acquisition was done with BD Fortessa and
Attune NxT cytometers. Data was analyzed with the FlowJo software (Treestar Inc.,
Oregon, USA v10.8.1).

Single-cell RNAseq analysis. Single cell RN Aseq analysis were performed in the
BioTuring Browser software v2.8.42 developed by BioTuring, using a dataset made
available by Liao et al.** (GSE145926). All processing steps were done by BioTuring
Browser.” Cells with less than 200 genes and mitochondrial genes higher than 10%
were excluded from the analysis.

Statistical analysis. Graphpad Prism v9.1.0 was used for statistical analyses.
Linear models were computed using Rstudio v1.2.1335.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

CRISPR/Cas9 screen NGS raw (fastq) and preprocessed data (read counts) is available in
NCBI GEO (GSE173418); sgRNA and gene enrichment analyses are available in
Supplementary Data 1 and 2, respectively and full MAGeCK output at https://github.
com/Simon-LoriereLab/crispr_isg_sarscov2. The single cell data from Liao et al. 2020
Nature is available in NCBI GEO (GSE145926). Source data are provided with this paper.

Code availability
All code used in this study is available at https://github.com/Simon-LoriereLab/crispr

isg_sarscov2.
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Anewly described coronavirusnamed severe acuterespiratory syndrome
coronavirus 2 (SARS-CoV-2), which is the causative agent of coronavirus disease 2019
(COVID-19), has infected over 2.3 million people, led to the death of more than
160,000 individuals and caused worldwide socialand economicdisruption'? There
are no antiviral drugs with proven clinical efficacy for the treatment of COVID-19, nor
are there any vaccines that prevent infection with SARS-CoV-2, and efforts to develop
drugs and vaccines are hampered by the limited knowledge of the molecular details of
how SARS-CoV-2infects cells. Here we cloned, tagged and expressed 26 of the 29
SARS-CoV-2 proteins in human cells and identified the human proteins that physically
associated with each of the SARS-CoV-2 proteins using affinity-purificationmass
spectrometry, identifying 332 high-confidence protein—proteininteractions between
SARS-CoV-2 and human proteins. Among these, we identify 66 druggable human
proteins or host factors targeted by 69 compounds (of which, 29 drugs are approved
by the US Food and Drug Administration, 12 arein clinical trials and 28 are preclinical
compounds). Wescreened a subset of thesein multiple viral assays and found two sets

of pharmacological agents that displayed antiviral activity: inhibitors of mRNA
translation and predicted regulators of the sigma-1and sigma-2 receptors. Further
studies of these host-factor-targeting agents, including their combination with drugs
that directly target viralenzymes, could lead toa therapeutic regimen to treat

COVID-19.

SARS-CoV-2isanenveloped, positive-sense, single-stranded RNA beta-
coronavirus ofthe family Coronaviridae**. Coronaviruses thatinfect
humans historically included several common cold viruses, including
hCoV-0C43, HKU and 229E°. However, over the past two decades,
highly pathogenic human coronaviruses have emerged, including
SARS-CoVin 2002, which is associated with 8,000 cases worldwide
and adeathrate ofaround 10%, and Middle East respiratory syndrome
coronavirus (MERS-CoV)in 2012, which caused 2,500 confirmed cases
and had a death rate of 36%. Infection with these highly pathogenic
coronaviruses canresultinacute respiratorydistress syndrome, which
may lead to along-termreduction in lung function, arrhythmia or
death. In comparison to MERS-CoV or SARS-CoV, SARS-CoV-2 has a
lower case-fatality rate but spreads more efficiently®, making it difficult
to contain. To devise therapeutic strategies tocounteract SARS-CoV-2
infectionand the associated COVID-19 pathology, itis crucial tounder-
stand how this coronavirus hijacks the host during infection, and to
apply this knowledge to develop new drugs and repurpose existing
ones.

Thus far, no clinically available antiviral drugs have been developed
for SARS-CoV, SARS-CoV-2 or MERS-CoV. Clinical trials are ongoing for
treatment of COVID-19 with the nucleoside-analogue RNA-dependent
RNA polymerase (RdRP) inhibitor remdesivir’,and recent data suggest
thata new nucleoside analogue may be effective against SARS-CoV-2
infection in laboratory animals®. Clinical trials using several vaccine
candidatesare also underway’, asare trials of repurposed compounds
that inhibit the human protease TMPRSS2". We believe that there is
great potential in systematically exploring the host dependencies of

the SARS-CoV-2 virusto identify other host proteins that are already
targeted by existing drugs. Therapies thattarget the host-virus inter-
face, where the emergence of mutational resistance is arguably less
likely, could potentially present durable, broad-spectrum treatment
modalities”. Unfortunately, limited knowledge of the molecular details
of SARS-CoV-2 precludes acomprehensive evaluation of small-molecule
candidates for host-directed therapies. We sought to addressthis gap by
systematically mapping theinteraction landscape between SARS-CoV-2
proteins and human proteins.

Cloning and expression of SARS-CoV-2 proteins

Sequence analysis of SARS-CoV-2 isolates suggests that the 30-kb
genome encodes as many as 14 open-reading frames (ORFs). ORFlaand
ORFlabencodepolyproteins, whichareauto-proteolytically processed
into 16 non-structural proteins (NSP1-NSP16) that form the replicase—
transcriptase complex (Fig.1a). The replicase-transcriptase complex
consists of multiple enzymes, including the papain-like protease
(NSP3), the main protease (NSP5), the NSP7-NSP8 primase complex,
the primary RNA-dependent RNA polymerase (NSP12), a helicase-
triphosphatase (NSP13), an exoribonuclease (NSP14), anendonuclease
(NSP15) and N7- and 2’0O-methyltransferases (NSP10 and NSP16)#5,
At the 3’ end of the viral genome, as many as 13 ORFs are expressed
from 9 predicted sub-genomic RNAs. These include four structural
proteins: spike (S), envelope (E), membrane (M) and nucleocapsid
{N)®, and nine putative accessory factors*? (Fig. 1a). The SARS-CoV-2
genome is very similar to SARS-CoV. Although both viruses have an

Nature | Vol 583 | 16 July 2020 | 459

230



Article

a SARS-CoV-2 genome (bp) b 27 baits (26 proteins, 1 mutant), 2xStrep-tagged
5,000 10,000 15,000 20,000 25,000 Expression in HEK-293T cells in biological triplicate
: _— S =
Structural proteins &
ORFla [ ORF1b ]
i S EM N Affinity purification

|
11
]

L] 1 )

Accessory factors

6 8 9 )
3a |7al9bl 10 MS analysis

.=/;2x3tmp ..
d
* .

4

Sequence similarity
e B2 —— —

Dﬂﬂﬂ

PPI scoring

a 100

Fig.1| AP-MS workflow for theidentification of SARS-CoV-2-host protein-
proteininteractions. a, SARS-CoV-2 genome annotation. The colour intensity
is proportional to the proteinsequence similarity with SARS-CoV homologues

ORFlabthat encodes the 16 predicted NSPs as well as the four typical
structural proteins of coronaviruses, they differ in their complement of
3’ ORFs: SARS-CoV-2 possesses an ORF3b and ORF10, which have limited
detectablehomology to SARS-CoV proteins'* (Extended Data Fig. 1a).

Mature NSPs, with the exception of NSP3 and NSP16, and all pre-
dicted proteins expressed from other SARS-CoV-2 ORFs (27 proteins
andone mutant) were codon-optimized and cloned into amammalian
expression vector that contained a 2xStrep-tag Il affinity tag that can
be used for affinity-purification-mass spectrometry (AP-MS)-based
proteomics when expressed in HEK-293T/17 cells. High-confidence
interacting proteins were identified using SAINTexpress and MiST
scoring algorithms*15.

To verify the expression of viral proteins, we performed western
blot using an anti-Strep antibody on the input cell lysate, and with
the exception of NSP4, NSP6, NSP11, and ORF3b, we observed bands
consistent with the predicted protein sizes (24 out of 28 constructs)
(Extended Data Fig. 1b). Despite the lack of detection by westernblot,
we detected expression of viral peptides NSP4, NSP6 and ORF3bin
the proteomic analysis. The fourth construct not confirmed by west-
ern blot, the small peptide NSP11, had a predicted molecular mass of
4.8 kDa (including tag) butan apparent mass of approximately 30 kDa
(Extended Data Fig. 1b).

Alignment of 2,784 SARS-CoV-2 sequences revealed a premature
stop codon at position14 of ORF3bin 17.6% of isolates (Extended Data
Fig.1c),and two mutations were also observed that resulted in prema-
ture stop codons in ORF9c (Extended Data Fig. 1d). These data suggest
that ORF3b and ORF9c might not be bona fide SARS-CoV-2 reading
frames, or are dispensable for replication. Pending a comprehensive
evaluation of viral protein expression, we nevertheless proceeded with
the analysis for all possible viral proteins. Qut of the 27 bait proteins
(Fig. 1b), the affinity purification of ORF7b showed an unusually high
number of background proteins and was therefore excluded from
protein interaction analysis. We have thus far sent these plasmids to
almost 300 laboratoriesin 35 countries.

Analysis of SARS-CoV-2-host proteininteractions

Our AP-MS analysis identified 332 high-confidence protein interac-
tions between SARS-CoV-2 proteins and human proteins, observing
correlations between replicate experiments of each viral bait (Pearson’s
R =0.46-0.72) (Extended Data Fig. 2 and Supplementary Tables 1, 2).
We studied the interacting human proteins with regards to their bio-
logical functions, anatomical expression patterns, expressionchanges
during SARS-CoV-2 infection'®and in relation to other maps of host-
pathogeninteracting proteins" (Fig. 2a). We analysed each viral pro-
tein for Gene Ontology enrichment (Fig. 2band Extended DataFig. 3)
and identified the major cell processes of the interacting proteins,
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including lipoprotein metabolism (S), nuclear transport (NSP7) and
ribonucleoprotein complex biogenesis (NSP8). To discover potential
binding interfaces, we enriched for domain families within the inter-
acting proteins of each viral bait (Extended Data Fig. 4). For instance,
DNA polymerase domains are enriched among proteins thatinteract
withNSP1,and bromodomains and extra-terminal domain (BET) family
domains areenriched among proteins thatinteract with E(Supplemen-
tary Discussion and Supplementary Methods).

Althoughthe cellline used forthese AP-MS experiments, HEK-293T/17,
can be infected with the SARS-CoV-2 virus®, it does not represent the
primary physiological site of infection—lung tissue. From 29 human
tissues”, we identified the lung as the tissue with the highest expres-
sion of the prey proteins relative to the average proteome (Fig. 2c).
Consistent with this, the interacting proteins were enriched in the
lungrelative to other tissues (Extended Data Fig. 5a), and compared
to overall RefSeq gene expressionin the lung (median transcripts per
million (TPM) =3.198), proteins that interacted with SARS-CoV-2 pro-
teins were expressed at ahigher level (median TPM=25.52, P=0.0007;
Student’s t-test) (Extended Data Fig. 5b), supporting the hypothesis
that SARS-CoV-2 preferentially hijacks proteins thatare expressed in
lung tissue.

We also studied the evolutionary properties of the host proteins
bound by SARS-CoV-2(Supplementary Table 3, Supplementary Meth-
odsand Supplementary Discussion). Inaddition, we analysed changes
in protein abundance during SARS-CoV-2 infection. We calculated,
when possible, the correlation between changes in the abundance of
viral proteins and their human interaction partners across four time
points. Interacting pairs typically had stronger correlated changes than
other pairs of viral-human proteins (Fig. 2d) (Kolmogorov-Smirnov
test P=4.8 x107), indicating that the AP-MS-derived interactionsare
relevant for thetarget tissue and the infection context. We compared
our SARS-CoV-2 interaction map with those of ten other pathogens
(Fig. 2e) and found that West Nile virus®® and Mycobacterium tuber-
culosis™ had the most similar host-protein interaction partners. The
association with M. tuberculosisis of particular interestasit alsoinfects
lung tissue.

The interactome reveals SARS-CoV-2 biology

Our study highlights interactions between SARS-CoV-2 proteins and
human proteins that are involvedin several complexes and biological
processes (Fig. 3). Theseincluded DNAreplication (NSP1), epigenetic
and gene-expression regulators (NSP5, NSP8, NSP13 and E), vesicle
trafficking (NSP2, NSP6, NSP7, NSP10, NSP13, NSP15, ORF3a, E, M and
ORF8), lipid modification (S), RNA processing and regulation (NSP8
and N), ubiquitin ligases (ORF10), signalling (NSP7, NSP8, NSP13, N
and ORF9b), nuclear transport machinery (NSP9, NSP15 and ORF6),
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Fig.2| Global analysis of SARS-CoV-2 proteininteractions. a, Overview of
globalanalyses performed. b, Gene Ontology (GO) enrichmentanalysis was
performed onthe human interacting proteins of each viral protein. Pvalues
were calculated by hypergeometric testand a false-discovery rate was used to
account for multiple hypothesis testing (Methods). The top GO termof each
viral protein was selected for visualization. ¢, Degree of differential protein
expressionfor the humaninteracting proteins(n=332) across humantissues.
We obtained proteinabundance values for the proteome in 29 human tissues
and calculated the medianlevel of abundance for the humaninteracting
proteins(topl6tissuesshown). This was then compared with theabundance
values for the full proteomeineachtissue and summarized as a Z-score from
whicha Pvaluewas calculated. A false-discovery rate was used to account for
multiple hypothesis testing. d, The distribution of the correlation of protein
level changes during SARS-CoV-2 infection for pairs of viral-human proteins

cytoskeleton (NSP1and NSP13), mitochondria (NSP4, NSP8 and ORF9¢)
and the extracellular matrix (NSP9).

Approximately 40% of SARS-CoV-2-interacting proteins were associ-
ated with endomembrane compartments or vesicle trafficking path-
ways. Hostinteractions with NSP8 (signal recognition particle (SRP)),
ORF8 (protein quality control in the endoplasmic reticulum), M (mor-
phology of the endoplasmic reticulum) and NSP13 (organization of the
centrosome and Golgi) may facilitate the marked reconfiguration of
endoplasmicreticulumand Golgi trafficking during coronavirusinfec-
tion, and interactionsin peripheral compartments with NSP2 (WASH),
NSP6 and M (vacuolar ATPase), NSP7 (Rab proteins), NSP10 (AP2),
E (AP3) and ORF3a (HOPS) may also modify endomembrane compart-
ments to favour coronavirus replication. NSP6 and ORF9c interact
with Sigma receptors that have been implicated in lipid remodelling
andthestressresponse of the endoplasmic reticulum; these proteins
interact with many human drugs (see ‘Antiviral activity of host-directed
compounds’).

Trafficking into the endoplasmic reticulum and mitochondria may
also be affected by the main protease of SARS-CoV-2, NSP5. We identi-
fied one high-confidence interaction between wild-type NSP5and the
epigenetic regulator histone deacetylase 2 (HDAC2), and predicted a
cleavage site between the HDAC domain and the nuclear localization
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Interactome similarity to
SARS-CoV-2 (-log,(P))

(median, white circles; interquartile range, black bars)is higher than
non-interacting pairs of viral-human proteins (P=4.8x10"*; Kolmogorov—-
Smirnov test). The violin plots show eachviral-human proteincorrelation for
preys(n=210, minimum=-0.986, maximum=0.999, quartile (Q)1=-0.468,
Q2=0.396,Q3=0.850)and non-preys (n=54765, minimum=-0.999,
maximum=0.999,Q1=-0.599, Q2=0.006,Q3=0.700). ¢, Significance of the
overlap efhumaninteracting proteinsbetween SARS-CoV-2and other
pathogensusing a hypergeometric test (unadjusted for multiple testing). The
backgroundgene setfor the test consisted of allunique proteins detectedby
mass spectrometry acrossall pathogens (n=10,181 proteins). HCV, hepatitis C
virus; HIV, humanimmunodeficiency virus; HPV, human papillomavirus; KSHY,
Kaposi's sarcoma-associatedherpesvirus; Mtb, M. tuberculosis; WNV, WestNile
virus.

sequence of HDAC2 (Extended Data Fig. 6a-d), suggesting that NSP5
may inhibit the transport of HDAC2 into the nucleus and could poten-
tially affect the ability of HDAC2 to mediate the inflammation and
interferon response™?, We also identified an interaction between
catalytically dead NSP5(C145A) and tRNA methyltransferase1 (TRMT1),
which is responsible for the dimethylguanosine base modification
(m2,2G) in both nuclear and mitochondrial tRNAs?. We predict that
TRMTlis also cleaved by NSP5 (Extended Data Fig. 6a—d), leading to
the removal of its zinc finger and nuclear localization signal and prob-
ably resulting in an exclusively mitochondrial localization of TRMTL

SARS-CoV-2 interacts with innate immune pathways
Several innateimmune signalling proteins are targeted by SARS-CoV-2
viral proteins. The interferon pathway is targeted by NSP13 (TBK1 and
TBKBP1), NSP15 (RNF41(also known as NRDP1)) and ORF9b (TOMM70);
and the NF-kB pathway istargeted by NSP13(TLEL, TLE3and TLES5) and
ORF9c(NLRX1, F2RL1and NDFIP2). Furthermore, two other E3 ubiquitin
ligases that regulate antiviral innate immune signalling, TRIM59 and
MIBL, are bound by ORF3a and NSP9, respectively™?.

We also identified interactions between SARS-CoV-2 ORF6 and
the NUP98-RAE1 complex (Fig. 4a), an interferon-inducible mRNA
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Fig.3|SARS-CoV-2 protein-proteini ion network. 332 high-confidence
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proteins (circles; drug targets: orange; protein complexes: yellow; proteins in
the same biological process: blue). Edge colour proportional to MiST score;
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basic, blue;acidic, red; and hydrophobic, black. d, Putative NUP98-RAEL
interactionmotifs. Negatively charged residues (red) surround aconserved
methionine (yellow) inseveral virus species. e, N targets stress granule
proteins. £, Inhibition of casein kinase Il (by silmitasertibor TMCB) disrupts
stress granules. g, Inhibition of translationinitiation. The MNK inhibitor
tomivosertib prevents phosphorylation ofelF4E. 4ER1Cat blocksthe

nuclear export complex?” that is hijacked or degraded by multiple
viruses including vesicular stomatitis virus (VSV), influenza A, Kaposi's
sarcoma-associated herpesvirus and poliovirus, and is a restriction
factor forinfluenza A infection® 3", The X-ray structure of the VSV M
protein complexed with NUP98-RAE1* reveals key binding interac-
tions, including a buried methionine residue on the M protein that
packs into a hydrophobic pocket in RAE], and neighbouring acidic
residues thatinteract withabasic patch onthe NUP98-RAEIL complex®.
Thesefeatures arealso present in a conserved motif in the C-terminal
region of SARS-CoV-2 ORF6 (Fig. 4b-d and Extended Data Fig. 7a, b),
providing astructural hypothesis for the observed interaction. ORF6
of SARS-CoV antagonizes host interferon signalling by perturbing
nuclear transport®, and the NUP98-RAEl interaction with ORF6 may
performthesame function for SARS-CoV-2.

SARS-CoV-2interacts with host translation machinery

Nucleocapsid (N) of SARS-CoV-2 binds to the stress granule proteins
G3BP1and G3BP2, and to other host mRNA-binding proteins includ-
ing the mTOR-regulated translational repressor LARP1, two subunits
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SARS-CoV-2 ORF10

1 MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFNLT 38

interaction of elF4Ewith elF4G. Inhibition of eIF4A (zotatifin) may prevent the
unwinding of the viral 5’ untranslated regionto prevent its translation.

h, Targeting the translation elongationfactor-1A ternary complex (ternatin-4)
ortheSecél translocon (PS3061) may preventviral protein production and
membrane insertion, respectively. i, ORF10interacts with the CUL27"*"®
complex.j,Predicted secondary structure of ORF10. k, ORF10 possibly hijacks
CUL27“"8 for the ubiquitination (Ub) of host proteins, which can beinhibited
by pevonedistat. |, The protein Einteracts with bromodomain proteins.
J,Alignment of E proteins from SARS-CoV-2, SARS-CoVand bat-CoVwith
histone H3and NS1protein of influenza AH3N2. Identical and similaramino
acids are highlighted. m, Bromodomaininhibitors (iBETs) may disrupt the
interaction betweenE and BRDs. a, f-h, k, n, FDA-approved drugs areshownin
green, clinical candidatesare shownin orange and preclinical candidatesare
showninpurple.

of casein kinase 2 (CK2), and mRNA decay factors UPF1and MOV10
(Fig. 4e). Manipulation of the stress granule and related RNA biology
is common among Coronaviridae**** and stress granule formationis
thought to be a primarily antiviral response. The promotion of G3BP
aggregation by elF4A inhibitors?®> may partially explain theirantiviral
activity (see ‘Antiviral activity of host-directed compounds’).
Allcoronavirus mRNAs rely on cap-dependent translation to produce
their proteins, aprocess enhanced in transby the SARS-CoV N protein®.
Key elF4F-capbinding complex constituents—the cap binding protein
elF4E, scaffold protein elF4G and the DEAD-box helicase elF4A—are
candidates for therapeutic targeting of coronaviruses**". Therapeutic
targeting (Fig. 4f, g) of viral translation by interfering with the eIF4F
complex formation or the interactions between viral proteins N, NSP2
or NSP8and thetranslational machinery mayhave therapeutic benefits
(see ‘Antiviral activity of host-directed compounds’).
Cotranslationalentryintothesecretory pathwayisapotential target
for SARS-CoV-2inhibition. Up to ten SARS-CoV-2 proteinsare predicted
to undergo insertion into the membrane of the endoplasmic reticu-
lum mediated by the Secé61 translocon, which localizes to SARS-CoV
replication complexes*. Furthermore, high-confidence interactions
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between NSP8 and three SRP components suggest that the virus hijacks
the Sec6l-mediated protein translocation pathway for entry into the
endoplasmic reticulum. Secélinhibitors of protein biogenesis such
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Biological process D Complex or process

Drug in ¢linical trial

Ternatin 4

targeted by drug candidates  ppog Preclinical compound

host proteins (white background) or previously known host factors (grey
background) are shown.

as PS3061 (Fig. 4h), which has previously been shown to inhibit other
enveloped RNA viruses**?, may also block SARS-CoV-2 replication
and assembly.
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Fig. 6| Theantiviral activity of the translationinhibitors and Sigma
receptor ligands. a, Schematic of viral infectivity assays. b, The mRNA
translation inhibitors(zotatifinand ternatin-4) reduce viral infectivityina
concentration-dependent manner. Red, viralinfectivity (anti-NP or plaque
assays); blue, RT-qPCR; black, cell viability. Theinitial decreasein cell viability
probably reflects cytostatic and not cytotoxic effects. Dataaremean+s.d.;
n=6biologically independentsamples for cell viability dataand DMSO
controls from Paris; allother data, n=3.PFU, plaque-forming unit. ¢, Sigma
receptor drugs and preclinical molecules inhibit viral infectivity (coloured asin
b). Dataare mean=s.d.; n=3biologicallyindependentsamples.d, TCID,,
assays using zotatifin, PB28 and hydroxychloroquine. e, Drugs added before or
after high-titre virus (MOl =2) addition had similar antiviral effects. Dataare
mean +5s.d.; n=3biologicallyindependent samples. f, Sigma-1and sigma-2
receptors are the commontargets of the sigmaligands at the 1-uM activity

SARS-CoV-2interacts with a Cullin ubiquitin ligase

Viruses commonly hijack ubiquitination pathways for replicationand
pathogenesis*. The ORF10 of SARS-CoV-2 interacts with members
of acullin-2 (CUL2) RING E3 ligase complex (Fig. 4i), specifically the
CUL22Y1Bcomplex. ZYG11Bis the highestscoring protein inthe ORF10
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threshold®. g, Dextromethorphanincreasesviral titres. Red, viral titre (plaque
assay); black, cell viability. Dataare mean+s.d.; n=3biologicallyindependent
samples. h, On-target K values for the sigma-1and sigma-2 receptor compared
with the K valuesfor the hERGion channel. PB28 and PD-144 418 show 500- to
5,000-fold selectivity, whereas chloroquine and hydroxychloroquine have
about30-fold selectivity for thesetargets. pKivalues for hERG compared with
sigma-1 receptor compared with sigma-2receptor are: chloroquine (5.5+0.1;
7.1+0.1;6.3+0.1); hydroxychloroquine (5.6 +0.2; 6.9+0.2;6.0 +0.1); PB28
(6.0+0.1;8.7+0.1;8.6 £ 0.1); PD-144418 (5.0 £ 0.2; 8.7+ 0.1; 6.1+ 0.1); clemastine
(6.8+0.2;8.0+0.1;7.6+0.1). Dataaremean +s.d.; PB28, clemastine, PD-144 418,
n=9%9biologicallyindependentsamplesfor sigma-1andsigma-2 receptorsand
hERG; chloroquine, hydroxychloroquine, n=6 for sigma-1and sigma-2
receptorsand n=4for hERG.

interactome, suggesting that there is a direct interaction between
ORF10 and ZYGI11B. Despite its small size (38 amino acids), ORF10
appears to contain an a-helicalregion (Fig. 4j) that may be adopted in
complex with CUL2?"""® The ubiquitintransfer to asubstrate requires
neddylation of CUL2 by NEDD8-activating enzyme (NAE), whichisa
druggable target* (Fig. 4k). ORF10 may bind to the CUL27""8 complex
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and hijackit forubiquitination and degradation of restriction factors,
or alternatively, ZYG11B may bind to the N-terminal glycine in ORF10
totarget it for degradation®.

SARS-CoV-2interacts with bromodomain proteins
We found that thetransmembrane E protein, which is probably resident
onthe endoplasmic reticulum-Golgiintermediate compartment and
Golgi membranes, binds to BRD2 and BRD4 (Fig. 41), members of the
bromodomain and extra-terminal (BET) domain family of epigenetic
readers that bind to acetylated histones to regulate gene transcrip-
tion*. The C-terminal region of E mimics the N-terminal segment of
histone H3, whichis a known interacting partner of bromodomains®.
Notably, this region of E is highly conserved in SARS and bat corona-
viruses, which suggests that it has a conserved function (Fig. 4m). A
similarshort peptide motif has also beenidentified in the NS1 protein
oftheinfluenza A H3N2 strain, inwhich itinterferes with transcriptional
processes that support an antiviral response”*%, Bromodomaininhibi-
tors mightdisrupt the interaction betweenprotein E and BRDs (Fig.4n).
For a more comprehensive overview of virus—host interactions,
see Supplementary Discussion and Supplementary Methods.

Identification of drugs that target host factors
Todisrupt the SARS-CoV-2 interactome, we sought ligands of human
proteins that interact with viral proteins (Methods). Molecules were
prioritized by the MiST score of the interaction between thehumanand
viral proteins; by theirstatus asapproved drugs, investigational drugs
{drugsinclinicaltrials) or as preclinical candidates; by their selectivity;
andby theiravailability (Supplementary Tables 4, 5). Chemoinformat-
ics searches from the IUPHAR/BPS Guide to Pharmacology (2020-3-
12) and the ChEMBL25 database on the human interactors yielded 16
approved drugs, 3 investigational drugsand 18 pre-clinical candidates
(Supplementary Table 4); and target- and pathway-specificliterature
searchrevealed13approved drugs, 9 investigational drugsand 10 pre-
clinicalcandidates (Supplementary Table 5). Of the 332 human targets
that interact with the viral bait proteins with a high-confidence score
(Fig.3), 62 have 69 drugs, investigational drugs or preclinical molecules
that modulate them and can be overlaid on our protein-interaction
network (Fig. 5).

Antiviral activity of host-directed compounds

Wenextinvestigatedtheantiviral activityofthese drugsandcompounds,
using two viral assays (Fig. 6a). First, at Mount Sinai Hospital in New
York, wedeveloped a medium-throughput immunofluorescence-based
assay (whichdetectsthe viral NP protein) to screen 37 compounds for
inhibition of SARS-CoV-2 infection in the Vero E6 cell line. Second, at
the Institut Pasteur in Paris, viral RNA was monitored using quantita-
tive PCRwith reverse transcription (RT-gPCR) aftertreatment with44
drugsand compounds. Together, both locations tested 47 of the 69
compoundsthatweidentified, plus13 toexpand testing of the sigma-1
and sigma-2receptorsand mRNA translation targets, and 15 additional
molecules that had been prioritized by other methods (Methods and
Supplementary Table 6). Viral growth and cytotoxicity were moni-
tored atbothinstitutions (Extended Data Figs. 8,9 and Supplementary
Table 6). Two classes of molecules emerged as effectively reducing
viralinfectivity: protein biogenesisinhibitors (zotatifin, ternatin-4 and
PS3061) (Fig. 6b and Extended Data Fig. 9) and ligands of the sigma-1
and sigma-2receptors (haloperidol, PB28, PD-144418 and hydroxychlo-
roquine, whichis undergoing clinical trials in patients with COVID-19
(ClinicalTrials.gov, trial number NCT04332991)). We also subsequently
foundthat the sigma-1- and sigma-2-receptor active drugs clemastine,
cloperastine and progesterone, and the clinical molecule siramesine,
were antiviral drugs (Fig. 6cand Extended Data Fig. 9). Median tissue
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cultureinfectious dose (TCID;,) assays on supernatants frominfected
cellstreated with PB28 (90% inhibitory concentration (IC,g) = 0.278 uM)
and zotatifin (IC,, = 0.037 uM) revealed a more potent inhibition than
was observed in the NP-staining assay (Fig. 6d). Notably, in this assay,
PB28 was around 20 times more potent than hydroxychloroquine
(1C5p=5.78 uM).

Tobetter understandthe mechanism by whichthese inhibitors exert
their antiviral effects, we performed a time course assay in which the
drugswereadded at different times before or afterinfection (Fig. 6e).
Cellswere infected during a single cycle of infection athigh multiplicity
ofinfection(MOI=2) overthe course of 8 h, and the drugs wereadded
either2 hbefore infection orat 0,2 or4 h afterinfection. PB28, zotati-
finand hydroxychloroquine all decreased the detection of the viral
NP protein even in this single cycle assay, indicating that the antiviral
effect occurs before viral egress from the cell (Fig. 6e). Furthermore,
allthree moleculesinhibited NP expression when added upto4 hafter
infection, after viral entry has occurred. Thus, these molecules seem
to exert their antiviral effect during viral replication.

Coronaviruses rely on cap-dependent mRNA translation through the
translation machinery of the host. elF4H, which interacts with NSP9,
is a partner of eIlF4A, and we observed a strong antiviral effect after
treatment with the elF4A inhibitor zotatifin (Fig. 6b), which is currently
inaphase-Iclinical trial for the treatment of cancer. We also observed
potent antiviral effects of the elongation factor-1A (eEF1A) inhibitor
ternatin-4* (Fig. 6b), which may suggest that the rate of translation
elongation is critical for obtaining optimal levels of viral proteins. Of
note, the eEF1Ainhibitoraplidin/plitidepsinis used clinically in patients
withmultiple myeloma®’. Multiple SARS-CoV-2 proteins are predicted
toundergo SRP-and Sec61-mediated co-translational insertion into the
endoplasmic reticulum, and SRP19, SRP54 and SRP72 were identified
asNSP8-interacting proteins (Fig. 3). Consistent with previous studies
of flaviviruses®, the Secél inhibitor PS3061 also blocked SARS-CoV-2
replication (Extended Data Fig.9). The two translation inhibitors had
cytostatic effects in uninfected Vero cells, which are immortalized
celllines with indefinite proliferative capacity that have mutations in
key cell cycle inhibitors. These cells are more sensitive toanti-cancer
compounds, which affect the cell cycle state of immortalized cells
more strongly than non-immortalized cells. A critical question going
forward is whether these or related inhibitors of viral protein biogenesis
will show therapeutic benefitsin patients with COVID-19. Plitidepsinis
currently under consideration by the Spanish Medicines Agency fora
phase-Iltrial in hospitalized patients with COVID-19.

Moleculesthat target the sigma-1and sigma-2receptors perturbthe
virus through different mechanisms than the translation inhibitors,
which couldinclude the cell stress response®. These moleculesarealso
active against other aminergic receptors; however, the only targets
shared among all of the tested molecules are the sigma-1and sigma-2
receptors (Fig. 6f), into which these drugs can be readily modelled
(Extended Data Fig. 10a). For instance, the antipsychotic drug halop-
eridolinhibits the dopamine D2 and histamine H1 receptors, whereas
clemastine and cloperastine are antihistamines; eachofthese drugsis
alsoaSigma receptor ligand with antiviral activity (Fig. 6¢). Conversely,
the antipsychotic drug olanzapine, which also inhibits histamineHland
dopamineD2receptors, haslittle Sigma receptoractivityand does not
show antiviral activity (Extended Data Fig. 10b). Which of the Sigma
receptorsis responsible for the activity remains uncertain, as does the
role of pharmacologically related targets, suchas EBP and related sterol
isomerases, the ligand recognition of which resembles those of the
Sigmareceptors. Notably, the sigma-1-receptor benzomorphan agonist
dextromethorphan has proviral activity (Fig. 6g), further support-
ingtherole of these receptorsin viral infection. Overall, two features
should be emphasized. First, several of the molecules that target the
Sigmareceptors, such asclemastine, cloperastineand progesterone,
are approved drugs witha long history in human therapy. Many other
widely used drugs, which show activity against the Sigma receptors,
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remainto be tested; andindeed, several drugs such as astemizole, which
we show is a sigma-2 receptor ligand (with an ] of 95 nM) (Extended
DataFig. 11), verapamil and amiodarone, have been reported by oth-
ersto be active in viral replication assays, although this has not been
linked to their Sigma receptoractivity****, Second, the Sigmareceptor
ligands have a clear separation betweenantiviral and cytotoxic effects
(Fig. 6b, c), and ligands such as PB28 have substantial selectivity for
the Sigma receptors compared with side-effect targets, such as the
hERG ion channel. Indeed, the lack of selectivity of chloroquine and
hydroxychloroquine for hERG (Fig. 6h) and other off-targets (Extended
DataFig.12) may be related to the adverse cardiacdrug reactions™ that
have limited their use.

Discussion

In this study, we have identified 332 high-confidence SARS-CoV-2
protein—human protein interactions that are connected with multi-
plebiological processes, including protein trafficking, translation,
transcription and regulation of ubiquitination. We found 69 ligands,
including FDA-approved drugs, compounds in clinical trials and pre-
clinical compounds, that target these interactions. Antiviral testsin two
different laboratories reveal two broad sets of active drugs and com-
pounds; those that affect translation and those modulate the sigma-1
and sigma-2 receptors. Within these sets are at least five targets and
more than ten different chemotypes, providing a rich landscape for
optimization.

The chemo-proteomic analysis that emerges from this study not
only highlights clinically actionable drugs that target human proteins
in the interactome, but also provides a context for interpreting their
mechanism of action. The potent efficacy of the translation inhibitors
on viralinfectivity—in the 10 to 100 nM range—makes these molecules
attractive as candidate antiviral agents, and also highlights this path-
way as a point of intervention. Although the mechanism of action of
the drugs that target the sigma-1 and sigma-2 receptors remains less
defined, their activity as both anti- and proviral agents is mechanisti-
cally suggestive. The relatively strong efficacy of PB28, at an ICy, of
280 nMin the viral titre assay, and its high selectivity against off-target
proteins, suggests that molecules of this class may be optimized as
therapeuticagents. Althoughitis unclear whether approved drugssuch
as clemastine and cloperastine, which are used as antihistamines and
antitussive drugs, have pharmacokinetics thatare suitable for antiviral
therapy, and although they are not free of binding to targets that cause
side effects (Fig. 6f and Extended Data Fig. 12), these drugs have been
used for decades. We caution against their use outside of controlled
studies, because of their side-effect liabilities. By the same standard,
we find that the widely used antitussive drug dextromethorphan has
proviral activity and that therefore its use should merit caution and
further study in the context of the treatment of COVID-19. More posi-
tively, there are dozens of approved drugs that show activity against
the Sigma receptors, notall of which are generally recognized as Sigma
receptor ligands. Many of these drugs remain tobe tested as atreatment
for COVID-19; although some have begun toappearin other studies®>*,
Thisarea of pharmacology has great promise for the repurposing and
optimization of new agents in the fight against COVID-19.

Our approach of host-directed intervention as an antiviral strategy
overcomes problems associated with drug resistance and may also
provide panviral therapies as we prepare for the next pandemic. Fur-
thermore, the possibilities for cotherapies areexpanded—forexample,
withdrugs thatdirectly target the virus, including remdesivir—and, as
we demonstrate in this study, there are numerous opportunities for
the repurposing of FDA-approved drugs. More broadly, the pipeline
described here represents an approach for drug discovery not only
for panviralstrategies, butalso for theresearch of many diseases, and
illustrates the speed with which science can be moved forward usinga
multi-disciplinary and collaborative approach.
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Methods

Genome annotation

The GenBank sequence for SARS-CoV-2 isolate 2019-nCoV/
USA-WA1/2020, accession MN985325, was downloaded on 24 Janu-
ary 2020. In total, we annotated 29 possible ORFs and proteolytically
mature proteins encoded by SARS-CoV-2", Proteolytic products that
result from NSP3- and NSP5-mediated cleavage of the ORFla/ORFlab
polyprotein were predicted on the basis of the protease specificity
of SARS-CoV proteases®, and 16 predicted nonstructural proteins
(NSPs) were subsequently cloned (NSP1-NSP16). For the NSP5 pro-
tease (3Clike/3CLpro), we also designed the catalytically dead mutant
NSP5(C145A)°"*%. ORFs at the 3’ end of the viral genome annotated in
theoriginal GenBank file included 4 structural proteins: S, E,M, Nand
the additional ORFs ORF3a, ORFé6, ORF7a, ORF8 and ORF10. On the
basis of the analysis of ORFsinthe genome and comparisons with other
annotated SARS-CoV ORFs, we annotated a further four ORFs: ORF3b,
ORF7b, ORF9b and ORF9c.

Cloning

ORFs and proteolytically mature NSPs annotated in the SARS-
CoV-2 genome were human codon-optimized using the IDT codon-
optimization tool (https://www.idtdna.com/codonopt) and internal
EcoRland BamHI sites were eliminated. Start and stop codons were
added as necessaryto NSPs1-16, aKozak sequence wasadded before
each start codon, and a 2xStrep tag with linker was added to either
theN or C terminus. Toguide ourtagging strategy, we used GPS-Lipid
to predict protein lipid modification of the termini (http:/lipid.
biocuckoo.org/webserver.php)**¢°, TMHMM Server v.2.0 to predict
transmembrane/hydrophobic regions (http://www.cbs.dtu.dk/
services/TMHMM/)® and SignalPv.5.0 to predict signal peptides (http://
www.cbs.dtu.dk/services/SignalP/)?*. IDT gBlocks were ordered for
allreading frames with 15-bp overlaps that corresponded to flanking
sequences of the EcoRl and BamHI restriction sites in the lentiviral
constitutive expression vector pLVX-EFlalpha-IRES-Puro(Takara). Vec-
tors were digested and gel-purified, and gene fragments were cloned
using InFusion (Takara). The Sprotein wassynthesized and cloned into
pTwist-EFlalpha-IRES-Puro (Twist Biosciences). NSP16 showed multiple
mutationsthat could not be repaired before the time-sensitive prepa-
rationof thismanuscript, and NSP3 was too large to be synthesized in
time to be included in this study. Strep-tagged constructs encoding
NSP3, NSP3(C857A) (catalytically dead mutant) and NSP16 willbe used
in future AP-MS experiments.

Cell culture

HEK-293T/17 cells were culturedin Dulbecco’s modified Eagle’s medium
(DMEM; Corning) supplemented with 10% fetalbovine serum (FBS;
Gibco, Life Technologies) and 1% penicillin-streptomycin (Corning) and
maintained at 37 °Cin a humidified atmosphere of 5% CO,. HEK-293T/17
cellswere procured from the UCSF Cell Culture Facility, nowavailable
through UCSF’s Cell and Genome Engineering Core ((https://cgec.
ucsf.edu/cell-culture-and-banking-services); cellline collectionlisted
here: https://ucsf.app.box.com/s/6xkydeqhr8a2xesO0mbo2333i3k1l
ndqv (CCLZR076)). STR analysis by the Berkeley Cell Culture Facility
on 8 August 2017 authenticated HEK-293T/17 cells with 94% probabil-
ity. Cells were tested on 3 July 2019 using the MycoAlert Mycoplasma
Detection Kit (Lonza LT07-318) and were negative: B/A ratio <1(no
detected mycoplasma).

Transfection

For each affinity purification (26 wild-type baits and one catalytically
dead SARS-CoV-2 bait, one GFP control and one empty vector con-
trol), ten million HEK-293T/17 cells were plated per 15-cm dish and
transfected with up to 15 ug of individual Strep-tagged expression
constructs after 20-24 h. Total plasmid was normalized to 15 pg with
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empty vector and complexed with Polyjet Transfection Reagent (Sig-
naGen Laboratories) atal:3 pg:plratio of plasmid:transfectionreagent
based onthe manufacturer’srecommendations. Aftermore than38h,
cells were dissociated at room temperature using 10 ml Dulbecco’s
phosphate-buffered saline without calcium and magnesium (DPBS)
supplemented with 10 mM EDTA for at least 5 min and subsequently
washed with 10 ml DPBS. Each step was followed by centrifugationat
200g, 4 °C for 5min. Cell pellets were frozen ondry ice and stored at
-80 °C. For each bait, n =3 independent biological replicates were
prepared for affinity purification.

Affinity purification

Frozencell pellets were thawed onice for 15-20 min and resuspended
in1mllysis buffer (IP buffer (50 mM Tris-HCI, pH 7.4 at 4 °C, 150 mM
NaCl,1mM EDTA) supplemented with 0.5% Non-idet P40 substitute
(NP40; Fluka Analytical) and cOmplete mini EDTA-free protease and
PhosSTOP phosphatase inhibitor cocktails (Roche)). Samples werethen
frozen on dry ice for 10-20 min and partially thawed at 37 °C before
incubation on a tube rotator for 30 min at 4 °C and centrifugation at
13,000g, 4 °C for 15 min to pellet debris. After reserving 50 pl lysate,
up to48 samples were arrayed into a 96-well Deepwell plate for affin-
ity purification on the KingFisher Flex Purification System (Thermo
Scientific) as follows: MagStrep ‘type3 beads (30 ul; IBA Lifesciences)
were equilibrated twice with Imlwash buffer (IP buffer supplemented
with 0.05% NP40)and incubated with 0.95 mllysate for2 h. Beads were
washed three times with 1 ml wash buffer and then once with 1 ml IP
buffer. To directly digest bead-bound proteins as well as elute proteins
with biotin, beads were manually suspended in IP bufferand divided in
half before transferring to 50 pl denaturation-reduction buffer 2 M
urea, 50 mM Tris-HCI pH 8.0,1 mM DTT) and 50 pl 1x buffer BXT (IBA
Lifesciences) dispensedinto asingle 96-well KF microtitre plate. Puri-
fied proteins were first eluted at room temperature for 30 min with
constant shaking at 1,100 rpm on a ThermoMixer Cincubator. After
removing eluates, on-bead digestion proceeded (see ‘On-bead diges-
tion’). Strep-tagged protein expression in lysates and enrichment in
eluates were assessed by western blot and silver stain, respectively.
The KingFisher Flex Purification System was placed in the cold room
andallowed to equilibrate to 4 °C overnight before use. Allautomated
protocol steps were performed using the slow mix speed and the fol-
lowing mix times: 30 s for equilibrationand wash steps, 2h for binding
and 1 min for final bead release. Three 10-s bead collection times were
used between all steps.

On-bead digestion

Bead-bound proteins were denatured and reduced at 37 °C for 30 min
and after being brought to room temperature, alkylated in the dark
with 3 mM iodoacetamide for 45 min and quenched with3 mMDTT
for 10 min. Proteins were then incubated at 37 °C, initially for 4 h with
1.5 pltrypsin (0.5 pg/pl; Promega) and then another 1-2 h with 0.5 pl
additional trypsin. To offset evaporation, 15 ul 50 mM Tris-HCI, pH8.0
were added before trypsin digestion. All steps were performed with
constantshakingat1,100 rpm ona ThermoMixer Cincubator. Result-
ing peptides were combined with 50 u150 mM Tris-HCI, pH 8.0 used to
rinse beads and acidified withtrifluoroaceticacid (0.5% final, pH <2.0).
Acidified peptides were desalted for MS analysis using a BioPureSPE
Mini96-Well Plate (20 mg PROTO 300 C18; The Nest Group)according
to standard protocols.

MS dataacquisition and analysis

Samples were resuspended in 4% formic acid, 2% acetonitrile solu-
tion, and separated by areversed-phasegradient over aNanoflow C18
column (Dr Maisch). Eachsample was directlyinjected viaan Easy-nLC
1200 (Thermo Fisher Scientific) intoa Q-Exactive Plus massspectrom-
eter (Thermo Fisher Scientific) and analysed with a 75 min acquisi-
tion, with all MS1and MS2 spectra collected in the orbitrap; datawere
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acquired using the Thermo software Xcalibur (4.2.47) and Tune (2.11
QF1Build 3006).Forallacquisitions, QCloud was used to controlinstru-
ment longitudinal performance during the project®. All proteomic
data were searched against the human proteome (Uniprot-reviewed
sequences downloaded 28 February 2020), the eGFP sequence and
the SARS-CoV-2 protein sequences using the default settings for
MaxQuant (v.1.6.11.0)°*%. Detected peptides and proteins were fil-
tered to 1% false-discovery rate in MaxQuant, and identified proteins
were then subjected to protein-protein interaction scoring with both
SAINTexpress (v.3.6.3)" and MiST (https://github.com/kroganlab/
mist)'*“°. We applied a two-step filtering strategy to determine the
finallistof reported interactors, whichrelied on two different scoring
stringency cut-offs. In the first step, we chose all protein interactions
that had a MiST score = 0.7, a SAINTexpress Bayesian false-discovery
rate (BFDR) <0.05 and an average spectral count > 2. For all proteins
that fulfilled these criteria, we extracted information about the stable
protein complexes that they participated infrom the CORUM? database
of known protein complexes. In the second step, we then relaxed the
stringency and recovered additional interactors that (1) formed com-
plexes with interactors determined in filtering step 1 and (2) fulfilled
the following criteria: MiST score = 0.6, SAINTexpress BFDR < 0.05
and average spectral counts = 2. Proteins that fulfilled filtering cri-
teriaineither step 1 or step 2 were considered to be high-confidence
protein-protein interactions (HC-PPIs) and visualized with Cytoscape
{v.3.7.1)%. Using this filtering criteria, nearly all of our baits recovereda
number of HC-PPIsin close alignment with previous datasetsreporting
an average of around 6 PPIs per bait®. However, for a subset of baits
(ORF8,NSP8, NSP13 and ORF9c), we observed a much higher number
of PPIs that passed these filtering criteria. For these four baits, the MiST
scoringwas instead performed using a larger in-house database of 87
baits that were prepared and processed in an analogous mannertothis
SARS-CoV-2dataset. Thiswas doneto provide amore comprehensive
collection of baits for comparison, to minimize the classification of
non-specifically binding background proteins as HC-PPIs. All MS raw
data and search results files have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository withthe dataset
identifier PXD0181177%7, PPI networks have also been uploaded to
NDEXx.

GO overrepresentation analysis

The targets of each bait were tested for enrichment of GO biologi-
cal process terms. The overrepresentation analysis was based on
the hypergeometric distribution and performed using the enricher
function of clusterProfiler package in R with default parameters. The
GOtermswere obtained from the c5 category of Molecular Signature
Database (MSigDBvé6.1). Significant GO terms (1% false-discoveryrate)
wereidentified and furtherrefined to select non-redundant terms. To
select non-redundant gene sets, we first constructed a GO term tree
based on distances (1- Jaccard similarity coefficients of shared genes)
betweenthe significant terms. The GO term tree was cut at a specific
level (h=0.99) to identify clusters of non-redundant gene sets. For a
bait withmultiple significant terms belonging to the same cluster, we
selected the broadest term that is, largest gene set size.

Virus interactome similarity analysis

Interactome similarity was assessed by comparing the number of
shared human-interacting proteins between pathogen pairs, using a
hypergeometric test to calculate significance. The background gene
set for the test consisted of allunique proteins detected by MS across
all pathogens (n=10,181 genes).

ORF6 peptide modelling

The proposed interaction between ORF6 and the NUP98-RAE1 complex
wasmodelled in PyRosetta 4 (release v.2020.02-dev61090)* using the
crystal structure of VSV matrix (M) protein bound to NUP98-RAEIl as

atemplate®(PDB 40WR; downloaded from the PDB-REDO server™).
The M protein chain (C) was truncated after residue 54 to restrict the
model to the putative interaction motif in ORF6 (M protein residues
49-54, sequence DEMDTH). These residues were mutated tothe ORF6
sequence, QPMEID, using the mutate_residue functionin the module
pyrosetta.toolbox, without repacking at this initial step. Afterall six
residues were mutated, the full model was relaxed to alow-energy
conformation using the FastRelax protocol in the module pyrosetta.
rosetta.protocols.relax. FastRelax was runwith constraints to starting
coordinates and scored with the ref2015 score function. The result-
ing model was inspected for any large energetic penalties associated
withthe modelled peptide residues or those NUP98 and RAEL residues
interacting with the peptide, and was found to have none. The model
was visualized in PyMOL (The PyMOL Molecular Graphics System,
v.3.4, Schrodinger).

ORF10secondary structure prediction
The secondarystructure of ORF10 was predicted usingJPRED (https://
www.compbio.dundee.ac.uk/jpred/index.html)™.

ProteinEalignment

Protein E sequences from SARS-CoV-2 (YP_009724392.1), SARS-CoV
(NP_828854.1) and bat SARS-like CoV (AGZ48809.1) were aligned using
Clustal Omega”™, and then manually aligned to the sequences of histone
H3 (P68431) and influenza A H3N2 NS1 (YP_308845.1).

Chemoinformatic analysis of SARS-CoV-2-interacting partners
Toidentify drugs and reagents thatmodulate the 332 host factorsthat
interact with SARS-CoV-2and HEK-293T/17 cells (MiST = 0.70), we used
twoapproaches: (1) achemoinformatic analysis of open-source chemi-
cal databases and (2) a target- and pathway-specific literature search,
drawing on specialist knowledge within our group. Chemoinformati-
cally, we retrieved 2,472 molecules from the [UPHAR/BPS Guide to
Pharmacology (2020-3-12)% (Supplementary Table 7) thatinteracted
with 30 human ‘prey’ proteins (38 approved, 71 in clinical trials), and
found 10,883 molecules (95 approved, 369 in clinical trials) from the
ChEMBL25database’ (Supplementary Table 8). Forboth approaches,
molecules were prioritized on their FDA approval status, activity at the
target of interest better than 1 pM and commercial availability, draw-
ingontheZINC database”. FDA-approved molecules were prioritized
exceptwhen clinical candidates or preclinical researchmolecules had
substantially better selectivity or potency on-target. In some cases,
we considered molecules with indirect mechanisms of action on the
general pathway of interest based solely on literature evidence (for
example, captoprilmodulates ACE2 indirectlyviaits direct interaction
with angiotensin-converting enzyme, ACE). Finally, we predicted 6
additionalmolecules (2approved,1in clinical trials) for proteins with
MIST scores between 0.7and 0.6 to viral baits (Supplementary Tables 4,
5). Complete methods can be found at https://github.com/momeara/
BioChemPantry/tree/master/vignette/COVID19.

Molecular docking

Aftertheir chemoinformatic assignment to the sigma-1receptor, clo-
perastine and clemastine were docked into the agonist-bound state
structure of the receptor (6DK1)” using DOCK3.7”°. The best scoring
configurations thation pair with Glul72 areshown; both L-cloperastine
and clemastine receive solvation-corrected docking scores between
-42 and -43 kcal/mol, indicating high complementarity.

Viralgrowth and cytotoxicity assaysin the presence of
inhibitors

For studies carried out at Mount Sinai, SARS-CoV-2 (isolate
USA-WA1/2020 from BEIRESOURCES NR-52281) was propagated in
Vero E6 cells. Two thousand Vero E6 cells were seeded into 96-well
plates in DMEM (10% FBS) and incubated for 24 h at 37 °C, 5% CO,.
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Vero E6 cells used were purchased from ATCC and thus authenticated
(VERO C1008 (Vero 76, clone E6, Vero E6) (ATCC CRL-1586); tested
negative for mycoplasma contamination before commencement).
Then, 2 h before infection, the medium was replaced with 100 ul of
DMEM (2% FBS) containing the compound of interest at concentra-
tions 50% greater than those indicated, includingaDMSO control. The
Vero E6 cell line used in this study is a kidney cell line; therefore, we
cannot exclude that lung cells yield different results for some inhibi-
tors(seealso ‘Cellsand viruses’, ‘Antiviral activity assays’, ‘Cell viability
assays’ and ‘Plaque-forming assays’ for studies carried out at Institut
Pasteur). Plates were then transferred into the Biosafety Level 3 (BSL3)
facility and 100 PFU (MOI = 0.025) was added in 50 pl of DMEM (2%
FBS), bringing the final compound concentration to those indicated.
Plates were then incubated for 48 h at 37 °C. After infection, superna-
tants were removed and cells were fixed with 4% formaldehyde for
24 hbefore being removed from the BSL3 facility. The cells were then
immunostained for the viral NP protein (anti-sera produced in the
Garcia-Sastre laboratory; 1:10,000) witha DAPIcounterstain. Infected
cells (488 nM) and total cells (DAPI) were quantified using the Celigo
(Nexcelcom) imaging cytometer. Infectivity ismeasured by theaccumu-
lation of viral NP proteininthenucleus ofthe Vero E6 cells (fluorescence
accumulation). Percentage infection was quantified as ((infected cells/
total cells) - background) x 100 and the DMSO control was then set to
100%infection foranalysis. The IC5,and IC,, for eachexperiment were
determined using the Prism (GraphPad) software. For someinhibitors,
infected supernatants were assayed for infectious viral titres using
the TCIDs, method. For this, infectious supernatants were collected
at 48 h afterinfection and frozen at —-80 °C until later use. Infectious
titres were quantified by limiting dilution titration on Vero Eé cells. In
brief, Vero E6 cells were seeded in 96-well plates at 20,000 cells per
well. The nextday, SARS-CoV-2-containing supernatant was applied at
serialtenfold dilutions ranging from10™to 10 ®and, after 5 days, viral
cytopathogenic effect was detected by staining cell monolayers with
crystal violet. The TCID;,/ml values were calculated using the previously
described method®. Cytotoxicity was also performed using the MTT
assay (Roche), according tothe manufacturer’s instructions. Cytotox-
icity was performed in uninfected VeroE6 cells with same compound
dilutions and concurrent with viral replication assay. All assays were
performedin biologically independent triplicates.

Cellsand viruses

For studiesat the Institut Pasteur, African green monkey kidneyepithe-
lial Vero E6 cells (ATCC, CRL-1586, authenticated by ATCC and tested
negative formycoplasma contamination before commencement (Vero
76, clone E6, Vero E6) (ATCC CRL-1586)) were maintained in a humidi-
fied atmosphere at 37 °C with 5% CO,, in DMEM containing 10% (v/v)
FBS (Invitrogen) and 5 units/ml penicillin and 5 pg/ml streptomycin
(Life Technologies). The Vero E6 cell line used in this study is a kidney
cell line; therefore, we cannot exclude that lung cells yield different
results for some inhibitors (see also ‘Viral growth and cytotoxicity
assays in the presence of inhibitors’ for studies performed at Mount
Sinai). SARS-CoV-2, isolate France/IDF0372/2020, was supplied by
the National Reference Centre for Respiratory Viruses hosted by the
Institut Pasteur and headed by S. van der Werf. The humansample from
which strain BetaCoV/France/IDF0372/2020 wasisolated hasbeen
provided by X. Lescure and Y. Yazdanpanah from the Bichat Hospital,
Paris, France. The BetaCoV/France/IDF0372/2020 strain was supplied
through the European Virus Archive goes Global (Evag) platform, a
project thathasreceived funding from the European Union’s Horizon
2020 research and innovation programme under the grant agree-
ment no. 653316. Viral stocks were prepared by propagation in Vero
E6cellsin DMEM supplemented with 2% FBS and 1 pg/ml TPCK-trypsin
(Sigma-Aldrich). Viral titres were determined by plaque-forming assay
inminimum essentialmediumsupplemented with 2% (v/v) FBS (Invit-
rogen) and 0.05% agarose. All experiments involving live SARS-CoV-2
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were performed at the Institut Pasteur in compliance with the guide-
lines of the Institut Pasteur following BSL3 containment procedures
in approved laboratories. All experiments were performed in at least
three biologically independent samples.

Antiviral activity assays

Vero E6 cellswere seeded at1.5 x 10* cells per wellin 96-well plates18h
before the experiment. Then, 2 hbeforeinfection, the cell-culture super-
natantoftriplicate wells was replaced with medium containing 10 pM,
2uM, 500nM, 200 nM, 100 nM or 10 nM of each compound or the equiv-
alent volume of maximum DMSO vehicle used asa control. Atthe time
ofinfection, the drug-containing medium was removed, and replaced
withvirusinoculum (MOl of 0.1 PFU per cell) containing TPCK-trypsin
(Sigma-Aldrich). Following a 1-h adsorption incubation at 37 °C, the
virusinoculumwasremoved and 200 pl of drug- or vehicle-containing
medium was added. Then, 48 hafter infection, the cell-culture super-
natantwasused to extract RNA using the Direct-zol-96 RNA extraction
kit (Zymo) following the manufacturer’s instructions. Detection of
viralgenomesin the extracted RNA was performed by RT-qPCR, using
previously published SARS-CoV-2-specific primers®. Specifically, the
primers target the Ngene region: 5 -TAATCAGACAAGGAACTGATTA-3’
(forward)and 5'-CGAAGGTGTGACTTCCATG-3’ (reverse). RT-qPCR was
performed using the LunaUniversal One-Step RT-qPCRKit(NEB)inan
Applied Biosystems QuantStudio 6 thermocycler, using the following
cycling conditions: 55 °C for 10 min, 95 °C for 1 min, and 40 cycles of
95°Cfor10s, followed by 60 °C for 1min. The quantity of viralgenomes
is expressed as PFU equivalents, and was calculated by performinga
standard curve with RNA derived from a viral stock with a known viral
titre. Inaddition to measuring viral RNA in the supernatant derived from
drug-treated cells, infectious virus was quantified by plaque-forming
assay.

Cell viability assays

Cellviability indrug-treated cells was measured using Alamar blue rea-
gent(ThermoFisher).In brief, 48 hafter treatment, the drug-containing
medium was removed and replaced with Alamar blue and incubated
for1h at37 °C and fluorescence measured in a Tecan Infinity 2000
plate reader. Percentage viability was calculated relative tountreated
cells (100% viability) and cells lysed with 20% ethanol (0% viability),
included ineach plate.

Plaque-forming assays

Viruses were quantified by plaque-forming assays. For this, Vero E6
cells were seeded in 24-well plates at a concentration of 7.5 x 10* cells
per well. The following day, tenfold serial dilutions of individual virus
samples in serum-free MEM medium were added to infect the cells at
37 °Cfor1h. Afterthe adsorptiontime, the overlay medium was added
at final concentration of 2% FBS/MEM medium and 0.05% agarose to
achieve a semi-solid overlay. Plaque-forming assays were incubated
at 37 °C for 3 days before fixation with 4% formalin and visualization
using crystal violet solution.

Off-target assays for Sigmareceptor drugs and ligands

hERG binding assays were carried out as previously described®. In
brief, compounds were incubated with hERG membranes, prepared
from HEK-293 cells stably expressing hERG channels, and [*Hldofeti-
lide (5 nM final) in a total of 150 ul for 90 min at room temperature in
the dark. Reactionswere stopped by filtering the mixtureonto aglass
fibre and were quickly washed three times to remove unbound [*H]
dofetilide. The filter was dried in a microwave, melted with a scintil-
lant cocktail and wrapped in a plastic film. Radioactivity was counted
on a MicroBeta counterand results were analysed in Prism by fitting
to the built-in one binding function to obtain affinity K;. Radioligand
binding assays for the muscarinicand alpha-adrenergic receptors were
performed as previously described®. Detailed protocolsareavailable
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on the NIMH PDSP website at https://pdspdb.unc.edu/html/tutorials/
UNC-CH%20Protocol%20Book.pdf.

Reporting summary
Further information onresearch design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The AP-MS rawdata and search results files generated during the cur-
rent study are available in the ProteomeXchange Consortium via the
PRIDE partner repository with dataset identifier PXDO18117 (https://
www.ebi.ac.uk/pride/archive/projects/PXD018117) and PPInetworks
have also been uploaded to NDEx (https:/public.ndexbio.org/#/
network/43803262-6d69-11ea-bfdc-0acl35e8bacf). Aninteractive
version of these networks, including relevantdrugand functionalinfor-
mation, can be found at http://kroganlab.ucsf.edu/network-maps. All
datageneratedoranalysed during this study are included in the article
and its Supplementary Information. Expression vectors used in this
study are readily available from the authors to biomedical research-
ers and educators in the non-profit sector. Source data are provided
with this paper.

Code availability

Complete methods for chemoinformatic analysis can be found on
GitHub (https://github.com/momeara/BioChemPantry/tree/master/
vignette/COVID19); details on MIST scoring can be found on GitHub
(https://github.com/kroganlab/mist).
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is an enveloped positive-sense RNA virus that belongs to the
lineage B Betacoronavirus family. It is closely related to SARS-
CoV, the causative agent of SARS, which emerged in the human
population in 2002 (79% genetic similarity), and several SARS-
related coronaviruses that clrculate in bats (up to 98% genetic
similarity) ( ) ). The pathophysi-
ology of severe coronavirus dlsease 2019 (COVID-19) is similar
to that of severe disease caused by SARS-CoV and is character-
ized by acute respiratory distress and excessive inflammation
capable of inducing resplratory failure, mult| -organ failure, and
death (\Wong et ).

To enter host cells the SARS CoV- 2 spike (S) protein binds to
an ACE2 receptor on the target cell and is subsequently primed
by a serine protease, TMPRSS2, that cleaves the S protein and
allows fusion of viral and lysosomal membranes (Hof

: ’0). Following entry, viral genomic RNA is translated
to produce the polyproteins ORF1a and ORF1ab, which are sub-
sequently cleaved by viral proteases into non-structural proteins
that form the viral replication/transcription complex (RTC).
Extensive remodeling of the host endoplasmic reticulum leads
to formation of double-membrane vesicles, within which viral
RNA synthesis occurs. The viral RNA genome is replicated by
transcription of the negative-strand genomic RNA template,
whereas subgenomic mRNAs are transcribed and translated to
produce structural and accessory proteins. Structural proteins
and viral genomes assemble at the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC) (de H: ndF )
followed by transport to the cell surface for release by exocytoms
( and ma ).

Although much about SARS-CoV-2 biology can be inferred
based on similarity to SARS-CoV, SARS-CoV-2 is a novel coro-
navirus with unique properties that contribute to its pandemic-
scale spread. Unlike SARS-CoV, SARS-CoV-2 infection is
commonly asymptomatic, particularly in the younger population
(Gua y '), and contaglous pnor to symptom onset
(R | 20; a 20). These
characterlstlcs contrlbute to the dn‘flculty of containing SARS-
CoV-2 spread through public health strategies and amplify the
need to develop vaccines and therapies to protect against and
treat COVID-19. Clinical management of COVID-19 is largely
limited to infection prevention and supportive care. So far, re-
mdesivir, a broad-spectrum antiviral agent, is the only medica-
tion approved for emergency use to treat COVID-19 by the US
Food and Drug Administration (FDA) ( ) i ).
Although the evidence supporting remdesivir use in patients
with advanced COVID-19 is promising, there remains an urgent
need for potent SARS-CoV-2 therapeutic agents, especially
those that could be given in an outpatient setting, to effectively
combat the COVID-19 pandemic.

Proteomics approaches that globally quantify changes in pro-
tein abundance and phosphorylation are powerful tools to eluci-
date mechanisms of viral pathogenesis by providing a snapshot
of how cellular pathways and processes are rewired upon infec-
tion ( ). Importantly, the functional outcomes
of many phosphorylation events are well annotated, especially
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for kinases where phosphorylation directly regulates their activ-
ity. State-of-the-art bioinformatics approaches can then be em-
ployed to readily identify regulated kinases from phosphoryla-
tion profiles, many of which are likely to be established drug
targets with therapeutic potential (Ochos al., 2016, ).
Here we present a quantitative survey of the global phosphory-
lation and protein abundance landscape of SARS-CoV-2 infec-
tion, map phosphorylation changes to disrupted kinases and
pathways, and use these profiles to rapidly prioritize drugs
and compounds with the potential to treat SARS-CoV-2
infection.

RESULTS

Phosphorylation Signaling Represents a Primary Host
Response to SARS-CoV-2 Infection

To determine how SARS-CoV-2 hijacks host-protein signaling, a
global phosphoproteomics experiment was performed in Vero
E6 cells, a cell line originating from the kidney of a female African
green monkey (Chiorocebus sabaeus) (C ). This
cell line was selected because of its high susceptibility to
SARS-CoV-2 infection ( ’()). Cells were har-
vested in biological triplicate at 6 time pomts after SARS-CoV-
2 infection (0, 2, 4, 8, 12, or 24 h) or after mock infection at 0 or
24h( A). Using a data-independent acquisition (DIA) pro-
teomics approach, each sample was then partitioned and
analyzed for changes in global protein abundance or phosphor-
ylation (data available in 1 51). Chlorocebus sabaeus and hu-
man protein sequences were aligned, and phosphorylation sites
and protein identifiers were mapped to their respective human
protein orthologs. Phosphorylation fold changes calculated us-
ing the 0- or 24-h mock control were highly comparable (correla-
tion coefficient r = 0.77); therefore, the 0-h mock control was
used for all subsequent comparisons.

Quality control filtering of the data was performed, and two
samples from each of the phosphorylation and protein abun-
dance datasets were removed because of poor correlation
with their respective replicates (f 51A and S1B). Principal
component analysis (PCA) of the remaining samples revealed
good separation of mock and infected samples as well as high
quantitative reproducibility between biological replicates (

B, 1C, and S1C). In total, high-quality quantification of
4,624 human-orthologous phosphorylation sites and 3,036 hu-
man-orthologous proteins was obtained (| D). Success-
ful infection was confirmed by the observation of a dramatic in-
crease in viral protein abundance over the course of a 24-h
infection period ( /D and S1E).

As expected, an increase was observed in the number of
significantly regulated phosphorylation sites and proteins over
the infection time course, with the majority of regulation occur-
ring at the level of phosphorylation ( E and 1F) as
opposed to protein abundance (F 1G and 1H). Of the few
proteins that significantly increased in abundance upon infec-
tion, the vast majority were SARS-CoV-2 viral proteins (

H). In contrast, the majority of host proteins decreased in
abundance. This finding is consistent with mechanisms of host
mRNA nuclear export and/or host mRNA translation |nh|b|t|on
which are common in viral infections (} et al., 2013; Walst
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Figure 1. Global Proteomics of Phosphorylation and Abundance Changes upon SARS-CoV-2 Infection

(A) Vero EB cells were infected with SARS-CoV-2 (MOI 1.0). After 1 h of viral uptake, cells were harvested (0 h) or, subsequently, after 2, 4, 8, 12,or24 h. As a
control, Vero E6 cells were also mock infected for 1 h and harvested immediately thereafter (O h) or after 24 h of mock infection. All conditions were performed in
biological triplicate. Following cell harvest, cells were lysed, and proteins were digested into peptides. Aliquots of all samples were analyzed by mass spec-
trometry (MS) to measure changes in protein abundance upon infection, whereas the remaining sample was enriched for phosphorylated peptides and sub-
sequently analyzed to measure changes in phosphorylation signaling. A DIA approach was used for all MS acquisitions. Last, all phosphorylation sites and protein
identifiers were mapped to their respective human protein orthologs.

(B) Principal-component analysis (PCA) of phosphorylation replicates after removing outliers. See also

(C) Correlation of protein abundance (AB) and phosphorylation sites (PHs) between replicates within a biological condltlon (red) and across biclegical conditions
(black). Boxplots depict median (horizonal lines), interquartile range (boxes), maximum and minimum values (vertical lines), and outliers (solid circles).

(D) Median AB of individual SARS-CoV-2 proteins in the protein AB analysis.

(E) The number of significantly regulated PH groups across the infection time course.

(F) Volcano plot of PH group quantification 24 h after infection.

(G) The number of significantly regulated proteins across the infection time course.

(H) Volcano plot of protein AB quantification 24 h after infection.

() Gene Ontology enrichment analysis of all significantly changing proteins in terms of AB divided into two sets: downregulated (blue) and upregulated (red).
(J) Proportion of significantly regulated PH groups with a correlated (i.e., same direction, AB match) or anticorrelated (i.e., opposite direction, AB mismatch)
significant or insignificant (gray) change in protein AB.

In (E}-(H), allinfection time points are compared with the mock infection at 0 h, and significantly regulated proteins are defined as (absolute value of log,(infection/
mock) > 1 and adjusted p < 0.05 or when only detected in infected or mock based on replicate and MS feature counts; ).

See also i

| ). Gene Ontology enrichment analysis of signifi- cally contribute to symptoms of blood coagulation and stroke in
cantly downregulated proteins revealed several terms related COVID-19 patients ( 20).
to platelet regulation (Figt | and S1F). Several downregu- Lastly, the contribution of protein abundance to phosphoryla-
lated host proteins are known to be involved in platelet regula-  tion level changes was evaluated. For nearly all cases of a signif-
tion, thrombosis, and prevention of blood coagulation, including  icantly changed phosphorylation site, no corresponding signifi-
APOH, CD9, TSPAN14, AHSG, SERPINA1 and A2M ( cant change in protein abundance was observed ( J),
3 4 ). Thedown-  further suggesting that phosphorylation signaling represents a
regulation of these proteins suggests thatthey may mechanisti- primary host response over this time course of infection as
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opposed to transcriptional regulation, which would influence
protein abundance.

Phosphorylation of SARS-CoV-2 Viral Proteins by the
Host Proteome
Viral protein phosphorylation within the host cell may play a role in
sensing and responding to cell state. We detected 25 phosphor-
ylation sites in SARS-CoV-2 viral proteins that we combined
with another proteomics dataset ( ) to amass
a total of 49 sites detected across seven viral proteins (T zble 52).
Of note, this analysis does not distinguish cleaved from uncleaved
viral proteins in the assignment of viral phosphorylation sites. The
degree of conservation, indicative of functional constraint, was
estimated for each residue position (Figure 2A; |

13), and the sites were mapped to positions within struc:tured
regions for five proteins, with the majority observed in accessible
positions (i.e., loops) (F i 2B). The top kinase families predicted
by sequence to regulate these sites included casein kinase Il
(CK2), cyclin-dependent kinase (CDK), and protein kinase C
(PKC), among others (f C), suggesting that these kinases
may contribute to regulation of viral replication.

Although it is unlikely that all phosphorylation sites on viral pro-
teins play important functional roles, several sites in membrane
(M) protein, Nsp9, and nucleocapsid (N) protein (Figu 'D-
2F) suggest potential functionality. Five phosphorylation sites
were detected in the M protein cluster within a short C-terminal
region of the protein (207-215; | 'D). Although these
acceptor residues are not predicted to be conserved, several
are negatively charged residues in M proteins of other related vi-
ruses (| ’E). This evolutionary pattern suggests that anega-
tive charge in this region may play a functional role, reminiscent
of other multi-site phosphorylation events (S

oll 2007).

To identify phosphorylation sites that may regulate protein-
protein interactions, all sites were mapped to 3D structures,
and solvent accessibility based protein-protein interface identifi-
cation and recognition (SPPIDER) was used to assess whether
sites resided within interface regions (!

A; € ). The single phosphorylatlon site in Nspg
was predicted to be at an interface region (“True”), which was
supported by inspection of the homodimer structure (PDB:
6W4B). Additional phosphorylation sites were predicted to be
at interface residues within the S protein (Fi A). However,
mspectlon of S in complex with the ACE2 receptor (

0; , ) reveals some of these phosphoryla-
tlon sites to be near but not at the interface region.

Finally, phosphorylation sites in N protein, a structural protein
that binds to and assists with packaging viral RNA, were investi-
gated. Most sites occurred within the N-terminal portion of the
protein, at or near the RNA binding region, but avoided the C-ter-
minal dimerization domain. The cluster of phosphorylation sites
within an arginine/serine (RS)-dipeptide rich region, C-terminal
to the RNA binding region (| A), is conserved in other co-
ronavirus N proteins. This region is phosphorylated in SARS-CoV
by serine-arginine (SR) protein kinases, modulating the role of
SARS-CoV N protein in host translation inhibition (f

)8). It is likely that phosphorylation of this same region in
SARS-CoV-2 plays a similar role. Interestingly, in vitro inhibition
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of SARS-CoV N protein phosphorylation at the RS-rich region re-
sults in reduced viral load and cytopathic effects (W

), highlighting its importance for viral fitness. In addition,
sites spanning the sequence of the RNA binding domain, which
forms a claw-like structure, have been observed (Kanc

). Several phosphorylation sites cluster in the structural
model, predicted to affect the surface charge of the so-called
acidic wrist region (i F) but not the positive surface charge
of the RNA binding pocket. We hypothesize that this surface
charge difference may modulate N protein function, potentially
via allosteric regulation of RNA binding capacity.

Phosphorylation of SARS-CoV-2 Host-Interacting
Proteins during Infection

The recently published SARS-CoV-2 virus-human protein-pro-
tein interaction map identified 332 human proteins interacting
with 27 (26 wild-type and 1 mutant) viral proteins (Gor

3 ). Here we found some of these host proteins (40 of
332) to be significantly differentially phosphorylated upon infec-
tion ( ). Virus-host protein-protein interactions could drive
changes in phosphorylation by affecting host protein subcellular
localization or by sterically blocking kinase access. Furthermore,
phosphorylation of these proteins upon infection may signify an
additional mode of functional control over these potential depen-
dency and restriction factors.

The SARS-CoV-2 N protein is known to interact with several
RNA-processing proteins that are differentially phosphorylated
during infection, including LARP1 and RRP9. Here LARP1
phosphorylation decreases on several sites, which is known
to consequently increase LARP1 affinity for 3’ untranslated re-
gions (UTRs) of mRNAs encoding ribosomal proteins, driving
inhibition of protein synthesis ( ). This mecha-
nism may be utilized by SARS-CoV-2 to prioritize synthesis of
viral proteins over host proteins. In addition, ORF6 interacts
with the NUP98/RAE complex, and NUP98 phosphorylation
was observed to increase at S888, a site within its peptidase
domain. NUP98 autocatalytic cleavage is required for localiza-
tion to the nuclear pore; thus, it is possible that NUP98 interac-
tion with ORF6 and/or its virus-induced phosphorylation pre-
vents host mRNA export through the nuclear pore (

4 ( 1 ). A similar mechanism is employed
by vesicular stomatitis virus (VSV) matrix protein to block host
mRNA export by targeting the NUP98/RAE complex, leading
to exclusive translation of cytoplasmic VSV mRNAs (t
t al., 2014).

For Nsp12, the majority of its protein interactors displayed
decreased phosphorylation during infection. Because Nsp12 is
known to encode the RNA-dependent RNA polymerase, respon-
sible for replicating the viral genome, and several of these inter-
acting proteins are related to RNA processing (LARP4B and
CRTCQ), their regulation may possess functional implications
for Nsp12 in viral RNA replication. In addition, Nsp8 interacts
with several proteins whose phosphorylation increases (LARP7
and MPHOSPH10) and decreases (CCDC86) on several sites.
Notably, LARP7 and MEPCE are important regulators of RNA
polymerase |l-mediated transcription elongation as part of the
758K small nuclear ribonucleoprotein particle (SnRNP) complex.
Regulation of these phosphorylation sites may contribute to
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Figure 2. Overview of SARS-CoV-2 Viral Protein PHs in the Host Cell

(A) Localization of PHs across viral protein sequences from this study and a previous study (Davidson et al., 2020). Stem height indicates predicted deleteri-
ousness of alanine substitutions. Dot color indicates whether the residue is (true) or is not (false) predicted to form part of an interaction interface based on
SPPIDER analysis. Positions with no structural coverage are excluded from interface prediction.

(B) Distribution of secondary structure elements in which viral PHs were found, as classified by the define secondary structure of proteins (DSSF) tool.

(C) Distribution of top matching host kinases to viral PHs according to NetPhorest tool (Horn et al., 2014).

(D) Phosphorylation cluster in the C-terminal tail of the M protein (red residues) structure (Heo and Feig 2020) and associated sequence motif. Asterisks indi-
cate PHs.

(E) Alignment of M protein phosphorylation clusters across different coronaviruses. Asterisks indicate PHs.

(F) Surface electrostatic potential of non-phosphorylated (left) and phosphorylated (right) RNA-binding domains of the N protein (PDB: 6M3M). Positions of PHs
are indicated by arrows. Blue denotes a positive charge potential, and red indicates a negative charge potential. Electrostatic potential was computed with the
Advanced Poisson-Boltzmann Solver (APBS) tool after preparation with the PDB2PQR tool.

the regulation of positive transcription elongation factor b (P- SARS-CoV-2 Infection Regulates Host Kinase Signaling
TEFb [CDK9]) and transcriptional regulation of the virus, similar  To study global changes in kinase signaling and their effect on

to how these proteins are regulated during HIV infection (Mbonye  host protein phosphorylation, regulated phosphorylation sites
et al., 2015). were grouped in five clusters based on their dynamics using a
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Figure 3. Phosphorylation on SARS-CoV-2 Virus-Human Interacting Proteins

The SARS-CoV-2 virus-host protein-protein interaction map (Gordon et al.,

2020) found 332 human proteins interacting with 27 (26 wild-type and 1 mutant) viral

proteins. Here we found 40 of 332 proteins significantly differentially phosphorylated across at least two time points (adjusted p < 0.05 and absolute value of log,
fold change [abs(log,FC)] > 1). Viral proteins are shown as red diamonds. Interacting human proteins are shown as gray circles. PHs emanate from human
proteins, colored by their log, fold change compared with uninfected control samples (red, increase; blue, decrease) at each time point (0, 2, 4, 8, 12, and 24 h

after infection) in a clockwise fashion. An interactive version of phosphorylation data can be found at hitps:/

data-driven clustering approach (Figure 4A; STAR Methods). For
each of the groups, an enrichment analysis was performed for
functions and pathways (Figure 4A; Table 53). The dynamics of
these changes can be linked to the viral life cycle: entry (0-2 h),
replication (4-12 h), and egress (24 h). Clusters 1 and 2 include
phosphorylation sites that are, on average, upregulated during
infection. Cluster 1 sites tended to be upregulated within 2 h
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kroganlab.ucsf.edu/network-maps.

(i.e., linked to viral entry) and were enriched in mRNA processing,
cell cycle, apoptosis, and proteins involved in HIV infection.
Cluster 2 included apoptosis proteins with later onset of phos-
phorylation, associated with replication and/or egress. Phos-
phorylation sites in clusters 3 and 4 were downregulated and en-
riched in RNA-processing functions. Sites within cluster 5
possessed a dynamic response to infection, with immediate
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Figure 4. Signaling Changes in Host Cells in Response to SARS-CoV-2 Infection

(A) Clusters of significantly changing PHs (abs(log,FC) > 1 and adjusted p < 0.05) across the time course of infection with non-redundant enriched Reactome
pathway terms (adjusted p value [q] < 0.01) for each cluster. Horizontal red lines below each pathway term correspond to phosphorylated proteins belonging to
the pathway, and a black-bordered rectangle is indicative of a significantly enriched term.

(B) Kinases depicting a strong change in activity upon infection (abs(logso(p)) > 2.5) in at least one time point, with predicted activity in at least 5 of 6 time points.
(C) Schematic representation of interaction between host kinases and SARS-CoV-2 viral proteins from Gordon et al. (2020). Substrate PHs for each kinase are
color-coded as blue (down) and red (up) based on the direction of change during infection. Only PHs corresponding to the kinase activity direction are shown.

(legend continued on next page)
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downregulation followed by a rise during the middle and re-
newed downregulation at late time points. This cluster was en-
riched for DNA replication and the cell cycle, among others.
These observations are corroborated by standard Gene
Ontology (GO) enrichment analyses of biological processes
regulated by phosphorylation (Fig G; T: ; \f
Methods).
We estimated activity regulation for 97 kinases based on the
regulatuon of their known substrates ( :
: »4), with the strongest regulatlon
I|nked to viral entry (0-2 h) and late repllcatlon/egress (24 h). The
kinases predicted to be most strongly activated (i B and
;2A) include several members of the p38 pathway, including
p38y (MAPK12), CK2 (CSNK2A1/2), Ca?*/calmodulin-depen-
dent protein kinase (CAMK2G), and the guanosine monophos-
phate (GMP)-dependent protein kinases PRKG1/2, which can
inhibit Rho signaling. Kinases predicted to be downregulated
include several cell cycle kinases (CDK1/2/5 and AURKA), cell
growth-related signaling pathway kinases (PRKACA, AKT1/2,
MAPK1/3, and PIM1), and the cytoskeleton regulators (PAK1),
among others. Kinase activity estimates based on the 24-h
mock control gave highly correlated results (r = 0.81), identifying
the same set of highly regulated kinases (! ’D). Some of
the changes in kinase activity can be directly linked to host-viral
protein interactions (f C). Among the 10 interacting ki-
nases detected in a virus-host protein-protein interaction map
( °0), an increase in activity for CK2 and a
decrease for MARK2 and PRKACA were observed (I i« 10).
Of note, although we predict decreased activity for PRKACA
based on phosphorylation of its substrates, we simultaneously
detected a significant increase in T198 phosphorylation (8, 12,
and 24 h post infection) within its activation loop, suggesting
an increase in PRKACA activity. It is possible that Nsp13 is
sequestering active PRKACA away from its typical substrates.
To better understand the signaling states of cells over the
course of infection, we compared our data with a compilation
of public phosphoproteomlcs datasets of other conditions
(Ochoa et al., 2016; D and S2B). The first and last
time point of infection resembled a kinase activation state
induced by inhibition of mTOR, ERK, AKT, and EGFR, consistent
with the estimated kinase activities of these growth-related path-
ways. Between 2 and 12 h after infection, kinase activity states
resembling inhibition of phosphatidylinositol 3-kinase (PI3K),
p70S6K, and Rho-associated protein kinases (ROCKs) were
observed. Finally, several of the time points resembled S/G2
cell cycle state, suggestive of a cell cycle block. Conversely,
some conditions were anticorrelated with kinase activity profiles
(Fi D and 52B). In line with an S/G2 cell-cycle block, infec-
tion signaling appeared opposite to that of a mitotic cell. In addi-
tion, inhibitors of histone deacetylases (HDACs) (scriptaid and
trichostatin A), the proteasome (bortezomib), Hsp90 (geldana-
mycin), and voltage-gated sodium channels (valproic acid)

were also anticorrelated. These drugs, or drugs targeting these
protein activities, could induce a signaling state that inhibits viral
replication.

To further link kinase activities to downstream protein com-
plexes, enrichment of up- or downregulated phosphorylation
sites was determined within a curated set of human protein com-
plexes defined by CORUM (¢ t a 3 IE and

C). This analysis revealed S|gn|fic:ant changes in phosphoryla-
tion of splicing related complexes (spliceosome), the protea-
some (PA700-20S-PA28), and chromatin remodeling complexes
(HuCHRAC and MLL2). In addition, a subset of regulated phos-
phorylation sites were detected that have known regulatory
functions or high predicted functional scores ( J

) that are linked to regulation of protein activities (

:5). Consistent with the observed signaling changes described
above, these regulatory phosphorylation sites are involved in
activation of chaperones (including HSP90), proteasome activ-
ity, inhibition of the anaphase-promoting complex (APC), and
regulation of HDACs and cytoskeleton proteins, among others.

CK2 and N Co-localize at Virus-Induced Filopodial
Protrusions

The phosphoproteomics data indicated regulation of several ki-
nases and effector proteins related to cytoskeleton organization
upon SARS-CoV-2 infection. Kinases downstream of the Rho/
Rac/Cdc42 GTPases (PAK1/2 and ROCK1/2) and several well-
characterized phosphorylation site targets of PAK1/2 kinase in
vimentin (VIM S39 and S56) and stathmin (STMN1 S16 and
525) were found to be downregulated during infection (

A and 5B). The interaction of Nsp7 with RHOA (

) may contribute to this downregulation. In contrast,
signaling via CK2 is strongly upregulated, as determined by the
increase in phosphorylation of well-characterized target sites
(Fig A and 5B). Among the many roles of this kinase, we
noted increased phosphorylation of cytoskeleton protein targets
such as a-Catenin (CTNNA1 S641) and the heavy chain of the
motor protein Myosin lla (MYH9 §1943). In addition to these ki-
nase-mediated effects, the Nsp2 protein of SARS-CoV-2 also in-
teracts directly with strumpellin (WASHCS5), a subunit of the actin
assembly-inducing WASH complex (C ), further
implicating cytoskeleton regulation during infection. To study the
relevance of these observations in a human infection model,
high-resolution immunofluorescence imaging of fixed Caco-2
human colon epithelial cells was performed 24 h after infection

SARS-CoV-2 infected Caco-2 cells were imaged for filamen-
tous actin and the SARS-CoV-2 M protein, revealing prominent
M protein clusters, possibly marking assembled SARS-CoV-2
viral particles, localized along the shafts and at the tips of
actin-rich filopodia ( B and S3B). SARS-CoV-2 infection
induced a dramatic increase in filopodial protrusions, which
were significantly longer and more branched than in uninfected

(D) Correlation of kinase activity profiles of each time point with other biological conditions with at least one significantly changing kinase (abs(logo(p)) > 2.5) and
having significant correlation with at least one time-point (false discovery rate [FDR] < 5%).

(E) Overall phosphorylation change (—log+o(p)) of a protein complex, estimated as the change in phospherylation on member proteins. Only non-redundant
protein complexes with a significant change in phosphorylation (abs(log+o(p)) > 2.5) in at least one time point are shown.

See also
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Figure 5. Colocalization of CK2 and Viral Proteins at Actin Protrusions

(A) Pathway of regulated PHs and SARS-CoV-2 interaction partners involved in cytoskeletal reorganization. Dashed lines indicate downregulation of activity,
while solid lines indicate upregulation of activity.

(B) Regulation of individual kinase activity or PHs depicted in (A).

(C) Caco-2 cells infected with SARS-CoV-2 at an MOI of 0.1 for 24 h prior to immunostaining for F-actin and M protein, as indicated. Shown is a confocal section
revealing M protein localization along and to the tip of filopodia (left) and magnification of the dashed box (right).

(D) Dot plot quantification of the number and length of filopodia in untreated (mock) or infected Caco-2 cells for 24 h with SARS-CoV-2. Filopodium length was
measured from the cortical actin to the tip of the filopodium. Error bars represent SD. Statistical testing by Mann-Whitney test.

(E) Caco-2 cells infected with SARS-CoV-2 at an MOI of 0.01 for 24 h prior to immunostaining for F-actin, N protein, and casein kinase Il (CK2) as indicated (left).
Shown is magnification of the dashed box as single channels (right).

(F) Magnification of the dashed box from (E) with quantification of colocalization between CK2 and N protein throughout infected Caco-2 cells. Displayed is the
proportion of N protein-positive particles colocalizing with CK2. Error bars represent SD.

(G and H) Scanning electron microscopy (G) and transmission electron microscopy (H) images of SARS-CoV-2 budding from Vero E6 cell filopodia (black arrow

in H).

See also

cells ( D). Uninfected cells also exhibited filopodial pro- ROCK signaling is downregulated, we next asked whether CK2

trusions, but their frequency and shape were dramatically could play a role in this process. At 24 h, infected cells showed

different ( A). Reorganization of the actin cytoskeleton CK2 expression along the thin filopodial protrusions ( E),

is a common feature of many viral infections and is associated partially co-localized with SARS-CoV-2 N protein ( F).

with different stages of the viral life cycle ( ). Scanning and transmission electron microscopy were used (
We hypothesize that induction of virus-containing filopodia G, 5H, S3C, and S3D) to image the cellular protrusions at

could be important for SARS-CoV-2 egress and/or cell-to-cell  higher resolution. Assembled viral particles are clearly visible

spread within epithelial monolayers. Given that Rho/PAK/ along these filopodia ( G), with instances where the viral
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Figure 6. SARS-CoV-2 Activates the p38/MAPK Signaling Pathway and Causes Cell Cycle Arrest

(A) Diagram of the p38/MAPK signaling pathway.

(B) Kinase activity analysis for kinases in the p38/MAPK pathway.

(C) Western blot analysis of phosphorylated p38/MAPK signaling components in mock- and SARS-CoV-2-infected ACE2-A549 cells 24 h after infection.

(D) Logs, fold change profiles of indicated p38/MAPK substrates during SARS-CoV-2 infection in Vero EB cells.

(E) Transcription factor activity analysis of SARS-CoV-2-infected A549, Calu-3, and NHBE cells, comparing p38/MAPK transcription factors with transcription
factors not associated with the p38/MAPK pathway. Statistical test: Mann-Whitney test.

(F) gRT-PCR analysis of the indicated mRNA from ACE2-A549 cells pre-treated with the p38 inhibitor SB203580 at the indicated concentrations for 1 h prior to
infection with SARS-CoV-2 for 24 h. Statistical test: Student’s t test. See also Fic and

(G) Heatmap of Pearson's correlation coefficients comparing SARS-CoV-2-infected Vero E6 phosphorylation profiles with profiles of cells with induced DNA

damage and cells arrested at the indicated cell cycle stages.

(H) Logz fold change profiles of the indicated cell cycle and DNA damage substrates during SARS-CoV-2 infection in Vero E6 cells.
() DNA content analysis of cells infected with SARS-CoV-2 for 24 h compared with mock-infected cells.

particles appear to be budding from the protrusions ( H).
Finally, we performed a global phosphoproteomics analysis of
Vero E6 cells overexpressing N protein and observed CK2 activ-
ity to be significantly upregulated ( E; and 54).
Because CK2 activity can promote actin polymerization
( 1 ’019), we hypothesize that N protein may allo-
sterically control CK2 activity and regulate cytoskeleton
organization.
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SARS-CoV-2 Infection Promotes p38/MAPK Signaling
Activity and Cell Cycle Arrest

Kinase activity analysis of SARS-CoV-2 phosphorylation profiles
predicted upregulation of several components of the p38/
mitogen-activated protein kinase (MAPK) signaling pathway,
including MAP2K3, MAP2K6, MAPK12, MAPKAPK2 (MK2),
and MAPKAPKS ( A and 6B). Immunacblotting for acti-
vated phospho-p38 (T180/Y182), phospho-MK2 (T334), and
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Figure 7. Mapping Regulated Kinases to Kinase Inhibitors Identifies SARS-CoV-2 Therapies
(A) Kinase inhibitors (left) mapped to kinases (right) whose activity was regulated by SARS-CoV-2 infection. Lines connecting them indicate known kinase targets

for each drug/compound.

(B) Vero E6 cells pre-treated with remdesivir at the indicated doses, followed by SARS-CoV-2 infection for 48 h. Percent viral titer compared with mock drug
treatment (anti-NP antibody; red line, dots, and text) and cell viability (black) is depicted. Error bars represent SD.
(C)Asin(B). Vero E6 cells were treated with the CK2 inhibitor silmitasertib. Physical interactions between N protein and the CSNK2A2 and CSNK2B CK2 subunits

were observed in a prior study (Gordo

1., 2020).

(legend continued on next page)
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phospho-cAMP response element-binding protein (CREB) and
phospho-ATF-1 at their respective MAPKAPK2 sites (S133 in
both) confirmed activation of the p38/MAPK pathway during
SARS-CoV-2 infection in ACE2-expressing A549 human lung
carcinoma cells (ACE2-A549) ( 6C). Furthermore, phos-
phoproteomics data depict increased phosphorylation of p38
pathway substrates such as negative elongation factor E
(NELFE), heat shock protein beta-1 (HSPB1), and signal trans-
ducer and activator of transcription 1-alpha/beta (STAT1),
among others (Fig 'D). Regulation of these sites occurs late
in the time course (24 h after infection), likely reflecting a more
advanced stage of viral infection, replication, and egress.

The p38/MAPK pathway mediates the cellular response to
environmental stress, pathogenic infection, and pro-inflamma-
tory cytokine stimulation, whereas downstream effectors of
the pathway include transcription factors and RNA binding pro-
teins that promote mflammatory cytokine production (

3 I ). Analysis of esti-
mated transorlptlon factor actl\nty from gene expression data
(ST/ viethods; 56) derived from the infection of a hu-
man lung carcinoma cell line (A549), a human epithelial lung
cancer cell line (Calu3), and primary human bronchial epithelial
(NHBE) cells demonstrated that transcription factors regulated
by the p38/MAPK pathway were among the most hlghly acti-
vated upon infection (Figure 6E; Blar

To investigate the contribution of the p38/MAPK pathway to
cytokine production, SARS-CoV-2-infected ACE2-A549 cells
were treated with the p38 inhibitor SB203580. The mRNA of
the inflammatory cytokines interleukin-6 (IL-6), tumor necrosis
factor alpha (TNF-a), and others increased during infection and
were inhibited by p38 inhibition in a dose-dependent manner
(Figures 6F, right, and S4A). Interestingly, p38 inhibition also
reduced SARS-CoV-2 subgenomic mRNA (Fi 6F, left) in
the absence of major cellular toxicity ( 55), indicative of
reduced viral replication. The SB203580-induced decrease in vi-
rus production was further confirmed using an anti-SARS-CoV-2
N protein (anti-NP) antibody-based assay (| , New York
Vero EB). Multiplexed ELISA analysis of supernatants of cells
from the same experiment demonstrated strong upregulation
of inflammatory cytokines at the protein level, including IL-6,
CXCL8, CCL20, and CCL2, which were decreased upon p38 in-
hibition (Figure 54B; 57). However, because SARS-CoV-2
replication is also inhibited by SB203580, we cannot deconvolve
the contributions of p38/MAPK pathway activity and SARS-CoV-
2 virus presence on cytokine production.

Comparing phosphoproteomics profiles of SARS-CoV-2-in-
fected cells with a database of phosphorylation profiles
collected at specific cell cycle stages, viral infection was most

highly correlated with cells arrested at the S/G2 transition and
was negatively correlated with profiles of cells in mitosis (
ure 6G). We also observed SARS-CoV-2-dependent regulation
of CDK2 T14/Y15 phosphorylation, initially increased in
response to SARS-CoV-2 infection at 2 h, followed by a
decrease over the remainder of the infection time course (Fig

H, left). CDK2 activity promotes transition from the G2
phase of the cell cycle into mitosis and is inhibited by phosphor-
ylation at positions T14 and Y15 by kinases WEE1 and MYT1,
preventlng premature entry into mitosis (P: i

)2; M =tal, 1995). CDK2 can also become phos-
phorylated when the cell cycle is arrested because of checkpoint
failure or DNA damage. In addition, H2AX S140 phosphorylation
(i.e., y-H2AX), a hallmark of the DNA damage response, ex-
hibited a profile similar to CDK2, suggesting that the DNA dam-
age response may become activated early during infection (R«
3; Fig H, right).

To more directly test whether SARS-CoV-2 infection affects
cell cycle progression, cells were infected with SARS-CoV-2
for 24 h, and their DNA content was measured using DAPI
DNA staining and flow cytometry. A significant increase in the
fraction of cells in S phase and at the G2/M transition and a
decrease in the fraction of cells in GO/G1 phase were observed
(Figures 61 and S4C). This observation is consistent with arrest
between S and G2 phases of the cell cycle. A relationship be-
tween p38 activity and cell cycle arrest has been described pre-
viously, and the two could be Imked mechanlstlcally during
SARS-CoV-2 infection (Lee et al., 2002; t al., 2004).

Mapping Kinase Activities to Pharmacological
Modulators Identifies SARS-CoV-2 Therapies

To identify effective therapies for SARS-CoV-2 infection, kinase
inhibitors were mapped to the most differentially regulated ki-
nase activities ( 'A) and to specific phosphorylation sites
( ; STAR | Is). This resulted in a list of 87 drugs
and compounds 10 FDA -approved, 53 undergoing clinical
testing, and 24 pre-clinical. Many of the drugs and compounds
identified were reported to target several host kinases in cell-
free assays at a minimum, but many have been observed to hit
targets in cellular assays as well ( 7A). We reasoned that
testing molecules with both overlapping and unique targets
would help specify the molecular targets of greatest importance
for SARS-CoV-2. Here, 68 total drugs and compounds were
tested for antiviral efficacy (via gqRT-PCR, anti-NP antibody, pla-
que assay, and/or TCIDsg) and cellular toxicity at two different in-
stitutions (in New York [Mount Sinai, 25 drugs/compounds] and
Paris [Institut Pasteur, 62]) and in two cell lines (Vero E6 [68] and

(D) Predicted increased kinase activity for the p38 signaling pathway and drugs/compounds targeting pathway members (ralimetinib, MAPK13-IN-1, and ARRY-

797) and upstream drivers (gilteritinib).

(E-G) Asin (B). Vero E6 cells treated with the AXL inhibitor gilteritinib (E), the MAPK11/14 inhibitor ralimetinib (F), or the MAPK13 inhibitor MAPK13-IN-1 (G) prior to

SARS-CoV-2 infection.

(H) AB49-ACE2 lung epithelial cells were treated with the MAPK14 inhibitor ARRY-797 prior to SARS-CoV-2 infection.

(I Small interfering RNA (siRNA) knockdown of p38 pathway genes in A549-ACE2 leads to a significant decrease in SARS-CoV-2 viral replication (red), as as-
sessed by gqRT-PCR in the absence of effects on cell viability (black). ACE2 and non-targeting siRNAs are included as positive and negative controls, respectively.
{J and K) Vero E6 or A549-ACE2 cells were treated with PIKFYVE inhibitor apilimod (J) or the CDK inhibitor dinaciclib (K) prior to SARS-CoV-2 infection.

See also
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A549-ACE2 [61]). All pharmacological profiling results can be
found in and

We found pharmacological |nh|b|tors of CK2, p38 MAPK
signaling, PIKFYVE, and CDKs to possess strong antiviral effi-
cacy. Cells were pre-treated with inhibitor molecules, followed
by SARS-CoV-2 infection ( ), and virus quantity
(anti-NP antibody against SARS-CoV-2) and cell viability were
quantified 48 h after infection. As a positive control and for com-
parison, remdesivir was tested, and the expected favorable anti-
viral activity was observed (half maximal inhibitory concentration
[ICsp 1 = 1.28 uM; Figure 7B). Silmitasertib, an inhibitor of
CSNK2A1 and CSNK2A2, was found to possess antiviral activity
(ICsp = 2.34 uM; C and 55). In conjunction with data
supporting physical interaction (G € ) and co-
localization with N protein (Fig oF), as well as a potentlal
role in remodeling extracellular matrix upon infection (F
and 53), CK2 signaling appears to be an important pathway hi-
jacked by SARS-CoV-2. Furthermore, silmitasertib is currently
being considered for human testing as a potential treatment for
COVID-19.

To probe SARS-CoV-2 dependence on MAPK signaling,
SARS-CoV-2 replication was measured in response to pharma-
cological and genetic perturbation of MAPK components that
were upregulated during infection (Figure /D). Potent antiviral
activity was observed for gilteritinib (I E; IG5y =
0.807 pM), an inhibitor of AXL kinase, upstream of p38; ralimeti-
nib (Figure 7F; ICsp = 0.873 pM), an inhibitor of MAPK11 (p38a)
and MAPK14 (p38B); MAPK13-IN-1 (Fig G; ICs =
4.63 pM), an inhibitor of MAPK13 (p38-3); and ARRY-797
(Figu H; ICs0 = 0.913 uM) in A549-ACE2 cells, a MAPK14 in-
hibitor. To further probe the dependence of SARS-CoV-2 on
p38 pathway members, small interfering RNA (siRNA)-mediated
knockdown of MAP2K3, p38-3 (MAPK13), and p38-y (MAPK12)
was performed in A549-ACE2 cells, and a significant decreasein
SARS-CoV-2 replication was observed for all three, with little to
no effect on cell viability (Figure 71).

In addition, we noted marked regulation of phosphatidylinosi-
tol enzyme activities for PIK3CA, PLCB3, and PIKFYVE,
suggesting a potential role for the appropriate balance of phos-
phatidylinositol species. To target this process, apilimod, a
small-molecule inhibitor of PIKFYVE, was tested and found to
possess strong antiviral activity in two cell lines (Vero EB,
ICsp < 0.08 pM; A549-ACE2, IC5q = 0.007 uM), corroborated by
arecent study (C . ); J). Lastly, we noted pro-
nounced regulation of CDK signaling pathways (Fi B) and
cell cycle stage ( ) during viral infection, suggesting
that the virus may regulate the cell cycle to enhance viral replica-
tion. Accordingly, strong antiviral activity for the CDK inhibitor di-
naciclib was observed across two cell lines (Vero EB, ICsp =
0.127 uM; A549-ACE2, ICg; = 0.032 uM) (Fi K).

DISCUSSION

We used a mass spectrometry-based approach to study pertur-
bations in protein abundance and phosphorylation during SARS-
CoV-2 infection. Viral proteins increased, starting 8 h after infec-
tion, indicative of viral replication, whereas only small changes in
host protein abundance were observed within 24 h. In contrast,

large changes were observed in protein phosphorylation, high-
lighting the degree by which the virus makes use of the host
post-translational regulatory systems to promote rapid changes
in cellular signaling.

Changes in phosphorylation reflect altered activities of kinases
that are hijacked during the infection. Based on changes in phos-
phorylation of their annotated substrates, we estimated changes
in activity of 97 of the 518 human kinases. The changes in kinase
activity offer insights into the biology of viral infection. Kinases
represent ideal drug targets; here, we identified kinases and
pathways altered by SARS-CoV-2 infection that can be targeted
by 87 FDA-approved drugs and compounds in clinical trials or in
preclinical development (7= ).

The most strongly regulated kinases fall into a set of signaling
pathways that include p38/MAPK signaling, AKT and ERK
signaling, Rho GTPase and CK2 cytoskeleton signaling, and
cell cycle regulation. The downregulation of ROCK and PAK ki-
nase activity and upregulation of CK2 cytoskeleton-related tar-
gets suggest virus-induced changes in cytoskeleton organiza-
tion. Imaging of infected cells revealed formation of actin-rich
filopodia containing viral proteins. Higher-resolution electron mi-
croscopy data confirm the presence of assembled viral particles
in these structures. Many viruses, including vaccinia, Ebola, and
Marburg, hijack the host cell cytoskeleton to promote egress and
rapid cell-to-cell spread across epithelial monolayers. Vaccinia
promotes Arp2/3-dependent actin assembly, producing a filopo-
dial protrusion with a virus at the tip ( ). In
contrast, Marburg virus hijacks the unconventional motor protein
Myosin X, which promotes filopodium formation and trafficks the
virus along the filopodium shaft. The SARS-CoV-2 protein clus-
ters peppered throughout the length of filopodial protrusions
more closely resemble Marburg than vaccinia, but additional
work is required to understand whether SARS-CoV-2 makes
use of either Myosin X motor activity or actin filament assembly
to move along filopodia. CK2 is known to phosphorylate myosin
protems at endocytic sites to drive actin polymerization (-

) et ). Furthermore, CK2 has been found to
regulate actln tail formation during vaccinia virus |nfect|on
enabllng efflcnent cell-to-cell spread of the virus (Al

* a\ )4). Here the CK2 |nh|b|tor 5|Im|-
tasertib displayed robust antl\nral activity, suggesting a role of
this kinase in regulating the SARS-CoV-2 life cycle.

In addition, kinase activity profiling analysis shows that
CDK1/2 activities are significantly reduced by SARS-CoV-2
infection, leading to a S/G2 phase arrest that is similar to infec-
tious bronchltls virus (IBV), a prototypical coronavirus (D¢

B; et al., 2 1), and other RNA viruses (

3 Ariumi et '008). Arresting cells in 8/G2 phase
may prowde benefits for viral replication and progeny production
by ensuring an abundant supply of nucleotides and other essen-
tial host DNA repair/replication proteins (C! Ve

19).

The predicted increase in p38/MAPK activity led us to investi-
gate the effects of p38/MAPK inhibition on pro-inflammatory
cytokine production and viral replication in SARS-CoV-2-in-
fected cells. Recent immunological studies have indicated that
increased IL-6, IL-10, and TNF-« and Iymphopenla are associ-
ated with severe COVID-19 cases (Pedersen a o 2020).
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The p38/MAPK pathway responds to and controls production of
potentially harmful pro-inflammatory cytokines. Several patho-
genic viral infections induce a p38/MAPK signaling state that ex-
hibits uncontrolled positive feedback regulation, leading to
excessive inflammation associated with severe disease. Inhibi-
tion of p38/MAPK signaling suppressed the overproduction of
inflammatory cytokines induced by several viral infections,
including SARS-CoV, Dengue virus, and |nfluenza A virus,
|mpr0\nng sur\nval in mice (f

8; 1 14). However p38/MAPK in-
hibition did not dlrec;tly impair the virus in these cases but,
instead, the host’s immune response to the infection. In contrast,
during SARS-CoV-2 infection, p38/MAPK inhibition suppressed
cytokine production and impaired viral replication by a still un-
known mechanism, suggesting that p38/MAPK inhibition may
target multiple mechanisms related to COVID-19 pathogenesis.

We tested 68 drugs and compounds and found antiviral
activity for several that are FDA approved, in clinical testing, or
under preclinical development for various diseases, including
silmitasertib (CK2, phase 2), gilteritinib (AXL, FDA approved),
ARRY-797 (p38, phase 2/3), MAPK13-IN-1 (p38, preclinical),
SB203580 (p38, preclinical), ralimetinib (p38, phase 2), apilimod
(PIKFYVE, phase 1), and dinaciclib (CDK, phase 3), among
others (Figure ; ). Silmitasertib, a small molecule un-
dergoing clinical trials for various cancers, is now being consid-
ered for testing in humans to combat COVID-19. Although the
effectiveness of CK2 inhibition may be attributed to its regulation
of stress granules (G ), viral egress and dissem-
ination could be facilitated by CK2-mediated remodeling of the
extracellular matrix (Figure 5).

Ralimetinib is currently in phase 2 clinical trials for treatment of
ovarian cancer ( 6), and ARRY-797 isin phase 3
clinical trials for treatment of cardiomyopathy. The antiviral activ-
ity observed for gilteritinib, an FDA-approved drug for treatment
of acute myeloid leukemia, is supported by involvement of
another AXL inhibitor, bencentinib, in the RECOVERY COVID-
19 clinical trial in the United Kingdom. AXL is known to regulate
various |ntracellular signaling pathways (A 2;

), including Ras/ERK, PI3K, and p38(

); AXL inhibition here may contribute to the downregu-
lation of p38 signaling. Apilimod, a PIKFYVE inhibitor, has been
described in a recent study to have antiviral capacity (

'0). Here we expand this into a mechanism of regulation by
phosphorylation of PIKFYVE upon SARS-CoV-2 infection.

Similar to successful antiretroviral therapy for HIV, a combina-
torial drug cocktail may be a viable treatment option for SARS-
CoV-2 infection. Specifically, combining remdesivir with the ki-
nase inhibitors identified in this study as well as with translation
inhibitors and/or modulators of sigma-1 receptor ( ]

) warrants further testing. Furthermore, pairing genetic and
phammacological perturbations in a systematic fashion could
identify new combination therapy approaches and illuminate dis-
ease mechanisms.

The unbiased, global phosphoproteomics approaches used
here highlight cellular processes hijacked during SARS-CoV-2
infection. To address the need for improved therapeutic strate-
gies to fight COVID-19, we employed a data-driven approach
by mapping phosphorylation profiles of dysregulated signaling
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pathways to drugs and compounds targeting those signaling
pathways. We hope this paradigm can be employed in the future
to find additional therapies for COVID-19 and other infectious
diseases.

Limitations of Study

A limitation of the current study is the use of a non-human cell line
for proteomics analysis upon SARS-CoV-2 infection; here, an
African green monkey cell line (Vero E6) was used because it
has been shown previously to be highly permissible to SARS-
CoV-2 infection (H ). However, pharmacolog-
ical inhibition of SARS-CoV-2 was assessed in human lung
A549-ACE2 cells in addition to Vero E6 cells. The majority of
drug effects were found to be replicated between cell lines.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Phospho-p38 MAPK (Thr180/Tyr182) Cell Signaling Cat#92118
a-Rabbit IgG HRP Conjugate Biorad Cat#1706515
a-Mouse IgG HRP Conjugate Biorad Cat#1706516
SARS-CoV-2 N (recombinant mouse Donated from the laboratory of N/A

monoclonal) Thomas Moran (Mount Sinai)

GAPDH Cell Signaling Cat#21188
Phospho-MAPKAPK2 (T334) Gell Signaling Cat#3007T
Phospho-CREB/ATF-1 (5133} Cell Signaling Cat#9198S

CK2a Abcam Cat#ab70774
SARS-CoV membrane (M) Rockland Cat#100-401-A55
SARS-CoV nucleocapsid (N) Rockland Cat#200-401-A50
AF568-labeled goat-anti-rabbit InvitrogenCat# Cat#A11011
AF847-labeled goat-anti-mouse Invitrogen Cat#A21235
AF488-labeled Phalloidin Hypermol Cat#8813-01

viral NP protein anti-sera produced in the Garcia-Sastre lab N/A

Bacterial and Virus Strains

SARS-CoV-2, isolate BetaCoV/France/ European Virus Archive goes IDF0372/2020

IDF0372/2020
SARS-CoV-2, isolate USA-WA1/2020

Global (EVAg)
BEI Resources

Cat#NR-52281

SARS-CoV-2, Isolate Muc-IMB-1/2020 Bundeswehr Institute of N/A
Microbiology, Munich, Germany
Chemicals, Peptides, and Recombinant Proteins
cOmplete protease inhibitor cocktail tablets Roche Cat#11846170001
mini, EDTA-free
PhosStop phosphatase inhibitor cocktail Roche Cat#4906837001
tablets
Sep-Pak C18 cartridge Waters Cat#WAT054955
Sequencing-grade modified trypsin Promega Cat#V5111
Fetal bovine serum (FBS) Thermo Fisher Scientific Cat#10082
DMEM Thermo Fisher Scientific Cat#MT10013CV
Water, HPLC grade Sigma-Aldrich Cat#270733-4 L; CAS#7732-18-5
Ni-NTA Superflow beads QIAGEN Cat#30210
Igepal Sigma-Aldrich Cat#13021; CAS#9002-93-1
Minimal Essential Media (MEM) Corning Cat#10-009-CV
Opti-MEM Thermo Fisher Scientific Cat#31985062
Paraformaldehyde, 4% solution in Thermo Scientific Cat#MFCD00133991
PBS (PFA)
Formalin Fisher Scientific Cat#SF100-20; CAS#50-00-0, 67-56-1,
7558-79-4, 10049-21-5, 7732-18-5
4',6-diamidino-2-phenylindole (DAPI) Themo Scientific Cat#62247
ReprosilPur 1.9 um particles ESI SOURCE SOLUTIONS Cat#R119
Crystal Violet Solution Sigma Aldrich Cat#HT90132-1L
Thermanox coverslips Ted Pella Cat#26028
Silicon Chips Ted Pella Cat#16007
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REAGENT or RESOURCE
Aluminum specimen mounts
Double-sided carbon tape
Karnovsky’s EM fixative
Sodium Cacodylate
Osmium Tetroxide
Potassium Ferrocyanide
Uranyl Acetate

Spurr’s resin

Iridium target

PolyJet

SuperScript IV Reverse Transcriptase
ARRY-371797 (ARRY-797)
Dilmapimod (SB-681323)
Doramapimod (BIRB-796)
Losmapimod
MAPK13-IN-1
Neflamapimod (VX-745)
P38 MAPK Inhibitor (4)
PF-3644022

PH-797804

Ralimetinib (LY2228820)
SB203580

TAK-715

Talmapimod (SCIO-469)
VX-702

4EGI-1

A-484954

Abemaciclib mesylate
Alisertib

Apilimod

AT-13148

AZD-1208

AZD-5363 (Capivasertib)
AZD-7648

Bafetinib

BMS-582949

Bortezomib (PS-341)
CHIR-98014

Dabrafenib (GSK2118436)
Dasatinib

Dinaciclib

Dorsomorphin 2HCI

EHT 1864 2HCI
Enzastaurin

Fludarabine

Fosbretabulin (Combretastatin A4
Phosphate (CA4P)) Disodium

Ganetespib
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SOURCE

Ted Pella

Ted Pella

Electron Microscopy Sciences
Sigma

Electron Microscopy Sciences
Sigma

Ted Pella

Ted Pella

Electron Microscopy Sciences
SignaGen
Invitrogen
MedKoo Biosciences
MedChemExpress
SelleckChem
SelleckChem
MedChemExpress
SelleckChem
Cayman Chemical
Tocris Bioscience
SelleckChem
SelleckChem
SelleckChem
SelleckChem
MedChemExpress
SelleckChem
SelleckChem
Tocris Bioscience
SelleckChem
SelleckChem
SelleckChem
SelleckChemn
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem
SelleckChem

SelleckChem
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IDENTIFIER

Cat#16111

Cat#16084-1

Cat#15720

Cat#C4945-10G; CAS#6131-99-3
Cat#19190; CAS#20816-12-0
Cat#P-3289; CAS#14459-95-1
Cat#19481; CAS#6159-44-0
Cat#18300-4221

Cati#3431

Cat#SL100688

Cat#18090010

Cat#555466; CAS#1036404-17-7
Cat#HY-10404; CAS#444606-18-2
Cat#51574; CAS#285983-48-4
Cat#S7215; CAS#585543-15-3
Cat#HY-18850; CAS#229002-10-2
Cat#51458; CAS#209410-46-8
Cat#22219; CAS#1638-41-1
Cat#4483; CAS#142557-61-7
Cat#82726; CAS#586379-66-0
Cat#51494; CAS#862507-23-1
Cat#51076; CAS#152121-47-6
Cat#52928; CAS#303162-79-0
Cat#HY-10406; CAS#309913-83-5
Cat#S6005; CAS#745833-23-2
Cat#S57369; CAS#315706-13-9
Cat#4279; CAS#1276121-88-0
Cat#S7158; CAS#1231930-82-7
Cat#S51133; CAS#1028486-01-2
Cat#S6414; CAS#541550-19-0
Cat#S7563; CAS#1056901-62-2
Cat#S7104; CAS#1204144-28-4
Cat#58019; CAS#1143532-39-1
Cat#58843; CAS#2230820-11-6
Cat#51369; CAS#859212-16-1
Cat#58124; CAS#623152-17-0
Cat#51013; CAS#179324-60-7
Cat#82745; CAS#252935-94-7
Cat#S2807; CAS#1195765-45-7
Cat#51021; CAS#302962-49-8
Cat#S2768; CAS#779353-01-4
Cat#57306; CAS#1219168-18-9
Cat#S57482; CAS#754240-09-0
Cat#S51055; CAS#170384-57-5
Cat#51491; CAS#51491
Cat#87204; CAS#168555-66-6

Cat#51159; CAS#888216-25-9

(Continued on next page)
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REAGENT or RESOCURCE SOURCE IDENTIFIER

Gilteritinib SelleckChem Cat#57754; CAS#1254053-43-4
Idarubicin HCI SelleckChem Cat#51228; CAS#57852-57-0
Ipatasertib SelleckChem Cat#52808; CAS#1001264-89-6
Ispinesib (SB-715992) SelleckChem Cat#51452; CAS#336113-53-2
Ixazomib (MLN2238) SelleckChem Cat#52180; CAS#1072833-77-2
K-252a Cayman Chemical Cat#11338; CAS#99533-80-9
KenPaullone SelleckChem Cat#57917; CAS#142273-20-9
KW-2449 SelleckChem Cat#52158; CAS#1000669-72-6
LJI308 SelleckChem Cat#57871; CAS#1627709-94-7
LMK-235 SelleckChem Cat#57569; CAS#1418033-25-6
LY2584702 Tosylate SelleckChem Cat#37704; CAS#1082949-68-5
MBQ-167 SelleckChem Cat#S8749; CAS#2097938-73-1
Mdivi-1 SelleckChem Cat#S7162; CAS#338967-87-6
Midostaurin SelleckChem Cat#58064; CAS#120685-11-2
MK-2206 2HCI SelleckChem Cat#51078; CAS#1032350-13-2
ML141 SelleckChem Cat#57686; CAS#71203-35-5
NSC319276 SelleckChem Cat#37149; CASH#71555-25-4
NVP-BEP800 SelleckChem Cat#51498; CAS#847559-80-2
Palbociclib (PD-0332991) HCI SelleckChem Cat#51116; CAS#827022-32-2
PF-03814735 SelleckChem Cat#52725; CAS#942487-16-3
PF-3758309 SelleckChem Cat#37094; CAS#898044-15-0
PHA-793887 SelleckChem Cat#S1487; CAS#718630-59-2
Pictilisib SelleckChem Cat#51065; CAS#957054-30-7
PKR Inhibitor Cayman Chemical Cat#15323; CAS#608512-97-6
QNZ (EVP4593) SelleckChem Cat#54902; CAS#545380-34-5
R-406 SelleckChem Cat#52194; CAS#841290-81-1
R-547 SelleckChem Cat#52688; CAS#741713-40-6
Rapamycin SelleckChem Cat#S1039; CAS#53123-88-9
Ravoxertinib SelleckChem Cat#57554; CAS#1453848-26-4
Remdesivir BioVision Cat#B2997; CAS#1809249-37-3
Ripasudil (K-115) hydrochloride dihydrate SelleckChem Cat#57995; CAS#887375-67-9
Romidepsin (FK228, Depsipeptide) SelleckChem Cat#S3020; CAS#128517-07-7
Ruboxistaurin HCI(LY333531) SelleckChem Cat#57663; CAS#169939-93-9
Sapanisertib SelleckChem Cat#52811; CAS#1224844-38-5
SAR-407899 Cayman Chemical Cat#21717; CAS#923359-38-0
SB743921 HCI SelleckChem Cat#52182; CAS#940929-33-9
SGI-1776 free base SelleckChem Cat#52198; CAS#1025065-69-3
Silmitasertib SelleckChem Cat#52248; CAS#1009820-21-6
Sorafenib Tosylate SelleckChem Cat#31040; CAS#475207-59-1
Sotrastaurin SelleckChem Cat#52791; CAS#425637-18-9
Stattic SelleckChem Cat#37024; CAS#19983-44-9
Staurosporine SelleckChem Cat#S1421; CAS#62996-74-1
Tanzisertib SelleckChem Cat#58490; CAS#899805-25-5(freebase)
Tasquinimod SelleckChem Cat#S7617; CAS#254964-60-8
THZ1 2HCI SelleckChem Cat#S7549; CAS#1604810-83-4(freebase)
Tpl2 Kinase Inhibitor 1 Cayman Chemical Cat#19710; CAS#871307-18-5
ur3i22 SelleckChem Cat#58011; CAS#112648-68-7
Volasertib SelleckChem Cat#52235; CAS#755038-65-4

(Continued on next page)
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Continued

VREAGENT or RESOURCE

XL413 (BMS-863233)

Y-39983 HCI

CCL2/MCP-1, Capture Antibody
CCL5/RANTES, Capture Antibody
CCL11/Eotaxin, Capture Antibody
GM-CSF, Capture Antibody
IL-1RA, Capture Antibody
CCL13/MCP-4, Capture Antibody
IL-4, Capture Antibody

IL-10, Capture Antibody

IL-15, Capture Antibody

IL-1beta, Capture Antibody
CCLB/MCP-2, Capture Antibody
CXCL9/MIG, Capture Antibody
CCL3/MIP-1alpha, Capture Antibody
CXCL2/GRO-Beta, Capture Antibody
TGF-Beta1, Capture Antibody
CXCL16, Capture Antibody
CXCLB8/IL-8, Capture Antibody
MMP-9, Capture Antibody
CXCL1/GRO-alpha, Capture Antibody
IL-7, Capture Antibody
CCL4/MIP-1beta, Capture Antibody
IL-1alpha, Capture Antibody

IL-12 (p70), Capture Antibody
IL-16, Capture Antibody
CCL20/MIP-3a, Capture Antibody
TNF-alpha, Capture Antibody
Trappin-2/Elafin, Capture Antibody
IL-17A, Capture Antibody
CXCL10/IP-10, Capture Antibody
S100A8, Capture Antibody

IL-22, Capture Antibody
CXCL5/ENA-78, Capture Antibody
IL-6, Capture Antibody
CCL7/MCP-3, Capture Antibody
CCL2/MCP-1, Protein std
CCL5/RANTES, Protein std
CCL11/Eotaxin, Protein std
GM-CSF, Protein std

IL-1RA, Protein std

CCL13/MCP-4, Protein std

IL-4, Protein std

IL-10, Protein std

IL-15, Protein std

IL-1beta, Protein std
CCL8/MCP-2, Protein std
CXCL9/MIG, Protein std
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SOURCE
SelleckChem
SelleckChem
R&D Systems
R&D Systems
R&D Systems
R&D Systems
Peprotech
R&D Systems
R&D Systems
Peprotech
R&D Systems
R&D Systems
Peprotech
Peprotech
R&D Systems
Peprotech
R&D Systems
Peprotech
R&D Systems
R&D Systems
Peprotech
R&D Systems
R&D Systems
R&D Systems
Peprotech
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
Peprotech
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
Peprotech
R&D Systems
Peprotech
R&D Systems
R&D Systems
Peprotech
R&D Systems
R&D Systems
Peprotech
R&D Systems
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IDENTIFIER

Cat#S7547; CAS#1169562-71-3
Cat#S7935; CAS#173897-44-4

Cat#MABB79
Cat#MAB678
Cat#MAB320
Cat#MABE15
Cat#500-P209
Cat#MAB327
Cat#MAB604
Cat#500-P20
Cat#MABB647
Cat#MABE01
Cat#500-P35
Cat#500-P50
Cat#MABB70
Cat#500-P104
Cat#MAB240
Cati##500-P200
Cat#MAB208
Cat#MAB936
Cat#500-P92
Cat#MAB207
Cat#MAB271
Cat#MAB200
Cat#500-P154G
Cat#MAB316
Cat#MAB360
Cat#MABE10
Cat#AF1747
Cat#MAB317
Cat#MAB266
Cat#DS8900
Cat#500-P211
Cat#MAB654
Cat#MAB206
Cat#MAB282
Cat#279-MC
Cat#278-RN
Cat#300-21
Cat#215-GM
Cat#200-01RA
Cat#327-P4
Cat#204-IL
Cat#200-10
Cat#247-1LB
Cat#201-LB
Cat#300-15
Cat#392-MG

(Continued on next page)



Continued

REAGENT or RESOCURCE SOURCE IDENTIFIER
CCL3/MIP-1alpha, Protein std R&D Systems Cat#270-LD
CXCL2/GRO-Beta, Protein std Peprotech Cat#300-39
TGF-Beta1, Protein std Peprotech Cat#100-21
CXCL16, Protein std Peprotech Cat#300-55
CXCLS8/IL-8, Protein std R&D Systems Cat#208-IL
MMP-9, Protein std R&D Systems Cat#911-MP
CXCL1/GRO-alpha, Protein std Peprotech Cat#300-11
IL-7, Protein std R&D Systems Cat#207-IL
CCL4/MIP-1beta, Protein std R&D Systems Cat#271-BME
IL-1alpha, Protein std Peprotech Cat#200-01A
IL-12(p70), Protein std R&D Systems Cat#219-1L
IL-186, Protein std Peprotech Cat#200-16
CCL20/MIP-3a, Protein std Peprotech Cat#300-29A
TNF-alpha, Protein std R&D Systems Cat#210-TA
Trappin-2/Elafin, Protein std R&D Systems Cat#1747-P|
IL-17A, Protein std Peprotech Cat#200-17
CXCL10/IP-10, Protein std R&D Systems Cat#266-1P
S100A8, Protein std R&D Systems Cat#DS8900
IL-22, Protein std Peprotech Cat#200-22
CXCL5/ENA-78, Protein std R&D Systems Cat#254-XB
IL-6, Protein std R&D Systems Cat#206-IL
CCL7/MCP-3, Protein std R&D Systems Cat#282-P3
CCL2/MCP-1, Detection Antibody R&D Systems Cat#BAF279
CCL5/RANTES, Detection Antibody R&D Systems Cat#BAF278
CCL11/Eotaxin, Detection Antibody R&D Systems Cat#BAF320
GM-CSF, Detection Antibody R&D Systems Cat#BAM 215
IL-1RA, Detection Antibody Peprotech Cat#500-P209BT
CCL13/MCP-4, Detection Antibody R&D Systems Cat#BAF327
IL-4, Detection Antibody R&D Systems Cat#BAF204
IL-10, Detection Antibody Peprotech Cat#500-P20BT
IL-15, Detection Antibody R&D Systems Cat#BAM 247
IL-1beta, Detection Antibody R&D Systems Cat#BAF201
CCL8/MCP-2, Detection Antibody Peprotech Cat#500-P35BT
CXCL9/MIG, Detection Antibody Peprotech Cat#500-P50BT
CCL3/MIP-1alpha, Detection Antibody R&D Systems Cat#BAF270
CXCL2/GRO-Beta, Detection Antibody Peprotech Cat#500P104BT
TGF-Betal, Detection Antibody R&D Systems Cat#BAM 2462
CXCL16, Detection Antibody Peprotech Cat#500-P200BT
CXCL8/IL-8, Detection Antibody R&D Systems Cat#BAF208
MMP-9, Detection Antibody R&D Systems Cat#BAF911
CXCL1/GRO-alpha, Detection Antibody Peprotech Cat#500P92BT
IL-7, Detection Antibody R&D Systems Cat#BAF207
CCL4/MIP-1beta, Detection Antibody R&D Systems Cat#BAF271
IL-1alpha, Detection Antibody R&D Systems Cat#BAF200
IL-12(p70), Detection Antibody Peprotech Cat#500-P154GBT
IL-16, Detection Antibody R&D Systems Cat#BAF316
CCL20/MIP-3a, Detection Antibody R&D Systems Cat#BAF360
TNF-alpha, Detection Antibody R&D Systems Cat#BAF210

(Continued on next page)
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Continued

REAGENT or RESOURCE
Trappin-2/Elafin, Detection Antibody
IL-17A, Detection Antibody
CXCL10/IP-10, Detection Antibody
S5100A8, Detection Antibody

IL-22, Detection Antibody
CXCL5/ENA-78, Detection Antibody
IL-8, Detection Antibody
CCL7/MCP-3, Detection Antibody
Critical Commercial Assays

MTT assay

Luna Universal One-Step RT-qPCR Kit
CellTiter-Glo Luminescent Cell
Viability Assay

Direct-zol RNA Miniprep Plus kit
KAPA SYBR FAST gPCR Master Mix
Bio-Rad Il Protein Assay Kit
Deposited Data

Phosphoproteomics data of SARS-CoV-2
infected Vero E6 cells

Supplemental Tables in Mendeley Data
CORUM v3.0

RNA-seq dataset for transcription factor
activities

Phosphoproteomics datasets of biological
conditions

Functional scores for phosphorylation sites

Gene identifier mapping database from
BioMart

Molecular Signatures Database for gene set
enrichment analysis

Kinase-substrate relationships

Chlorocebus proteome sequences for
peptide searches

Sars-CoV-2 genomic sequences (hCoV-19/
France/IDF0372/2020)

Experimental Models: Cell Lines
ACE2-A548 human lung carcinoma

Caco-2

VERO C1008 [Vero 786, clone E6, Vero E6]
(Vero E6)
HEK293T/17 cells
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SOURCE
R&D Systems
R&D Systems
Peprotech
R&D Systems
Peprotech
R&D Systems
R&D Systems
R&D Systems

Roche

New England Biolabs

Promega

Zymo Research
Roche
Bio-Rad

This paper

This paper

Ensembl

Uniprot

GISAID

Donated from the laboratory

of Brad Rosenberg
ATCC
ATCC

ATCC
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IDENTIFIER
Cat#BAF1747
Cat#BAF317
Cat#500-P93BT
Cat#DS8900
Cat#500-P211BT
Cat#BAF254
Cat#BAF206
Cat#BAF282

Cat#11465007001
Cat#E3005L
Cat#G7570

Cat#R2072
Cat#07959389001
Cat#5000002

PRIDE Project ID: PXD019113

GSE147507

Accession number EPI_ISL_406596

N/A

Cat#HTB-37
Cat#CRL-1586

Cat#CRL-11268

(Continued on next page)



Continued
REAGENT or RESOURCE
Oligonucleotides

ON-TARGETplus Human MAPK12 (6300)
siRNA - SMARTpool, 5 nmol

ON-TARGETplus Human MAPK13 (5603)
siRNA - SMARTpool, 5 nmol

ON-TARGETplus Human MAP2K3 (5606}
siRNA - SMARTpool, 5 nmol

ON-TARGETplus Human ACE2 (59272)
siRNA - SMARTpool

N gene region (reverse)
5'-CGAAGGTGTGACTTCCATG-3"

N gene region (forward)
5-TAATCAGACAAGGAACTGATTA-3'
Recombinant DNA
pLVX-TetOne-Puro empty vector
pLVX-TetOne-Puro-SARS-CoV-2-N-
2xStrep

pMD2.G, Addgene

Gag-Pol-Tat-Rev packaging construct
Software and Algorithms

artMS

MSstats

The R Project for Statistical Computing
Spectronaut

ZEN (Blue edition)

SPPIDER v2

DoRothEA

VIPER

Biostrings
clusterProfiler
DESeq2 package

Imaris 64x 9.5.1
MetaMorph (Version 7.8)
Cther

Crbitrap Exploris 480 MS with internal
calibration option

ZEISS LSM 800 Confocal Laser Scanning
Microscope

QuantStudio 6 Real-Time PCR System
FACSymphony

Infinity 2000 Plate Reader

Luminex MAGPIX platform
LightCycler 480 Instrument Il

Bal-Tec Drier

SOURCE

Horizon Discovery/Dharmacon
Horizon Discovery/Dharmacon
Horizon Discovery/Dharmacon
Horizon Discovery/Dhamrmacon
Eurofins

Eurofins

Takara
This paper

Gift from Didier Trono
Gift from Judd Hultquist

Bioconductor

Bioconductor

Biognosys
Carl Zeiss Microscopy

Bioconductor

Bioconductor

Oxford Instruments
Molecular Devices

Thermo Fisher Scientific
Carl Zeiss Microscopy

Applied Biosystems
BD Life Sciences
Tecan

Luminex Corp

Roche

Balzers, Liechtenstein

281

IDENTIFIER

Cat#l -003580-00-0005
Cat#1-003591-00-0005
Cat#1-003509-00-0005
Cat#-005755-00-0005
N/A

N/A

Cat#631847
N/A

Addgene Plasmid #12259
pJHO45

Cat#BRE725533

Model#ZEISS LSM 800

Cat#4485697
N/A
N/A
N/A
N/A
Cat#CPD 030
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Quorum sputter coater Electron Microscopy Sciences, Cat#EMS300T D
Hatfield, PA

Hitachi field emission scanning electron Hitachi, Tokyo, Japan Model#SU-8000

microscope

Leica UC7 ultramicrotome Leica Microsystems N/A

FEI BT Tecnai transmission electron Thermofisher/FEI N/A

micraoscope

Gatan Rio camera Gatan N/A

Ceiigo imaging_ cytometer Nexcelcom N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Nevan J. Krogan (Neva

).

Materials Availability
Plasmid pLVX-TetOne-Puro-SARS-CoV-2-N-2xStrep is available upon request from the Lead Contact.

Data and Code Availability

The mass spectrometry proteomlcs data have been deposited tothe ProteomeXchange Consortium via the PRIDE partner repository

with the dataset |deni|f|er 1911 ( erol et al., 2019). An interactive version of phosphorylation data can be found at
s://kroganiab.t € A Supplementary tables have been deposited to Mendeley Data: ! [ rg

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

African green monkey kidney epithelial Vero E8 (Vero 76, clone EB, Vero E6, ATCC® CRL-1586) authenticated by ATCC and tested
negative for mycoplasma contamination prior to commencement were maintained in a humidified atmosphere at 37°C with 5% CO,,
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS, Invitrogen). ACE2-expressing A549
cells, a human lung epithelial cell line, were a kind gift from Brad Rosenberg. A549-ACE2 cells were cultured in DMEM supplemented
with 10% FBS and maintained at 37°C with 5% CO,. Caco-2 (ATCC® HTB-37) human colon epithelial cells were maintained in a
humidified atmosphere at 37°C with 5% CO; in DMEM-containing 20% (v/v) FBS.

Viruses (Institut Pasteur, Paris)

The SARS-CoV-2 isolate BetaCoV/France/IDF0372/2020 was supplied by the National Reference Centre for Respiratory Viruses
hosted by Institut Pasteur (Paris, France) and headed by Pr. Sylvie van der Werf. The isolate originated from a human sample provided
by Dr. X. Lescure and Pr. Y. Yazdanpanah from the Bichat Hospital, Paris, France. The isolate was supplied through the European
Virus Archive goes Global (EVAg) platform. Viral stocks were prepared by propagation in Vero E6 cells in DMEM supplemented with
2% FBS. Viral titers were determined by plaque assay in Minimum Essential Media (MEM) supplemented with 2% (v/v) FBS (Invitro-
gen) and 0.05% agarose. All experiments involving live SARS-CoV-2 were performed in compliance with Institut Pasteur Paris’s
guidelines for Biosafety Level 3 (BSL-3) containment procedures in approved laboratories. All experiments were performed in atleast
three biologically independent samples.

Viruses (Mount Sinai, New York)

For infection experiments in ACE2-A549 cells, SARS-CoV-2, isolate USA-WA1/2020 (NR-52281), which shares 99.983% sequence
identity with the BetaCoV/France/IDF0372/2020 isolate, was deposited by the Center for Disease Control and Prevention and ob-
tained through BEI Resources, NIAID, NIH. SARS-CoV-2 was propagated in Vero E6 cells in DMEM supplemented with 2% FBS,
4.5 g/L D-glucose, 4 mM L-glutamine, 10 mM Non-Essential Amino Acids, 1 mM Sodium Pyruvate and 10 mM HEPES as described
previously (Elanco-M tal., 2020). All work involving live SARS-CoV-2 was performed in the CDC/USDA-approved BSL-3 facility
of the Global Health and Emerging Pathogens Institute at the Icahn School of Medicine at Mount Sinai in accordance with institutional
biosafety requirements.
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Viruses (University of Freiburg, Germany)

For infection experiments in Caco-2 cells, SARS-CoV-2 isolate Muc-IMB-1/2020, kindly provided by the Bundeswehr Institute of
Microbiology, Munich, Germany, was used. SARS-CoV-2 was propagated in Vero E6 cells in DMEM supplemented with 2% FBS.
All work involving live SARS-CoV-2 was performed in the BSL-3 facility of the Institute of Virology, University Hospital Freiburg,
and was approved according to the German Act of Genetic Engineering by the local authority (Regierungspraesidium Tuebingen,
permit UNI.FRK.05.16/05).

METHODS DETAILS

Vero E6 cell infection for proteomic analysis

Vero E6 cells were seeded using 2x10° cells in T25 flasks. The following day cells were either mock infected or infected with SARS-
CoV-2 at a MOI of 1 in serum-free DMEM at 37°C for 1 hour. After absorption the 0 hour samples were lysed immediately, while the
media for other samples was replaced with 2% FBS / DMEM (Invitrogen) and incubated at 37°C for times indicated before lysis.

Cell lysis and digestion

Cells were lysed using 1% IGEPAL (Sigma) in PBS (Invitrogen) for 20 minutes at room temperature (RT) to inactivate the virus. These
specific lysis conditions were used as this was the approved virus inactivation protocol. Proteins contained in the cell lysate were then
immediately precipitated using 90% methanol (v/v) (Sigma) by centrifugation at 20,000x g for 10 minutes. The protein pellets were
frozen at —80°C. Precipitated proteins were resuspended in lysis buffer (8 M urea, 100 mM ammonium bicarbonate (ABC),
150 mM NacCl, protease inhibitor (mini-cOmplete, Roche) and phosphatase inhibitors (phosSTOP, Roche). Tris-(2-carboxyethyl)
phosphine (TCEP) was added to a final concentration of 4 mM. DNA was sheared via probe sonication, on ice, at 20% amplitude
for 20 s., followed by 10 s of rest. This process was performed a total of three times. Following sonication, protein concentration
was determined using Bradford assay. lodoacetamide (IAA) was added to each sample to a final concentration of 10 mM, and sam-
ples were incubated in the dark at room temperature (RT) for 30 minutes. Excess IAA was quenched by the addition of dithiothreitol
(DTT) to 10 mM, followed by incubation in the dark at RT for 30 minutes. Samples were then diluted with 0.1 M ABC (pH = 8.0) to a final
urea concentration of 2 M. Trypsin (Promega) was added at a 1:100 (enzyme:protein w:w) ratio and digested overnight at 37°C with
rotation. Following digestion, 10% trifluoroacetic acid (TFA) was added to each sample to a final pH ~2. Samples were desalted un-
der vacuum using Sep Pak tC18 cartridges (Waters). Each cartridge was activated with 1 mL 80% acetonitrile (ACN)/0.1% TFA, then
equilibrated with 3 x 1 mL of 0.1% TFA. Following sample loading, cartridges were washed with4 x 1 mL of 0.1% TFA, and samples
were eluted with 4 x 0.5 mL 50% ACN/0.25% formic acid (FA). 20 pg of each sample was kept for protein abundance measurements,
and the remainder was used for phosphopeptide enrichment. Samples were dried by vacuum centrifugation.

Phosphopeptide enrichment

For each sample batch, 400 pL (30 pL per sample) of 50% Superflow bead slurry (QIAGEN) was added to a 2 mL bio-spin column.
Beads were incubated with 4 x 500 pL of 100 mM EDTA for 30 s, washed with 2 x 500 pL H,0, incubated 4 x 500 pL with 15 mM
FeCl; for 1 minute, washed 3 x 500 pL Hz0O, and washed once with 500 pL of 0.5% FA to remove residual Fe. Beads were resus-
pended in 600 pL of H,O and 60 pL were aliquoted into a C18 NEST column that had been equilibrated with 150 pL of 80% ACN,
0.1% TFA. 1 mg of digested peptides were resuspended in 75% ACN/0.15% TFA and incubated with beads for 2 minutes, mixed
by pipetting and incubated again for 2 minutes. Beads were washed 4 x 200 pL with 80% ACN, 0.1% TFA, then washed 3 x 200
uL with 0.5% FA, incubated 2 x 200 pL with 500 mM potassium phosphate buffer pH 7 and incubated 2 x 200 plL with 0.5% FA
for 15 seconds. Phosphopeptides were eluted by centrifugation at 3000 RPM for 30 seconds with 2 x 75 uL of 50% ACN, 0.1% FA.

Mass spectrometry data acquisition

Digested samples were analyzed on an Orbitrap Exploris 480 mass spectrometry system (Thermo Fisher Scientific) equipped with an
Easy nLC 1200 ultra-high pressure liquid chromatography system (Thermo Fisher Scientific) interfaced via a Nanospray Flex nano-
electrospray source. For all analyses, samples were injected on a C18 reverse phase column (25 cm x 75 pm packed with ReprosilPur
1.9 pm particles). Mobile phase A consisted of 0.1% FA, and mobile phase B consisted of 0.1% FA/80% ACN. Peptides were sepa-
rated by an organic gradient from 5% to 30% mobile phase B over 112 minutes followed by an increase to 58% B over 12 minutes,
then held at 90% B for 16 minutes at a flow rate of 350 nL/minute. Analytical columns were equilibrated with 6 uL of mobile phase A.
To build a spectral library, one sample from each set of biclogical replicates was acquired in a data dependent manner. Data depen-
dent analysis (DDA) was performed by acquiring a full scan over a m/z range of 400-1000 in the Orbitrap at 60,000 resolving power
(@200 m/z) with a normalized AGC target of 300%, an RF lens setting of 40%, and a maximum ion injection time of 60 ms. Dynamic
exclusion was set to 60 seconds, with a 10 ppm exclusion width setting. Peptides with charge states 2-6 were selected for MS/MS
interrogation using higher energy collisional dissociation (HCD), with 20 MS/MS scans per cycle. For phosphopeptide enriched sam-
ples, MS/MS scans were analyzed in the Orbitrap using isolation width of 1.3 m/z, normalized HCD collision energy of 30%, normal-
ized AGC of 200% at a resolving power of 30,000 with a2 54 ms maximum ion injection time. Similar settings were used for data depen-
dent analysis of samples used to determine protein abundance, with an MS/MS resolving power of 15,000 and a 22 ms maximum ion
injection time. Data-independent analysis (DIA) was performed on all samples. An MS scan at 60,000 resolving power over a scan
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range of 390-1010 m/z, a normalized AGC target of 300%, an RF lens setting of 40%, and a maximum injection time of 60 ms was
acquired, followed by DIA scans using 8 m/z isolation windows over 400-1000 m/z at a normalized HCD collision energy of 27%.
Loop control was set to All. For phosphopeptide enriched samples, data were collected using a resolving power of 30,000 and a
maximum ion injection time of 54 ms. Protein abundance samples were collected using a resolving power of 15,000 and a maximum
ion injection time of 22 ms.

Spectral library generation and raw data processing

Raw mass spectrometry data from each DDA dataset were used to build separate libraries for DIA searches using the Pulsar search
engine integrated into Spectronaut version 13.12.200217.43655 (& € )15) by searching against a database of Uniprot
Chlorocebus sequences (19,136 proteins, downloaded April 3, 2020) and 29 SARS-CoV-2 protein sequences translated from
genomic sequence downloaded from GISAID (accession EPI_ISL 406596, downloaded April 7, 2020) with two mutations
(G22661T Spike V367F and G26144T ORF3a G251V) detected by RNASeq analysis of virus stocks. For protein abundance samples,
data were searched using the default BGS settings, variable modification of methionine oxidation, static modification of carbamido-
methyl cysteine, and filtering to a final 1% false discovery rate (FDR) at the peptide, peptide spectrum match (PSM), and protein level
(Elias and )i 2007). For phosphopeptide enriched samples, BGS settings were modified to include phosphorylation of S, T, and Y
as a variable modification. The generated search libraries were used to search the DIA data. For protein abundance samples, default
BGS settings were used, with no data normalization performed. For phosphopeptide enriched samples, the Significant PTM default
settings were used, with no data normalization performed, and the DIA-specific PTM site localization score in Spectronaut was
applied.

Immunofluorescence microscopy

Caco-2 cells seeded on glass coverslips were infected with SARS-CoV-2 Isolate Muc-IMB-1/2020, second passage on Vero EB cells
(2x108 PFU/mL) at an MOI of 0.1 or 0.01. At 24 hours post-infection cells were washed with PBS and fixed in 4% paraformaldehyde in
PBS for 20 minutes at RT, followed by permeabilization with 0.3% Triton X-100 in PBS for 10 minutes at RT and blocking in 5% fetal
calf serum in PBS for 1 hour at RT. Incubation with primary antibodies against CK2a« (Abcam, ab70774, 1:500), SARS-CoV membrane
(M) protein (Rockland, #100-401-A55, 1:500) and SARS-CoV nucleocapsid (N) protein (Rockland, #200-401-A50, 1:1000) was per-
formed for 1 hour at RT. After washing with PBS, cells were incubated with AF568-labeled goat-anti-rabbit (Invitrogen, #A11011) and
AF647-labeled goat-anti-mouse (Invitrogen, #A21235) secondary antibodies (1:200) as well as AF488-labeled Phalloidin (Hypermol,
#8813-01, 1:250) for 2 hours at RT. Fluorescence images were generated using a LSM800 confocal laser-scanning microscope
(Zeiss) equipped with a 63X, 1.4 NA oil objective and Airyscan detector and the Zen blue software (Zeiss) and processed with
Zen blue software and ImageJ/Fiji. For 3D-reconstruction, cells were fixed and stained as indicated and imaged as z stack with
0.15 pm sections. Z stack was processed using Imaris software 64x 9.5.1 and displayed as MIP. To quantify colocalization between
casein kinase |l and N protein colocalization events in filopodia of SARS-CoV-2 infected Caco-2 cells were counted. 42 + 19 % ofthe
N protein particles detected in filopodia colocalize with CK2. Length of filopodia was measured using Metamorph (Version 7.8). Dis-
tance was measured starting at cortical actin to the tip of Filopodia.

Electron microscopy

Vero EB cells were seeded overnight and then infected for 24 hours with SARS-CoV-2 isolate nCoV-WA1-2020 on silicon chips for
scanning electron microscopy or Thermanox for transmission electron microscopy. For scanning electron microscopy (SEM), cells
were fixed with Karnovsky’s formulation of 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M Sorenson’s phosphate buffer, and
then post-fixed with 1.0% osmium tetroxide/0.8% potassium ferrocyanide in 0.1 M sodium cacodylate buffer washed with 0.1 M so-
dium cacodylate buffer then stained with 1% tannic acid in dH2O. After additional buffer washes, the samples were further osmicated
with 2% osmium tetroxide in 0.1M sodium cacodylate, then washed with dH,O. Specimens were dehydrated with a graded ethanol
series from 50%, 75%, 100% x 3 for 5 minutes each, critical point dried under CO; in a Bal-Tec model CPD 030 Drier (Balzers,
Liechtenstein), mounted with double sided carbon tape on aluminum specimen mounts (Ted Pella), and sputter coated with 35 A
of iridium in a Quorum EMS300T D sputter coater (Electron Microscopy Sciences, Hatfield, PA) prior to viewing at 5 kV in a Hitachi
SU-8000 field emission scanning electron microscope (Hitachi, Tokyo, Japan). For transmission electron microscopy (TEM), spec-
imens were fixed as described above for scanning electron microscopy and additionally stained overnight with 1% uranyl acetate
at 4°C after the second osmium staining and then dehydrated with the same graded ethanol series, and embedded in Spurr’s resin.
Thin sections were cut with a Leica UCY ultramicrotome (Buffalo Grove, IL) prior to viewing at 120 kV on a FEI BT Tecnai transmission
electron microscope (Thermofisher/FEI, Hillsboro, OR). Digital images were acquired with a Gatan Rio camera (Gatan, Pleasan-
ton, CA).

N overexpression in Vero E6 cells

The N-protein cassette was subcloned from pLVX-EF1a-SARS-CoV-2-N-2xStrep-IRES-Puro (Gordon I ) into pLVX-Te-
tOne-Puro (Takara) using the restriction enzymes EcoRl and BamHI to create pLVX-TetOne-Puro-SARS-CoV-2-N-2xStrep.
Sequence integrity was confirmed by Sanger sequencing (GeneWiz). To produce lentiviruses, HEK293T cells (50% confluent in a
T175 flask) were transfected with 5 ng of each of the pLVX-TetOne-Puro lentiviral plasmids, 3.33 pg Gag-Pol packaging construct,
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and 1.66 pg VSV-G envelope (pMD2.G, Addgene) using PolyJet (SignaGen). Culture supernatant was precipitated with a final
concentration of 8.5% PEG-6000 and 0.3M sodium chloride (NaCl), incubated at 4°C for 2-4 hours. Virions were pelleted at
3500 rpm for 20 minutes in a spin bucket rotor, suspended in 0.5 mL 1xPBS, and aliquoted for storage at 80°C. Vero E6 cells
were seeded in T75 flasks at 50% confluence and transduced with 200 pL precipitated lentivirus derived from pLVX-TetOne-
Puro-SARS-CoV-2-N-2xStrep or pLVX-TetOne-Puro empty vector. 48 hours post transduction, 10 pg/mL Puromycin was added
to cultures to select transduced cells. Polyclonal stable cell lines were seeded into 15 cm dishes in triplicate and treated with
1 pg/mL doxycycline for 48 hours. Cells were washed in ice cold PBS and harvested by scraping in cold PBS. Cell pellets were lysed
directly (8 M urea, 100 mM ammonium bicarbonate (ABC), 150 mM NaCl, protease inhibitor (mini-cOmplete, Roche) and phospha-
tase inhibitors (phosSTOP, Roche), and protein digestion and phosphopeptide enrichment was performed as described above for
SARS-CoV-2 infected Vero E8 cells. During the analysis, one of three replicates of the N-overexpressed samples was found to be
an outlier based on principal component analysis (as in Figure IA and S1B) and was removed. N-overexpression (n = 2) was
compared to empty vector (EV) controls (n = 3) during analysis (full data available in Table S1). Kinase activity predictions were
also performed the same as for viral infection phosphoproteomics (full data available in e S4).

Cell cycle analysis

1x10° Vero E6 cells were seeded per sample. The following day cells were either mock infected or infected with SARS-CoV-2 (isolate
BetaCoV/France/IDF0372/2020) at an MOl of 1. The samples were incubated for 24 hours before detaching cells using Trypsin 0.05%
(Thermo). Cells were pelleted at 500x g for 2 minutes, followed by fixation using 4% Formalin (Thermo) for 30 minutes. Cells were
washed 2x with PBS (Thermo) before permeabilizing using 0.1% Triton X-100 (Thermo) for 20 minutes. Finally, cells were pelleted
again and incubated with 1 mg/mL 4’,6-diamidino-2-phenylindole (DAPI; Thermo) in PBS for 30 minutes before analyzing cell cycle
using fluorescence by flow cytometry using the BD FACSymphony with a violet laser (405 nm) and 450/50 nm filter. Gating was per-
formed by first selecting singlets by gating highly correlated cells in an SSC-A versus SSC-H plot. Next, typical cellular morphology
was gated using a FSC-A versus SSC-A plot. These singles were then used to draw histograms which were gated for G0/G1, S, and
G2/M phases.

SARS-CoV-2 infections in ACE2-A549 cells and lysis for cytokine analysis

Approximately 5 x 10° A549-ACE2 cells were pre-treated with either DMSO or SB203580 (0.01, 0.1, 1, 10 uM final concentration).
After 1 hour of pre-treatment, cells were infected with SARS-CoV-2 (isolate USA-WA1/2020) at an MOI of 0.1 while maintaining in-
hibitor concentrations in the media for 30 hours post infection. The supernatants from infected cells were analyzed by multiplexed
ELISA for the presence of secreted cytokines and chemokines. For RNA analysis, cells were lysed in TRIzol and total RNA was ex-
tracted and DNase treated using the Direct-zol RNA Miniprep Plus kit (Zymo Research) according to the manufacturer’s instructions.
For protein analysis, whole cell lysates were obtained by lysis in RIPA buffer and analyzed by SDS-PAGE and western blot.

Cytokine RT-qPCR analysis

Gene expression of selected cytokines as well as SARS-CoV-2 replication was quantified by RT-qPCR. Reverse transcription of ex-
tracted total RNA samples was performed using oligo (dT) primers and SuperScript IV Reverse Transcriptase according to the man-
ufacturer’s instructions. Quantitative real-time PCR analysis of cDNA samples was performed using KAPA SYBR FAST gPCR Master
Mix (2X) Universal on a LightCycler 480 Instrument Il (Roche). For viral quantification, primers specifically targeting the subgenomic
viral N RNA were used. ACT values were determined relative to the ACTB and AACT values were normalized to the average of mock
infected samples (for host genes) or to infected DMSO treated samples (for viral replication). Error bars indicate the standard devi-
ation of the mean from three independent biclogical replicates.

Multiplexed cytokine ELISA

Supernatants from infected cells were evaluated for 34 cytokines/chemokines by multiplex ELISA for the following analytes: CCL2/
MCP-1, CCL3/MIP-1a, CCL4/MIP-1pB, CCL5/RANTES, CCL7/MCP-3, CCL8/MCP-2, CCL11/Eotaxin, CCL13/MCP-4, CCL20/MIP-
3a, CXCL1/GROa, CXCL2/GROB, CXCL5/ENA-78, CXCL8/IL-8, CXCL9/MIG, CXCL10/IP-10, CXCL18, IL-1a, IL-1B, IL-1RA, IL-4,
IL-8, IL-7, IL-10, IL-12p70, IL-15, IL-18, IL-17A, IL-22, GM-CSF, MMP-9, S100A8, TNFa, TGF, and Trappin-2/Elafin. All antibodies
and cytokine standards were purchased as antibody pairs from R&D Systems (Minneapolis, MN) or Peprotech (Rocky Hill, NJ). In-
dividual magnetic Luminex bead sets (Luminex Corp, CA) were coupled to cytokine-specific capture antibodies according to the
manufacturer’s recommendations. Samples were analyzed on a Luminex MAGPIX platform and quantified using a standard curve.
For each bead region, > 50 beads were collected per analyte. The median fluorescence intensity of these beads was recorded for
each bead and was used for analysis using a custom R script and a 5P regression algorithm.

SARS-CoV-2 viral quantification via antibody staining in presence of inhibitors

(Mount Sinai, New York). Two thousand (2,000) Vero E6 cells were seeded into 96-well plates and incubated for 24 hours. Two hours
before infection, the medium was replaced with 100 plL of DMEM (2% FBS) containing the compound of interest at concentrations
50% greater than those indicated, including a DMSO control. Plates were then transferred into the BSL-3 facility and 100 PFU of
SARS-CoV-2 (MOI 0.025) was added in 50 pL of DMEM (2% FBS), bringing the final compound concentration to those indicated.
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Plates were then incubated for 48 hours at 37°C. After infection, supematants were removed and cells were fixed with 4% formal-
dehyde for 24 hours prior to being removed from the BSL-3 facility. The cells were then immunostained for the viral NP protein (anti-
sera produced in the Garcia-Sastre lab; 1:10,000) with a DAPI counterstain. Infected cells (488 nM) and total cells (DAPI) were quan-
tified using the Celigo (Nexcelcom) imaging cytometer. Infectivity was measured by the accumulation of viral NP protein in the nu-
cleus of the Vero E6 cells (fluorescence accumulation). Percent infection was quantified as ((Infected cells/Total cells) - Background)
*100 and the DMSO control was then setto 100% infection for analysis. The ICsg for each experiment was determined using the Prism
software (GraphPad). For select inhibitors, infected supernatants were assayed for infectious viral titer using the Median Tissue Cul-
ture Infectious Dose TCID5sg method. For this, infectious supernatants were collected at 48 hours post infection and frozen at —80°C
until later use. Infectious titers were quantified by limiting dilution titration on Vero EB cells. Briefly, Vero E6 cells were seeded in 96-
well plates at 20,000 cells/well. The next day, SARS-CoV-2-containing supernatant was applied at serial 10-fold dilutions ranging
from 10~ " to 107° and, after 5 days, viral CPE was detected by staining cell monolayers with crystal violet. TCIDso/mL was calculated
using the method of Reed and Muench.

Cytotoxicity cell viability assays

(Mount Sinai, New York). Cytotoxicity was also performed using the MTT assay (Roche), according to the manufacturer’s instruc-
tions. Cytotoxicity was performed in uninfected Vero E6 cells with same compound dilutions and concurrent with viral replication
assay. All assays were performed in biologically independent triplicates.

siRNA-based knockdown of host kinases

(Institut Pasteur, Paris). Host kinases were knocked-down in A549 cells stably expressing ACE2 cells using OnTargetPlus siRNA
SMARTpools (Horizon Discovery). Briefly, A549-ACE2 cells seeded at 2x10* cells/well in 96-well plates 18 hours prior to the exper-
iment. The next day, each well was transfected with 6 pmoles of sSiRNA SMARTpool, using Lipofectamine RNAIMAX (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Twenty-four (24) hours post transfection, the cell culture supernatant was
removed and replaced with virus inoculum (MOI of 0.1 PFU/cell). Following a 1 hour adsorption at 37°C, the virus inoculum was
removed and replaced with fresh Opti-MEM media (Thermo Fisher Scientific) containing 2% FBS (v/v). Seventy-two (72) hours
post-infection (p.i.), the cell culture supematant was heat-inactivated at 95°C for 5 minutes, and detection of viral genomes per-
formed by RT-gPCR.

SARS-CoV-2 viral quantification via RT-qPCR in presence of inhibitors

(Institut Pasteur, Paris). Detection of viral genomes was performed by RT-qPCR, directly from the inactivated supernatant (I

2020). SARS-CoV-2 specific primers targeting the N gene region: 5-TAATCAGACAAGGAACTGATTA-3' (Forward) and 5'-
CGAAGGTGTGACTTCCATG-3' (Reverse) (Chu et a )20) were used with the Luna Universal One-Step RT-gPCR Kit (NEB) in
an Applied Biosysterns QuantStudio 7 thermocycler, with the following cycling conditions: 55°C for 10 minutes, 95°C for 1 minute,
and 40 cycles of 95°C for 10 s, followed by 60°C for 1 minute. The number of viral genomes is expressed as PFU equivalents/mL, and
was calculated by performing a standard curve with RNA derived from a viral stock with a known viral titer.

SARS-CoV-2 titration by plaque assay

(Institut Pasteur, Paris). Vero E6 cells were seeded in 24-well plates at a concentration of 7.5x10” cells/well. The following day, serial
dilutions were performed in serum-free MEM media. After 1 hour absorption at 37°C, 2x overlay media was added to the inoculum to
give afinal concentration of 2% (v/v) FBS / MEM media and 0.05% (w/v) Agarose (all Thermo Fisher Scientific) to achieve a semi-solid
overlay. Plaque assays were incubated at 37°C for 3 days. Samples were fixed using 4% Formalin (Sigma Aldrich) and plaques were
visualized using crystal Violet solution (Sigma Aldrich).

siRNA Cell viability assays

(Institut Pasteur, Paris). Cell viability in siRNA knocked-down cells was measured using the CellTiter Glo luminescent cell viability
assay (Promega) following the manufacturer's instructions, and luminescence measured in a Tecan Infinity 2000 plate reader.
Percent viability was calculated relative to untreated cells (100% viability) and cells lysed with 20% ethanol (0% viability), included
in each experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data pre-processing

Quantitative analysis was performed in the R statistical programming language (version 3.6.1, 2019-07-05). Initial quality control an-
alyses, including inter-run clusterings, correlations, principal components analysis, peptide and protein counts and intensities were
completed with the R package artMS (version 1.5.3). Based on obvious outliers in intensities, correlations, and clusterings, 2 runs
were discarded from the protein abundance data and 2 runs were discarded from the phosphopeptide data (I 51). Additionally,
the phosphopeptide data were filtered based on feature (i.e., peptide ion) intensity, removing any single feature with intensity less
than 2'4—this decision was made based on apparent lack of correlation between runs for feature intensities below this intensity.
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Thus, for both phosphopeptides and protein abundance, we had 2 control time points and 6 infected time points, each with 3 bio-
logically distinct replicates, except for infected at 0 and 2 hours in the phosphopeptide data and control at 0 hours and infected at
0 hours in the protein abundance data which only had 2 replicates each.
Statistical analysis of protein abundance changes between control and infected runs were computed using peptide ion fragment
data output from Spectronaut and processed using a pipeline of three functions from the R package MSstats (version 3.19.5) (C
4): function MSstats::SpectronauttoMSstatsFormat with default settings other than setting “removeProtein_with1Feature =
TRUE”; function MSstats::dataProcess with default settings other than setting “censoredint = 0,” “featureSubset = highQuality,”
“remove_uninformative_feature_outlier = TRUE,” “clusters=7"; and function MSstats::groupComparison with all default settings.
Phosphopeptide intensity data were summarized at the peptide ion level along with confident localization of phosphorylation as
described in the previous section. Quantification of phosphorylation based on peptide ions were processed using artMS as a
wrapper around MSstats, via functions artMS::doSiteConversion and artMS::artmsQuantification with default settings. All peptides
containing the same set of phosphorylated sites were grouped and quantified together into phosphorylation site groups. For both
phosphopeptide and protein abundance MSstats pipelines, MSstats performs normalization by median equalization, imputation
of missing values and median smoothing to combine intensities for multiple peptide ions or fragments into a single intensity for their
protein or phosphorylation site group, and statistical tests of differences in intensity between infected and control time points.

Identifying significantly regulated proteins
When not explicitly indicated, we used defaults for MSstats for adjusted p values, even in cases of N = 2. By default, MSstats uses
Student’s t test for p value calculation and Benjamini-Hochberg method of FDR estimation to adjust p values. Phosphorylation fold
change data were filtered for quality based on consistency of observations between treatment and controls by requiring the MSstats
reported value missingPercentage < 0.60. This value is the proportion of features (i.e., peptide ions) that are missing across the treat-
ment and control replicates for a specific fold change computation. MSstats phosphorylation results had to be further simplified to
effects at single sites. The results of artMS/MSstats are fold changes of specific phosphorylation site groups detected within pep-
tides, so one phosphorylation site can have multiple measurements if it occurs in different phosphorylation site groups (see
for examples). This complex dataset was reduced to a single fold change per site and time point by choosing (per time point) the fold
change with the lowest p value, favoring those detected in both treatment and control, i.e., non-infinite log; fold change values. This
single-site dataset, further reduced to those with human orthology (Table 51), was used as the input for kinase activity analysis.
Significance filters of adjusted p value < 0.05 and absolute log, fold change (infected/mock) > 1 were applied to both phosphor-
ylation and abundance datasets. Additionally, for protein abundance data, if a protein was detected in only infected but not mock, or
vice versa, we required detection in 3 replicates or by 3 peptide ion fragments in at least 2 replicates. These significance-filtered data
were used for enrichment analyses and counts of significant effects (Figure 1).

Mapping C. sabaeus and H. sapiens proteins

Orthologous pairs of gene |dent|f|ers between C sabaeus and Hsaptens were downloaded from Ensembl using the BioMart web
interface ( - ! € 8al »e50) on April 8, 2020. Ensembl gene
identifiers were mapped to Un|Prot |dent|f|ers and protem sequenc:es using a table of ID mappings and reference proteome se-
quences for H.sapiens downloaded from Uniprot on April 6, 2020. Orthologous pairs of sequences were aligned using the Needle-
man-Wunsch global alignment algorithm implemented in the R package Biostrings (v. 2.52) function pairwiseAlignment with default
parameters. The resulting alignments were used to convert the sequence positions of detected phosphorylations in C.sabaeus to
positions in H.sapiens protein sequences.

GO enrichment analysis

Sets of genes with significant up and down effects were tested for enrichment of Gene Ontology (GO Biological Process, Molecular
Function and Cellular Component) terms. Sets of genes were either combined across time points (- ig I) or collected separately
per time point (Figures S1F and S1G). The over-representation analysis (ORA) was performed using the enricher function of cluster-
Profiler package (version 3.12.0) in R with default parameters. The gene ontology terms were obtained from the c5 category of Mo-
lecular Signature Database (MSigDBv7.1) (Subramanian et al., 2005). Significant GO terms (adjusted p value < 0.01) were identified
and further refined to select non-redundant terms. In order to select non-redundant gene sets, we first constructed a GO term tree
based on distances (1-Jaccard Similarity Coefficients of shared genes in MSigDB) between the significant terms. The GO term tree
was cut at a specific level (h = 0.99) to identify clusters of non-redundant gene sets. For results with multiple significant terms
belonging to the same cluster, we selected the most significant term (i.e., lowest adjusted p value).

Clustering of phosphorylation changes

Phosphorylation sites with one-to-one mapping to human S, T or Y amino acids and showing significant change in phosphorylation
(abs(log-FC) > 1 and adjusted p value < 0.05) in one or more conditions were selected and clustered using hierarchical clustering
(complete-linkage) with pearson correlation (1-r) as the distance measure. The cluster tree was cut into 5 clusters using a dynamic
tree cutting method, cutreeHybrid function in dynamicTreeCut (Langf ta 108) package in R, with a minimum cluster size of
130 sites. Phosphorylated proteins in each cluster were tested for enrichment of Reactome pathways (/assal « 020). The over-
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representation analysis (ORA) was based on the hypergeometric distribution and performed using the enricher function of cluster-
Profiler package in R ( al., 2012). The pathway terms were obtained from the ¢2 category (Reactome) of Molecular Signature
Database (MSigDBv6.1).

Estimation of kinase activities in the time-course experiment

Kinase activities were estimated using known kinase-substrate relationships in literature (Bachman et : 19). The resource com-
prises of a comprehensive collection of phosphosite annotations of direct substrates of klnases obtalned from six databases, Phos-
phoSitePlus, SIGNOR, HPRD, NCI-PID, Reactome, and the BEL Large Corpus, and using three text-mining tools, REACH, Sparser,
and RLIMS-P. Kinase activities were inferred as a -logg(p value) of Z-test from the comparison of fold changes in phosphosite mea-
surements of the known substrates against the overall distribution of fold changes across the sample ThIS statistical approach has
been previously shown to perform well at estimating kinase activities (Hernande I il., 2017; Casado e 3). We
collected substrate annotations for 400 kinases with available data. Kinase activities for kinases with 3 or more measured substrates
were considered leaving us with 97 kinases with activity estimates in at least one or more infection time points.

Comparison of phosphorylation profiles with other conditions

In addition to the time-course experiment, we also estimated kinase activities of cell line perturbation in a range of biclogical condi-
tions using the K-testbased approach, from a large resource of previously published phosphoproteomics datasets comprising of 435
biological conditions which include several drug treatments (chlorzoxazone, paclitaxel), inhibitors (EGFRi, AKTi) and cell cycle states
{ a et al 16). After selecting for kinase activities derived from 3 or more substrates, a total of 214 kinases had activity esti-
mates for at Ieast one biological condition including all 97 kinases which were estimated in the time-course experiment. Of the
435 conditions, 309 conditions with at least one kinase with significantly changing activity (-log+o(p value) from Z-test > 2.5) were
selected. Individual time points of the infection experiment were correlated with each selected biological condition based on Pearson
correlation of their kinase activity profiles. Conditions with significant correlation (5% FDR) with one or more time points were iden-
tified. Several conditions corresponded to the same biological treatment (i.e., drug perturbation) in different concentrations. In such
cases, the conditions are represented together with strongest correlation.

Phosphorylation of protein complexes

Annotations for protein complexes were obtained from CORUM v3.0 database (Giurg al., 2019). Overall significance of changes
of phosphosites of a protein complex was inferred from the log fold change of individual phosphosites of protein members of the
complex using the same Z-test based approach described for estimation of kinase activities. Among the 3512 complexes, 1070 com-
plexes with phosphorylation changes obtained from 4 or more phosphosites were considered. Of these, 67 complexes had signif-
icant phosphorylation change (-log+o(p value) from Z-test > 2.5) in at least one time point. In order to select non-redundant com-
plexes, we first constructed a complex term tree based on distances (1-Jaccard Similarity Coefficients of shared genes) between
the significant complexes. The term tree was cut at a specific level (h = 0.99) to identify clusters of non-redundant complexes.
The largest complex was selected from each cluster.

Transcription factor activity after SARS-CoV-2 infection
To evaluate the effect of SARS-CoV-2 infection at the Transcription Factor (TF) level, we applied DoRothEA (G 0 eta

9) to RNA-seq datasets of different human lung cell lines from a recent study (GSE147507) (Elanco-Melo et al., 2020). DoRothEA
is a comprehensive resource containing a curated collection of TF-target interactions. Each TF-target interaction is associated with a
confidence level based on the number of supporting evidence. Here we selected the most reliable interactions (A, B, and C levels) and
computed TF activities based on the normalized expression of their targets using the VIPER algorithm (Alvarez et al., 2016). Forthe TF
activity enrichment analysis, VIPER was executed with the Wald statistic resulting from the differential expression analysis at the gene
level between controls and SARS-CoV-2 infected cells using the DESeq2 package (Love et al. 2014). In VIPER, we set the eset.filter
parameter to FALSE and consider five as the minimum number of targets allowed per regulon.

Pharmacological profiling dose response analysis

A hill function was fit to each dose response curve using the Isgcurvefit function in MATLAB (R2018a). ICsq (virus) and CCsp (cell
viability) values were defined as the concentration at which the percent measure (virus or cell viability quantification) crossed the
50% mark. If the fit curve did not begin above 50% and cross to below 50% throughout the dose response, an ICs or CCsp value
was marked as greater than the maximum tested concentration. For TCIDs, and plaque assay results, which are not depicted in a
percent scale, the IC5 values were extracted directly from the parameterized hill equation (see Figure and 8).
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Small linear motifs targeting protein interacting domains called PSD-95/
Dlg/Z0-1 (PDZ) have been identified at the C terminus of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) proteins E, 3a, and N.
Using a high-throughput approach of affinity-profiling against the full
human PDZome, we identified sixteen human PDZ binders of SARS-CoV-
2 proteins E, 3A, and N showing significant interactions with dissociation
constants values ranging from 3 to 82 pm. Six of them (TJP1, PTPNI13,
HTRA1, PARD3, MLLT4, LNX2) are also recognized by SARS-CoV
while three (NHERF1, MAST2, RADIL) are specific to SARS-CoV-2 E
protein, Most of these SARS-CoV-2 protein partners are involved in cellu-
lar junctions/polarity and could be also linked to evasion mechanisms of
the immune responses during viral infection. Among the binders of the
SARS-CoV-2 proteins E, 3a, or N, seven significantly affect viral replica-
tion under knock down gene expression in infected cells. This PDZ profil-
ing identifying human proteins potentially targeted by SARS-CoV-2 can
help to understand the multifactorial severity of COVIDI9 and to conceive
effective anti-coronaviral agents for therapeutic purposes.

Introduction

Coronaviruses (CoV) are enveloped viruses that pri-
marily infect birds and mammals. Some CoVs have
evolved to establish zoonotic disease in humans,
potentially causing severe respiratory illnesses [1]. The
seriousness of CoV infection during the last outbreaks
caused by the severe acute respiratory syndrome coro-
navirus 1 (SARS-CoV) in 2003, the Middle East Res-
piratory Syndrome-virus (MERS-CoV) in 2012 and
the SARS-CoV-2 in 2020 [2], and the lack of effective
treatment for CoV infection highlight the need of a

Abbreviations

deeper understanding of coronavirus molecular biology
to elaborate therapeutic strategies that counteract
SARS-CoV-2 infection. However, limited knowledge
of the molecular details of SARS-CoV-2 infection pre-
cludes a fast development of compounds targeting the
host-virus interface. Several SARS-CoV-2 interactomes
have been recently published using mass spectrometry
[3-5]. Unfortunately, some transient and weak interac-
tions with affinities in the 1-100 pm range can be
hardly detected by such approaches. However, during

Bls, binding intensities; CoV, coronaviruses; DV, Dengue virus; E, envelope; HPV, human papillomavirus; Ky, dissociation constant; M,
membrane; MERS-CoV, Middle East Respiratory Syndrome virus; N, nucleocapsid; PBMs, PDZ-Binding Motifs; PDZ, PSD-95/Dlg/Z0-1;
PDZome, PDZ domains identified in the human genome; PFU, plague forming units; S, spike; SARS-CoV, severe acute respiratory syndrome
coronavirus 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SLiMs, short linear motifs; TCR, T-cell receptor; TM,

transmembrane; WNV, West Nile Virus.
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infection, viruses target host signaling pathways that
mainly involve protein—protein interactions of low
affinity, as transient bindings are essential for the
dynamics of cellular homeostasis.

Hijacking of cellular protein functions is a widely
used strategy for viruses as they are obligate intracellu-
lar pathogens. Each step of the viral life cycle from
entry to transmission is orchestrated through interac-
tions with cellular proteins. All families of viruses
manipulate the cell proteome by targeting key proteins
involved in the control of cell defense and homeostasis.
Interactions mediated by short linear motifs (SLiMs)
are ubiquitous in the eukaryotic proteome [6], and the
adaptation of viruses to their environment involves the
extensive use of SLiM mimicry to subvert host func-
tionality [7].

PSD-95/Dlg/Z0-1 (PDZ)-binding motifs (PBMs) are
SLiMs that interact with a large family of protein
interaction domains called PDZ. PBMs are usually
located at the extreme carboxyl terminus of proteins
[8]. The PDZ-PBM interactome is one of the most
prominent instances of a SLiM-mediated protein inter-
action network serving key cell signaling purposes [9].
PBMs were identified in diverse proteins of many
viruses responsible for acute to chronic infections
[10,11]. Cellular PDZ-viral PBM interactions were
shown to be directly involved in viral pathogenicity of
SARS-CoV, as well as of rabies virus and in the onco-
genicity of human papillomavirus (HPV) [10]. During
infection, the viral proteins compete with the endoge-
nous ligands through the binding to the PDZ domain
of the host protein targets allowing a cellular relocal-
ization, sequestration, or degradation of protein [12]
but can also affect the catalytic activity of signaling
proteins [13]. Functional perturbations of cellular pro-
cesses due to interactions between viral PBMs and cel-
lular PDZ-containing proteins can facilitate the virus
life cycle in the host and the dissemination to new
hosts. Thus, targeting the PBM-PDZ interface could
potentially lead to novel antiviral therapies.

The four major structural proteins encoded by the
coronavirus genome, the spike (S) protein, the nucleo-
capsid (N) protein, the membrane (M) protein, and
the envelope (E) protein, participate in different
aspects of the replication cycle and ultimately form a
structurally complete viral particle. While a minor
fraction is incorporated into the virion envelope, the
integral membrane E protein (~ 8-12 kDa) of CoVs
including SARS-CoVs is a multifunctional protein that
forms ion channels with its transmembrane (TM)
domain. This channel activity is mediated by forma-
tion of pentameric oligomers and is only mildly selec-
tive for cations [14]. The channel would be active in

Targeting of PDZs by SARS-CoV-2

the secretory pathway, altering luminal environments,
rearranging secretory organelles, and leading to effi-
cient trafficking of virions [15]. In addition, E protein
interacts with host proteins, related to its extramem-
brane domain particularly the C-terminal domain.

The C-terminal sequence in extra membrane posi-
tion is predicted to be partially folded (helices and -
coil-p motif) which could affect the global conforma-
tion of the pentameric E channel suggesting that the
channel activity of E and its protein interactions most
likely interplay [14,16]. In addition, the E protein
encodes a putative PBM sequence at its extreme C ter-
minus (Fig. 1A) that could also interfere through pro-
tein—protein  interactions with the oligomeric
organization of E protein and consequently its channel
activity. The PBM sequence of E protein has been
identified as a virulence factor for SARS-CoV virus,
influencing replication level, virus dissemination, and
pathogenicity of SARS-CoV in animal models [17]. To
date, E protein of SARS-CoV has only been reported
to interact with five host proteins: Bcl-xL, PALS1/
MPPS5, syntenin, sodium/potassium ATPase al subunit,
and stomatin [16]. The relevance of these interactions is
not yet fully understood. Among these five partners of
SARS-CoV, PDZ domains of the PALSI/MPP5 tight
junction protein and of Syntenin interact with the C-ter-
minal PBM of E protein. PBM-PDZ interactions
strongly impact the structure of mammalian epithelial
cells and could contribute to the abrupt deterioration of
the lung epithelium observed in patients infected by
SARS-CoV [18]. Therefore, to better understand the
influence of host PDZs and viral PBM motifs in the
pathogenicity of SARS-CoV-2, we performed a targeted
screen to identify cellular PDZ domains capable of
interacting with PBM motifs CoV proteins.

In this study, we used the holdup assay [19], a high-
throughput and quantitative approach that offers a
high sensitivity for low-to-medium (1-100 pm) affinity,
typically found for PDZ/PBM interactions. We estab-
lished the list of PDZ-containing partners potentially
targeted by SARS-CoV-2 E protein through its PBM.
This work identified 10 PDZ-containing proteins and
determined the affinities of their PDZ to SARS-CoV-2
E protein PBM. Most of them are involved in cellular
junction dynamics (PARD3, TIP1/Z0-1, LNX2,
MLLT4, NHERF1). To further understand the poten-
tial implication of the PDZ-PBM in pathogenicity, we
have also determined the PDZ-containing proteins
recognized by the E protein of SARS-CoV and
MERS-CoV viruses, as well as the PDZ binders of the
SARS-CoV-2 3a and N proteins that also encode for a
C-terminal PBM sequence. From this PDZ list, we
have selected 20 PDZ-containing partners of SARS-
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A

C. Caillet-Saguy et al.

SARS-CoV2 MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYSRVKNLNSSR-VPDLLV
SARS-CoV MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPTVYVYSRVKNLNSSEGVPDLLV

™

B

SARS-CoV2 ~NLNSSRVPDLLV¢q0x

SARS-CoV ~LNSSEGVPDLLV g0x

MERS ~DSKPPLPPDEWV 005
C

position -2 -1 0

Class I S/T - X - dcoon

Class II ¢ - X = dcoon

Class III D/E - X - {coon

Fig. 1. E protein sequences. (A} Comparison of E protein sequences of SARS-CoV-2 and SARS-CoV viruses. The SARS-CoV-2 genome is
very similar to SARS-CoV. The last three residues that form the PBM sequence (in bold) are strictly conserved. Deletion and substitution of
amino acid close to the PBMs are colored in red. The TM helix is underlined. (B) Sequences of peptides used as baits in the holdup assays.
PBM residues are in bold. (C) The three classes of PBM. X is any amino-acid (position —1), and ¢ is a hydrophobic amino-acid (position 0).

CoV-2 to assess their influence on SARS-CoV-2 repli-
cation in infected cells and found that the expression
of seven of them is relevant for the efficiency of viral
replication.

Results

SARS-CoV-2 E protein recognizes several cellular
PDZ-containing proteins

The E protein of SARS-CoV virus is known to contain
a C-terminal motif, a -LLV¢epon sequence correspond-
ing to a PBM of class II (Fig. 1C). This motif is
strictly conserved in SARS-CoV-2 E protein (Fig. 1A).
To quantify the binding activity of the SARS-CoV-2 E
PBM and its upstream sequence, we used an in vitro
automated high-throughput chromatography assay
called holdup [19,20]. A 12-mer peptide was syn-
thetized encompassing the C-terminal PBM sequence
of SARS-CoV-2 E protein linked to a biotinyl group
(Fig. IB). This peptide was used as bait to quantify
the interaction between the SARS-CoV-2 E protein
PBM peptide and the full human PDZ domain library
expressed in Escherichia coli. The updated PDZ library
called PDZome V.2 covers 98% of the human
‘PDZome’ (266 over 272 PDZ domains identified in
the human genome) [20.21]. Each PDZ of the library
is defined by the protein name followed by the PDZ
number in the protein. The holdup approach displays
a high sensitivity of detection for low-to-medium affin-
ity PDZ/PBM pairs and provides an affinity-based

ranking of the identified binders corresponding to a
specificity profile [22]. The holdup assay allows to
measure binding intensities (BIs) for a large number of
PDZ domain-PBM motif pairs. The datasets are plot-
ted as specificity profiles (Fig. 2A) representing all the
individual BIs measured for each PDZ domain for a
peptide encompassing the PBM motif and its upstream
sequence.

The specificity profiles for SARS-CoV, SARS-CoV-
2, and MERS-CoV E PBM with the mean values of
BI are reported in Fig. 2A with an affinity-based rank-
ing. Steady-state holdup BIs can be converted to disso-
ciation constants as described previously [23]. For this,
we determined the dissociation constants of a few
PBM-PDZ interactions using a competitive fluores-
cence polarization assay. The holdup assay detected
several significant interactions for the three viruses.
Using a stringent threshold previously defined for sig-
nificant detectable binders in holdup assays at BI > 0.2
(~ 100 pm dissociation constant), 10 PDZ binders of
SARS-CoV-2 E protein showed interactions with
affinities values ranging from 2.6 pm (TJP1_2) to
82 pm (MLLT4; Fig. 2, zoomed-in view, Table 1).
Thus, the PBM sequence of SARS-CoV-2 E protein
has the capacity to bind in vitro several PDZ domains
in the 1-100 pm affinity range typically found for
PDZ/PBM interactions. As illustrated by the sharp
profile of interaction of Fig. 2A, SARS-CoV-2 E PBM
recognizes only 4% of PDZ domains from the human
PDZ library reflecting the specificity of these interac-
tions.
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Targeting of PDZs by SARS-CoV-2

SARS-CoV SARS-CoV-2

INX2.1

A i P3_1
A IRRCT  SYNPO2L

Fig. 2. PDZ binders of the E protein PBMs by holdup assay. (A) PDZome-binding profiles of the E protein PBMs by holdup assay of SARS-
CoV (upper panel), SARS-CoV-2 (middle panel) and MERS-CoV (bottom panel). PDZ domains are ranked by decreased Bl values. Zoomed-in
views show the 7, 10 and 29 PDZ binders of SARS-CoV, SARS-CoV-2 and MERS-CoV E proteins, respectively, which displayed significant
Bl values higher than 0.2. Error bars are standard deviations of two independent experiments. The black circles correspond to affinity values
(Kg) in pm (secondary Yaxis). (B) Venn diagram of PDZ binders of the E protein PBMs of SARS-CoV, SARS-CoV-2 and MERS-CoV.

Patterns of human PDZ-containing proteins
preferentially targeted by E proteins expressed
by SARS-CoV, SARS-CoV-2, and MERS-CoV
viruses

Two sequence differences between SARS-CoV and
SARS-CoV-2 E proteins are observed upstream their
identical PBM sequences (Fig. 1B).

Seven PDZ-containing proteins (3%) were identified
as binders of SARS-CoV E PBM by high-throughput
holdup (Table 1). Six of them are also SARS-CoV-2 E
PBM binders, ranked by decreased affinity values in
Fig. 2B; TIJP1-2, PTPN13 4, HTRAIL, MLLT4,
PARD3 3 LNX2_2. The affinities of SARS-CoV and
SARS-CoV-2 E PBMs for this set of proteins are simi-
lar, in agreement with the strict conservation of the
last five C-terminal positions of the PBM (p0 to p-4)
(Fig. 1A; Table 1). PDZ2 6 is only recognized by
SARS-CoV E PBM while four additional PDZs are
only recognized by SARS-CoV-2 E PBM
(NHERF1_2, MAST2, RADIL, SNX27). Thus, the
PBM upstream sequence differences increase the

number of binders for SARS-CoV-2 protein E with
four additional host partners.

The MERS-CoV E protein encodes for a class III
PBM (Fig. 1B.C). As compared to the SARS-CoV/
SARS-CoV-2 E patterns, the profile of interaction of
MERS-CoV E PBM is extended with a larger number
of partners, that is, 29 (11 %), within the same range
of affinities between 5 and 82 pMm (Table 1). Six out of
seven PDZ-containing partners of SARS-CoV E PBM
and six out of 10 PDZ-containing partners of SARS-
CoV-2 E PBM are also recognized by MERS-CoV E
PBM (Fig. 2B).

The C-terminal motifs of SARS-CoV-2 N and 3a
proteins also bind to cellular PDZ-containing
proteins

Apart from the E protein, following a systematic
search of the sequences of the 29 proteins found in
SARS-CoV-2, the 3a protein and the nucleocapsid
protein N were also found to contain PBMs. The
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Table 1. Measured Bl and converted Ky (um) values of PDZ domains for the SARS-CoV {A), SARS-CoV-2 (B) and MERS-CoV (C) E protein
PBMs. Only significant Bl values higher than 0.2 are reported. When multiple holdup experiments were performed, the averaged Bl values
and standard deviations are reported.

sdny woay 7

A B c
SARS-CoV E BI St K SARS-CoV-2 E BI St K, MERS E BI St K, :
TJPI_2 0.72 0.01 7.0 TJP1_2 0.57 0.00 26 HTRA3 0.81 0.15 42 H
PTPN13_4 0.44 0.08 24 NHERF1_2 0.51 0.07 18 LAP2 0.72 0.07 6.9 L
HTRAT 0.40 0.06 28 PTPN13_4 0.44 0.06 24 PDZD2_2 067 0.08 8.9 H
MLLT4 0.28 0.03 51 HTRAT 032 0.10 M MAGI2_6 0.52 0.01 17 :
PARD3_3 0.26 0.04 55 MAST2 0.27 0.10 54 GORASP2 051 0.04 18 z
PDZD2_6 0.26 0.06 57 LNX2_2 0.25 0.04 61 HTRAT 051 0.03 18 £
LNX2_2 0.25 0.02 59 PARD3_3 0.24 0.09 63 RGS3 0.46 0.12 22 g
SNX27 023 0.10 67 MAGIT_6 0.45 0.03 23 g
RADIL 0.21 0.03 75 TJP3_3 0.44 0.10 24 z
MLLT4 0.20 0.02 82 SNX27 0.44 0.03 25 £
APBA1_2 0.43 0.01 26 =
GORASP1 0.33 000 40
RIMS2 0.31 006 43 z
RIMS1 0.31 0.0 43 o
FRMPD4 0.31 0.00 43 H
PTPN13_2 0.30 0.04 46 E
TIP1_2 0.29 0.07 a8
PARD3_3 0.28 0.08 50 z
InaDI_9 0.25 0.02 61 £
ARHGAP21 0.24 0.06 63 i
LNX2_1 0.24 0.06 64 g
GIPC2 0.24 0.01 85 £
TJP3_1 0.23 0.00 68
SIPATL2 0.22 0.22 69 H
LRRC? 022 003 70 g

SYNPOZL 0.22 0.01 72

LNX2_2 0.21 0.01 77

SDCBP_1 0.20 0.06 80

PTPN13_4 0.20 0,01 82

PBM sequences of E and 3a proteins (Fig. 3A), two
viroporins, belong to the same class of PBM, the class
II (Fig. 1C). While the PBM of the E protein is
involved in SARS-CoV virulence and replication [17],
the motif of the protein 3a has no significant impact
on viral growth [24]. However, it has been shown that
this accessory 3a protein might exhibit compensatory
function in the absence of E, on viral replication
in vitro and in vivo. This homology suggests that the E
and 3a proteins could interact with common host
PDZ-containing proteins.

On the other hand, the potential PBM sequence at
the C terminus of the structural nucleocapsid protein
N is a class I motif with the atypical presence of a
small hydrophobic residue, that is, an alanine, at the
last position (Fig. 3A).

The binding profiles of PBM from SARS-CoV-2 3a
and N proteins are reported in Fig. 3B. Five binders

(2%) displayed significant BI values higher than 0.2:
TIP1 2, NHERF4 1, NHERF3 4, RGS3, and
PARD3B_1, ranked by decreased affinity values. Inter-
estingly, E proteins of SARS-CoV and SARS-CoV-2,
and 3a protein of SARS-CoV-2 have the same best
binder, TIP1_2, and both also recognized the PDZ
domain of PARD3B. NHERF3 and NHERF4 are two
new binders of SARS-CoV-2 while RGS3 is also rec-
ognized by MERS-CoV E protein. To note, the affin-
ity range of 3a protein for its binders is lower than the
one of E protein, from 25 to 80 pum. As for the N pro-
tein PBM binders, only two PDZ domains (1%) are
identified: RHNP2 and GIPCIl. These proteins have
not been identified as binders of proteins E and 3a.
GIPCI is a PDZ-containing protein recognized by the
PBM of the hepatitis B virus capsid protein and can
accommodate another atypical small C-terminal resi-
due, a cysteine [25].
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Effects of depletion of cellular PDZ-containing
proteins on SARS-CoV-2 replication

We next investigated the biological role of the PDZ-
containing partners of SARS-CoV-2 proteins in the
viral replication according to our holdup assay results.

We established a list of potential PDZ partners rec-
ognized by at least one of the PBM motif encoded by
the SARS-CoV-2 proteins E, 3a or N (Table 2). We
selected the 16 PDZ partners identified with BIs higher
than 0.2 (Figs 2B and 3B) and added four additional
PDZ partners with BI values comprised between 0.16
and 0.20; MPP5/PALS1, PDZD2, and DLG3 recog-
nized by SARS-CoV-2 E protein and FRMPD4, a bin-
der of both SARS-CoV-2 proteins E and 3A.

Twenty human PDZ-containing proteins were tar-
geted for knockdown by siRNA transfection in human
lung A549 cells. This cell line stably expresses the
SARS-CoV-2 receptor ACE2 [26]. Our approach to
knockdown gene expression used siRNA pools con-
taining a mixture of four individual siRNAs, that are
designed and modified for greater specificity, providing
guaranteed gene silencing of human targets. We have
validated these siRNA pools previously in a screen
carried out in human A549 cells overexpressing ACE-

||||i|||||||m|!z|\!lu|i||l||1II\llll!lilIIIIIIIII\IIIII\II\IIIIII\II‘.I!l|i||||||!|||"||||"‘||H|||“|’

60

Ky ()

20

Res3 -

PARDIA 1 R
°

PDZ sorted by affinity score for SARS-CoV 32 PBM

..u..u..mm-nmnmmm|||||m!|m|:|||im|ail\lllll\lhII\iIIIII\IIIIIiIIIiIIIlIIIIIIiII\Il\lI\II!I”II\l|l||||||||||||||\|||||‘|i“"“”II‘l“m““l"““mw

2. Our approach confirmed that knockdown of a num-
ber of different genes, including the receptor ACE-2,
and other unexpected genes such as BZW2 or BRD4
reduces SARS-CoV-2 replication in these cells [3]. The
effect of PDZ partner knockdown on virus replication
was assessed in three independent experiments (each
done in triplicate) and compared to virus replication in
control siRNA-transfected cells (two-way ANOVA
with Dunnett’s test). As expected, knockdown of the
SARS-CoV-2 receptor ACE2 resulted in significantly
lower virus replication (Fig. 4). Virus replication was
also significantly reduced in PARD3 and RSG3
knocked-down cells, suggesting a pro-viral role for
these human proteins. PARD?3 is found in our holdup
assays as a PDZ partner of E protein of SARS-CoV,
SARS-CoV-2, and MERS-CoV while RGS3 is recog-
nized by SARS-CoV-2 3a protein. Comparatively,
knockdown of MLLT4, PARD3B, MAST2, RHPN2,
and HTRA generated an increased virus replication.
MLLT4, MAST2, and HTRAI1 interact with SARS-
CoV-2 E protein, PARD3B with SARS-CoV-2 3a
protein, and finally RHPN2 binds to SARS-CoV-2 N
protein.

Altogether, our results suggested that the expression
of these seven proteins is relevant for viral replication.
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Table 2. Cellular PDZ-containing proteins recognized by at least
one SARS-CoV-2 protein in holdup assays. List of the 20 PDZ
partners of SARS-CoV-2 proteins selected for knockdown by siRNA
transfection in human lung A549 cells. (+) indicated PDZ partners
identified by assay with binding affinity values higher than 0.2;
(+/=)} represented PDZ binders with Bl values comprised between
0.16 {105 pm) and 0.20 {80 pm).

SARS-CoV-2
Name Protein  Protein Protein
prot Name gene Geneid E 3a N
TJP1 TIP1/Z01 7082 + +
PTPN13  PTPN13 5783 +
HTRA1 HTRA1 5654 +
MLLT4 AFDN 4301 +
PARD3 PARD3 56 288 + +H—
NHERF1  SLC9A3R1 9368 +
LNX2 LNX2 222 484 +
MAST2 MAST2 23139 +
SNX27 SNX27 81609 +
RADIL RADIL 55 698 +
NHERF4  PDZD3 79 849 +
RGS3 RGS3 5998 +
PARD3B PARD3B 117 583 +
RHPN2 RHPNZ2 85 415 +
GIPC1 GIPC1 10 755 +
MPP5 MPP5/ 64 398 +/—
PALS1
FRMPD4 FRMPD4 9758 +/- +/—-
PDZD2 PDZD2 23037 +-
DLG3 DLG3 1741 +/—
NHERF3  PDZK1 5174 -
Discussion

Only a few partners of SARS-CoV-2 E protein have
been identified through extensive high-throughput
approaches such as proteomics. As an example,
among the structural SARS-CoV-2 proteins, only 6
binders of E protein are found as monitored in the
Gordon et al. [3] study, while 30 partners for M pro-
tein and 15 binders to N protein are identified. Among
them, no PDZ-containing protein has been identified
in this study. Here, we have focused on specific inter-
actions involving short C-terminal motifs of SARS-
CoV-2 proteins, the PBMs, and PDZ domains of
human partners. We mainly used the holdup high-
throughput screening to identify the host PDZ part-
ners of E, 3a, and N proteins and to quantify their
PDZ-PBM affinities and specificities [19]. This chro-
matographic assay in solution is fully suitable to reli-
ably rank low affinity interactions in the submillimolar
range, which may escape detection by other high-
throughput methods.

C. Caillet-Saguy et al.

Conservation of the PBM sequence in
Coronavirus E protein

The PBM motif at the C terminus of E protein is only
expressed by coronaviral genera o and P, and is absent
from the genus y. The last 4 residues of E protein are
strictly conserved in the SARS-CoV and SARS-CoV-2
viruses. A recent study has shown that, among the
3617 available complete genome sequences of SARS-
CoV-2 in the NCBI database, only two variants
(DFLV and YLLYV) have been reported in the DLLV
PBM motif of the E protein [27].

Both the E proteins of SARS-CoV-2 and MERS-
CoV comprised putative PBM sequences at their C ter-
minus but their nature is very different with a class 11
PBM for the genus o, and a class III PBM for the
genus . Our work shows that despite the absence of
conservation between the PBM sequence of SARS-
CoV/CoV-2 and MERS-CoV E protein, the two
motifs interact with a common set of host partners;
indeed, among the 10 host partners we identified for
SARS-CoV-2, six are also binders of MERS-CoV.

Host-viral protein—protein interactions
Comparison of host partners of CoV and CoV-2

The affinity-based ranking of the identified binders of
E protein provided a specificity profile. As compar-
ison, the class I PBMs of NS5 protein from West Nile
virus (WNV) and of capsid protein from hepatitis B
virus interact with 29 and 28 PDZ binders [25,28],
respectively, while about 50 PDZ proteins bind to the
class I PBM of E6 viral oncoprotein from HPV16 [19].
By contrast, class II PBMs generally display lower
affinities for their target and consequently a lowest
number of binders in comparison with the class I
PBMs. The hydrophobic character of the class IT PBM
sequences can explain the low affinities and sharp pro-
files of binding of SARS-CoV (seven binders) and
SARS-CoV-2 (10 binders) E protein PBM with a
reduced enthalpic contribution to the binding com-
pared to the more hydrophilic class I sequences. Inter-
estingly, the PBM of SARS-CoV-2 E protein can
accommodate different classes of PDZ domains as
illustrated in Fig. 5.

In the case of the class III PBM of E protein for
MERS-CoV, the large number of targets (29) can be
mainly explained by the presence of a tryptophan resi-
due at position —1, a residue known to have a strong
contribution to the binding affinity [29], potentially at
the expense of the specificity. The PBM upstream
sequence might also have a contribution to the
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Fig. 4. Effect of knockdown of human PDZ-containing proteins on SARS-CoV-2 replication. The indicated genes were knocked down by
siRNA transfection in human lung A549-ACE2 cells. ACE2 knockdown was used as a positive control. Virus load in knocked-down cells was
assessed in three independent experiments (each done in triplicate) 72 h postinfection and is shown as PFU equivalents-mL~" supernatant.
The virus load in each condition was compared to that in control siRNA-transfected cells {two-way ANOVA with Dunnett’s test for multiple
comparisons ***P < 0.001; **P = 0.00611; *P = 0.02672). The data are representative of three independent experiments {each done in
triplicate)} and error bars correspond to the standard deviation of the three independent experiments.

extended profile of interaction of MERS-CoV E PBM
peptide against the PDZome in the holdup assay. We
have previously proposed that the large number of cell
proteins targeted by WNV motif identified by holdup
assay could be related to the broad host repertoire of
flaviviruses replicating in very different cells and spe-
cies necessary for its complex zoonotic transmission
cycle. By contrast, SARS-CoV viruses infect very spe-
cialized cells, such as bronchial epithelial cells, pneu-
mocytes, and upper respiratory tract cells in humans
[30]. This observation can at least partially explain the
narrow number of host proteins specifically targeted
by SARS-CoV-2 during infection.

Six of the seven host PDZ partners of SARS-CoV
E protein are also binders of SARS-CoV-2 E protein,
in agreement with the strict conservation of their
PBMs. However, the differences of sequence upstream
the PBM enlarge the number of binders for SARS-
CoV-2 protein E with four more host partners
(Fig. 1A). Our results suggest that the SARS-CoV/
SARS-CoV-2 PBM upstream sequence difference is
responsible of the different binding profiles against the
human PDZome. A few studies indicate that residues
up to the upstream eleventh position (p-11) can also

be implicated in PDZ binding by modulating the
affinity [29,31]. Thus, we can hypothesize that the sub-
stitution of Arg (p-6 in SARS-CoV sequence) by Glu
(p-7 in SARS-CoV-2 sequence) may affect the poten-
tial electrostatic interaction of E protein with the 32—
B3 loop of some PDZ domains. Interestingly, it has
been reported that the substitution of a Glu at posi-
tion -5 with Arg in the inward rectifier K(+) channel
protein GIRK3 disrupts its interaction with the PDZ
domain of SNX27 [32]. Here, we also observed that
SNX27 binds to SARS-CoV-2 E protein exposing an
Arg at p-7, while SARS-CoV E protein coding for
Glu at p-6 does not. This example illustrates the fine
tuning of the affinity/specificity profiles by the four
residues of the PBM and the upstream sequence.
Therefore, the charged residue substitution between
SARS-CoV and SARS-CoV-2 PBM can modify the
selective association of host PDZ proteins with the
viral protein. The four host PDZ proteins, SNX27,
RADIL, NHERFI, and MAST2 recognized by
SARS-CoV-2, and not by SARS-CoV, can play a role
in the differences observed between the two infections.
The role of these PDZ proteins in viral pathogenesis
remains to be explored.
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facing p-2
TIP1-2 2JWE Leu
NHERF1-2 20ZF Tyr
PTPN13-4 c2qglA” His
HTRA1 2YTW Ala
MAST2 2KYL His
LNX2-2 2VWR Pro
PARD3-3 # 2K1Z Asn
SNX27 6SAK His
RADIL 1um1 Tyr
MLLT4 1T2M GIn

" Phyre2 model
Human sequences excepted * from Rattus norvegicus

Fig. 5. Classes of PDZ domains targeted by the SARS-CoV-2 E protein PBM. Left panel: name of selected PDZ domain, PDB code of their
structure and the residue of PDZ helix o2 in interaction with p-2 of PBM. Right panel: structural view of the PBM binding groove with the
residue of helix a2 facing p-2 of PBM highlighted in blue sticks. *Phyre2 model. Human sequences excepted * from Rattus norvegicus

Functions of host partners of SARS E protein

Among the five host proteins already reported as pro-
tein E partners (Schoeman et al., 2020) [33], syntenin/
SCDP and MPP5/PALS1 encode for a PBM poten-
tially involved in PDZ binding. We did not detect the
interaction between syntenin PDZ domain and SARS-
CoV-2 E protein. With the holdup assay, we measured
a weak interaction between MPP5/PALS] PDZ
domain and SARS-CoV-2 E PBM [dissociation con-
stant (Ky) of 102 pm], while we did not detect interac-
tion between MPP5/PALS] PDZ domain and SARS-
CoV E PBM. Using equilibrium binding titration
in vitro by Forster Resonance Energy Transfer
(FRET), Toto and collaborators [34] have also calcu-
lated a better affinity of SARS-CoV-2 for MPP5/
PALSI, illustrating the potential role of the upstream
substitutions observed in the SARS-CoV-2 C-terminal
E protein sequence in comparison with the SARS-CoV
one. Teoh and collaborators [18] have proposed that
this interaction between SARS-CoV E protein and
MPP5/PALSI alters the tight junctions in the lungs,
MPP5/PALSI1 being a key component of the Crumbs

complex that controls the apical-basal polarity and
tight junction formation. We cannot exclude that the
rest of MPP5 and E proteins are required to stabilize
their complex, as well as for syntenin that is reported
to bind the E protein by strategies using full-length
proteins (yeast two-hybrid, reciprocal coimmunopre-
cipitation and confocal microscopy assays).
Remarkably, we pinpointed that most of binding
proteins are involved in cellular junctions and polarity,
cellular trafficking, and signaling. Indeed, our results
highlighted that SARS-CoV-2 targets several proteins
of the apical complex and tight/adherens junctions.
Consequently, we expect that the SARS-CoV-2 pro-
teins E, 3a, and N can contribute to globally affect the
cellular junctions and cellular polarity. We identified
TIP1 as the best binder for E and 3a proteins. TJP
proteins, also called ZO proteins, provide a network of
scaffold proteins that tether the TM tight junction pro-
teins, comprising the Claudins, to the actin cytoskele-
ton [35]. The three TJP paralogous proteins, TJPI,
TIP2, and TIP3, encode for three PDZ domains in
their N-terminal region. In our in vitro assay, the
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second PDZ of TJP1 displays the highest affinity for E
and 3a proteins of SARS-CoV-2 in the micromolar
range. This domain has been previously described as
the binding site of TJP1 for the connexind3 [36],
involved in the organization of the gap junction, but
also in the ZO-2 and ZO-3 hetero-association. Dimer-
ization of TIP1 occurs through the interaction between
TIP1-PDZ2 domains and the swapped-dimerization of
TIP1-PDZ2 regulates the connexin-43 binding [37].
Interestingly, TJP proteins also interact with Afadin/
MLLT4 while the PBM sequence of TJP2 binds to the
PDZ domain of SNX27 to regulate the trafficking of
TJP2 to the tight junction [38,39]. PARD3 is also
involved in the formation of adherens and tight junc-
tions. Here, we showed that MLLT4, SNX27,
PARD3, and MPP5/PALSI to a lesser extent are also
targeted by SARS-CoV-2 E PBM. By interacting by at
least five proteins directly involved in the organization
of the tight junction complexes, we expect a global
perturbation of the epithelial/endothelial barriers by
SARS-CoV-2 during infection. In this direction,
SARS-CoV-2 replication causes a transient decrease in
cellular barrier function and disruption of tight junc-
tions [40] and a SARS-CoV-2 productive infection
locally alters the distribution of TIP1, which associates
to tight junctions. The characteristic TJP1 staining pat-
tern at cell boundaries appeared disrupted in areas
with viral expression, suggesting a possible impairment
of epithelial barrier integrity [40].

Targeting host proteins from polarity and junctions
complexes may have a consequence on the morphol-
ogy of epithelium/endothelium but also on the immune
response and cellular homeostasis [41]. In addition to
their structural role in many tissues and organs, they
can also regulate signaling mechanisms. Tight junc-
tions are linked to many human diseases. Therefore,
chronic inflammatory diseases and cancer have been
related to dysfunction of tight junctions. MPP5/PALSI
of the Crumbs complex is expressed in T lymphocytes
and is required for the T-cell receptor (TCR)-mediated
activation [42]. TJP1 and TJP2 are also expressed in T
lymphocytes and are relocated to the immune synapse
after TCR stimulation. SNX27 regulates trafficking
and recycling in T lymphocytes and controls TIP2
mobility at the immune synapse through a PDZ-de-
pendent interaction [43]. LNX1/2 is involved in signal-
ing with involvement in ubiquitination subsequent
proteasomal degradation. The PDZ3 domain of
PARD3 binds to the transcription factor YAP (Yes-as-
sociated protein) [44] regulating the activation of the
Hippo pathway, a signaling pathway modulating cell
proliferation and cell death. YAP protein can be found
associated to the adherens and tight junctions and

Targeting of PDZs by SARS-CoV-2

several regulators of Hippo pathway are components
of the adherens and tight junctions [45]. Finally,
NHERF1 regulates the Wnt/b-catenin signaling, a
pathway that controls cell growth and proliferation.
NHERF1 has been shown to be targeted for degrada-
tion by E6 from HPV [46]. RHPN2 (Rho pathway;
[47]), MAST?2 (anti-survival pathway, PTEN/Akt sig-
naling; [12]), RGS3 (G protein signaling; [48]),
PTPNI13 (tumor suppressor, Akt signaling; [49]), and
HTRAI (Signaling pathway TGF-B; [50]) play also
function in signaling pathways. All these proteins have
been found to significantly interact with SARS-CoV-2
proteins in our holdup assay. Seven of the 14 host tar-
gets of SARS-CoV-2 proteins E, 3a, and N signifi-
cantly impacted viral replication. We showed that
knockdown of the PDZ-containing proteins PARD3
and RSG3 results in a decrease of SARS-CoV-2 repli-
cation in cells while the silencing of MLLT4,
PARD3B, MAST2, RHPN2, and HTRAI increases
virus replication. These proteins are involved in the
regulation of cellular junction and polarity, but also in
cellular signaling. However, we cannot conclude on
the PDZ/PBM dependence of this result, and further,
in cell studies are needed to decipher the functional role
of these proteins in the viral cycle of SARS-CoV-2.

PDZ proteins recognized by SARS-CoV-2 E protein are
also host targets of other viruses

Many studies provide structural and biological evi-
dence that the viral proteins act as competitors
endowed with specificity and affinity in an essential
cellular process by mimicking PBM of cellular part-
ners. Disruption of critical endogenous protein—protein
interactions by viral protein drastically alters intracel-
lular protein trafficking and catalytic activity of cellu-
lar proteins that control cell homeostasis. Importantly,
most of our selected host PDZ-containing proteins
have been previously reported as host proteins targeted
by viruses. Tight junctions are known to be targeted
by multiple pathogenic viruses [51,52]. PARD3 and
TIP1 are targets of flavivirus proteins (WNV, tick-
borne encephalitis virus, and Dengue virus)
[28,53,54.55]. Others cellular PDZ proteins were also
identified as targets for other virus including DLG1
for hepatitis C virus and influenza virus [56,57];
NHERF1, HTRAI, PARD3, SNX27 for HPV
[46,58,59,60].

Here, we showed that the three viral PBM-contain-
ing proteins expressed by SARS-CoV-2 target several
cellular proteins involved in the maintenance and regu-
lation of the tight junctions and immune response. By
hijacking  junctional  proteins and  signaling
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mechanisms, viruses ensure their propagation through
the manipulation of the cellular homeostasis, the
immune system, and tissue barriers. The perturbation
of cellular fitness promotes their replication and
spread. Many PDZ-containing proteins are involved in
cell—cell junctions, cell polarity, recycling, or traffick-
ing. Mimicking short linear PBM motifs to target
PDZ protein and subvert host functionality is a high
adaptation capacity and a significant evolutionary
advantage of many viruses [41]. We previously showed
that the PBM from the glycoprotein encoded by the
rabies virus competes with PTEN for binding to the
anti-survival kinase MAST?2 and drastically affects the
PTEN/Akt signaling pathway. Consequently, the viral
glycoprotein/MAST?2 interaction promotes survival of
the infected neurons to ensure viral propagation. As
already observed for other viruses, potential pleiotro-
pic perturbation of cellular functions can be induced
by SARS-CoV-2 during infection comprising cell sur-
vival/death (MAST2, PARD3, NHERFI), immune
response (MPP5/PALSI, syntenin), and cellular orga-
nization (TJP1, MLLT4).

Materials and methods

Peptide synthesis

The peptides were synthesized in solid phase using Fmoc
strategy (Proteogenix, Schiltigheim, France) encompassing
a biotinyl group, a (PEG); or 6-aminohexanoic acid (Ahx)
spacer, and the C-terminal PBM sequence of E, 3A, and N
proteins (12 residues long). Peptides were resuspended in
water or in a mix of DMSO and buffer and used for
holdup and competitive fluorescence polarization assays.

Holdup assays

We used an updated version of our original PDZome library
[19], that contains 266 soluble PDZs [20]. This PDZome v2
library was prepared as previously described [20].

The holdup assay was carried out with the biotinylated
viral PBMs against the full human PDZ library in two
independent experiments [19.20]. Error bars are standard
deviations of the two experiments. In brief, we measured
the fraction of PDZ depletion in the fluid phase during a
pull-down experiment. For the detailed protocol, please
look at [20]. All His6-MBP-PDZ constructs were expressed
in E. coli following the previous protocol [19] with minimal
modifications and cell lysate soluble fractions of all con-
structs were adjusted to approximately 4 pM concentration
using a microcapillary electrophoretic system (Caliper; Per-
kinElmer, Waltham, MA, USA) and frozen in 96-well
plates. Streptavidin resin was saturated with biotinylated

C. Caillet-Saguy et al.

PBM peptides or with biotin used as a negative control.
PDZ-containing cell lysates were incubated with the resins,
and the supernatant was separated from the resin by a fast
filtration step using filter plates. PDZ concentrations were
evaluated using the microcapillary electrophoretic system
and BI values were calculated using BI = (Itot-Idepl)/Ttot,
where Itot is the total intensity of the PDZ peak (biotin
control) and Idepl is the intensity of PDZ peak in the pep-
tide depleted reaction. In the holdup buffer, lysozyme was
used as internal standard for peak intensity normalization.
BI = 0.2 was used as the minimal BI threshold value to
define high-confidence PDZ-PBM pairs, as proposed previ-
ously [19]. For the detailed protocols of production and
quality control, please look at [20].

Affinity values (Fig. 1, Table | and Table S1) were cal-
culated from the Bls according to the method published in
Gogl et al. [23]. Immobilized peptide concentrations were
calculated using measured dissociation constants from com-
petitive fluorescent polarization assays (see below). We
have found that all determined BI-K; pairs resulted a mean
peptide concentration of ~ 20 um, a concentration that is

The minimal BI threshold value is 0.2 to define a significant
interaction, roughly corresponding to a 100 pm dissociation
constant as previously reported [19].

Competitive fluorescence polarization assay

Competitive fluorescence polarization measurement and
data evaluation were performed as described by Simon and
collaborators [62]. Four different fluorescent peptides were
used f16E6 (fluorescein-RTRRETQL), fRSK1 (fluorescein-
KLPSTTL), fpRSKI1 (fluorescein-KLPpSTTL), and
MERS-CoV. The MERS-CoV peptide was labeled with
sub-stoichiometric FITC (Sigma-Aldrich, St. Louis, MO,
USA) in a basic HEPES buffer (pH 8.2), and the reaction
was stopped with 100 mm TRIS. The peptide was buffer
exchanged in order to remove fluorescent contaminants.
Fluorescence polarization was measured with a PHER Astar
(BMG Labtech, Offenburg, Germany) microplate reader by
using 485 + 20 and 528 + 20 nm band-pass filters (for
excitation and emission, respectively). In direct FP mea-
surements, a dilution series of the Ni- and Amylose-affinity
purified MBP-PDZ proteins was prepared in a 20 mm
HEPES pH 7.5 buffer that contained 150 mm NaCl,
0.5 mm TCEP, 0.01% Tween 20, and 50 nM fluorescently
labeled peptide. In total, the polarization of the probe was
measured at 8 different protein concentrations. In competi-
tive FP measurements, the same buffer was supplemented
with the protein to achieve a complex formation of 60-
80%, based on the direct titration. Then, this mixture was
used for creating a dilution series of the competitor (i.e.,
the studied peptides) and the measurement was carried out
identically as in the direct experiment. Analysis of FP
experiments was carried out using ProFit.
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Cells

A549 cells stably expressing ACE2 (A549-ACE2, kindly
provided by O. Schwartz) were propagated at 37 °C, 5%
CO; in DMEM with L-glutamine (Gibco, Co Dublin, Ire-
land) supplemented with 10% FBS, penicillin-streptomycin,
and 20 pg-mL ™ blasticidin S.

Virus

The SARS-CoV-2 strain used (BetaCoV/France/IDF0372/
2020 strain) is a kind gift from the National Reference
Centre for Respiratory Viruses at Institut Pasteur, Paris,
originally supplied through the European Virus Archive
goes Global platform. It was propagated once in Vero-E6
cells.

siRNA transfections

An OnTargetPlus siRNA SMARTpool library (Horizon
Discovery, Waterbeach, UK) was purchased targeting 20
human PDZ-containing proteins (Table S2). This library
was arrayed in 96-well format and also included nontarget-
ing siRNAs and siRNA pools targeting ACE2. The siRNA
library was transfected into AS549-ACE2 cells seeded in a
384-well plate format (6250 cells per well), using Lipofec-
tamine RNAIMAX reagent (Thermo Fisher, Waltham,
MA, USA).

Briefly, 4 pmoles of each siRNA pool were mixed with
0.1 pL. RNAIMAX transfection reagent and OptiMEM
(Thermo Fisher) in a total volume of 10 pL. After a 5-min
incubation period, the transfection mix was added to cells.
Forty-eight hours post-transfection, the cells were either
subjected to SARS-CoV-2 infection or incubated for 72 h
to assess cell viability using the CellTiter-Glo luminescent
viability assay, following the manufacturer’s instructions
(Promega, Madison, WI, USA). Luminescence was mea-
sured in a Tecan Infinity 2000 plate reader, and percentage
viability calculated relative to untreated cells (100% viabil-
ity) and cells lysed with 20% ethanol or 4% formalin (0%
viability), included in each experiment.

Virus infections

For infections, the cell culture medium was replaced with
virus inoculum [MOI 0.1 plaque forming units (PFU) per
cell)] and incubated for 1 h at 37 °C, 5% CO,. After 1 h
adsorption period, the inoculum was removed, replaced
with fresh media, and cells incubated at 37 °C, 5% CO».
72 h postinfection, the cell culture supernatant was har-
vested, and viral load assessed by RT-qPCR. Briefly, the
cell culture supernatant was collected, heat inactivated at
95 °C for 5 min, and used for RT-qPCR analysis. SARS-
CoV-2 specific primers targeting the N gene region: 5'-
TAATCAGACAAGGAACTGATTA-3' (Forward) and 5'-

Targeting of PDZs by SARS-CoV-2

CGAAGGTGTGACTTCCATG-3 (Reverse) were used
with the Luna Universal One-Step RT-gPCR Kit (New
England Biolabs, Courcouronnes, France) in an Applied
Biosystems QuantStudio 6 thermocycler, with the following
cycling conditions: 55 °C for 10 min, 95 °C for 1 min, and
40 cycles of 95 °C for 10 seconds, followed by 60 °C for
1 min. The number of viral genomes is expressed as PFU
equivalents-mL~" and was calculated by performing a stan-
dard curve with RNA derived from a viral stock with a
known viral titer. The effect of knockdowns on virus repli-
cation was compared to control siRNA-transfected cells in
three independent experiments (each done in triplicate) with
Dunnett’s multiple comparison test based on a two-way
ANOVA.
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Abstract

RNA viruses are one the fastest evolving biological entities. With their high mutation
and recombination rates, small genomes, and fast replication rates, they easily adapt to new
hosts, causing outbreaks regularly. Despite their simplicity, their ability to interact with each
other through complementation and other forms of collective behaviors gives rise to complex
population dynamics. In this work, I explore two aspects of these social interactions and their
influence on virus evolution, using two arthropod-borne viruses.

A first part of this manuscript investigates the role of defective viral genomes (DVGs),
which were typically described as ubiquitous deleterious by-products of the erroneous RNA-
dependent RNA-polymerase of RNA viruses. In this work, we tested if these DVGs could
positively interact with standard viral genomes. We first identified identified a ribavirin-
resistance mutation in the viral polymerase that rescued viral titers in mutagenic conditions.
We then introduced it in a previously described DVG of Zika virus, and showed that DVGs
carrying this mutation accelerated viral population adaptation to ribavirin treatment through
genetic recombination. We then showed that absence of observed complementation was due
to a trans-complementation incompetent NS5 polymerase domain. Finally, we showed that
DVGs could not only be trans-packaged, but they could also be co-packaged with standard
genomes, ensuring their maintenance across new infectious cycles.

In the second half, I re-explored the question of the arbovirus trade-off hypothesis
which is hypothesized to explain the low substitution rates of arboviruses in nature. Using
barcoded chikungunya virus clones and high-throughput sequencing techniques, I proposed
an extended experimental design to resolve conclusion discrepancies among previous studies.
In a first phase of experimental evolution, I identified that genetic diversity was accumulated
differentially in-between genomic regions and among passaging regimes. Alternating passages
were restricted in genetic diversity by the most stringent host at each locus, and did not
tolerate host-specific DVGs. Mutant cloud analysis showed that they in part acquired insect-
associated adaptive mutations, but also alternation-specific ones. This pattern was in turn
explained by the observation of an asymmetric trade-off: initial adaptation to mammalian cells
has a fitness cost in insect cells, blocking such mutations to appear in alternation. Further, no
cost of generalism was observed, which we propose is explained by a different fitness
landscape neighborhood around the insect-cell adaptive pathway.

Keywords: chikungunya virus, Zika virus, RNA virus, experimental evolution, sociovirology,
defective viral genomes, complementation, recombination, trade-off, arbovirus, high-
throughput sequencing



