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Summary

Structure and function of the chikungunya virus nsP3
protein and implication in alphavirus biology

Alphaviruses, such as the chikungunya virus (CHIKV), are a group of arthropod-
borne RNA viruses that represent an ongoing challenge to medicine and public health.
CHIKYV is epidemiologically the most prevalent alphavirus and has spread globally. It
re-emerged in the last decades, causing multiple outbreaks around the globe. In
humans, CHIKV infection can lead to highly incapacitating arthritis and
musculoskeletal diseases that can persist weeks to months after the initial infection.
Despite a considerable effort to develop treatments, no approved antivirals or vaccines
exist. Understanding the fundamental mechanisms governing the CHIKV infectious
cycle represents a major challenge in developing new antiviral strategies. CHIKV, like
all alphaviruses, encodes seven proteins necessary for viral propagation. Among
them, the nsP3 protein is the most enigmatic protein encoded by CHIKV. NsP3 plays
a critical role in the synthesis of viral RNA, in the regulation of the immune response,
and allows the recruitment of numerous cellular factors important for viral
pathogenesis. A particular aspect of nsP3 is to form in infected cells cytoplasmic
granules whose structural organization and function are poorly understood.

The general objective of this thesis is to explore the function of nsP3 during the
CHIKYV life cycle. The first part of this work describes the cryo-electron microscopy
structure of purified CHIKV nsP3 at 2.35 A resolution (collaboration with Dr. Juan
Reguera, ASMB, Marseille). Our results showed that nsP3 assembles into tubular
structures made by the helical arrangement of its alphavirus unique domain (AUD),
which acts as an oligomerization module. The relevance of these oligomers has been
validated in the infectious context in multiple cell lines. We showed that nsP3 tubular
assemblies are a hallmark of alphaviruses. Disruption of nsP3 oligomerization by
mutagenesis of AUD residues has major consequences on the formation of viral
replication complexes, RNA synthesis, and infectious particle production. We also
showed that nsP3 tubes accumulate viral genomic RNA and capsid proteins,
suggesting that these structures could be essential in the later steps of the CHIKV
infectious life cycle.

The second part of this thesis aims to provide fundamental insights into the
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function of FHL1, a host factor that binds the hypervariable domain (HVD) of nsP3 and
plays an important role in CHIKV tropism and pathogenesis. In collaboration with Pr.
Félix Rey's team, we determined the structure of the FHL1-nsP3 complex using NMR
and identified the precise region of the nsP3 that interacts with FHL1. Functional
studies showed that viruses lacking the FHL1-binding domain have strong defects in
replication in mammalian cells.

Moreover, we found that CHIKV stains from distinct lineages use FHL1 for
efficient infection. Interestingly, we observed that CHIKV strains associated with
severe musculoskeletal disease highly depend on FHL1 expression, highlighting a link
between FHL1 usage and CHIKV disease severity. Altogether, the results obtained
during this PhD provide essential insights into the function of the CHIKV nsP3 during
infection. The major discovery is an unexpected nsP3-dependent molecular
organization required for alphavirus infection, raising the possibility of targeting this

process for therapeutic intervention.

Key-words : Chikungunya, alphavirus, nsP3, replication complexes, host factors, FHL1
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Résumé

Structure et fonction de la protéine nsP3 du virus
chikungunya et son impact sur la biologie des
alphavirus

Les alphavirus, tels que le virus du chikungunya (CHIKV), constituent un groupe
de virus transmis par des arthropodes et d'importance en santé publique. Le CHIKV
est l'alphavirus le plus prévalent. Il a ré-émergé au cours des dernieres décennies,
provoquant de multiples épidémies a travers le monde. Chez I'homme, l'infection par
CHIKV peut conduire a une arthrite trés invalidante et a des maladies
musculosquelettiques, qui peuvent persister de quelques semaines a plusieurs mois
aprés l'infection aiglie. En dépit des efforts considérables pour développer des
traitements, aucun antiviral ou vaccin approuvé n'existe. Comprendre les mécanismes
fondamentaux régissant le cycle infectieux du CHIKV représente en enjeu important
dans le développement de stratégies antivirales nouvelles. Le CHIKV, comme tous
les alphavirus, codent sept protéines qui sont indispensables au bon déroulement de
son cycle de vie. Parmi elles, la protéine nsP3 est la protéine la plus énigmatique.
Celle-ci joue un role essentiel dans la synthése de 'ARN viral, dans la régulation de
la réponse immunitaire et permet le recrutement de nombreux facteurs cellulaires
importants pour la pathogénése virale. Une particularité de nsP3 est de former dans
les cellules infectées des granules cytoplasmiques dont I'organisation structurale et la
fonction sont a ce jour inconnues.

L'objectif général de cette thése est d'explorer la fonction de nsP3 pendant le
cycle infectieux du CHIKV. La premiére partie de ce travail décrit la structure de la
nsP3 purifiée en cryo-microscopie électronique (cryo-EM) a une résolution de 2,35 A
(en collaboration avec le Dr Juan Reguera, ASMB, Marseille). Nos résultats montrent
que nsP3 s'assemble en structures tubulaires induite par I'arrangement hélicoidal de
son domaine central AUD, qui agit comme un module d'oligomérisation. La pertinence
de ces oligoméres a été validée dans le contexte infectieux sur plusieurs lignées
cellulaires. Nous avons montré que les assemblages tubulaires de nsP3 sont une
caractéristique des alphavirus. La perturbation de l'oligomérisation de nsP3 par
mutagenese des résidus d'AUD a des conséquences majeures sur la formation des

complexes de réplication, la synthése de I'ARN et la production de particules
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infectieuses. Nous avons également montré que les tubes de nsP3 accumulent I'ARN
génomique viral et les protéines de capside, suggérant que ces structures pourraient

étre essentielles dans les étapes ultérieures du cycle viral.

La deuxieme partie de cette thése vise a fournir des perspectives
fondamentales sur la fonction de FHL1, une protéine cellulaire interagissant avec
nsP3, importante pour le tropisme et la pathogenése du CHIKV. En collaboration avec
I'équipe du Pr Félix Rey, nous avons déterminé la structure du complexe FHL1-nsP3
en résonance magnétique nucléaire (RMN) et identifié la région précise de nsP3 liant
FHL1. Les études fonctionnelles ont montré que les virus dépourvus du domaine de
liaison a FHL1 présentent d'importants défauts de réplication dans les cellules de
mammiféres. De plus, nous avons constaté que les souches de CHIKV provenant de
lignées distinctes utilisent FHL1. De maniére intéressante, nous avons remarqué que
les souches de CHIKV associées a des maladies musculosquelettiques séveres
dépendent fortement de l'expression de FHL1, soulignant un potentiel lien entre
l'utilisation de FHL1 et la gravité de la maladie due au CHIKV.

Dans I'ensemble, les résultats obtenus au cours de cette thése fournissent des
informations essentielles sur la fonction de nsP3 du CHIKV lors de l'infection. La
découverte majeure est une organisation moléculaire inattendue dépendante de
nsP3, requise pour l'infection par les alphavirus, ouvrant la possibilité de cibler ce

processus pour le développement de futures thérapeutiques.

Mots-clés : Chikungunya, alphavirus, nsP3, compléxes de réplication, facteurs cellulaires, FHL1
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Chapter l. Arboviruses

A. Emerging viruses

An emerging virus is the causative agent of a new or previously uncharacterized
infection disease in a given population that can potentially cause outbreaks (Y. K. Choi
2021). Occasionally, a known pathogen displaying new geographical distribution,
expanded host range, or an increase in disease could be defined as an emerging or
re-emerging pathogen. In human populations, emerging viruses are often pathogens
that circulate within non-human hosts (e.g., wild or domesticated animals) and are
accidentally transmitted to humans
(zoonotic infection) (Rall et al. 2015). A

Viral emergence is a complex

E“\"\(onmenta’ Change
s

phenomenon depending on multiple
parameters such as: environmental
changes, ecological disturbances and,
population density and distribution B.
(Figure 1A) (Rall et al. 2015). All these

interconnected parameters are key

players in virus-host interactions. There —>| Evohing |—>| Desd end

Emerging

are four general types of virus-host t eifction:
interactions: stable, evolving, resistant b

and dead-end (Rall et al. 2015). Itis worth  Figure 1: Viral emergence. A. The intricated parameters are
noting that these groups are not fixed and f:tirl)';ncgtlt‘)/:::lF’;gf; Z;Ze/ﬂ?s.r,wz'oi'sjow groups of vrushost
static,c but instead describe the

continuous and dynamic interactions between viral and host populations (Figure 1)
(Rall et al. 2015). In stable interactions both viral and host population survive and can
reproduce. Although this state seems optimal for the viral population, as it maintains it
in the ecosystem, it remains dynamic and fragile.

In some cases, such as smallpox, measles or herpes simplex viruses, stable
interactions can be permanent if there is one and only natural host for a given viral
population (Rall et al. 2015). Although this interaction appears to be optimal, it actually
leads to a constraint in viral population evolution, threatening its survival if there are
any ecological or environmental changes. For instance, smallpox has been

successfully eradicated when a worldwide immunization of human population has
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been achieved (Strassburg 1982). On the other hand, some viruses establish stable
interactions with multiple host species. That is the case of arboviruses (arthropod-
borne viruses) that efficiently reproduce in some insects, mammals, and birds
(Madewell 2020).

The three other groups derive from stable interactions when disturbed by
ecological or environmental changes (Rall et al. 2015). Evolving interactions describe
the passage of a virus from an “experienced” to a “naive” population in the same or
new host-species, with more or less dramatic consequences on the viral and the host-
population. Historical example is the introduction of smallpox and measles by the
Europeans in the Americas in 1520, devastating the native population that had never
experienced these pathogens (Y. K. Choi 2021; Oldstone 2020). It is estimated that
3.5 million Aztecs died from smallpox within two years, far more than from
conquistadors’ bullets (Y. K. Choi 2021; Oldstone 2020). Those who survived
smallpox, perished from measles brought in the same time by the European
belligerent. In our modern times humanity is still not immune to viral emergence (Y. K.
Choi 2021; Oldstone 2020). Another contemporary example is the accidental
introduction of West Nile virus (WNV) in New York City in 1999 (Mackenzie, Gubler,
et Petersen 2004). WNV is a flavivirus discovered in Uganda in 1937, that had never
been reported on the American continent (Mackenzie, Gubler, et Petersen 2004).

Alike evolving interactions, dead-end interactions can derive from a stable
interaction (Rall et al. 2015). Instead of transmitting efficiently between the members
of a new host species, the virus either kills its host or, if the new host survives, it isn’t
efficiently transmitted to the members of the new species (Rall et al. 2015). Dead-end
interactions are often a consequence of cross-species infections and are frequently
observed with arthropod-borne viruses (e.g., West Nile virus): the virus establishes
stable interactions with its arthropod host, but occasionally the latter can transmit the
pathogen to a new species (e.g.; humans) with severe consequences. Several animal
species play a critical role in the transmission to humans of highly pathogenic viruses
(Rall et al. 2015). Rodents and bats could be persistently infected by multiple RNA
viruses (e.g., of the Bunyaviridae or Arenaviridae families for rodents,
Paramyxoviridae or Filoviridae families for bats) with mild or no pathological effect. A
viral population is maintained in those animals that efficiently excrete viral particles in
their secretions (urine, saliva, feces), thus transmitting the virus to new members.

Whereas humans are not the natural host species for those viruses, they can be
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infected by direct contact with animals’ excretions. Unfortunately, the outcome of these
infections is often lethal, making humans a dead-end host. Finally, some hosts can
efficiently block viral infection because host cells are not susceptible or permissive to
viral infection, or because the host defense mechanisms are too strong and efficiently

limit viral propagation.
B. Focus on emerging arboviruses

During the last 75 years, emerging zoonoses have been responsible for the
most of the emerging infections affecting humans, with billions of human illness cases,
millions of deaths per year and a long-lasting threat to human health (Lloyd-Smith et
al. 2009). Many emerging zoonotic viruses are transmitted to humans by
hematophagous insects (mosquito such as Aedes, Anopheles, Culex; sandflies, ticks)
(Madewell 2020).These are designed as arboviruses (arthropod-borne viruses), of
which the vast majority are RNA viruses belonging to the genera Alphavirus,
Flavivirus, Orthobunyavirus, Nairovirus, Phlebovirus, Orbivirus, Vesiculovirus and
Thogotovirus (Mayer, Tesh, et Vasilakis 2017). In the last decades, arboviruses
spread more widely and rapidly through the globe. According to the World Health
Organization (WHO), approximately 17% of infectious diseases and around 700,000
deaths each year globally are attributed to vector-borne diseases (VBDs), which
encompass arboviruses (« Vector-Borne Diseases » s. d.). Several factors contribute
to this trend, including increased air travel and uncontrolled mosquito populations (Y.
K. Choi 2021; Gould et al. 2017). Dengue (flavivirus) is the most widespread arbovirus,
causing over 90 million cases and 40 000 deaths per year (Kading, Brault, et Beckham
2020). Other arboviruses such as Chikungunya virus (alphavirus, 693 000
cases/year), Zika virus (flavivirus, 500 000 cases/year), or Yellow Fever virus
(flavivirus 130 000 casesl/year) are also a major public health concern (Kading, Brault,
et Beckham 2020; Madewell 2020).

Arboviruses can emerge through various mechanisms (Scott C. Weaver et al.
2018) (Figure 2). First, some viruses directly spill over from their natural wildlife cycles
(enzootic cycle) to infect humans, as observed with WNV during its expansion into the
Americas (Mackenzie, Gubler, et Petersen 2004). Secondly, some viruses undergo
secondary amplification in domesticated animals, as seen with Japanese encephalitis,
Venezuelan equine encephalitis, and Rift Valley fever viruses (reviewed in (Scott C.
Weaver et al. 2018)). In a third mechanism, the virus passes from an enzootic cycle
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to a human-vector-human cycle or urban cycle. Humans become the amplification
hosts, and the transmission cycle is mediated by anthropophilic mosquitoes such as
Aedes aegypti or Aedes albopictus. This urban emergence has been witnessed in
viruses such as Dengue, yellow fever, chikungunya, and Zika which are among the

most prevalent human arboviruses (Scott C. Weaver et al. 2018).

Human-vector-human (sexual
human-human ZIKV only)

Nt

Urban epidemic cycle

A. aegypti
A. albopictus
CHIKV, DENV, (MAYV?), £
OROV, YFV, ZIKV ﬂ ﬁ “

CHIKV, DENV, MAYYV, JEV, RVFV
OROV, YFV, ZIKV

Amplification in

Birectspillover domesticated animals

[P i -y
A

Epizootic cycle

‘.\.'_-)

Figure 2: Emergence mechanisms for arboviruses. All the reviewed viruses are transmitted by mosquito, with the exception
of urban transmission of OROV, which involves Culicoides spp. midges. Viruses that have historically emerged in urban areas
often utilize non-human primates as enzootic hosts and then infect humans through direct spillover. The abbreviations used
in the figure are as follows: CHIKV for chikungunya virus, DENV for dengue virus, JEV for Japanese encephalitis virus, MAYV
for Mayaro virus, OROV for Oropouche virus, RVFV for Rift Valley fever virus, YFV for yellow fever virus, and ZIKV for Zika
virus. From (Scott C. Weaver et al. 2018)
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Chapter Il. Alphaviruses

Alphaviruses, that belong to the Togaviridae family, are characterized by a strong
impact on human and animal health. Some alphavirus species cause encephalitis in
horses, but can also infect humans with fatal outcome (Lundberg, Carey, et Kehn-Hall
2017). This is the case of the Venezuelan Equine Encephalitis virus (VEEV) which
belongs to the New World encephalitic alphaviruses. On the other hand, Chikungunya
virus (CHIKV) for instance is the most impactful human alphavirus that caused multiple
outbreaks in the last decades. CHIKV belongs to the Old World arthritogenic

alphaviruses.

A. Phylogeny and geographical distribution

Salmon P Disease Salmon, frout
Tonate unknown vectors, birds -

Mucambo unknown veclors, rodents
(VEEIIC) Culex (Mel.) gnormalus, Rodents
(|E) Cufex (Mel.) laeniopus, rodents
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Cuwlex (Mel) spp. , rodents VEE
Aedes, Psarophora spp. Equids Comp|ex
| Aades, Psorophors spp. Equids
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unknown veclors and hosts

\ VEE-VI) Culex (Mef.) delpontel®, unknown hosts

EEE Complex
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3 Sindbis Complex
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Whalaroa Culex pervigifans, unknown hosts
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Southern Elephant Seal Lepidonthirus macroliny” Seal

Middelburg mosquitoes”, unknown hosts =———— \iddelburg Complex

Getah  Culex, Aedes spp, unknawn hosts
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03

Figure 3: Phylogenetic tree of the alphaviruses produced using Bayesian methods and mid-point rooted. Vectors and
vertebrate hosts are printed next to virus labels. The tree includes representatives from all species and was constructed
using the structural protein E2, 6 K and E1 genes. The dashed line indicates the point at which ancestral SINV and EEEV
recombined to form the recombinant WEEV ancestor. All posterior probabilities were 1 unless shown. Nodes with a

symbol had posterior probabilities less than 0.9 and nodes with a * had no posterior support. From (Scott C. Weaver
etal. 2012)
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Alphaviruses belong to the Baltimore classification Group IV (Berman 2012),
containing a positive single-stranded RNA genome [(+) ssRNA]. Initially, the
identification of seven antigenic complexes of mosquito-borne alphaviruses was
accomplished by assessing the levels of cross-reactivity among them (Calisher et al.
1980). These complexes were named as EEE, VEE, WEE, Semliki Forest, Barmah
Forest, and Middelburg complexes (Calisher et al. 1980). However, since the 1980s,
genomic sequence comparisons have largely replaced antigenic analyses. As a result,
some newly described alphaviruses like Trocara virus have been categorized into
complexes based on genetic data (Powers et al. 2001). Consequently, the current
classification of the alphavirus family, comprising eight complexes, is a combination of
both antigenic and genetic classification approaches (Powers et al. 2001). Except for
two aquatic alphaviruses (southern elephant seal virus and salmon pancreas disease
virus), all the members are arthropod-borne viruses (Powers et al. 2001). They
circulate between hematophagous mosquitoes and vertebrate hosts, including human
and nonhuman primates, equids, birds, amphibians, reptiles, rodents, and pigs (R.
Chen et al. 2018) (Figure 3).

Alphaviruses are distributed world-wide, occupying all continents except
Antarctica. They can be also classified into Old World or New World alphaviruses
according their geographical origin and distribution (Figure 3). The Barmah Forest,
Ndumu, Middelburg, and Semliki Forest complexes occur almost exclusively in the Old
World (OW), and originated from the African continent (Powers et al. 2001; Forrester
et al. 2012; Azar et al. 2020). On the other hand, New World alphaviruses (NW)
(VEEV, EEEV, WEEV complexes) originated in the Americas (Figure 3). OW
alphaviruses are generally associated with arthritogenic disease in humans, whereas
NW alphaviruses lead to neurological disease (Suhrbier, Jaffar-Bandjee, et Gasque
2012; Zacks et Paessler 2010). It is important to emphasize that the classification
doesn’t perfectly reflect the evolution of the different viruses. For instance,
phylogenetic studies classify Sindbis virus (SINV) as a member of the WEEV antigenic
complex, whereas its geographical distribution classifies it as an OW alphavirus
(Calisher et al. 1980). Further studies demonstrated that a recombinant event occurred
between the envelope genes of a SINV ancestor with those of an EEEV ancestor, led
to the emergence of the WEEV complex (S C Weaver et al. 1997), suggesting a
common geographical distribution in the past. Furthermore, whereas OW alphaviruses

are considered as arthritogenic and NW alphaviruses — as encephalitic, the Mayaro
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virus interrogates the origin of these alphaviruses as it circulates in South America but
is associated to arthritic disease (Auguste et al. 2015). Whether encephalitic NW
alphaviruses have evolved from the OW alphaviruses or, inversely, is not clear. Some
phylogenetic studies positioned the two aquatic alphavirus species at the base of the
phylogenetic trees, suggesting an aquatic origin of alphaviruses, followed by
movements both east and west, thus resulting in the Old and New World ancestors of

the mosquito-borne viruses (Powers et al. 2001; Forrester et al. 2012).
B. Transmission cycle

Most alphaviruses circulate between mosquitoes and avian or mammalian
reservoirs, and/or amplification hosts (S.C. Weaver, Klimstra, et Ryman 2008).
Spillover events from the enzootic cycle can occur when humans enter the sylvatic
cycle or amplification increases virus circulation. Secondary amplification involving
domestic animals in close proximity to humans could accelerate spillover events. This
is the case of VEEV hosts (S.C. Weaver, Klimstra, et Ryman 2008). Finally, an urban
cycle can occur when humans become amplification hosts. This transmission cycle
relies on anthropophilic mosquitoes. CHIKV for instance, is the only alphavirus that
circulates in the enzootic cycle between non-human primates and sylvatic
primatophilic mosquitoes (Ae. furcifer-taylori, Ae. africanus, Ae. luteocephalus and Ae.
neoafricanus) (Jupp et Mcintosh 1990; Mcintosh 1988; S.C. Weaver, Klimstra, et
Ryman 2008; Scott C. Weaver et al. 2012), and in an urban cycle, where it circulates
between anthropophilic Aedes aegypti and Aedes albopictus mosquitoes and humans
(S.C. Weaver, Klimstra, et Ryman 2008; Scott C. Weaver et al. 2018; Lambrechts,
Scott, et Gubler 2010).

Alphaviruses transmission starts when a female mosquito feeds on a viremic
vertebrate host. Following the blood meal, the virus migrates to the midgut, undergoing
replication (Scott C. Weaver, Chen, et Diallo 2020). However, during the blood
digestion process, the midgut epithelium releases a peritrophic matrix that can obstruct
virus entry (Dong et al. 2017), serving as the initial barrier known as the midgut
infection barrier (Dong et al. 2017). Overcoming this bottleneck is crucial for the
establishment of effective infection and transmission. Once the virus crosses this
barrier, it replicates and escapes into the hemocoel (Naomi L. Forrester, Coffey, et
Weaver 2014). The hemocoel is vital in disseminating the virus and infecting other
secondary tissues (Naomi L. Forrester, Coffey, et Weaver 2014) . The final step in the

28



transmission cycle involves the infection and the replication cycles within the salivary
glands until sufficient viral loads are reached to infect vertebrate hosts. All these steps,
from crossing the midgut epithelium to replicating in the salivary glands, determine the

vector competence for a specific virus (Dong et al. 2017; Lim et al. 2018).
C. Arthritogenic alphaviruses

Arthritogenic alphaviruses comprise chikungunya virus (CHIKV), Ross River
virus (RRV), Barmah Forest virus (BFV), O’nyong-nyong virus (also known as Igbo
Ora), the Sindbis group of viruses and Mayaro virus. In contrast to arboviruses such
as flaviviruses (for which asymptomatic care represents more than 90% of the
infections), alphaviruses are symptomatic in most cases (Suhrbier, Jaffar-Bandjee, et
Gasque 2012). For instance, CHIKV infection is symptomatic between 70% and 97%
of the time (Suhrbier, Jaffar-Bandjee, et Gasque 2012; Bartholomeeusen et al. 2023;
Renault et al. 2007).

Infections with alphaviruses are characterized by a brief viremia of 5-7 days,
rapidly controlled by the IFNa/ response and neutralizing antibodies (Schwartz et
Albert 2010; Suhrbier, Jaffar-Bandjee, et Gasque 2012). A strong inflammatory
immune response probably accounts for the acute symptoms: fever, polyarthralgia and
polyarthritis, rash, and myalgia (reviewed in Suhrbier 2019). Although usually self-
limiting, chronic rheumatic manifestations have been reported following the resolution
of acute disease for arthritogenic alphaviruses (except ONNV). Protracted arthralgia
was well documented for Sindbis virus (Kurkela et al. 2005), RRV (Suhrbier et
Mahalingam 2009), and CHIKV disease (Hawman et al. 2013; Hoarau, Jaffar Bandjee,
et al. 2010; McCarthy, Davenport, et Morrison 2019; Poo et al. 2014). For instance,
CHIKYV arthritic disease is reported to remain unresolved after six months to 3 years
in 1.6-57% of patients (depending on the study) (Suhrbier, Jaffar-Bandjee, et Gasque
2012). Viremia typically increases a few days before the onset of symptoms. Direct
diagnosis can be done through RT-PCR or virus isolation (Levi et Vignuzzi 2019).
However, RT-PCR may not detect the virus after seven days of symptom onset for
CHIKV and MAYYV, with virus isolation being efficient for an even shorter duration (Levi
et Vignuzzi 2019; Suhrbier 2019; Bartholomeeusen et al. 2023). These diagnostic
tools are highly specific between and within viral families but are not always applicable
in practice. Indirect diagnosis is achieved using serological tests to detect IgM and IgG
antibodies. Although these antibodies appear later than viremia, they are more
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persistent (Centers for Disease Control and Prevention (CDC) 2006; Natrajan, Rojas,
et Waggoner 2019). For CHIKV, IgM can appear as early as two days after symptom
onset and is usually positive after a week. IgM levels typically decrease after three
months but can persist for over six months in some cases. IgG usually becomes
detectable 7-14 days after the onset of illness and remains present for a long time
(Figure 4). The main challenge with serological methods is the potential for cross-
reactivity among alphaviruses. This makes it difficult to identify the specific
arthritogenic alphavirus involved, especially in regions where multiple alphaviruses co-
circulate. Consequently, the plaque-reduction neutralizing test (PRNT) is considered

the gold standard for diagnostics.
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Chapter lll: Chikungunya disease

A. Chikungunya virus, a re-emerging human pathogen of global

health concern

1. Discovery

In 1952, an unknown disease occurred on the Makonde Plateau (Newala and
Masasi Districts) in the Southern Province of Tanganyika, along the border between
Mozambique and Tanganyika (the mainland part of modern Tanzania) (M. C.
Robinson 1955; Lumsden 1955; Ross 1956). A hallmark of the infection was the
particularly severe joint pains responsible for the contorted posture of affected people
(M. C. Robinson 1955; Lumsden 1955; Ross 1956). The local term "chikungunya,"
derived from the Makonde root verb "kungunyala," meaning "to walk bent over," was
given to the disease (M. C. Robinson 1955; Lumsden 1955; Ross 1956). Chikungunya
fever shares several clinical characteristics with dengue fever (DENF), but the latter
does not circulate on the Makonde Plateau. Observations made on one hundred and
fifteen patients in the hospital and other infected people in the villages showed that
after an incubation period of 3 to 12 days, infected people experienced a sudden
disease onset with rapid temperature rise, varying between 38.8°C and 40.5°C
disease (M. C. Robinson 1955; Lumsden 1955; Ross 1956). After an apyrexial period,
most of the patients experienced a second pic of fever and the appearance of maculo-
papular eruption (M. C. Robinson 1955; Lumsden 1955; Ross 1956). Unlike dengue
fever, patients suffering from CHIKF experienced joint pain "frightening in its severity,"
aggravated with movements (M. C. Robinson 1955). The patient follow-up has also
revealed that pains were persistent without any other disease symptoms in most
affected people. For some, severe joint pains last up to 4 months (M. C. Robinson
1955).

The findings from epidemiological and environmental investigations conducted
by W. H. R. Lumsden and Dr. R. W. Ross indicate that the causative agent of CHIKF
(Chikungunya fever) is transmitted by blood-sucking insects. In the specific region of
the Makonde Plateau, which is densely populated but lacks accessible water sources,
water storage in houses has led to a significant presence of Aedes aegypti and Culex
fatigans mosquitoes (Lumsden 1955; Ross 1956). Further studies on the agent's

behavior found in acute sera and mosquito pools demonstrated its lethality when
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inoculated into baby mice (Lumsden 1955; Ross 1956). The agent could not be filtered
through a Seitz filter, could be passaged indefinitely in brain suspension, and mice
injected with passaged strains showed symptoms within two days (Lumsden 1955;
Ross 1956). Bacteriological cultures did not exhibit growth when exposed to these
filtrates, and microscopic analysis failed to identify any particles (Ross 1956). These
observations strongly suggested that the causative agent of CHIKF is a virus
transmitted by mosquitoes, likely a strain of dengue virus. Subsequent serological and
antigenic studies classified the virus as an Alphavirus closely related to Sindbis and
Semliki forest virus (Monath 2020; Spence et Thomas 1959).

2. Transmission cycles and Epidemiology

CHIKV was shown to be circulating on an enzootic or sylvatic transmission
cycle between arboreal, canopy-dwelling Aedes (Ae.) spp. vectors and diverse
nonhuman primates (NHP) presented in forested regions of sub-Saharan Africa (Azar
et al. 2020; R. Chen et al. 2018; Weinbren, Haddow, et Williams 1958; Jupp et
Mclintosh 1990). CHIKV was isolated from wild Ae. africanus mosquitoes in Uganda in
1958 (Weinbren, Haddow, et Williams 1958). Further studies have shown that
inoculated monkeys developed viremia and subsequently produced neutralizing
antibodies (S. D. Paul et Singh 1968; Weinbren, Haddow, et Williams 1958).
Additionally, between 1972 and 1986, an extensive study in Senegal (West Africa)
isolated 185 CHIKYV strains from 13 forest mosquito species such as Ae. furcifer-taylori
and Ae. Luteocephalus, which are likely the major sylvatic vectors in Senegal. Viral
isolation and serological studies have confirmed the role of NHP (such as African
green monkeys, bushbabys, guenons, or Guinea baboons) as viral reservoirs (Traore-
Lamizana et al. 1999). Phylogenetic and sequencing studies demonstrated that
CHIKV strains circulating in sub-Saharan Africa are a part of two enzootic clades
termed East-Central-South Africa (ESCA) and West Africa (WA) (Brault et al. 2000;
Volk et al. 2010). CHIKYV sylvatic cycle consists of a periodic amplification of the virus,
which circulates actively between wild forest mosquitoes and NHP, mainly (Traore-
Lamizana et al. 1999). Silent intervals of 3 to 5 years punctuate the enzootic cycle,
likely related to the monkey population's immune status. Several studies suggest that
a second wild transmission cycle involving squirrels, rodents, and birds contributes to
maintaining the virus in the endemic region during silent intervals. At the same time,
NHPs are protected (Traore-Lamizana et al. 1999). Occasional spillovers of sylvatic

CHIKV occur in humans, causing small outbreaks in the enzootic areas, likely due to
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Ae. furcifer (in West and South Africa) and Ae. africanus (East and Central Africa)
(Diallo et al. 2012; Jupp et McIntosh 1990; Traore-Lamizana et al. 1999).

CHIKV presence outside the African continent was clearly documented in
Thailand in 1959 (Hammon, Rundnick, et Sather 1960). Further studies demonstrated
that Ae. aegypti was involved in an endemic, urban transmission of CHIKV in the
Southeast Asia, causing moderate-in-size outbreaks (Hammon, Rundnick, et Sather
1960). Subsequently, CHIKV was recorded in Cambodia and India in the early 60s
(Halstead et Udomsakdi 1966; Inoue et al. 2003; Marchette et al. 1978; Wolfe et al.
2001).There is no clear evidence for an Asian enzootic transmission cycle of CHIKV.
Although studies have reported seropositive NHP and other vertebrates in Southeast
Asia (Halstead et Udomsakdi 1966; Inoue et al. 2003; Marchette et al. 1978; Wolfe et
al. 2001), CHIKV strains were successfully isolated only from domestic vectors
(Halstead et Udomsakdi 1966), suggesting that CHIKV likely originated from Africa
and was introduced in Southeast Asia afterward (Brault et al. 2000). We can’t rule out
the possibility of a spillback from the urban to an enzootic transmission cycle. CHIKV
genotype circulating in Asia (Asian lineage) have likely diverged from the enzootic
ECSA lineage at the end of the eighth century and is maintained mainly in Eastern
Asia's urban transmission cycle, causing periodic outbreaks (Scott C. Weaver et
Forrester 2015) (23). Since the Barsi outbreak in 1973, the long absence of CHIKV
epidemics lead to the hypothesis of CHIKV extinction in India and South-East Asia
(Burke at al., 1985; Pavri, 1986; Neogi et al., 1995).

3. Mechanisms of re-emergence

CHIKV gets particular attention in 2004, when a new ESCA strain has emerged
in coastal Kenya (Mombassa and Lamu Island) (Chretien et al. 2007; Onyango et al.
2008), and has spread to the Indian Ocean islands, causing an urban epidemic with
unprecedented attack rates (Kariuki Njenga et al. 2008) (Onyango et al. 2008; Sang
et al. 2007). The largest documented outbreak occurred in La Réunion island and has
provided valuable information about CHIKV transmission, evolution and associated
pathology. Between March 2005 and April 2006, the surveillance system has reported
around 244,000 cases, with an estimated attack rate of 35% (Renault et al. 2007,
Gérardin et al. 2008; Josseran et al. 2006). To date, no death is clearly imputable to
CHIKV infection. A case fatality-rate for chikungunya disease was roughly estimated
at =1/1000 cases following the evaluation of 260 excess deaths during La Réunion

island epidemic (Renault et al. 2007; Josseran et al. 2006). Simultaneously, CHIKV
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spread to other Indian Ocean territories (Seychelles, Mauritius, Madagascar) and
finally reached India. After a gap of 32 years, India’s CHIKV outbreak caused 1.3
million cases in 13 states (Yergolkar et al. 2006; Arankalle et al. 2007). Since 2008,
autochthonous transmission has been recorded in Italy (2007) and South France
(2014) (Angelini et al. 2008; Delisle et al. 2015). A third major outbreak occurred in
December 2013 on the Caribbean Saint Martin Island. Rapidly, the virus spread to
more than 50 countries in South and Central America, causing at least 1 million
infections (Cassadou et al. 2014; Van Bortel et al. 2014). Few autochthonous cases
were recorded in Florida (2014). Since 2014, more than 2.9 million infections have
been reported in the US country. Today, > 100 countries where CHIKV has been
notified and > 10 million cumulative cases of CHIKV fever have been recorded
(Bartholomeeusen et al. 2023; Nsoesie et al. 2016). Aedes distribution is a crucial
determinant for future outbreaks of CHIKV (and other arboviruses) species vectors
worldwide. Local outbreaks of Chikungunya, Dengue, or Zika viruses were shown to
follow within 5-15 years of infestation of an urban area by Ae. aegypti and Ae.
albopictus (Messina et al. 2014; Kraemer et al. 2015). The factors involved in Ae.
species propagation to naive regions is multiple. Climate change is of particular
concern. Ae. aegypti is anticipated to expand significantly within its tropical territory
and move into adequately temperate areas in the USA and China (Bartholomeeusen
et al., 2023). However, it is expected to largely avoid spreading in Europe, except for
the southern regions of Italy and Turkey. On the other hand, Ae. albopictus, whose
dormant eggs enable survival in colder winters, is projected to establish its presence
across Europe, the northern USA, highland regions of South America, and eastern
Africa (Messina et al. 2014; Kraemer et al. 2015; Oliveira et al. 2021).

The unprecedented magnitude of the 2005-2007 Indian Ocean islands and
South East Asia outbreaks has raised questions about the origin of the virus and the
determinants of its emergence. A comparison of full-genome sequences
demonstrated a 99.9% sequence similarity between the Indian and Reunion strains,
indicating that the Indian epidemic strain originates from the ECSA and not from the
Asian clade (33). The extent of this epidemic led to the consideration of a new fourth
lineage — the Indian Ocean Lineage (IOL) derived from an ECSA enzootic strain (Volk
et al. 2010; Scott C. Weaver et al. 2012; Wahid et al. 2017).
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Figure 4: World map showing the spread of CHIKV and its main vectors, Aedes albopictus, and aegypti. Color dots represent
the actual distribution of both vectors. Colored area shading illustrates the potential vector global spread by 2050.

Before the Indian Ocean (1O) outbreak, the CHIKV interhuman transmissions
were mainly due to the Ae. aegypti vector, established in tropical and subtropical
regions of the globe (Tsetsarkin et Weaver 2011). However, the mosquito responsible
for the interhuman transmissions that occurred on La Réunion island was the Asian
tiger mosquito, Ae. albopictus that previously has never been associated with
alphavirus outbreaks (Tsetsarkin et al. 2007). Phylogenetic analysis of several CHIKV
isolates from different regions during the Indian Ocean epidemic, identified the
independent acquisition of a common alanine to valine substitution in the E1 envelop
protein at position 226 (E71-A226V). This mutation was directly associate to an
adaptation to the Ae. albopictus vector, and plausibly explains how CHIKV caused an
epidemic on a territory lacking its typical vector Ae. aegypti. Indeed, reverse genetics
and viral competition experiments demonstrating that the single E1-A266V mutation
was responsible for an increase in CHIKV infectivity for Ae. albopictus, without
changing viral fitness in its primary vector Ae. aegypti (Tsetsarkin et al. 2007). Further
studies demonstrated that this mutation led to more efficient CHIKV oral infectivity for
midgut epithelial cells (40 to 100-fold), thus leading to better dissemination in the Ae.
albopictus salivary glands and enhanced transmission to a vertebrate host (Vazeille
et al. 2007; Tsetsarkin et al. 2007; Arias-Goeta et al. 2013).

Interestingly, the first Southeast Asian outbreak (Malaysia, 2006) was

associated to the Asian genotype strain that has been circulating for more than 60
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years. Although Ae. albopictus is native to that region of the globe, Ae. aegypti played
a major role in the Asian CHIKV strain transmission until 2007. Strikingly, between
2007 and 2009, a shift in the viral genotypes was observed, with the IOL strain
progressively replacing the Asian endemic CHIKV strain. Since the Indian Ocean
outbreaks demonstrated that the single E1-A226V substitution greatly enhances
CHIKV transmission by Ae. albopictus, one can reasonably question why this mutation
had not been selected during more than 60 years of transmission. This could be
partially explained by identifying epistatic mutations within the E1-protein sequence
(Tsetsarkin et al. 2009). Epistatic mutations are genetic changes that interact with one
another, influencing an organism's overall phenotype or characteristics (Tsetsarkin et
al. 2009). The Asian lineage possesses a tryptophan residue at position 98 of its E1
glycoprotein (E1-98T) that negatively affects E1-226V mutation, thus restricting the
adaptability of this genotype to Ae. albopictus and its emergence in Asia. This inability
has likely facilitated the IOL strains to colonize the Ae. albopictus transmission cycle
niche in Southeast Asia (Tsetsarkin, Chen, et Weaver 2016; Tsetsarkin et Weaver
2011). Conversely, E1-A98T and E2-1211T substitutions were demonstrated to
positively impact the CHIVK strains harboring the A226V mutation by increasing the
infectivity in Ae. albopictus, favoring CHIKV emergence and (Tsetsarkin, Chen, et
Weaver 2016; Tsetsarkin et Weaver 2011).

B. Physiopathology and Immunology

1. Acute disease

The infection cycle starts in the dermis, following the bite of an infected
mosquito, where the virus-containing saliva is deposited. Initial replication in the
dermis produces infectious virions that reach the bloodstream or spread to draining
lymph nodes. Subsequently, CHIKV targets multiple organs and tissues: the liver,
spleen, muscles, and joints. The acute phase of the disease is characterized by the
rash, fever, and joint/muscle pain triad (Suhrbier et Mahalingam 2009), with a
particularly high viremia accompanied by a robust innate immune response
(Waggoner et al. 2016; Matusali et al. 2019; Poo et al. 2014; Teo et al. 2012). Innate
response drives an abrupt onset of fever 4-7 days post-infection (B. et al. 2019; Dutta
et al. 2014). Viremia resolves often in a week. The prominent symptom of CHIKV acute
infection is highly invalidating joint pain (92% of cases) with symmetrical arthralgia

affecting primary distal joints, as well as myalgia (52% of cases) (Bartholomeeusen et
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al. 2023). This condition persists in >50% of patients for 1 month (Bartholomeeusen
et al. 2023; B. J. Paul et Sadanand 2018; Poo et al. 2014). Severe disease
manifestations, including encephalitis and encephalopathy, renal failure, toxic
hepatitis, and myocarditis, have been reported during the 2005-2006 Indian Ocean
islands outbreaks, as well as during the Caribbean epidemic between 2013-2015
Gérardin et al. 2016).

2. Chronic disease

The post-acute phase of Chikungunya fever encompasses the period from 21
days to 3 months after the onset of symptoms (Simon et al. 2015). When the clinical
manifestations, with arthralgias being a prominent feature, persist for more than 3
months, Chikungunya fever is classified as the chronic form of (Hoarau, Bandjee, et
al. 2010; Simon et al. 2015). Estimating the proportion of patients progressing to the
chronic form of Chikungunya fever is challenging and appears to be influenced by
factors such as patient age and/or CHIKV genotype. However, approximately 40—
80% of patients are believed to experience chronic disease (Hoarau, Jaffar Bandjee,
et al. 2010; Amaral, Bilsborrow, et Schoen 2020; Heath et al. 2018; Sissoko et al.
2009). In addition to the chronic arthralgia observed in up to 79% of patients with a
protracted disease, long-term sequelae include depression, chronic fatigue
(Duvignaud et al. 2018; Suhrbier 2019), and neurological disorders (Mehta et al. 2018;
Brizzi 2017).

During acute infection, higher viral loads, as well as symptoms like arthralgias,
body aches, and weakness, are associated with an increased risk of developing
chronic arthralgias (Hoarau, Bandjee, et al. 2010; Heath et al. 2018; Amaral,
Bilsborrow, et Schoen 2020). However, it's important to note that replicative virus has
not been detected in these cases (Hoarau, Jaffar Bandjee, et al. 2010; Heath et al.
2018; Sissoko et al. 2009). Moreover, individuals with pre-existing osteoarthritis are
more susceptible to being affected by chronic arthralgias (Sissoko et al. 2009). The
reported prevalence of joint pain outbreaks may vary and could be influenced by the
duration of follow-up. However, most estimates suggest that around one-quarter of
patients are affected by joint pain even one year after the initial infection (Heath et al.
2018; Sissoko et al. 2009; Manimunda et al. 2010; Rodriguez-Morales et al. 2016).

37



3. Immunological aspects of CHIKV disease

The strong immune response, that accounts for CHIKV disease, is
triggered by the entry and replication of CHIKV. This response involves specialized
immune receptors called pattern recognition receptors (PRRs), such as Toll-like
receptors 3, 7, and 8 (TLR-3, -7, and -8) and retinoic acid-inducible gene | (RIG-I)-like
receptors (RLR). These receptors recognize various intermediate replication forms of
the (+) ss RNA virus. The activation of PRRs initiates a complex signaling cascade
that can involve the mitochondrial antiviral signaling (MAVS) pathway, leading to the
activation of Nuclear Factor-kappa B (NF-kB) and interferon regulatory factor 3 (IRF3)
pathways (Schwartz et Albert 2010; Suhrbier 2019). This results in the release of pro-
inflammatory cytokines like interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-
a), which play a significant role in establishing an inflammatory state. These cytokines

also control the recruitment of antigen-presenting cells to the site of infection and
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Figure 5: Overview of innate immune signaling pathways impacting CHIKV and other alphavirus infections. Endosomal
PRRs (TLR3, TLR7, and TLR8) recognize PAMPs and signal through distinct adaptor proteins (e.g., MyD88 and TRIF). TLR
activation and secondary signaling through potassium efflux activate the inflammasome. Viral RNA transcription in the
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induce the transcription of type | interferon genes (IFN) (Chirathaworn, Chansaenroj,
et Poovorawan 2020) (Chow et al. 2011; Poo et al. 2014; Suhrbier 2019). IFNB and
subtypes of IFNa are crucial in controlling CHIKV infection in mammals (Rudd et al.
2012; Poo et al. 2014; Suhrbier 2019).

Experiments using IFNa receptor knock-out (IFNARKC) mice showed that they
succumbed to CHIKV infection within two days, while all wild-type mice survived for
20 days after infection (Couderc et al. 2008). Neonates with immature RIG-I response
or impaired interferon regulatory factor (IRF) 7 activation are at higher risk of
developing severe disease (Danis et al. 2008; Rudd et al. 2012; Marr et al. 2014).
Elderly individuals with reduced TNF receptor-associated factor 3 and IRF8
expression, which are required for RIG-I signaling, control less efficiently CHIKV
infection (Molony et al. 2017). Although interferons are essential for limiting viral
infection, excessive pro-inflammatory cytokines during CHIKV infection can increase
disease severity (Chirathaworn, Chansaenroj, et Poovorawan 2020). For instance,
challenging mice with polyinosinic:polycytidylic acid (mimicking double-strand RNA),
a potent inducer of type | IFN production, induces arthritis with comparable
proinflammatory gene expression profile as observed in CHIKV arthropathy (Prow et
al. 2017). Finally, it is noteworthy that the antiviral activity of IFN cytokines is
temperature-dependent, optimal at 37°C. This explains, at least in part, why CHIKV
replicates more efficiently in peripheral joints than elsewhere in the organism (Prow et
al. 2017). Despite a robust and rapid immune response, CHIKV effectively evades the
cellular antiviral control (Akhrymuk, Kulemzin, et Frolova 2012; Bae, Lee, et Myoung
2020; Goertz et al. 2018; Rathore, Ng, et Vasudevan 2013; Jelke J. Fros et Pijlman
2016). In fibroblasts, for instance, the translational shut-off induced by CHIKV proteins,
as well as the viral-induced apoptosis, lead to CHIKV-dissemination and a pick of
viremia during the acute phase (White et al. 2011; Sourisseau et al. 2007).

Proinflammatory cytokines and chemokines secretion induced by viral
replication leads to the recruitment of immune cells. These include monocytes, NK
cells, neutrophils, and T cells, which help limit the infection but also participate in
inflammation and tissue damage (Teo et al. 2012; Poo et al. 2014; Suhrbier 2019). For
instance, monocytes and macrophages, which are involved in inflammation resolution
and disease clearance (lkeda et al. 2018), are also sites of CHIKV replication and
persistence (Labadie et al. 2010; Zaid et al. 2018; 2020). Indeed, studies in nonhuman

primates demonstrated viral RNA persistence in synovial macrophages (Labadie et al.
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2010). In vitro experiments conducted in RAW264 cells, a murine macrophage cell
line, have indicated that macrophages infected with the CHIKV produce inflammatory
cytokines such as TNF and IL-6 (Nayak et al. 2019). Additionally, investigations using
mouse models of chikungunya arthritis and the analysis of peripheral blood
mononuclear cells from patients, have pointed towards the involvement of the NOD-,
LRR- and pyrin domain-containing 3 (NLRP3) inflammasome, and consequently, the
release of IL-1B8 and IL-18, during CHIKV infection (W. Chen et al. 2017). It's worth
noting that a small-molecule inhibitor that prevents NLRP3 activation has shown the
ability to reduce CHIKV-induced inflammation in mice (Guo et al. 2018). Interestingly,
NLRP3 is also implicated in the development of rheumatoid arthritis (RA), as high
levels of NLRP3 activation have been reported in monocytes/macrophages that
infiltrate the synovial tissue of RA patients (Guo et al. 2018).

Mechanisms of CHIKV chronic disease are poorly understood. It was proposed
that chronic inflammation is simply a prolongation of the acute inflammatory state, and
that chronic CHIKV arthritis is not linked to active viral replication (Chang at al. 2018).
In addition, patient experiencing chronic CHIKV disease, exerted aberrant immune
response with higher levels of IL-6 than those that had recovered from acute infection
(Gardner et al. 2010; Chow et al. 2011). In joint tissues, IL-6 lead to the activation of
RANKL and inhibition of osteoprotegrin (OPG), which directly impair osteoblast
functioning and bone mineralization (Chow et al. 2011; Noret et al. 2012; Sharp et al.
2021). Persistent CHIKV arthralgia is also linked to higher amounts of IL-17 which is

a bone resorption-associated cytokine (Chow et al. 2011).

C. A key role of the musculoskeletal tissue in CHIKV pathogenesis

Like other arthritogenic alphaviruses, CHIKV displays a large cell and tissue
tropism in vertebrates. Indeed, CHIKV efficiently replicates in endothelial cells,
fibroblasts from almost all organs, and brain cells (Abraham et al. 2013; 2017; Abere
et al. 2012; Briant et al. 2014; Bernard et al. 2015). However, the induced rheumatic
disease mainly reflects CHIKV capacity to establish a productive infection in cells from
joint and muscle tissues (Sourisseau et al. 2007; Wikan et al. 2012; Young et al. 2019).
Within joints, cells such as chondrocytes, osteoblasts, and bone marrow mesenchymal
stem cells, which give rise to osteogenic cells, are susceptible to CHIKV infection
(Hoarau, Jaffar Bandjee, et al. 2010; Phuklia et al. 2013; Roy et al. 2020). The infection
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causes cellular damage, contributing to CHIKV-induced arthritis and joint pain. For
instance, when osteogenic cells are infected, their ability to mineralize and repair is
impaired, leading to dysregulated bone homeostasis observed in patients (Roy et al.
2020). In muscles, CHIKV replication is prominent, as evidenced by the presence of
viral antigens and signs of necrosis, vacuolization, and fibrosis in patients with acute
and chronic CHIKYV disease (Ozden et al. 2007). In vitro studies showed that muscle
fibroblasts, satellite cells, and myoblasts (muscle progenitors) are highly susceptible
to CHIKV infection (Couderc et al. 2008; Ozden et al. 2007; Lohachanakul et al. 2015).
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Figure 6:Muscle stem cell (satellite cells) (MuSC) mediated skeletal muscle regeneration. Following injury, quiescent MuSCs
are activated and undergo rapid proliferation, followed by differentiation into myocytes, which fuse and mature to generate
new muscle fibers.

Initially, it was believed that fully differentiated myotubes are less affected by
CHIKYV infection (Ozden et al. 2007). However, recent research has shown that murine
skeletal muscle fibers can be efficiently infected, impacting the severity of CHIKV
infection in mice (Roberts et al. 2017; Lentscher et al. 2020; Rohatgi et al. 2014). Some
studies have suggested that different strains of CHIKV may vary in their ability to infect
muscle cells and induce myopathic syndromes, but this has not been definitively
proven (Lohachanakul et al. 2015; Roberts et al. 2017; Lentscher et al. 2020; Rohatgi
et al. 2014). For example, an isolate from the Reunion Island outbreak was found to
cause more severe muscle disease in neonatal mice compared to an isolate from
Senegal that circulated in 1983 (Rohatgi et al. 2014). While both strains spread from
the site of infection to distal muscle by infecting connective tissue fibroblasts, the
epidemic strain replicates more efficiently in myofibers, leading to increased muscle
disease characterized by severe myonecrosis (Rohatgi et al. 2014). It is not entirely

clear whether the increased muscle pathology is solely due to a more robust immune
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response, as no significant differences were observed in the induction of type |
interferon (IFN-1) and proinflammatory cytokines such as IL-1f3 or IL-6 (Rohatgi et al.
2014).

Recent studies have demonstrated the importance of viral replication in muscle
cells for CHIKV pathogenesis (Lentscher et al. 2020; Young et al. 2019). Researchers
engineered a CHIKV strain that has restricted replication in muscles by incorporating
sequences, complementary to a skeletal muscle cell-specific microRNA called miR-
206 (Lentscher et al. 2020). This microRNA is expressed in skeletal muscle progenitor
satellite cells, significantly induced upon differentiation, and stably expressed
throughout the life of the muscle fiber (G. Ma et al. 2015). Using this genetically
modified virus, it was shown that viral replication in skeletal muscle cells does not
significantly affect overall viral titers or the global inflammatory status. However, it does
result in reduced muscle damage, as reflected by diminished necrosis and local
induction of IL-6, IL-1B, TNFa, and IP10, which are biomarkers of disease severity in
humans and mice (Lentscher et al. 2020; Nair et al. 2017).

Overall, the pathogenesis of CHIKV is closely linked to the regulation of the
immune response following infection, but also to its propensity to highly replicate in
the musculoskeletal tissue. Further studies about viral and cellular determinants
involved into CHIKV replication and pathogenesis are needed to completely
understand the induced pathology. A question of great interest is to what extent viral
products can persist in infected tissues, and how this persistence could trigger a
chronic inflammatory state, thus participating to the establishment of chronic

musculoskeletal disease.

D. Current strategies to fight CHIKV infection

1. Vector control

Vector control is one of the pillars of CHIKV and arboviruses fighting. Mass
spraying of chemical insecticides or using mechanical methods to protect houses from
mosquito entering and to eliminate standing waters are first-line solutions to improve
vector control. However, using toxic chemicals is not always possible regarding human
health and environmental considerations, and outdoor insecticide spraying is not
efficient on indoor resting Ae. spp. mosquitoes (Wahid et al. 2017; Perich et al. 2000).
Furthermore, vector resistance to chemical insecticides is an additional argument

favoring the development of other strategies. Such strategies include vector trapping,
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resulting in vector capture, death, and/or sterilization of vectors (Barrera 2022). For
example, inactivated yeast-interfering RNA tablets were developed and placed in
water inside trap containers to kill mosquito larvae. Finally, to control the transmission
of human-health-threatening viral pathogens, genetic control technologies are
currently developed to control or modify mosquito populations. For instance, replacing
the existent mosquito population with mosquitoes infected with the intracellular
parasite Wolbachia is a valuable strategy to reduce arboviruses transmission (G.-H.
Wang et al. 2021).

2. Vaccine development

From a vaccine-based prevention perspective, after more than 60 years of
vaccine research, a CHIKV vaccine might be soon approved. A CHIKV vaccine would
elicit rapid and durable immunity and provide protection against the different CHIKV
variants. The primary goal of the vaccination must be to decrease morbidity associated
to viral infection, meaning that it must be highly safe and tolerable. Finally, because
CHIKV infects low- and middle-income countries, the approved vaccine must be
affordable, easy to store and to ship. Promisingly, seroepidemiological studies
conducted after natural CHIKV infections suggest that the levels of neutralizing
antibodies, which can persist for years, are likely indicative of the level of protection a
vaccinated individual may have against future infections (Milligan et al. 2019;
Bartholomeeusen et al. 2023).The most advanced CHIKV vaccine in development is
VLA1553, a live-attenuated, single-dose vaccine (Schneider et al. 2023). This vaccine
was developed on the CHIKV-LR2006-OPY] strain isolated from the epidemic on the
Reunion Island in 2006 (Schneider et al. 2023). Despite that near 100% of the
participants from a randomized controlled trial have met the imposed threshold for
seroprotection following one dose, and have tolerated the vaccine, care must be taken.
Indeed, live-attenuated vaccines cause more often systemic reactogenicity. For
VLA1553 vaccine, high fever, transient arthralgia and arthritis have been reported
(reviewed in (Bartholomeeusen et al. 2023). The same observations were made for
the live-attenuated 181/25 CHIKV vaccine, with ~8% of vaccinated participants
experienced mild, transient arthralgias (Edelman et al. 2000). Due to this
reactogenicity, 181/25 vaccine development was halted.

Live vaccines are unsuitable for specific at-risk groups, such as pregnant
individuals or those with weakened immune systems. An alternative to live-attenuated

vaccines is a VLP-based product. Virus-like particles, or VLPs, consist of essential
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viral proteins that naturally form structures resembling the virus but lack the ability to
reproduce. VLP vaccines offer simpler manufacturing processes, convenient storage
and transport, and a well-established track record of safety (Mohsen et Bachmann,
2022). In 2022, a phase Il trial was conducted involving PXVX0317, a virus-like particle
(VLP) combined with aluminum hydroxide adjuvant (Bennett et al. 2022). This
investigation revealed a significant enhancement in the neutralization response
following the initial injection. Seropositivity rates rapidly increased within just 7 days
and reached 100% by day 57. Notably, a single high dose resulted in a swift,
approximately tenfold rise in neutralizing antibodies within a week and a nearly
hundredfold increase at 28 days, with a sustained elevation lasting up to approximately
two years. Furthermore, administering a booster dose 18 months after the initial active
injection elicited a robust memory response (Bennett et al. 2022). Regarding side
effects, joint pain was reported in 6% of participants following the initial vaccination,
whereas joint pain was observed in 12% of volunteers who received VLA1533
(Wressnigg et al. 2020). Currently, the single high-dose regimen is undergoing testing
in a phase Il clinical trial, and PXVX0317 has been granted FDA Fast Track

designation.
3. Therapeutic strategies

From a therapeutic perspective, analgesic and/or nonsteroidal anti-
inflammatory drugs (NSAIDs) remain the primary treatment choices for managing the
symptoms of arthritogenic alphaviral diseases. The systemic use of corticosteroids
during the acute phase of chikungunya fever (less than 3 weeks) is not recommended
(Simon et al. 2015). However, in cases where non-steroidal anti-inflammatory drugs
(NSAIDs) or opioids are contraindicated or ineffective, low doses of corticosteroids
may be considered during the post-acute phase. The administration of corticosteroids
is most beneficial in the post-acute and chronic phases (more than 3 months after
infection), particularly for patients exhibiting joint inflammation (such as tenosynovitis,
synovitis, or tunnel syndrome), neurological symptoms, or inflammation in other
significant areas (Amaral, Bilsborrow, et Schoen 2020). Additionally, they can be
combined with additional pain relievers (both level 1 and level 2) if NSAIDs prove

resistant or ineffective.
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4. Antiviral strategy

Numerous potential drug candidates targeting various viral enzymatic functions
have been documented. These candidates encompass both novel chemical
compounds derived from nature and those that inhibit the capping, macrodomain, and
capsid protease functions of nsPs (Abdelnabi et Delang 2020; Battisti, Urban, et
Langer 2021; Skidmore et Bradfute 2023). Despite these promising findings, none of
the compounds have undergone in vivo testing or entered preclinical assessment. In
contrast, during a drug repurposing screen, the FDA-approved drugs novobiocin and
telmisartan were identified as potential CHIKV protease inhibitors. However, their
actual antiviral efficacy in vivo is yet to be determined (Tripathi et al. 2020).

Broad-spectrum nucleobase analogs like favipiravir and sofosbuvir, which
target CHIKV RNA-dependent RNA polymerase activity, have demonstrated some in
vivo potential against CHIKV. Sofosbuvir, a drug effectively used in hepatitis C virus
infections, holds particular promise for clinical relevance (Delang, Abdelnabi, et Neyts
2018; Ferreira et al. 2019). Furthermore, approaches aimed at targeting the viral entry
pathway, particularly the interaction between the viral envelope and the MXRAS8
receptor using recombinant Fc-MXRAS8 fragments or combinations of neutralizing
monoclonal antibodies, have displayed potential in animal models, with a reduced risk
of off-target effects. Other therapeutic avenues under investigation involve targeting
host cell pathways that either support or suppress viral replication. These strategies
include manipulating fatty acid synthesis, cholesterol trafficking pathways, regulating
endosome acidification to hinder virus entry, inhibiting nucleobase biosynthesis, or
employing immunomodulatory therapies to stimulate an interferon response
(Abdelnabi et Delang 2020; Skidmore et Bradfute 2023; Battisti, Urban, et Langer
2021). While some promising broad-spectrum candidate compounds exhibit antiviral
activity against multiple viruses, it is essential to anticipate off-target toxic effects due
to potential disruptions of cellular pathways. Nevertheless, comprehensive preclinical
and clinical evaluations for these compounds remain outstanding (Bartholomeeusen
et al. 2023; Ekchariyawat et al. 2015; Wong et Chu 2018; Abdelnabi et Delang 2020;
Skidmore et Bradfute 2023).
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Chapter IV: Chikungunya virus life cycle

A. Chikungunya virus structure and genome organization

CHIKV virions are spherical particles of roughly 70nm in diameter with an
icosahedral symmetry of triangulation T = 4 (Sun et al. 2013; Mangala Prasad et al.
2022; Voss et al. 2010). Viral envelop proteins (E1/E2) organize in 80 trimeric
glycoprotein spikes, each spike formed by three E1-E2 heterodimers and embedded
within a host-cell derived lipid bilayer (membrane) (Sun et al. 2013; Mangala Prasad
et al. 2022; Voss et al. 2010). E2 is required for attachment factors and receptor
recognition. It harbors three immunoglobulin-like domains (A, B, and C) exposed at
the virion surface and targeted by the neutralizing antibodies (Voss et al. 2010; Fong
et al. 2014; Smith et al. 2015). A transmembrane domain anchors E2 into the viral
membrane, and a cytoplasmic domain mediates interactions with the nucleocapsid.
E1 is a pH-dependent, type-Il fusion protein anchored in the viral membrane by a
transmembrane helix (Voss et al. 2010; Yap et al. 2017). It is organized into three
domains, |, Il, and lll, with a fusion loop within the domain II, which is responsible for
the fusion of the viral envelope with the cell membrane (Figure 10) (Voss et al. 2010;
Yap et al. 2017). Underneath the membrane, 240 copies of capsid protein form a well-

ordered icosahedral capsid protecting the viral single-stranded RNA genome.

Figure 7: CHIKV virion structure
and envelop protein
organization. A, Surface view
(left) and cross-sectional view
(right) of UV-inactivated CHIKV
strain $S27. Cryo-EM density map
is colored according to radius. B,
Side view of ribbon structure of
the trimeric surface glycoprotein
heterodimers in contact with the
inner capsid protein as observed
in the wild-type virion (PDB ID:
3J2W). Bottom panel, Top view
of the trimeric E1-E2
heterodimers on  wild-type
CHIKV. (Mangala Prasad et al.
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CHIKV genome is an 11.8kb single-stranded RNA molecule of positive polarity
that resembles cellular mRNA as it is 5’capped and 3’ polyadenylated (Khan et al.
2002). These features enable viral genome translation by the cell machinery
immediately after its release in the cytosol of the infected cell (Khan et al. 2002). The
genomic RNA (gRNA) contains two open reading frames, encoding a non-structural
polyprotein (5-ORF1) and a structural-polyprotein (3'-ORF2). In addition, gRNA
molecules contain several nucleotide sequences, named cis-acting sequence
elements (CSEs), located in the 5 and 3’ untranslated regions (UTR) as well as
between the two ORFs (subgenomic promotor). These structures play multiple
functions in viral RNA replication, transcription of the subgenomic RNA (sgRNA), and
viral RNA packaging into newly formed viral particles (D. Y. Kim et al. 2011). The
presence of stem-loops structures at the very start of the 5’UTR region, was also
demonstrated as involved into gRNA protection from cellular interferon-induced
proteins (e.g., IFIT1), thus allowing viral gRNA translation by the cellular machinery
(Reynaud et al. 2015).

Subgenomic
5'UTR ORF1 promoter ORF2 3'UTR
I : " : —— :
m/GTP M—l nsP1_ )\ nsP2_ ) nsP3_)|(nsPa ﬂ( c E2
)
Opal stop codon
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AAAAA
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Figure 8: CHIKV genome organization: CHIKV genomic organization and viral proteins. The CHIKV genome comprises a
5’capped and 3’-polyadenylated positive-stranded RNA molecule divided into two ORFs. Expression of ORF1 and ORF2,
encoding for the nonstructural and structural polyproteins, is controlled by the genomic promoter in the 5’UTR and the
internal subgenomic promoter, respectively. Genome replication and transcription are cis-regulated by RNA stem-loops,
referred to as conserved sequence elements, located in the 5°UTR, subgenomic promoter, and 3’ UTR regions. CHIKV
replication results in the accumulation of full-length RNA used as a genome for CHIKV progeny assembly. Subgenomic RNA
is transcribed and used as a template for translating structural polyproteins. From Kril et al.2021

The 5’-ORF1 encodes the non-structural (ns) polyprotein involved into the
synthesis of the viral machinery, also called replicase complex, required for genome
replication and transcription (J. H. Strauss et Strauss 1994; Merits et al. 2001; Rausalu
et al. 2016). The individualization of the non-structural proteins (nsP) nsP1, nsP2,
nsP3 and nsP4 result from the sequential processing of the polyprotein, mediated by
the protease activity of the viral nsP2 (J. H. Strauss et Strauss 1994; Merits et al. 2001;
Rausalu et al. 2016). The nsP possess specific enzymatic activities as well as

accessory functions, crucial for viral replication and host-cell response regulation.
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CHIKYV structural proteins form the virion and are translated from the subgenomic viral
RNAs and also expressed as a polyprotein, that is processed by viral and cellular
proteases. Three main structural proteins are expressed: capsid, E1 and E2 viral
glycoproteins. Two supplementary small structural proteins are also synthesized E3
and 6K, that play stabilization and regulation functions involved into viral glycoproteins

assembly and particle budding.

B. CHIKYV life cycle
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Figure 9: Overview of CHIKV replicative cycle. 1, CHIKV entering the host cell is mediated by viral glycoproteins E1/E2 with
receptor and attachment factors on the cell surface. 2. The virus is internalized through endocytosis and transported to
endosomes. 3. The acidic environment in the endosome triggers fusion between the viral and endosomal membranes. 4, The
viral C protein is released into the cytoplasm and undergoes uncoating. 5, The CHIKV genome is translated to produce P123
and P1234 polyproteins. 6, nsP4, along with P123 and an RNA template, forms a complex that reshapes the cell membrane
to create replication organelles called spherules. 7, Replication compartments may undergo endocytosis and fusion with endo-
lysosomes to form CPV-I, where active spherules are located. 8, Structural proteins are translated from subgenomic RNA and
translocated to the endoplasmic reticulum. 9, autocatalytic processing releases Capsid protein, while host proteases mature
E glycoproteins and 6K protein. 10, Mature E glycoproteins and 6K protein are trafficked to the plasma membrane via the
secretory pathway. 11, the capsid protein and the RNA genome assemble at the plasma membrane into an icosahedral
nucleocapsid. 12, Viral assembly occurs primarily at the plasma membrane, where mature E glycoproteins and nucleocapsids
are targeted. 13, The capsid protein and E2 glycoprotein interaction promote CHIKV particle budding and release. 14,
Assembled nucleocapsids and E glycoproteins can also be recruited to CPV-Il, contributing to viral assembly and budding.
Figure adapted from Kril et al. 2021

As an arthropod virus, alphaviruses establish a replicative cycle in invertebrates
and mammalian cells. Whereas in mammalian cells, the replicative cycle is cytopathic,
mosquito cells support persistent viral infection (Jose, Taylor, et Kuhn 2017). In both
hosts, alphaviruses achieve their replication exclusively in the cytosol. Following
receptor interaction and entry into the cell, the viral genome is released into the
cytoplasm, where nsP1-4 are directly translated and addressed to the plasma

membrane, along with the incoming genomic RNA (gRNA)(J. H. Strauss et Strauss
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1994; K. H. Kim et al. 2004; Jose, Taylor, et Kuhn 2017). Viral RNA synthesis occurs
into membrane invaginations named spherules, formed through the synergic activity
of the non-structural proteins and host-factors (J. H. Strauss et Strauss 1994; Jose,
Taylor, et Kuhn 2017; Rupp et al. 2015; Girard et al. 2023; Tan, Chmielewski, Yien
Law, et al. 2022; Laurent et al. 2022). These spherules could be internalized in
mammalian cells, forming cytopathic vacuoles (CPV-1) where viral synthesis
continues (Jose, Taylor, et Kuhn 2017; Reis et al., 2022). In contrast, in persistently
infected mosquito cells, viral replication organelles are established on large
endolysosomal vesicles and not transported to the plasma membrane. Furthermore,
viral replication and assembly sites seem to have dual localization in infected
mammalian cells (spherule/CPV-1 and CPV-2/plasma membrane, respectively). In
infected mosquito cells, nucleocapsids and glycoproteins are found on the large
vesicles containing the replicative spherules, suggesting that replication and assembly
sites are not segregated (Jose, Taylor, et Kuhn 2017). These structural differences
may account for establishing a persistent viral infection in mosquito cells (Jose, Taylor,
et Kuhn 2017). In the following sections, the different steps of the CHIKV replication

cycle in mammalian cells are discussed more deeply.
1. CHIKV entry into target cells

i Receptor-mediated entry

The identity of the cellular receptor responsible for CHIKV entry was unknown
until Zhang and colleagues (R. Zhang et al. 2018) conducted a genome-wide
screening using CRISPR/Cas9 and identified Mxra8 (also known as limitrin, DICAM,
or ASP3) as a CHIKV entry factor. Mxra8 is an adhesion molecule primarily found on
epithelial and mesenchymal cell types targeted by CHIKV, such as dermal and
synovial fibroblasts, osteoblasts, chondrocytes, and skeletal muscle cells (R. Zhang
et al. 2018; 2019). Mxra8 is not specific to CHIKV, and it is used by other arthritogenic
alphaviruses such as Mayaro virus, Ross River virus and O’nyong-nyong virus (R.
Zhang et al. 2018). However, encephalitic alphaviruses use different sets of receptors
(Clark et al. 2022; H. Ma et al. 2020). Structural studies have shown that Mxra8
interacts with the envelope spike of CHIKV through a complex 3:3 binding interaction
involving both the E2 and E1 proteins (Basore et al. 2019; Song et al. 2019). This
interaction facilitates virus attachment and internalization into the cell (Basore et al.

2019; Song et al. 2019). Increasing the expression of Mxra8 in cells that are normally
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less susceptible to CHIKV infection allows viral entry (R. Zhang et al. 2018).
Conversely, blocking the Mxra8-CHIKYV interaction using CRISPR-Cas9 to deplete the
Mxra8 gene, neutralizing antibodies, or fusing extracellular domains of Mxra8 with an
immunoglobulin Fc fragment (Mxra8-Fc) inhibits infection in both mouse and human
cells, and reduces CHIKV pathogenesis in mice (R. Zhang et al. 2018; 2019). This
indicates that Mxra8 is important for optimal infection, dissemination, and joint-related
pathogenesis. Although Mxra8 plays a crucial role in CHIKV infection and
pathogenesis, CHIKV infection has been observed in murine or human cells lacking
Mxra8 (R. Zhang et al. 2018; 2019). Additionally, the limited dependence on Mxra8 of
the epidemic CHIKV strains (IOL, LR-2006 strains) compared to the Asian lineage
strains, strongly suggests that other CHIKV receptors exist and remain to be
discovered (R. Zhang et al. 2018; Y.-N. Zhang et al. 2019; Song et al. 2019; A. S. Kim
et Diamond 2022). Additionally, glycosaminoglycans (GAGs), a family of negatively
charged polysaccharides, interact with a positively charged domain in the E2 protein
and have been proposed to enhance CHIKV infection by promoting E1/E2 dissociation
(McAllister et al. 2020; Sahoo et Chowdary 2019). Recent genome-wide screens have
identified GAGs biosynthesis enzymes as critical factors for CHIKV infectivity (Tanaka
et al. 2017). The requirement for GAGs binding appears to be inversely correlated with
Mxra8 dependency, suggesting that GAG binding may compensate for CHIKV strains
with limited interaction with Mxra8 (strains from the IOL)(McAllister et al. 2020).
However, viral entry can still occur to some extent in the absence of both GAGs and
Mxra8 (McAllister et al. 2020). Several other cell factors have also been reported to
facilitate CHIKV entry and broad tropism, including C-type lectins (DCSIGN and L-
SIGN), immunoglobulin and mucin domain-containing proteins 1 and 4 (hTIM1 and
hTIM4), and the AXL receptor (Klimstra et al. 2003; Jemielity et al. 2013; Moller-Tank
et Maury 2014). These factors may contribute to the complex mechanism underlying

CHIKV entry and its ability to infect various cell types.

i Endocytosis and fusion

Following receptor recognition, CHIKV is essentially internalized via clathrin-
mediated endocytosis (CME) which is the main route for cargo internalization and
widely used by many enveloped viruses (Bernard et al. 2010; Hoornweg et al. 2016;
R. C. H. Lee et al. 2013) (Figure 9A). CHIKV is addressed to the endosomal
compartment from the clathrin-coated vesicles, where the fusion step between the viral
envelope and the endosomal membrane takes place (Voss et al. 2010; L. Li et al.
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2010). Indeed, as the endosomal acidification progresses due to the vacuolar ATPase
proton pump, the low pH triggers major conformational changes of the E2-E1
heterodimers, leading to the exposure of the E1-fusion loop and its insertion into the
endosomal membrane (Long Li et al. 2010; Bernard et al. 2010; Hoornweg et al. 2016;
Sahoo et Chowdary 2019; A. S. Kim et Diamond 2022). Cryo-electron tomography
studies coupled with sub-tomogram averaging analysis recently characterized the
different stages of the CHIKV fusion process which starts with the attachment of the
exposed E1-loop (Mangala Prasad et al. 2022). Subsequently, E1 molecules
assemble into homotrimers that insert into the target membrane, leading to the tightly
docking of both viral and cellular lipid bilayers. Finally, membrane fusion leads to the
formation of a pore that allows the release of an intact nucleocapsid (Figure: 9D-G)
(Mangala Prasad et al. 2022).
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Figure 10: CHIKV entry in a target cell. A, simplified schematic representation of CHIKV receptor mediated binding on
cell surface (1), clathrin-mediated endocytosis (2), endosomal acidification triggering glycoproteins conformation change
and E1-fusion loop exposure (3) leading to endosomal and viral membrane fusion. B, represents electron micrograph of
A formed endosome coated with clathrin (white arrow). D-G, Tomograms showing the different steps of viral
(orange)/liposome (green) membrane fusion: viral glycoprotein attachment and E1-homotrimers (red cone-shaped
complexes) formation, E, membrane insertion and opposing membrane superposition, F, hemifusion pore formation
(red) and G, nucleocapsid release. V; virus, L; liposome, NC; nucleocapsid. Adapted from (Reis et al., s. d.; Mangala Prasad
etal. 2022)

2. Viral replication
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Upon viral fusion, the nucleocapsid disassembles in the cytoplasm and releases
the single-stranded positive viral RNA genome. The 5’-ORF1, which encodes the non-
structural polyprotein (P1234/P123+nsP4), is directly translated by the cellular
machinery, resulting in the non-structural polyprotein formation. Following translation,
P1234 is sequentially processed by the protease activity encoded by the nsP2 and the
four nsP (nsP1, nsP2, nsP3 and nsP4) are fully individualized (E. G. Strauss et al.
1992; Merits et al. 2001; Saisawang et al. 2015; Bartholomeeusen et al. 2018). These
proteins compose the enzymatic machinery, called viral replicase complex (VRC) in
charge with viral genome replication and transcription (J. H. Strauss et Strauss 1994).
Viral replicase complex, along with viral RNA, is addressed at the plasma membrane
by unknown mechanisms, to form replicative membrane spherules where RNA
synthesis takes place (J. H. Strauss et Strauss 1994; Jose, Taylor, et Kuhn 2017;
Rausalu et al. 2016). Within these spherules, negative-stranded full-length RNA is
generated, serving as template for new positive RNA synthesis. Subsequently, P123
undergoes a series of steps to generate the four mature non-structural proteins (nsPs),
causing a transition in the replication complex's function towards synthesizing a
genome of positive-stranded RNA (40S) and subgenomic RNA (26S). The major steps
of replicase processing and activation, and spherule formation are deeply discussed

in the next chapters.
3. Structural proteins synthesis, viral assembly and egress
i Structural proteins synthesis
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Figure 11: Structural polyprotein processing. The structural precursor is first maturated by the C protein that possesses
cis-proteolytic activity and then by cellular proteases (signalases and furin), resulting in the production of E1, E2, and E3
glycoproteins and 6K protein, all contributing to viral particle assembly and budding. From Kril et al., 2021

Following synthesis of the subgenomic 26S RNA, alphaviral protein production

is shifted towards the synthesis of the structural proteins required for virion assembly
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(Vasiljeva et al. 2003; A. Lulla, Lulla, et Merits 2012; K. H. Kim et al. 2004; J. H. Strauss
et Strauss 1994). Structural proteins are expressed as a polyprotein that is first
processed by the autoproteolytic activity of the viral capsid (Melancon et Garoff 1987;
Mendes et Kuhn 2018). The latter is released in cytoplasm, whereas the remaining
polyprotein (pE3-E2-6K-E1) is translocated and inserted into the endoplasmic
reticulum (ER) membrane for processing (Mendes et Kuhn 2018; Zheng et Kielian
2013; Kalkkinen et al. 1980).

CHIKV capsid protein (Cp) is a small ~260 amino acid protein organized into
two distinct domains. The C-terminal domain structure reveals a chymotrypsin-like
protease capable of a single-cleavage event that releases the protein (Mendes et
Kuhn 2018; H.-K. Choi et al. 1991). The highly positive-charged N-terminal domain
could be divided into two regions. Region | contains a putative secondary structure or
helix I, embedded in a low-complexity sequence enriched in basic residues, involved
into capsid dimerization through coiled-coil interactions. Region Il contains the RNA-
binding motif that recognizes the viral gRNA for packaging (Mendes et Kuhn 2018;
Perera et al. 2001). An additional N-terminal ribosome binding site recruit ribosome
that are thought to trigger viral uncoating and immediate gRNA translation following
viral entry and membrane fusion.

Once translocated into the endoplasmic reticulum, the envelop polyprotein is
processed by a cellular signal peptidase (Liljestrom et Garoff 1991). The release of
the 6K protein is thought to be involved into the E3/E2 (also named p62 precursor)
association with E1 into an immature non-fusogenic trimeric spike complex that traffics
through the secretory pathway (Sanz et Carrasco 2001; Yap et al. 2017). The
sequential processing of the E3/E2 precursor is a critical step ensuring correct
maturation and infectivity of the future virions (Uchime, Fields, et Kielian 2013). E3/E2
remains as a precursor associated to the E1 protein, therefore locking the E2-domain
B at the interface between E2 and E1, blocking E1-fusion loop, and preventing
premature fusion in the ER or trans-Golgi network (Mulvey et Brown 1996; Uchime,
Fields, et Kielian 2013; Liljestrom et Garoff 1991). Once in the Golgi apparatus, E3 is
released from E2 following furin-like protease cleavage, without disturbing E2/E1
heterodimer which can be primed upon acidic exposure (X. Zhang et al. 2003). Mature
alphavirus E2/E1 complex are transported to the plasma membrane where it anchors
in the lipid bilayer through transmembrane domains. Three mature E2/E1 complexes

assemble into homotrimeric fusogenic spike with intra-spike and inter-spike
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interactions mediated by E2 and E1 respectively (Voss et al. 2010; Yap et al. 2017).
E3 was suggested to undergo weak interactions with E2 following its cleavage, and it

was proposed to be part of the virion for some alphavirus.

i RNA packaging and nucleocapsid formation

Packaging and assembly are finely regulated steps leading to a selective
encapsulation of the full-length genomic RNA over the sgRNA which is produced in 3-
4-fold greater amounts (RUmenapf, Strauss, et Strauss 1994). Different studies
suggested that alphavirus genomes contain specific sequences named packaging
signals. (PSs) are RNA conserved regions that allow viral genome to be encapsulated
into new virions (E Frolova, Frolov, et Schlesinger 1997; D. Y. Kim et al. 2011; Mendes
et Kuhn 2018; R. S. Brown et al. 2020). The presence of PSs was thought to be critical,
since during alphavirus replication cycle, different RNA species are synthesized and
only full-length viral RNA must be packaged into new virions. For CHIKV (and other
viruses from the Semliki Forest clade), PSs are found within the nsP2 gene, whereas
for other alphaviruses such as SINV, PSs are structured as eight stem loops within the
nsP1 gene (E Frolova, Frolov, et Schlesinger 1997). However, it was demonstrated
that PSs defective viruses are still able to grow, meaning that packaging occurs in
absence of those signals, likely due to electrostatic interactions of the N-terminal
domain of the Cp with the RNA (E Frolova, Frolov, et Schlesinger 1997; D. Y. Kim et
al. 2011). Recently, a study combining biotinylation system to efficiently retrieve capsid
protein with PAR-CLIP (photoactivatable ribonucleoside crosslinking and
immunoprecipitation) method, successfully mapped Cp interactions with SFV genome
with a nucleotide precision (R. S. Brown et al. 2020). In addition to already known PSs,
these results identified multiple gRNA specific sites that bound to the capsid and
promote gRNA packaging (R. S. Brown et al. 2020). The proposed model suggests a
multi-site genome packaging process starting with Cp specific interaction with gRNA
high affinity sites, resulting in a stable Cp:gRNA interaction (1). Non-specific
interactions could also occur with other RNAs but with lower affinity, rendering the
binding instable. As Cp protein accumulates it engages in lower affinity interactions
that likely contribute to genome compaction through charge neutralization and Cp-Cp
oligomerization (2). Finally, the nucleocapsid (NC) is completed containing one copy
of gRNA surrounded by a shell formed by 60 asymmetric units composed of 4 proteins
for a total of 240 copies of Cp arranged into icosahedral symmetry (3) (R. S. Brown et
al. 2020) (Figure: 12).
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Although we have accumulated valuable knowledge about viral RNA packaging
mechanisms, the specific subcellular location of NC assembly is still unknown. Live
imaging of alphavirus infected cells (SINV) demonstrated that during the infectious
cycle, Cp is found as a part of different complexes in distinct subcellular compartments
(Zheng and Kielian 2013). A first complex was detected at the plasma membrane,
where Cp was found with the envelop proteins (Zheng et Kielian 2013). The fact that
those complexes are not visible in budding-defective viruses, confirm that these are
site for virion assembly and budding (Zheng et Kielian 2013). In addition, small and

highly motile Cp puncta enriched with the E2 envelop protein were observed in the
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Figure 12: Model of multi-site alphavirus genome packaging. Adapted from (Brown et al. 2020)

cytoplasm (Zheng and Kielian 2013). These suggest that Cp or complete NC interact
with envelope proteins before reaching the plasma membrane. Finally, an intriguing
complex containing Cp, nsP3 protein and the host factor G3BP was described, forming
cytoplasmic irregular spherical aggregates (Zheng and Kielian 2013. Since the nsP3-
G3BP interaction was already reported as a viral mechanism to counteract cellular
stress-granules (see Chapter VII), it was proposed that Cp protein can play additional,

non-structural function, supporting viral replication (Zheng and Kielian 2013).

il Virion assembly and budding

In a recent study, researchers gained valuable insights into the budding process
of newly produced CHIKYV particles. They discovered that budding sites were present
directly at the basal layer of the plasma membrane (PM) or on virus-induced filopodia
(Chmielewski et al. 2022). The budding process initiates with both vertical interactions

(between nucleocapsid (NC) and mature spike) and lateral interactions (between
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spikes) that induce membrane bending (Chmielewski et al. 2022). This cascade of
conformational changes affects both NC and spikes, ultimately leading to the formation
of the fully mature NC, which bends the PM to create the final new VP (Chmielewski
et al. 2022). The maturity and arrangement of spikes in the PM play a critical role in
both the assembly and budding processes (Chmielewski et al. 2022). The study
demonstrated that when spikes were blocked into non-mature forms using antibodies,
they could not effectively interact with the NC and other membrane-anchored spikes,
preventing the formation of the complete viral envelope (Chmielewski et al. 2022). For
the final release step, it was proposed that the interaction between the NC and spikes
in the inner part of the virion was sufficiently strong to drive the membrane scission

and facilitate the release of the newly formed viral particles (Chmielewski et al. 2022).
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Chapter V: Role of the CHIKV non-structural
proteins in viral replication and inhibition of host

immune responses

A. CHIKV non-structural proteins

Each nsP protein possesses specific functions involved in RNA replication and

transcription. Together, the four nsP form the enzymatic complex called replicase

complex, responsible for RNA synthesis and spherule biogenesis (Chapter VI). The

principal known nsP functions are summarized below (Table 1). Besides their role in

viral RNA synthesis, the nsP counteract the cellular intrinsic immune response for

optimal viral infection (Akhrymuk, Kulemzin, et Frolova 2012; Bae, Lee, et Myoung
2020; J. J. Fros et al. 2012; Jayabalan et al. 2021a; Goertz et al. 2018). These

functions are summarized in section C.

Table 1: Alphavirus non-structural protein functions

Length
(aa)
nsP1 535
nsP2 798
nsP3 530
nsP4 611

Functions involved into RNA synthesis

Adressing replicase complex to plasma membrane
through membrane interactions and anchoring
RNA-capping through methyltransferase (MTase) and
guanylyltransferase (GTase)

Nucleoside triphosphatase, helicase, and RNA-
dependent 5'- triphosphatase activities (N-terminal part
of the protein)

Protease activity (C-terminal domain) required for the
non-structural polyprotein processing

Phosphoprotein
ADP- and polyADP-ribose binding and hydrolase activity
Recruitment of host-cell proteins

RNA-dependent RNA-polymerase
Terminal adenylyl-transferase activities

References

Laakkonen et al. 1998;
N. Zhang, Zhao, et
Zhang 2019; Bakhache
et al. 2020; R. Jones et
al. 2021

Merits et al. 2001; Vasiljeva
et al. 2003; Rausalu et al.
2016)

Teppor et al. 2021; Leung
et al. 2018; Cristea et al.
2006; Meshram et al. 2018

Y. F. Wang, Sawicki, et
Sawicki 1994a; Tomar et
al. 2006; M. W. Chen et al.
2017

B. nsP processing and maturation of the replicase complex

During infection, two ns polyproteins could be synthesized, P123 and P1234,

depending on the presence of an opal codon stop located at the C-terminus of the
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nsP3 sequence, thus restricting the synthesis of the viral RNA-dependent RNA-
polymerase nsP4 (J. H. Strauss et Strauss 1994). For CHIKV, most of the clinical
isolates contain the opal stop codon, even though it was demonstrated that some
laboratory-adapted CHIKV strains have an opal-to-arginine substitution resulting in the
expression of P1234 precursor(J. H. Strauss et Strauss 1994; J. E. Jones et al. 2017).
The impact of the opal-to-arginine mutation on viral fithess and replication remains
elusive. There is some evidence showing that an opal-to-arginine mutation within an
infectious CHIKV clone from Sri Lanka doesn’t impact viral replication in vitro (on
human or mosquito cells) but is associated with decreased virulence in vivo in the mice
model (decreased footpad swelling, delayed proinflammatory response and
decreased inflammatory cell infiltration in the infected joints) (J. E. Jones et al. 2017).

Efficient CHIKV infection requires the synthesis, in a specific order, of different
RNA species: (1) a negative RNA genome, which will serve as a template for the
production, (2) the full-length gRNA, and (3) the sgRNA. The full-length gRNA will
serve either for the translation of new replicase complexes (P1234), or will be
packaged within the nucleocapsid (Bartholomeeusen et al. 2018; Ahola et Merits 2016;
Hellstrom et al. 2017). The sgRNAs produce the structural proteins necessary to form
new infectious particles (Melancon et Garoff 1987; Mendes et Kuhn 2018). Viral
replication and transcription are achieved by the replicase complex (RC), which is
formed by the cleavage products of the P1234 precursor. Template preferences and
enzymatic activities of the RC entirely depend on the processing intermediates of the
P1234 precursor (Bartholomeeusen et al. 2018; Ahola et Merits 2016; Hellstrom et al.
2017). This proteolysis is mediated by the nsP2-protease domain (Salonen et al.
2003). Early studies suggested that the alphavirus nsP2-protease domain was similar
to papain-like proteases, harboring a catalytic dyad consisting of cysteine and histidine
residues, recognizing specific residues around the cleavage sites within the P1234
(Merits et al. 2001; Vasiljeva et al. 2003). Despite some discrepancies between the
studies concerning the active site motif of CHIKV-nsP2 protease domain (Saisawang
et al. 2015), in vitro and cell-based experiments demonstrated that cysteine at position
478 (Cys478) and tryptophan at position 479 (Trp479) residues that are well
conserved among alphaviruses are critical for nsP2 protease activity (Rausalu et al.
2016).
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The first cleavage event occurs in-cis at the site 34 (between nsP3 and nsP4),
leading to the individualization and activation of nsP4: the viral RNA-dependent RNA
polymerase (Figure 13). This early replicase P123+ns4 is short-lived and utilizes the
positive gRNA as a template for synthesizing a full-length negative viral RNA (Rausalu
et al. 2016; Hardy et Strauss 1989; Utt et al. 2015). This antigenome is present in a
duplex with the gRNA, forming a double-strand RNA replicative intermediate (Figure
13)(Hardy et Strauss 1989). The early replicase is inefficient in synthesizing positive
RNA species (Hardy et Strauss 1989), and a second irreversible cleavage event
mediated by nsP2 in-frans occurs rapidly at the 172 site (between nsP1 and nsP2).
Consequently, negative-strand RNA synthesis depends on the continuous translation
of the viral replicase complex (Rausalu et al. 2016; Vasiljeva et al. 2003). The second
cleavage generates the nsP1-P23-nsP4 complex that mainly drives the synthesis of
the full-length gRNA, and in a lesser extent sgRNA species (Figure 13). Finally, the
viral nsP3 is released from the P23 intermediate, thus leading to the fully processed
replicase complex nsP1+nsP2+nsP3+nsP4 synthesizing sgRNAs (Figure 13). This
sequential processing ensures that, in early steps of the infectious cycle, important
amounts of genomic RNA are synthesized, then at the later steps, the production of
sgRNA ensures the expression of structural proteins and the packaging of newly
synthesized viral genomes.
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Figure 13: P1234 processing and viral RNA synthesis: A leaky opal stop codon at the end of the nsP3 sequence directs the
translation of a partial nonstructural polyprotein (P123). P123 and P1234 are sequentially processed in cis- and trans-
reactions by the cysteine protease nsP2 to produce mature nsPs (nsP1-4), forming the replication complex. P123+nsP3 can
synthesize the negative viral RNA, which serves as a template for synthesizing new positive RNAs. nsP1+P23+ nsP4 and
nsP1+nsP2+nsP3+nsP4 can synthesize genomic RNA and subgenomic RNA. Adapted from Kril et al. 2021
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Alterations of P1234 processing have been widely investigated for other
alphaviruses (SINV, SFV). The acceleration of P1234 proteolysis by the introduction
of point mutations within the nsP2-protease domain was demonstrated to be lethal for
SINV (E. G. Strauss et al. 1992). Interestingly, mutants incapable of 223 processing
are more efficient in gRNA synthesis than the wildtype alphaviruses (K. H. Kim et al.
2004; Gorchakov, Frolova, et al. 2008). However, these mutants can’t develop
spreading infection and cytopathic effect in IFN-type | production and signaling
competent cells (Gorchakov, Frolova, et al. 2008). These results point out the
importance of nsP function outside the viral replicase complex, mainly in the regulation

of the host cell immune response to viral infection
C. CHIKV nsP and host cellular response to viral infection

In vertebrate cells, alphavirus infection induces profound metabolic changes in
global transcriptional and translational shutoff, leading to a rapid cytopathic effect.
These changes are efficient viral strategies to evade the host cell's innate antiviral
immunity and promote viral protein synthesis instead of the host cell. The following
sections discuss CHIKV proteins and the mechanisms involved in these functions. It
is important to remember that most of the knowledge is inferred from SINV and SFV

studies.
1. Inhibition of host cell transcription

In CHIKV-infected cells, nsP2 is found near the plasma membrane and in the
nucleus, where it can translocate early after infection due to a noncanonical nuclear
localization motif (Utt et al. 2015; Jelke J. Fros et al. 2013). Inside the nucleus, nsP2
targets the Rpb1 catalytic subunit of RNA polymerase |l for proteasomal degradation,
effectively shutting down cellular gene transcription and preventing the activation of
innate immune genes (Akhrymuk, Kulemzin, et Frolova 2012) (Figure 14). This nsP2-
mediated degradation of Rpb1 does not depend on nsP2's enzymatic activities but is
hindered by a specific mutation in the nsP2 C-terminus (Bourai et al. 2012; Jelke J.
Fros et al. 2013; Utt et al. 2015; Akhrymuk, Kulemzin, et Frolova 2012).
Overexpression of SINV-nsP2 alone is sufficient to inhibit cellular transcription and to
induce cell death (Frolov et al. 2009).
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2. Counteracting antiviral immunity

Aside from the primary mechanism of evading the cellular antiviral response
through Rpb1 degradation, it appears that nsP2 can also disrupt IFN signaling in a
way unrelated to general transcriptional shutoff. The nuclear fraction of nsP2 prevents
the nuclear accumulation of signal transducer and activator of transcription 1 (STAT1)
by promoting its re-export into the cytoplasm through the chromosome region
maintenance 1—-mediated pathway. This activity involves the nsP2 methyltransferase-
like domain (Goertz et al. 2018) (Figure 14). Finally, a study also suggested that nsP2,
along with E1 and E2, antagonize the MDA5 and RIG-I- mediated induction of NF-xB
promotor activity, thus inhibiting type-I IFN synthesis (Bae, Lee, et Myoung 2020).

nsP1 was also found to antagonize cellular immune response by interacting
with STING, an adaptor protein of the cGAS-STING pathway that is involved in the

DNA-induced  type-l IFN- IFN
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mechanisms (Webb et al. 2020).

In addition to nsP1 and nsP2, CHIKV nsP3 protein is also proposed to play an
important role in cellular antiviral immunity. Indeed, nsP3 protein is involved into the
disruption of stress granules (SGs). During viral infection, SGs form signaling
platforms that coordinate and favor the antiviral response (Yoneyama, Jogi, et
Onomoto 2016). The nsP3 mechanisms involved into SGs disassembly and cellular

immunity counteraction are further discussed in the next chapter.
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3. Host cell translational shutoff

Alphaviruses genomes harbor a 5’ Cap and a 3’ poly(A), which allows the direct
translation of the non-structural ORF following viral genome release in the cytosol of
the infected cell (J. H. Strauss et Strauss 1994). NsP synthesis relies on the
translational cell machinery, which is tightly regulated. The eukaryotic translation
initiation factor elF2 is one of the main regulators of cell translation. The
phosphorylation of its a subunit prevents elF2 recycling between successive rounds
of protein synthesis, thus inhibiting the cap-dependent protein synthesis (Clemens
2001; Mclnerney et al. 2005). elF2a could be phosphorylated by four different cellular
kinases activated upon cellular stress: Protein kinase R (PKR) senses double-
stranded RNA, PKR-like ER kinase (PERK) senses unfolded proteins in the ER,
whereas GCN2 and HRI are activated by nutrient starvation and heme deficiency,
respectively (Jelke J. Fros et Pijilman 2016). During the early steps of CHIKV infection,
the replicative double-strand RNA intermediate is sensed by cellular PKR, leading to
elF2a. phosphorylation and translation shutoff (Clavarino et al. 2012). Furthermore,
viral replication also triggers the endoplasmic reticulum (ER) stress response, also
known as unfolded protein response (UPR), mainly after the accumulation of envelope
proteins in the ER (Jelke J. Fros et al. 2015). During UPR, PERK activates following
self-dimerization and phosphorylation. Activated PERK induces elF2a
phosphorylation and translational shutoff. Although CHIKV nsP4 protein was identified
to inhibit elF2a phosphorylation, thus avoiding translational inhibition (Rathore, Ng, et
Vasudevan 2013), multiple studies demonstrated that alphaviruses, including CHIKV,
efficiently allow elF2a phosphorylation. (Gorchakov et al. 2004; Gorchakov, Frolova,
et Frolov 2005; Ventoso et al. 2006; White et al. 2011; Jelke J. Fros et al. 2015). In
addition, CHIKV nsP2 was also demonstrated to induce the eukaryotic translation
elongation factor 2 (eEF2) phosphorylation by increasing cellular cAMP concentration.
cAMP is a second messenger that activates several signaling pathways, including the
PKA and eEF2 kinases, of which the latter phosphorylates eEF2 and decreases
protein synthesis (Treffers et al. 2023). Interestingly, alphaviruses sgRNA are
efficiently translated into structural proteins even when elF2a is phosphorylated and

host-cell protein synthesis is shutdown (White et al. 2011; Jelke J. Fros et al. 2015).
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Chapter VI: Architecture of CHIKV replication
complex

A. RNA viruses rearrange cellular membranes to form replicative

organelles

A hallmark of positive-strand RNA viruses replication is the rearrangement of
cellular membranes in so called viral replication organelles (vROs) (Belov et
van Kuppeveld 2012; Wolff et Barcena 2021; Neufeldt et Cortese 2022).These
structures constitute an elaborate environment concentrating viral and host factors
required for RNA synthesis, but also protecting the dsRNA-intermediate from cellular
RNases and the detection of cytosolic RNA sensors that could trigger the intrinsic
cellular immunity (D. Paul et Bartenschlager 2013; Risco et al. 2014).

In the recent years, the technological advances that comes with the three-
dimensional (3D) imaging methods (volume scanning electron microscopy and
(cryo)electron tomography), successfully resolved the special organization of
numerous positive-stranded RNA viruses replication organelles (Figure 15) (Belov et
van Kuppeveld 2012; Wolff et Barcena 2021; Neufeldt et Cortese 2022). vROs are
classified into two major morphotypes: the protrusion type replication organelles (Pr-
vRO) and the invagination type replication organelles (In-vRO) (Figure 15). Pr-vRO
are conserved among a large range of animal and plant viruses (Wolff et Barcena)
2021. Important human pathogens such as Hepatitis C (HCV) and coronaviruses
(SARC-CoV and MERS) induce Pr-vRO upon infection. Pr-vRO are dynamic and
complex in terms of structure. Indeed, protrusions can form single membrane vesicles
or tubules, that eventually mature into double or multiple-layered membrane structures
as the infection progresses (Wolff et al. 2020). In addition, in contrast with In-vROs
which can form within multiple cellular membranes, Pr-vROs seem to be exclusively
linked to organelles of the secretory pathway (Wolff et al. 2020). The In-vROs type
consists in the invagination of cellular membranes (plasma membrane, mitochondria,
endoplasmic reticulum) into spherules of 40-90nm of size that are connected to the
cytosol by a membrane channel gated by a pore-like structure allowing the selective
movement of molecules and export of synthesized RNAs (Ertel et al. 2017,
Unchwaniwala et al. 2021; Laurent et al. 2022; Tan, Chmielewski, Yien Law, et al.

2022). A variety of genetically diverse viruses, infecting plants (Tomato Bushy stunt
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virus (Tombusvirus), insects and vertebrates (Dengue virus (Flavivirus) and
Chikungunya virus (Alphavirus) use this compartmentalization strategy to provide a

suitable microenvironment for viral RNA synthesis.

(a) (b) (c) (d)
Dengue (flavivirus) Flock house virus (nodavirus) Semliki forest virus  invagination type
(alfavirus) replication organelles

negative membrane
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viral RNA
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Current Opinion in Virology

Figure 15: Fundamental principles regarding the organization of replication organelles in viral replication can be
summarized as follows: a) Replication organelles exhibit invagination, displaying a negative membrane curvature typical for
viruses resembling Flaviviruses and Alphaviruses. Arrowheads indicate the connection of the inner compartment with the
cytoplasm. An electron microscopy (EM) image and tomography reconstruction demonstrate Dengue virus-induced replication
structures on ER membranes. b) Replication structures induced by Flock house virus on the outer mitochondrial membrane
display invagination and negative membrane curvature. lllustrated through an EM image and tomography reconstruction. c)
At the early stage of Semliki Forest virus infection, spherules are formed on the plasma membrane with negative curvature,
subsequently translocated inside the cytoplasm. d) A schematic representation illustrates the invagination-spherule replication
organelle organization, emphasizing negative membrane curvature. e-g) Replication organelles for viruses resembling
Picornaviruses demonstrate vesicular-tubular structures characterized by positive membrane curvature. EM images and
tomography reconstructions depict early replication structures of poliovirus and Coxsackie B3 virus. A schematic
representation outlines the vesicular-tubular replication organelle organization. From Belov et van Kuppeveld, 2012
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B. Chikungunya virus spherules
1. Minimal replicase complex required for spherule formation

CHIKYV, like all alphaviruses, remodels the host plasma membrane into spherules
of ~50nm of size that concentrates viral nsPs, genomic RNA and negative-strand RNA
intermediate (E. |. Frolova et al. 2010; Tan et al. 2022). Despite the accumulated
structural data of individual alphavirus nsPs protein domains, their organization and
topology within the vROs, as well as the precise mechanisms of spherule biogenesis,
are still poorly understood. Studies using alphavirus trans-replication systems (Figure
16 A) investigated the minimal viral components required for spherules biogenesis
(Spuul et al. 2011; Hellstrom et al. 2016; Kallio et al. 2016). In trans-replication
systems, the replicase complex encoded within the P1234 precursor and the RNA
template are expressed from separate DNA plasmids, facilitating the dissection of the

replicase complex (RC) molecular functions (Figure 16 A). Indeed, by using a SFV
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Figure 16: Polyprotein processing and spherule formation. A, CHIKV trans-replicase system: Upper panel, schematic
presentation of a CMV promoter-based expression constructs of CHIKV replicase. Lower panel, CMV promoter-based constructs
expressing template RNAs. The 5 and 3’ UTRs are from CHIKV; N-ter nsP1—region encoding for the 77 N-terminal amino acid
residues of nsP1; SG—CHIKV SG promoter. Non-structural and structural polyproteins CDSs are replaced with reporter genes.
B, Minimal replicase processing for spherule biogenesis: 1. Active replicative spherules formation requires the expression of all
four nsPs from a polyprotein which is sequentially processed by viral nsP2 protease, viral RNA and active RNA-dependent RNA
polymerase (nsP4). Either in absence of viral template (2), unprocessed nsP4 (3) or complete absence of nsP4 (4), no spherules
are observed. Partially processed P123+nsP4 are able to form irregular spherules-like, independently of the polymerase activity
(5 and 6). The processing of P23 is not a prerequisite for spherule-like formation (7 and 8).
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and SINV ftrans-replication systems, it was demonstrated that in addition to the
wildtype RC, alphavirus spherules biogenesis requires an active RdRp and a suitable
RNA template, suggesting that RNA synthesis and spherule biogenesis are
concomitant and interdependent events (Spuul et al. 2011; Hellstrém et al. 2016; Kallio
et al. 2016) (Figure 16 B). Further studies based on the same molecular system
harboring mutations within the cleavage sites of the P1234 demonstrated that partially
processed replicase alone could generate spherules in the presence or absence of an
RNA template. Thus, the nsP4 must be released from the polyprotein, which can be
provided as uncleaved P123 or as a combination of nsP1+P23, the latter being less
efficient in spherule formation in the absence of RNA template (Figure 16 B) (Hellstrom
et al. 2017).

2. nsP1 dodecameric-ring gate the entry of CHIKV spherules

nsP1 is involved in the RCs anchoring to the plasma membrane where the replicative
spherules are formed (Spuul et al. 2007; Hellstrom et al. 2017), as well as in the
formation of membrane protrusions or filopodia (Laakkonen et al. 1998). This protein
is the only viral nsP to interact with and deform cellular membranes (Laakkonen et al.
1998; N. Zhang, Zhao, et Zhang 2019; Bakhache et al. 2020; R. Jones et al. 2021).
The presence within the nsP1 of palmitoylated cysteine residues was shown to be
important for nsP1-targeting the plasma membrane. Additionally, it was demonstrated
that palmitoylated cysteines resulted in the CHIKV-nsP1 co-segregation with
cholesterol-rich detergent-resistant membrane microdomains (DRMs), also called lipid
rafts (Bakhache et al. 2020). An amphipathic region that structures as an a-helix upon
binding to negatively charged lipids led to the establishment of a model suggesting
that nsP1 is primarily targeted to the plasma membrane through the a-helix, then
cysteines’ palmitoylation is mediated by two zinc finger Asp-His-His-Cys (DHHC)
domain-containing palmitoyl transferase (ZDHHC2 and ZDHHC19), that tighten the
interaction between nsP1 and the membrane (Laakkonen et al. 1998; Spuul et al.
2007; N. Zhang, Zhao, et Zhang 2019). Recent studies successfully purified the active
membrane-associated nsP1 complexes from insect and mammalian cells (R. Jones
et al. 2021; K. Zhang et al. 2021). Three-dimensional (3D) Cryo-electron microscopy
data revealed that twelve copies of nsP1 form a crown-shaped ring structure

associated with the membrane (R. Jones et al. 2021; Girard et al. 2023). The ring
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complex consists of three essential domains: the capping domain, known as the
crown, the waist domain, responsible for forming a pore, allowing the passage of small

proteins and particles, and the skirt, which associates with the membrane (Figure 17).

Membrane anchoring
]
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Figure 17: CHIKV nsP1 andnsP1- dodecameric ring organization. A, Simplified representation of nsP1 domains. B, Atomic
structure of the pores of the chikungunya nsP1 virus with the different monomers shown in different colors. Each atom is
represented as a sphere. On the left side of the image the pore is shown from the cytoplasmic view and on the right from a
side view. The dimensions of the pore are indicated on the left, the crown, waist and ski Art regions are indicated on the right
and the contact sites with the membrane are indicated at the bottom by dashed lines. Adapted from (« Cryo-EM Structures
of the Chikungunya Virus NsP1 Reveal Capping Rings as Functional Gates of Membranous Viral Factories » s. d.)

Structural analysis suggested that the interaction with the membrane and the
process of oligomerization play a crucial role in activating the nsP1 capping enzyme
(R. Jones et al. 2021). This activation occurs through the stabilization of the capping
domain's conformation and the formation of a catalytic pocket that includes the GTP-
binding domain and the SAM-binding domain (R. Jones et al. 2021; K. Zhang et al.
2021; R. Jones et al. 2023). The capping pathway is unique to Alphaviruses as it
begins with the N7 methylation of a guanosine triphosphate (GTP) molecule, followed
by the covalent linkage of an m7GMP group to a conserved histidine in nsP1 and the
transfer of this cap structure to a diphosphate RNA that requires the activity of viral
nsP2 protein (R. Jones et al. 2021; 2023). The stoichiometry of the nsP1 complex
suggests that it acts as a bioreactor that can simultaneously cap up to 12 RNA
molecules, thus contributing to the exceptionally high alphavirus replication rates (R.
Jones et al. 2021).

N7-MTase GTase Figure 18: mRNA capping mechanism
(nsP1) (nsP1) = during alphavirus infection. Step 1 (pink
GTP miGIP \: . mIGp-s 3T (ner) box) nsP2 RTPase catalyzes the removal of
SAM SAH ppi the  y-phosphate  from the 5
pi triphosphorylated RNA. Step 2 (yellow
pPPPRNA = > ppRNA m7GpppRNA bow) sP1 MrTase catalyzes the N7
RTPase GTase methylation of the GTP. Step 3 (green box)

(nsP2) (nsP1)

nsP1 GTase catalyzes the formation of the
cap-0 structure. From (K. Zhang et al.
2021).
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The presence of a protein complex organized in a ring-shape structure gating

the entry of the replicative organelles (RO) has already been described for other

positive-strand RNA viruses such as the Flock House nodavirus (FHV) (Unchwaniwala

et al. 2021). In contrast to alphaviruses, FHV remodels the outer mitochondrial

membrane to form replicative vesicles that grow between the outer and inner

mitochondrial membranes (Figure 19). Cryo-ET showed that the ~50 nm spherule

invaginations are gated on their cytosolic face with a crown-like protein structure,

forming a pore connecting the spherule interior with the cytosol. Sub-tomogram

averaging demonstrated that each crown contains a 12-fold symmetric, cupped, inner

turret of ~19 nm diameter, with 12 flanking projections at ~35 nm diameter. Further

studies identified that this crown is formed by the multifunctional protein A (Ertel et al.

2017).
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Figure 19: Comparison of
nodavirus RCs and crowns to
those of alphaviruses. Left column:
the spherule RNA replication
complexes of nodaviruses are
crowned by 12-fold symmetric
crown complex of protein A. Right
column: In the absence of other
viral proteins, exogenously
expressed alphavirus nsP1, which
contains RNA capping domains
similar to those of the nodavirus
crown basal region, assembles into
a 12-mer ring that is proposed to
reside atop alphavirus spherules
similarly to the basal ring of the
nodavirus crown Adapted from
(Unchwaniwala et al. 2021).

3. Cryo-EM structure of CHIKV replicative spherules

Expression of different combinations of nsPs and interaction studies, as well as

nsP4 mutagenic assays, revealed that all nsPs potentially interact with each other
(Cristea et al. 2006; Bourai et al. 2012; Lark, Keck, et Narayanan 2018; Tan et al.

2022; Yin et al. 2023). However, the spatiotemporal organization of nsPs leading to
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spherule biogenesis and the synthesis of the different RNA species is not completely
revealed. Recent works performed independently by Tan et al. 2022 and Laurent et
al. 2022, brought valuable insights into the molecular basis of CHIKV RC biogenesis
and genome replication. The in vitro purification of CHIKV RC followed by RNA
elongation assays demonstrated that nsP1 is required for efficient nsP4 polymerase
activity (nsP1+nsP4 complex) and that nsP2 further potentializes RNA elongation by
the nsP1+2+4 complex, suggesting that the core RNA replicase is formed by
nsP1+2+4. Even though the insoluble nature of nsP3 made it impossible to test in
vitro, several studies demonstrated that nsP3 is essential for efficient viral replication
(Y. F. Wang, Sawicki, et Sawicki 1994; Schulte et al. 2016; Meshram et al. 2018;
Teppor, Zusinaite, et Merits 2021). The nsP3 role in CHIKV replication is discussed in
detail in Chapter VII. The cryo-EM structure of nsP1+2+4 replicase core at 2.8A
demonstrated that nsP4 likely gets activated upon proper folding within the central of
the nsP1-dodecameric ring previously described (Tan et al. 2022). In addition, 10 of
the 12 nsP1-subunits recruit flexible loops to hook onto nsP4, thus stabilizing the
polymerase within the center of the pore and enhancing its activity (Tan et al. 2022).
One molecule of nsP2 was also described within the nsP1 ring, with a part of the
helicase domain at the interface with nsP4 and nsP1, whereas the protease domain,
whose structure is not solved, is projected outside facing the cytoplasmic side of the
complex (Tan et al. 2022).

The biological relevance of the in vitro reconstituted RC core was further
validated by cryo-electron tomography (cryo-ET) performed on CHIKV-infected cells
(Figure 20) (Tan et al. 2022). Interestingly, in addition to RCs positioned at the neck
of spherules, ring-like complexes docked mainly on thin membrane extensions were
observed (Tan et al. 2022). The latter were smaller in size and not associated with
RNA or membrane invagination. Sub-tomogram averaging revealed that this non-
replicative complex was the RC core constituted by the nsP1-ring, the nsP4
polymerase and the helicase domain of nsP2 (Tan et al. 2022). In contrast, at the neck
of bona fide replicative spherules, the RC display additional cytoplasmic ring structure
enclosing contiguous linear density consistent with viral RNA exported from the
spherule to the cytoplasm. This additional ring-structure likely supports the high
negative membrane curvature and viral replication, as in its absence no spherules are

formed (Figure 20).
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Figure 20: Comparison of the molecular architecture of active and inactive CHIKV replicase complexes. A-C Active CHIKV
replication complexes. A Tomographic slice of cell periphery depicting CHIKV RNA replication spherules at the PM. Scale bar,
50 nm, and Corresponding 3D segmentation of cellular features. CHIKV spherule 3D volume is determined by subtomogram
averaging with imposed C12 symmetry. (E) The RC core complex (nsP1 + 2 + 4) is fitted into the C1 subtomogram average map
of the RC. A cytoplasmic ring as observed in (C), likely made of nsP3, RNA, and host factors remain loosely connected to the
nsP1 ring, which is bound at the neck of the spherule. The extra density above the nsP2h region is likely to be the C-terminal
protease of nsP2, stabilized or restrained by the cytoplasmic ring. D-F Inactive replicase core: D (left), Tomographic slice of
cell periphery depicting a filopodia-like membrane protrusion structure extended from the PM. White arrows point to the
membrane-associated nsP complexes. Scale bar, 100 nm. D (right) Corresponding 3D segmentation of cellular features. E,
CHIKV nsP complex 3D volume determined by subtomogram averaging with imposed C12 symmetry. F, The RC core complex
(nsP1 + 2 + 4) is fitted into the C1 subtomogram average map of the nsP complex. Note that the cytoplasmic ring as observed
in Fig. 3Cis absent in this inactive nsP complex. Consequently, there is no density observed for the C-terminal protease of nsP2.
From Tan et al. 2022.

Since viral nsP3 is known to localize to active replicative spherules (Gotte, Liu,
et Mclnerney 2018; Y. F. Wang, Sawicki, et Sawicki 1994), the model proposes that
the cytoplasmic ring-shaped structure may be composed by nsP3 and additional host
factors (Tan et al. 2022). Interestingly, the independent study conducted by Laurent et
al., also demonstrated the presence of a cytoplasmic ring or crown-like structure above
the nsP1-dodecameric ring, that was proposed to be composed by nsP2 recruited to
the plasma membrane by nsP1 in a concentration- dependent manner (Laurent et al.
2022). Whereas single-particle cryo-EM and in situ cryo-ET provided valuable
information about viral replicase organization and spherule biogenesis, little is known
about the host factors involved into this critical step. Viral nsP3 protein is proposed as
a major determinant for cellular factors recruitment at the plasma membrane to allow
membrane remodeling and spherule formation. Furthermore, how the different capped
positive RNA species exit the spherules and reach either site for translation or sites

for RNA packaging into nucleocapsid is poorly understood.
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A model for spherule biogenesis and viral RNA synthesis can be built (Figure
21): P1234 or P123+nsP4 replicates reach the plasma membrane and anchor to it
through the nsP1. Viral RNA is also addressed to PM by unknown mechanisms. If the
P1234 polyprotein is produced, it must be processed to liberate the fully active RdRp
nsP4. Itis thought that this processing changes replicase topology, activating spherule
biogenesis and the synthesis of the negative RNA strand, which serves as a template
for the synthesis of new positive single-stranded viral RNAs. This early replicase
complex is further processed into a short-lived nsP1+P23+nsP3 complex, thought to
synthesize positive gRNA. Because of the full processing of nsP1, one can speculate
that at this stage, the nsP1-dodecameric ring is completely formed and active for RNA
capping. Finally, the last processing releases nsP3 from nsP2, leading to a full active
replicase that synthesizes mainly subgenomic RNAs. The precise topology of nsP3 is

not reported, but it was proposed to form a cytoplasmic crown supporting nsP1-ring.
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Figure 21: Model for alphavirus spherule biog;nesis and RNA synthesis

Regarding the newly synthesized genomic and subgenomic RNA species, it is
still unknown by what mechanisms the different RNA species are sorted. Indeed, the
newly synthesized genomic RNA could serve either for translation of new non-

structural polyprotein or for packaging into nucleocapsids for further particle assembly.
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In addition, the sub-genomic RNA must be taken in charge by the translation
machinery for the synthesis of structural proteins. Another recent study investigating
CHIKV-vRC in their cellular context by in situ cryogenic-electron microscopy (Girard
et al. 2023), confirm replicative spherules are mostly maintained at the plasma
membrane rather than being internalized (Girard et al. 2023). In addition, the obtained
tomograms showed vVRC associated to filaments resembling viral RNA, tightly linked
to ribosome-like structures, which suggested that the sites of viral replication and viral

protein synthesis are likely nearby (Girard et al. 2023).
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Chapter VII: CHIKV nsP3, an enigmatic protein
essential for CHIKV infection and pathogenesis

A. nsP3 organization

Alphavirus nsP3 is a phospho-protein, organized into an N-terminal, highly
conserved Macrodomain, a Central Alphavirus Unique/ Zinc finger binding domain,
and a C-terminal, intrinsically disordered hypervariable domain (Figure 22). The

following sections discuss nsP3 domain structure and functions in detail.
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Figure 22: Domain organization of alphavirus nsP3 protein

1. Macrodomain (MD)

The MD, first described as an X-domain (X for unknown function) found within
the polyprotein of alpha-, corona- and rubiviruses (Gorbalenya, Koonin, et Lai 1991),
is a highly conserved protein domain present in all kingdoms of life (Rack, Perina, et
Ahel 2016). MDs consist of 130-190 amino acids folds, associated with ADP-ribose
function and metabolism. ADP-ribosylations are a post-translational modification
controlling various cellular processes, including DNA repair, transcription and stress
response. ADP-ribose is covalently attached to cellular proteins by poly-ADP-ribose
polymerases (PARPSs) (reviewed in Gupte, Liu, et Kraus 2017). Since multiple PARPs
are induced by interferon, it is proposed that ADP-ribosylation is involved into the
cellular antiviral response (Fehr et al. 2020). For instance, ZIKA virus NS1 and NS3
are ADP-ribosylated by cellular PARP12 which leads to their degradation and
therefore ZIKA virus replication inhibition (Lili Li et al. 2018). Most macrodomains bind
to monomeric ADP-ribose (MAR) and its derivatives, including ADP-ribose-1"-
phosphate (Appr1p), O-acyl-ADP-ribose, and the terminal ADP-ribose of poly(ADP-
ribose) (PAR), as well as protein-conjugated MAR or PAR (i.e., MARylated or
PARylated proteins (Leung, McPherson, et Griffin 2018). In addition to bind ADP-
ribose, a subset of MDs is able to hydrolyze ADP-ribose derivatives (C. Li et al. 2016).
Viral macrodomains present a great structural conservation, suggesting a crucial role
during viral replication which could be involved into antiviral immunity inhibition (Rack,
Perina, et Ahel 2016).
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Structural studies of CHIKV MD showed a central twisted six-stranded [ sheet
surrounded by three helices on one side and one on the other (Figure 23A) (Malet et
al. 2009). CHIKV-MD was found to bind to monomeric ADP-ribose (MAR) and
poly(ADP-ribose) (PAR) and possess ADP-ribose-1" phosphate phosphatase activity,
converting ADP-ribose-1"-phosphate to ADP-ribose (Figure 23B,C) (Malet et al.
2009). Mutations abolishing both binding and hydrolase activities resulted in
attenuated replication, and virulence in mice (McPherson et al. 2017). Interestingly,
VEEV MDs exerts the same activities as CHIKV MDs, whereas the SFV MDs is not
able to bind monomeric-ADP-riboses, suggesting that MDs shares some functional

properties but are not identical (Malet et al. 2009; Neuvonen et Ahola 2009).

Cc

CHIKV-MD CHIKV-MD-ADP ribose complex

Figure 23: Structure of CHIKV nsP3 macrodomain (MD): A, Representation of CHIKV macro domain in a purple-to-red
gradient (from N terminus to C terminus). Secondary structure elements are labeled on the CHIKV macro domain. B, ADP-
ribose binding site of the CHIKV macro domain. B, representation of the CHIKV macro domain with helices, strands, and loops
colored, respectively, in red, yellow, and green. ADP-ribose is displayed in sticks with carbons in yellow, oxygens in red,
nitrogens in blue, and phosphorus in orange. C, The CHIKV macro domain is complex with ADP-ribose. ADP-ribose is shown in
cyan. Residues interacting with ADP-ribose in the CHIKV macro domain are shown in blue, and mutated residues are indicated
with an asterisk. From Malet et al. 2009.

2. Alphavirus Unique Domain (AUD)

The AUD is also a highly conserved protein domain, with around 50% of
identical amino acid residues between CHIKV and SINV (Gao et al. 2019). The domain
is also referred as a Zinc finger binding domain (ZBD). Indeed, the most
comprehensive AUD structural data is available from the uncleaved P23 precursor of
SINV (Shin et al. 2012). It demonstrates that the AUD contains an antiparallel o-helical
bundle, two parallel B-strands and a previously unknown zinc (Zn)-binding site. Zn ion
is coordinated by four cysteines, absolutely conserved between all alphaviruses AUD.
C263 and C265 are located in the loop between the two a-helices, whereas C288 and

C306 are positioned at the end of the two parallel B-strands (Figure 24).
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Figure 24: Structure of SINV AUD. (A) Schematic representation P23 precursor domain organization. The crystallization
construct consists of four domains: protease (blue) and methyltransferase-like (teal) domains of nsP2 and the macro (yellow)
and zinc-binding (red) domain of nsP3, encompassing amino acids 1011-1675 of the SINV P1234 polyprotein. Amino acid
numbering provided from the amino terminus of nsP2 and nsP3 are also noted in parentheses. (B) Ribbon diagram of P23pro-
zbd colored according to A. A gray sphere with black arrow head denotes the position
of the zinc ion. The P2/3 cleavage site, nsP2 protease active site, and ADP
ribose—binding site are labeled with an arrow, asterisk (*), and filled circle, respectively. (C) Stick representation of the AUD
Zn-finger binding domain: the gray sphere represents Zn ion, the four cysteines coordinating the Zn and two highly conserved
serine residues. Adapted from Shin et al., 2012.

Interestingly, no structurally similar metalloprotein folds have been described in
other organisms so far. Site directed mutagenesis of all four conserved cysteines
residues revealed a critical role of Zn-binding domain for propagative viral infection
(Shin et al. 2012). In addition those mutants failed to express the viral protein,
suggesting a structural role of the Zn ion (Shin et al. 2012). In the same study, the
purification of P23 allowed to pull-down great amounts of RNA and basic residues-
enriched patches were found in great proximity to the Zn-binding site extending to the
nsP2 (Shin et al. 2012). In line with these observations, and the fact that zinc
metalloproteins are also involved in nucleic acid-binding and gene regulation, it was
proposed that the basic interface extending across nsP2 and nsP3 is involved into
viral RNA binding (Shin et al. 2012; Berg 1990). Very little is known about the AUD

proviral function during CHIKV (and alphavirus) replication.
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3. Hypervariable domain (HVD)

In contrast with the rest of the nsP3 protein, the hypervariable domain (HVD)
displays high variability of sequence among alphaviruses (Figure 25) (E. G. Strauss
et al. 1988). HVD is largely of low complexity or intrinsically disordered domain, with
no predicted secondary structure (Meshram et al. 2018). Partial deletions in the HVD
have only minor effects on viral replication and productive infection, thus making it an
ideal location for tag insertions (N. J. Foy et al. 2013; Remenyi et al. 2017). Since the
HVD is an intrinsically disordered domain, it was suggested to mediate multiple
protein-protein interactions required for viral infection (N. J. Foy et al. 2013; Meshram
et al. 2018; Babu 2016). Indeed, despite the high sequence variability of Alphaviruses
HVDs, a number of conserved linear motifs were mapped and proposed to recruit
distinct sets of cellular proteins (Gorchakov, Garmashova, et al. 2008; D. Y. Kim et al.
2016; Frolov et al. 2017; Meshram et al. 2018). The conserved motifs HVD motifs
mediating host factor interactions are discussed in section B.3.

The HVD is also the only phosphorylated replicase protein. A formal
demonstration of HVD phosphorylation was brought for SINV, SFV and VEEV, where
the phosphorylated sites were mapped to Ser/Thr residues in the beginning of the
HVD sequence (G. Li et al. 1990; Peranen et al. 1988; Vihinen et Saarinen 2000; Niall
J. Foy et al. 2013). A deletion of SINV-HVD phosphorylation sites didn’t result in
dramatic reduction in viral replication and infectivity, suggesting that HVD-
phosphorylation is not critical for the replication cycle. In contrast, phosphorylation
sites deletion attenuated SFV in vivo, and VEEYV replication was affected in mosquito
cells but not in mammalian cells (G. Li et al. 1990; Vihinen et Saarinen 2000; Niall J.
Foy et al. 2013). These findings suggest that despite common phosphorylation sites,
inferences from one alphavirus to other should not be made. This was further validated
recently with the study of CHIVK and ONNV phosphorylation sites. In contrast with the
other alphaviruses, CHIKV nsP3 phosphorylation sites were throughout the HVD.
Interestingly, their complete elimination resulted in total loss of viral infectivity (Teppor,
Zusinaite, et Merits 2021). Perdnen and colleagues put forward a hypothesis
suggesting that phosphorylation could potentially play a regulatory role in RNA
synthesis (Peranen et al. 1988). They also observed that the portion of nsP3
associated with RNA polymerase activity in the P15/membrane fraction exhibited a
higher level of phosphorylation compared to the nsP3 in the S15/cytosolic fraction

(Peranen et al. 1988). It is important to note, that some phosphorylated residues are
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found within HVD-motifs required for the recruitment of host factors, thus whether the
lethal phenotype is due to phosphorylation profile or to an impairment of interaction

with essential host factors is not clear.
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Figure 25: Simplified schematic representation of alphaviruses’ HVD features From Gétte et al, 2018.

B. nsP3 functions during alphavirus replication
1. CHIKV genome replication and transcription

As mentioned in the previous chapters, nsP3 is a major component of the
replicase complex. While the roles of nsP1, nsP2 and nsP4 are well-documented in
the literature, the function of nsP3 and particularly its AUD domain in viral genome
replication and spherule biogenesis remains to be fully characterized.

The AUD is highly conserved among alphaviruses, suggesting a crucial role
during virus replication. As described previously, the structural analysis of SINV-P23
precursor (Shin et al. 2012) demonstrated that the AUD contains a zinc-finger binding
motif that is a part of larger domain with putative RNA-binding. Mutagenesis of the
cysteine residues coordinating the zinc ion, was shown to completely abolish viral
replication in all cell types (G. Shin et al. 2012; Gao et al. 2019). So far, there is only
one functional study bringing insights about AUD importance during viral replication
(Gao et al. 2019). Indeed, mutagenesis of CHIKV AUD (Gao et al. 2019), based on
the structure of the P23 precursor of SINV (Shin et al. 2012), provided original

information on the role of the AUD during genome replication and transcription.
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Indeed, 10 AUD residues exposed at the surface of the protein and absolutely
conserved among alphaviruses were mutated in a CHIKV subgenomic replicon system
to test their importance during the replication step. Each mutation's phenotype was
analyzed in human, rodent, or mosquito cell lines. Mutation of the two cysteine
residues coordinating the zinc ion (C262A/C264A) that are proposed to be involved in
RNA-binding (Shin et al. 2012) and residues adjacent to the zinc-binding cysteines
(V260A/P261A), completely abolished CHIKV replicon amplification in all cell lines.
Two other basic residues exposed at the AUD surface (R243 and K245) completely
abrogate replication in mammalian cells, whereas in mosquito cells, these mutations
reverted to wild type. Thus, these residues are likely involved in the replication process
in vertebrate and invertebrate hosts. Another residue of great interest -M219, was
demonstrated to be involved in the RNA interference response in mosquito cells.
Altogether, this study described for the first time the importance of the nsP3 AUD
domain in adapting CHIKV to its different hosts.

One particular AUD mutant, harboring P-to-A substitution at position 247 and
V-to-A substitution at position 248 (referred to as P247A/V248A mutant), was of great
interest in this study (Gao et al. 2019). The P247A/V248A mutant could not replicate
in human Huh or Huh7.5 cells, whereas its replication was impaired in human
rhabdomyosarcoma cell line and rodent and mosquito cells. Mechanistic experiments
showed that the P247A/V248A mutant was competent in viral entry and virus particle
release but exhibited a major defect in virus assembly. Further investigations
suggested that these double mutations affect the ability of the AUD to recognize the
subgenomic promotor from the negative viral RNA strand, leading to impaired
synthesis of sgRNA species and, thus to a defect in structural protein synthesis (Gao
et al. 2019). Finally, this mutant shows an impaired localization of viral replicative
complexes, nsP3, and capsid protein, suggesting that the nsP3 protein is likely
coordinating the replication and the assembly steps at the plasma membrane of

infected cells.
2. Stress granule disassembly

During the early phase of infection, the positive-stranded RNA virus synthesizes
a dsRNA replicative intermediate that triggers Protein Kinase R (PKR) phosphorylation
and activation. PKR activation leads to elF2a phosphorylation and inhibition of host

MRNA translation (Gorchakov et al. 2004). Inhibition of cellular translation results in
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the formation of stress granules (SG), non-membranous dynamic aggregates of
translationally silent messenger ribonucleoproteins (MRNPs) (Marc D. Panas et al.
2012; Mclnerney et al. 2005; Jayabalan et al. 2021a). SGs form through liquid-liquid
phase transition (LLPT), thought to be initiated by long stretches of messenger RNA,
not engaged in the translation process. The accumulated RNAs serve as a scaffold
for multiple RNA-binding proteins, including RasGAP-associated endoribonuclease 1
(G3BP1), T cell internal antigen 1 (TIA1), TIA1-related protein (TIAR), Caprin1, and
fragile X mental retardation protein (FMRP), as well as ribosomal subunits (40S
ribosome subunit) (Beckham et Parker 2008; Ivanov, Kedersha, et Anderson 2019;
Jayabalan et al. 2021a). These proteins contain intrinsically disordered regions (IDRs)
that establish weak interactions and drive LLPT, thus promoting SGs assembly (Lin et
al., 2015; Molliex et al., 2015; Tourriere et al. 2003; Gilks et al. 2004; Mazroui et al.
2006), The sole overexpression of G3BP proteins for instance, can induce SGs

formation even without any stress (Kedersha et Anderson 2007).
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Figure 26: Stress granules are cellular immune and stress signaling platforms. SGs serve as immune and signaling hubs
formed through phase separation, concentrating regulatory proteins that participate in apoptosis induction and various
intracellular signaling pathways (A) and IFN signaling (B). SGs prefer certain RBPs and cellular mRNAs, such as cytokine
mRNASs (C). Additionally, SGs house viral components and ITAFs responsible for controlling viral gene expression (D). It's
important to note that the composition of SGs varies significantly based on stress conditions and cell types. Notably,
many components have been identified in SGs during metabolic or environmental stress, but their role in the context of
viral infection remains unexplored. The localization and function of specific SG components rely on their interaction with
particular SG core proteins, highlighted in turquoise. From (Eiermann et al. 2020).
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SG formation is highly regulated by posttranslational modifications of its
constituents, including ADP-ribosylation SGs (Duan et al. 2019; Catara et al. 2017).

The non-covalent interaction between ADP-ribose and

proteins triggers their

addressing to SGs (Duan et al. 2019; Catara et al. 2017). In humans, ADP-ribosylation

is mediated by a family of ADP-ribosyltransferases named poly-(ADP-ribose)

polymerases (PARPs). Overexpression of PARPs induces SGs formation, whereas

the overexpression of PAR-glycohydrolase (PARG) disassembles SGs (Leung et al.

2011; Duan et al. 2019).

In the late steps of the infection, it was proposed that
alphaviruses disassemble SGs through the sequestration of
G3BP proteins via the C-terminal Hypervariable domain of
the nsP3 (J. J. Fros et al. 2012; Marc D. Panas et al. 2015;
2012). However, in a recent work performed by Jayabalan
and colleagues, it was demonstrated that nsP3, by its sole
interaction with G3BPs proteins, is not sufficient to
disassemble cellular SG (Jayabalan et al. 2021a). The viral
domain involved in this activity was shown to be the MD,
which can trigger alone the suppression of these
condensates, despite persistent elF2a phosphorylation
(Jayabalan et al. 2021a). This is consistent with the recent
evidence showing that the MD possesses an ADP-ribose
(mono- and poly-ADP ribose) binding and mono-ADP-
ribosylhydrolase activities (McPherson et al. 2017; Eckei et
al. 2017; Abraham et al. 2018). In addition, mutant nsP3
unable to interact with G3BPs protein was still able to
disassemble SG (Jayabalan et al. 2021a), showing that the
nsP3-HVD interaction with G3BP proteins is not required for
SG inhibition. Thus, it is proposed that nsP3 regulates SG
formation, disassembly and composition through both its
HVD-G3BPs binding capacities and its MD- ADP-ribose
hydrolase activity. As nsP3 accumulates through the course
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of infection, the nsP3-MD binds and hydrolyze ADP-ribose modifications onto G3BP1

and likely other SGs components. This leads to the disassembly of SGs at the later

stages of infection, and prevents the formation of new ones (Jayabalan et al. 2021a)
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(Figure 27). It is proposed that prevention of SGs formation might be important to

release translation initiation factors and allow the viral structural proteins synthesis.

3. Interacting hub for host factors involved in viral replication and host-

adaptation

Affinity-purification and mass-spectrometry approaches, phage display
screens, genetic screens or hypothesis-driven approaches demonstrated that nsP3
recruits multiple host factors involved into viral replication (Cristea et al. 2006;
Gorchakov, Garmashova, et al. 2008; Neuvonen et al. 2011; Abere et al. 2012;
Mazzon et al. 2018; Gotte, Liu, et Mclnerney 2018; Meertens et al. 2019). A substantial
part of nsP3-interactants was found to be recruited through the HVD of the viral
protein. HVD-interactants which have been validated, either for their interaction or for
their proviral function, are shown in Table 2.

Table 2: Major alphavirus nsP3-interacting host factors and their putative proviral functions

Host factors Known HVD-biding motif Cellular functions Proviral functions References
BIN1/ * Src-homology 3 (SH3)-domain « Recruited to dsRNA-
Amphiphysine2 PINVIIP/AIPPR containing proteins ) containing viral Kaneko, Li, et Li 2008;
SH3-domain * SH3-domain: involved in protein/ complexes Mutso et al. 2018;
containing Motif 1: prc::‘eln mteractl%ns mulhplet signaling « Putative functions in Meshram et al. 2018;
proteins CD2AP P{IV][P/AJPPRGRNLTVT RAMWEYS: MOmbIang CUIVAILIS, i viral replication and Neuvonen et al. 2011;
SH3KBP1 VI r\]notif 2 trafficking and cytoskeleton regulation spherule biogenesis Tossavainen et al. 2016
PMASVR
. U‘nwi'nd DNA and RNA-secondary « Negative impact on S. Zhang et Grosse 1997;
structures - RNA synthesis Suisheng Zhang et
l')‘i)ltil:;l;zx DHX9 ND » RNA metabolism (transcription, « Enhencing viral non- Grosse 2004; Z. Zhang et
splicing, ribosome biogenesis) structural polyprotein al. 2011; S. Li et al. 2011;
« Interferon secretion synthesis Matkovic et al. 2018
« Histones transport into the nucleus
Motif 1: « Nucleosome formation | ¢ ith
NAP1 NAP1L1 TTMELSHPPISFGAP « Modifying chromatin structure C "'e'ac"°”|w" Yol Parket Luger 2000
proteins NAP1L4 Motif 2: « Govern essential cellular functions ghosplhory f”“’]d HVD Doﬁ‘sm;rzzeef ol 2000
DDLTDSDWSTCPDTDD like transcription and the S "’I’,‘“ ate vira WA
progression of the cell cycle replication
G3BP1 & « Ras-GAP SH3 domain-binding * Viral RNA synthesis
G3BP2 (Old 5 o protein « Putative role as a Cristea et al. 2006,
G3BP- and World G3BP: Two FGDF motifs in « Formation of stress granules molecular switch from Gorchakov, Garmashova, et
5 . C-terminal HVD i i gRNA translation to al. 2008; Marc D. Panas et al.
FXR-family alphaviruses) 2 ) (involved into cell reponse to LY 2
proteins FXE-1 & FXR-2 FXR: Agenet-like domain stress) replication 2012; D. Y. Kim et al. 2016;
(New World binding motif « Homo-oligomerization, Rna * Clustering of Frolov et al.lzggéSchulte et
) i i replicative spherules al.
alphaviruses) interaction ) s :
* Ribosome interactions
« Four and a half LIM-domain i
T . * Requiered for efficent
FHL1 FHL1: VTCD...QAPP 2 ﬁgsz;‘e‘ngrgg"e’;sme‘” ngli}é\a{t;T\d e Meshram et al. 2018;
FHL proteins ' i interactions Bplica s Meertens et al. 2019;
FHL2 FHL 2: ND o Likely involved in viral
Z * Actin cytoskeleton reorganization RNA synthesis Lukash et al. 2021

* Muscle tissue development and
homeostasis

Among them, G3BP proteins and FHL1 display the most important phenotypes
regarding CHIKYV replication in vitro and/or in vivo. Indeed, G3BP proteins are used by
several alphaviruses and were demonstrated to be essential only for CHIKV replication
(J. J. Fros et al. 2012; Scholte et al. 2015; D. Y. Kim et al. 2016; Goétte et al. 2019).
Four-and-a-half LIM domain protein 1 (FHL1), has been recently identified as an

important CHIKV host factor required for viral tropism and pathogenesis. The role of
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these two cellular factors is discussed in the following sections.

4. nsP3 form stable cytoplasmic granules of unknown function

Once synthesized, alphavirus nsP3 is found as a part of distinct protein
complexes, either with other nsPs or in interaction with multiple host factors (Cristea
et al. 2006; Gotte, Liu, et Mclnerney 2018; Meshram et al. 2018). Cell fractionation
studies demonstrated that in contrast with SFV-nsP3, which is in great part associated
with the membrane pallet along with nsP1 and nsP4, the majority of CHIKV-nsP3 was
retrieved in the cytosolic fraction of the infected cells (Albulescu et al. 2014; Peranen
et al. 1988). Imaging analysis of nsP3 subcellular localization during infection
demonstrated that a fraction of nsP3 is a part of vVRC, either at the plasma membrane
or in the CPV-l (Gorchakov, Garmashova, et al. 2008; Elena Frolova et al. 2006;
Wang, Sawicki, et Sawicki 1994b). However, a substantial part of the nsP3 pool was
also found in large cytoplasmic aggregates (or granules) either in infection conditions
or overexpression experiments. nsP3 granules morphology was proposed to depend
on the recruitment of host factors (Marc D. Panas et al. 2012; Remenyi et al. 2017;
Jayabalan et al. 2021).

As discussed in the previous sections, while CHIKV-nsP3 disassembles SG, it
forms other cytoplasmic condensates containing SGs RNA-binding proteins (G3BP1,
TIA-1, TIAR, HUuR) but not the translation initiation factors (elF3b, elF3i, RACK1...).
These nsP3-enriched condensates are a hallmark of alphaviruses. (Gorchakov,
Garmashova, et al. 2008; J. J. Fros et al. 2012; D. Y. Kim et al. 2016a; Jayabalan et
al. 2021a; Nowee et al. 2021). Interestingly, these condensates are formed under the
expression of nsP3 alone in stressed or unstressed cells (Jayabalan et al. 2021).
Furthermore, nsP3-condensates are not sensitive to cycloheximide, a translation
elongation inhibitor, disassembling SGs. Those nsP3 granules appear to be different
in nature from bona fide SGs. Our knowledge about these nsP3 condensates is
limited.

Multiple imaging studies of CHIKV-infected cells demonstrated the
accumulation of the nsP3-binding proteins within cytoplasmic structures (e.g., G3BPs,
BIN1, FHL1). Live-cell imaging of SNAP-tag nsP3 encoding CHIKV replicon system
coupled to 3D high resolution microscopy, allowed to characterize more in details the
different nsP3 complexes formed during infection in Huh7 cells. Sub-diffraction

multicolor microscopy, validated the presence of nsP3/G3BPs-enriched round
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cytoplasmic granules of different sizes. These granules exhibited several interesting
characteristics: (i) they contained nsP3 and G3BP1/2, (ii) they were positioned
adjacent to double-stranded RNA foci and nsP1-positive structures, and (iii) they were
close to the nuclear membrane and the nuclear pore complex protein Nup98.
Furthermore, these granules could persist for extended periods, ranging from hours to
days. They also accumulated newly synthesized proteins and displayed varied
movement speeds as they traversed the cytoplasm (Remenyi et al. 2018). We and
others demonstrated that another major nsP3-interacting partner is sequestrated
within these granules, the Four-and-a-half LIM domain protein 1 (FHL1) (Meertens et
al. 2019; Lukash et al. 2020). So far, the proviral role of these condensates and their
implication in viral pathogenesis is still elusive. In addition, nsP3-enriched “rod-like”
structures were described as transient complexes that likely evolved into large
spherical granules associated with lipid droplets and in proximity with viral nsP1
protein (Remenyi et al. 2017). Interestingly, the nsP3 rod-like structures have also
been reported in other cell types (mouse myoblasts, glial cells, dermal fibroblasts)
during transient replication and late stages of infection (Scholte et al. 2015; Roberts et
al. 2017).
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Figure 28: Schematic representation of nsP3 established proviral functions
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Altogether, nsP3 is a versatile protein playing multiple and critical functions
during the viral cycle (Figure 28). Each domain exerts specific activities and allows
efficient viral replication. The MD modulates the cellular stress and antiviral response
through its ADP-ribose binding and hydrolase activities. This activity is further
potentialized by the ability of the HVD to recruit and interact with multiple host factors.
These factors are required for different steps, such as efficient viral replication
complexes (VRC) formation and antiviral response antagonism. The established data
suggest that: (1) CHIKV replication is not dependent on individual members of host
protein families; instead, it relies redundantly on all family members or even
representatives from different families that share similar domains, such as the SH3
domain-containing proteins. (2) The interaction between CHIKV-HVD and G3BP
family members is crucial for viral RNA replication, and any changes in these
interactions render the virus nonviable. (3) Extensive mutagenesis of HVD, aimed at
preventing binding to all host factors except G3BPs, also leads to the abolition of
CHIKYV replication. (4) To restore viability, CHIKV variants must possess at least one
of the binding motifs in HVD and those that interact with G3BPs. However, these
variants replicate less efficiently than the wild-type virus. These findings indicate a
significant level of redundancy in the functions of different host factor families and their
collective contributions to CHIKV RNA replication. Nevertheless, this redundancy also
complicates the understanding of binding sites and the specific roles of individual host
proteins in VRC formation and function.

Finally, the AUD domain is likely directly involved in viral RNA replication and
subgenomic RNA transcription. Despite extended research, it still needs to be
determined what are the precise molecular mechanisms behind these multiple roles.
A question of great interest concerns the proviral role of nsP3 granules, which are not
active viral replication complexes. How these granules are formed, their precise
composition, and whether they are involved in specific steps of the viral cycle remain
unsolved. Finally, the accumulated data concerning SINV or SFV nsP3, widely used
as models for alphavirus infection, are insufficient to understand CHIKYV infection, as
CHIKV-nsP3 displays significant differences with the other nsP3. Thus, it remains of
great importance to study specifically this protein.
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C. G3BP proteins: antiviral purpose, proviral role

Multiple studies demonstrated that Old Word alphaviruses possess a repeated
FGDG motif in the C-terminal part of the HVD domain. This motif binds the cellular
G3BP-1 and -2 (Ras-GAP SH3 domain-binding protein) (Cristea et al. 2006,
Gorchakov, Garmashova, et al. 2008; Marc D. Panas et al. 2012; D. Y. Kim et al. 2016;
Frolov et al. 2017; Schulte et al. 2016). It is known that perturbation of SFV-HVD
interaction with G3BPs causes SFV attenuation but not complete lethality. In contrast,
disrupting CHIKV-HVD interaction with G3BPs results in essentially non-viable viruses
(D. Y. Kim et al. 2016; Schulte et al. 2016). These observations suggest that despite
recruiting the same host factors, the proviral mechanisms could differ events between

closely related alphaviruses.
1. G3BP organization

There are three isoforms of G3BP: G3BP1 and two splice variants, G3BP2a
and G3BP2b (collectively referred to as G3BP). G3BP1 and G3BP2a share
approximately 66% amino acid identity and have a similar domain structure. All G3BP
isoforms consist of the following domains arranged from the N- to C-terminus: a
nuclear transport factor 2 (NTF2)-like domain, an acidic domain, a proline-rich region
with several PxxP motifs, an RNA recognition motif (RRM), and an arginine-/glycine-
rich domain (RGG) (Irvine et al. 2004; Matsuki et al. 2013; Jayabalan, Griffin, et Leung
2023).
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Figure 29: G3BP1 and G3BP2 protein organization

The N-terminal domain of G3BP contains specific motifs that enable them to
interact with other proteins, while the C-terminal domains are responsible for binding
nucleic acids (Figure 29). For instance, the NTF2L domain of G3BP interacts with
FGDF sequence motifs found in numerous proteins, and the PxxP domain interacts
with SH3 motifs. On the other hand, the RRM domain plays a crucial role in binding to
RNA, and the RGG domain not only enhances RNA binding but also facilitates
interactions with other proteins. Except the structured NTF2-like and RRM domains,
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G3BPs are intrinsically disordered (Peiguo Yang et al. 2020). This property is involved
into the protein-protein and protein-RNA interactions abilities of G3BPs (Peiguo Yang
et al. 2020). In some instances, the functions of G3BP1 and G3BP2 show redundancy,
but this is not always the case (Kedersha et al. 2016). For example, when G3BP1
expression and function are knocked down, the expression of G3BP2 increases to
compensate for the loss, but the reverse is not observed (Scholte et al. 2015;
Kedersha et al. 2016).

2. G3BP1 assembles stress granules and amplifies innate immunity

signaling

As mentioned in the previous section, G3BP are components of stress granules
(SG), as itis involved into SG nucleation and assembly (Kedersha et al. 2016). Indeed,
G3BP organizes a core interaction network with cytoplasmic free RNAs, and functions
as a molecular switch that triggers RNA-dependent liquid-liquid phase separation
(LLPs) (Peiguo Yang et al. 2020). The C-terminal RGG-domain of G3BP binds the
40S ribosomal subunit which is thought to participate in SG assembly (Kedersha et al.
2016). Additionally, G3BP proteins are capable to interact with cellular proteins with
antagonistic properties in SG assembly (Kedersha et al. 2016). G3BP interaction with
Caprin-1 protein promotes SG assembly, whereas G3BP binding to USP10
disassembles SG (Kedersha et al. 2016). This binding is mediated by the NTF2-like
domain which interacts with the FGDF motif of USP10, also found within the HVD
sequence of Alphaviruses nsP3. In addition to form the core of SG, G3BP1 regulates
the early innate response through protein- and nucleic acids-binding. Through its RGG
domain, G3BP1 binds the RIG-I helicase domain and viral dsRNA to prevent RIG-I
degradation, thus promoting IFN-§ response (S. S.-Y. Kim, Sze, et Lam 2019). G3BP1
also interacts with cGAS, leading to the formation of large protein complexes. This
interaction efficiently primes cGAS which is thus able to better bind cytosolic DNA (Z.-
S. Liu et al. 2019). G3BP1/cGas binding activates cellular PKR and the downstream
DNA-induced interferon production (Z.-S. Liu et al. 2019; S. Hu et al. 2019).

G3BPs are targeted by many viral families and can play both antiviral and
proviral roles (reviewed in Jayabalan, Griffin, et Leung 2023). Indeed, given their
propensity to trigger SGs formation and to amplify the early innate response to
infection, G3BPs appear to be efficient antiviral factor (Jayabalan, Griffin, et Leung
2023; Z.-S. Liu et al. 2019; S. S.-Y. Kim, Sze, et Lam 2019). For instance,
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Picornaviridae et Coronaviridae are negatively regulated by G3BPs (Ruggieri et al.
2012; H. Liu et al. 2022). Overexpression of G3BP1 reduces viral replication, protein
synthesis, and virus production, while G3BP1 knockdown enhances viral replication.
Both viral families have evolved to counteract G3BP1-induced antiviral response,
either by mediating G3BP1 cleavage or sequestration (Ruggieri et al. 2012; H. Liu et
al. 2022; Jayabalan, Griffin, et Leung 2023).

Old World Alphavirus also evolved to exploit G3BPs (Scholte et al. 2015; D. Y.
Kim et al. 2016a). It is well-established that these viruses interact with the NTF2-like
domain of G3BPs through two FGDF motifs found in the C-terminal of the nsP3-HVD
(M. D. Panas, Ahola, et Mclnerney 2014; Marc D. Panas et al. 2015; Schulte et al.
2016). Structural studies of the NTF2-like domain of G3BP1 in complex with a nsP3-
peptide from SFV showed that FGDF motif binds to a hydrophobic groove on the
NTF2-like domain of G3BP1 (Kristensen 2015). Furthermore, NTF2-like domain forms
dimers, and both N-ter and C-ter FGDF motifs bind to G3BP1 monomers on separate
dimers, thus inducing the formation of poly-complex (Gétte et al. 2019). SFV mutants
with either one FGDF motif or none, are attenuated suggesting that nsP3:G3BP1 poly-
complexes are involved in viral replication (Marc D. Panas et al. 2012; Schulte et al.
2016). Since G3BPs are essential elements for SGs formation, it was generally
admitted that the nsP3 interaction with G3BPs leads to the sequestration of G3BPs
and SG disassembly, thus counteracting host cell translational shutoff and antiviral
immunity. As it was discussed in the previous chapter, SG disassembly was recently
demonstrated to be the outcome of the MD-ADP-ribosylhydrolase activity, more than
the HVD-G3BPs interaction, suggesting that the formation of nsP3:G3BPs poly-
complexes play another, proviral function during alphavirus infection. In contrast to
SFV, which still replicates without G3BPs interactions, CHIKV mutants unable to
interact with G3BPs are not viable (D. Y. Kim et al. 2016; Schulte et al. 2016). The
same phenotype is observed in CRISPR/Cas9 G3BPs knock-out cell lines (D. Y. Kim

et al. 2016). These observations also point out an additional function of this host factor.
3. G3BP proteins are directly involved in CHIKV replication

It was hypothesized that G3BPs, through their ability to bind RNA and ribosomal
subunits, can be critical factors in the switching from initial viral translation to viral
genome replication by clearing the incoming viral RNA from ribosomes (Scholte et al.
2015). Another hypothesis postulates that nsP3:G3BPs poly-complexes are involved

in building pre-replication complexes that recruit gRNA to replication (D. Y. Kim et al.
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2016a). Results from immunostaining and in situ hybridization followed by confocal
microscopy experiments in CHIKV-infected cells are consistent with these
assumptions (D. Y. Kim et al. 2016). In the early steps of the infection cycle,
nsP3:G3BPs complexes are found without viral RNA species at the plasma membrane
(1). These are thought to be P123 polyprotein complexes containing G3BPs and
targeted to the plasma membrane. Then, complexes containing nsP3, G3BPs, and
single-stranded RNA are visible, suggesting a complex ready to replicate viral RNA
(2). Finally, fully functional nsP3:G3BPs:dsRNA complexes are observed (3) (D. Y.
Kim et al. 2016b). Lastly, mutagenetic analysis investigating the importance of each
of the G3BP domains during CHIKV replication demonstrated that the G3BP-RGG
domain is also required for efficient replication. Immunoprecipitation assays showed
that this domain forms a G3BP:nsP3:40S ribosomal subunit complexes machinery
(Gotte et al. 2019). These data and electron microscopy results further suggested that
G3BPs could be involved in clustering replicative spherules (via the NTF2-like domain)
and recruitment of the host-cell translational machinery (Goétte et al. 2019). Despite
the accumulating data, it is still unclear how G3BP mediates viral infection and why

CHIKV exerts complete dependency on GB3P.
D. FHL1 is a major host factor for CHIKV tropisms and pathogenesis

As discussed in Chapter lll, despite a large cell and tissue tropism, CHIKV-
induced pathology mainly reflects the virial capacity to strongly replicate in joints and
muscle tissues (Sourisseau et al. 2007; Briant et al. 2014; Bernard et al. 2015;
Ekchariyawat et al. 2015; Young et al. 2019; Meertens et al. 2019 (Research paper in
annex). However, the molecular determinants that dictate CHIKV tropism for the
musculoskeletal tissue are unknown. Indeed, none of the cellular proteins and
pathways co-opted by CHIKV and mentioned above could explain this cell and tissue
preference. In a CRISPR/cas9 genetic screen performed by our team to describe new
host-factors involved in CHIKV infection, we identified the Four-and-a-half LIM domain

protein 1 (FHL1) as an important CHIKV host dependency factor.
1. FHL1 organization and expression

As its name implies, FHL1 is organized into a N-terminal half LIM domain, followed
by four complete LIM domains (Figure 30). First identified in 1988, LIM domains are
protein-interaction domains composed of a cysteine-rich amino acid sequence

(Schmeichel et Beckerle 1994). Indeed, a consensus sequence of a LIM domain is
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about 55 amino acids with eight highly conserved residues, either cysteine or histidine,
located at defined intervals (Schmeichel et Beckerle 1994). The abundance and
spacing of the cysteine residues in the LIM motifs were reminiscent of a metalloprotein.
Further, studies identified that each LIM domain coordinates two Zn(ll) ions (Michelsen
et al. 1993). Two Zn-finger modules are always separated by a two-residue spacer,
which is essential for LIM-domain function (Schmeichel et Beckerle 1997). LIM
domains are quite abundant in eukaryotes. In humans, for instance, roughly 135 LIM
domain encoding sequences scattered through 58 genes have been identified
(Kadrmas et Beckerle 2004). These proteins can comprise exclusively LIM domains.
LIM modules can be connected to other domains such as homeodomains, catalytic
domains, or other protein-binding domains (reviewed in (Kadrmas et Beckerle 2004).
LIM domains don’t possess proper enzymatic activity but mediate different biological
functions by interacting with target proteins. Through the binding to their partners, LIM
domain proteins are involved in multiple biological processes, mainly cytoskeletal

functions and the control of gene expression, meaning that their subcellular

Figure 30: FHL1 gene and protein organization.
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localization could be dual, either cytoplasmic and nuclear.
2. FHL1 expression and importance in muscle tissue development

FHL1, the founding member of the FHL protein family which also contains
FHL2, FHL3 and FHL5 in humans, was originally identified in skeletal muscle and
designed skeletal muscle LIM protein (SLIM) (Shathasivam, Kislinger, et Gramolini
2010; Morgan et al. 1995). Apart from FHL5, which is exclusively expressed in
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spermatids of adult testes, all FHL proteins are expressed in muscles: FHL1 and FHL3
are most abundant in skeletal muscles (Morgan et Madgwick 1999), and FHL2 is

highly expressed in cardiac muscle (Kong et al. 2001).

In addition to the full-length FHL1, also named FHL1A, alternate splice isoforms
were identified (Figure 31). These isoforms do not display the classical FHL1 structure.
Indeed, isoform B of FHL1 (called also SLIMMER) lacks the last LIM domain (LIM4)
and in place, encodes three functional nuclear import sequences, a putative nuclear
export sequence, and a region that binds RBP-Jk. FHL1C is the shorter variant
(22kDa) and contains the first two and a half LIMs and a putative RBP-Jk binding
region in its C-terminus (Shathasivam, Kislinger, et Gramolini 2010; Wei et Zhang
2020). Both isoforms B and C are also expressed in muscle cells, but their subcellular
localization could differ from isoform A (Shathasivam, Kislinger, et Gramolini 2010;
Wei et Zhang 2020). FHL1A is predominantly cytoplasmic, linked to focal adhesions
and actin cytoskeleton in myoblasts and myotubes. It can also shuttle to the nucleus
promoting myoblast adhesion, spreading, and migration (P. A. Robinson et al. 2003).
FHL1B is found in the nucleus of undifferentiated myoblasts and later in the cytoplasm
of differentiated myotubes (S. Brown et al. 1999). FHL1 plays a crucial role in cell
signaling, connecting the actin cytoskeleton and transcriptional machinery. It is
recruited to focal adhesions by Kindlin-2 and translocates to the nucleus upon

phosphorylation by cytosolic tyrosine kinase Src (X. Wang et al. 2018).
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Isoform A Figure 31: Structure of FHL1 isoforms. FHL1A
280 aa N-{ zn Ea I Lim2 I LimM3 I ums  LO contains four complete and an N-terminal
half LIM domain. FHL1B contains the N-

terminal three and a half LIM domains

Isoform B N zn UMl I UMz I LIM3 -C identical to FHL1A. In place of LIM4 domain,
323 aa there are three nuclear localization signals
(NLS), a nuclear export sequence (NES), and a

binding site for RBP-Jk. FHL1C comprises the

Is%c;r;nac N-{z= C N-terminal two and a half LIM domains of
isoforms A and B, followed by a C-terminal

RBP-Jk-binding domain.

FHL1 expression is linked to muscle tissue hypertrophy and early muscle
differentiation, as overexpression in mice promotes myoblast differentiation and
hypertrophic myotube formation (McGrath et al. 2003; Cowling et al. 2008). Fhl1 gene
knockout in zebrafish disrupts skeletal muscle structure and function (Keldler et al.
2018). In mice, FHL1 depletion contributes to age-related muscle pathologies
(Domenighetti et al. 2014). Silencing FHL1 in chicken myoblasts hinders myogenic

differentiation and myotube development (Han et al. 2020). FHL1 also regulates
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autophagy by interacting with LC3, affecting apoptosis levels; these findings align with
the roles of other LIM-domain proteins like MLP and FHL2 in the autophagy pathway
(Rachid et al. 2015; Liu et al. 2019). Finally, FHL1A promotes muscle hypertrophy by
interacting with the calcineurin/NFATc1 pathway and enhancing transcription of
hypertrophic genes (Cowling et al. 2008). Additionally, it plays a role in sarcomere
assembly, competing with myosin for binding to MyBP-C and impacting sarcomere
functionality (McGrath et al. 2006). FHL1A's direct influence on myogenesis was
evident in fhl1-knockout mouse myoblasts, which failed to form myotubes, while
reintroducing the fhl1 gene rescued myotube formation (Domenighetti et al. 2014)

Recent research has heavily focused on FHL1-related myopathies, attributed
to abnormalities in the FHL1 gene. These myopathies include X-linked myopathy
(Quinzii et al. 2008), muscular dystrophy, myofibrillar myopathy (Y.-E. Park, Kim, et
Shin 2019), inflammatory myopathy (Albrecht et al. 2015), and reducing body
myopathy (Z. Hu et al. 2019). Mutations in FHL1, particularly in distal exons (5-8), are
linked to Emery-Dreifuss muscular dystrophy (EDMD), a rare disorder characterized
by joint contractures, muscle weakness, and cardiac issues (Gueneau et al. 2009;
Borch et al. 2022). Mutations often result in significant loss of protein expression. In
reducing body myopathies (RBM), FHL1 mutations affect Zn (ll)-ion binding, leading
to cytotoxic protein aggregates within myotubes and impaired differentiation (Wilding
et al. 2014). These aggregates sequester NFATc1, disrupting its role in regulating
hypertrophic gene transcription (Wilding et al. 2014).

3. FHL1 is a major host factor for CHIKV infection in vitro and in vivo

Except one study which identified by mass spectrometry FHL1 as a potential
nsP3-binding (Meshram et al. 2018), FHL1 has never been described as proviral factor
so far. In our work (Meertens et al. 2019), we demonstrated that FHL1 is a major host
factor involved into cell susceptibility to CHIKV infection. Indeed, naturally CHIKV-
susceptible human cell lines (HAP1, HEK-293T) invalidated for fh/1 expression,
become less susceptible to viral infection. Conversely, ectopic expression of FHL1 in
cells that are naturally resistant to viral infection (BeWo, HepG2), restore the
susceptibility to CHIKV. Interestingly, FHL1 is selectively used by CHIKV and its
closest relative, ONNV. Other alphaviruses are not dependent on FHL1 expression.
The importance of FHL1 during CHIKV infection was further strengthened by the
results demonstrating that CHIKV was unable to efficiently replicate in primary cells

isolated from patients suffering from the Emery-Dreifuss muscular dystrophy,
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harboring a mutation responsible for FHL1 -protein degradation (Meertens et al. 2019).
In these cells, ectopic expression of FHL1 confers permissiveness to CHIKV,
highlighting the major role of FHL1 in CHIKV tropism (Meertens et al. 2019).
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Figure 32: FHL1 is an important determinant for CHIKV tropism and pathogenesis in the mice model: (A, B) Wild-type (WT)
and Fhl1 KO (FHL1-null) newborn mice were injected with CHIKV by intradermal route and sacrificed 7-day post-inoculation.
(A) Quantification of viral titers in tissues of WT and Fhl1 KO mice. (B) Hematoxylin and eosin staining of transversal section
of skeletal muscle in CHIKV-infected mice.

Further in vivo analysis demonstrated that FHL1 is a relevant host determinant
for CHIKV infection and pathogenesis (Figure 32). 9-day-old newborn control and
fhl1ke were inoculated with CHIKV and viral loads were monitored at 7 days post
inoculation in different tissue types. Whereas joints and muscles were highly infected
in WT littermates, viral titers were below the detection threshold for FHL1-null mice.
Furthermore, histology and immunohistochemistry analysis demonstrated necrosis of
muscle fibers of the skeletal muscle of WT mice, whereas FHL1-deficient mice muscle
exerted no detectable pathology. These
results validated that FHL1 is a key
player in CHIKV tropism and
pathogenesis (Meertens et al. 2019). A
work published recently by W.H. Ng and
colleagues also validated our findings in
FHL1”- mouse model and further
demonstrated that CHIKV unable to
mediate interactions with FHL1 was

. . . . . Figure 33: FHL1 protein is required for replicative spherule
avirulent in vivo. Finally, this work also formation. Transmission electron microscopy of control and

i i AFHL1 HAP1 cells challenged with CHIKV21 at 24 h after
showed that inoculated mice were jyfction.

protected from disease upon challenge
with CHIKV and ONNV, and that the
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protective effect was also observed in RRV- and MAYV- challenged mice. Altogether
these data confirm the importance of FHL1 in CHIKV replication, tropism and disease,
and highlighted its potential as a therapeutic strategy (Ng et al. 2023).

From functional perspective, we demonstrated that FHL1 is involved in the
early steps of viral infection by regulating negative-strand RNA synthesis. Electron
microscopy investigations demonstrated that in the absence of FHL1, CHIKV
replicative spherules couldn’t be formed at the plasma membrane (Figure 33).
Biochemical analysis also demonstrated that FHL1 directly interacts with the nsP3
protein through the nsP3-HVD domain (Figure 34A-B). Interestingly, FHL1 was also
found within nsP3-cytoplasmic granules, G3BPs, and other interacting partners
(Figure 34A-B). The comparison of CHIKV and ONNV HVD sequences with those of
other alphaviruses led to the identification of a region of 32 amino acids (residue 424
to 456) involved in nsP3-FHL1 binding (Figure 34A). Deleting this region abolished
nsP3/FHL1 interaction, and CHIKV lacking this interacting motif exerted a strong
defect in viral replication (Meertens et al. 2019). In addition to FHL1, we demonstrated
that FHL2, which is also a four-and-a-half LIM domain protein expressed in skeletal
muscles, can restore, to some extent, CHIKV infection in FHL1-knockout cells. These
suggest a redundant function between both proteins.

Another group also validated FHL1/nsP3-HVD interaction through the Nuclear
Magnetic Resonance (NMR) strategy (Lukash et al. 2020). NMR can identify
alterations in the nearby electronic environment caused by binding interactions,
providing insights into the specific regions of a protein involved in a binding interface.
The HVD-interacting region established in this study contains the previously identified
HVD sequence (residue 424 to 456) but also overlaps in the N-terminal part with one
of the CD2AP-interacting motifs. Whereas it was demonstrated that HVD/CD2AP
interaction is not dependent on FHL1, it is still unknown if there is any additive proviral
function of the HVD/CD2AP/FHL1 complex (Lukash et al. 2020).

Interestingly Lukash and colleagues reported that several cell lines which do
not express FHL1, such as Huh7.5 or HepG2, are susceptible to CHIKV infection.
Furthermore, CHIKV infection in fh/1-knockout HEK-293T cells replicates significantly
less than in WT cells, but is still viable. The discrepancies observed between this study
and ours on the importance of the effect of FHL1 depletion on CHIKV replication, which
is more important in our experiments, could be explained in part by the CHIKV-strain

used for the infection experiments. Indeed, our work demonstrated that in contrast to
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epidemiological CHIKV strain from Reunion Island, the enzootic West African strain
didn’t show the same level of dependence on FHL1. In the study performed by Lukash
and colleagues, the CHIKV strain used was the attenuated CHIKV 181/clone 25, a
live-attenuated derivative of Southeast Asian human isolate strain AF15561
(Gorchakov et al. 2012). In addition, the tested cell lines expressed FHL2, although at

low levels, which can restore to some extent viral infection.
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Figure 34: FHL1 protein directly interacts with CHIKV nsP3-HVD domain and is recruited within nsP3 cytoplasmic
condensates. A, Alignment of HVD from different CHIKV strains and different alphaviruses. HVD-motifs involved into
BIN1, CD2AP, G3BP and FHL1 binding are depicted in colored boxes. B, HEK293T cells were co-transfected with plasmids
encoding haemagglutinin (HA)-tagged FHL1A (FHL1A-HA) and Flag-tagged wild-type CHIKV nsP3, CHIKV nsP3(AHVD) or
CHIKV lacking the amino acid region 423—-454 (AR4). Proteins from cell lysates were immunoprecipitated with anti-Flag
beads followed by immunoblot analysis with Flag, HA and G3BP1 and G3BP2 antibodies. C, Confocal microscopy of the
colocalization of CHIKV nsP3 with FHL1 in fibroblasts inoculated with CHIKV nsP3—mCherry (MOI of 2), fixed 48 h after
infection and stained with anti-FHL1 antibody. Adapted from Meertens et al. 2019.
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Thesis Objectives

Chikungunya virus is a re-emerging arthropod-borne virus that caused several
outbreaks in the last decades. It belongs to arthritogenic alphaviruses, a group of
positive single-stranded RNA viruses causing musculoskeletal disease that can
persist for months. Although substantial advances in understanding CHIKV biology
and physiopathology, no efficient antiviral treatments are available. A hallmark of
alphaviruses is the formation of viral replication complexes (VRC) at the plasma
membrane of infected cells, which shelter viral RNA synthesis. One of the viral proteins
required for vRC formation and RNA replication is the non-structural protein 3 (nsP3).
Multiple studies reported the critical role of nsP3 in viral replication and host cell
response regulation. nsP3 mediates multiple interactions with host proteins such as
FHL1 and G3BP through its hypervariable domain, allowing alphavirus adaptability to
different hosts. In the late stages of the infectious cycle, it organizes cytoplasmic
condensates. It also counteracts the cellular antiviral response by disassembling
stress granules via its macrodomain (MD). Despite recent advances, nsP3 remains
the most enigmatic viral protein, and its precise role in vRC formation, RNA synthesis,
and host response regulation remains unclear.

The first part of my thesis aims to characterize the structure and function of
alphavirus nsP3 using CHIKV-nsP3 as a model. In collaboration with Dr. Juan
Reguera’s team Architecture and Function of Biological Macromolecules laboratory
(AFMB, UMR7257), we sought to determine the structural organization of the in vitro
purified CHIKV nsP3 by single-particle cryo-electron microscopy approach. The
results revealed the helical arrangement of the nsP3 through its alphavirus-unique
domain. In the second part of this study, we sought to determine the relevance of nsP3
oligomers during CHIKV infection. Imaging approaches by confocal and electron
microscopy were applied to decipher CHIKV nsP3 organization and composition in
situ. Finally, by generating a panel of nsP3 mutants unable to oligomerize, we aimed
to assess the impact of nsP3-oligomerization on the establishment of efficient viral
replication and productive viral spreading.

The second part of my thesis assessed the importance of CHIKV nsP3 and
FHL1 interaction, a major CHIKV host dependency factor previously identified by our
group. Collaborative work with Pr. Félix Rey group Structural Virology (Pasteur

Institute) applied a nuclear magnetic resonance (NMR) approach to identify the nsP3
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domain mediating FHL1-binding. Next, we generated CHIKV mutant viruses unable to
mediate FHL1-binding and assessed their replicating ability. By developing human cell
lines knocked out for nsP3-major interacting factors, we validated the importance of
FHL1 for different CHIKV strains. Multiple functional studies using CHIKV replicon
systems, imaging approaches, and biochemical approaches aimed to understand

better how FHL1 enables CHIKV replication and productive spreading.
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Results

A. The alphavirus nsP3 protein forms helical scaffolds driving viral

replication and particle assembly (submitted, under revision)

Chikungunya virus (CHIKV) is a re-emerging Old-World alphavirus, causing
debilitating musculoskeletal disorder, which persist from weeks to months. Despite
many efforts to understand CHIKYV life cycle and develop new antiviral treatments or
vaccines, we still lack comprehension of the fundamental aspects of CHIKV replication
and persistence. Four viral proteins called non-structural proteins (nsPs) orchestrate
viral replication. Among them, the nsP3 is the most enigmatic alphavirus protein, that
is absolutely required for virus infection. nsP3 is localized in replication complexes
(VRC) formed at the plasma membrane of infected cells, where it participates to RNA
synthesis. Furthermore, nsP3 also accumulates in cytoplasmic granules of unknown
function.

In this study we aimed to characterize nsP3 structure and function during
CHIKV replication. A collaboration with Dr Juan Reguera (Viral Macromolecular
Complexes team, AFMB, Marseille, France) and Dr Michael Hons (EMBL) permitted
to characterized the cryo-electron microscopy structure of purified CHIKV-nsP3. The
obtained structure revealed that nsP3-Alphavirus Unique Domain (AUD) is a unique
oligomerization module that triggers the formation of nsP3 helical scaffolds in vitro.
These nsP3-helices organize into a structure similar to the putative cytoplasmic crown
observed above the nsP1-capping pores at the vVRC neck. With the help of Dr. Beate
Kimmerer, Dr Céline Amadori and Laurine Couture, | validated the functional
importance of these structures, demonstrating that nsP3 cytoplasmic granules are a
hallmark of alphaviruses and are highly-ordered tubular networks recruiting nsP3-
interacting factors (FHL1, G3BP), viral capsid proteins and genomic RNA. Mutations
in the AUD that disturb nsP3-oligomerization, significantly impacts RNA synthesis,
capsid protein sub-cellular localization and infectious particles production.

Altogether, these results suggest that AUD-oligomerization is a critical step to
ensure nsP3 activities, which includes viral RNA synthesis and vRC formation. In
addition, nsP3-cytoplasmic tubes, formed in the late stage of the viral cycle and
containing viral RNA, capsid protein and proviral host-factors, might be a

microenvironment for the formation of new infectious particles.
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ABSTRACT

Alphaviruses, including chikungunya virus (CHIKV), are a group of positive-stranded
RNA viruses that represent an ongoing challenge to medicine and public health.
Alphaviruses replicate their genome within spherules that house the viral replication
complexes (RCs) at the plasma membrane. RCs are made of four nonstructural
proteins (nsP1 to 4) translated as a polyprotein P1234 which is self-cleaved by a viral
protease nsP2 '. Proteolytic processing acts as a molecular clock triggering the
transition from the synthesis of dsRNA intermediate to the synthesis of new progeny
of viral genomic and sub genomic RNAs. However, how polyprotein processing
regulates other viral functions is poorly understood. Additionally, the mechanisms of
newly synthetized RNA trafficking from the viral spherules to the cytoplasm for
packaging into virions remain unknown. Here, we show that the nsP3, an enigmatic
alphavirus-encoded protein?3, has a critical role in the coordination of viral replication
and particle assembly. Cryo-electron studies showed that, upon the cleavage at nsP2-
nsP3 junction, nsP3 assembles into tubular structures made by the helical
arrangement of its alphavirus unique domain which acts as an oligomerization module.
NsP3 helical scaffolds are essential for the formation of mature RCs by establishing a
crown structure above de nsP1-dodecameric ring at the neck of the viral spherules. As
the infection progresses, nsP3 proteins organize into cytoplasmic tubular structures
containing viral genomic RNA, capsid and host factors required for productive infection.
CHIKV harboring mutations in the AUD which prevent or disturb nsP3 helices have a
strong defect in viral replication, assembly and release, respectively. Altogether, our
results reveal an unexpected nsP3-dependent molecular organization required for
alphavirus replication and subsequent assembly, raising the possibility of targeting this

process for therapeutic intervention.
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MAIN TEXT

Many alphaviruses, including CHIKV, are emerging and re-emerging mosquito-borne
viruses that represent a significant threat to human health due to the current context
of global warming®. Alphaviruses cause neurological and arthritogenic diseases in
humans than can persist months to years after the initial infection. No efficient vaccine
or therapeutic means against alphaviruses are available, highlighting the urgent need
to provide fundamental knowledge about their biology. Alphavirus genome is a single-
stranded positive RNA organized in two open reading frames (ORFs) 5. The 5° ORF
encodes the P1234 polyprotein that is processed to generate four non-structural
proteins (nsP1- to 4) involved in viral replication and immune evasion 5. The 3’ ORF
is transcribed into a sub-genomic positive-stranded RNA and encodes the structural
proteins important for virus assembly and budding %6. The mechanisms of alphavirus
replication and virion assembly are poorly understood. Alphavirus infection induces
invaginations of the plasma membrane called spherules that house the viral replication
complex (VRC) which consist in the double stranded viral RNA (dsRNA), the viral non-
structural proteins nsP1 to 4 and cellular factors. 5. These virus-induced organelles
create an optimal micro-environment for the synthesis of new capped and
polyadenylated genomic RNAs and subgenomic RNAs and protect the dsRNA
replication intermediates from host immune responses. Structural studies showed that
the nsP1, which mediates viral RNA capping, gates the replication organelles by
forming a dodecameric pores that associate with the spherule neck’. Reconstitution of
the alphavirus RC showed that nsP1 associated with one nsP4 (RNA dependent RNA
polymerase) at the center of the pore & Recent tomographic reconstructions of
spherule necks in infected cells confirmed this architecture and also identified a tubular

structure at the cytoplasmic side where the nascent RNA would be directed 8°. The
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newly synthetized viral RNA is exported from the spherules to the assembly sites to
form the nucleocapsid in the cytosol. Tomographic studies of particle budding showed
how preformed viral capsids containing gRNA reach the cell membrane, resulting on
the budding of the virions'®. However, the molecular mechanisms by which the nascent
viral gRNA at the RCs ftraffics to the sites of assembly and is subsequently
encapsulated into virions, as well as the role of viral components in this temporal and
spatial process remain elusive.

The nsP3 is probably the most fascinating alphavirus-encoded protein. NsP3 is
composed of three domains, a macrodomain (MD) which recognizes and hydrolyses
ADP ribosylated proteins, a conserved Alphavirus Unique Domain (AUD) required for
RNA synthesis ', and a hypervariable domain (HVD) mediating extensive host
interactions important for viral replication and adaptation to the host 2°.The structure
and function of nsP3 has remained elusive over the years. nsP3 is generated after the
processing of the P1234 precursor by the viral protease nsP2. The only structural
information available of nsP3 derives from an uncleaved form of Sindbis virus nsP2-3
construct showing a mysterious conformation with the AUD interacting with the
protease domain of nsP2 conferring a U shape to the polyprotein'?. During the early
phase of infection, nsP3 localizes at the cytoplasmic side of the viral spherules and is
important for RNA synthesis €, however its precise organization within the vRC is not
understood. As the infection progresses, nsP3 assembles into enigmatic cytoplasmic
granules (referred here as “alpha-granules”) that are an hallmark of alphavirus
infection. Alpha-granules are distinct from vRC and are believed to sequester the Ras
GTPase-activating protein-binding proteins (G3BPs) to inhibit the formation of

cytoplasmic stress granules '3 and consequently host cell translation. However, how
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these enigmatic structures are organized and how they regulate alphavirus life cycle
remain elusive.

Here, we provide major insights into the mechanism of alphavirus replication and
assembly. We describe the cryo-EM structure of CHIKV nsP3 at 2,35 A resolution.
We show that, upon proteolytic cleavage of the P1234 polyprotein, nsP3 polymerize
via its AUD to generate unprecedented helical scaffolds (HSs). These scaffolds form
the cytoplasmic crown above nsP1-capping pore at the neck of vRC, thus enabling
VRC formation and RNA synthesis. As the infection progreses, nsP3 HSs assemble
into tubular structures also define the internal architecture of alpha-granules, which act

as platform for infectious particles production.

Atomic structure of alphavirus nsP3 helical scaffolds. We expressed the CHIKV
nsP3 in Hi-5 insect cells (see methods). Purification of nsP3 by consecutive affinity
and size exclusion chromatography at 0.5 M NaCl yielded both monomeric and high
molecular-weight nsP3 species. Unexpectedly, analysis by negative staining electron
microscopy revealed that the latter correspond to tubular macro-complexes harboring
a well-defined internal cavity delimited by a weakly structured matrix and surrounded
by a jelly-like shield (Extended Data Fig.1 a, b). The nsP3 monomers can re-assemble
in vitro by lowering low salt concentration (Extended data Fig1 c). We also determined
the structure of the nsP3 tubes by cryo-electron microscopy (cryo-EM) at 2.52 A
resolution (EMD: 17729, Extended data Fig.2 and Table S1). Local refinement allowed
to reach 2.36 A on which we refined the AUD structure from an Alphafold2 prediction
(EMD: 17678; PDB: 8PHZ, Extended data Fig.2, Table S1 and supplementary
information) and reconstitute the helical assembly (PDB: 8PK7). We found that the

tubes are made by a helical arrangement of the nsP3 AUD with an axial rise of 2.782
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A and a helical twist of -164.175 ° (Extended Data Fig.2, methods and supplementary
information). Lateral views clearly reveal the existence of two-start parallel helixes (hA
and hB) with a right-handed arrangement of the AUD (Fig. 1). Each helix has 11.37
protomers per turn (Fig. 1 a,b). The assembly generates interstitial positively charged
pores connecting the negatively charged inner cavity with the exterior (Extended data
Fig.3). This charge distribution would allow the flow of nucleic acids inside and their
exit through the interstitial pores following the negative to positive charge gradient.
Although barely visible in the structure due to their high flexibility, the N-terminal MD
and the C-terminal HVD, are clearly projected to the outside of the tubular structure
(Fig.1a). Refinement using a larger mask yielded a lower resolution map of the helical
particles (2.98 A resolution, EMD: 17730) with discernable globular appendices that
can be assigned to the MD by main-chain connectivity (Fig. 1b). The MD of each nsP3
protomer is lying on the next AUD (A n+1) of the same helix. A 3D focused classification
provided one 3D class clearly showing the beginning of the HVD interacting with the
MD of the n-1 protomer (Fig. 1c, Extended Data Fig.2, EMD: 17730). Because of the
low resolution of the map (6.84 A) we could not deduce the exact position of contacts
between the MD and HVDs, which are connected to the AUD through long flexible
linkers. Beside these limitations, the structure clearly shows that MD-MD and HVD-MD
interactions build a flexible and structured shield on the exterior of the tube which
contributes to the interprotomer interactions.

The nsP3 AUD is an oligomerization module activated by the nsP2-3 polyprotein
cleavage. The AUD core is a hallmark of alphavirus nsP3 proteins and on the light of
the helical structure its folding acquires a new sense (see Fig. 1d and sequence
alignment in Extended Data Fig.4). It consists of four alpha helixes (a1-a4) with

extensions at the N and C terminus acting as oligomerization modules (C and N O-
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modules) which are responsible for lateral and axial contacts with the AUD of
neighboring protomers, respectively. The lateral and axial interfaces bury 320 A2 and
530 A? of surface area, respectively (Fig. 1e). The O-modules are rich in positively
charged residues and hold the core of neighboring complexes both contacting with two
regions including residues Y200 to K222 and R243 to P257 (Fig. 1f). The R243 to P257
region contains a loop flanked by C246 and P257 residues (O-loop) rich in acidic
residues which adopts a slightly different conformation as compared to the predicted
Alphafold2 '* structure, consistent with previous structures reported on Sindbis virus
(SINV)'? (Fig. 1g). The O-loop mediates extensive interactions with both N- and C O-
modules from hA n-1 and hB n-protomers, respectively. Even if no stable salt bridges
are observed in the structure, the charge distribution is suggestive of an interaction of
electrostatic nature (Extended data Fig. 3) which is in line with findings that high salt
concentrations promote filament disassembly in vitro (Extended data Fig.1 c). In
addition, a network of hydrogen bonds woven by residues A251, S254, V211, Y200
with residues H207, Y266, K304, Q301 and K302 of hB n-protomer seals the axial
contacts. Likewise, residues M219, K222, D249 and C246 coordinate h-bonds with
R187, A185, G203 and R205, stabilizing the lateral interface (Fig. 1f).

The cleavage of the P1234 precursor at the boundary between nsP2 and nsP3 is
important for viral infection and pathogenesis 2. Interestingly, the superposition of
AUD domains of HSs and uncleaved nsP2-nsP3 protein reveals that in the uncleaved
polyprotein the O-loop is completely buried by the nsP2 protease domain preventing
HSs formation (Fig. 1g). Therefore, nsP2 protease- mediated cleavage of the nsP2-3
junction might release the O-loop and trigger the nsP3 AUD scaffold formation (Fig.
1g, see section nsP3 helical scaffolds form tubular structures that define the

architecture of alpha-granules).
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Figure 1. Structure of CHIKV nsP3 helical scaffolds (HSs). a, Cryo-EM map of nsP3 HSs at 2.5 A resolution (EMD:
17729) is represented in light grey. The left panel shows a longitudinal view of the scaffold with two turns of the two-start
helix of AUD domains (hA and hB) colored in light and dark green, respectively. The N and C terminus of each protomer
are colored in blue and red, respectively. The right panel shows a transversal section of the same structure, 11 protomers
per turn are visible, the dimensions of the internal and external diameter of the AUD scaffold are indicated. b, same
representation of the cryo-EM map calculated with a larger mask at 2.98 A resolution (EMBD: 17730) colored in dark
grey. Additional densities corresponding to the MD are visible and colored in cyan and blue for the hA and hB,
respectively. The right panel shows the transversal section of the structure as in a. The outer diameter of the scaffold
including the MDs is indicated. ¢, Cryo-EM map after local 3D classification at 6.4 A resolution (EMBD: 17730) is shown in
yellow. The AUDs are colored in light green and labeled. The N and C terminus of the AUD are colored in blue and red
respectively. This map shows the connection of the AUD N terminus with the density corresponding to the MD, and also
the interaction of the beginning of the HVD at the C terminus of the nearby AUD n+1 contacting the protomer n MD. d,
Cartoon representation of the AUD domain with the oligomerization modules (O-modules) which mediate lateral and axial
contacts colored in light grey and dark green, respectively, and labeled. The oligomerization loop, which mediates
contacts in both axial and lateral interface, is colored in cyan and labeled. e, The interprotomer interactions are shown in
the context of the helical scaffold. The two helices of AUD, hA and hB, are represented in light and dark cartoons and
labeled. The AUD An is colored in green and the residues mediating interprotomer contacts are shown in spheres and
colored as in panel d. The residues mediating contacts from Bn and A n-1 protomers are also shown in spheres. The
axial (Bn/An) and lateral (An/An-1) interfaces are indicated by dashed line squares. f. Detailed representation of axial and
lateral contacts between AUDs are shown in the upper and bottom panels, respectively. AUDs are labeled, represented in
cartoon and colored as in panel e. The residues mediating interprotomer contacts are shown in sticks and labeled.
Hydrogen bonds are shown by yellow dashed lines. g, Superposition of the Alphafold2 predicted structure of the
uncleaved nsP2-3 on the nsP3 HSs. One turn of the helical scaffold is shown in dark and light grey cartoon (for hA and
hB respectively). The model is superposed in the hA AUD of the helix. It is shown with nsP2 protease surface colored in
magenta, the MTase domain in olive green, the nsP3 MD domain in blue and the AUD in green cartoons. The protease
domain completely blocks the axial contacts of the helical scaffold in the nsP2-3 uncleaved structure.
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NsP3 helical scaffolds are part of the viral replication complex. NsP3 is a
component of the VRC 8. Tomographic reconstruction of CHIKV spherule necks
revealed the vRC architecture with a molecular pore delineated by a nsP1 dodecamer
ring connected to a larger tubular structure (crown) in its cytoplasmic side &°.
Superposition of nsP3 HSs into the crowns shows similar dimensions and shape &°
(Fig. 2). The tomographic reconstruction of the vRC reported by Laurent et al.® shows
perimetral volumes which correlate well in the superposition with the nsP3 MDs (Fig.
2a). This perimetral volumes are lost in Tan et al & (Fig. 2b). For both tomographic
reconstructions a 12-fold symmetry (C12) was imposed to the calculated volumes
which is consistent with nsP1 capping pores. However, this conflicts with the helical
symmetry that we find now for nsP3 scaffolds (with 11.37 nsP3 protomers per turn).
Interestingly, mismatched symmetries of ring-like complexes as the observed in
icosahedral viruses vortex and bacterial flagellar rotors are associated to dynamic
processes essential for virus assembly and DNA packing or bacterial motion,
respectively’>'®. One can speculate that symmetry mismatches between the nsP1
capping pores and nsP3 scaffolds might underlie motions between both modules

occurring during transcription and replication.

Helical arrangements of nsP3 AUD form tubular structures that define the
architecture of alpha-granules. In infected cells, CHIKV nsP3 accumulates in large
cytoplasmic alpha-granules that do not co-localize with the dsRNA and are distinct
from vRCs 231718 (Extended data Fig 5a,b). During the early phases of infection, the
alpha-granules appear globular and spherical (Extended data Fig 5a-d) while

assembling into irregular internal structures up to 0.8 pm long at later stages.
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nsP 1pores

nsP3 AUD

Figure 2. Superposition of nsP3 HSs on tomographic reconstructions of membrane-associated CHIKV
RCs. A, Superposition of nsP1 capping pores and the nsP3 scaffolds on the tomographic reconstruction of
CHIKV RCs. Top and lateral views are shown in the top and bottom panels respectively. The volume is shown as
a transparent grey surface. nsP1 and nsP3 AUDs are colored by protomer and shown in spheres, the MDs of
nsP3 are shown in cartoon and colored in cyan. Their position with respect to the AUDs was determined based
on their fitting on the map shown in Fig. 1.b (EMD: 17730). The tomographic volume was calculated applying a
12-fold symmetry and consequently has 12 outer volumes on the region which are shown numbered °. The
superposition shows the consistent matching in size and shape of AUD helices with the rings above the nsP1
capping pores and the outer spherical volumes have a partial matching with the MDs positions found in HSs.
However, the structure of the nsP3 helical scaffold have 11,37 protomers per turn instead of 12, slightly breaking
the symmetry with the nsP1 pores and the volume reconstructions. Superposition allows to confidently assign the
central ring above nsP1 to the AUDs and the peripheral volumes to the MDs. b. same representation of the
superposition of capping pores and nsP3 scaffolds on the volume of RCs reported by Tan et al.8 . The volume
reaches higher resolution and only shows electron density for the AUD region of the nsP3 scaffold. The volume
was also calculated imposing C-12 symmetry.
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(Extended data Fig 5 b-d). Alpha-granule formation is a hallmark of alphavirus biology
(Extended data Fig 5e). Of note, alpha-granules length and morphology varies
depending on the CHIKV strain or lineage (Extended data Fig 5c-d). An average of 40
alpha-granules are formed per cell after 24 h post-infection. Of note, the expression of
nsP3 alone, independently of the presence of other viral components, is sufficient to
induce alpha-granule formation. (Extended data Fig 5e).

Consistent with Fig.1g, alpha-granule formation depends on nsP2-nsP3 processing.
Indeed, expression of the P1234 precursor harboring mutations affecting the nsP2-
nsP3 cleavage'®? prevents assembly of alpha-granules (Extended data Fig 6).
Transmission electron microscopy studies performed on either CHIKV-infected
primary fibroblasts or cells stably expressing nsP3 revealed that the alpha-granules
are made by a honeycomb arrangement of tubular structures consistent in size and
shape with nsP3 HSs (Fig 3a, Extended data Fig.7a). Immunogold labeling of nsP3
confirmed the identity of these scaffolds (Extended data Fig.7b). NsP3 tubular
structures are found in cells either infected by several alphaviruses such as Mayaro
virus (MAYV) or O'Nyong Nyong virus (ONNV) or in cells transfected with plasmids
encoding Eastern Equine Encephalitis virus (EEEV), MAYV or ONNV nsP3 (Extended
data Fig.7c). Confocal and electron microscopy studies show that the nsP3 tubes
contain G3BPs 2 and FHL1 2", two host factors that bind the nsP3 HVD (Extended
data Fig.7d-e). Considering the density of nsP3 scaffolds in the granules (400 helices
/um?) and the number of nsP3 protomers per um in the HSs (3870 nsP3/um), we
estimate that 1.55 million nsP3 protomers would be present in 1 um? of alpha-granules.
This indicates that nsP3 tubular structures are formidable molecular traps sequestering

host factors important for infection.
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Figure 3. CHIKV nsP3 assembles
into tubular structures that define
the architecture of alpha-granules.
a, Transmission electron microscopy
of human fibroblasts infected with
CHIKV 21 strain (MOI of 10) for 24 h
(upper panel) or stably expressing the
CHIKV nsP3 (lower panel).
Longitudinal (left) and transversal
(right) views of the nsP3 tubes are
shown. Images are representative of
two independent experiments. Scale
bars, 500nm (mock panels) and 200
nm (infection and nsP3-
overexpression panels). b, Human
fibroblasts were infected with CHIKV
nsP3-mCherry (MOI of 10) for 24h.
Cells were immunostained for capsid,
E2 or nsP1 viral proteins. Co-
localization analysis were performed
using JACoP plugin implemented in
ImageJ 32. Scale bars, 20 um. Images
are representative of 3 independent
experiments. ¢, Human fibroblasts
were infected as described in a. Cells
were fixed and immunostained for
nsP3, capsid or E2 viral proteins (red
channel). CHIKV genomic RNA was
detected following incubation with
CHIKV specific fluorescent RNA
probes (green channel). Co-
localization analysis were performed
as described in b. Scale bars, 20 pm.
Images are representative of 2
independent experiments.
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Importantly, in infected cells, most of the nsP3 alpha-granules colocalize with both viral
capsid (Fig. 3b, Extended data Fig.7f) and the viral genomic RNA (Fig. 3c) but contain
neither E2 nor nsP1 proteins (Fig 3b-c), indicating that they are the site of passembly
of the viral nucleocapsids. This idea is in line with a study describing the imaging of
alphavirus capsid protein during virus replication in living cells ?2. Since the tubular
structures of in vitro-purified or in vitro-assembled nsP3 (Extended data Fig.1) do not
show any honeycomb arrangement, one can speculate that host or viral factors
besides nsP3 could mediate this organization through interactions with the exposed
MD or HVD. This unique nsP3 mediated internal architecture, combining solid ordered
scaffolds with intrinsically disordered regions, challenges our current understanding of

the architecture of biomolecular condensates?3 .

NsP3 helical structures are important for both CHIKV RNA replication and
infectious virion production. The nsP3 AUD has an intrinsic oligomerization capacity
and forms filaments when expressed in human cells (Extended data Fig. 8a, b).
Consistently, nsP3 molecules lacking the AUD domain do not form alpha-granules and
are diffusively distributed in the cell cytoplasm when compared to WT or nsP3 deleted
from the MD or HVD (Extended data Fig. 8a). We generated a panel of structure-based
mutations aiming to disturb nsP3 oligomerization in the context of the AUD alone
(Extended data Fig. 8c) or the full nsP3 Extended data Fig. 8d). We expressed the
nsP3 variants by transfection in U20S cells and investigated their ability to form
filaments and alpha- granules (Extended data Fig. 8c-d). All the nsP3 mutants were
similarly expressed but presented different phenotypes (Extended data Fig. 8e).
Mutants R187A/R205A, A252P, P255A, R187A, S254A/S255A, H207A, Q301A,

A250W, D249G/A250G/D251G showed AUD filaments and nsP3 alpha-granule
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formation like their WT counterpart (Extended data Fig. 8 c-d). Interestingly, the AUD
or nsP3 proteins harboring K302A/V303A or P247A/N248A mutations are
homogeneously distributed through the cytoplasmic with a strong reduction of alpha-
granule formation (Fig. 4a-b, Extended data Fig. 8 c-d). Finally, the Y200A mutant
failed to form alpha-granules and presented a homogeneous distribution in the cell
cytoplasm (Fig. 4a-b, Extended data Fig.8 c-d). We next purified the recombinant
K302A/VV303A, P247A/N248A and Y200A nsP3 mutants as monomers and tested their
in vitro oligomerization capacity by negative staining electron microscopy in
comparison with WT nsP3. At the same protein concentration (0.2 mg/ml),
K302A/V303A and P247A/N248A nsP3 molecules showed altered oligomerization
properties with the formation of long aggregates and a weak formation of scaffolds,
respectively. In agreement with the observations in cells, the nsP3 Y200A mutant was
unable to form tubes (Fig. 4c, Extended data Fig. 9 a,d). To investigate the role of nsP3
HSs during viral infection, we introduced the most disruptive AUD mutations
(K302A/V303A, P247A/N248A and Y200A) in a full length CHIKV Renilla Luc (Rluc)
molecular clone 2'. We transfected in vitro transcribed viral RNA into 293T or U20S
cells (Fig. 4d, Extended data Fig. 9) and monitored viral replication by measuring the
Rluc accumulation in cell lysates as a function of time (Fig. 4d). The Y200A mutation,
which prevents the formation of nsP3 helices, abolished viral replication, recapitulating
the phenotype of the replication-deficient CHIKV containing a GDD to GAA mutation
in the viral RNA-dependent-RNA polymerase nsP4 (Fig.4d Extended data Fig. 9b-c).
Viruses expressing the K302A/V303A or P247A/NV248A mutations showed significant
reduction in viral replication in 293T (Fig. 4d)). Importantly, both mutant viruses also
formed smaller plaques than their WT counterparts, accompanied by a drastic

reduction in viral titer in plaque assays, indicating a strong impairment of infectious
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virus particle release (Fig. 4 e,f, Extended data Fig. 9d-e). To further analyze the effects
of AUD mutations on CHIKYV life cycle, we introduced the corresponding them into a
CHIKYV replicon system that contain two luciferase reporter genes. A renilla luciferase
(RLuc) is fused in frame within the C-terminal hypervariable domain of nsP3, and a
firefly luciferase (FLuc) replaces the structural protein. RLuc activity allows to evaluate
at early time points both transfection efficiency and input RNA translation. Fluc activity
reflects the synthesis and translation of sub-genomic RNA, which happens only when
replication occurs. Kinetic curves showed that the initial translation of the incoming
RNA is not affected for all the AUD mutant tested (Rluc activity between 0- and 4-hours
post-transfection) (Fig. 4h). Interestingly, the Y200A has a strong defect in viral
replication with a kinetic curve similar to the GAA replication-dead mutant, (Fig. 4h-i).
However, P247A/NV248A and K302A/V303A were still able to replicate, albeit to a lower
level that the WT RNA (Fig. 4h-i). To further characterize the phenotype of the AUD
mutants, we analyzed nsP3, nsP2 and the capsid protein expression in transfected
cells by western blot. As a control, a complete inhibition of nsP2, nsP3 and Capsid
proteins expression was observed for Y200A and the GAA mutants (Fig. 4g). NsP2
and nsP3 protein synthesis was detectable in cells transfected with the P247A/V248A
and K302A/V303A mutant, but a lower level than the WT (Fig. 4i). However, for both
mutants, capsid protein synthesis was barely detectable, suggesting a defect in sub-
genomic RNA synthesis.

Interestingly, both K302A/V303A and P247A/NV248A mutated viruses displayed an
altered intracellular distribution of the structural capsid protein and a strong reduction
in nsP3/capsid foci formation when compared to the WT virus (Extended data Fig. 9
f,g). Overall, these data show that partial perturbations of the nsP3 scaffold assembly

affects alpha-granule formation, with drastic consequences on viral RNA synthesis,
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Figure 4. nsP3 helical scaffolds are required for CHIKV replication and infectious particle production. a-b, Characterization
of nsP3 AUD mutants. U20S cells were transfected with plasmids encoding FLAG-tagged wild-type CHIKV nsP3 or mutants
harboring substitutions of amino acids involved in AUD-AUD contacts (Y200A, P247A/V248A, and K302A/V303A). a, At 48 h after
transfection, cells were fixed and nsP3 sub-cellular localization was assessed by immunofluorescence using an anti-FLAG mAb.
Images were acquired by confocal microscopy and are representative of 2 independent experiments. White arrows indicate the
presence of nsP3 aggregates. Scale bars, 20 um. b. The number of nsP3 aggregates per cell was assessed using ImageJ. Each
symbol represents one cell. (n= 20 cells for each condition). One-way ANOVA with Dunnett's multiple comparison test
(****P<0.0001). ¢, Negative staining micrographs of nsP3 in vitro assembly experiments after incubation at 0.1M NaCl for 1h
showing the assembly of HSs WT, absence of HSs formation for Y200A mutant, and in comparison, with the wt, reduced formation
of HSs for the P247A/V248A mutant and formation of long collapsed HSs for the K302A/V303A mutant. White scale bars are 100
nm long. d-g, HEK293T cells were transfected with the indicated CHIKV in vitro-transcribed and capped RNA expressing Renilla
luciferase (Rluc). d, RLuc activity was monitored at indicated time points. GAA, replication deficient mutant. RLU, relative light units.
Data are mean = s.e.m. n = 3 independent experiments performed in quadruplicate. Two-way ANOVA with a Dunnett's multiple
comparison test (****P<0.0001). e.f, Viral titer in the supernatant of infected cells (24 h post-infection) were measured by plaque
assay. Images representative of WT (supernatant dilution at 1/1000) and mutant virus plaques (at supernatant dilution of 1/2). (e)
and bar graph showing the corresponding viral titers (f) are shown. Data are mean + s.e.m. n = 3 independent experiments
performed in duplicate. One-way ANOVA with a Dunnett's multiple comparison test (***P=0.0003). g. h-i. HEK293T cells were
transfected with in vitro transcribed and capped CHIKV dual luciferase replicon RNA to assess initial viral translation and
replication, h. RLuc activity and i. Fluc activity were monitored at indicated time points. GAA, replication deficient mutant. RLU,
relative light units. Data are mean + s.e.m. n = 2 independent experiments performed in quadruplicate. Two-way ANOVA with a
Dunnett’'s multiple comparison test (****P<0.0001; ***P =0.0003; **P= 0.0012.). i. HEK239T cells were transfected with in vitro
transcribed and capped full-length WT or mutant CHIKV RNA. Cells were harvested 48h post-transfection, lysated and total protein

were extracted and separated by SDS-PAGE. CHIKV nsP2, nsP3, capsid and cellular GAPDH proteins expression was assessed
by westernblot using specific antibodies.
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capsid protein localization and subsequent particle production. Inhibiting scaffold
assembly (Y200A mutation) causes a total lack of viral replication. Together, these
data suggest that nsP3 oligomerization is required for efficient viral RNA synthesis and
viral particle production.

Conclusion. In this study, we show that CHIKV nsP3 auto-assembles into HSs
important for viral infection. To our knowledge, nsP3 tubular structures represent a new
form of viral biomolecular condensates that contribute to the spatiotemporal
organization of alphavirus replication cycle, connecting RNA synthesis with virion
assembly. We propose that, during the early steps of infection, nsP3 helical assemblies
form a cytoplasmic crown that supports VRC and RNA synthesis. These results are
consistent with the vRC model provided recently by cryo-electron tomography (Tan et
al., 2022) that observed inactive nsP complexes anchored at the plasma membrane,
lacking a cytoplasmic crown. Furthermore, the nascent RNA would go through the
nsP3 scaffold and interact with the positively charged pores being expelled for
transcription (e.g. sgRNA) or retained for packaging (e.g. gRNA) through perhaps
recognition of specific gRNA packaging signals?*. As infection progresses, free nsP3
accumulates into alpha-granules (as occurs in nsP3 overexpression experiments)
organized by a highly-ordered networks of helical tubular scaffolds that recruit host
factors, viral gRNA and capsid proteins. We propose that in addition to its direct role in
vVRC formation and activity, nsP3-induced tubular networks might be
microenvironments that shelter and transport newly synthesized positive RNAs to sites
where packaging could be initiate. Further in situ cryo-electron tomography studies are
required to determine the three-dimensional architecture of nsP3 tubes in infected cells
and decipher how these structures orchestrate viral replication complexes formation

and particle production. Beyond, the inner architecture of alpha-granules also
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330 challenges our current understanding of the structural organization of non-
331 membranous organelles by combining both intrinsically disordered regions and highly
332 defined helical scaffolds.
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Extended Data Fig. 1. CHIKV nsP3 purification and electron microscopy analysis a. Size
exclusion chromatography profile of nsP3 protein expressed in insect cells after nickel affinity
chromatography at 0.5 M NaCl. Two picks are obtained, one at high molecular weight (1) and
another consistent with monomeric nsP3 (2). The inset shows an SDS-PAGE of the indicated
fractions for both peaks 1 and 2 showing the nsP3 migrated at the expected molecular weight in
both cases (61kDa). b, Negative staining TEM micrograph of the sample from the peak 1 of panel
a, showing the tubular structures formed by nsP3. ¢. The monomeric nsP3 was diluted to 0.2
mg/ml in buffers with decreasing NaCl concentration and equilibrated for 1h at. 4°C. The nsP3
assemblies start to appear at 200 M NaCl concentration. d. Representative fragments of electron
density maps (EMD: 17678) are showed in transparent cyan at the specified sigma. The refined
model (PDB: 8PHZ) is represented in sticks and colored by atom. The first and last residues for
each fragment are labeled. e. Fourier shell correlation curves for the helical refinement and the
focused refinement maps in the left and right panels respectively (EMD: 17729 and EMD: 17678,
respectively).
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Extended Data Fig. 2. Flowchart of the image processing pipeline for nsP3.
A representative micrograph section is shown with two different magnifications with exemplary nsp3 particle
segments. The iterative segment picking workflow is illustrated. Particles are extracted and representative class
averages are shown. Helical parameters were defined in helixplorer software (https://rico.ibs.fr/helixplorer, see
supplementary information). Unmasked and masked refinement were performed in cryoSPARC and Relion with
subsequent local classification procedures. 3D maps are represented in greyscale with two different thresholds
to show both the densities of AUDs and macrodomains. Final maps are shown with annotated overall
resolutions and B-factors. Used software packages are indicated. For a detailed description of the image
processing pipeline, see methods, Table 1 and supplementary information.




Extended data Fig.3
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Extended Data Fig. 3. Analysis of charge distribution on the AUD helical scaffolds. a, Surface charges
representation of two sides of the AUD monomer. The monomer on the left panel is represented as in Fig. 1d
with the same orientation as the monomer in the central panel. The O-loop displays negative surface charges
while the axial O-module, partly including the Zn finger, displays positive charges. b, a section through the
diameter of the scaffold shows the charge distribution of the interior which is rather neutral, equally combining
positive and negative charges. The right panel shows the surface of the positively charged surface of the
tubes. The positively charged interstitial pores of the helices connect with the external positive charged
surface suggesting that naked RNA could transit the pores and bind the scaffold surface. c. same
representation of the bottom and top of the HSs with positively and negatively charges, respectively, showing
the electrostatic nature of the AUD oligomerization and helix formation. The surface electrostatics were
calculated using APBS (https://www.poissonboltzmann.org/) on the ranges indicated by the scale-bars for
panel a, and bc respectively.
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Extended Data Fig. 4. Sequence alignment of the AUD from different alphaviruses. ESPript3 sequence
alignment representation of CHIKV (UniProt: Q8JUX6), O'nyong-nyong virus (ONNV) (UniProt: P13886), Ross
river virus (RRV) (UniProt: P13887), Mayaro virus (MAYV) (UniProt: Q8QZ73), Eastern equine encephalitis
virus (EEEV) (UniProt: Q4QXJ8), Venezuelan equine encephalitis virus (VEEV) (UniProt: P36327), Barmah
forest virus (BFV) (UniProt: P87515), Sindbis virus (SINDO) (UniProt: P03317), Aura virus (AURAV) (UniProt:
Q86924) and Sleeping disease virus (SDV) (UniProt: Q8JJX1). The secondary structures of the AUD are
indicated in the top and residue numbering corresponds to CHIKV. At the bottom the consensus sequence is
displayed, the residues maintaining hydrogen bonds in the lateral and axial interfaces are indicated by yellow
and red triangles, respectively, and cysteine residues coordinated with the Zn atom are labelled by stars. Those
residues maintaining contacts in the lateral and axial interfaces are indicated by yellow and red bars,
respectively. The contacts were calculated by the PISA server and alignment done with TCoffee (EBI). The
mutated residues in this study with drastic effects on replication and alpha-granule formation are indicated by
black dots. The regions forming the O-modules and O-loop are indicated by thick bars at the bottom of the
alignment following the same colour code as in Fig. 1d.
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Extended Data Figure 5. NsP3 alpha-granules and alphavirus infection. a,b, Human fibroblasts were inoculated
with the CHIK21 strain for 7 h (MOI of 10) or 24 h (MOI 2). Mock and infected cells were co-stained with a mouse
anti-dsRNA mAb and rabbit anti-nsP3 Ab. Representative images were acquired by confocal microscopy and are
shown. Replicative complexes (asterisk) and nsP3 alpha-granules (arrow) are shown. Co-localization analysis were
performed as described in Fig 3b. Images are representative from 2 independent experiments. Scale bars, 20 um. b.
nsP3-aggregates were quantified following image segmentation by signal thresholding. Graph bar showing the
number of nsP3-aggregates per cell (left) and the average aggregate size (right) from two independent biological
replicates (n=20 cells in mock, n=20 cells at 7 h.p.i and n=20 cells at 24 h.p.i). h.p.i, hours post-infection. One-way
ANOVA with a Dunnett’s multiple comparison test. Significant differences denoted by **** P < 0.0001, ** P = 0.0012.
c,d, Human fibroblasts were inoculated either with CHIKV21, West Africa, vaccine strain 181/25, Saint Martin or
Brazza CHIKV strains for 24 h. ¢, nsP3 alpha-granule was detected using anti- nsP3 specific Ab and images were
acquired by confocal microscopy. Data are representative from 2 independent experiments. d, The number of alpha-
granule per cell (left plot) and the average aggregate size (right plot) were quantified as in (b) (n=30 cells in
CHIKV21, n=6 cells for West Africa, n=9 cells for Vaccine strain, n=4 cells for St Martin and n=8 cells for Brazza
strain). One-way ANOVA with Kruskal-Wallis multiple comparisons test. Significant differences denoted by *** P =
0.0008, ** P = 0.0053, * P=0.0350. e. U20S cells were transfected for 48 hours with FLAG-tagged CHIKV-nsP3,
ONNV-nsP3, MAYV-nsP3 or EEEV-nsP3 expressing plasmids. Alpha-granules were detected by confocal
microscopy following anti-FLAG immunostaining. Images are representative from 2 independent experiments. Scale
bars, 20 um. f. The number of aggregates per cell (left plot) and the average aggregate size (right plot) were
quantified as in (b) (n=24 cells in CHIKV, n=18 cells in ONNV, n=12 cells in MAYV and n=12 cells in EEEV). One-
way ANOVA with a Dunnett’s multiple comparison test. Significant differences denoted by *P =0.0251.
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Extended Data Figure 6. NsP3 HS formation requires nsP2-nsp3 precursor cleavage. a-c, U20S cells were
transfected with a plasmid encoding the polyprotein precursor (P1234) or cleavage-deficient mutants (* indicates the
uncleavable sites). a, Cell lysates were separated by SDS-PAGE and non-structural proteins processing was
ascertained by immunoblot analysis with nsP1, nsP2, nsP3, nsP4 or GAPDH antibodies. b, The subcellular
localization of nsP1, nsP2 and nsP3 was assessed by immunofluorescence at 48 h post-transfection. a,b, data
shown are representative of 2 independent experiments. ¢, Graph bar showing the number of nsP3 aggregates per
cell (left) and the average aggregate size (right) from two independent biological replicates (n=20 cells in mock, n=43
cells for P1234, n=42 cells in P17234, n=21 cells in P12234 and n=31 cells in P142"34). One-way ANOVA with
Kruskal-Wallis multiple comparisons test. Significant differences denoted by **** P < 0.0001, * P=0.0232.
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Extended Data Figure 7. NsP3 tubular structure characterization. a, The left panel shows a micrograph
corresponding to a section of alpha granules perpendicularly cutting a bundle of HSs. A 0.2 um2 is depicted. The right
panel shows the interior of the rectangle magnified. 16 HSs are present and numbered within the 0.2 ym2 square. The
scaffold numbered as 13 is superposed to three concentric circles of the dimensions obtained for the HSs (see Fig. 1)
including the internal channel (green circle), the MDs (blue circle), the and external density around the tube (red circle)
with 10 nm, 20 nm and around 40 nm 15.8 nm and of diameter, respectively. Circles diameter and area were calculated
with Imaged for each one of the 16 HSs in the image (bottom panels) b. Transmission electron microscopy of CHIKV-
infected fibroblasts following immunogold labeling with an anti-nsP3 antibody. Scale bars, 200 nm. ¢. Transmission
electron microscopy of human fibroblasts. ¢ Transmission electron microscopy of human fibroblasts transfected with
empty plasmid (mock) or MAYV, OONV or EEEV nsP3 plasmids. Scale bars, 500nm. d. Transmission electron
microscopy of CHIKV infected human dermal fibroblasts following immunostaining using gold anti-FHL1 or -G3BP1 Ab,
showing that nsP3 tubular structures contain FHL1 and G3BP. Scale bars, 200 nm. e, Human fibroblasts were
inoculated with CHIK-nsP3-mCherry virus at MOI of 5 for 24 hours and immunostained for FHL1 and G3BP1
expression. Images were acquired by confocal microscopy (nsP3-mCherry in red, FHL1 and G3BP1 in green). Co-
localization analysis were performed as described in Fig 3b. Pearson’s coefficients (Pc) are shown for each staining
(n>15 cells). Scale bars, 20 um. f. Transmission electron microscopy of CHIKV-infected fibroblasts following
immunogold labeling with an anti-capsid antibody. Scale bars, 200 nm. (a-e) Images are representative of 2
independent experiments.
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Extended Data Figure 8. The AUD mediates nsP3 oligomerization. a. U20S cells were transfected with plasmids
encoding FLAG-tagged CHIKV nsP3, nsP3 Macrodomain (MD), nsP3 Alphavirus unique domain (AUD), nsP3
Hypervariable domain (upper panels), or CHIKV nsP3 deleted for one of these domains (AMD, AAUD or AHVD) (lower
panels). At 48h after transfection, cells were fixed and stained with FLAG antibody. Images were acquired by confocal
microscopy. Scale bars, 20 um. Images are representative of 2 independent experiments. b, Transmission electron
microscopy of U20S cells stably expressing the nsP3 AUD domain. White arrow and dashed lines show long filamentous
structures specific to AUD-transfected cells. Scale bars, 200 nm. ¢, U20S cells were transfected with either FLAG-tagged
wild-type nsP3 AUD or a panel of nsP3 AUD constructs harboring mutations of residues proposed to mediate interprotomer
contacts (see figure 1). AUD filaments formation was assessed 48 h after transfection by immunostaining with FLAG
antibody. Images were acquired by confocal microscopy and are representative of 2 independent experiments. Scale bars,
20 pm. d-f, U20S cells were transfected with the full-length FLAG-tagged CHIKV nsP3 carrying the AUD mutations shown
in (c). d, The ability of each mutant to form cytoplasmic aggregates was assessed by immunostaining with FLAG antibody.
Images are representative of 2 independent experiments. Scale bars, 20 um. e, Graph bar showing the number of nsP3-
aggregates per cell from 2 independent experiments (n = 15 cells). One-way ANOVA with a Dunnett’s multiple comparison
test. Significant differences denoted by **** P < 0.0001, **P = 0.0021. f, NsP3 expression in U20S transfected cells.
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Extended Data Figure 9. Role of nsP3 helical scaffolds during CHIKV infection a-f, U20S cells were
transfected with the indicated CHIKV capped in vitro transcribed RNA. GAA, replication deficient mutant. a,
U20S were fixed and immunostained with nsP3-specific Ab to assess the nsP3 sub-cellular localization by
confocal microscopy. b, Graph bar showing the quantification of nsP3 aggregates per cell from two
independent biological replicates (n=15) using ImageJ. Significant differences denoted by ****P <0.0001. c,d,
Supernatant of infected cells were collected at 24 h post transfection and viral titers were measured by
plaque assay on VeroEG6 cells. Images representative of WT and mutant viruses’ plaques (c¢) and bar graph
showing the corresponding viral titers (d) are shown. Data are mean + s.e.m. n = 3 independent experiments
performed in duplicate. One-way ANOVA with a Dunnett’s multiple comparison test (*P =0.0174). e, At 48 h
post-transfection, the subcellular localization of nsP3 and capsid proteins was monitored by
immunofluorescence. Images were acquired by confocal microscopy. Images are representative of 2
independent experiments. f, Quantification of CHIKV capsid and nsP3 alpha-granules per cell using ImageJ
from two independent biological replicates (n=20 cells in WT, n=24 cells in P247A/V248A, and n=22 cells in
K302A/V303A). Two-way ANOVA with a Dunnett’s multiple comparison test (****P<0.0001).
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METHODS

Recombinant expression and purification of CHIKV nsP3 protein.

Nsp3 was expressed in Hi5™ cells (Thermofisher) using BactoBac system
(Thermofisher). The coding sequence of nsp3 (corresponding to residues 1334-1863
of the non-structural polyprotein sequence from the S27 African prototype (Uniprot ID
Q8JUX6) was synthesized by Gen9 as a codon optimized gene and subcloned into a
pFastBac vector (Thermofisher) with a C-terminal hexahistidine tag. Site directed
mutagenesis was performed on the pFB-nsP3 construct by Q5 Site-Directed
Mutagenesis Kit Quick Protocol (NEB) and the whole nsP3 sequence was verified by
sanger sequencing. Recombinant bacmids and viruses were produced in YFP-DH10
Bac cells and Sf21 cells, respectively according to the manufacturer’s protocols
(Thermofisher). For protein expression, Hi5 cells were grown in suspension at a
density of 0.5-1.0x 10° mI"" and then infected with baculoviruses at 2% volume of the
culture. Cells were harvested at day 2-3 post cell arrest. Cells were resuspended in
buffer A (20mM Tris pH 8, 500mM NaCl, 2mM TCEP, 5% glycerol, 20mM imidazole)
supplemented with 2mM PMSF, 10 pg/ml DNAse and 5 mM MgSOs4, and lysed by
sonication. Lysates were centrifuged at 18,0009 for 1h to remove unbroken cells and
debris. The clarified lysate was incubated with Ni-NTA resin (GE Healthcare) in batch
at 4°C for 30 minutes. Resin was washed with 10 column volumes of lysis buffer and
the protein eluted over 1.5 column volumes with buffer A containing 500mM imidazole.
Elution fractions containing the protein were pooled and concentrated (Amicon 30k
MW C/O) for size exclusion chromatography. Samples were applied to a Supedex 200
10/300 increase column (GE Healthcare) pre-equilibrated with the size exclusion

buffer: 20 mM HEPES pH = 8.0 ; 500 mM NaCl; 5 % glycerol and 2 mM TCEP.
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Grid preparation for cryo-EM imaging

Quantifoil grids R2/1 were treated with plasma glow discharge (Quorum) two times for
25 seconds at 15mA with a 2 min pause between the pulses. 3.5yl of Purified nsP3
protein at 1mg/ml in freezing buffer (100mM NaCl, 20mM HEPES pH7.5 and 2mM
TCEP) were applied on the prepared grids and left to incubate for 1 min for binding at
RT. The grid was transferred in Leica GP plunge freezer and then blotted for 10s from
the back side. Grids were plunged into liquid ethane and then transferred and stored
in liquid nitrogen until the imaging session. For data collection on nsP3 grids we used
the Titan Krios microscope in ESRF CM01 beamline 2° at Grenoble, France. Vitrified
nsP3 grids were loaded into the microscope equipped with a Gatan K3 direct electron
detector and a Gatan Bioquantum LS/967 energy filter. Cryo-EM data were acquired
with EPU software (FEI) at a nominal magnification of x81,000, with a pixel size of
1.06 A and a total dose of 42 e/A? (see Table S1). 13,046 image frames were acquired
in super-resolution mode with a flux of 18.1 electrons per square-pixel, fractionated
into 40 frames with a defocus range from -0.6 ym to —2.6 ym. Using the CMO01 real-
time processing setup, within the SCIPION wrapper 26 , the imported movies were drift-
corrected using MotionCor2 and CTF parameters were estimated using Gctf for real-
time evaluation. Further data processing was conducted using the cryoSPARC suite
27 and Relion4.

Cryo-EM Image processing: 13,046 motion-corrected and dose-weighted
micrographs were imported into cryoSPARC for further processing and CTF estimated.
After exposure curation 12809 micrographs remained. Combining manual picking plus
two rounds of 2D classification template picking we obtained an initial set of templates
for template-based filament tracing. Filament tracing was performed with a segment
diameter of 130 A and a distance of 32.5 A based on measurements within 2D classes

and resulted in 6,283,414 particle images. Subsequent picking inspection (NCC score
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> 0.180, local power 83.0-108.0, curvature, 0.0012 (1/ A) and sinuosity <1.18) reduced
the selection to 831,539 particles (5,451,875 particles excluded). 807,973 particles
were extracted with an extraction crop size of 408 pixels and 2D-classified into 200
classes. Helical refinement without prior estimation of helical twist and helical rise was
not successful. Accordingly, helical twist and rise estimates were found by power

spectrum analysis in helixplorer software (https:/rico.ibs.fr/helixplorer/helixplorer/ see

supplementary information). Helical parameters were refined during 3D reconstruction
and converged to a twist of -164.175 degrees and a helical rise of 2.782 A. The map
refined to a nominal 2.52 A resolution (according to 0.143 threshold) and a B-factor of
106.0 (EMD: 17729). Symmetry expansion (Point group symmetry: C1, helical twist
(degrees): -164.175, helical rise (A): 2.782, helical symmetry order: 12 of all final
particles in this map was performed. Symmetry expanded particles (9,695,676
particles) were used in local refinement with a local mask covering an 3x3 array of 9
helical domains and a protruding central domain to cover the potential macrodomain
resulted in a map of a nominal 2.36 A resolution and slightly improved side chains
(EMD: 17678).

807,973 non-subtracted particles and reference maps from cryoSPARC were imported
from cryosparc into Relion. A first round of unmasked refinement was performed
followed by masked refinement giving rise to better defined protruding densities of the
potential macrodomain (EMD: 17730). For that a cylindrical mask covering the 30%
central section of the helix and the protruding densities was designed from the helix.
Different sets of masked 3D classification variants were tested (varying class size, with
and without alignment, with and without particle subtraction). Here a smaller mask

covering only a threefold array of two neighboring AUD and the protruding density was
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used. The best class was derived from non-particle subtracted classification into 3
classes (supplementary map in EMD: 17730).

Model building, refinement and analysis.

The first model of the whole nsP3 was obtained using ColabFold 28 (see supplementary
information). The predicted model AUD domain fitted perfectly in the maps with the
exception of the O loop which was traced by hand using Coot. A model with five AUD
including one protomer and four neighbor contacting protomers was done using Coot
and real-space refined using Phenix on the 2,35 A resolution map (PDB: 8PHZ and
EMD: 17678 respectively). The HVD and MD conformations predicted by Alphafold2
where incompatible with the helix formation, in consequence for the interpretation of
the MD densities at low resolution the MD was placed manually and fitted into density
using ChimeraX. The biological assembly with 120 protomers forming the helix was
calculated extending the helical symmetry with ChimeraX setting an axial rise of 2.782
A and a helical twist of -164.175 ° on the helical reconstruction map at 2.53 A resolution
(PDB: 8PK7, EMD: 17729). For the analysis of interprotomer contacts we used the
PISA server (https://www.ebi.ac.uk/pdbe/pisa/). We applied a cutoff of 3.5 A for

assigning H bonds as indicated in Extended Data Fig. 3.

Cell culture. HEK293T (ATCC, CRL-3216), Vero E6 (gift of Marc Lecuit, Pasteur
Institute Paris, France), BHK-21 (ATCC, CCL-10) and U20S cells (gift of Andres
Merits, University of Tartu, Estonia) were cultured in DMEM supplemented with 10%
FBS, 1% penicillin—streptomycin, and 25 mM HEPES. Fibroblast BJ-5ta cells (ATCC,
CRL-4001) were cultured in DMEM supplemented with 20% Gibco Media 199, 10%

FBS, 1% penicillin—streptomycin, 25 mM HEPES and 10 pg/mL Hygromycin D. All cell
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lines were cultured at 37 °C in 5% CO2. All cell lines were routinely tested to be free

of mycoplasma contamination.

Virus strains and production. CHIKV21 (strain 06-21 from Reunion Island) was
previously described 2° and obtained from Philippe Despres (Institut Pasteur, Paris,
France). CHIKV West Africa (strain 37997), CHIKV St Martin (H20235 2013 Asian),
MAYYV (strain TC 625) and ONNYV (strain Dakar 234) were obtained from the European
Virus Archive (EVA) collection. Viruses were propagated with limited passages on Vero
E6 cells. CHIKV 181/25 molecular clone (gift from Dr Gofinnet Christine, Institute of
Virology Charité, Berlin, Germany) was derived from the parental Asian strain
AF155561 and attenuated by two amino acid substitutions in the E2 glycoprotein .
Recombinant CHIKV nsP3-mCherry and CHIKV-Rluc molecular clones were derived
from CHIKV isolate obtained during the Mauritius outbreak in 2006 (GenBank
accession no. FJ959103) 3'. To generate infectious viruses from CHIKV molecular
clones, capped viral RNAs were generated from the Notl-linearized CHIKV plasmids
using a mMMESSAGE mMACHINE SP6 or T7 Transcription Kit (Thermo Fischer
Scientific) according to manufacturer’s instructions. Resulting RNAs were purified by
phenol:chloroform extraction and isopropanol precipitation, resuspended in water,
aliquoted and stored at -80°C until used. Thirty ug of purified RNAs were transfected
in BHK21 with lipofectamine 3000 reagent and supernatants harvested 72 hours later
were used for viral propagation on Vero EG6 cells.

All virus stocks were purified through a 20% sucrose cushion by ultracentrifugation at
80,0009 for 2 hours at 4°C. Pellets were resuspended in HNE1X pH7.4 (Hepes 5 mM,
NaCl 150 mM, EDTA 0.1 mM), aliquoted and stored at -80°C. Viral titers were

determined on Vero E6 cell by plaque assay and are expressed as PFU per mL and
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also by flow cytometry as previously described 2. Briefly, Vero E6 cells were incubated
for 1 h with 100 pL of 10-fold serial dilutions of viral stocks. The inoculum was then
replaced with 500 pL of culture medium and the percent of E2 expressing cells was
quantified by flow cytometry at 8 hpi. Virus titers were calculated using the following
formula and expressed as FACS Infectious Units (FIU) per mL. [Titer (FIU/mL) =
(average % of infection) x (number of cells in well) x (dilution factor) / (mL of inoculum
added to cells)].

Plasmid constructions. All N-terminal FLAG-tagged full-length nsP3 constructs
derived from CHIKV Sri Lanka/2006/SL15649 strain (Accession number:
MKO028838.1), the nsP3 macrodomain (MD; aa A1-T160), the alphavirus unique
domain (AUD; aa Q161-Y324) and the hypervariable domain (HVD; aa R325-L523)
were synthesized and cloned into pcDNA 3.1 (-) mammalian expression vector by
GenScript. The WT FLAG-tagged nsP3 and FLAG-tagged AUD constructs were
subcloned into a pLVX-EF1a-IRES-puromycin (Takara) using Notl and BamHI
restriction enzymes. pMC-GTU CHIKV P1234 WT and mutant replicase plasmids were
described elsewhere'® and kindly provided by Pr. Andres Merits ( University of tartu,
Estonia). FLAG-tag ONNV-nsP3 (isolate UVRIO804, accession number: ON595759.1),
FLAG-tag MAYV-nsP3 (isolate Haiti-1/2014, accession number: KY985361.1) and
FLAG-tag EEEV-nsP3 (isolate USA/R131399b/2019, accession number:
MT782295.1) were synthesized and cloned into pcDNA 3.1 (-) mammalian expression
vector by GenScript.

To establish pCHIKV with an Rluc gene insertion in the nsP3 gene (pCHIKV-RIluc), two
PCR fragments were amplified from pCHIKV-M 3. Part of the CHIKV nsp3 sequence
was amplified using primers 5009F (5-TGACCACAACGTGCCATCGCG-3’) and

Bo426 (5’ cggggtcgtacaccttggaagccatCAAGCTTTCGATTTCTCCTTCGTTG-3'), and
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a CHIKV sequence encoding parts of nsP3 and nsP4 was amplified using Bo427 (5'-
gtgctgaagaacgagcagGAgtcactaTCTTCTGAGCTACTAACTTTCGG-3') and Bo409 (5'-
GACTTCCTCCAGGGTGTTCACC-3’). Finally, the Rluc gene was amplified from
phRL-CMV (Promega) using primers Bo425 (5'-
CAACGAAGGAGAAATCGAAAGCTTGatggcttccaaggtgtacgaccccg-3’) and Bo428 (5'-
CCGAAAGTTAGTAGCTCAGAAGAtagtgacTCctgctcgticticagcac-3°).  The  three
fragments were fused by PCR amplification using the outer primer pairs 5009F and
Bo409. The resulting fragment was cut with Nhel and Agel and fused together with an
NgoMIV-Nhel fragment derived from pCHIKV-M into pCHIKV-M digested with
NgoMIV-Agel. For pCHIKV-RIuc mutants Y200A, two PCR fragments encompassing
the desired change were amplified from pCHIKV-Rluc using primers Bo408
(CACCACGTGCTCCTGGTCAGTG) and Bo1646 (5’-tcccttctagaGCtgagtacagtg -3’) or
Bo1645 (5’-cactgtactcaGCtctagaaggga-3’) and Bo409 (see above). The resulting
fragments were fused together using the outer primers Bo408 and Bo409. For
P247A/NV248A and K302A/V303A mutants, the primers encompassing the mutations
(Bo1646 and Bo1645) were replaced by Bo1651 (5-
ggcagaaatgcGCTGCTgatgatgcaga-3’) and Bo1652 (5-
tctgcatcatcAGCAGCgcatttctgee-3’), or Bo1654 (5’-ttagagcatttTGCTGCttgcactcctt-3’)
and Bo1653 (5’-acgcatcatctGecAcccaaaactgt-3’) respectively. The PCR fragments
containing the mutations were cut with Sacll and
Agel and fused together with a BamHI - Sacll derived fragment of pCHIKV-RLuc into

pCHIKV-RIuc cut with BamHI and Agel.

Lentiviral production. Lentiviral plasmids containing FLAG-tagged full-length nsP3 or

AUD were packaged as previously described ?'. Supernatants were collected 48 h and
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72 h after transfection, cleared by centrifugation (750g for 10 min), filtered using a 0.45-
pm filter and purified through a 20% sucrose cushion by ultracentrifugation (80,0009
for 2 h at 4 °C). Pellets were resuspended in HNE 1X pH 7.4, aliquoted and stored at
-80 °C. Fibroblasts were transduced by spinoculation (750g for 2 h at 33 °C) using

these lentiviruses and selected with puromycin (2 pg/mL).

Antibodies. The following primary antibodies were used: anti-Flag M2 mouse
monoclonal antibody (F1804, Sigma), anti-dsRNA J2 mouse monoclonal antibody
(Scicons), anti-nsP1, anti-nsP2, anti-nsP3 and anti-Capsid rabbit polyclonal antibodies
(in-house from Andres Merits’'s laboratory), anti-CHIKV E2 mouse monoclonal
antibody (3E4), anti-GAPDH mouse monoclonal antibody (SC-47724, Santa Cruz
Biotechnology), anti-FHL1 mouse monoclonal antibody (MAB5938, R&D Systems)
and anti-G3BP1 mouse monoclonal antibody (H-10 sc-365338, Santa Cruz
Biotechnology). The following secondary antibodies were used: Alexa Fluor 488-
conjugated goat anti-rabbit IgG (A11034, Invitrogen), Alexa Fluor 488-conjugated goat
anti-mouse 1gG (A11001, Invitrogen), Alexa Fluor 647-conjugated donkey anti-rabbit
IgG (A31573, Invitrogen), Alexa Fluor 647-conjugated donkey anti-mouse IgG
(A31571, Invitrogen), Alexa Fluor 594-conjugated donkey anti-rabbit IgG (21207,
Invitrogen), peroxydase-conjugated donkey anti-rabbit 1gG (711-035-152, Jackson

ImmunoResearch), and anti-mouse/HRP (P0260, Dako Cytomotion).

Immunofluorescence. For nsP3 aggregates characterization in infectious context,
human fibroblasts (1.1 x 10* cells per well) were grown on Lab-Tek CC2 chamber
slides (Nunc) for 24 hours. Cells were inoculated with CHIKV21 or CHIKV nsP3-

mCherry at the indicated MOIs. For immunofluorescence in the context of transient
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transfection, U20S (3 x 10° cells) were grown on Lab-Tek CC2 chamber slides for 24
hours. Cells were transfected with 250 ng of DNA expression plasmid using
jetOPTIMUS® DNA Transfection Reagent (PolyPlus) according to the manufacturer’'s
instructions. At 7 and 24 hpi, or after 48 h of transfection, cells were washed with PBS
and fixed with 2% (v/v) of PFA diluted in PBS for 15 min at room temperature. Fixed
cells were washed with PBS for 5 min, then incubated with 0.1 mM of glycine in PBS
for 30 min at room temperature. Cells were permeabilized and blocked with 0.1% Triton
X-100 and 3% (w/v) BSA in PBS for 45 min. Cells were incubated for 1 h at room
temperature with primary antibodies, and washed with PBS. Cells were labelled with
corresponding Alexa Fluor-conjugated secondary antibodies (1 pg.ml") for 30 min at
room temperature. All antibodies were diluted in PBS supplemented with 3% (w/v)
BSA. Slides were mounted with ProLong Gold antifade reagent containing DAPI for
nuclear staining (Thermo Fisher Scientific). Fluorescence microscopy images were
acquired using a LSM 800 confocal microscope with the following objectives: Plan-
Apochromat 63x/1.40 QOil DIC M27 and Plan-Apochromat 40x/1.3 Qil DIC (UV) VIS-IR

M27 (Zeiss).

RNA-Fluorescent In Situ Hybridization. A pool of 48 Custom Stellaris™ RNA FISH
Probes was designed against the 5 open reading frame of CHIKV (strain LR2006-
OPY1, GenBabk: DQ443544.2) by utilizing the Stellaris RNA FISH Probe Designer
(LGC, Biosearch Technologies, Petaluma, CA) available online at

www.biosearchtech.com/stellarisdesigner. Each probe was labelled with Quasar™

570 dye (LGC, Biosearch Technologies, Petaluma, CA) and hybridized to CHIK21-
infected human fibroblasts, according to the manufacturer's instructions available

online at www.biosearchtech.com/stellarisprotocols. Briefly, following viral protein
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immunostaining (see section ‘Immunofluorescence’), cells were washed three times
with PBS and fixed with 2% (v/v) of PFA diluted in PBS for 10 min at room temperature.
Cells were washed twice in PBS and incubated with Stellaris Wash Buffer A at room
temperature for 10 min. Cells were incubated with RNA probes diluted at 0.125 nM
final concentration in hybridization buffer supplemented with 0.5 mM vanidyl
ribonucleoside complex, for 16 h in humidified chamber at 37°C. Cells were first
washed in Stellaris Wash buffer A for 30 min at 37°C, and then with Stellaris Wash
buffer B for 10 min. Slides were mounted with ProLong Gold antifade reagent
containing DAPI for nuclear staining (Thermo Fisher Scientific). Of note, all buffers and
reagents used were RNase-free. Fluorescence microscopy images were acquired

using a LSM 800 confocal microscope (Zeiss).

Genomic viral RNA, viral replicon transfection and viral infection analysis. To
assess wildtype and mutant CHIKV RNA replication, we transfected HEK293T cells
with capped genomic viral RNA generated from pCHIKV-Rluc molecular clones (see
‘Virus strains and production) or capped replicon RNA encoding Renilla luciferase
reporter gene fused in the C-terminal part of viral nsP3, and Firefly luciferase reporter
gene expressed under the viral sub-genomic reporter gene Cells were plated on 48
well plates (5 x 10* cells) and transfected with 50 ng of purified RNA using the
Lipofectamine MessengerMax reagent according to the manufacturer’s instructions
(Thermo Fisher Science). Only for genomic viral RNA-transfected cells, at 3 h after
transfection, medium was removed and fresh medium was added. At specific time
intervals, cell supernatant was collected and frozen at -80°C for plaque assay on
VeroEG6 cells.Genomic RNA and replicon RNA-transfected cells were washed once

with PBS and lysed with Passive lysis buffer. Lysates were kept at =20 °C until all
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samples were collected. Luciferase activity was measured using the Renilla Luciferase
Reporter Assay system (Promega) on a TriStar2 LB 942 with 20 uL of cell lysate, 20
uL of substrate and 2 s integration time. Each experiment was performed in
quadruplicate. For replicon-transfected cells, both signals were measured using the
Dual Luciferase Reporter Assay system (Promega, E1910) following manufacturer’s
instructions.

Immunoblot. U20S (3 x 10° cells) were grown on 6-well plates for 24 hours. Cells
were transfected with 2.5 ug of DNA expression plasmid using jetOPTIMUS® DNA
Transfection Reagent (PolyPlus) according to the manufacturer’s instructions. At 48 h
after transfection, cells were washed with PBS, collected with cell scrapper and
pelleted by centrifugation (400g for 5 min). Cell pellets were lysed in Pierce™ IP Lysis
Buffer (Thermo Fisher Scientific) containing Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Fischer Scientific) for 30 min at 4°C. Equal amount of
protein, determined by DC™Protein Assay (BioRad), were prepared in LDS Sample
Buffer 4X (Pierce™) containing 25 mM dithiothreitol (DTT) and heated at 95°C for 5
min. Samples were separated on Bolt™ 4-12% Bis-Tris gels in Bolt® MOPS SDS
Running Buffer (Thermo Scientific), and proteins were transferred onto a PVDF
membrane (BioRad) using the Power Blotter system (Thermo Fischer Scientific).
Membranes were blocked with PBS containing 0.1% Tween-20 and 5% non-fat dry
milk and incubated overnight at 4°C with primary antibody. Staining was revealed with
corresponding horseradish peroxidase (HRP)-coupled secondary antibodies and
developed using SuperSignal™ West Dura Extended Duration Substrate (Thermo
Fisher Scientific) following manufacturer’s instructions. The signals were acquired
through Fusion Fx camera (VILBERT Lourmat).

Transmission electron microscopy
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Cells were fixed for 24 h in 1% glutaraldehyde, 4% paraformaldehyde, (Sigma, St-
Louis, MO) in 0.1 M phosphate buffer (pH 7.2). Samples were then washed in
phosphate-buffered saline (PBS) and post-fixed for 1 h by incubation with 2% osmium
tetroxide (Agar Scientific, Stansted, UK). Cells were then fully dehydrated in a graded
series of ethanol solutions and propylene oxide. Impregnation step was performed with
a mixture of (1:1) propylene oxide/Epon resin (Sigma) and then left overnight in pure
resin. Samples were then embedded in Epon resin (Sigma), which was allowed to
polymerize for 48 hours at 60°C. Ultra-thin sections (90 nm) of these blocks were
obtained with a Leica EM UC7 ultramicrotome (Wetzlar, Germany). Sections were
stained with 2% uranyl acetate (Agar Scientific), 5% lead citrate (Sigma) and
observations were made with a transmission electron microscope (JEOL 1011, Tokyo,

Japan).

Immunogold labelling of cryosections

Cells were fixed for 2 hours with 4% paraformaldehyde in phosphate buffer (pH 7.6),
washed with PBS (pH 7.6) for 2 x 5 min and centrifuged at 300g for 10 min. After
removing the supernatant, cell pellets were included in gelatin 12% and infused with
sucrose 2.3 M overnight at 4°C. 80 nm ultra-thin cryosections were made a —120°C on
a LEICA FC7 cryo-ultramicrotome. Ultra-thin sections were retrieved with
Methylcellulose 2%/Sucrose 2.3 M mixture (1:1) and collected onto formvar/carbon
coated nickel grids. After removal of gelatine at 37°C, sections were incubated on
drops of either 1:100 anti-nsP3 rabbit serum, anti-Capsid rabbit serum, anti-FHL1
monoclonal or anti-G3BP1 monoclonal antibody diluted in PBS. After six washes of
five minutes each, grids were incubated on drops of PBS containing 1:30 gold-

conjugated goat anti-rabbit or anti-mouse Ab (6 nm) (Aurion, Wageningen,
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Netherlands). Grids were finally washed with six drops of PBS (five minutes each),
post-fixed in 1% glutaraldehyde and rinsed with three drops of distilled water.
Contrasting step was performed by incubating grids on drops of uranyl acetate 2% /
methylcellulose 2% mixture (1:10). The sections were imaged in a transmission

electron microscope at 100 kV (JEOL 1011).

Image processing and analysis. All confocal microscopy images were processed
and analyzed with ImagedJ (version: 2.9.0/1.53t). For aggregate quantification, cell
boundaries were traced to delimitate each signal-positive cell. Aggregates’ channel
was extracted and automatic signal thresholding was applied to locate objects of
interest. Images were binarized and Image J “Analyze particles” macro was used to
quantify aggregates based on size (0.05-5 ym) and circularity (0.01-1) discrimination.
For colocalization analysis, images were processed and Pearson’s coefficient was

calculated using BIOP JACOoP plugin as described in https://imagej.net/plugins/jacop).

Statistical analysis. Graphical representation and statistical analyses were performed
using Prism 9 software (GraphPad software). Unless otherwise stated, results are
shown as mean + s.e.m. from at least two independent experiments in duplicates.
Differences were tested for statistical significance one-way or two-way ANOVA with

multiple comparison post hoc test.
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B. Deciphering the molecular mechanisms of the FHL1-nsP3

interaction and its implications in CHIKV infection replication

This chapter aims to provide insights into the molecular mechanisms by which
FHL-1 mediates CHIKYV infection. The first part of this work aims to characterize the
structural basis of FHL1 nsP3 interaction. NMR studies performed by Andrés Ferrino
Irirarte, Frangois Bontems, and Félix Rey at the Pasteur Institute showed that FHL1
interacts with a 69 amino acid long sequence within the CHIKV nsP3 HVD that
overlaps with the binding sites of BIN-1 and CD2AP, two other host factors involved
into CHIKV cycle. Functional investigations indicate that the R5 region fails to interact
with FHL1 and is important for CHIKV infection.

The second part investigates FHL1 usage by pathogenic and non-pathogenic
CHIKYV strains and dissects the molecular mechanisms involved in its proviral effect.
Our data showed that FHL1 is an important CHIKV host dependency factor. All the
CHIKYV strains are highly dependent on FHL1 in primary fibroblasts, one of the main
CHIKYV target cells. FHL1 acts at a post-entry step of the viral life cycle and plays a
distinct function from that of G3BP during CHIKV RNA amplification. However, the
molecular details still remain to be elucidated.

Finally, the third part of the study aims to investigate whether FHL1 could act
as an adaptor protein that recruits additional host factors for optimal infection. The
FHL1 affinity purification approach, followed by mass spectrometry analysis, gave us
interesting insights into FHL1 interactome in the context of infection. We found that
FHL1 interacts with components of the actin-cytoskeleton (spectrins, myosins, actin-
binding proteins) and antimicrobial immunity regulators (HERC5, PKR). Functional
validation by siRNA screen identified the SPTBN1 protein (beta spectrin) as a potential

CHIKV dependency factor, whose role must be further validated.
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1) Results

a. Structure of the nsP3 HVD/FHL1 interactions by Nuclear Magnetic

Resonance (Dr. Andres Ferrino Iriarte, Dr. Frangois Bontems and Pr. Felix Rey)

Our previous data identified a specific 30 amino acid region (residue 424 to
456, named R4 in the study) important for FHL1 nsP3 HVD interaction (Figure 1A). A
recent NMR study performed by another group (Lukash et al. 2020) confirms our data
and indicates that FHL1-binding domains overlap with one CD2AP-interacting motifs
(PMASVR amino acid motif). To validate the importance of the R4 sequence CHIKV
infection, we generated, in collaboration with Dr Beate M. Kimmerer (Institute of
Virology, University of Bonn Medical Centre, Bonn, Germany), a CHIKV molecular
clone harboring mutation in nsP3 R4 region (AR4 and R4*) (Figure 1) and investigate
their replicative properties in FHL1-positive and KO cells. Figure 1 shows that AR4
and R4~ viruses could replicate to some extent in WT cells, albeit at not WT level
(Figure 1B). In contrast, WT, AR4, and R4* replication was strongly impaired in FHL1X0
(Figure 1B). These results showed that the R4 region is important but not critical to
mediate CHIKV replication in 293T cells. This suggests that the FHL1-binding motif

extends beyond the R4 regions.

Figure 1. Impact of FHL1-binding site deletion
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To gain further insights into FHL1-nsP3 interaction, our lab has started
collaborating with Pr Félix REY ‘s lab to solve the structure of the FHL1-nsP3 complex.
X-ray crystallography is not straightforward because the nsP3 HVD is unstructured,
and FHL1 is organized as a chain of beads, with each LIM domain connected flexibly
to its flanking domains. Proteins of this type cannot form well-ordered crystals
diffracting X-rays sufficiently well. The strategy was to use Nuclear Magnetic
Resonance (NMR) to characterize any potential interaction of the individual LIM
domains with the HVD. The experiments described below were performed by Dr.
Andres Ferrino Iriarte and Dr. Francois Bontemps in Pr Félix Rey’s laboratory. Applied
to protein analysis, the two-dimensional NMR 'H-""N-HSQC method correlates the
chemical shift of a >N atom from a given residue’s backbone amide group to the
chemical shift of its directly bound proton. Chemical shift, expressed in part per million
(ppm), is the difference in resonant frequencies of two nuclei of a molecule. The
chemical shift value of each nucleus is specific and depends on the local molecular
and electron environment. The obtained 2D spectrum is a diagram of peaks, each
peak representing the ">"N—"'H of a unique amino acid of the protein. Further complex
analysis is required to assign the protein’s NMR signals (spectrum peaks) to specific
residues. Based on this, the same information can be extracted for a given protein in
complex with its known ligand. In the obtained spectrum, chemical shift perturbations
are observed for each residue involved in the ligand interaction. Thus, one can identify
the interacting interface of two proteins by comparing the free- or apo-and bound-state
2D 1H-15N HSQC spectra. Figure 2A (right panel) reports the 2D 'H-'SN HSQC
spectrum of CHIKV HVD in a free state and (left panel) the assigned HVD residues to
each peak. The acquisition of the same spectrum but in the presence of increasing
concentrations of full-length FHL1 (called titration experiments) demonstrated that 69
HVD amino acids, spanning from residue 390 to residue 458, are involved in this
interaction (Figure 2C). Interestingly, NMR data shows that this region (called now R5
region) is even bigger than we and Lukash et al. 2020 identified and also overlaps with
the BIN1/Amph2-and CD2AP-binding motifs.

Finally, by performing the same titration experiments with the individual LIM
domains of FHL1 instead of the entire protein, it was demonstrated that each LIM
domain interacts with around 15 HVD amino acids in an antiparallel manner (Figure
2C).
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Figure 2: FHL1-interacting region on CHIKV HVD cover the R4 sequence, as well as CD2AP and BIN1/Amph2 binding motifs.
The precise residues involved into FHL1 interaction were revealed by NRM-2D *H-15N HSQC approach. A. Free-state HVD 1H-
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obtained from the titration experiments with increasing concentrations of FHL1. HVD residues interacting with each LIM
domain of FHL1 are mapped. All the experiments and corresponding results are adapted from Andres Ferrino Iriarte PhD

thesis.
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b. Impact of the FHL-1 binding region on CHIKV infection (work performed

by Dr Céline Amadori, post-doctoral researcher in Amara’s lab)

We then performed functional experiments to validate that the RS region is
important for nsP3/FHL1 interaction. Since immunoprecipitation assays were
inconclusive in our hands, we chose another experimental approach based on the
ability of nsP3 to recruit FHL1 and the other host factors into large cytoplasmic
aggregates, easily observed by microscopy. U20S cells were transiently transfected
with a pcDNA3.1 expression vector encoding WT or AR5 CHIKV nsP3. 48 hours post-
transfection, cells were fixed and co-stained with anti-nsP3 and anti-FHL1 or anti-
G3BP1 specific antibodies. Since we know that both FHL1 and G3BP1 are recruited
to nsP3 cytoplasmic granules, we assumed that if nsP3 AR5 is no longer able to
mediate FHL1-binding, the subcellular localization of the cellular protein will remain
unchanged, whereas G3BP1 recruitment to nsP3-cytoplasmic aggregates will be
preserved. Indeed, the immunofluorescence experiments showed that nsP3-ARS5 can
still form aggregates, colocalizing with G3BP1 (Figure 3B), but can no longer recruit
FHL1 (Figure 3A).

To evaluate the importance of the R5 sequence in CHIKV replication, we
generated a CHIKV Renilla luciferase (CHIKV-Rluc) molecular clone deleted for the
R5 region (collaboration with Beate Kummerer). In vitro, transcribed RNA from WT,
ARS, and the replication-dead (GAA) CHIKV were transfected into several cell lines:
U20S, 293T, Vero, and BHK21. Their ability to replicate was monitored by quantifying
the Renilla luciferase activity in cell lysates 48 hours post-transfection (Figure 3C).
When compared to the WT, the replication of the AR5 CHIKV virus was dramatically
impaired in two human FHL1-expressing cell lines tested, U20S and 293T cells. The
same phenotype was observed in Vero cells which lack FHL1 but express FHL2
(Lukash et al., 2020). We can’t rule out the possibility that the R5 region also recruits
FHL2, explaining why the ARS virus failed to efficiently replicate in these cells. We can
neither exclude the possibility that in Vero cells, the AR5 virus also depends on BIN1,
CD2AP, or additional host factors to replicate. Finally, both WT and ARS viruses
efficiently propagated in BHK21, a hamster cell line that expresses very low levels of
FHL1 and FHL2.

These results showed that the R5 motif is involved in recruiting FHL1 to nsP3
foci, but it is not a prerequisite for nsP3 aggregation. This region is also required for
CHIKV replication in cells expressing FHL proteins.
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Figure 3: HVD-R5 motif is involved into FHL1 recruitment to nsP3 complexes and in CHIKV infection in different cell
types. A, B, U20S cells were transfected with pcDNA 3.1 plasmids expressing either WT or AR5 CHIKV-nsP3 for 24 hours.
Subcellular localization of nsP3 and endogenous FHL1 (A) or G3BP1 (B) was analyzed following specific antibody staining
and immunofluorescence images acquisition with a confocal LSM800 Zeiss microscope. C, Different cell lines were
transfected with CHIKV-Renilla luciferase molecular clones harboring either WT or mutant AR5 nsP3 sequence. Viral
replication was monitored at 48h post-transfection. CHIKV harboring defective nsP4 (GDD-to-GAA mutation) was used as
replication-dead control. Data are mean * s.e.m. n = 2 independent experiments performed in quadruplicate. Two-way
ANOVA with a Dunnett’s multiple comparison test (****P<0.0001, **P<0.0039, *P<0.02).
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c. FHL1 usage by CHIKYV strains

In this section, we have investigated the FHL1 usage by a panel of CHIKV
strains in a cell line edited or not for FHL1 expression or in immortalized human
fibroblasts derived from an EDMD patient harboring FHL1 deficiency (collaboration
with Dr Gisele Bonne, Institut de Myologie, La Pitié Salpétriere, Paris) (Figure 4A). To
that purpose, cells were infected with CHIKV strains belonging to the Asian lineage
(strain St Martin H20235,2013), the East, Central, and South African (ECSA) lineage
(strains Ross and Brazza (MRS1 2011), the Indian Ocean lineage (Reunion island
epidemic CHIK21 strain) as well as the sylvatic West Africa enzootic lineage (strain
M-899) and the attenuated 181/25 (Asian lineage, attenuated strain) for 24h at
different MOls (Figure 4B). Viral infection was monitored by flow cytometry following
cell fixation and CHIKV envelope E2 protein immunostaining (Figure 4B, C). In both
cell types, the epidemic CHIKV 21 strain (Indian Ocean lineage) and attenuated
181/25 (Asian lineage, attenuated strain) exert the highest replication level as at the
highest MOI, more than 60 % of control cells were efficiently infected. St Martin and
Brazza CHIKV strains, which belong to the Asian and ECSA lineage, respectively,
showed a delay in the infection as less than 40% of control cells were infected at the
highest MOI (Figure 4B, C). Finally, the West Africa lineage strain, isolated from the
Aedes furcifer mosquito, showed a plateau of infection with a maximum of 40% of cells
infected at 48h (MOI 0.016). This could be explained by the fact that the West Africa
strain didn’t circulate within the human population. Depletion of FHL1 in the two cellular
contexts leads to a drastic reduction of CHIKV infection (Figure 4B, C). This
phenotype was more pronounced for the epidemic CHIKV 21 strain, for which less
than 2% of FHL1 deficient cells were infected at saturation in control cells. All the
strains efficiently infect primary fibroblasts, but their replicative capacities were
strongly affected in fibroblasts lacking FHL-1 expression (Figure 4C). The attenuated
181/25 strain can still replicate in FHL1KXO HAP-1 cells but to a significantly less extent
than in WT cells. Finally, as reported in our previous study, the West African strain
also demonstrated a reduced dependency on FHL1 in HAP1 cells (Meertens et al.
2019 see in annex).

Our data confirm that FHL1 is important for CHIKV infection, particularly in
human fibroblasts, one of the main immunocompetent cells targeted by the virus.
FHL1 seems also to be differentially used by pathogenic and non-pathogenic CHIKV

strains. For instance, the CHIKV-21 strain isolated from a patient infected during the
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2005-2006 CHIKV outbreak on Reunion Island highly depends on FHL1 for infection
in vitro and induces severe muscular pathology in mice (Meertens et al. 2019).
Conversely, the requirement for FHL1 was less pronounced for the sylvatic CHIKV
37997 strain from the West African genotype or the attenuated CHIKV 181/25 strain

(Lukas et al. 2021), which are less pathogenic in mice (see discussion).
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Figure 4: CHIKV dependency on FHL1 varies between the viral strains in human cells. A. Westernblot validation of FHL1
expression in control and FHL1KO HAP1 cell lines, and in control or patient primary human fibroblasts suffering from a fhi1-
gene mutation leading to a drastic decrease of protein expression. B. HAP1 control and FHL1 KO cells and C. control and primary
human fibroblasts were infected for 24h with different CHIKV strains at different multiplicity of infection (MOlIs). For HAP1 cells,
data are mean infection mean + s.d. n = 3 independent experiments performed in duplicate. One-way ANOVA with a Dunnett’s
multiple comparison test. For fibroblasts infection, only one experiment was performed in duplicate. CHIKV 21 (Reunion Island
epidemic, IOL lineage), Saint Martin (Asian lineage), Brazza (ECSA lineage), 181/25 (attenuated CHIKV strain from Asian
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d. Impact of FHL1, G3BPs, CD2AP and BIN-1 depletion on CHIKV

infection

As introduced in the previous chapter, the nsP3 HVD domain is an interacting
module that recruits several host factors, including FHL1, DHX9, SH3-domain
containing proteins such as Bin1/Amphiphysin 2 and CD2AP, Ras GTPase-activating
protein-binding protein 1 and 2 (G3BP1 and G3BP2) and Nucleosome Assembly
Protein 1 Like 1 and 4 (NAP1L1 and NAP1L4) (Figure 5A). HVD mutagenesis and
structural NMR studies allowed the mapping of some of these host factors with the
HVD (Meertens et al. 2019; Agback et al. 2019; Neuvonen et al. 2011; Tossavainen
et al. 2016; Schulte et al. 2016; Dominguez et al. 2021), however, except for FHL1
and G3BPs, the contribution of these molecules in CHIKV infection is unclear. NMR
and biochemical studies suggested that CD2AP and FHL1 could form a tripartite
interacting complex in vitro (Lukash et al. 2020), but no cooperative effect was
observed between CD2AP and FHL1-binding (Lukash et al. 2020).

To obtain further insights into FHL1, CD2AP, and Bin1 function in CHIKV
infection, we generated human HAP1 knockout cells for each host cell factor, and gene
editing was validated by western blot (Figure 5B). Intriguingly, whereas FHL1, CD2AP,
or Bin1 knockout didn’t affect the expression of the other proteins, knockout of both
G3BP1 and G3BP2 genes visibly reduced the expression of Bin1/Amph2 and FHLA1.
A similar phenotype was observed in U20S cells knocked out for the expression of
both G3BP1 and 2, where FHL1 protein expression was drastically reduced (data not
shown). Cells were infected with CHIKV 21 for 24h. Viral infection was monitored by
FACS using the anti-E2 monoclonal antibody (Figure 5C). Infection curves
demonstrated that CD2AP depletion alone didn’t impact CHIKV replication when
compared to FHL1- or G3BP1/2 knockout cells. However, at the highest MOI (MOI of
10 and 20), viral infection was observed in FHL1 knock-out cells, whereas CHIKV was
not viable in G3BP1/2 ko cells. Double depletion of FHL1 and CD2AP had a slight
additive effect compared with FHL1KC cells. Finally, BIN1/Amph2 depletion
demonstrated a slight but significant reduction (roughly 20%) in CHIKV E2 production.
A triple FHL1/CD2AP/BIN1 depletion is ongoing, and it remains to be characterized.
Notably, NAP1L1/L4 knockout cells couldn’t be generated as the depletion of these
factors exerts a cytotoxic effect. Thus, the contribution of NAP1 during CHIKYV infection

is difficult to investigate.
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Figure 5: FHL1 and G3BPs depletion dramatically impair CHIKV replication in HAP1 cells. A, schematic presentation of CHIKV nsP3-
HVD with mapped host-factors binding sites. CD2AP protein bind to two distinct SH3 domains, overlapping BIN1 and FHL1-binding
sites. G3BPs bind to two FGDF motifs in the very C-terminal part of the HVD. NAP1L1/L4 binding motifs are found on both sides of
G3BPs-binding sites. Phosphorylation sites are scattered across the HVD domain and likely influence host factors binding. B,
Westernblot analysis of HVD- interacting host factors expression in control and knockout HAP1 cell lines. C, control and knockout HAP1
cells were inoculated with CHIKV21 for 24 hours at different multiplicity of infection (MOI). Viral infection was monitored by FACS
following E2-protein specific staining. Data are mean # s.d. n = 3 independent experiments performed in duplicate. One-way ANOVA
with Tukey’s multiple comparison test. ****P < 0.0001. P, phosphorylation site; BIN1/Amph2, Bridging Integrator-1 et Amphiphysin-
2; CD2AP, CD2-associated protein; FHL1, Four-and-a-half LIM domain protein 1; G3BPs, RasGAP SH3 domain—binding proteins; FGDF,
G3BPs-binding site NAP1L1/L4, Nucleosome assembly protein 1-like 1 and 4.
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e. Distinct roles of FHL1 and G3BPs during CHIKV infection

To dissect the role played by FHL1 and G3BPs during CHIKV infection, we
transfected in vitro transcribed full-length CHIKV RNA or CHIKV replicon RNA in WT,
FHL1KO: or G3BPK® HAP-1 cells (Figure 6A). CHIKV replicons are alphavirus mini-
genomes lacking structural proteins. They harbor only the viral replicative machinery
and can’t spread in contrast to the full-length RNA genome. Full-length CHIKV and
CHIKV replicon RNA molecules used in this study encode a luciferase reporter gene
inserted into the C-terminal part of nsP3-HVD to monitor RNA amplification as a
function of time. Without FHL1 or G3BPs, the transfected full-length CHIKV RNA
molecule failed to propagate efficiently compared to WT HAP-1 cells. These results
confirmed that both FHL1 and G3BPs act at a post-entry step and are important for
establishing efficient viral replication and amplification. In cells transfected with the
CHIKYV replicon system, efficient replication was observed in FHL1XC cells, albeit at
significantly lower levels than in WT cells (Figure 6B). In contrast, no viral replication
was observed in G3BPsK® cells (Figure 6B). These data suggested that G3BPs are
directly involved in the priming of the replication process. Indeed, the negative impact
of G3BPs depletion is observed as soon as 4h post-transfection. It is possible that
G3BPs are required for the establishment of viral replication complexes and further
RNA synthesis. In contrast, a slight but significant reduction of viral amplification was
observed in FHL1KO cells but after 6h post-transfection, suggesting a distinct proviral
function during CHIKV replication. Interestingly, our previously published results
demonstrated that the synthesis of the replicative dsRNA intermediate, required for
the synthesis of new positive genomes, was drastically impaired in FHL1XO cells
compared to WT cells at 6 hours post-infection. It is of great importance to note that
the alphavirus replicative cycle is very rapid (Reis et al. 2022; Singer et al. 2021).
Indeed, dsRNA synthesis occurs as soon as 1h post-entry, and the first viral particles
are released around 3h post-infection (Reis et al. 2022; Singer et al. 2021). This
suggests that at 6h post-infection, viral replication complexes are already formed. One
hypothesis could be that FHL1 is not required for replicative complex formation and
RNA synthesis, but it indirectly controls viral genome synthesis.

Confocal experiments were done in CHIKV-infected fibroblasts at 7 pi, great
proximity of nsP3 and G3BP1-stainings, and partial colocalization with vRCs (detected
here using dsRNA-specific antibody) (Figure 6C). G3BPs and nsP3 also form

cytoplasmic granules in infected cells that do not contain viral dsRNA intermediate
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and, thus, are inactive vRCs. In contrast, FHL1-staining didn’t clearly co-localize with
dsRNA on the plasma membrane, suggesting that it is not recruited on vRC or that
very few FHL1-molecules are localized within the vRC and could not be detected by
confocal microscopy. This is also an indirect argument suggesting a distinct role of
FHL1 and G3BP during CHIKV infection.

A. Full length CHIKV RNA B. CHIKV replicon RNA
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Figure 6: FHL1 and G3BPs play distinct role during CHIKV replication cycle. A, Control, FHL1KO and G3BPs KO HAP1 cells
were transfected with in vitro transcribed full-length CHIKV molecular clone encoding a Renilla luciferase reporter gene,
inserted in the C-terminal part of the HVD. Viral replication is monitored through the Rluc activity at the indicated time
points B, the same cells were transfected with in vitro transcribed CHIKV replicon molecule, expressing Rluc through the
subgenomic viral promoter. Rluc activity reflecting viral replication was monitored at the indicated time points. RLU, relative
light units. C, immortalized human dermal fibroblasts were inoculated with CHIK21 strain at MOI 100 for 7 hours.
Colocalization of FHL1, G3BP2 or nsP3 with viral replication complexes was assessed following protein staining with specific
antibody staining, and viral replication complexes were stained with anti-dsRNA monoclonal antibody. Representative
images were obtained by confocal microscopy using LSM800 Zeiss microscope. Co-localization analysis were performed
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We then investigated the impact of FHL1 and G3BP depletion on nsP3-protein
expression and subcellular localization (Figure 7). For this, we stably express the
3XFlag version of nsP3 in WT, FHL1 KO or G3BPXO cells. FHL1 and G3BP1/2 proteins’
expression was analyzed by western blot. It is important to note that WT HAP1 cells
expressing nsP3 exerted a reduced FHL1 band on the western blot (Figure 7A).
Conversely, in FHL1KO cells, nsP3-band was of greater intensity. Altogether, these
results reasonably suggested that co-expression of FHL1 and nsP3 lead to the
formation of protein complexes insoluble in standard lysis-buffer conditions. Finally, as
observed previously (data not shown), double knockout of G3BP1/2 proteins leads to
reduced FHL1 expression in mock-transfected cells (Figure 6A). This phenotype was
not cell clone-specific as all the double G3BP1/2 X© HAP1 clones obtained exerted a
reduction in FHL1 expression (data not shown). Moreover, the same phenotype was
observed in G3BP1/2KC U20S cells (data not shown). This phenotype has never been
discussed in CHIKYV literature before, although double G2BP1/2 X© cell lines such as
U20S are widely used in Alphavirus research. Altogether, in these experimental
conditions, we can’t conclude about a putative role of FHL1 in nsP3-expression or
stability. Then, we evaluated nsP3 subcellular localization in WT, FHL1 X0 or G3BPKC
cells by confocal microscopy. In all three nsP3-expressing cell lines, nsP3-cytoplasmic
granules were observed, suggesting that nsP3 is expressed and the protein’s
subcellular localization was preserved in the absence of both FHL1 and G3BP1/2
factors (Figure 6B). Altogether, these data suggest that FHL1 is not involved in nsP3
stability or cytoplasmic aggregation process. However, we can’t rule out the possibility

that FHL1 proviral role is linked to the nsP3 cytoplasmic granules.
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Figure 7: FHL1 is possibly involved into nsP3 aggregates formation in infectious conditions. A. nsP3-protein
expression in WT, FHL1KO and G3BP1/2KO HAP1 cells stably expressing CHIKV-nsP3. B. The same cells were analyzed
by immunofluorescence to assess nsP3 cytoplasmic aggregates formation in absence of FHL1 or G3BP1/2 proteins.
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f. Mapping FHL1 interactome during CHIKV infection

FHL1 contains four-and-a-half highly-conserved LIM domains, each having two
zinc fingers arranged in tandem. LIM domains typically act as a conserved scaffold for
multi-protein  complex assembly (actin cytoskeleton organization, activation of
transcription factors involved in muscle homeostasis, autophagy). One can speculate
that FHL1 is hijacked by CHIKV to act as a scaffolding protein that orchestrates the
recruitment of host proteins required for optimal infection. To test this hypothesis, we
established the FHL1-interactome in mock and CHIKV-infected cells by affinity-
purification approach coupled with a mass spectrometry analysis (AP-MS). These
experiments were performed by Dr. Lamine Hafirassou (alumni post-doctoral
researcher in Amara’s lab) and are reported in Figure 8A-D. Briefly, FHL1-HA was
immunoprecipitated using HA-antibody coupled magnetic beads, following cell lysis
and protein extraction, either from mock or CHIKV-infected 293T cells for 24h. The
retained protein complexes were eluted by competition with HA-peptide, separated by
SDS-PAGE, and visualized by silver staining. Finally, samples from three independent
experiments were subjected to mass spectrometry (MS) analysis performed at Taplin
Biological Mass Spectrometry Facility (Harvard Medical School) (Figure 8A). The raw
AP-MS data were analyzed with SAINT express, a statistical method to
probabilistically score protein-protein interactions (Teo et al.,2014). NsP proteins were
efficiently co-purified with FHL1, with an important distribution along the nsP3
sequence. This suggests that we have indeed isolated FHL1/nsP3 complexes.
Interestingly, nsP1 and nsP2, but not nsP4, were also purified. The absence of nsP4
might be due to its rapid degradation by the ubiquitin-dependent N-end rule pathway
(de Groot et al. 1991). We also identified peptides corresponding to the CHIKV
structural protein (Figure 8B).

We additionally identified 43 proteins that co-purified with FHL1, with a
probability score >0.8 following SAINT express analysis. This list was analyzed with
DAVID 6.8 to identify statistical enrichment for specific Gene Ontology (GO) terms
from the “biological process” category (Figure 8C). In line with the literature and the
previous experiments, FHL1 was found in a complex with G3BP1, G3BP2 and CD2AP
(major interactants of CHIKV nsP3), thus validating our experimental approach. In
addition, FHL1 was found to interact with components of the actin-cytoskeleton such
as spectrins (SPTBN1, SPTBN2, SPTAN1, MYH9, MYH10, MYH14, FLIl, ADD2,

156



KIF2A). This is encouraging, given the data published in the literature demonstrating
that FHL1 is found within a complex with MYH10 (non-muscle myosin) and ACTG1
(gamma-actin) both involved in a wide range functions such as cell morphology,

motility, differentiation and even apoptosis (L. Wang et al. 2013).
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Figure 8: Characterization of FHL1 interactome. A, Schematic representation of FHL1-affinity purification from control FHL1-KO,
FHL1A-expressing uninfected and CHIKV infected cells (left panel). Separation of immunoprecipitated protein complexes by SDS-
PAGE and visualization by silver staining (right panel). B, Schematic representation of peptides distribution (black bars) along the
CHIKV genome, from three independent AP-MS analysis. C, Histogram indicating statistical enrichment for specific biological
processes (BP) determined by Gene Ontology (GO) analysis. D,Clustering network of FHL1A-associated proteins identified by MS
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of three analysis or in all three analysis were encircled in blue and red respectively. The AP-MS experiments and network analysis
were performed by Dr Lamine Hafirassou, and data served as a starting point for my PhD work.
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In addition, RNA and DNA metabolism proteins such as NAT10 (RNA metabolism),
and LIG4, MCM4, MSH2 (involved in DNA ligation, replication, and mismatch repair)
have been identified. Other proteins involved in mRNA translation (EIF6) or in the
cellular response to viral infection (HERC5, PKR (EIF2AK2), DEFA3) were also
identified (Figure 8D). Comparison between mock and infected conditions revealed
that most of these factors were highly enriched in the infected condition. Proteins
involved in cytoskeleton reorganization were already enriched in FHL1-complexes
purified from mock-infected cells.

To further pinpoint the function of the 43 selected host factors interacting with the
FHL1, we silenced their expression by RNA interference (RNAI) and determined the
impact on CHIKV infection. 293T were transfected in triplicate with the siRNA library
for 48H and then infected with CHIKV-GFP. (Figure 9A). Silencing of FHL1, MXRA8
(both used as positive controls), and G3BP2 led to a drastic reduction of viral infection
with 80%, 55%, and 60%, respectively (Figure 9C). In two independent experiments,
SPTBN1, MSH2, MCM4, and ADD2 knock-down were reduced by more than 50%
CHIKV infection. EIF6 knockdown also drastically reduced viral infection, but this
phenotype was expected as its catalysis 40S and 60S ribosomal subunits association
to initiate translation, thus, its knockdown likely impaired viral mRNA translation.
Further functional studies are now required to validate these potential candidates and

investigate how they interact with FHL1 and nsP3.
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Figure 9: Functional validation of FHLI1-interacting partners during CHIKV infection. A, Schematic representation of the
experimental procedure. B. 48 hours post-transfection, the impact of host-factor silencing on cell viability and proliferation
was assessed. Data are mean # s.d. of n =2 experiments. Host-factor which silencing diminishes cell viability with 25% were
discarded. C, following 48h siRNA transfection, cells were challenged with CHIKV-GFP for another 24h. Levels of viral infection
were assessed by flow cytometry. Host-factors which depletion inhibits 50% of CHIKV infection are depicted in red and are
considered as CHIKV host-dependency factors. Data are mean # s.d. of n =2 experiments.
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2) Conclusions

This study aimed to better understand how FHL1 interacts with CHIKV-nsP3
and how this molecule selectively mediates CHIKV infection.

NMR studies successfully determined the precise nsP3 HVD-amino acid
sequence (RS region) that mediates FHL1 interaction in vitro. The RS region overlaps
with the BIN1/Amph2-and CD2AP-binding motifs, suggesting cooperation between
FHL1 and these molecules. Functional studies confirm that the R5 region is required
for FHL1-relocalization to nsP3-complexes. Deletion of R5 completely abolished
CHIKV replication in human 293T and U20S cells, confirming that FHL1-nsP3
interaction is required for viral replication. Interestingly, the same phenotype was
observed in Vero cells, which do not express FHL1. These results suggest that RS is
mediated interactions with other host factors, likely FHL2 or CD2AP and BIN1, which
are expressed in these cell lines. Finally, CHIKV AR5 replicates efficiently in BHK cells,
albeit not at WT levels. This indicates that FHL1, Bin1, and CD2AP are unnecessary
for CHIKV infection in rodent cells.

A comparison of CHIKV replication and infection in FHL1KC cells versus
G3BP1/2%O cells suggests that FHL1 and G3BPs fulfill different proviral functions.
G3BP could be required at the very first stage of viral replication. One hypothesis is
that G3BPs play a crucial role in vRC formation, supported by the confocal microscopy
studies showing G3BP co-localizing with nsP3 and dsRNA. FHL1 is involved in post-
entry steps, but its precise proviral function is still enigmatic. FHL1 has been proposed
to play a role in minus-stranded RNA (Meertens et al. 2019). FHL1 may also
participate in the subgenomic RNA and structural protein synthesis or regulate the
host immune response against viral infection. FHL1 is recruited into nsP3 cytoplasmic
aggregates, however, it is not directly involved in their formation.

Finally, we describe the first FHL1 interactome in mock or CHIKV-infected cells.
For that purpose, | took advantage of results obtained by Dr. Lamine Hafirassou, who
performed an affinity purification assay followed by mass spectrometry analysis
performed on 293T cells expressing an HA-tagged version of FHL1. The results
demonstrated that viral nsP, mainly nsP3, are found in complex with FHL1 at 24h post-
infection. The MS analysis revealed that FHL1 interacts with actin cytoskeleton
components, such as actin-binding proteins, spectrins, and non-muscle myosins. In
addition, components of the cellular immune antiviral response were also found (PKR,

HERCS5, DEF3A) in our FHL1 interactome only in the context of infection. Knockdown
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of each FHL1-interacting partner suggests a potential role of SPTBN1, MSH2, MCM4,
and ADD2 factors in FHL1-mediated CHIKYV infection. SPTBN1 (Spectrin beta, non-
erythrocytic 1) is a top hit in our RNAIi screen. SPTBN1 serves as both an actin
crosslinking agent and a molecular scaffold protein. It establishes a connection
between the plasma membrane and the actin cytoskeleton, playing a vital role in
shaping cells, positioning transmembrane proteins, and arranging organelles within

the cell (Panyu Yang et al. 2021). Further studies are required to validate these results.
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3) Material and methods

Cell culture

HEK293T (ATCC, CRL-3216), Vero E6 (gift of Marc Lecuit, Pasteur Institute Paris,
France), BHK-21 (ATCC, CCL-10) and U20S cells (gift of Andres Merits, University of
Tartu, Estonia) were cultured in DMEM supplemented with 10% FBS, 1% penicillin—
streptomycin, and 25 mM HEPES. HAP1 cells (Horizon Discovery), which are derived
from near-haploid chronic myeloid leukaemia KBM7 cells, were cultured in IMDM
supplemented with 10% fetal bovine serum (FBS), 1% penicillin—streptomycin and
GlutaMAX (Thermo Fisher Scientific) Fibroblast BJ-5ta cells (ATCC, CRL-4001) were
cultured in DMEM supplemented with 20% Gibco Media 199, 10% FBS, 1% penicillin—
streptomycin, 25 mM HEPES and 10 uyg/mL Hygromycin D. Primary dermal fibroblasts,
either from control or patient suffering from myopathy linked to fh/7 gene mutation
leading to deficiency in FHL1 expression were hTERT-immortalized (kind gift from
Anne Bertrand). All cell lines were cultured at 37 °C in 5% CO2. All cell lines were

routinely tested to be free of mycoplasma contamination.

Virus strains and production

CHIKV21 (strain 06-21 from Reunion Island) was previously described (Meertens et
al. 2019) and obtained from Philippe Despres (Institut Pasteur, Paris, France). CHIKV
West Africa (strain 37997), CHIKV St Martin (H20235 2013 Asian), CHIKV-Brazza-
MRS1 2011 (ref EVA 8847), were obtained from the European Virus Archive (EVA)
collection. Viruses were propagated with limited passages on Vero E6 cells. CHIKV
181/25 molecular clone (gift from Dr Gofinnet Christine, Institute of Virology Charité,
Berlin, Germany) was derived from the parental Asian strain AF155561 and attenuated
by two amino acid substitutions in the E2 glycoprotein (Levitt et al. 1986).
Recombinant CHIKV CHIKV-RIuc molecular clones were derived from CHIKV isolate
obtained during the Mauritius outbreak in 2006 (GenBank accession no. FJ959103)
32. To generate infectious viruses from CHIKV molecular clones, capped viral RNAs
were generated from the Notl-linearized CHIKV plasmids using a mMESSAGE
MMACHINE SP6 or T7 Transcription Kit (Thermo Fischer Scientific) according to
manufacturer’s instructions. Resulting RNAs were purified by phenol:chloroform
extraction and isopropanol precipitation, resuspended in water, aliquoted and stored

at -80°C until used. Thirty ug of purified RNAs were transfected in BHK21 with
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lipofectamine 3000 reagent and supernatants harvested 72 hours later were used for
viral propagation on Vero E6 cells. All virus stocks were purified through a 20%
sucrose cushion by ultracentrifugation at 80,000g for 2 hours at 4°C. Pellets were
resuspended in HNE1X pH7.4 (Hepes 5 mM, NaCl 150 mM, EDTA 0.1 mM), aliquoted
and stored at -80°C. Viral titers were determined on Vero E6 cell by plaque assay and

are expressed as PFU per mL

Plasmid constructions

The N-terminal FLAG-tagged full-length nsP3 WT, AHVD or AR4 constructs derived
from CHIKV Sri Lanka/2006/SL15649 strain (Accession number: MK028838.1
synthesized and cloned into pcDNA 3.1 (-) mammalian expression vector by
GenScript. 3Xflag nsP3 constructs are already described in (Meertens et al, 2019). To
generate the C-terminal HA-tagged FHL1A, the cDNAs of FLH1A (NM_001449.4) was
purchased from Genscript. Coding sequence (CDS) were amplified with a FHL1 Fwd

primer 5'-
CCGGAGAATTCGCCGCCATGGCGGAGAAGTTTGACTGCCACTACTGC-3’; and
rev primer 5'-
AATAGTTTAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGGGTATCCTCCA
GCGGCCGACAGCTTTTTGGCACAGTCGGGACAATACACTTGCTCC-3; and

cloned into pLVX-IRES-ZsGreen1 vector (Takara).

Antibodies

The following primary antibodies were used: anti-Flag M2 mouse monoclonal antibody
(F1804, Sigma), anti-dsRNA J2 mouse monoclonal antibody (Scicons), anti-nsP3
rabbit polyclonal antibodies (in-house from Andres Merits’s laboratory), anti-CHIKV E2
mouse monoclonal antibody (3E4), anti-GAPDH mouse monoclonal antibody (SC-
47724, Santa Cruz Biotechnology), anti-FHL1 mouse monoclonal antibody
(MAB5938, R&D Systems) and anti-G3BP1 mouse monoclonal antibody (H-10 sc-
365338, Santa Cruz Biotechnology), anti-CD2AP (51046-1-AP, Proteitech), anti-
Bin1/Amphiphysin2 (ab182562, Abcam). The following secondary antibodies were
used: Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11034, Invitrogen), Alexa
Fluor 488-conjugated goat anti-mouse IgG (A11001, Invitrogen), Alexa Fluor 647-
conjugated donkey anti-rabbit IgG (A31573, Invitrogen), Alexa Fluor 647-conjugated
donkey anti-mouse 1gG (A31571, Invitrogen), Alexa Fluor 594-conjugated donkey anti-
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rabbit IgG (21207, Invitrogen), peroxydase-conjugated donkey anti-rabbit IgG (711-
035-152, Jackson ImmunoResearch), and anti-mouse/HRP (P0260, Dako
Cytomotion).

Gene editing.

FHL1, CD2AP, G2BP1, G3BP2 and BIN1 were invalidated using two independent
small guiding RNA (sgRNA) (see Table 1), cloned into the plasmid lentiCRISPR v2
according to Zhang lab’s recommendation. HAP1 and 293FT cells were transiently
transfected with the plasmid expressing individual sgRNA and selected with puromycin
until all mock transfected cells died (approximately 72 hours). Transfected cells were
used to ascertain gRNA-driven resistance to CHIKV cytopathic effect, and clonal cell
lines were isolated by limiting dilution and assessed by immunoblot for protein

expression.

Infection assay. For infection quantification by flow cytometry analysis, cells were
plated in 24-well plates. Cells were inoculated with the indicated virus and MOI for 48
hours, then collected with trypsin, and fixed with 2% (v/v) paraformaldehyde (PFA)
diluted in PBS for 15 min at room temperature. Cells were incubated for 30 min at 4°C
with 1ug/ml of the 3E4 anti-CHIKV-E2 mAb diluted in permeabilization flow cytometry
buffer (PBS supplemented with 5% FBS, 0.5% (w/v) saponin, 0.1% Sodium azide).
After washing, cells were incubated with 1ug/ml of Alexa Fluor 488 or 647-conjugated
goat anti-mouse IgG diluted in permeabilization flow cytometry buffer for 30 min at
4°C. Acquisition were performed on an Attune NxT Flow Cytometer (Thermo Fisher

Scientific) and analyzed using Flowjo software (Tree Star).

Genomic viral RNA transfection and viral infection analysis

To assess wildtype and mutant CHIKV RNA replication, we transfected HEK293T cells
with capped genomic viral RNA generated from pCHIKV-RIuc molecular clones (see
‘Virus strains and production). Cells were plated on 48 well plates (5 x 104 cells) and
transfected with 50 ng of purified RNA using the Lipofectamine MessengerMax
reagent according to the manufacturer’s instructions (Thermo Fisher Science). At 3 h
after transfection, medium was removed and fresh medium was added. At specific
time intervals, cell supernatant was collected and frozen at -80°C for plaque assay on

VeroEG6 cells, whilst cells were washed once with PBS and lysed with Passive lysis
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buffer. Lysates were kept at —20 °C until all samples were collected. Luciferase activity
was measured using the Renilla Luciferase Reporter Assay system (Promega) on a
TriStar2 LB 942 with 20 (L of cell lysate, 20 uL of substrate and 2 s integration time.
Each experiment was performed in quadruplicate.

Co-immunoprecipitation assay

HEK-293T cells were plated in 10 cm dishes (5.106 cells/ dish). Twenty-four hours
later, the cells were transfected with a total of 15 ug of DNA expression plasmids (7.5
Mg of each plasmid in co-transfection assays). Twenty-four hours post-transfection the
cells washed once with PBS and collected with a cell scrapper. After 5 min
centrifugation (400 x g for 5 min), cells pellets were lysed for 30 min in cold IP lysis
buffer supplemented with Halt™ Protease and Phosphatase Inhibitor Cocktail, and
then cleared by centrifugation for 15 min at 6,000 x g. Supernatants were incubated
overnight at 4°C, with either anti-FLAG magnetic beads (see ‘reagent’ section above).
Beads were washed three times with IP-lysis buffer. The retained complexes were
eluted twice with either 3xFLAG-peptide (200 pg/ml; SIGMA F4799-4MG) for 30 min
at room temperature. Samples were prepared and subjected to immunoblot as

described below.

Identification and analysis of FHL1A-HA interactome in infectious context (work
performed by Dr Lamine Hafirassou, Post doc )

FHL1A-HA immunoprecipitation was performed as previously described.
Briefly, 5 x 108 293T cells expressing either the HA-tagged FHL1A protein, either
mock or CHIKV infected for 24h, were lysed for 30 min in cold IP lysis buffer
supplemented with complete protease and phosphatase inhibitors and then cleared
by centrifugation for 30 min at 6,000 x g. Supernatants were incubated overnight at
4°C with anti-HA magnetic beads. Beads were washed three times with BO15 buffer
(20 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM MgCI2, 10% glycerol, 0.5 mM EDTA,
0.05% Triton, 0.1% Tween-20) and immune complexes were eluted twice with HA-
peptide (400 pug/mL) for 30 min at room temperature (RT). HA-IP complexes were
further incubated with HA magnetic beads for 6 hr at 4°C, washed 3 times with B015,
and immune complexes were eluted twice with HA peptide (400 pg/mL). Eluates were
concentrated on a Pierce Concentrator, PES 10K, and stored at —20°C until used.

A total of 3 co-affinity purifications and MS analysis experiments were
performed with; FHL1-KO 293T cells and, mock or CHIKV-infected FHL1A-HA
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expressing 293T cells. Samples were analyzed at Taplin Biological Mass
Spectrometry Facility (Harvard Medical School). Briefly, concentrated eluates issued
from immunopurification are separated on 10% Tris-glycine SDS-PAGE gels
(Invitrogen), and stained with Imperial Protein Stain (Thermo Fisher). Individual
regions of the gel were cut into ~1 mm3 pieces and subjected to a modified in-gel
trypsin digestion procedure (Shevchenko et al., 1996). Peptides were desalted and
subjected to a nano-scale reverse-phase HPLC (Peng and Gygi, 2001). Eluted
peptides are then subjected to electrospray ionization and then MS/MS analysis into
an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific,
Waltham, MA). Peptides were detected, isolated, and fragmented to produce a tandem
mass spectrum of specific fragment ions for each peptide. Peptide sequences were
determined by matching protein databases with the acquired fragmentation pattern by
the Sequest software program (Thermo Fisher Scientific, Waltham, MA) (Eng et al.,
1994). All databases include a reversed version of all the sequences, and the data
were filtered to <2% peptide false discovery rate.

Raw AP-MS dataset was analyzed with SAINTexpress, 43 proteins showed a
probability score >0.8 with SAINTexpress and an average peptide count >2 in the
CHIKV infected condition. Data were submitted two three type of analysis: additional
IP1+IP2+IP3 analysis, One Shot analysis (one simultaneous analysis of the three IPs)
and individual IP analysis. Host protein list was analyzed with DAVID 6.8 to identify
statistical enrichments for specific GO terms from the “biological process” (BP)

categories (Huang et al., 2009a, Huang et al., 2009b).

siRNA screen assay

The proteins identified by the AP-MS approach were targeted by an ON-TARGETplus
SMARTpool siRNA library (Dharmacon). | use a siRNA pool instead of individual
siRNA to improve silencing efficiency and drastically reduce off target effects. 293T
cells were transfected using the Lipofectamine RNAiMax protocol (Life Technologies)
with 20 nM final siRNA. 48 hr post-transfection, cells were infected CHIKV-GFP at MOI
0.2 for 24 hr and infection was quantified by flow cytometry. Three siRNA controls
were included in the screen: (1) a non-targeting siRNA used as a reference, (2) a
siFHL1 targeting the FHL1 gene expression, which we demonstrated as an important
CHIKV host dependency factor, which serves as a positive control for host
dependency factors (HDFs), and (3) a siMXRAS8 for the knock down of the MXRAS8
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receptor expression, involved into alphavirus entry. Cutoffs criteria were for HDF to be

<50% of the mean of infection and for HRF to be 2200% of the mean of infection.

Cell viability

Cell viability and proliferation were assessed using CellTiter-Glo 2.0 assay (Promega)
according to the manufacturer’s protocol. The cells (3 x 104) were plated in 48-well
plates. At the indicated times, 100 pL of CellTiter-Glo reagent were added to each well.
After 10 min of incubation, 200 uL from each well was transferred in an opaque 96-
well plate (Cellstar, Greiner Bio-One), and luminescence was measured on a TriStar2
LB 942 (Berthold) with a 0.1-s integration time.

Cell lines stably expressing CHIKV FLAG-nsP3

Empty lentiviral plasmid or 3xFLAG-tagged full-length nsP3 lentiviral plasmid (pLVX)
were co-transfected in 293T cells by with psPAX2 (Kind gift from Nicolas Manel,
Institut Curie, Paris, France) and pCMV-VSV-G at a ratio of 4:3:1 with lipofectamine
3000 (Thermo Fisher Scientific). Supernatants were collected 48 h and 72 h after
transfection, cleared by centrifugation (750g for 10 min), filtered using a 0.45-pum filter
and purified through a 20% sucrose cushion by ultracentrifugation (80,0009 for 2 h at
4 °C). Pellets were resuspended in HNE 1X pH 7.4, aliquoted and stored at —80 °C.
FHL1XO cells were transduced by spinoculation (750g for 2 h at 33 °C) using these

lentiviruses and selected with puromycin (2 pg/mL).

Westernblot

Equal amount of protein, determined by DC™Protein Assay (BioRad), were prepared
in LDS Sample Buffer 4X (Pierce™) containing 25 mM dithiothreitol (DTT) and heated
at 95°C for 5 min. Samples were separated on Bolt™ 4-12% Bis-Tris gels in Bolt®
MOPS SDS Running Buffer (Thermo Scientific), and proteins were transferred onto a
PVDF membrane (BioRad) using the Power Blotter system (Thermo Fischer
Scientific). Membranes were blocked with PBS containing 0.1% Tween-20 and 5%
non-fat dry milk and incubated overnight at 4°C with primary antibody. Staining was
revealed with corresponding horseradish peroxidase (HRP)-coupled secondary
antibodies and developed using SuperSignal™ West Dura Extended Duration
Substrate (Thermo Fisher Scientific) following manufacturer’s instructions. The signals

were acquired through Fusion Fx camera (VILBERT Lourmat).

167



Immunofluorescence

Human fibroblasts (1.1 x 10* cells per well) were grown on Lab-Tek CC2 chamber
slides (Nunc) for 24 hours. Cells were inoculated with CHIKV21 at the indicated MOls.
At 7 and 24 hours post infection, cells were washed with PBS and fixed with 4% (v/v)
of PFA diluted in PBS for 15 min at room temperature. Fixed cells were washed with
PBS for 5 min, then incubated with 0.1 mM of glycine in PBS for 30 min at room
temperature. Cells were permeabilized and blocked with 0.5% saponine and 3% (w/v)
BSA in PBS for 45 min. Cells were incubated for 1 h at room temperature with primary
antibodies, and washed with PBS. Cells were labelled with corresponding Alexa Fluor-
conjugated secondary antibodies (1 ug.ml-1) for 30 min at room temperature. All
antibodies were diluted in PBS supplemented with 3% (w/v) BSA. Slides were
mounted with ProLong Gold antifade reagent containing DAPI for nuclear staining
(Thermo Fisher Scientific). Fluorescence microscopy images were acquired using a
LSM 800 confocal microscope with the following objectives: Plan-Apochromat
63x/1.40 Oil DIC M27 and Plan-Apochromat 40x/1.3 Oil DIC (UV) VIS-IR M27 (Zeiss).
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Discussion and perspectives
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A. Structure and function of the alphavirus nsP3

In this study, we reported the cryo-electron microscopy structure of CHIKV nsP3
protein for the first time and showed its intrinsic ability to oligomerize and form helical
scaffolds. These scaffolds fit perfectly with previously identified but uncharacterized
structures at the neck of CHIKV replicative spherules. We demonstrated that nsP3
forms tubular structures in infected cells corresponding to the in vitro helical scaffolds.
Finally, functional data revealed that nsP3 oligomerization inhibition impairs viral
replication, suggesting it is a prerequisite for its activity during the replicative cycle.
Interestingly, in the late stages of the viral cycle, nsP3 organize in tubular assemblies
that trap host factors FHL1 and G3BP and contain viral genomic RNA and capsid
proteins. These data pinpoint a second, more tardive role of nsP3 during the viral
cycle. This study reports new and valuable insights into nsP3 structure and function

and reveals the architecture of a new type of virus-induced organelles.
1. nsP3 helical scaffolds are involved in vRC formation
a. AUD is a unique oligomerization module driving nsP3 oligomerization

The structural analysis performed by our collaborators (Dr. Michael Horns, Dr.
Juan Reguera, and his team) of the CHIKV nsP3 revealed that this protein possesses
the intrinsic ability to oligomerize into tubular structures with a well-defined internal
channel delimited by a weakly structured matrix and surrounded by a jelly-like shield.
The cryo-electron microscopy (cryoEM) at 2.52A resolution revealed that the
Alphavirus Unique Domain (AUD) is an oligomerization module organized into four
alpha helixes with extensions (O-modules) in C-terminal and N-terminal, responsible
for axial and lateral contacts between AUDs of neighboring nsP3 molecules. The O-
modules are enriched in positively charged residues, mediating electrostatic
interactions with a specific region called O-loop. The O-loop of AUD at position hA n
mediates interactions with the lateral O-module of AUD at position hA (helix A) n-1
and the axial O-module of the AUD at the neighboring helix- hB n — position. In addition
to the electrostatic charges, hydrogen bonds established by several residues seal the
lateral and axial interactions. The AUD is an alphavirus-specific protein fold that does
not have direct homologs in unrelated organisms or viruses (Gao et al. 2019; Gotte, Liu,
et Mclnerney 2018), in contrast with the alphavirus macrodomain, which is a well-
conserved structural fold harboring a specific enzymatic ADP-ribose binding and

hydrolase activities (Fehr et al. 2018). AUD-resembling domains have never been
172



reported in the literature so far, either in other viruses or unrelated organisms. Further

investigations using protein databases coupled to artificial intelligence such as Alpha

Fold can be helpful to identify protein folds similar to AUD.

b. nsP3 helical scaffolds form a supporting crown for spherule

biogenesis

Multiple biochemical and immunofluorescence studies have reported that nsP3

is a fundamental component of the enzymatic machinery that mediates viral

replication. Indeed, microscopy studies showed that nsP3 is found close to the dsRNA,

a hallmark of vRC. However, the spatial organization of nsP3 and the other replicase

proteins as well as the precise nsP3 activity during RNA synthesis remained poorly

understood until recently. With the advent of single-particle cryo-EM and cryo-electron

tomography (cryo-ET), we gained valuable information about the CHIKV nsP

organization and stoichiometry
within the VRC. In addition to the
nsP1 dodecameric ring anchored
to the plasma membrane and
organizing the spherule pore, in
the

cylinder-like

situ  cryo-ET, showed

presence of a
structure below nsP1-ring. The
cavity formed by this structure
eventually displays linear density
resembling RNA transported
the the
cytoplasmic side of the cylinder
(Tan et al. 2022). This protein

density was also reported in

from spherule to

another
reconstruction of CHIKV VvRC
(Laurent et al. 2022), but the

nature of this protein complex

tomographic

A Inactive replicase core

Cytosol ¥ YRS

PM.
Y
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Figure 1: Structure of inactive vRC. A. Tomographic slice of cell periphery
depicting a filopodia-like membrane protrusion structure extended from the
PM. White arrows point to the membrane-associated nsP complexes. Scale
bar, 100 nm. B (right) Corresponding 3D segmentation of cellular features. C,
CHIKV nsP complex 3D volume determined by subtomogram averaging with
imposed C12 symmetry. F, The RC core complex (nsP1 + 2 + 4) is fitted into
the C1 subtomogram average map of the nsP complex. Note that the
cytoplasmic ring as observed in Fig. 3C is absent in this inactive nsP complex.
Consequently, there is no density observed for the C-terminal protease of
nsP2. From Tan et al. 2022.

remained unknown. Interestingly, the same study showed inactive replication

complexes core, tethered to the plasma membrane. Subtomogram averaging of the
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reconstructed complexes revealed the nsP1-dodecameric ring, nsP4 in the vicinity of
the nsP1-pore and nsP2 facing the cytoplasmic side of the complex, but no
cytoplasmic cylinder density. Strikingly, this RC core was not generating spherules,
and no RNA synthesis was observed.

The nsP3 helical scaffolds reported in our study fit remarkably in size and shape
with the cytoplasmic cylinder-like (or crown-like) structure found in active CHIKV
replicative complexes. In addition, the fact that no nsP3 could be assigned in the
structure of inactive RC cores (Figure 1) pinpoints the formation of an nsP3 crown at
the neck of the replicative spherules supporting their biogenesis. However, further
direct evidence by in situ cryo-electron tomography on CHIKV and other alphavirus-
infected cells is needed to confirm that the cytoplasmic cylinder-shaped complex
corresponds to nsP3 oligomers.

Cryo-ET is a powerful tool to decipher the structural organization of alphavirus
replication complexes, but it also can give insights into the host factors recruited at
these sites. For instance, one of the well-documented nsP3 functions is to mediate
interactions with multiple host factors required for efficient replication. G3BP proteins
are the main nsP3 interactants that participate in vRC formation and clustering at the
plasma membrane (Kim et al. 2016). Other host factors such as Bin1/Amphiphysin,
which contains BAR-domains involved in membrane reshaping and curvature, are
thought to be recruited to alphavirus vVRC for spherule biogenesis. In light of these
data, it is reasonable to propose that nsP3 helical scaffolds are formed at the
cytoplasmic side of VRC to generate or stabilize membrane spherules and thus permit
RNA synthesis. Our structural data suggest that nsP3 AUD forms the inner channel of
the helix and that the MD and the HVD are projected toward the exterior. This highly
suggests that the host factors could be quickly recruited by these domains, mainly the

HVD and decorate the surface of the nsP3 cylinder.
c. nsP3 helices trigger vVRC maturation and sgRNA synthesis

Once synthesized, P1234 and P123+nsP4 are addressed along with viral
genomic RNA to the plasma membrane to establish VRC formation and RNA
synthesis. The molecular mechanisms involved in this process are still unknown.
Studies of alphavirus non-structural polyprotein processing and regulation of RNA
synthesis (K. H. Kim et al. 2004; Gorchakov, Frolova, et al. 2008) demonstrated that
active nsP4 and uncleaved P123 are required for spherule formation. In addition, the

uncleaved P123+nsP4 complex can only synthesize the negative RNA strand that will
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serve as a template for synthesizing new positive RNA species (K. H. Kim et al. 2004;
Gorchakov, Frolova, et al. 2008). Subsequent nsP1 individualization leads to a short-
lived nsP1+P23+nsP4 replicase complex, which switches its activity from negative
RNA to positive genomic RNA synthesis. Finally, the P23 cleavage into fully
individualized nsPs was proposed to induce major conformational changes that
irreversibly switch off the negative RNA synthesis toward mainly sub-genomic RNA
species synthesis (K. H. Kim et al. 2004; Gorchakov, Frolova, et al. 2008).

In a previous study focusing on nsP3 AUD's role during viral replication, Gao
and colleagues demonstrated for the first time a link between nsP3 and sgRNA
synthesis (Gao et al. 2019). The authors described that P247A/V248A substitutions
within the AUD dramatically decreased sub-genomic RNA synthesis and subsequent
structural protein production. In line with SINV P23 structural data, the authors showed
that this phenotype is linked to a reduced capacity of the AUD to recognize the
subgenomic promoter (in vitro assay) and to bind viral positive-stranded RNA (RNA
pulldown assay) (Gao et al. 2019). Despite these results, there is no clear evidence of
nsP3 binding viral RNA in the replicative spherules. In our study, the P247A/N249A
mutant also displayed a significant decrease in viral replication with a principal
reduction in structural protein synthesis, suggesting a defect in viral sSgRNA synthesis
or sgRNA translation.

Considering the data mentioned above and also the structural organization of
active versus inactive vVRC (Tan et al.2022, see section b.), it appears reasonable to
propose that nsP3-helical scaffolds are required for a fully mature vRC that can
efficiently synthesize genomic and subgenomic RNA. In addition, AUD's capacity to
bind genomic viral RNA might have essential implications regarding nascent RNA
export outside the replicative spherules. Indeed, it is still unknown how viral RNA
traffics from replicative sites to 1) translation sites and 2) nucleocapsid assembly sites

(see section A.2).
d. nsP3 oligomerization and P1234 polyprotein processing

The superposition of our AUD structure with a predicted uncleaved P23
complex suggested that, in the unprocessed folded configuration, nsP2 C-terminal
protease domain completely blocks the AUD-O-loop, which mediates axial contacts
and the subsequent nsP3 scaffold formation. In addition, our CHIKV AUD mutant
viruses, which have a strong defect in the nsP3 oligomerization process, present a

reduced viral replication and spread. While the inability of unprocessed nsP3 to form
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helical scaffolds should be further validated, our observations raise questions about
the spatiotemporal regulation of nsP3 processing, oligomerization, and activity during
the early steps of the viral cycle.

As described in the introduction of this work, membrane spherules formation
requires fully processed nsP4 (RdRp) combined with either uncleaved P123 or nsP1+
uncleaved P23 (Hellstrom et al. 2017). In addition to forming spherules, the
nsP1+P23+nsP4 complex is able to synthesize viral RNA. In contrast, the expression
of fully processed nsPs is not able to mediate RNA synthesis (Hellstrom et al. 2017).
These data demonstrate that efficient viral replication complexes (VRC) formation
requires unprocessed P23 precursor but fully processed nsP4.

Furthermore, uncleaved P123 or P23 activity was also assessed in mutated
SINV and SFV viruses (K. H. Kim et al. 2004; Gorchakov, Frolova, et al. 2008).
Uncleavable P23 viruses replicate and produce spreading infection near wildtype virus
level but only in cells that are not immunocompetent (Gorchakov et al. 2008).
However, cleavage-deficient P123 virus was dramatically impaired in new genomic
and subgenomic-RNAs synthesis, and thus the producing of spreading infection on
BHK-21 cells (Gorchakov et al. 2008). Interestingly, the study reported that the
uncleavable P23 virus synthesized more genomic RNA but less subgenomic RNA.
These results fit with other data demonstrating that in contrast to uncleavable
P123+nsP4 complex, which only synthesizes negative-strand RNA, nsP1+P23+nsP4
is very inefficient in negative synthesis but allows genomic RNA production (K. H. Kim
et al. 2004; Gorchakov, Frolova, et al. 2008).

Given the above data, our hypothesis that P23 cleavage is required for nsP3-
helices formation and, thus, for viral RNA synthesis is inconsistent. Indeed, our results
demonstrated that nsP3 oligomerization is a prerequisite for replication and production
of infectious particles. However, processing-dead CHIKV viruses are viable (K. H. Kim
et al. 2004; Gorchakov, Frolova, et al. 2008), suggesting that nsP3oligomerization
could occur in the P23 precursor. Interestingly, it was proposed that P23 site cleavage
is driven by conformational changes in the replicase complex rather than by the only
nsP2-protease activity (Hardy et Strauss 1989; Lulla, Lulla, et Merits 2012; Gorchakov,
Frolova, et al. 2008). These conformational changes could start when the P12 site is
cleaved in cis (Figure 2, step 2), which liberates the N-terminal domain of nsP2. This
first cleavage may induce a conformational change that releases the nsP3-AUD

oligomerization loop (O-loop), thus enabling nsP3 helical scaffold formation (Figure 2,
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step 3). P23 processing likely occurs following AUD helices formation, liberating nsP2,
which is finally able to recognize the sub-genomic promoter (Hahn, Strauss, et Strauss
1989; Lulla, Lulla, et Merits 2012), thus favoring sgRNA synthesis (Figure 2, step 4).
Alternatively, replicase conformational changes could also result from the interaction
between the replicase proteins (P123 and P23) and the viral genomic RNA. Indeed,
structural data of SINV P23 predicted an RNA-binding region that extends from nsP2
to the AUD zinc finger motif (Malet et al. 2009).

e. Conclusions

©

Irreverssible mature and stable vVRC
mostly synthesizing sub-genomic RNA

Short-lived replicase:
(+)ss RNA synthesis, inefficient
(-)ss RNA synthess

Early replicase:
(-)ss RNA synthesis

nsP3-oligomerization occures following
conformational change and before P23 processing ?

nsP1-pore + nsP2 + nsP4 In vitro but not in
situ active complex, no active vRC formed

Figure 2: nsP3 forms a supporting crown below nsP1-dodecameric ring of VRC.

With the development of trans-replicase molecular systems, which allows us to
decouple RNA synthesis and spherule biogenesis, and the amount of structural
information we can obtain by cryo-electron microscopy and tomography, we can now
explore in detail the formation of alphavirus vRC and investigate the importance of the
polyprotein processing in this process. For instance, deciphering the structural
organization of the P123+nsP4-induced spherules and the fully matured active
spherules observed in infected cells will be of great interest. Questions remain to be
assessed regarding the oligomerization of nsP1 and nsP3 in the context of the
uncleaved P123 polyprotein. In vitro expression of the individualized nsPs and all the
polyprotein precursors (P123, P23) and the characterization by electron microscopy
of their capacity to organize into macromolecular assemblies could be valuable. In

addition, the same experiments performed in situ could give us insights into the very
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first stages of vRC formation.

Furthermore, it is commonly proposed that the alphavirus nsP3 protein recruits
a set of host factors at the sites of replication in order to ensure spherule biogenesis
and RNA synthesis. One reasonable interrogation concerns the importance of nsP3
scaffold formation for efficient clustering of host factors, such as G3BP, FHL1, CD2AP,
and Bin1 for CHIKV. Preliminary data not shown here suggested that AUD-mutated
nsP3 proteins, unable to polymerize and form scaffolds, can still interact with host
factors (G3BP in our experiments). This suggests that in addition to interact with these
factors, their aggregation at specific sites such as vRC is required for efficient viral

replication.
2. Cytoplasmic nsP3 aggregates

We showed that CHIKV nsP3 form high-ordered helices that stuck together in
a honeycomb network as the infection progresses. We propose that these networks
are not active replicative comportments but rather support more tardive functions of
alphavirus infectious cycle such as the selective packaging of viral RNA or viral

assembly.
a. Structure and composition of nsP3 tubular assemblies

Electron micrographs of CHIKV-infected or nsP3-expressing cells showed the
presence of highly ordered tubular networks. Specific nsP3-immunogold labelling
confirmed that these structures are indeed nsP3 tubular assemblies. Electron
micrographs of transversal sections revealed homogeneously spaced cylindric
structures. The inner cylinders perfectly correspond in size to the channel formed by
the AUD-helical arrangement in vitro. Densities surrounding the channel likely
correspond to the AUD plus the MD. Additional extra-densities surrounding the tubes
certainly correspond to host and viral factors recruited by the nsP3. The precise
positioning of the HVD is still unknown. Interestingly, nsP3 tubes formed in vitro do not
generate well-ordered assemblies’ structures, as found in CHIKV-infected or nsP3-
expressing cells. This suggests that independent nsP3 tubes can’t stack together and
that viral or host factors are probably required for the nsP3-tubular network formation.
Whereas full-length nsP3 expression leads to the formation of well-structured tubes,

AUD expression in the absence of the other two protein domains results in much
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longer and disorganized filamentous structures resembling amyloid fibrils.

nsP3 cytoplasmic aggregates have been reported in multiple studies (Elena
Frolova et al. 2006; D. Y. Kim et al. 2016b; Remenyi et al. 2017; 2018; Meshram et al. 2018;
Jayabalan et al. 2021b). All of them used optical microscopy techniques to describe the
morphology and composition of these aggregates. As they contain several

components of stress granules (Marc D. Panas et al. 2012; Jayabalan et al. 2021b) and

A they appear as spherical membrane-

(Souquere-et al. 2009)

e
A
Ay

less structures (Marc D. Panas et al.
Stress granules

morphology 2012; Jayabalan et al. 2021b; Remenyi et
al. 2017), nsP3-aggregates have been
proposed to be very similar to stress

B

granules (Figure 3). In CHIKV-

infected cells, nsP3 complexes close

nsP3 granules

oeptiology to the plasma membrane are formed

in association with dsRNA and host

factors such as G3BP (J. J. Fros et al.

Figure 3: Comparison of SGs and nsP3-assemblies ultrastructure. 2012: D. Y. Kim et al. 201 6) As the
A, Fluorescence (left) and electron (right) micrographs showing T ) )

stress granules ultrastructure (From Souquere et al. 2009). B. infection progresses, |arger’ Spherica'
Fluorescence (left) and electron (right) micrographs of nsP3 in

CHIKV infected human fibroblasts (From Kril et al. 2023 submitted). NsP3 aggregates could be observed

away from the plasma membrane, and 24h post-infection nsP3-aggregates showing
a rod-like morphology could be observed. In the early stages of the infection, when
stress granules are formed in response to viral infection, the nsP3 protein mediates
their disassembly and sequester the RNA-binding proteins (G3BP) into nsP3-enriched
aggregates. These nsP3 condensates are resistant to cycloheximide treatment
suggesting that they are not bona fide SG (Jayabalan et al. 2021).

Stress granules are formed by liquid-liquid phase transition driven by protein-
protein and RNA-protein interactions. These condensates are dynamic membrane-
less structures that can exchange components with the cellular milieu. When observed
by electron microscopy, SG are membrane-less condensates with irregular outlines,
containing granular structures (likely ribosomes) within a loosely organized and non-
uniform milieu (Figure 3A). Interestingly, whereas SGs ultrastructure agrees with their
appearance in fluorescence microscopy, nsP3-cytoplasmic condensates exert a
completely different organization (Figure 3B). These condensates are actually tubular
structures closely tight one to another, forming a highly-ordered electron-dense
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network. In contrast with SGs that assemble and disassemble rapidly, nsP3 tubular
networks are apparently much more rigid and stable, as they can be observed even
48 hours post-infection.

Further investigations are required to understand the kinetics of nsP3 tube
formation and their ability to exchange components with the surrounding milieu. It is
possible to apply the Fluorescence Recovery After Photobleaching (FRAP) approach
to get insights into nsP3 kinetics in an infectious or overexpression context. FRAP is
a single molecule technique where a specific area of the cell is selectively
photobleached so that recovery of fluorescence to that area can be observed. With
this technique, we can eventually track nsP3 and its interactant motility. Applying live
cell imaging could also be valuable to investigate whether the nsP3 structures come
from the plasma membrane after viral RNA synthesis was achieved and then grow
progressively while moving away from vRC, or nsP3cytoplasmic aggregates form from
newly translated nsP3, which is not required for vRC formation. The latter hypothesis
appears plausible because as the viral replication progresses, non-structural
polyprotein concentration rises, and its processing becomes faster. Thus, it is possible
that an important fraction of nsP3 is not addressed to the plasma membrane and is
not used for vRC formation. Another important question is whether these assemblies
are dynamic virus-induced organelles that exchange components with the cytoplasmic
milieu.

Our data and other studies demonstrated that nsP3 cytoplasmic tubular
structures recruit host factors (nsP3-interactants G3BP, FHL1, CD2AP, and likely
other RNA-binding proteins)(Gotte, Liu, et Mclnerney 2018; Meshram et al. 2018;

Nowee et al. 2021). In addition, we and others Mock CHIKV nsP3-mCherry

nsP1 Merge

O]

also identified that nsP3 tubes recruit viral nsP2
protein and capsid but not nsP1 or envelop
proteins (Zheng and Kielian 2013, Kril et al.
2023, submitted) (Figure 4) . Furthermore,
genomic viral RNA was found to colocalize with
these nsP3 assemblies in infected cells, but no

replicative dsRNA intermediate, demonstrating

m
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that these are not active replicative complexes.
. . . . Figure 4: nsP3-tubular assemblies contain nsP2
Interestlngly, the presence of nucleic acids is and capsid but not nsP1 and E2 viral proteins.

consistent with the structural features of the

180



nsP3helical scaffolds. Supplementary investigations are required to assess whether

viral RNA molecules are found within the channel formed by the AUD, thus buried and

protected from the cellular environment, and whether these nsP3 structures selectively

trap and transport genomic and sub-genomic RNA species. We are currently trying to

isolate and purify nsP3 tubes from infected cells to establish their protein and RNA

composition.

b. Functions

_, Host factors
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Figure 5. Overview of
nsP3-tubular assemblies’

potential functions
during alphavirus
replication. vRC, viral
replication ~ complexes;
RBP, RNA-binding
proteins.

Alphavirus nsP3 are obviously not active viral replication complexes, but they

contain multiple viral and host factors. They differ from bona fide “viral factories” as

they are neither membranous organelles nor viral inclusions formed by liquid-liquid

phase separation. nsP3assemblies result from the oligomerization of the nsP3 AUD

domain, which constitutes the core tubular structure. Each nsP3 mediates multiple

interactions with cellular and viral host factors, which are recruited to these tubes and
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likely mediate their well-ordered architecture in the cellular context. A fundamental
question is whether these tubular assemblies are actively formed during the viral cycle
or constitute an indirect consequence of excess viral material. Because nsP3
assemblies are not amorphous aggregates of viral proteins but rather extremely well-
organized tubular networks, we suggest that they might be functional in contributing

to an efficient alphavirus replicative cycle (Figure 5).

nsP3 tubular transport viral RNA and constitutes a platform for specific viral
RNA packaging

How do alphaviral nascent genomes traffic from the vRC to packaging sites,
and what is the precise subcellular localization of these sites is unclear. Recent cryo-
electron tomography studies reported that immature nucleocapsids are formed into
the cytoplasm and traffic to the plasma membrane for the assembly and budding
(Chmielewski et al. 2022). In vitro studies of alphavirus genome packaging
demonstrated that nucleic acids (RNA) are an absolute prerequisite for capsid
oligomerization and assembly (Mukhopadhyay et al. 2002; Mendes et Kuhn 2018).
Interestingly, in vitro, the nature of the RNA is not of great importance, suggesting that
in the cellular context, viral RNA must be sorted and specifically addressed for
packaging. Intracellular modeling of alphavirus packaging also suggests that
alphavirus nsPs might play a role in viral RNA packaging. Indeed, nsP2 was found to
harbor adaptive mutations when VEEV capsid sites involved in packaging were
mutated (D. Y. Kim et al. 2013). Interestingly capsid proteins were found to colocalize
with nsP3 “granules”, and newly synthesized capsid proteins were found to be
continuously addressed to these sites (Zheng and Kielian 2013).

In light of these and our data, nsP3 helical scaffolds could be involved into the
transport of viral RNA from the vRC to the sites where capsid proteins are produced.
The organized nsP3 network could serve as a platform for specific viral RNA
packaging, thus limiting unspecific packaging and protecting viral RNA from
degradation and recognition by cellular immune sensors. Eventually, nsP3assemblies
could create an optimal microenvironment connecting capsid to viral RNA (Figure 5
step 1,2,3).
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nsP-tubular networks are negatively regulating stress response and cellular
antiviral immunity

nsP3 tubular assemblies were shown to contain several host factors involved
into CHIKV infection, such as FHL1, CD2AP or G3BP proteins. Whereas the precise
role of FHL1 or CD2AP is unclear, G3BP proteins have been widely studied in
physiological and infectious contexts. G3BP is known as a core component for stress
granules (SGs) formation. SGs are disassembled through the macrodomain ADP-
ribose binding and hydrolase activities in the early steps of alphavirus infection. It is
proposed that SGs disassembly leads to the sequestration of G3BP, which is
addressed to viral replication complexes that promote efficient vRC clustering and viral
RNA synthesis. In addition, SG disassembly releases translation initiation factors that
can be further used for viral protein synthesis. Interestingly, G3BPs organize SGs and
amplify multiple immune signaling pathways (RIG-I, NF-kB, cGAS-STING, PI3K-akt-
mTOR pathways), establishing an antiviral state. Thus, nsP3 tubular scaffolds might
sequester G3BP and other antiviral or cellular stress factors to allow efficient
replication, protein synthesis, and production of new infectious particles (Figure 5
step4). Finally, nsP3-assemblies could be also involved in the efficient translation of
viral structural proteins (Figure 5 step 5). It was demonstrated that 2 to 4 hours post-
infection, alphaviruses induce a general shutoff of protein synthesis. Interestingly viral
sub-genomic RNAs are efficiently translated in this context. We still ignore if sub-
genomic RNA species are found in the nsP3-assemblies. Interestingly, the presence
of nsP2 and G3BP, which are known to interact with different ribosomal subunits,
eventually pinpoint a role in protein synthesis.

Further experiments to establish nsP3 scaffold functions are required. We are
conducting preliminary experiments to establish an efficient nsP3-tube purification
protocol using a CHIKV virus expressing a dual-tagged HA/FLAG-tagged nsP3 protein
(Figure 6). In our first attempt, we efficiently purified nsP3 from infected cells, as shown
in the western blot analysis (Figure 6B). The purified complexes were subjected to
mass spectrometry analysis, from which the 74 statistical hits are shown in Figure 6C.
We efficiently co-immunoprecipitated nsP3 since the most statistically significant
peptides belong to the nsP3. In addition, we also found in the complex nsP2 and nsP1
peptides. Finally, we also efficiently pulled down the major nsP3-interacting factors
(G3BP, NAP1L1, FHL1). Consistently with our other data and the western blot (Figure

6B), we also identified the capsid protein. Surprisingly, peptides corresponding to the
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E2 glycoprotein are also found. A preliminary gene ontology analysis revealed that
most of the host factors in immunoprecipitated complexes are RNA metabolism or
translational proteins. We also found a substantial part of the interactants belonging
to the cytoskeleton network (Figure 6C, pie chart). Other experiments must be
performed to validate these hits. In addition, we failed to show that the
immunoprecipitated complexes are nsP3-oligomers. However, these preliminary data
pinpoint a function of nsP3 in RNA metabolism and translation. Sequencing of RNAs

found in complex with the nsP3 will be of great interest.
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Figure 6: nsP3 tubular assemblies’ purification and interactome analysis. A. Experimental approach for nsP3 purification
from infected cells. B, Western blot analysis of immunoprecipitated nsP3 complexes. C, statistically significant mass
spectrometry (MS)-identified nsP3-interactants (table) and their corresponding molecular functions (pie chart). D, Mapping
of the viral peptides identified in the MS.
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c. Structural characterization of nsP3 tubes by cryo-electron

tomography

In order to reveal the precise structure and composition of these tubes, our lab
has started to characterize the structural basis of nsP3 tubes by cryo-electron
tomography in collaboration with the Nanoimaging facility of the Pasteur Institute (Dr
Anna Sartori-Rupp, Stéphane Tachon, and Johannes Groen). The aim of these
experiments was to characterize nsP3 tubes in a context as close as possible to what
happens during CHIKV infection. In addition, to avoid structural artifacts due to the
chemical fixation of the samples, we chose to work only on vitrified samples. However,
we could not prepare and image cells infected with wild-type CHIKV because of
technical and security limitations. Instead, we used single-round CHIKYV viral particles
(CHIKV RVPs) (Figure 7). These particles were assembled following the co-
transfection of in vitro transcribed and capped CHIKV-GFP or CHIKV-nsP3 mCherry
replicon RNA molecules, a capsid, and envelope proteins encoding RNA. Thus, the
CHIKV-GFP RVPs can enter cells, produce non-structural proteins, and establish vRC
and RNA synthesis without producing structural proteins and infectious virions (Figure

7, upper panel).

Lipocomplexes + in vitro transcribed 293T transfection CHIKV GFP RVP Infection nsP3 tubular assemblies Imaging
capped RNA -
CHIKV replicon GFP  Capsid Envelop / " g N\ Ry /s a — Q
— - m =g — )
T — —p | e —_—
A. Sample preparation B. Samples vitrification C. Cryo-FIB (focused ion beam) for lamella preparation
CHIKV  Verocells  gM grids Light Microscopy - .
GFP RVPs < =
P s
223 28 g
- g
T ; s
LAY Blotting system| g

- Plunger

Liquid ethane
BN Liquid nitrogen

After vitrification

D. Tr ission electron microscopy and

Glacios Cryo Transmission

Electron Microscope (¢
TEM) 200 kV

nsP3-tubes

Lipid
droplets

Figure 7: Experimental approach for CHIKV non-infectious virus particle production (upper panel steps 1 to 5) and in situ
characterization of nsP3-tubes by cryo-electron tomography (lower panel A. to D.).
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The experimental approach for cryo-electron tomography sample preparation
and tomogram acquisition is illustrated on Figure 7, lower panel. Vero cells were
infected with CHIKV RVP and seeded on cryo-electron microscopy grids. 24h post-
infection cells were imaged under a fluorescence microscope and grids were
vitrificated at -188°C. Grids were then transferred to the cryo-FIB microscope for
lamellae preparation. Targeted cells were first rough mild, and most promising
lamellae were thinned to obtain around 100nm thin sections. Grids were finally
observed under a transmission cryo-electron microscope for analysis and tomogram
acquisition.

BPORil Viral RNA? S

3 ; 5 N Sy . . o - : - \ > b N .
¥ i e . e T o e o 2 X »

Figure 8. Cryo-electron tomography of nsP3-tubular structures in CHIKV single-round particles infected Vero
cells

Using this experimental approach, we successfully detected nsP3 tubular
networks in CHIKV-infected cells (Figure 8), albeit very few lamellae were positive,

meaning that supplementary setups are required. Preliminary images from
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reconstructed tomograms (reconstruction by Dr Anna Sartori-Rupp) are shown in
Figure 8. Longitudinal section (Figure 8A) shows tubular structures arranged in parallel
and close to actin filaments. The transversal section (Figure 8B) shows the inner
channel, which appears empty, with surrounding extra-densities as observed by
classic electron microscopy. Images also revealed that in the same assembly, all nsP3
tubes are not arranged in parallel but rather form a mesh of tubes. Interestingly, when
observed lengthwise, the edge of each tube is dense and well-delineated (Figure 8C,
D red lines), whereas in the space between, which correspond to the channel, a very
thin line of dense material could be observed. Analysis of the acquired tomograms are
ongoing to decipher nsP3 tube organization and composition.

One limitation to our approach was the use of a non-infectious system since
infectious and unfixed samples could not be handled on the platform. Thus, the
infected cells synthesize viral RNA but not viral structural proteins. This implies that
the role of nsP3 assemblies in the later steps of CHIKV replication cycle could not be
investigated. However, this system certainly will give us valuable information about the
presence of nucleic acids in the nsP3 tubes channel or in the exterior in complex with
other viral or host proteins. This approach could also demonstrate if other cellular
components such as ribosomes are recruited to these sites, which could imply sites of
active protein synthesis. Finally, we can also assess the interplay between nsP3
structures and the cytoskeleton network. We still don’t know if these structures are
anchored to the actin or microtubular cytoskeleton, and thus if it is able to from plasma

membrane to deeper cytoplasmic sites.

d. Conclusions and further perspectives

This work presents a deep ultrastructural analysis of CHIKV nsP3-structures for
the first time and proposes a functional role of these assembilies in the late steps of
the infectious cycle. From a structural perspective, no other viral family is known to
induce de formation of such highly-ordered assemblies. However, we can draw a
parallel with the NSs protein, a major virulence factor of the Rift Valley Fever virus
(RVFV) (Barski et al. 2017; Léger et al. 2020). This protein assembles spontaneously
into of 12-nm width amyloid fibrils, which grow as the infection progresses. In contrast
to the nsP3-tubes, RVFV-NSs likely assemble through their intrinsically disordered
domain and their N-terminal, which is prone to form B-strands. Interestingly, this

protein is involved in the inhibition of type | interferon (IFN)-induced antiviral response,
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as well as cell cycle regulation (Barski et al. 2017; Léger et al. 2020). RVFV NSs
amyloid fibrils are found in the nucleus and the cytoplasm, although shorter in length.

Whether nsP3 assemblies directly affect viral replication or not, studying their
impact on cell viability and homeostasis is crucial. Indeed, previous studies suggested
that nsP3 condensates formed following CHIKV infection or nsP3 overexpression are
stable and persistent structures (Remenyi et al. 2017; 2018). In addition, it was
demonstrated that in CHIKV-infected mice, some infected myofibers and fibroblasts
survive acute infection and harbor viral RNA (Young et al. 2019). Altogether,
investigating whether CHIKV-infection-surviving cells harbor nsP3-tubular assemblies,
viral RNA, and proteins is of great interest. Indeed, if nsP3 tubular assemblies can
persist in surviving muscle cells in infected patients, it could trigger a continuous
induction of proinflammatory cytokines (IL-6, IL-1B, TNFa, and IP10) which are
biomarkers of disease severity (Lentscher et al. 2020; Nair et al. 2017). This could
have important implications regarding CHIKV- and alphavirus-induced chronic

immunopathology and further development of specific therapeutic strategies.

B. Molecular mechanisms of FHL-1 mediated CHIKYV infection

Different screens have been performed in the last years to identify host factors
involved in CHIKV infection (Cristea et al. 2006; Bourai et al. 2012; Meshram et al.
2018b; Lark, Keck, et Narayanan 2018; Kumar et al. 2018; Meertens et al. 2019).
FHL1 is a recently discovered host determinant involved in CHIKV infection in vitro
and in vivo. Importantly, FHL1 is, to our knowledge, the only CHIKV host-dependency
factor whose expression pattern (muscle cells and fibroblasts) correlates with CHIKV
tropism for musculoskeletal tissues (Cowling et al. 2008; Gueneau et al. 2009; Han et
al. 2020; Meertens et al. 2019). FHL1 is one of the multiple CHIKV-nsP3 interacting
partners along with G3BP and the SH3-domain containing proteins Bin1 and CD2AP.
The work reported here aimed to characterize the interaction between FHL1 and nsP3

and to bring insights into how FHL1 mediates CHIKV infection
1. FHL1 interactions with the nsP3 HVD and implication in infection

NMR experiments performed by our collaborators demonstrated that all four FHL1-
domains are involved in the interaction with the nsP3 HVD. Conversely, the HVD
domain that mediates FHL1-binding extends beyond the already published region

(Lukash et al. 2020; Meertens et al. 2019). Furthermore, this region contains residues
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that mediate interactions with Bin1 and CD2AP. The interplay between FHL1 and the
latter factors is unclear. Previous studies also demonstrated that FHL1-binding does
not have any impact on CD2AP/nsP3 interaction, suggesting that there is no
cooperative effect. From infection experiments on Bin1 and CD2APX® human cell
lines, we established that CD2AP is not required for CHIKV infection, but Bin1
considerably participates. However, FHL1 depletion drastically reduced viral
replication, although CHIKV remains viable when higher MOls are applied. We can’t
rule out the possibility that Bin1 and FHL1 have additional proviral functions and that
their importance depends on the infected cell type. However, in physiological
conditions, FHL1 and Bin1 are not found in common cellular pathways, which can
pinpoint a common function.

The deletion of the FHL1-binding domain (R5) reported by NMR, which is also
mediating Bin1/CD2AP, led to a drastic reduction of viral replication in 293T, U20S
(also human cell line), or Vero cells but not BHK21. Interestingly, Vero and BHK21
cells do not express FHL1 but express FHL2, albeit at a very low level for BHK21. Both
cell lines support productive infection with the wild type CHIKV. FHL2 is another LIM-
domain containing protein exerting comparable cell type and tissue expression pattern
to that of FHL1. In addition, we and other groups showed that FHL2 could interact with
the HVD and restore viral infection to some extent (Lukash et al. 2020; Meertens et al.
2019).

Altogether these data suggest that FHL1 is likely not involved in a fundamental
step of the CHIKV replication cycle. In addition, in Vero cells, Bin1, CD2AP, and/or
other FHL-family proteins recruited by the R5 region of nsP3 might fulfill the same
functions as FHL1 in human cells. Levels of Bin1 and CD2AP expression in this cell
line are unknown. Generating Vero knockout cells for Bin1, CD2AP, and FHL2 to test
the ability of wildtype CHIKV to replicate could give us valuable information. In BHK21,
the RS deleted virus mediates productive infection, suggesting that the potential host
factors recruited by this domain are not important for CHIKV replication in rodent cells.
However, BHK21 cells are deficient in the production of IFN-type | (Stanwick et Hallum
1974; MacDonald et al. 2007) and barely express FHL2. Altogether, these results
pinpoint a role of FHL1 in regulating or repressing the cellular antiviral response rather
than a direct function in CHIKV replication (VRC formation, RNA synthesis). This is
supported by other findings in Huh7.5 cells that express neither FHL1 nor FHL2
(Lukash et al. 2020), but are still susceptible to CHIKV. Huh7.5 cells are not fully
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immunocompetent, as they possess a missense mutation in the RIG-I encoding gene.
Assessing CHIKYV infection in the original Huh7 cell line will likely be more informative.
If FHL1 usage is linked to the antiviral response, parental Huh7, which can induce
type-I IFN, must be less susceptible to CHIKV. Conversely, the trans-complementation
with FHL1 must enhance CHIKV propagation in these cells.

Finally, the ability to productively infect hamster BHK21 but not human
immunocompetent cells with the R5-deleted CHIKV represents a potential strategy for
generating attenuated CHIKV. The next step of the project is to address whether this
mutated R5 CHIKV replicates and induces musculoskeletal pathology in mice

(collaboration with Pr. Marc Lecuit, Pasteur Institute)

2. Investigating the molecular mechanisms of FHL1-mediated CHIKV

infection

Previous data published by our group demonstrated that FHL1 is required for
post-entry steps, likely for the formation of viral replication complexes and RNA
synthesis. Indeed, as soon as 6 hours post-infection, drastic effects of FHL1 depletion
were observed on the synthesis of the negative RNA strand, suggesting that FHL1 is
involved in the very early steps of RNA synthesis. Surprisingly, further experiments
suggested that FHL1 is likely not a direct component of vRC. For instance, whereas
transfected full-length CHIKV RNA failed to replicate efficiently in FHL1KO cells, CHIKV
replicon system was able to fulfill viral synthesis, albeit not at wild-type levels. In
contrast, G3BP protein depletion completely abolished RNA synthesis in both
systems. Finally, subcellular localization of FHL1 and G3BP in the late steps of viral
infection demonstrated that G3BP but not FHL1 is in close proximity to VvRC.
Altogether, our data suggest that FHL1 might indirectly enable viral RNA synthesis.
Since FHL1 is a major nsP3-binding partner, one can speculate that it could regulate
nsP3 expression, subcellular localizations, or tubular assemblies. However, FHL1
depletion did not impact either nsP3 expression, stability, or its oligomerization
property. This was somehow expected as nsP3 oligomerization is driven by the nsP3
AUD, not the HVD. Furthermore, FHL1 is specifically used by CHIKV and its close
relative ONNV but not by other alphaviruses, whereas all alphavirus nsP3 are able to

oligomerize.
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a. FHL1 as a scaffold connecting viral structures and the actin

cytoskeleton

LIM-domain-containing proteins are known to interact with components of the
actin cytoskeleton, such as actin-binding or membrane proteins (Sharma et al. 2011;
L. Wang et al. 2013) The FHL1-interactome reported here also suggests that FHL1
complexes with several actin- and myosin binding factors (SPTBN1, SPTBN2,
SPTAN1, MYH9, MYH10, MYH14, FLII,
ADD2, KIF2A). Interestingly, the knockdown
of SPTBN1 resulted in an important reduction

of CHIKV replication. SPTBN1 (spectrin beta, {\;
= FHL1/Actin

non-erythrocytic 1) spectrin is an actin - ; interactions
involved in correct
VRC assembly ?

.

crosslinking agent and a molecular scaffold

protein. It establishes a connection between
FHL1 enables
transport of viral
components ?

the plasma membrane and the actin f

cytoskeleton, playing a vital role in shaping
cells, positioning transmembrane proteins, ‘p’

and arranging organelles within the cell (Panyu \ —

Yang et al. 2021). There are only a few

occurrences of SPTBN1 involved in viral

infection. During HIV1 replication in f;,iugit?,';il;:jszseg:::{fo’dforCHIKVintemman with
macrophages, SPTBN1 was identified as a

proviral host factor thought to associate with the viral capsid and matrix proteins to
mediate the uncoating process (Dai et al. 2013; Havlicek, s. d.). Interestingly, recently
SPTBN1 was also identified as an interactant of Semliki Forest virus (SFV) nsP2
interactant along with other cytoskeleton proteins. siRNA downregulation of SPTBN1
was shown to reduce viral SFV infection, suggesting that this protein is a proviral factor
(Contu et al. 2021). Interestingly, SFV doesn’t use FHL1 as a proviral factor, and in our
experiments, SPTBN1 was found as an FHL1 interactant in the absence of viral
infection. Given these results, we can speculate that FHL1 could mediate the transport
of viral or cellular components between VRC and nsP3-tubular assemblies. FHL1
could be a scaffold for viral structures recruiting cytoskeleton-binding proteins required

for nsP3 helical assemblies to traffic between different cellular sites.
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b. FHL1 as an antiviral immunity repressor

Interestingly, FHL1 immunoprecipitation from CHIKV-infected cells
demonstrated that this protein was found in a complex with cellular PKR and HERC5.
PKR plays a dual role as a sensor and effector in the immune response against viral
infections. Upon detecting double-stranded RNA molecules within infected cells, PKR
undergoes self-activation (Cesaro et Michiels 2021). Its primary antiviral function
involves impeding the translation process and triggering apoptosis. In the context of
viral infections, HERC5 is known for its ability to inhibit viral replication (reviewed in
Mathieu et al. 2021). It achieves this by adding ubiquitin-like molecules (ISG15, or
interferon-stimulated gene 15) to viral proteins, a process known as ISGylation.
HERCS is the only human E3-ubiquitin ligase that is known to conjugate ISG15 to host
and viral proteins. ISG15 modification interferes with various stages of the viral life
cycle, such as viral transcription, translation, assembly, and release (Dzimianski et al.
2019; Mathieu et al. 2021). This modification can disrupt the proper functioning of viral
components and thereby limit the ability of the virus to replicate and spread (Mathieu
et al. 2021). In this context, one can speculate that FHL1 is able to repress or
counteract such immune actors. A plausible explanation could be that FHL1 interacts
with HERCS5 and repress its ability to conjugate 1ISG15 moieties to viral non-structural
or structural proteins. When FHL1 is depleted from immunocompetent cells, HERC5
can mediate viral proteins ISGylation and inhibit their functions. Additionally,
ISGylation of immune sensors such as RIG-I, MDA5 or PKR can amplify the cellular
antiviral state (Figure 10). Alternatively, FHL1 could be involved into the regulation or
repression of antiviral long non-coding RNA (IncRNA). Indeed, recent studies identified
the transcription of the IncRNA ALPHA, which is triggered upon infection with different
alphaviruses, but also restricts CHIKV and ONNV infection. This is of great interest as
FHL1 is specifically used by CHIKV and ONNV, but not the other alphaviruses
(Basavappa et al. 2022). The IncRNA ALPHA was demonstrated to directly interact with
CHIKV genome and to restrict viral replication in a IFN -independent manner
(Basavappa et al. 2022). One can speculate that in absence of FHL1, such IncRNA -
mediated restrictions of viral infection could be amplified leading to the inability of
CHIKYV to productively infect the cells. Further experiments are required to establish a
link between FHL1 and the cellular antiviral state during CHIKV infection. Validating
direct interaction between FHL1 and HERC5 or ISG15 will be important to validate the

hypothesis. Additionally, sequencing cellular RNAs in both control and FHL1 deficient
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cells will give us a global picture of the upregulated immune pathways that can affect
CHIKYV replication.

3. FHL1 usage and CHIKYV tropism and pathogenesis

FHL1 is the only host factor identified so far that could explain, at least in part,
CHIKV tropism for musculoskeletal tissues and joints. FHL1 regulates myogenesis,
activating satellite cells and transforming them into myoblasts (Cowling et al. 2008;
Wilding et al. 2014; Han et al. 2020). These myoblasts subsequently fuse to form
myotubes, ultimately differentiating into mature myofibers (Cowling et al. 2008; Wilding
et al. 2014; Han et al. 2020). The heightened expression of FHL1 in muscle satellite
cells may make them more susceptible to CHIKV infection. When nsP3 recruits FHL1
into the tubular assemblies, it is plausible that infected muscle satellite cells may
struggle to efficiently regenerate damaged muscle fibers, potentially contributing to
musculoskeletal disorders induced by CHIKV. This hypothesis is further strengthened
by studies focused on FHL1-linked myopathies. In addition to the Emery Dreifuss
Muscle Disorder linked to a mutation in the fh/1 gene leading to a reduced protein
expression, other mutations can lead to the formation of abnormal aggregates or
clumps of FHL1 proteins that accumulate within muscle cells, particularly in the
subsarcolemmal and
sarcoplasmic regions (Schessl
et al. 2008; 2011; Cowling et al.
2011; Wilding et al. 2014). These
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Figure 10: Model for FHL1-mediated repressing of HERC5 and its impairing myoblasts fusion
subsequent impact on viral infection
(Schessl et al. 2008; 2011,

Cowling et al. 2011; Wilding et al. 2014). Thus, one can speculate that once FHL1 is

trapped in the nsP3-tubular assemblies in infected myoblasts, it can no longer exert

its physiological functions and further damages the muscle cell (Figure 10).
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The connection between FHL1 and the severity of CHIKV-induced disease is
indirectly supported, as various CHIKV strains appear to utilize FHL1 differently.
Notably, the CHIKV-21 strain isolated during the 2005-2006 outbreak on Reunion
Island heavily relies on FHL1 for in vitro infection and induced severe muscular
pathology in mice. On the other hand, the necessity for FHL1 was not as noticeable
for the sylvatic CHIKV 37997 strain from the West African genotype (Meertens et al.
2019) and the weakened CHIKV 181/25 strain (Lukash et al. 2020), both of which
exhibit lower pathogenicity in mice (Rohatgi et al. 2014). Investigating the underlying
molecular mechanisms governing FHL1 utilization by various CHIKV strains could
offer valuable insights into the muscular complications linked to CHIKV infection.
Moreover, a study examining FHL1 polymorphisms in cohorts of CHIKV-infected
individuals could significantly underscore the relevance of this host factor to CHIKV

pathogenesis in vivo.
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C. Concluding remarks

Despite multiple studies on alphavirus nsP3 protein, little is known about how it
orchestrates viral replication and counteracts the cellular antiviral response. The
studies mainly focused on nsP3’s ability to recruit multiple host factors required for the
replication cycle. This function is fulfilled by the C-terminal HVD, an intrinsically
disordered domain which by nature is prone to interact with multiple protein. During
infection, nsP3 and host factors are recruited to replication complexes or cytoplasmic
granules. nsP3 is critical for alphaviruses replication but its precise functioning at both

VvRC and cytoplasmic condensates is unclear. The results reported in this thesis
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describe for the first time the structure of CHIKV nsP3. It is able of spontaneous helical
arrangement through its AUD, leading to the formation of highly-ordered cytoplasmic
tubular structures. nsP3-helices match perfectly with the crown-shaped structures
found at the neck of VRC, thus supporting and stabilizing the complex required for
positive RNA species synthesis. We also demonstrated that the nsP3 cytoplasmic
condensates which were thought to be membrane-less organelles formed by liquid
phase separation, are actually well-organized tubular networks of nsP3 oligomers.
These networks appear as reservoirs for viral genomic RNA and proteins (capsid,
nsP2) but also host factors such as FHL1 or G3BP. Disruption of the nsP3-helical
arrangement has always a negative impact on viral RNA synthesis and production of
infection virions, suggesting that nsP3 oligomeric state determines its activity.
Whereas the other nsPs has precise enzymatic activities, the nsP3 also evolved as a
structural organizer orchestrating early and late stages of the infection cycle. On one
hand, the presence of the HVD domain ensures a great adaptability of alphaviruses to
their host, as this domain is recruiting proteins in cell type-specific and host-specific
manner. On the other hand, the AUD oligomerization offers a core structure preserved
in all alphaviruses that serves as supporting platform for viral activities and protein
recruitment.

The second part of my thesis work aimed to decipher the function of the FHL1
protein during CHIKYV infection Although FHL1 is an important host factor for CHIKV
replication, its mechanisms remain unclear. The accumulated data pinpoint an indirect
role of FHL1 in viral RNA synthesis which could be linked to the repression of cellular
stress or antiviral pathways. Despite its unknown function, FHL1 appears as a bridge
between CHIKV replication, musculoskeletal tropism and pathogenesis. Indeed, the
expression pattern of FHL1, mainly in skeletal muscle cells and fibroblasts, correlates
with the very high susceptibility of these cells to CHIKV. In addition, the enhanced
dependency on FHL1 of CHIKYV strain inducing severe pathology on FHL1 is intriguing.
Further studies are required to demonstrate a direct link between FHL1-use by CHIKV
and the induced musculoskeletal damages.

Altogether, nsP3 oligomerization appears as target of interest to develop new
antiviral strategies against CHIKV and alphavirus infection. In addition, the ability of
nsP3 tubular assemblies to persist in infected cells and tissues must be investigated.
These structures could have an important implication in arthritogenic viruses’ acute

and chronic physiopathology.
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Abstract

Chikungunya virus (CHIKV) is a re-emerging mosquito-borne alphavirus
responsible for major outbreaks of disease since 2004 in the Indian Ocean
islands, South east Asia, and the Americas. CHIKV causes debilitating mus-
culoskeletal disorders in humans that are characterized by fever, rash, pol-
yarthralgia, and myalgia. The disease is often self-limiting and nonlethal;
however, some patients experience atypical or severe clinical manifestations,
as well as a chronic rheumatic syndrome. Unfortunately, no efficient antivi-
rals against CHIKV infection are available so far, highlighting the impor-
tance of deepening our knowledge of CHIKV host cell interactions and vi-
ral replication strategies. In this review, we discuss recent breakthroughs in
the molecular mechanisms that regulate CHIKV infection and lay down the
foundations to understand viral pathogenesis. We describe the role of the re-
cently identified host factors co-opted by the virus for infection and patho-
genesis, and emphasize the importance of CHIKV nonstructural proteins in
both replication complex assembly and host immune response evasion.
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INTRODUCTION

Chikungunya virus (CHIKV) is a mosquito-borne virus that belongs to the Alphavirus genus, a
CHIKV: chikungunya  group of enveloped RNA viruses that cause severe diseases in humans and animals. CHIKV is the

virus epidemiologically most prevalent alphavirus that is transmitted to humans by Aedes mosquitoes
IOL: Indian Ocean during the blood meal. Phylogenetic analysis identified three distinct lineages of CHIKV cor-
Lineage responding to their respective geographical origins: the West African, the East-Central-South

African (ECSA), and the Asian lineages (1, 2). Before 2000, CHIKV circulation was restricted to
Sub-Saharan Africa, where sporadic outbreaks have been described (2, 3). CHIKV transmission
remained silent until 2004, when an ECSA strain re-emerged in Kenya (4), evolved, and rapidly

nsP: nonstructural
protein

OREF: open reading

frame disseminated to the Indian Ocean islands, causing outbreaks of unprecedented magnitude par-

ticularly on Reunion Island (5, 6). This epidemic strain, assigned now to a new lineage termed
Indian Ocean Lineage (IOL), spread to Southeast Asia and India, causing more than 1.3 million
cases (7), and autochthonous transmission was reported in southern Europe (Italy and France)
(8, 9). A second major outbreak occurred when a strain from the Asian lineage emerged in the
Caribbean Sea (Saint Martin Island) in December 2013 (10), causing more than one million cases
in 50 countries of the South American continent (11). Prior to the 2004 Indian Ocean outbreak,
CHIKV was vectored mainly by Aedes aegypti mosquitoes. However, the IOL strain contains an
adaptive mutation within the sequence coding the E1 glycoprotein, causing an alanine-to-valine
substitution at position 226 (E1-A226V), which is responsible for a 40-fold increase in transmis-
sion by Aedes albopictus without affecting viral fitness in the A. aegypti vector (12, 13). This and
other A. albopictus—adaptive mutations (reviewed in 14) in the IOL CHIKV strain have promoted
viral expansion in temperate regions colonized by this mosquito vector.

CHIKYV belongs to the arthritogenic Old World alphaviruses (15, 16). CHIKV-infected per-
sons experience a syndrome characterized by fever, rash, arthralgia, and myalgia (reviewed in 17).
Importantly, CHIK V-infected patients develop chronic muscle and joint pains that last for months
to years after acute infection (17). Currently, there is no CHIKV-specific antiviral or vaccine. Pa-
tient management relies only on symptom relief with antalgics (paracetamol) and steroidal and
nonsteroidal anti-inflammatory drugs. The identification of new antiviral strategies relies on a
better understanding of CHIKV host cell interactions and on the elucidation of the molecular
mechanisms and cellular pathways co-opted by the virus to become a successful human pathogen.
In recent years, significant progress has been made in the fields of CHIKV molecular and struc-
tural virology, immunology, entomology, and epidemiology. However, many aspects of CHIKV
biology, including tissue tropism and pathogenesis, remain poorly understood. In this review, we
focus on important insights that have emerged into how CHIKV interacts with the host cell and
subverts host cellular pathways for productive infection. We discuss the molecular determinants
of viral replication and persistence in musculoskeletal tissues and their effect on CHIKV patho-
genesis. We also emphasize the recently discovered cellular factors mediating CHIKV infection
and discuss the emerging roles of the CHIKV nonstructural proteins (nsPs) in viral replication
and immune evasion.

CHIKUNGUNYA VIRUS: GENOMIC ORGANIZATION
AND INFECTIOUS CYCLE

CHIKYV is a small (70 nm in diameter) enveloped virus with a single-stranded, message-sense,
5’-capped and 3’-polyadenylated RINA genome (11.8 kb) that is separated into two open reading
frames (ORFs) (Figure 1a). The 5 ORF encodes a CHIKV nonstructural polyprotein (P1234)
thatis translated and cleaved in four nsPs forming the RNA replicase complex (18, 19). The 3’ ORF
is transcribed into a subgenomic positive-stranded RNA and encodes, after subsequent cleavage
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Figure 1

CHIKV genomic organization and viral proteins. (#) The CHIKV genome consists of a 5'-capped and 3’-polyadenylated positive-
stranded RINA molecule divided into two ORFs. Expression of ORF1 and ORF2, encoding for the nonstructural and structural
polyproteins, is controlled by the genomic promoter in the 5* UTR and the internal subgenomic promoter, respectively. Genome
replication and transcription are cis-regulated by RINA stem loops, referred to as conserved sequence elements, located in the 5" UTR,
subgenomic promoter, and 3’ UTR regions. CHIKV replication results in the accumulation of full-length RNA used as a genome for
CHIKYV progeny assembly. Subgenomic RINA is transcribed and used as a template for translation of structural polyproteins.

() Translation of the CHIKV genome and subgenomic RNA results in the accumulation of nonstructural (P1234) and structural
(C-E3-E2-6K-E1) polyproteins. The presence of a leaky opal stop codon at the end of the nsP3 sequence directs the translation of a
partial nonstructural polyprotein (P123). P123 and P1234 are sequentially processed in cis- and zrans-reactions by the cysteine protease
nsP2 to produce mature nsPs (nsP1-4) forming the replication complex. The structural precursor is first maturated by the C protein
that possesses cis-proteolytic activity and then by cellular proteases (signalases and furin), resulting in the production of E1, E2, and E3
glycoproteins and 6K protein, all contributing to viral particle assembly and budding. Abbreviations: C, nucleocapsid; CHIKYV,
chikungunya virus; E, envelope; nsP, nonstructural protein; ORF, open reading frame; UTR, untranslated region.
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and maturation steps, six structural proteins: C (nucleocapsid); E1, E2, and E3 envelope viral
glycoproteins; 6K and its translational frameshift product, TF (transframe) (Figure 15). A CHIKV
. virion consists of the viral RNA genome that is surrounded by 240 copies of the C protein and a
C: nucleocapsid

host lipid bilayer with 80 embedded trimeric glycoprotein spikes. Each spike is formed by three

E: envelope protein E1-E2 heterodimers that are essential for receptor recognition and binding (E2) and membrane
vRC: viral replication fusion (E1) (20).

complex CHIKYV enters target cells by receptor-mediated endocytosis. Within the endosome, pH acid-
dsRNA: ification triggers major conformational reorganization of E1/E2 heterodimers and unmasks the

double-stranded RNA  buried E1 fusion loop, leading to fusion of the viral and endosomal membrane (18, 19). Subse-
quently, the nucleocapsid disassembles in the cytoplasm, releasing the viral genomic RNA, which
is directly translated into the P123 and P1234 precursors. (Figure 2). The P1234 polyprotein
is rapidly processed at the nsP3/nsP4 junction by the nsP2 protease to release the active nsP4
RINA-dependent RNA polymerase. P123 and nsP4, along with the viral RNA, are recruited to the
plasma membrane where, in association with host factors, they form an early short-lived repli-

CPV-I: type I
cytopathic vacuole

CPV-II: type II
cytopathic vacuole

case complex. A negative-stranded RNA complementary to the viral genome is synthesized and
serves as an intermediate for viral replication (21, 22) (Figure 2). P123 accumulation leads to
the complete polyprotein processing, and the replicase activity switches to the transcription of
new positive-stranded RNA genomes and subgenomic RNA-encoding viral structural proteins.
These steps take place in bulb-shaped, viral-induced vesicular structures formed at the plasma
membrane, termed replicative spherules or viral replication complexes (vRCs), which isolate the
accumulating double-stranded RNA (dsRNA) from innate immune sensing (Figure 2). Upon in-
ternalization, these compartments can fuse with endosomes, resulting in the formation of large
vacuolar structures of 600 to 2,000 nm in diameter, termed type I cytopathic vacuoles (CPV-I),
where RNA synthesis continues before diffusion to the cytoplasm through a connecting pore (23).
Once in the cytoplasm, the subgenomic RNA is translated into a structural polyprotein. It is pro-
cessed by the autocatalytical activity of the C protein, which is released in its mature form (22).
Direct interaction with the newly synthesized genomes catalyzes C oligomerization and nucleo-
capsid assembly. The remaining polyprotein (pE3-E2-6K-El) is translocated and inserted in the
endoplasmic reticulum (ER) membrane for processing (Figure 2). Release of the accessory 6K
protein mediated by host ER signalases allows the association of E1, E2, and E3 into an immature
trimeric spike complex, which traffics through the secretory pathway while undergoing confor-
mational changes and post-translational modifications (palmitoylation, N-linked glycosylation).
Alternatively, E glycoproteins are arranged and transported from the z7uns-Golgi network to the
plasma membrane in type II cytopathic vacuoles (CPV-II), which recruit assembled nucleocapsids
on their cytoplasmic face (24). The E3 protein, which stabilizes the E2/E1 trimers by prevent-
ing the activation of the El, is released by a furin-dependent cleavage in the trans-Golgi (22). At
the plasma membrane, CHIKV particle budding is finally promoted by the interaction of the E2
cytoplasmic domain with the hydrophobic domain of the C protein (Figure 2).

THE KEY ROLE OF THE MUSCULOSKELETAL TISSUE
IN CHIKUNGUNYA VIRUS PATHOGENESIS

Viral tropism has a direct effect on pathogenesis, including the nature of symptoms, the duration
of infection, and the establishment of a chronic phase (25). In vertebrates, CHIKV displays a large
cell and tissue tropism that covers endothelial cells, fibroblasts from almost all organs, and brain
cells (26-30). However, viral pathogenesis mainly reflects CHIKV capacity to actively replicate
in joints and muscle tissues (29, 31-37). In joints, chondrocytes, osteoblasts, and bone marrow
mesenchymal stem cells, which serve as precursors for osteogenic cells, are susceptible to CHIKV
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Figure 2

CHIKV replication cycle in vertebrate cells. CHIKV infection is initiated by the interaction of E1/E2 glycoprotein heterodimers with
cell surface Mxra8 receptor and attachment factors (Szep 1). The viral particle is internalized by endocytosis and trafficked to
endosomes (Step 2). Acidification of the vacuolar pH results in the unmasking of the E1 fusion peptide and fusion of viral and
endosomal membranes (Step 3). The viral C is released in the cytoplasm and rapidly uncoated (Step 4). The CHIKV genome is
translated to produce P123 and P1234 polyproteins (Step 5). nsP4 is maturated and forms a complex with P123 and an RNA template
that traffics to the plasma membrane. This complex reshapes the cell membrane to promote the formation of replication organelles, or
spherules (Step 6), in which a negative-stranded full-length RNA [(—)RNA] is synthesized (Step 7). Then, P123 is sequentally processed
to produce the four mature nsPs, resulting in a shift of replication complex activity toward the synthesis of a positive-stranded RNA
[(+)RNA] genome and subgenomic RNA (Szep 8). To some extent, CHIKV replication compartments are endocyted and fused with
endo-lysosomes to form CPV-I in which internalized spherules remain active (Step 9). Structural proteins are translated from
subgenomic RNA in the form of a polyprotein translocated to the ER (Step 10). C is liberated by autocatalytic processing. E
glycoproteins and 6K protein are maturated by host proteases (Step 11) and trafficked to the plasma membrane through the secretory
pathway (Step 12). The C protein and RNA genome form an icosahedral nucleocapsid (Step 13). Viral assembly takes place at the plasma
membrane where mature E glycoproteins and nucleocapsids are targeted (Step 14). C/E2 interaction promotes CHIKV particle
budding and release (Step 15). Alternative recruitment of assembled nucleocapsids and E glycoproteins to CPV-II additionally
contributes to CHIKV virion assembly and budding (Step 16). Abbreviations: C, nucleocapsid; CHIKYV, chikungunya virus; CPV-I, type
I cytopathic vacuole; CPV-IL, type II cytopathic vacuole; E, envelope; ER, endoplasmic reticulum; nsP, nonstructural protein; ORE,
open reading frame; ssRNA, single-stranded RINA; UTR, untranslated region; vRC, viral replication complex. Figure adapted from
Cell Background Straight by BioRender.com (2020), retrieved from https://app.biorender.com/biorender-templates.
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infection (38-40). Cellular damages account for CHIKV-induced arthritis and joint pain. As an
example, infection of osteogenic cells impairs mineralization and repair capacity, resulting in the
dysregulated dynamics of bone homeostasis often reported in patients (40). Muscles are also a

IFN: i fe
mterteron privileged site for CHIKV replication as supported by the presence of viral antigens and signs of

RANKL: receptor necrosis, vacuolization, and fibrosis from patients with acute and chronic CHIKV disease (41). In
?ctivato]rgof nuclear vitro, muscle fibroblasts, satellite cells, and myoblasts (muscle progenitors) are highly susceptible
actor K

to CHIKV infection (37,41, 42). Initial reports suggested that terminally differentiated myotubes
are poorly infected by CHIKV (41). However, murine skeletal muscle fibers were recently proven
to be efficiently infected with effect on the severity of CHIKV infection in mice (43-45). A few
studies also suggested that recent epidemic strains could differ in their ability to infect muscle cells
and to induce a myopathic syndrome, although it is not formally demonstrated (42, 45). The isolate
from the Reunion Island outbreak was shown to induce more severe muscle disease in neonatal
mice as compared to an isolate from Senegal circulating in 1983 (45). Whereas both strains equally
spread from the inoculation site to distal muscle by infecting connective tissue fibroblasts, the epi-
demic strain replicates more efficiently in myofibers, resulting in increased muscle disease char-
acterized by severe myonecrosis (45). Whether the increased muscle pathology is due to a more
robust immune response is not clear, as no differences were observed in the induction of type I
interferon (IFN-I) and proinflammatory cytokines such as IL-1 or IL-6 (45). Recently, Lentscher
and colleagues (44) definitively established that viral replication in muscle cells is determinant for
CHIKYV disease pathogenesis. They engineered a CHIKYV strain exhibiting restricted replication
in muscles via incorporation of target sequences for skeletal muscle cell-specific miR-206. This
microRNA is expressed at detectable levels in skeletal muscle progenitor satellite cells, strongly
induced upon differentiation, and then stably expressed at high levels throughout the life of the
muscle fiber. Using this tool, Lentscher and colleagues demonstrated that replication in skeletal
muscle cells does not affect the overall viral titers and the global inflammatory status. Instead, it
results in attenuated muscle damages reflected by diminished necrosis and local induction of IL-6,
IL-1B, TNFa, and IP10, which are biomarkers of disease severity in humans and mice (44, 46).

Besides tissue damage, the attraction of infiltrating monocytes/macrophages is also critical to
local inflammation and viral persistence (39, 47-49). More specifically, infection of fibroblast-like
synoviocytes results in the secretion of IL-6, IL-8, and CCL2, which attracts phagocytes. It also
stimulates secretion of RANKL (receptor activator of nuclear factor kB), which may contribute
to bone loss and to the occurrence of arthritis/arthralgia by stimulating the differentiation of
monocytes into bone-resorbing osteoclasts (39, 50). In muscles, monocytes/macrophages could
be part of the dynamics of CHIKV-induced myositis. The modulation of the monocyte-driven
infiltration reduces muscle inflammation while allowing the accumulation of a macrophage subset
enhancing muscle repair and recovery (48).

Musculoskeletal tissues are also proposed to participate in CHIKV persistence and chronic
condition (34, 38, 51-53). Multiple studies reported that CHIKV RNA persists long after viremia
declines (38, 53, 54). Besides synovial macrophages, which are proposed to be a niche for viral
persistence (38, 54), muscle fibroblasts and also myofibers that survive acute infection are potential
reservoirs for persistent CHIKV RNA in mice (34). Nevertheless, actively replicating CHIKV
has not been evidenced so far in tissues exhibiting chronic inflammation, and CHIKV surface
antigens failed to be detected in muscle fibroblasts harboring persistent viral RNA (17, 34, 55).
Instead, the chronic CHIKV-induced immunopathology seems to be the prolongation of the acute
inflammatory process, which persists until clearing of the viral material (17, 56). It is still unknown
how CHIKV RNA persists in joints and muscles and to what extent it contributes to chronic
CHIKYV disease.
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Mzxra8, AN IMPORTANT BUT NOT EXCLUSIVE DETERMINANT
OF CHIKUNGUNYA VIRUS ENTRY AND PATHOGENESIS

CHIKV entry into target cells is a complex multistep process that begins with the interaction
of the viral E2 glycoprotein with specific receptor(s) expressed on the host cell surface. The cel-
lular receptor mediating viral entry remained elusive until Zhang and colleagues (57) identified
Mxra8 (also called limitrin, DICAM, or ASP3) as a CHIKV entry factor using a CRISPR/Cas9
genome-wide screening strategy. Mxra8 is an adhesion molecule mainly expressed on epithelial
and mesenchymal cell types targeted by CHIKV (dermal and synovial fibroblasts, osteoblasts,
chondrocytes, and skeletal muscle cells). Mxra8 is the first CHIKV entry molecule identified so
far that fulfills the criteria of a virus receptor. Structural studies have revealed that it interacts with
the envelope spike in a complex 3:3 binding interaction (58, 59). In this complex, Mxra8 contacts
both E2 and E1 proteins to facilitate virus attachment and internalization in the cell. Overexpres-
sion of Mxra8 in poorly susceptible cells renders them permissive to CHIKV (57). Conversely,
preventing the Mxra8-CHIKYV interaction by CRISPR-Cas9-mediated depletion of the Mxru§
gene or by using neutralizing antibodies or fusion of extracellular Mxra8 domains with an im-
munoglobulin Fc fragment (Mxra8-Fc) blocked infection in both murine and human cells and
reduced CHIKV pathogenesis in experimentally infected mice (57, 60, 61). This indicates that
Mzxra8 is required for optimal infection, dissemination, and articular pathogenesis (joint swelling
and neutrophil infiltration). Interestingly, this function is conserved for arthritogenic alphaviruses,
such as Ross River, Mayaro, and o’nyong-nyong viruses (57). The lack of Mxra8 on the surface of
some CHIKYV permissive cells (57) strongly indicates that other CHIKV receptors exist and re-
main to be discovered. Consistent with this, some pathogenic IOL strains (e.g., LR-2006) display
limited dependency on Mxra8, conversely to Asian CHIKV strains (181/25 and AF15561 strains)
(57). Glycosaminoglycans (GAGs), a family of negatively charged polysaccharides, interact with a
structurally conserved and positively charged domain in E2. These membrane proteins were pro-
posed to enhance infection by promoting E1/E2 dissociation (62, 63). The functional importance
of GAGs was recently reassessed in genome-wide loss of function screens performed in HAP1 cells
that identified GAGs’ biosynthesis enzymes (B3GAT3, SLC35B2, PAPSS1, NDST1) as critical
factors for CHIKV infectivity (64, 65). The need for GAGs binding in order to achieve efficient
infection was recently demonstrated for all CHIKV clades (62). Interestingly, the comparison of
viruses from the ECSA and Asian lineages revealed that the requirement of GAGs for CHIKV
binding and infection was inversely correlated with Mxra8 dependency (62). This suggests that
GAG binding may be a compensatory mechanism for the entry of CHIKV strains poorly inter-
acting with Mxra8 (62). However, this model does not seem to be the only scenario allowing for
viral entry, as infection was still observed to some extent in the absence of GAGs and Mxra8 (62).
The vast array of cell factors reported to facilitate CHIKV entry, including C-type lectins (DC-
SIGN and L-SIGN), immunoglobulin and mucin domain-containing proteins 1 and 4 (h'TIM1
and hTIM4), and the AXL receptor, which all have also been described to stimulate CHIKV in-
fection (66-68), could be part of the complex mechanism accounting for CHIKV entry and wide
tropism.

BUILDING MEMBRANE SPHERULES TO ENSURE VIRAL
REPLICATION

Like other alphaviruses, CHIKV remodels the host plasma membrane into bulb-shaped protru-
sions of approximately 50 nm in diameter, referred to as spherules. These compartments create an
optimal microenvironment for viral replication because they concentrate the viral nsP, genomic
RNA, and dsRNA used as genome replication forms (69). Spherules are also supposed to protect
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dsRNA and nascent uncapped RNAs from innate sensing and degradation by cellular RNases
(69, 70). In this context, the inner spherule is connected to the cytosol by a 7-nm opening that
allows the import of metabolites and cofactors and the export of newly synthesized genomic and
subgenomic RINAs. Inside the spherule, the CHIKV replication complex (RC) associates with the
inner face of membranes through nsP1, the viral capping enzyme that contains unique membrane
binding capacity and displays membrane-dependent methyl/guanylyltransferase activities (71-
74). Three-dimensional (3D) cryo-electron tomography was successfully applied to resolve the
complex spatial organization of replication membranes formed by many positive-stranded RNA
viruses (75-81). Conversely, the 3D architecture and biogenesis of alphavirus spherules remain
enigmatic. Particularly, the exact localization of the RC within the spherule, stoichiometries
of the nsPs in these compartments, and the nature of cellular factors contributing in spherule
biogenesis are all questions that remain unanswered.

Jones and colleagues (82) recently solved the structure of the CHIKV nsP1 assembly by single-
particle cryo-electron microscopy. They found that, upon membrane binding, recombinant nsP1
assembles in a dodecameric ring, forming a pore-like structure compatible with the trafficking
of globular proteins up to 70-90 kDa in size. In this membrane-bound complex, nsP1 is switched
from an enzymatically inactive monomer to a methyl/guanylyltansferase dodecameric active form,
NsP1, a monotopic membrane protein. Therefore, by interacting with the inner phospholipid
leaflet, nsP1 forms a capping pore that may corral the replication vesicle neck and therefore be
critical for spherule structure maintenance (Figure 3). Further, nsP1 macroassembly might po-
tentially function as a bioreactor simultaneously capping 12 nascent RNA molecules during their
export to the cytosol, thereby contributing to the exceptionally high alphavirus replication rate.
Striking similarities also exist with the crown-like assembly of nodavirus-encoded replicase at the
neck of Flock House virus spherules, which favors the hypothesis of an evolutionarily conserved
replication organelle pore structure among alpha-like viruses (83, 84). This information, which
provides an incomparable breakthrough to our understanding of alphavirus replication compart-
ment assembly, needs to be refined in CHIK V-infected cells, considering the simultaneous expres-
sion of all four nsPs in the context of a sequential maturated nonstructural polyprotein. Overall,
this model questions the stoichiometry of other nsPs within and near the spherules. It also raises
new important questions regarding the role of nsP1 in spherule biogenesis. Indeed, the minimal
requirement for alphavirus spherule formation is the expression of a partially cleaved nonstructural
polyprotein in the form of nsP4 + P123 (85) (Figure 3). This process is modulated to some extent
by the viral RNA template length that determines the spherule shape and size (86). nsP1, whose
complex interaction with membranes dramatically reshapes synthetic lipid bilayers or cell mem-
branes in the absence of any other viral factor, is certainly pivotal to spherule creation (72, 82, 87—
89). Nevertheless, morphological differences in CHIKV spherules and nsP1-induced membrane
deformation, seen as filopodia-like protrusions, suggest additional players (Figure 3). For instance,
the contribution of nsP1-interacting cellular factors in membrane reshaping during spherule bio-
genesis awaits investigation (90, 91). CHIKV nsP3 was proposed to be involved in spherule as-
sembly by recruiting BIN1/amphiphysin 2, an F-BAR protein involved in membrane curvature,
but there is still a lack of clear evidence (92) (Figure 3). Furthermore, the contribution of de-
fined membrane lipid species should be considered with a special attention to fatty acid molecular
species that determine the fluidity or curvature of the lipid bilayer, depending on the length and
saturation of their fatty acyl chains, and to negatively charged phospholipids and cholesterol that
regulate nsP1 capping activity and membrane affinity, respectively (74, 93), and could alternatively
promote host cofactor coalescence to the replication site to assist spherule assembly.

Finally, the exact replication steps taking place in proximity to CHIKV spherules at the
plasma membrane remain poorly defined. In contrast with other alphaviruses, which internalize
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Figure 3

Model of CHIKYV replication complex assembly. (Step 1) G3BP, FHL1, DHX9, and BIN1/Amphiphysin2 (and other SH3 domain
replicase and associated host factors) anchor to the plasma membrane through nsP1 membrane-binding properties. (Step 3) This
complex starts replicating the RNA genome-containing proteins such as CD2AP and SH3KBP1 are recruited to the CHIKV
replication complex through interaction with the nsP3 hypervariable domain, which serves as a hub for host/pathogen interactions.
(Step 2) CHIKYV replicase and associated host factors anchor to the plasma membrane through nsP1 membrane-binding properties.
(Step 3) This complex starts replicating the RNA genome, assisted by DHX9, which is proposed to regulate the early RNA
translation-to-replication switch. (Step 4) BIN1/Amphiphysin2, CD2AP, SH3KBP1 and FHL1 involved in membrane bending and/or
actin cytoskeleton organization may assist the biogenesis of bulb-shaped spherules separating the dsRNA replication intermediate from
host innate immune recognition. (Step 5) Genomic and subgenomic RINAs synthesized in the replication organelle are then massively
exported to the cytoplasm and capped by the nsP1 dodecameric ring connecting the spherule to the cytoplasm. (Step 6) G3BP
molecules recruited to the cytoplasmic face of these organelles are proposed to recruit the cellular translation machinery in close
proximity to membrane vRCs to ensure optimal viral protein synthesis. Abbreviations: CHIKYV, chikungunya virus; dsRINA,
double-stranded RINA; nsP, nonstructural protein; ssRINA, single-stranded RNA; UTR, untranslated region; vRC, viral replication
complex. Figure adapted from images created with BioRender.com.

membrane spherules by activation of the phosphatidylinositol-3-kinase-Akt-mammalian target
of rapamycin signaling, CHIKV replication compartments are mostly maintained at the plasma
membrane. This feature was assigned to the poor capacity of CHIKV to activate this pathway (94).
Currently, the clear benefit of spherule endocytosis is not clearly understood (23). Altogether,
viral protein assembly, contributing cell factors, and metabolism pathways involved in spherule
biogenesis and architecture represent new promising targets for the development of therapeutics
to control CHIKYV infection in humans.

CHIKUNGUNYA VIRUS NONSTRUCTURAL PROTEIN 3:
A MULTTFACETED VIRAL PROTEIN ESSENTIAL
FOR VIRUS INFECTION AND PATHOGENESIS

The nsP3 molecule is probably the most fascinating and enigmatic CHIKV-encoded protein and
has been recognized as essential for both viral replication and adaptation to its host. This viral
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factor is a tripartite phospho-protein composed of a highly conserved N-terminal globular domain
termed macrodomain (MD), a central domain forming the alphavirus unique domain (AUD) con-
served among alphaviruses, and a C-terminal hypervariable domain (HVD) (Figure 4). During
the early phase of the CHIKV life cycle, nsP3 localizes within the vRC and plays a critical role in
viral replication (95-98). Several studies showed that nsP3 acts as a platform for the recruitment
of multiple host factors through its HVD (91, 92, 95, 99-101). The HVD is intrinsically disor-
dered and consists of multiple small peptides that interact with distinct sets of cellular proteins,
which vary depending on both the alphavirus species and the infected cell type (101) (Figure 4).
For CHIKYV, the major HVD binding molecules identified so far are the G3BP (Ras-GAP SH3
domain-binding proteins, G3BP1 and G3BP2) family proteins, FHL1, DHX9, and several SH3
domain-containing proteins including BIN1/Amphiphysin2, CD2AP, and SH3KBP1, which are
involved in membrane bending and cytoskeleton regulation. The roles of G3BP family members
during CHIKV replication have been extensively studied. These are essential factors in the assem-
bly of stress granules (SGs), which control viral replication by arresting viral protein translation
(reviewed in 102). G3BPs contain RNA-binding domains that self-assemble in macromolecular
complexes (103), driving the nucleation of cellular SGs. Disruption of the G3BP-nsP3 HVD in-
teraction or the depletion of both G3BP1 and G3BP2 blocks CHIKV replication (98, 104, 105).
According to the current model, in CHIKV-infected cells, G3BPs may interact with the viral
P123 precursor and in turn bind the viral genomic RNA to form prereplicative complexes that
drive membrane spherule formation and viral RNA synthesis (104). Furthermore, G3BPs interact
with the 40S ribosomal subunit, which is thought to recruit the cellular translational machinery
in the vicinity of the vRCs for viral protein synthesis (106).
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Emerging evidence indicates that nsP3 may accomplish a yet-unknown function during the

CHIKYV life cycle that is distinct from its role in RNA replication and vRC assembly. Several
studies showed that a large proportion of nsP3 proteins, expressed either alone or in the con- .
. . . . . . ADPr: ADP-ribose
text of CHIKV infection, aggregate to form high-density rod-like structures and large spherical
granules distinct from the vRC (95, 107, 108). These nsP3 condensates rapidly increase in size
and number during virus replication (108). Importantly, CHIKV nsP3 aggregates also contain
G3BPs, yet they are different from SGs in morphology and composition (97, 109). Moreover,
cells harboring nsP3 aggregates are not able to form bona fide SGs in response to cellular stress,
suggesting a role of nsP3 in SG disassembly by trapping G3BPs (97, 98). Importantly, other nsP3
binding proteins such as FHL1, CD2AP, and SH3KBP1 are also found within these condensates
(64,110, 111). By using subdiffractional multicolor microscopy and human cells persistently repli-
cating a CHIKV replicon, Remenyi and colleagues (108, 112) assessed nsP3 spatial and temporal
distribution. They demonstrated that nsP3 clusters of different sizes and morphology coexist in
cells and can persist for hours to days. The nsP3 clusters contain genomic RNA and are localized
either near dsRNA- and nsP1-enriched foci or close to the nuclear envelop and nucleoporins.
Moreover, they are detergent resistant and exert liquid-liquid phase separation properties also
proposed for SGs (108, 113). Recent studies revealed that, besides the HVD region, the nsP3 MD
is important for aggregate formations (Figures 4 and 5). The N-terminal MD of nsP3 binds and
removes ADP-ribose (ADPr) or poly-ADPr (114, 115), a reversible post-translational modifica-
tion known to regulate SG formation/disassembly. In CHIK V-infected cells, this activity reverses
G3BP-ribosylation, and favors SG disassembly, and recruitment of translation initiation factors
within nsP3 condensates (109). Indeed, in the absence of MD ribosylhydrolase activity, nsP3 con-
densates contain both RNA-binding proteins (G3BPs, TIA-1, TTAR, and others) and translation
initiation factors (eIF3, RACK1, and others), thereby corresponding to SGs (109). An important
question raised by the abovementioned studies is how these nsP3 aggregates contribute to virus
pathogenesis (Figure 5). One possibility is that these nsP3 structures might participate in viral
persistence by trapping CHIKV RNA or contribute in the attenuation of the antiviral responses
by sequestering key players of the innate immunity, thereby facilitating CHIKV replication. Given
the importance of nsP3 in CHIKV replication, further studies providing a precise description of
the formation, composition, and functions of the nsP3 condensates are required to understand
their biological relevance in CHIKV pathogenesis.

FHL1, A BRIDGE BETWEEN CHIKUNGUNYA VIRUS REPLICATION
AND PATHOGENESIS?

Little is known about the host cellular factors that dictate CHIKV tropism for muscles and joints.
A recent genome-wide CRISPR-Cas9 screen identified the FHL1 protein as an important host
factor for CHIKYV infection and pathogenesis (64). FHL1 is a member of the FHL protein fam-
ily, which is characterized by the presence of an N-terminal half LIM domain followed by four
complete LIM domains (116, 117) (Figure 6). Infection studies in FHL1 knock-out cell lines, as
well as in primary cells from patients suffering from Emery-Dreifuss muscular dystrophy that lack
functional FHL1 proteins, demonstrated that FHL1 is important for CHIKV replication and cell
permissiveness (64). Interestingly among the a/phavirus genus, only CHIKV and its close relative
o’nyong-nyong virus use FHLI for infection. These observations suggest that FHL1 dependency
was acquired late during alphavirus evolution. FHL1 interacts with the nsP3 HVD and is im-
portant for viral RNA amplification (64). Indeed, ablation of the fh/I gene severely reduced both
CHIKYV negative-stranded RNA synthesis and viral spherule formation. Further investigation is
required to decipher the exact molecular mechanisms by which FHL1 mediates CHIKV infection
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Figure 5

Hypothetical model for CHIKV-induced muscular and articular pathogenesis. (Step 1) Successful CHIKV replication in muscle and
joint cells relies on the concerted action of host factors and viral proteins. CHIKV nsPs allow efficient viral RNA synthesis within the
replicative spherules (#). CHIKV nsP2, translocated to the nucleus of infected cells, shuts down antiviral genes transcription by

(&) redirecting the RNA polymerase II Rpb1 subunit to proteasomal degradation and (c) inhibiting phospho-STAT1 nuclear
accumulation. By sequestrating G3BPs, nsP3 counteracts the assembly of cytosolic stress granules and contributes to translational
shutoff (d). (Step 2) The release of cytokines and immune mediators by infected cells attracts monocytes/macrophages to muscles and
joints, leading to local inflammation, muscle myositis, and bone resorption. (Step 3) CHIKV replication and persistence in muscle
progenitor cells impairs muscle repair, contributing to musculoskeletal disease (¢). Viral material persistence in infected tissues can
exacerbate host immune responses, leading to chronic rheumatic symptoms (f). Abbreviations: CHIKYV, chikungunya virus; IFN,
interferon; IR, interferon regulatory factor; ISG, interferon-stimulated gene; nsP, nonstructural protein; NF-«B, nuclear factor kB;
NK, natural killer; PKR, protein kinase R; RANKL, receptor activator of nuclear factor kB; STAT'1, signal transducer and activator of
transcription 1. Figure adapted from images created with BioRender.com.
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and to determine whether FHL1 is directly involved in the assembly of spherules or regulates a
step in the viral RNA synthesis process. The importance of FHL1 in CHIKV pathogenesis is fur-
ther supported by in vivo studies showing that FHL1 knock-out mice are resistant to CHIKV in-
fection and do not develop disease. Interestingly, FHL1 tissue expression reflects CHIKV tropism.
Indeed, FHL1 protein is highly abundant in skeletal muscle and fibroblasts (118, 119). FHLI is
known to participate in muscle development and homeostasis. It is involved in myogenesis, which
consists of the activation of satellite cells and their differentiation in myoblasts, which then fuse to
create myotubes that finally differentiate in mature myofibers. Muscle satellite cells express high
levels of FHL1, which could explain their susceptibility to CHIKV infection. One can speculate
that, upon FHL1 hijacking by nsP3, infected muscle satellite cells might be unable to properly
regenerate damaged muscle fibers, contributing to CHIKV-induced musculoskeletal disorders
(Figure 5). An indirect link between FHL1 expression and CHIKV disease severity is supported
by the observation that FHL1 seems to be differentially used by CHIKV strains (64, 111). For
instance, the pathogenic CHIKV-21 strain isolated from a patient infected during the 2005-2006
CHIKYV outbreak on Reunion Island is highly dependent on FHL1 for infection in vitro and
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Figure 6

FHLI gene and protein organization. FHL1A is encoded by human chromosome Xq26.3 and is expressed
with high levels in striated muscle cells and fibroblasts. Exons 1 and 2 (beige boxes) are noncoding; exons 3 to
8 (purple boxes) encode the full-length FHL1 protein, organized into an N-terminal half LIM domain
followed by four complete LIM domains. Each domain consists of two zinc-finger motifs, proposed to be a
protein/protein binding interface ensuring the assembly of multimeric protein complexes. The LIM domain
amino acid consensus sequence is indicated.

induces severe muscular pathology in mice (64). Conversely, the requirement for FHL1 was less
pronounced for the sylvatic CHIKV 37997 strain from the West African genotype (64) and the
attenuated CHIKV 181/25 strain (111), which are less pathogenic in mice (45). Understanding
the molecular basis for FHL1 usage by CHIKV strains may provide important insights into the
muscular pathology associated with CHIKV infection. Furthermore, a study on FHL1 polymor-
phisms in cohorts of CHIKV-infected individuals could add considerable weight to the in vivo
relevance of this host factor to CHIKV pathogenesis.

INHIBITION OF HOST INNATE IMMUNITY BY THE CHIKUNGUNYA
VIRUS NONSTRUCTURAL PROTEINS

The ability of CHIKV to successfully establish infection and pathogenesis in its host hinges upon
its capacity to counteract the host immune responses. Early after infection, CHIKV elicits the
massive secretion of IFNs and numerous proinflammatory chemokines and cytokines that are
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critical to the control of viremia and pathogenesis (37, 120) (Figure 5). Mice deficient for the
IFN o/p receptor rapidly succumb to CHIKV infection, showing that IFN-I signaling is critical
ISG: in controlling infection (121). This response, initiated by primary sensing of viral RNA via pattern
interferon-stimulated recognition receptors (PRRs) of the RIG-1-like helicase family (RIG-1 and MDAS), controls the
gene expression of hundreds of interferon-stimulated genes (ISGs) (e.g., ISG15, BST2) capable of in-
STATT: signal tenjuptmg CHIKV re.phcatlon (1? 1—1?4) (Figure 5). As a countermeasure,. CHIKYV has evolved
transducer and various strategies to disrupt IFN signaling. In contrast to New World alphaviruses that usually use
activator of their C protein to evade innate immunity, the strategies developed by CHIKV to prevent IFN sig-
transcription 1 naling and ISG antiviral effects have been mainly assigned to the viral protease nsP2. In infected
cells, CHIKV nsP2 is detected close to the plasma membrane, where it takes partin the RC, and in
the nucleus, where it translocates early after infection, thanks to the presence of a noncanonical nu-
clear localization motif (125, 126). In the nucleus, nsP2 rapidly targets the Rpb1 catalytic subunit
of the RNA polymerase II to proteasomal degradation, thereby shutting down cellular gene tran-
scription and avoiding activation of innate immune genes (127) (Figure 5). NsP2-mediated Rpb1
degradation is independent of nsP2 enzymatic activities but is abolished by mutation of Proline
718 in the nsP2 C terminus (90, 125-127). Besides this mechanism, proposed as the main strat-
egy to evade the cellular antiviral response, it now appears that nsP2 specifically interrupts IFN
signaling independent of general transcriptional shutoff. The nuclear fraction of nsP2 was indeed
found to prevent the nuclear accumulation of signal transducer and activator of transcription 1
(STAT1) (128) by promoting its re-export in the cytoplasm through the chromosome region main-
tenance 1-mediated pathway. This activity involves the nsP2 methyltransferase-like domain (129)
(Figure 5). Besides nsP2, recent evidence suggests that other nsPs, namely nsP1 and nsP3, also
play a role in immune evasion. In this context, nsP3-MD ADP-ribose hydrolase activity was re-
cently reported to reverse nsP2 mono-ADP-ribosylation by the ADP-ribosyltransferase ARTD10,
interfering with its auto-proteolytic function (130). In this model, nsP3 ADP-ribose hydrolysis
activity would therefore be critical for immune evasion by antagonizing the antiviral activity of
the IFN-inducible ARTD10 that efficiently restricts CHIKV protein maturation and efficient
replication. nsP1 also appears as one of the countermeasures deployed by CHIKV to avoid the
cellular antiviral system, thus contributing to CHIKV-induced musculoskeletal inflammation in
mice (131). nsP1 has recently been described as counteracting the IFN-I response by interacting
with the cyclic GMP-AMP synthase (cGas), an effector of the cGas-stimulator of IFN genes sig-
naling axis that restricts CHIKV infection (132). Considering these recent reports, CHIKV has
seemingly acquired diverse countermeasures to limit host antiviral responses (Figure 5). While
the most recent investigations suggest redundant mechanisms, the respective importance of nsP1-,
nsP2- and nsP3-dependent scenarios in CHIKV global control strategy remains unknown.

CONCLUDING REMARKS

CHIKYV causes a debilitating acute disease that results in persisting arthralgia and myalgia in a
large proportion of infected individuals. The mechanisms of CHIKV pathogenesis are compli-
cated and multifactorial, involving both viral and host factors. In the past decades, genomics, pro-
teomics, and structural studies as well as forward genetic screens have generated a plethora of
new information about the CHIKV host cell molecular interactions, leading to the identification
of several key host molecules important for viral infection. Most of these studies have been per-
formed in immortalized cell lines. In the future, exploring the function of these cellular factors in
relevant cellular systems such as primary fibroblasts, musculoskeletal tissues, and animal models
of disease will undoubtedly unlock new paradigms of viral pathogenesis. In addition, research will
need to uncover the mechanisms of viral RNA persistence in musculoskeletal tissues and joints in
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order to uncover at a molecular level why CHIKV frequently evolves to a chronic phase. Stud-
ies on CHIKV immunobiology have outlined several elegant mechanisms developed by the virus
to counteract host innate immune responses. A detailed understanding of the involved molec-
ular processes and the identification of novel immune evasion strategies would certainly refine
our understanding of CHIKV pathogenesis and may be the starting point for the generation of
attenuated vaccine candidates and therapeutics to combat CHIKV disease.
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FHLI1 is a major host factor for chikungunya virus

infection

Laurent Meertens!?*, Mohamed Lamine Hafirassou!, Thérese Couderc?, Lucie Bonnet-Madin', Vasiliya Kril',

Beate M. Kiimmerer?, Athena Labeau!, Alexis Brugierl, Etienne Simon-Loriere*, Julien Burlaud-Gaillard®, Cécile Doyen(’,
Laura Pezzi’, Thibaud Goupil?, Sophia Rafasse?, Pierre-Olivier Vidalain®, Anne Bertrand-Legout®, Lucie Gueneau’,
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Chikungunya virus (CHIKYV) is a re-emerging alphavirus that is
transmitted to humans by mosquito bites and causes musculoskeletal
and joint pain'2. Despite intensive investigations, the human
cellular factors that are critical for CHIKV infection remain
unknown, hampering the understanding of viral pathogenesis and
the development of anti-CHIKYV therapies. Here we identified the
four-and-a-half LIM domain protein 1 (FHL1)? as a host factor that
is required for CHIKYV permissiveness and pathogenesis in humans
and mice. Ablation of FHL1 expression results in the inhibition of
infection by several CHIKYV strains and o'nyong-nyong virus, but
not by other alphaviruses and flaviviruses. Conversely, expression
of FHL1 promotes CHIKYV infection in cells that do not normally
express it. FHL1 interacts directly with the hypervariable domain
of the nsP3 protein of CHIKYV and is essential for the replication
of viral RNA. FHL1 is highly expressed in CHIKV-target cells and
is particularly abundant in muscles** Dermal fibroblasts and
muscle cells derived from patients with Emery-Dreifuss muscular
dystrophy that lack functional FHL1® are resistant to CHIKV
infection. Furthermore, CHIKYV infection is undetectable in Fhl1-
knockout mice. Overall, this study shows that FHL]1 is a key factor
expressed by the host that enables CHIKYV infection and identifies
the interaction between nsP3 and FHL1 as a promising target for
the development of anti-CHIKYV therapies.

Several host factors involved in mediating infection with CHIKV
have been identified®°; however, none of these factors accounts
for the tropism of CHIKYV for joint and muscle tissues. To uncover
host genes required for CHIKV infection, we performed a genome-
wide CRISPR-Cas9 screen in near haploid human HAP1 cells using
CHIKV21, a strain isolated from a patient infected during the 2005-
2006 CHIKV outbreak in La Reunion Island'? (Fig. 1a, Extended Data
Fig. 1 and Supplementary Table 1). The top hit of our screen was the
gene encoding FHL1 (Fig. 1a and Extended Data Fig. 2a—c), the found-
ing member of the FHL protein family'!. FHL1 is characterized by
four-and-a-half highly conserved LIM domains with two zinc fingers
arranged in tandem'!. FHLI is highly expressed in skeletal muscles
and heart>!'!, There are three human FHLI splice variants: FHL1A,
FHL1B and FHL1C*!213, FHL1A is most-abundantly expressed in stri-
ated muscles® and fibroblasts!®. The two other variants, FHL1B and
FHLIC, are expressed in muscles, brain and testis'>!*. We validated the
requirement of FHL1 in CHIKV21 infection with two distinct guide
(2)RNAs targeting the three FHLI isoforms (Extended Data Fig. 2a).
We generated HAP1 and HEK293T FHLI-knockout clones (AFHL1)

and confirmed gene editing (Extended Data Fig. 2d-f). FHLI knockout
did not alter cell proliferation and viability (Extended Data Fig. 2g).
CHIKV21 infection and release of infectious particles was markedly
inhibited in AFHLI cells (Fig. 1b and Extended Data Fig. 3a—d). Trans-
complementation of AFHLI cells with a human cDNA encoding
FHL1A, but not FHL1B or FHL1C, restored both the susceptibility to
CHIKV21 and release of the virus (Fig. 1c and Extended Data Fig. 4a, b).
Expression of FHL2, a member of the FHL family that is expressed in
the heart'®, restored CHIKV infection in AFHLI cells, albeit with a
lower efficiency than FHL1 (Extended Data Fig. 4c). FHL1 is impor-
tant for infection by CHIKYV strains belonging to the Asian (strain
St Martin H20235 2013), the east, central, and south African strains
Ross and Brazza (MRS1 2011) and the Indian Ocean (strain M-899)
lineages (Fig. 1d). Notably, the requirement for FHL1 was less pro-
nounced with CHIKV 37997, a strain from the West African genotype
(Fig. 1d). We next tested the requirement of FHL1 for infection by other
alphaviruses. O’nyong-nyong virus (ONNV), an Old World alphavirus
that is phylogenetically close to CHIKYV, showed a markedly reduced
infection level in AFHLL1 cells (Fig. 1e and Extended Data Fig. 3e). By
contrast, other alphaviruses—such as Mayaro virus (MAYV), Sindbis
virus (SINV), Semliki Forest Virus (SFV), Ross River virus, eastern
equine encephalitis virus, western equine encephalitis virus and
Venezuelan equine encephalitis virus—infected HAP1 cells in a FHL1-
independent manner (Fig. 1e, f and Extended Data Fig. 3e). FHL1 is
not necessary for infection by the flaviviruses dengue virus (DENV)
or Zika virus (ZIKV) (Fig. 1g and Extended Data Fig. 3f). BeWo or
HepG2 cells, which are poorly susceptible to CHIKV infection!®!” and
lack FHL1 (Extended Data Fig. 5a), became permissive to infection
after expression of FHL1A (Fig. 1h and Extended Data Fig. 5b-d). This
highlights the major role of FHL1A in the permissiveness of human
cells to CHIKV.

To determine which step in the CHIKYV life cycle requires FHL1,
we challenged parental and AFHLI cells with CHIKV and quantified
the viral RNA at different time points (Fig. 2a). We did not observe
any significant difference in CHIKV RNA levels in AFHLI cells com-
pared to wild-type cells at 2 h after infection (Fig. 2a). By contrast,
a large reduction in CHIKV RNA was observed in AFHLLI cells as
early as 6 h after infection (Fig. 2a) and this reduction was greater at
24 h after infection. We bypassed virus entry and uncoating by trans-
fecting CHIKV RNA into controls or AFHLI cells in the presence
of NH,Cl to inhibit further rounds of infection®. Viral replication
was markedly impaired in AFHL1 cells compared to wild-type cells
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Fig. 1 | FHLL1 is important for infection by CHIKV and ONNV.

a, Results of the CHIKV screen analysed by MAGeCK. Each circle
represents an individual gene. The y axis shows the significance of sgRNA
enrichment of genes in the selected population compared to the unselected
control population. The x axis represents a random distribution of the
genes. All genes with a false-discovery rate-adjust P < 0.05 are coloured
(Benjamini-Hochberg procedure). b, E2 protein expression in control or
AFHLI cells infected with the CHIKV21 strain (multiplicity of infection
(MOI) of 10). ¢, AFHL1 HAP1 cells were complemented with FHL1A,
FHL1B or FHL1C isoforms, infected with CHIKV21 (MOI of 10) and
stained for E2 protein expression at 48 h after infection. b, ¢, Data are
mean =+ s.d. n = 3 independent experiments performed in duplicate. One-
way analysis of variance (ANOVA) with Dunnett’s multiple comparison
test. d, AFHL1 and control cells were inoculated with CHIKV Ross (MOI
of 10), CHIKV Brazza (MOI of 10), CHIKV 20235 (MOI of 10), CHIKV-M
(M-899) (MOI of 10) or CHIKV 37997 (MOI of 10) and analysed at 24
(HEK293T cells) or 48 h (HAP1 cells) after infection for E2 expression.
ECSA, east, central, and south African strains; IOL, Indian Ocean

strain; WA, west African strain. Data are mean =+ s.d. n = 4 independent
experiments performed in duplicate, except for CHIKV 37997, for which
n =2 independent experiments were performed in duplicate. One-way
ANOVA with Tukey’s multiple comparison test. e-g, AFHL1 and control
HAPI cells were inoculated with ONNV (MOI of 2), MAYV (MOI of 50),
eastern equine encephalitis virus (EEEV) (MOI of 2), SINV, SFV, Ross

(Fig. 2b and Extended Data Fig. 6a). To evaluate the contribution
of FHL1 in viral RNA translation versus replication, we generated
a replication-deficient CHIKV molecular clone (the GDD motif of
the polymerase nsP4 was mutated to GAA), which encoded a Renilla
luciferase (Rluc) fused to nsP3. Transfection of CHIKV(GAA) RNA
in AFHLI or control cells resulted in similar Rluc activities (Fig. 2¢),
indicating that FHL1 is dispensable for viral RNA translation. When
similar experiments were performed with wild-type CHIKV RNA,
a large increase in Rluc activity was observed in control—but not
AFHL1—cells 24 h after infection (Fig. 2d), demonstrating that FHL1
is essential for viral RNA replication. Quantitative reverse-transcrip-
tion PCR (RT-qPCR) experiments showed that ablation of FHL1
resulted in severely reduced synthesis of CHIKV negative-strand
RNA (Fig. 2e). We investigated the effect of FHLI in the produc-
tion of dsRNA intermediates, which are a marker of viral replication
complex assemblyls. At 6 h after infection, a massive reduction in
dsRNA-containing complexes was observed in AFHL1 cells stained
with an anti-dsRNA monoclonal antibody compared to parental cells
(Fig. 2f). Transmission electron microscopy analyses showed that the
formation of plasma-membrane-associated spherules and cytoplas-
mic vacuolar membrane structures, which are alphavirus-induced
platforms that are required for viral RNA synthesis'?, are absent in
AFHLI cells (Fig. 2g).
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River virus (RRV), western equine encephalitis virus (WEEV), Venezuelan
equine encephalitis virus (VEEV), DENV (MOI of 0.4) or ZIKV (MOI

of 50). e, Infection was quantified 48 h after infection by flow cytometry
using the anti-E2 3E4, 265 CHIKV monoclonal antibody or the anti-EEEV
monoclonal antibody 1A4B6. n = 2 independent experiments performed
in duplicate. One-way ANOVA with Tukey’s multiple comparison test.

f, Virus growth was assessed on day 4 after infection using RT-qPCR.
Serial dilutions of infected supernatants titrated using the 50% tissue
culture infectious dose (TCIDs,) were used as quantification standards for
RT-qPCR. Accordingly, results were expressed for each virus as ‘molecular
equivalents of TCIDs,’. Data are representative of two independent
experiments performed in duplicates. g, DENV or ZIKV infection was
assessed by flow cytometry 48 h after infection using the anti-E protein
4G2 monoclonal antibody. n = 3 independent experiments performed

in duplicate. e-g, Data are mean =+ s.d. One-way ANOVA with Tukey’s
multiple comparison test. h, BeWo and HepG?2 cells were transduced

with FHL1A or a control vector and challenged with CHIKV21 (MOI of

5) or CHIKV M-899 (MOI of 2). Infection was quantified 2 days later by
flow cytometry using the 3E4 monoclonal antibody. Data are mean =+ s.d.
n = 2 independent experiments performed in duplicate, except for BeWo
cells infected with CHIKV21, for which n = 3 independent experiments
were performed in duplicate. One-way ANOVA with Tukey’s multiple
comparison test. ****P < 0.0001.

Confocal microscopy imaging showed that FHLI displays a diffuse
cytoplasmic distribution in uninfected human fibroblasts. In cells
infected for 6 h, FHL1-containing foci appeared and colocalized with
nsP3 (Extended Data Fig. 6b), a CHIKV non-structural protein that
organizes viral replication in the cytoplasm?*?!. CHIKV nsP3 contains
a large C-terminal hypervariable domain (HVD)? that is known to
mediate assembly of protein complexes and regulate RNA amplifi-
cation?*2!, Notably, FHL1 and FHL2 have been reported as putative
nsP3(HVD)-binding partners in mass spectrometry analyses?!2,
We experimentally validated the interaction between FHL1 and nsP3
(Fig. 2h, i and Extended Data Fig. 6¢-g) and found that endogenous
FHL1 co-immunoprecipitates with nsP3 from CHIKV-infected cells
(Fig. 2h). Both FHL1A and FHL2 co-precipitated with CHIKV nsP3
(Extended Data Fig. 6d). The interaction between FHL1A and nsP3
is specific to CHIKY, as it was not observed with nsP3 from SINV or
SFV (Extended Data Fig. 6e). In AFHLI cells, nsP3 retained its ability
to bind to G3BP1 and G3BP2, two components of the stress granules
that have been implicated in CHIKV replication?** (Extended Data
Fig. 6e). We generated chimeric proteins in which the HVD region of
CHIKYV nsP3 is swapped with the corresponding domain of SINV nsP3
and vice versa. Whereas the CHIKV-SINV(HVD) chimeric protein lost
its ability to bind to FHL1, the HVD of CHIKYV in the context of the
SINV nsP3 protein conferred binding to FHL1 (Extended Data Fig. 6f).
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Fig. 2 | FHL1 interacts with CHIKV nsP3 and is required for CHIKV RNA
replication. a, Control and AFHL1 HAP1 cells were inoculated with CHIKV21
(MOI of 10). At the indicated time points, cells were treated with trypsin to
remove cell-surface-bound virus and viral RNA was quantified by RT-qPCR.
Data are mean = s.d. n = 3 independent experiments performed in triplicate,
except for 2 h after infection, for which n = 2 independent experiments were
performed. Two-tailed Student’s #-test. b, Control or AFHL1 HEK293T cells
were transfected with in vitro transcribed CHIKV-M RNA, expressing Gaussia
luciferase (Gluc). Gluc activity was monitored at the indicated time points. RLU,
relative light units. Data are mean =+ s.e.m. n = 3 independent experiments
performed in quadruplicate. Two-tailed multiple ¢-tests with Holm-Sidak
correction. ¢, Control or AFHL1 HEK293T cells were transfected with a
replication-deficient mutant CHIKV (CHIKV(GAA)) RNA, expressing Rluc and
Rluc activity was monitored at the indicated time points. Data are mean =+ s.e.m.
n = 3 independent experiments performed in quadruplicate. Two-tailed multiple
t-tests with Holm-Sidak correction). d, Control or AFHL1 HEK293T cells were
transfected with a replication-competent (CHIKV(GDD)) or a replication-
deficient mutant CHIKV (CHIKV(GAA)) capped RNA expressing Rluc. The
Rluc activity was monitored at described in ¢. Data are mean & s.em. n =3
independent experiments performed in quadruplicate. Two-way ANOVA with
Tukey’s multiple comparison test. e, Negative-stranded viral RNA quantification
by RT-qPCR from samples collected in a. h.p.i,, hours post-infection; NI, not
infected. Data are mean =+ s.d. n = 2 independent experiments in quadruplicate.
One-way ANOVA with a Tukey’s multiple comparison test. Dashed line
represents the experimental background threshold. f, Control and AFHL1
HEK293T cells were inoculated with CHIKV21 (MOI of 50). Left, representative
images of infected cells stained with anti-dsRNA monoclonal antibody 6 h

after infection. Scale bars, 10 pm. Right, number of foci per cell was quantified
using the Icy software. Data are from 2 experiments, n = 42 cells in control and

n =45 cells in AFHLI cells. Data are mean =+ s.d. Two-tailed Student’s ¢-test. g,

Transmission electron microscopy of control and AFHL1 HAP1 cells challenged
with CHIKV21 (MOI of 100) at 24 h after infection. Data are representative

of two independent experiments. Left, CPV-II structures containing attached
nucleocapsids at their cytoplasmic side (white arrows) as well as viral particles at
the cell surface (thin black arrows). Middle, replication spherules (arrowheads)
together with viral particles (thin black arrows) at the plasma membrane (PM).
Scale bars, 200 nm. h, Co-immunoprecipitation of endogenous FHL1 and
CHIKYV nsP3 from cell lysates of HEK293T cells infected with a CHIKV nsP3-
mCherry reporter virus at MOI of 5 or 50. i, In vitro co-immunoprecipitation
(IP) analysis of the direct interaction between CHIKV nsP3 and FHL1A
through the HVD domain. Glutathione S-transferase (GST) precipitation of
wild-type GST-nsP3 or GST-nsP3(AHVD) and immunoblot (IB) analysis of
6xHis-FHLIA. j, HEK293T cells were co-transfected with plasmids encoding
haemagglutinin (HA)-tagged FHL1A (FHL1A-HA) and Flag-tagged wild-type
CHIKYV nsP3, CHIKV nsP3(AHVD) or CHIKV lacking the amino acid region
423-454 (AR4). Proteins from cell lysates were immunoprecipitated with anti-
Flag beads followed by immunoblot analysis with Flag, HA and G3BP1 and
G3BP2 antibodies. k, Left, schematic representation of FHL1A fused to the nsP3
interacting region (FHL1A-R4) or a similar randomized sequence (FHL1A-
R4*). Right, immunoassay of the interaction between CHIKV nsP3 and FHL1A
fusion proteins in HEK293T cells co-transfected with Flag-tagged CHIKV

nsP3 and HA-tagged FHL1A, FHL1A-R4 or FHL1A-R4* constructs. Proteins
from cell lysates were immunoprecipitated with Flag antibody followed by
immunoblot analysis with Flag and HA antibodies. g-k, Data are representative
of three independent experiments. , AFHL1 HEK293T cells were transfected
with an empty vector or plasmids encoding FHL1A, FHL1A-R4 or FHL1A-R4*.
Cells were incubated with CHIKV21 (MOI of 5) and infection was quantified
24 h after infection by flow cytometry. Data are mean = s.d. n = 2 independent
experiments performed in duplicate. One-way ANOVA with Dunnett’s multiple
comparison test. **¥¥P < 0.0001.
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Pull-down experiments showed that FHL1A directly binds to wild-
type nsP3 but not to the HVD-deficient variant (Fig. 2i and Extended
Data Fig. 6g). We then mapped the binding region within CHIKV
nsP3(HVD) that is responsible for interaction with FHL1A (Fig. 2j and
Extended Data Fig. 7). The FHL1-binding domain, referred as HVD
R4, is present in all CHIKV and ONNYV strains, located upstream of the
G3BP1- and G3BP2-binding sites®! (Fig. 2j and Extended Data Fig. 7a).
Deletion of the HVD R4 region strongly impaired the interaction of
FHL1 with nsP3, without affecting G3BP1 and/or G3BP2 binding to
the viral protein (Fig. 2j and Extended Data Fig. 7b). We generated

a F’.= 0021
108 ‘f o WT
~ 8|  P=0.0091 @ FhiT

o 107 o
2
Q" 100 T
© P=0.1 P=0.31
S —— T
o 10° ° .
£ P=01 JI’
5 104 °
§ °

108 .

02

Muscle  Joint Skin Liver  Spleen

Fhi1™y

Fig. 4 | FHL1 is a factor of susceptibility to CHIKYV infection in mice.
a, Viral titres in tissues of 9-day-old mice. Wild-type (WT) male
littermates (n = 5) and Fhll 7 mice (n = 7) were inoculated with 10°
plaque-forming units of CHIKV by intradermal injection and euthanized
7 days after infection. The amount of infectious virus in tissues was
quantified as the TCIDso. The dashed line indicates the detection
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Fig. 3 | Primary cells from patients with FHL1 deficiency are resistant
to CHIKYV infection. a, FHL1 expression in primary myoblasts and
fibroblasts from healthy donors or patients with EDMD. CF1, CF2,
control fibroblasts from healthy donors; CM1, CM2, control myoblasts
from healthy donors, PF2, PF4, fibroblasts from patients with EDMD;
PM1-PM3, myoblasts from patients with EDMD. Data are representative
of two independent experiments. b, Cells from healthy donors (control)
or patients with EMDM were inoculated with CHIKV expressing nsP3—
mCherry. At 48 h after infection, cells were fixed and images were taken
using a fluorescence microscope. Images are representative of three
experiments. ¢, E2 protein expression in primary cells from healthy donors
(control) or patients with EDMD infected with CHIKV21 (MOI of 2). Data
are mean = s.d. n = 2 independent experiments performed in duplicate
for myoblasts; n = 3 independent experiments performed in duplicate

for fibroblasts. One-way ANOVA with Tukey’s multiple comparison test.
d, Quantification of viral particles released in the supernatant of infected
cells collected at 24, 48 and 72 h after infection. FIU, flow cytometry
infectious units. Data are mean =+ s.e.m. 2 independent experiments
performed in duplicates for myoblasts; n = 3 independent experiments
performed in duplicate for fibroblasts. Two-tailed multiple ¢-test with
Holm-Sidak correction. e, Primary fibroblasts from a control (CF1) or
from two patients with EDMD (PF2, PF4) were inoculated with CHIKV
Ross, CHIKV Brazza, CHIKV H20235 strains or MAYV (MOI of 2) and
analysed for E2 expression. Data are mean = s.d. n = 3 independent
experiments performed in duplicate. One-way ANOVA with Dunnett’s
multiple comparison test). f, g, Fibroblasts from control (CF1) or

patients with EDMD (PF2, PF4) were transduced with a lentiviral vector
encoding FHL1A or a control vector and then challenged with CHIKV21
(MOI of 2). f, Infection was quantified as described in c. Data are

mean =+ s.d. n = 2 independent experiments performed in duplicate. One-
way ANOVA with Tukey’s multiple comparison test. g, Supernatants were
collected from infected cells at the indicated time points and viral titres
were measured on VeroE6 cells. Data are mean =+ s.e.m. n = 2 independent
experiments performed in duplicate. Two-way ANOVA with Dunnett’s
multiple comparison test. ****P < 0.0001.

two chimeric FHL1A proteins that were fused either to the HVD R4
peptide (FHL1A-R4) or to a randomized peptide sequence of HVD
R4 (FHL1A-R4*) as a positive control (Fig. 2k and Extended Data
Fig. 7¢), and assessed their ability to bind to nsP3. Whereas FHL1A-R4
failed to bind to nsP3 (Fig. 2k), FHL1A-R4* interacted with nsP3 as
efficiently as wild-type FHL1A (Fig. 2k), indicating that the fused HVD
R4 peptide probably hides the binding site of FHL1A to nsP3, inhibiting
their interaction. Trans-complementation of AFHLLI cells with a cDNA
encoding FHL1A-R4 did not restore CHIKV21 infection compared to

threshold. Data are mean =+ s.e.m. Two-tailed ¢-test. b, Haematoxylin
and eosin staining of transversal sections of skeletal muscle of CHIKV-
inoculated mice. ¢, Immunostaining of nuclei (Hoechst), FHL1, vimentin
and CHIKYV in skeletal muscle of CHIKV-inoculated mice. b, ¢, Data are
representative of n = 3 independent experiments.



FHL1A-R4* or wild-type FHL1A (Fig. 21). In vitro transcribed RNA
from a CHIKV molecular clone with a mutation in the FHL1-binding
site (AR4 or R4*) showed a strong defect in replication in transfected
HEK293T cells (Extended Data Fig. 7d). Together, these data show
that the interaction between nsP3(HVD) and FHL1 is critical for the
proviral function of FHL1.

Mutations in FHLI have been associated with X-linked myopathies***,
including Emery-Dreifuss muscular dystrophy (EDMD)®, a rare genetic
disorder characterized by early joint contractures, muscular wasting and
adult-onset cardiac disease?®. We studied the permissiveness of dermal
fibroblasts and myoblasts to CHIKV that were obtained from four male
patients with EDMD who carried mutations in FHL] as well as from two
healthy donors (Extended Data Fig. 8a, b). FHL1 expression is severely
reduced in primary cells from all four patients with EDMD (Fig. 3a).
Infection studies showed that fibroblasts and myoblasts from patients with
EDMD are resistant to CHIKV infection (Fig. 3b—e and Extended Data
Fig. 8¢, d) and exhibit a marked defect in the release of infectious parti-
cles (Fig. 3d). Cells of patients with EDMD remained highly susceptible
to MAY'V, which does not rely on FHLL1 for replication (Fig. 3e). Trans-
complementation of fibroblasts derived from patients with EDMD with
alentivirus that encodes FHL1A restored CHIKV viral antigen synthesis
(Fig. 3f and Extended Data Fig. 8¢) and the release of infectious particles
(Fig. 3g).

To directly assess the role of FHLI in the pathogenesis of CHIKV, we
experimentally infected mice that did or did not express FHL1. Human
and mouse FHL1 orthologues are highly conserved (Extended Data
Fig. 9a). Mouse FHLI interacts with CHIKV nsP3 and enhances viral
infection, albeit less efficiently than its human orthologue (Extended
Data Fig. 9b-d). Moreover, CHIKV infection is strongly impaired in
the mouse muscle cell line C2C12 in which Fhl1 is edited (Extended
Data Fig. 9e, f). Susceptibility to CHIKV infection was tested in young
male mice that were deficient in FHL1 expression and in young wild-
type littermate male mice. CHIKYV actively replicated in tissues of wild-
type littermates as previously reported'®, but no infectious particles
were detected in tissues of Fhl1 ™ mice (Fig. 4a). Moreover, necrotizing
myositis with large infiltrates and necrosis of the muscle fibres were
observed in the skeletal muscle of wild-type littermates, whereas skel-
etal muscle of FhlI ™ mice showed no detectable pathology (Fig. 4b).
Immunolabelling against CHIKV E2 protein, FHL1 and vimentin in
muscles revealed that in young wild-type mice, CHIKV mainly targets
muscle fibres that express FHL1, whereas muscle cells of Fhl1 7 mice
showed no labelling for CHIKV nor for FHL1 (Fig. 4c). These experi-
ments demonstrate that Fhl1 ~ mice are resistant to CHIKV infection.

In conclusion, our study identifies FHL1 as a critical host factor for
CHIKYV infection and pathogenesis. Indeed, the expression pattern of
FHLI reflects CHIKV tissue tropism. In addition to its direct implica-
tion for viral replication, hijacking of FHL1 by CHIKV may lead to cel-
lular dysfunctions that contribute to the muscular and joint pains that
are the hallmark of CHIKV disease. FHL1 interacts with CHIKV nsP3
to promote viral RNA synthesis. Deciphering the underlying mecha-
nisms and understanding FHL1 selectivity for CHIKV will be essential
to fully understand its pathogenesis and to develop novel therapeutic
strategies to combat CHIKV disease.
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METHODS

Cell culture. HAP1 cells (Horizon Discovery), which are derived from near-haploid
chronic myeloid leukaemia KBM?7 cells, were cultured in IMDM supplemented
with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and GlutaMAX
(Thermo Fisher Scientific). HEK293FT (Thermo Fisher Scientific), HEK293T
(ATCC), Vero E6 (ATCC), BHK-21 (ATCC), HepG2 (gift of O. Schwartz), primary
myoblasts and primary fibroblasts were cultured in DMEM supplemented with
10% FBS, 1% penicillin-streptomycin, 1% GlutaMAX and 25 mM HEPES. Human
placenta choriocarcinoma BeWo cells were cultured in DMEM supplemented with
5% FBS, 1% penicillin-streptomycin, 1% GlutaMAX and 25 mM HEPES. AP61
mosquito (Aedes pseudoscutellaris) cells (gift from P. Despres) were cultured at
28°C in Leibovitz medium supplemented with 10% FBS, 1% penicillin-strepto-
mycin, 1% glutamine, 1x non-essential amino acids, 1 x Tryptose phosphate and
10 mM HEPES. All cell lines were cultured at 37 °C in 5% CO, with the exception
of AP61 cells, which were maintained at 28 °C without CO,. Cell lines from ATCC
were authenticated by the provider. HepG2, BeWo and AP61 were not further
authenticated. All cell lines were tested for mycoplasma contamination.
Virus strains and culture. CHIKV21 (strain 06-21), ZIKV (HD78788) (gifts from
P. Despres), CHIKV West Africa (strain 37997, accession AY726732.1) and DENV
serotype 2 (16681) were propagated in mosquito AP61 cell monolayers with limited
cell passages. CHIKV Brazza-MRS1 2011, CHIKV Ross, CHIKV St Martin H20235
2013 Asian, Ross River virus (strain 528v), MAY'V (strain TC 625), ONNV (strain
Dakar 234), SINV (strain Egypt 339), EEEV (strain H178/99), VEEV (strain TV83
vaccine), western equine encephalitis virus (strain 47A), SFV (strain 1745) were
obtained from the European Virus Archive (EVA) collection and propagated with
limited passages on Vero E6 cells.

pCHIKV-M-Gluc (see ‘Plasmid constructions’) and pCHIKV-mCherry molecu-
lar clones were derived from pCHIKV-M899, which is constructed from a CHIKV
(strain BNI-CHIKV_899) strain isolated from a patient during the Mauritius
outbreak in 2006. To generate infectious virus from CHIKV molecular clones,
capped viral RNAs were generated from the NotI-linearized CHIKV plasmids
using a mMESSAGE mMACHINE SP6 or T7 Transcription Kit (Thermo Fischer
Scientific) according to the manufacturer’s instructions. Resulting RNAs were puri-
fied by phenol:chloroform extraction and isopropanol precipitation, resuspended
in water, aliquoted and stored at —80 °C until use. Subsequently 30 pg of purified
RNAs were transfected in BHK21 cells with Lipofectamine 3000 reagent and super-
natants were collected 72 h later were used for viral propagation on Vero E6 cells.

For all of the viral stocks used in flow cytometry experiments, viruses were puri-
fied through a 20% sucrose cushion by ultracentrifugation at 80,000g for 2 h at 4°C.
Pellets were resuspended in HNE1X pH 7.4 (HEPES 5 mM, NaCl 150 mM, EDTA
0.1 mM), aliquoted and stored at —80 °C. Viral stock titres were determined on
Vero E6 cells by plaque-forming assay and are expressed as plaque-forming units
(PFU) per ml. Virus stocks were also determined by flow cytometry as previously
described??”. In brief, Vero E6 cells were incubated for 1 h with 100 jl of tenfold
serial dilutions of viral stocks. The inoculum was then replaced with 500 pul of
culture medium and the percentage of E2-expressing cells was quantified by flow
cytometry at 8 h after infection. Viral titres were calculated using the following
formula and expressed as FIU per ml: Titre = (average percentage of infection)
x (number of cells in well) x (dilution factor)/(ml of inoculum added to cells).
Reagents. The following antibodies were used: anti-FHL1 monoclonal antibody
(MAB5938, R&D Systems), anti-FHL1 rabbit antibody (NBP1-88745, Novus
Biologicals), anti-vimentin antibody (ab24525, Abcam), anti-GAPDH monoclo-
nal antibody (SC-47724, Santa Cruz Biotechnology), polyclonal rabbit anti-HA
(3724, Cell Signaling Technology), anti-Flag M2 monoclonal antibody (F1804,
Sigma), anti-RFP (6G6, Chromotek), anti-CHIKV E2 monoclonal antibody (3E4
and 3E4 conjugated to Cy3), anti-alphavirus E2 monoclonal antibody (CHIK-265;
gift from M. Diamonds), anti-EEEV E1 monoclonal antibody (MAB8754, Sigma),
anti-pan-flavivirus E protein monoclonal antibody (4G2), anti-dsRNA J2 monoclo-
nal antibody (Scicons), Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11034,
Invitrogen), Alexa Fluor-647-conjugated goat anti-chicken IgG (ab150175,
Abcam), Alexa Fluor 488-conjugated goat anti-mouse IgG (115-545-003, Jackson
ImmunoResearch), Alexa Fluor 647-conjugated goat anti-mouse IgG (115-606-
062, Jackson ImmunoResearch), peroxydase-conjugated donkey anti-rabbit IgG
(711-035-152, Jackson ImmunoResearch) and anti-mouse/HRP (P0260, DAKO
Cytomotion). Flag magnetic beads (M8823, Sigma), HA magnetic beads (88837,
Thermo Fisher Scientific) and anti-RFP coupled to magnetic agarose beads (RFP-
Trap MA, Chromotek) were used for immunoprecipitation experiments.
CRISPR genetic screen. The GeCKO v.2 human CRISPR pooled libraries (A and
B) encompassing 123,411 different sgRNA targeting 19,050 genes and cloned in
the plentiCRISPR v.2?® were purchased from GenScript. Lentiviral production was
prepared independently for each half-library in HEK293FT cells by co-transfecting
sgRNA plasmids with psPAX2 (from N. Manel) and pCMV-VSV-G at a ratio of
4:3:1 with Lipofectamine 3000 (Thermo Fisher Scientific). Supernatants were col-
lected 48 h after transfection, cleared by centrifugation (750g for 10 min), filtered

using a 0.45-pm filter and purified through a 20% sucrose cushion by ultracen-
trifugation (80,000¢ for 2 h at 4°C). Pellets were resuspended in HNE1X pH 7.4,
aliquoted and stored at —80°C. HAP1 cells were transduced by spinoculation (750g
for 2 h at 32°C) with each CRISPR-sgRNA lentiviral library at a multiplicity of
infection (MOI) of 0.3 and a coverage of 500x the sgRNA representation. Cells
were selected with puromycin for 8 days and expanded. Then, 60 million cells from
each library were pooled and inoculated with CHIKV21, a viral strain isolated dur-
ing the 2005-2006 CHIKV outbreak in La Reunion Island'’. Approximately 5 days
after infection, cytopathic effects were detectable and surviving cells were collected
2 weeks later. Genomic DNA was extracted from selected cells or uninfected pooled
cells using a QIAamp DNA column (Qiagen), and inserted gRNA sequences were
amplified and sequenced using next-generation sequencing on an Illumina MiSeq
(Plateforme MGX, Institut Génomique Fonctionelle). gRNA sequences were ana-
lysed using the MAGeCK software?. Additionaly, gRNA sequences were analysed
using the RIGER software following previously published recommendations®.
FHL1 editing. FHL1 was validated using two independent sgR-
NAs targeting exon 3 and exon 4, which are common to all FHLI iso-
forms. sgRNA1 (5'-GAGGACTCCCCCAAGTGCAA-3’) and sgRNA2
(5-GCAGTCAAACTTCTCCGCCA-3') were cloned into the plasmid lentiC-
RISPR v.2 according to the recommendations of members of the Zhang laboratory.
HAP1 and HEK293FT cells were transiently transfected with the plasmid express-
ing individual sgRNAs and selected with puromycin until all mock-transfected cells
died (approximately 72 h). Transfected cells were used to ascertain gRNA-driven
resistance to the cytopathic effects caused by CHIKYV, and clonal cell lines were
isolated by limiting dilution and assessed by immunoblot for FHL1 expression.
Infection assay. For infection quantification by flow cytometry analysis, cells
were plated in 24-well plates. Cells were infected for 24 h (HEK293T cells) or 48 h
(HAPI1 cells), trypsinized and fixed with 2% (v/v) paraformaldehyde (PFA) diluted
in PBS for 15 min at room temperature. Cells were incubated for 30 min at 4°C
with 1 pg ml™! of the 3E4 anti-E2 monoclonal antibody (for CHIKYV strains and
ONNV), the CHIKYV 265 anti-E2 monoclonal antibody (for MAYV), the anti-E1
monoclonal antibody (for EEEV) or anti-pan-flavivirus E 4G2 antibody (for DENV
and ZIKV). Antibodies were diluted in permeabilization flow cytometry buffer
(PBS supplemented with 5% FBS, 0.5% (w/v) saponin, 0.1% sodium azide). After
washing, cells were incubated with 1 jig m1~! of Alexa Fluor 488- or 647-conjugated
goat anti-mouse IgG diluted in permeabilization flow cytometry buffer for 30 min
at 4°C. Acquisition was performed on an Attune NxT Flow Cytometer (Thermo
Fisher Scientific) and analysis was done by using Flow]Jo software (TreeStar). To
assess the release of infectious viral particles during infection, cells were inoculated
for 3 h with viruses, washed once and then maintained in culture medium over a
72-h period. At the indicated time points, supernatants were collected and kept at
—80°C. Vero E6 cells were incubated with tenfold serial dilutions of supernatant
for 24 h and E2 expression was quantified by flow cytometry as described above.

For detection of infected cells by immunofluorescence, control and AFHL1
HAP1 cells were plated on Laboratory-Tek IT CC2 8-well glass slides (Nunc). Cells
were inoculated with CHIKV21 (MOI of 20) or CHIKV nsP3-mCherry (MOI
of 20) for 48 h, washed three times with cold PBS and fixed with 4% (v/v) PFA
diluted in PBS for 20 min at room temperature. CHIKV E2 protein was stained
with the 3E4 monoclonal antibody at 5 ug ml ™, followed by a secondary staining
with 1 pug ml™! of Alexa 488-conjugated goat anti-mouse IgG. Both antibodies
were diluted in PBS supplemented with 3% (w/v) BSA and 0.1% saponin. Slides
were mounted with ProLong Gold antifade reagent containing DAPI for nuclear
staining (Thermo Fisher Scientific).

For colocalization experiments, cells infected with CHIKV nsP3-mCherry
(MOI of 20) were stained with 10 pg ml™" of the anti-FHL1 monoclonal antibody,
followed by secondary antibody staining with 1 jig m1~! of Alexa 488-conjugated
goat anti-mouse IgG.

For detection of dsRNA foci, control and AFHL1 HEK293T cells were plated
on Laboratory-Tek IT CC2 8-well glass slides (Nunc) and infected with CHIKV21
(MOI of 50) for 4 or 6 h. After fixation with 4% (v/v) PFA diluted in PBS, cells
were stained with 5 g ml~! of the anti-dsRNA monoclonal antibody, followed
by a secondary staining with 1 pg ml™" of Alexa 488-conjugated goat anti-mouse
IgG. Both antibodies were diluted in PBS supplemented with 3% (w/v) BSA and
0.1% Triton X-100. Of note, no dsRNA foci were detectable at 4 h after infection.

Fluorescence microscopy images were acquired using a LSM 800 confocal
microscope (Zeiss).

Plasmid constructions. To generate the C-terminal HA-tagged FHLI iso-
forms, the cDNAs of FHLIA (NM_001449.4), FHLIB (XM_006724746.2)
and FHLIC (NM_001159703.1) were purchased from Genscript. Coding
sequences were amplified with a common FHL1 forward primer (5'-CCG
GAGAATTCGCCGCCATGGCGGAGAAGTTTGACTGCCACTACTGC-3);

and specific FHLIA reverse primer (5-AATAGTTTAGCGGCCGCTCAAGCG
TAATCTGGAACATCGTATGGGTATCCTCCAGCGGCCGACAGCTTTTTG
GCACAGTCGGGACAATACACTTGCTCC-3); or specific FHLIB and FHLIC



reverse primer (5'-AATAGTTTAGCGGCCGCTCAAGCGTAATCTGGAACA
TCGTATGGGTATCCTCCAGCGGCCGACGGAGCATTTTTTGCAGTGGA
AGCAGTAGTCGTGCC-3') (segments hybridizing with the target sequence are
underlined; restriction endonuclease sites for cloning are highlighted in bold); and
cloned into a pLVX-IRES-ZsGreen1 vector (Takara). Using the same approach,
the coding sequence of mouse FhlI (NM_001077362.2) was amplified with a
mouse Fhil forward primer (5-CCGGAGAATTCGCCGCCATGGCTTCTCA
AAGACACTCAGGTCCCTCC-3') and mouse FhiI reverse primer (5'-AATAG
TTTAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGGGTATCCTC
CAGCGGCCGACAGCTTTTTGGCACAGTCAGGGCAATACACCGCTC-3'),
and cloned into a pLVX-IRES-ZsGreenl vector. The C-terminal HA-tagged
human FHL2 coding sequence was synthesized by Genscript and subcloned
into a pLVX-IRES-ZsGreen1 vector. The pCI-neo-3 x Flag plasmids express-
ing CHIKV nsP3 and nsP4, SINV and SFV nsP3 proteins were previously
described®!. The CHIKV nsP3(AHVD), ARI to AR4 proteins were generated by
site-directed mutagenesis (QuickChange XL Site-Directed Mutagenesis
Kit, Agilent) using the following sets of primers: AHVD forward (5'-CGTA
AGTCCAAGGGAATATTGATGATCTTCCCAGGAGTCTGC-3’) and
AHVD reverse (5-GCAGACTCCTGGGAAGATCATCAATATTCCC
TTGGACTTACG-3'); AR1 forward (5'-GTACCTGTCGCGCCGCCCAGAGAG
CTGTGTCCGGTCGTACAAGAAAC-3') and AR1 reverse (5-GTTTCTTGTA
CGACCGGACACAGCTCTCTGGGCGGCGCGACAGGTAC-3'); AR2 forward
(5-GAAACAGCGGAGACGCGTGACAGTACCGCCACGGAACCGAATC-3')
and AR2 reverse (5'-GATTCGGTTCCGTGGCGGTACTGTCA
CGCGTCTCCGCTGTTTC-3"); AR3 forward (5'-CTTCTTACCAGGAG
AAGTGTGATGACTTGACAGACAGC-3') and AR3 reverse (5-GCTGTCTGTC
AAGTCATCACACTTCTCCTGGTAAGAAG-3'); AR4 forward (5'-GACG
AGAGAGAAGGGAATATAACACCGAGTACCGCCACGGAACCGAATC-3')
and AR4 reverse (5'-GATTCGGTTCCGTGGCGGTACTCGGTGTTATATTCC
CTTCTCTCTCGTC-3').

The plasmids expressing chimeric nsP3 CHIKV-HVD SINV and nsP3
SINV-HVD CHIKYV were obtained as follows. First, the DNA sequence
encoding the N-terminal parts of the CHIKV or SINV nsP3 (MD-AUD
region) were obtained by PCR using the pCI-neo-3x Flag expression plas-
mids as templates and the following sets of primers: 3xFlag NotI for-
ward (5'-ACTGAGCGGCCGCATGGACTACAAAGACCATGAC-3')
and overlap CHIKV-SINV reverse (5'-GCTGTTCTGGCACTTCTATAT
ATTCCCTTGGACTTACG-3'), or 3 x Flag NotI forward and overlap SINV-CHIKV
reverse (5'-CAGACTCCTGGGAAGATCTGTACTTACGGGCGGGAAC-3)
for CHIKV and SINV constructs, respectively. HVD coding sequences were also
generated by PCR using the following primers: overlap CHIKV-SINV forward
(5'-CGTAAGTCCAAGGGAATATATAGAAGTGCCAGAACAGC-3') and nsP3
SINV BamHI reverse (5-ACTGAGGATCCTTAGTATTCAGTCCTCCTGCTC-3')
for SINV HVD; and overlap SINV-CHIKV forward (5'-GTTCCCGCCCGT
AAGTACAGATCTTCCCAGGAGTCTG-3') and nsP3 CHIKV BamHI reverse
(5'-ACTGAGGATCCTCATAACTCGTCGTCCGTG-3') for CHIKV HVD. Next,
the CHIKV-HVD-SINV and SINV-HVD-CHIKV PCR fragments were obtained
by overlap extension PCR using the previously obtained PCR products and the
following sets of primers: 3 x Flag NotI forward and nsP3 SINV BamHI reverse,
or nsP3 CHIKV BamHI reverse. Finally, the chimeric PCR fragments were cloned
into a NotI-BamHI-digested pLVX-IRES-ZsGreen1 vector (Takara).

The plasmid expressing FHL1A-R4 and FHL1A-R4* fusion pro-
teins were also obtained by overlap extension PCR approach. First,
the FHLIA part, which is common to both constructs, was amplified
from a cDNA template (Genscript, NM_001449.4) using the common
FHLI forward primer (5'-CCGGAGAATTCGCCGCCATGGCGGA
GAAGTTTGACTGCCACTACTGC-3') and the overlap FHLIA fusion
reverse primer (5'-CGCCCTGGAAGTACAGGTTCTCGCCGCCGCCC
AGCTTTTTGGCACAGTCGGGACAATAC-3’). Second, nsP3 R4 and
R4* portions were obtained by PCR using either the pCI-neo-3 x Flag-nsP3
expression plasmid or the pCHIKV-SG45-R4* plasmid (containing the ran-
domized R4 region) as templates and the following set of primers: overlap
FHL]I fusion forward (5-CGAGAACCTGTACTTCCAGGGCGGCGGCGG
CCCCATGGCTAGCGTCCGATTCTTTAG-3') and FHLI fusion reverse
(5'-AATAGTTTAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGGGTA
GCCGCCGCCCGGTGGTGCCTGAAGAGACATTGCTG-3’) for the R4
construct; or FHLI fusion Random reverse primer (5-AATAGTT
TAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGGGTAGCCGCC
GCCCCTCACCTCGGCGCACATGG-3) for the randomized R4* construct.
Next, the FHL1A-R4 and FHL1A-R4* PCR fragments were obtained by PCR
using the previously obtained PCR products and the outer sets of primers: FHL1A
forward and FHLI fusion reverse or FHLI fusion Rand reverse. Amplification
fragments were cloned into a NotI-EcoRI-digested pLVX-IRES-ZsGreen1 vector
(Takara).
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To obtain pCHIKV-M-Gluc, a viral sequence encompassing the CHIKV 26S pro-
moter and part of the capsid protein sequence was amplified from pCHIKV-M using
primers (5-TATGCGTTTAAACCATGGCCACCTTTGCAAGCTCCAGATC-3')
and (5’-GCTTCTTATTCTTCCGATTCCTGCGTGG-3'), cut with Pmel and
BssHII and assembled together with an Agel-Pmel fragment from pCHIKVRepl-
Gluc®? into an Agel-BssHII cut vector. From the resulting plasmid the Agel-
BssHII fragment was released and ligated together with a BssHII-Sfil fragment
from pCHIKV-M* into pCHIKV-M cut with Agel and Sfil.

To establish pPCHKV-Rluc-GAA, two PCR fragments were amplified from
wild-type CHIKV using primers CHIKV 5590 F (5’-AGACTTCTTACCAG
GAGAAGTG-3) and Bo422 (5-CGACTCCATGTATTATGTTACCCGCTGC
GATGAAGGCCGCGCACGCGG-3) or Bo421 (5-CCGCGTGCGCGGCCT
TCATCGCAGCGGGTAACATAATACATGGAGTCG-3’) and CHIKV 8512 R
(5'-GAAGTTGTCCTTGGTGCTGC-3’), respectively. The obtained fragments
were fused via PCR amplification using the outer primers CHIKV 5590 forward
and CHIKYV 8512 reverse. The resulting fragment was cut with Agel and Bgll and
inserted into pCHIKV-Rluc cut with the same restriction enzymes.

For generation of CHIKV-Rluc-AR4 and CHIKV-Rluc-R4*, PCR fragments
encompassing the desired changes were first amplified and assembled as follows.
For CHIKV-Rluc-AR4, two fragments were amplified from CHIKV-Rluc using
B0408 (5-CACCACGTGCTCCTGGTCAGTG-3’) and Bo1259 (5'-GATTCG
GTTCCGTGGCGGTACTCGGTGTTATATTCCCTTCTCTCTCGTCA-3') or
B01258 (5'-tGACGAGAGAGAAGGGAATATAACACCGAGTACCGCCACG-
GAACCGAATC-3') and Bo409 (5'-GACTTCCTCCAGGGTGTTCACC-3') and
B0409 (5-GACTTCCTCCAGGGTGTTCACC-3'), respectively, and were fused
together using the outer primers Bo408 and Bo409. For CHIKV-Rluc-R4*, the
randomized sequence cassette was obtained sequentially from three successive
PCRs. First, the PCR fragment was generated using primers Bo1260 (5'-AGCAC
CGTGCCCCTGCCCGCCCTGAGGAGGGCCAGCTTCGCCGACACCATGG
AGCAGACC-3') and Bo1261 (5'-CCTCACCTCGGCGCACATGGGGAACTG
CTCGGCCACGGTCTGCTCCATGGTGTCGGCGAA-3'). Then, it was fused
at the 5 end with a PCR fragment amplified from CHIKV-Rluc with Bo408 and
B01262 (5-TCAGGGCGGGCAGGGGCACGGTGCTtgttatattcccttctctctegtca-3').
Next, the resulting fragment was further fused at the 3’ end with a PCR
fragment amplified from CHIKV-Rluc with Bo1263 (5-GTTCCCC
ATGTGCGCCGAGGTGAGGccgagtaccgecacggaaccgaate-3') and Bo409, using the
outer primers Bo408 and Bo409. Finally, the PCR fragments containing the AR4
and R4* mutations were cut with SacIl and Agel and fused with a NgoMIV-SacII
fragment derived from CHIKV-Rluc (SG45) and cloned into a NgoMIV-Agel-
digested SG45 plasmid.

Trans-complementation and overexpression experiments. The lentiviral plas-
mids containing FHL1 isoforms were packaged as described above (see ‘CRISPR
genetic screen’). Cells of interest were stably transduced by spinoculation (750g for
2 h at 32°C) with these lentiviruses and, when necessary, sorted for GFP-positive
cells by flow cytometry. For trans-complementation assays, cells were inoculated
with CHIKV21 for 48 h. Cells were then collected and processed for E2 expres-
sion by flow cytometry. For ectopic expression, cells were plated on 24-well plates
(5 x 10*) and incubated with CHIKV-M-Gluc and CHIKV21, and either processed
for E2 expression by flow cytometry or infectious virus yield quantification on
Vero E6 cells.

Kinetic of infection by RT-qPCR assay. Control and AFHL1 HAP1 cells were
plated on 60-mm dishes (400,000 cells) and inoculated with CHIKV21 (MOI of
5). At the indicated time points, cells were washed three times with PBS, incu-
bated with 0.25% trypsin for 5 min at 37 °C to remove cell-surface-bound par-
ticles, and total RNA was extracted using the RNeasy Plus Mini kit (Qiagen)
according to the manufacturer’s instructions. cDNAs were generated from 500 ng
total RNA using the Maxima First Strand Synthesis Kit following the manufac-
turer’s instructions (Thermo Fisher Scientific). Amplification products were
incubated with 1 unit of RNase H for 20 min at 37 °C, followed by 10 min at
72°C for enzyme inactivation, and diluted tenfold in DNase/RNase-free water.
RT-qPCR was performed using a Power Syber green PCR master Mix (Fisher
Thermo Scientific) on a Light Cycler 480 (Roche). The primers used for RT-
qPCR were: E1-C21 forward (5'-ACGCAGTTGAGCGAAGCAC-3'), E1-C21
reverse (5-CTGAAGACATTGGCCCCAC-3') for viral RNA quantification, and
Quantitect primers for GAPDH were purchased from Qiagen. Quantification using
relative expression was performed based on the comparative threshold cycle (C,)
method, using GAPDH as endogenous reference control. CHIKV negative-strand
RNA was quantified as previously described®. In brief, cDNA was generated
from 1 pg total RNA using a primer containing a 5’ tag sequence CHIKV(—)
tag (5'-GGCAGTATCGTGAATTCGATGCCGCTGTACCGTCCCCATTCC-3')
and the SuperScript II reverse transcriptase following the manufacturer’s
instructions (Thermo Fisher Scientific). Amplifications products were diluted
tenfold and used for RT-qPCR with the following primers CHIKV(—) for-
ward (5-GGCAGTATCGTGAATTCGATGC-3’) and CHIKV(—) reverse
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(5'-ACTGCTGAGTCCAAAGTGGG-3'). The 133-bp sequence corresponding
to the amplified cDNA was synthesized by Genescript and serially diluted (650 to
6.5 x 10° genes copies pl~!) to generate standard curves.

Genomic viral RNA transfection and kinetic of viral amplification. To assess
CHIKYV RNA replication within the cells, we transfected control and AFHLI cells
with capped genomic viral RNA generated from pCHIKV-M-Gluc (see ‘Virus
strains and culture’). Cells were plated on 48 well plate (3 x 10* cells) and trans-
fected with 100 ng of purified RNA using the Lipofectamine MessengerMax rea-
gent according to the manufacturer’s instructions (Thermo Fisher Science), and
cells were cultured in the absence or presence of 15 mM NH,CI to prevent subse-
quent viral propagation. At specific times, cells were washed once with PBS and
lysed with Gaussia lysis buffer. Lysates were kept at —20°C until all samples were
collected. Luciferase activity was measured using the Pierce Gaussia Luciferase
Glow assay kit on a TriStar2 LB 942 with 20 ul of cell lysate, 20 pl of substrate and
2 s integration time.

The same experimental approach was used to monitor luciferase activity from
capped genomic viral RNA generated from wild-type pCHIKV-Rluc (SG45),
pCHIKV-Rluc-GAA, pCHIKV-Rluc-AR4 and pCHIKV-Rluc-R4* mutants.
Luciferase activity was measured using the Renilla luciferase assay system
(Promega) on a TriStar2 LB 942 with 20 yl of cell lysate, 20 pl of substrate and
2.5 s integration time.

Immunoblots. Cell pellet were lysed in Pierce IP Lysis Buffer (Thermo Fisher
Scientific) containing Halt protease and phosphatase inhibitor cocktails (Thermo
Fischer Scientific) for 30 min at 4°C. Equal amounts of protein, determined by
DC Protein Assay (BioRad), were prepared in LDS sample buffer 4x (Pierce) con-
taining 25 mM dithiothreitol (DTT) and heated at 95°C for 5 min. Samples were
separated on Bolt 4-12% Bis-Tris gels in Bolt MOPS SDS Running Buffer (Thermo
Scientific), and proteins were transferred onto a PVDF membrane (BioRad) using
the Power Blotter system (Thermo Fischer Scientific). Membranes were blocked
with PBS containing 0.1% Tween-20 and 5% non-fat dry milk and incubated over-
night at 4°C with primary antibodies. Staining was revealed with corresponding
horseradish peroxidase (HRP)-coupled secondary antibodies and developed using
SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific)
following the manufacturer’s instructions. The signals were acquired through
Fusion Fx camera (VILBERT Lourmat).

Co-immunoprecipitation assay. HEK293T cells were plated in 10-cm dishes
(5 x 10° cells per dish). After 24 h, the cells were transfected with a total of 15 pg
DNA expression plasmids (7.5 pg of each plasmid in co-transfection assays). After
24 h of transfection, the cells were washed once with PBS and collected with a cell
scraper. After centrifugation (400g for 5 min), cell pellets were lysed for 30 min
in cold immunoprecipitation lysis buffer supplemented with Halt protease and
phosphatase inhibitor cocktails, and then cleared by centrifugation for 15 min
at 6,000g. Supernatants were incubated overnight at 4 °C, with either anti-Flag
magnetic beads or anti-HA magnetic beads (see ‘Reagents’). Beads were washed
three times with BO15 buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM
MgCl,, 10% glycerol, 0.5 mM EDTA, 0.05% Triton X-100, 0.1% Tween-20). The
retained complexes were eluted twice with either 3 x Flag peptide (200 pg ml~%;
Sigma-Aldrich F4799-4MG) or HA peptide (400 pg ml~!; Roche 11666975001)
for 30 min at room temperature. Samples were prepared and immunoblotted as
described above. For input, 1% of whole-cell lysates was loaded on the gel.
Bacterial expression, purification and GST pull-down assay. To express
nsP3 and nsP3(AHVD) as GST fusion proteins, their respective open read-
ing frames were subcloned into pGEX-4T-1. Similarly, FHLIA ¢cDNA was
subcloned into pET47b(+) and expressed as a 6 x His fusion protein. The fol-
lowing oligonucleotides were used to amplify nsP3 and nsP3AHVD cDNAs
(sense, 5'-CCCCGGAATTCATGGCACCGTCGTACCGGGTAA-3/; anti-
sense, 5'-CCGCTCGAGTCATAACTCGTCGTCCGTGTCTG-3') and FHLIA
(sense, 5-CCGGAATTCCATGGCGGAGAAGTTTGACTGCC-3'; antisense,
5-CCGCTCGAGTTACAGCTTTTTGGCACAGTC-3'). Escherichia coli strain
BL21 Star (Invitrogen) was transformed with recombinant expression vectors
encoding GST—nsP3, GST—nsP3(AHVD) or 6 xHis-FHL1A recombinant
proteins. Transformed bacteria were induced with isopropylthio-3-Dgalacto-
side (IPTG) for 3 h at 37°C. Cells were collected by centrifugation and the pellets
were resuspended in lysis buffer containing lysozyme (1 mg ml™!), incubated
for 30 min at 4°C followed by three subsequent freeze-thaw cycles and sonica-
tion. The bacterial lysates were centrifuged at 13,000 r.p.m for 20 min and the
supernatants were incubated with glutathione-sepharose beads for GST-nsP3
and GST-nsP3(AHVD) or on a Ni-NTA column (Qiagen) for 6 x His-FHL1A.
Column washing and recombinant protein elution were performed according to
the manufacturer’s instructions. In brief, 5 pl of eluted GST-fusion proteins and
3 pl of Ni-NTA-eluted 6 x His-FHL1A were analysed by SDS-PAGE and proteins
were visualized by Coomassie staining. For pull-down assays, GST-, GST-nsP3-
or GST-nsP3(AHVD)-bound beads were incubated with 6 x His-FHL1A for 1 h
at 4°C in the presence of 100 pM ZnSO,. The resin was washed extensively with

a buffer containing 500 mM KCI. The beads were then resuspended in Laemmli
buffer, resolved by SDS-PAGE and the presence of 6 x His-FHL1A was assessed
by western blot using the anti-FHL1 antibody.

Genetic analysis, fibroblasts and myoblasts from patients with EDMD.
Dermal fibroblasts and myoblasts were taken from four patients carrying FHLI
mutations. FHLI was analysed as previously reported®, as the patients had,
among other symptoms, features that were reminiscent of EDMD. Patients P1,
P2 and P3 have been previously reported® with detailed clinical descriptions
(respectively as patient F321-3, F997-8 and F1328-4), whereas information for
patient P4 was not previously published. In brief, patient P4 had myopathy with
joint contractures, hypertrophic cardiomyopathy, vocal cord palsy, short stat-
ure, alopecia, skin abnormalities and facial dysmorphism. In this patient, FHLI
analysis revealed an insertion of a full-length LINE-1 retrotransposon sequence
together with poly(A) tail of unknown length (indicated by a ‘?’ thereafter)
after 27 bp of the start of exon 4 (c.183-184ins, LINEI; ?; 171-183) that results
at the mRNA level in altered splicing with retention of 108 bp of the inserted
LINE sequence leading to a predicted premature termination codon and shorter
FHLIA (Extended Data Fig. 8b).

Ethics statement. All materials (skin and/or muscle biopsies) from patients and
controls included in this study were taken with the informed consent of the donors
and with approval of the local ethical boards (that is, P1, Tokyo Women’s Medical
University, Japan; P2, King Saudi University, Saudi Arabia; P3, University Hospital
of Lille, France; P4, University Hospital of Montpellier, France). All procedures
were followed alongside the usual molecular diagnostic procedure during patient
follow-up, and in accordance with the ethical standards of the responsible national
committee on human experimentation.

In vivo studies. Animals were housed in the Institut Pasteur animal facilities
accredited by the French Ministry of Agriculture for performing experiments
on live rodents. Work on animals was performed in compliance with French
and European regulations on care and protection of laboratory animals (EC
Directive 2010/63, French Law 2013-118, 6 February 2013). All experiments
were approved by the Ethics Committee 89 (and registered under the reference
APAFIS#6954-2016091410257906 v.2). FHL1-deficient male mice (Fhl1 ™) or
wild-type male littermates were obtained by crossing FhlI heterozygous females®®
with wild-type male Black Swiss mice. Subsequently, 9-day-old FhlI ¥ and wild-
type male littermates, were injected with CHIKV21 (10° PFU per 20 pl) by intra-
dermal route and viral load was determined in tissues on day 7 after inoculation.
Virus titres in tissue samples were determined on Vero E6 cells as TCIDsy g~ . For
histology experiments, muscles were snap-frozen in isopentane cooled by liquid
nitrogen for cryo-sectioning then processed for histological staining (haematoxylin
and eosin) or immunolabelling.

Transmission electron microscopy. Cells were scraped and fixed for 24 h
in 1% glutaraldehyde, 4% PFA (Sigma) in 0.1 M phosphate buffer (pH 7.2).
Samples were then washed in PBS and post-fixed for 1 h by incubation with 2%
osmium tetroxide (Agar Scientific). Cells were subsequently fully dehydrated
in a graded series of ethanol solutions and propylene oxide. An impregnation
step was performed with a mixture of (1:1) propylene oxide/Epon resin (Sigma)
and then left overnight in pure resin. Samples were embedded in Epon resin
(Sigma), which was allowed to polymerize for 48 h at 60 °C. Ultra-thin sections
(90 nm) of these blocks were obtained with a Leica EM UC7 ultramicrotome.
Sections were stained with 2% uranyl acetate (Agar Scientific), 5% lead citrate
(Sigma) and observations were made with a transmission electron microscope
(JEOL 1011).

Cell viability assay. Cell viability and proliferation were assessed using the
CellTiter-Glo 2.0 assay (Promega) according to the manufacturer’s protocol. In
brief, cells were plated in 48-well plates (3 x 10%). At specific times, 100 pul of
CellTiter-Glo reagent were added to each well. After a 10-min incubation, 200 pl
from each well was transferred to an opaque 96-well plate (Cellstar, Greiner Bio-
One) and luminescence was measured on a TriStar2 LB 942 (Berthold) with 0.1 s
integration time.

Statistical analysis. Graphical representation and statistical analyses were per-
formed using Prism 7 software (GraphPad software). Unless otherwise stated,
results are shown as mean = s.d. from at least two independent experiments in
duplicates. Differences were tested for statistical significance using an unpaired
two-tailed t-test, or one-way or two-way ANOVA with multiple comparison post
hoc test.

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability

The authors declare that the data supporting the findings are available within the
paper and its Supplementary Information. Source Data for Figs. 1-4 are provided
with the paper. All other data are available from the corresponding authors upon
request.
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Extended Data Fig. 1 | CRISPR-Cas9 genetic screen identifies essential
host factors of CHIKYV infection. a, Schematic of CRISPR-Cas9 genome-
wide screen in HAP1 haploid cells. b, Ranked list of the top 30 genes
identified using the MAGeCK algorithm and their corresponding rank

This study
CRISPR/Cas9 genetic screen
in HAP1 human haploid cells

FHL1 1 1
SLC35B2 2 2
PAPSS1 3 3
ELAVL1 4 4

FURIN 5 7

YBX1 6 6
GATAD1 7 5
B3GAT3 8 9

OR10W1 9 217
MTRNR2L5 11 18
COA5 12 436
POMT2 13 641

ELP5 14 47

PRIM2 16 337
NRCAM 17 238
PDE8B 18 78
EXT1 19 26
ELF2 20 10
MYT1L 21 381
CUL5 22 956
MAP4K3 23 37
ALDH18A1 24 107
ACTR10 25 13544
SLC7A60S 26 2704
C110rf30 27 11
BID 28 8
SMOCH1 30 507
SCGB1D1 32 84
RPEG5 33 75
FAM124B 34 459

in RIGER analysis. ¢, Venn diagram comparing the top 200 hits from
our screen and previously published CRISPR and haploid screens®? for
CHIKYV host factors.
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Extended Data Fig. 3 | FHLI is an essential host factor for CHIKV
and ONNY infection. a, Inmunofluorescence images of control and
AFHL1 HAPI cells inoculated with CHIKV21 (MOI of 10), fixed

48 h after infection and stained for E2 expression. NI, not infected.

b, Immunofluorescence images of control and AFHL1 HAP1 cells
inoculated with CHIKV expressing nsP3-mCherry (MOI of 10) and
fixed 48 h after infection. a, b, Images were taken on a fluorescence
microscope and are representative of three experiments. ¢, Control and
AFHL1 HAP1 cells were inoculated with increasing MOIs of CHIKV 21,
and infection was quantified 48 h after infection by flow cytometry
using the anti-E2 3E4 monoclonal antibody. Data are mean £+ s.d. n =3
independent experiments performed in duplicate. Two-way ANOVA
with Tukey’s multiple comparison test. d, Multi-step growth curves with

the CHIKV21 strain in control or AFHLLI cells. Data are mean =+ s.e.m.

n = 2 independent experiments performed in duplicate. Two-tailed
multiple ¢-tests with Holm-Sidak correction. e, Control and AFHL1
HAP1 cells were inoculated with increasing MOIs of ONNV or MAY'V,
and infection was quantified 48 h later by flow cytometry using anti-E2
3E4 and 265 monoclonal antibodies. Data are mean + s.e.m. n =2
independent experiments performed in duplicate. Two-way ANOVA with
Tukey’s multiple comparison test. f, Control and AFHL1 HAP1 cells were
inoculated with increasing MOIs of DENV or ZIKV, and infection was
quantified 48 h later by flow cytometry using the anti-E 4G2 monoclonal
antibody. Data are mean =+ s.e.m. n = 3 independent experiments
performed in duplicate. Two-way ANOVA with Tukey’s multiple
comparison test. ****P < 0.0001.
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Extended Data Fig. 4 | FHL1A and FHL2 expression in AFHL1

cells restores CHIKYV infection. a, Inmunoblot (IB) of ectopic FHL1
expression in HAP1 cells stably transduced with an empty vector or
FHL1A, FHL1B or FHL1C isoform. Data are representative of three
experiments. b, Quantification in the supernatant of infected HAP1 cells
of viral particles released by measuring the viral titre on Vero E6 cells.
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the R1, R2, R3 or R4 sequence was deleted. Right, HEK293T cells

were transfected with FHL1A-HA and either an empty vector or
plasmids encoding Flag-tagged nsP3 constructs. Cell lysates were
immunoprecipitated with anti-Flag antibody followed by immunoblot
analysis with anti-HA or anti-Flag antibodies. One experiment
representative of three experiments is shown. ¢, Alignment of nsP3
regions containing the wild-type R4 sequence or the corresponding
randomized sequence. Dashes represent identical amino acids. d, Control
HEK293T cells were transfected with the indicated CHIKV capped

in vitro transcribed RNA-expressing Renilla luciferase (Rluc). Rluc
activity was monitored at indicated time points. RLU, relative light units.
Data are mean =+ s.e.m. #n = 2 independent experiments performed in
quadruplicate. Two-way ANOVA with Tukey’s multiple comparison test.
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Extended Data Fig. 8 | CHIKV infection of myoblasts and fibroblasts
derived from patients with EDMD. a, Schematic of FHLI1A proteins
from three patients with EDMD (P1, P2 and P3). b, Schematic of FHL1
genomic organization in the patient with a LINEI insertion within
exon 4 (P4). ¢, Myoblasts and fibroblasts from patients with EDMD or
healthy donors were infected with increasing MOIs of CHIKV21, and
infection was quantified 24 h later by flow cytometry using the anti-E2
3E4 monoclonal antibody. Data are mean + s.e.m. n = 2 experiments
performed in duplicate for myoblasts; n = 3 independent experiments
performed in duplicate for fibroblasts. Two-way ANOVA with Dunnett’s
multiple comparison test. d, Fibroblasts from patients with EDMD or

healthy donors were inoculated with increasing MOIs of CHIKV Ross,
CHIKYV Brazza, CHIKV H20235, and infection was quantified 24 h
later by flow cytometry using the anti-E2 3E4 monoclonal antibody.
Data are mean =+ s.e.m. n = 3 independent experiments performed in
duplicate. Two-way ANOVA with Dunnett’s multiple comparison test.
e, Immunoblot of ectopic FHL1 expression in primary fibroblasts (PF2
and PF4) obtained from patients that were stably transduced with an
empty vector or a plasmid encoding HA-FHL1A. One representative of
two experiments performed in duplicate is shown. Data are mean =+ s.d.
*EEEP < 0.0001.
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Extended Data Fig. 9 | Mouse FHLI interacts with CHIKV nsP3 and
restores infection in AFHLI cells. a, Sequence alignment of mouse and
human FHLIA proteins. b, HEK293T cells were co-transfected with Flag-
tagged CHIKV nsP3 and plasmids encoding HA-tagged mouse FHL1
(mFHL1) or human FHLIA (hFHL1A). Proteins from cell lysates were
immunoprecipitated with anti-HA antibody followed by immunoblot
analysis with anti-Flag (nsP3) and anti-HA (FHL1) antibodies. c,
Immunoblot of FHL1 ectopic expression in AFHL1 HEK293T cells stably
transduced with a plasmid encoding mouse FHL1 or human FHL1A.

b, ¢, Data are representative of three experiments. d, Cells showed in

¢ were inoculated with increasing MOIs of CHIKV21. Infection was
quantified by flow cytometry at 24 h after infection using anti-E2

3E4 monoclonal antibody. Data are mean =+ s.d. n = 3 independent
experiments performed in duplicate. Two-way ANOVA with Dunnett’s
multiple comparison test. e, Left, immunoblot of endogenous FHLI in
control and AFHL1 C2C12 mouse cells. Right, control and AFHLI cells
were inoculated with CHIKV21 or MAYV (MOI of 2) and infection was
quantified at 24 h after infection by flow cytometry using anti-E2 3E4 or
anti-E2 265 monoclonal antibodies. One representative experiment of
three experiments is shown. ****P < 0.0001.
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ABSTRACT Dengue virus (DENV) is a mosquito-borne flavivirus responsible for den-
gue disease, a major human health concern for which no effective treatment is avail-
able. DENV relies heavily on the host cellular machinery for productive infection.
Here, we show that the scaffold protein RACK1, which is part of the DENV replication
complex, mediates infection by binding to the 40S ribosomal subunit. Mass spec-
trometry analysis of RACK1 partners coupled to an RNA interference screen-identified
Vigilin and SERBP1 as DENV host-dependency factors. Both are RNA-binding proteins
that interact with the DENV genome. Genetic ablation of Vigilin or SERBP1 rendered
cells poorly susceptible to DENV, as well as related flaviviruses, by hampering the
translation and replication steps. Finally, we established that a Vigilin or SERBP1 mu-
tant lacking RACK1 binding but still interacting with the viral RNA is unable to medi-
ate DENV infection. We propose that RACK1 recruits Vigilin and SERBP1, linking the
DENV genome to the translation machinery for efficient infection.

IMPORTANCE We recently identified the scaffolding RACK1 protein as an important
host-dependency factor for dengue virus (DENV), a positive-stranded RNA virus re-
sponsible for the most prevalent mosquito-borne viral disease worldwide. Here, we
have performed the first RACK1 interactome in human cells and identified Vigilin and
SERBP1 as DENV host-dependency factors. Both are RNA-binding proteins that interact
with the DENV RNA to regulate viral replication. Importantly, Vigilin and SERBP1 inter-
act with RACK1 and the DENV viral RNA (VRNA) to mediate viral replication. Overall,
our results suggest that RACK1 acts as a binding platform at the surface of the 40S ri-
bosomal subunit to recruit Vigilin and SERBP1, which may therefore function as linkers

between the viral RNA and the translation machinery to facilitate infection.
Editor Anice C. Lowen, Emory University
KEYWORDS dengue virus, host factors, RACK1, RNA-binding proteins, SERBP1, Vigilin School of Medicine
Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

engue virus (DENV) belongs to the genus Flavivirus of the family Flaviviridae, which Address correspondence to Ali Amara,
includes important emerging and reemerging viruses such as West Nile virus aliamara@insermfr.
(WNV), yellow fever virus (YFV), Zika virus (ZIKV), and tick-borne encephalitis virus e awiinelfs @lselzne mo @nilte: of iierest
. . . . Received 16 November 2021
(TBEV) (1). DENV is transmitted to humans by an Aedes mosquito bite and may lead to Accepted 24 January 2022
a variety of diseases ranging from mild fever to lethal dengue hemorrhagic fever and Published 10 March 2022

dengue shock syndrome (2). Recent estimations indicate that half of the world’s
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RACK1 and Dengue Virus

population lives in areas where dengue fever is endemic (3), with 100 million sympto-
matic infections, including 500,000 cases of severe manifestations of the disease per
year (4). There are currently no approved antiviral therapies against DENV, although a
promising inhibitor targeting the viral NS3-NS4B interaction was recently described (5).
Conversely, the recently approved tetravalent live attenuated vaccine showed disap-
pointing efficacy (6, 7).

DENV is an enveloped virus containing a positive-stranded RNA genome of ~11 kb.
Upon entry into the host cell, the viral genome is released in the cytoplasm and trans-
lated by the host machinery into a large polyprotein precursor that is processed by host
and viral proteases. Co- and posttranslational processing gives rise to three structural
proteins: the C (core), prM (precursor of the M protein), and E (envelope) glycoproteins,
which form the viral particle and seven nonstructural proteins (NS) called NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 (8) that play central roles in viral genome replication,
assembly, and modulation of innate immune responses (9). Like other flaviviruses, DENV
genome replication takes place within virus-induced vesicles (Ve) derived from invagina-
tions of the endoplasmic reticulum (ER) membrane (10, 11). These structures consist of
90-nm-wide vesicles containing a =11-nm pore that allows exchanges between the Ve
lumen and the cytosol (11). Within the Ve, viral NS proteins, viral RNA (VRNA), and some
host factors assemble to form the viral replication complex (RC) that is essential for viral
RNA synthesis. We have recently purified the DENV RC in human cells, using a tagged
DENV subgenomic replicon, and determined its composition by mass spectrometry (12).
Our study provided an unprecedented mapping of the DENV RC host interactome and
identified cellular modules exploited by DENV during active replication. By combining
these proteomics data with gene silencing experiments, we identified a set of host-de-
pendency factors (HDFs) that have a critical impact on DENV infection and established
an important role for RACK1 (receptor for activated C kinase 1) in DENV vRNA amplifica-
tion (12), which was recently confirmed by others (13).

RACKT is a core component of the 40S ribosomal subunit (14, 15), containing seven
WD40 domains that mediate protein-protein interactions (16, 17). RACK1 is a scaffold
protein (18, 19) described to interact with many cellular pathways such as Sarcoma
(Src) tyrosine kinase (20, 21), cAMP/protein kinase A (PKA) (22), or receptor tyrosine ki-
nase (23). Ribosomal RACK1 has also been shown to be involved in the association of
mRNAs with polysomes (24), in the recruitment and phosphorylation of translational
initiation factors (25-27), and in quality control during translation (28). The nonriboso-
mal form of RACK1 is involved in innate immunity, by recruiting the PP2A phosphatase
(29) or by targeting the VISA/TRAF complexes (30), and participates in the assembly
and activation of the NLRP3 inflammasome (31). To date, only one proteomic study
aiming to identify RACK1 cofactors has been performed in Drosophila S2 cells (32).
RACK1 cellular partners in human cells are largely unknown.

Several viruses depend on RACK1 to complete their infectious cycle3'-3°. For
instance, RACK1 is involved in internal ribosome entry site (IRES)-mediated translation
of viruses possessing a type | IRES such as cricket paralysis virus or hepatitis C virus
(33). RACK1 also contributes to poxvirus infection through a ribosome customization
mechanism. Indeed, poxviruses trigger the phosphorylation of the serine 278 of RACK1
(34) to promote the selective translation of viral RNAs.

In this work, we have investigated the function of RACK1 during DENYV life cycle. We
performed the first interactome of RACK1 in human cells. Functional studies revealed
that RACK1 interacts with the RNA-binding proteins Vigilin and SERBP1 to facilitate
DENV replication.

RESULTS AND DISCUSSION

RACK1 interaction with the 40S ribosomal subunit is required for DENV infection.
To confirm the role of RACK1 in DENV infection, we challenged parental and RACK1
knockout (RACK1K%) HAP1 cells with DENV2-16681 particles at different multiplicities of
infection (MOls) and measured viral infection by quantifying the percentage of cells
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FIG 1 The interaction between RACK1 and the 40S ribosome is required for dengue virus (DENV) infection. (A)
Western blot analysis of RACK1 expression in control, RACK1%°, and RACK1*® HAP1 cells transcomplemented
with a hemagglutinin (HA)-RACK1 cDNA. Cell lysates were probed with the indicated antibodies. Shown is a
representative Western blot of n = 3 technically independent experiments. (B) Role of RACK1 in DENV infection.
Control, RACK1%®, or RACK1X® cells transcomplemented with a cDNA encoding wild-type (WT) HA-RACK1 were
infected at different multiplicities of infection (m.o.i) with DENV2-16681. Levels of infection were determined by
flow cytometry using the 2H2 prM monoclonal antibody (MAb) at 48 h postinfection (hpi). The data shown are
the means * stardard error of the mean (SEM) of four independent experiments performed in duplicate.
Significance was calculated using two-way analysis of variance (ANOVA) with Dunnett’s multiple-comparison
test. (C) Western blot analysis of RACK1 expression in RACK1%°© HAP1 transcomplemented with cDNA encoding
WT HA-RACK1 or the HA-RACK1 D/E mutant (HA-RACK1 DE cDNA). Cell lysates were probed with the indicated
antibodies. Shown is a representative Western blot of three independent experiments. (D) Impact of RACK1
association to the 40S subunit of the ribosome in DENV infection. Control, RACK1%°, and RACK1X® HAP1 cells
transcomplemented with ¢cDNA encoding WT HA-RACK1 or the HA-RACK1 DE mutant were infected at MOI 1
with DENV2-16681 and harvested at 48 hpi. Levels of infection were determined by flow cytometry as
described above. The data shown are the means = SEM of three independent experiments performed in
duplicate. Significance was calculated using one-way ANOVA with Dunnett’s multiple-comparison test. ****,
P < 0.0001; n.s, not significant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent
protein; NI, not infected.

expressing the DENV antigen PrM. In agreement with our previous studies (12), DENV
infection was severely impaired in HAP1 cells lacking RACK1 (Fig. 1A and B).
Importantly, transcomplementation of the HAP1 RACK1K® cells with a plasmid encod-
ing human RACK1 rescued cell susceptibility to DENV infection (Fig. 1A and B), ruling
out CRISPR-Cas9-mediated off-target effects and demonstrating that RACK1 is an im-
portant host factor for DENV.

RACKT is a component of the 40S subunit of the ribosome and is located near the
mMRNA exit channel (17). To test whether DENV infection requires RACK1 association
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with the 40S ribosome, we transcomplemented RACK1K® cells with a RACK1 mutant
defective for ribosome-binding (RACK1R36D/K38E, DE mutant) (34, 35). The RACK1 DE
mutant, which displayed a wild-type (WT) expression level and was unable to associ-
ated with polysomes (data not shown and Ref. 36), failed to rescue DENV2-16681 infec-
tion (Fig. 1C and D). These results indicate that the interaction with the 40S ribosomal
subunit is important for RACK1 proviral function.

Mapping the RACK1 interactome. Because RACK1 is a scaffold protein, we hypothe-
sized that its proviral activity may rely on its ability to recruit host proteins near the ribosome
for optimal translation. To characterize the RACK1 interactome in mammalian cells, we trans-
fected 293T cells with a plasmid encoding an hemagglutinin (HA)-tagged version of human
RACK1. We pulled down RACK1 and its binding partners using HA beads and eluted purified
proteins with HA peptide according to the experimental procedures that we recently
described (12). Immunoprecipitated proteins were separated by SDS-PAGE, visualized by sil-
ver staining, and subjected to mass spectrometry (MS) analysis (Fig. 2A). By analyzing the
raw affinity purification-mass spectrometry (AP-MS) data set with SAINT express and MiST
softwares (37), we identified 135 high-confidence host factors that copurified with RACK1
and showed a SAINT express score greater than 0.8 (supplemental material). Next, we ana-
lyzed the list of 135 high-confidence interactors with DAVID 6.8 to identify statistical enrich-
ments for specific Gene Ontology (GO) terms from the “cellular component” (CC) annotation
(38, 39) (Fig. 2B) and built the corresponding interaction network using Cytoscape 3.4.0 (40)
(Fig. 2C). The 135 RACK1-interacting proteins were clustered into functional modules using
enriched GO terms as a guideline and literature mining (Fig. 2C). As expected, the RACK1
interactome was significantly enriched in proteins associated with ribosome/polysome and
MRNA translation (Rps3, elF3, elF4G, and elF4)), stress granules (G3BP2 and LARP1), P-Bodies
(Ago1 and 2), and RNA splicing factors (HNRNPA2B1 and U2AF2) (Fig. 2C). Interestingly, sev-
eral proteins found in our study, such as Ago2, LARP1 and 2, and elF3A, were also identified
in a RACK1 interactome done in Drosophila S2 cells (32).

Vigilin, SERBP1, and ZNF598 are DENV host-dependency factors. To pinpoint
the function of the RACK1 binding partners during DENV infection, we silenced by RNA
interference (RNAI) the expression of the 49 highest ranked hits with an average pep-
tide count of more than 28 and determined the consequences on viral infection (Fig.
3A; supplemental material). Four proteins, namely HNRNPA2B1, Vigilin, SERBP1, and
ZNF598, whose silencing decreased infection by at least 50% without affecting cell via-
bility in the two cell lines were considered for further investigation (Fig. 3A; supple-
mental material). These factors are RNA-binding proteins (RBP) involved in RNA splicing
(HNRNPA2B1) (41) or translation regulation (Vigilin, SERBP1, and ZNF598) (28, 42, 43).
HNRNPA2B1 was already described to interact with the 3’-untranslated region (UTR)
part of the virus (44). Because HNRNPA2B1 is a nuclear protein (45), it was not further
considered in our study. Vigilin is a multiple K-homology (KH) domain protein impli-
cated in translation regulation and lipidic metabolism (24, 43, 46). This protein was
recently described to bind the DENV RNA and, in association with the ribosomal-bind-
ing protein 1 (RRBP1), to facilitate viral RNA translation and replication (47). However,
how this protein interacts with RACK1 to regulate DENV infection is still unknown.
SERBP1 is a RACK1 cofactor (48) that is located at the entry channel of ribosomes (49)
and enhances translation by promoting the association of mRNAs with polysomes (42).
SERBP1 was also described to interact with DENV RNA. However, its role in DENV repli-
cation remains unclear (50). Finally, ZNF598 is an E3 ubiquitin-protein ligase known to
interact with RACK1 and playing a key role in the ribosome quality control (28).
ZNF598 was also described to play a role in innate immunity (51). However, its role in
DENYV infection is unknown.

We first confirmed that endogenous Vigilin, ZNF598, and SERBP1 proteins coimmu-
noprecipitated with HA-RACK1 ectopically expressed in 293T cells (Fig. 3B). Next, we
validated the requirement of Vigilin, SERBP1, and ZNF598 using two approaches. On
one hand, we found that knocking down by RNA interference Vigilin, SERBP1, or
ZNF598 (Fig. 3C) significantly impaired DENV infection but not viability of primary
human fibroblasts, which are DENV target cells (Fig. 3D and E). On the other hand, we
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FIG 2 Global map of the RACK1 interactome in human cells. (A) Experimental scheme of our RACK1 immunoprecipitation approach. 293T cells expressing
RACK1 or HA-RACK1 were lysed, and extracts were purified with anti-HA-coated beads before SDS-PAGE and mass spectrometry (MS) analysis. (B)
Histogram indicating statistical enrichment for specific biological processes and cellular components, determined by Gene Ontology (GO) analysis.
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FIG 3 RNA interference (RNAI) screen-identified Vigilin, SERBP1, and ZNF598 are DENV host-dependency factors.
(A) Host-dependency factors (HDFs) found in our RNAi screen. The data shown are representative of three
independent experiments. Host-dependency factors are marked in green. The positive control (small interfering
RNA [siRNA] pool targeting RACK1) is highlighted in blue. (B) Validation of the interaction between RACK1 and
endogenous Vigilin or SERBP1 in 293T cells by immunoprecipitation. Cell extracts from 293T cells expressing
RACK1 or HA-RACK1 were subjected to affinity purification using anti-HA beads, and interacting proteins were
revealed by Western blotting. The data shown are representative of three independent experiments. (C) Human
primary fibroblasts were transfected with the indicated siRNA pools. RACK1, Vigilin, SERBP1, and ZNF598
expression in siRNA transfected cells was assessed by Western blot analysis 48 h posttransfection. (D) The viability
of siRNA transfected fibroblasts described in B was monitored by cell titer glow analysis. The data shown are the
means * SEM of three independent experiments performed in triplicate. Significance was calculated using two-
way ANOVA with Dunnett’s multiple-comparison test. (E) siRNA transfected fibroblasts described for panel B were
challenged with DENV2-16681 at MOI 1. At 48 h posttransfection, the levels of infection were determined by flow
cytometry using 2H2 MAb at 48 hpi. The data shown are the means * SEM of three independent experiments
performed in duplicate. Significance was calculated using one-way ANOVA with Dunnett's multiple-comparison
test. RLU, relative light units; siNT, nontargeting siRNA.

used the CRISPR-Cas9 technology to edit the corresponding genes in HAP1 cells
(Vigilin ¥©, SERBP1 KO, and ZNF598 K°) (Fig. 4). Gene editing and knockout generation
were confirmed by genomic DNA sequencing (Fig. 4A) and Western blot analysis (Fig.
4B), respectively. In agreement with our previous findings, lack of RACK1, Vigilin,
SERBP1, and ZNF598 expression had no impact on cell growth and viability as assessed
by quantification of ATP levels in culture wells at different time points (Fig. 4C). HAP1
cells lacking Vigilin, SERBP1, or ZNF598 expression were poorly permissive to DENV
infection as shown by the quantification of viral progeny in supernatants of infected
cells (Fig. 4D), Western blot analysis of the DENV protein expression (NS3, E, and PrM)

FIG 2 Legend (Continued)

Journal of Virology

(C) Interaction network of RACK1-associated proteins identified by MS in 293T cells. Proteins were clustered into functional modules using enriched GO
terms as a guideline and manual mining of literature. This panel is a representative network of n = 3 independent experiments showing similar results. LC-

MS/MS, liquid chromatography-tandem MS.
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FIG 4 Impact of RACK1, Vigilin, SERBP1, and ZNF598 gene editing on infection by DENV and other enveloped viruses. (A) Sanger sequencing of VIGILIN,
SERBP1, and ZNF598 in control and Vigilin®®, SERBP1X°, or ZNF598*° HAP1 cells, respectively. (B) Validation of Vigilin, SERBP1, and ZNF598 gene editing by
Western blot analysis. Shown is a representative Western blot of three independent experiments. (C) Impact of RACK1, Vigilin, SERBP1, and ZNF598 gene
editing on cell viability in HAP1 cells by cell titer glow analysis. The data shown are the means = SEM of three independent experiments performed in
duplicate. Significance was calculated using two-way ANOVA with Dunnett’s multiple-comparison test. (D to G) Impact of RACK1/Vigilin/SERBP1/ZNF598
gene editing on DENV infectious cycle. The indicated cells were infected for 48 h at MOl 1 with DENV2-16681. (D) Supernatants from infected cells were
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(Fig. 4E), and quantification of the viral RNA (Fig. 4F). Parental (control) and HAP1 cells
transfected with a nonspecific single guide RNA (targeting the green fluorescent pro-
tein [GFP]) were used as negative controls (Fig. 4), while RACK1X® HAP1 cells were used
as positive controls (Fig. 4). We then investigated whether these phenotypes were spe-
cific to DENV2-16681 or could be observed with other flaviviruses. We found that
Vigilin, SERBP1, and ZNF598 mediate infection by other DENV serotypes (data not
shown), as well as by Zika virus (ZIKV), a related flavivirus (Fig. 4G). In contrast, infec-
tions by the Alphavirus chikungunya virus (CHIKV) or the vesicular stomatitis virus G
protein (VSV-G)-pseudotyped human immunodeficiency virus (VSVpp) were unaffected
in Viligink® and SERBP1*° cells (Fig. 4G). CHIKV infection but not VSVpp was signifi-
cantly reduced in RACK1X® and ZNF598K° cells (Fig. 4G). Altogether, our data indicate
that Vigilin, SERBP1, and ZNF598 are important host factors for DENV. ZNF598 is
required for DENV and CHIKV infection, while Vigilin and SERBP1 are exclusively
exploited by DENV and other related flaviviruses.

Vigilin and SERBP1 regulate DENV translation and replication. To determine
whether Vigilin and SERBP1 impact initial vVRNA translation or amplification, Vigilin®
and SERPB1KO cells were challenged with DENV2 Renilla luciferase (Luc) reporter virus
(DV-R2A) through a time-course experiment to monitor the kinetic of viral infection
(Fig. 5A). RACK1 *© cells were used as a positive control. A weak Luc activity was
detected at 6 h postinfection, reflecting the initial translation of the incoming vRNA.
This was followed by a marked increase in Luc activity caused by a combination of
translation and replication of the viral genome (Fig. 5A). Depletion of RACKT1, Vigilin,
and SERBP1 had no impact on initial translation step but strongly impaired DENV trans-
lation and replication at later time points (Fig. 5A). Importantly, viral genome replica-
tion was completely restored in KO cells transduced with RACK1, SERBP1, or Vigilin
cDNAs (Fig. 5A). CHIKV expressing the Gaussia luciferase replicated as efficiently in
Vigilin or SERBP1 ¥© cells as in control cells, while its replication in RACK1*® was
impaired (Fig. 5B). To assess further the effect of Vigilin and SERBP1 on DENV vRNA rep-
lication, we used a Renilla luciferase (Rluc) reporter subgenomic replicon (sgDVR2A),
which is a self-replicating DENV RNA containing a large in-frame deletion in the struc-
tural genes and represents a useful tool to exclusively monitor DENV translation and
RNA amplification. Control, Vigilin®®, SERBP1¥°, and RACK1X® HAP1 cells were trans-
fected with the in vitro transcribed DENVR2A subgenomic RNA, and VvRNA replication
was monitored over time by quantifying the Rluc activity in infected cell lysates (Fig.
5C). Depletion of RACK1, Vigilin, or SERBP1 had no impact during the early phase of
DENV RNA translation. At 12 h posttransfection, the RLuc signal increased over time in
control cells, while a strong reduction was observed (more than 10-fold reduction at
48 h postinfection [hpil) in Vigilink® and SERBP1K° cells (Fig. 5C). The RLuc signal was
restored in Vigilin®© or SERBP1X° transcomplemented with their corresponding cDNAs
(Fig. 50).

Vigilin has been previously shown to mediate, in association with the host factor
RRBP1, the stability of DENV VRNA (47). Since SERBP1 also binds the DENV RNA (50), we
reasoned that it might play a similar role. To assess this hypothesis, RACK1X°, Vigilin¥©,
or SERBP1X® HAP1 cells were challenged with DENV followed by treatment with
MKO0608 to inhibit viral replication (47). Then, we monitored the decay of the VRNA
overtime by Northern blotting analysis using a probe that targets the DENV 3'-UTR
(Fig. 6). We observed that the levels of the DENV genomic RNA were similar in control,

FIG 4 Legend (Continued)
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harvested, and then the titer was determined by flow cytometry on Vero cells and expressed as fluorescence-activated cell sorter infectious unit (FIU)/mL.
(E) Infection was assessed by immunoblot using anti-NS3, anti-prM, and anti-E DENV MAbs. The data shown are representative of three independent
experiments. (F) Levels of infection were assessed by quantification of DENV viral RNA (vRNA) by quantitative reverse transcription-PCR using NS3 primers.
The data shown are the means *= SEM of three independent experiments performed in duplicate. Significance was calculated using one-way ANOVA. (G)
The indicated cells were infected with Zika virus (ZIKV) HD78 at MOI 2 (left), chikungunya virus (CHIKV) 21 at MOI 2 (middle), and vesicular stomatitis virus
G protein-pseudotyped human immunodeficiency virus (VSV-pp) at MOI 2 (right). Levels of infection were determined by flow cytometry at 48 hpi. The
data shown are the means *= SEM of at least two independent experiments performed in duplicate. Significance was calculated using one-way ANOVA

with Dunnett’s multiple-comparison test. n.s, not significant; ****, P < 0.0001.
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FIG 5 Vigilin and SERBP1 regulate DENV translation and replication. (A) The indicated cells were infected at MOI 1 with DENV-Luc. At the
indicated time points, Renilla luciferase activity reflecting RNA translation (1 to 8 hpi) and replication (12 to 72 hpi) was measured. The data
shown are the means = SEM of three independent experiments performed in triplicate. Significance was calculated using two-way ANOVA
with Dunnett’s multiple-comparison test. (B) The indicated cells were infected at MOl 1 with CHIKV-Luc. Gaussia luciferase activity was
monitored at the indicated time points. The data shown are the means = SEM of three independent experiments performed in triplicate.
Significance was calculated using two-way ANOVA with Dunnett’s multiple-comparison test. (C) Impact of RACK1/Vigilin/SERBP1 KO on DENV
life cycle in HAP1 cells transfected with a DENV replicon RNA expressing Renilla luciferase. Renilla luciferase activity was monitored at the
indicated time point. The data shown are the means = SEM of three independent experiments performed in triplicate. Significance was
calculated using two-way ANOVA with Dunnett’s multiple-comparison test. n.s, not significant; ****, P < 0.0001; AU, arbitrary units; Gluc,
Gaussia luciferase; Rluc, Renilla luciferase.
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FIG 6 Northern blot analysis of the impact of RACK1, Vigilin, and SERBP1 knockout on DENV genomic RNA (gRNA)
stability. (A) Indicated cells were infected at an MOI of 1 with DENV2-16681. Total RNA was extracted 48 h.p.i. at the
indicated time after treatment with MK0608 replication inhibitor. The data shown are the means = SEM of three
independent experiments performed in triplicate. (B) VRNA stability is expressed as a percentage relative to the signal
monitored at time point 0 h after MK0608 treatment. Ethidium bromide serves as a loading control, showing 28S and
18S rRNA. Statistics were performed using two-way ANOVA. hpt, h posttransfection; ns, nonsignificant.

RACK1%0, and SERBP1¥® HAP1 cells up to 24 h after MK0608 treatment (Fig. 6).
Surprisingly, a lack of Vigilin expression had a very mild effect on DENV RNA stability
(Fig. 6). Together, these results show that RACK1, Vigilin, and SERBP1 promote viral rep-
lication without a major impact on the stability of DENV vRNA.

Vigilin and SERBP1 interactions with RACK1 are important for DENV infection.
Scp160p and Asclp, the yeast homologs of Vigilin and RACK1, respectively, have
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been shown to interact each other (24). This interaction is thought to promote trans-
lation of specific mRNAs linked to Scp160p by mediating their association with poly-
somes (24). Because Vigilin is very well-conserved among different species, a similar
interaction with RACK1 might occur in mammalian cells. Having established that
Vigilin and SERBP1 do not have a major influence on the stability of the VRNA, we
hypothesized that their proviral effect might be linked to their interaction with
RACKT1. Previous studies showed that Scp160p interacts with Asc1p via the KH 13 and
14 domains located in its C-terminal region (24, 52), while SERBP1 interacts directly
with RACK1 through a motif (amino acids [aa] 354 to 474) that contains the RGG
domain (48) (Fig. 7A). On the basis of these observations, we generated the corre-
sponding deletion mutants of FLAG-tagged Vigilin (FLAG-Vigilin Mut) and Myc-
tagged SERBP1 (Myc-SERPB1 Mut) (Fig. 7A) and tested their ability to interact with
RACK1 (Fig. 7B). Pulldown experiments showed that RACK1 binds both WT FLAG
Vigilin or WT Myc SERBP1 ectopically expressed in HEK-293T cells (Fig. 7B). In con-
trast, RACK1 failed to associate with mutant forms of Vigilin and SERBP1 (Fig. 7B). We
next assessed the ability of the mutant forms to interact with DENV vRNA by perform-
ing an RNA immunoprecipitation (IP) assay after UV irradiation (Fig. 7C). For both RNA-
binding proteins, the WT and mutant forms were able to specifically enrich the vRNA
(at least 10-fold more than actin enrichment). Furthermore, we did not observe any sig-
nificant differences in vRNA enrichment between the mutant and WT forms of the RBPs.
These data demonstrate that Vigilin Mut and SERBP1 Mut bind the DENV vRNA to the
same extent as their WT counterparts.

Finally, we investigated whether Vigilin and SERBP1 binding to RACK1 impacts DENV
infection. For this, we stably expressed Mut Vigilin or Mut SERBP1 in Vigilin *° or SERBP1 ¥©
cells, respectively (Fig. 8A). Infection studies showed that expression of Mut Vigilin or Mut
SERBP1 in Vigilin ¥© or SERBP1 *© cells did not restore DENV2-16681 infection in contrast to
their WT counterparts (Fig. 8B). Together, these data indicate that Vigilin and SERBP1 inter-
action with RACK1 is important for DENV infection

Conclusions. Our results provide new insights into the molecular mechanisms of
DENV replication. We performed the first RACK1 interactome in human cells and identi-
fied Vigilin and SERBP1 as host factors for DENV infection. Both are RNA-binding pro-
teins that interact with the DENV RNA and regulate viral replication. Importantly, our
data suggest that the interaction of Vigilin and SERBP1 with RACK1 are important for
DENV infection. The proviral function of RACK1 depends on its association with the
40S ribosomal subunit. Furthermore, mutants of SERBP1 or Vigilin that lost their ability
to interact with RACK1 were unable to support infection. We propose a model in which
RACK1 acts as a binding platform at the surface of the 40S ribosomal subunit to recruit
Vigilin and SERBP1, which may therefore function as linkers between the viral RNA and
the translation machinery to facilitate DENV infection. Strategies that interfere with
RACK1-ribosome association or disturb the RACK1-Vigilin-SERBP1 complex may repre-
sent new ways to combat DENV-induced disease.

MATERIALS AND METHODS

Cell lines. HAP1 cells (Horizon Discovery) and HAP1 RACK1¥° (provided by Gabriele Fuchs, University
at Albany) were cultured in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, 1% GlutaMAX, and 25 mM HEPES. HEK293T (ATCC), Vero
E6 (ATCC), BHK-21 (ATCC), and Hela (ATCC) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 1% penicillin-streptomycin, 1% GlutaMAX, and 25 mM HEPES.
Fibroblast BJ-5ta cells (ATCC) were cultured according to the manufacturer’s instructions. A final concen-
tration of 50 uM MK0608 was used in this study. All of the cell lines were cultured at 37°C and 5% CO,.

Virus strains and replicons. DENV1-KDH0026A (gift from L. Lambrechts, Pasteur Institute, Paris,
France), DENV2-16681 (Thailand/16681/84), DENV4 (H241), and ZIKV HD78788 were propagated in mos-
quito AP61 cell monolayers with limited cell passages. DENV2 Rluc reporter virus (DVR2A) was provided
by Ralf Bartenschlager (University of Heidelberg). The CHIKV Luc reporter virus was described previously
(53).To generate infectious virus, capped viral RNAs were generated from the Notl-linearized plasmids
using a mMessage mMachine T7 transcription kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. RNAs were purified (see RNA IP protocol), resuspended in DNase/RNase-free water,
aliquoted, and stored at —80°C until used. 30 g of purified RNAs were transfected in BHK21 cells using
Lipofectamine 3000 reagent. Supernatants were collected 72 h later and used for viral propagation on

April 2022 Volume 96 Issue 7

Journal of Virology

10.1128/jvi.01962-21

11

Downloaded from https://journals.asm.org/journal/jvi on 04 October 2023 by 194.214.82.25.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01962-21

RACK1 and Dengue Virus Journal of Virology

A
Vigilin WT Nter 0
Vigilin Mut Nter 0
Area of interaction with RACK1
SERBP1 WT Neer | | |474 Cter
Area of interaction with RACK1
SERBP1 Mut Nter | l i |474 Cter
354 378
B
FLAG VigilinMut - - - + - + CE R R Myc SERBP1Mut - - - + - + - - - 4+ - +
FLAG Vigilin WT- - + - + - - -+ -+ - Myc SERBP1WT - - + - + - - - 4+ - + -
HARACK1 - + - - + + -+ - -+ o+ HARACK1 - + - - + + - + - - + +
FLAG| - | | L Myc | e | —
Vigilin | __....’ | “‘ 120 kDa SERBP1 | __..__‘ ‘ ‘_~__*_|55 kDa
HA| ] | w  [35kDa HA| = ——H : = [35kDa
RACKA | 0 e e | | ~ = [35kDa RACKA | o e e == | — = [35kDa
GAPDH | = smemmmmm e | | |35 kDa GAPDH [ o e | | |35 kDa
Input Elution Input Elution
& 10% ne 103 "
] ] DENV vRNA ] [—] DENV vVRNA
° ‘ @ Actin mRNA ° Actin mRNA
= =
c S 2
8 10% | n.s o
= ] 5 2]
5 o o 10
> F # ? f S ®0n.s
o n.s (<)
- o c ’ o
$ 10% =l B | ) % Hdl:-:,‘l o
£ £
S S ° &
= T 10" oo o
3 10 o X
k=) K=} °
2 g :
10° . - : 10° : : .
FLAG Vigilin WT + + - Myc SERBP1 WT + + -
FLAG Vigilin Mut - - + Myc SERBP1 Mut - - +
DENV - + + DENV - + +

FIG 7 Characterization of Vigilin and SERBP1 mutants (Mut) deficient for RACK1 binding. (A) Schematic representations of Vigilin mutant (upper diagram)
and SERBP1 mutant (lower diagram) constructs. (B) Evaluation of FLAG-Vigilin mutant (left) or Myc-SERBP1 mutant (right) interaction with RACK1. Cell
extracts from 293T expressing the WT or mutated forms of Vigilin and SERBP1 were subjected to affinity purification using anti-FLAG- or -Myc-coated
beads, respectively. Input and eluates were resolved by SDS-PAGE, and interacting proteins were revealed by Western blotting using corresponding
antibodies. Shown is a representative Western blot of three independent experiments. (C) Analysis of Vigilin (WT and Mut) and SERBP1 (WT and Mut)
interactions with the DENV RNA by RNA immunoprecipitation assay (RIP). The cells were infected at MOl 1 by DENV2-16681 and harvested 48 hpi. Tagged
proteins were immunoprecipitated after UV cross-link at 254 nm using anti-FLAG- or -Myc-coated beads. The enrichment of DENV RNA or Actin RNA over
the negative-control condition were determined by quantitative reverse transcription-PCR using specific primers and quantified using the AACt method.
The data shown are the means = SEM of three independent experiments performed in triplicate. Significance was calculated using a two-way ANOVA with
Dunnett’s multiple-comparison test. Cter, C terminus; Nter, N terminus; n.s, not significant; ****, P < 0.0001.
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FIG 8 Vigilin and SERBP1 interaction with RACK1 is important in DENV infection. (A) Stable expression of Vigilin
WT or Mut and SERBP1 WT or Mut in Vigilin “° or SERBP1 ¥© HAP1 cells, respectively. Western blot analysis of
Vigilin or SERBP1 expression is shown. The data shown are representative of three independent experiments. (B)
The indicated cells were infected at MOI 1 with DENV2-16681. Levels of infection were determined by flow
cytometry at 48 hpi using the 2H2 MAb. The data shown are the means = SEM of three technically independent
experiments performed in duplicate. Significance was calculated using one-way ANOVA with Dunnett’s multiple-
comparison test. n.s, not significant; ****, P < 0.0001.

Vero E6 cells. For all of the viral stocks used in flow cytometry experiments, the viruses were purified
through a 20% sucrose cushion by ultracentrifugation at 80,000 x g for 2 h at 4°C. The pellets were
resuspended in HNE1X pH 7.4 (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA), aliquoted, and stored at
—80°C. Viral stock titers were determined on Vero E6 cells by plaque-forming assay and were expressed
as PFU/mL. Virus stocks were also determined by flow cytometry as described (54). Vero E6 cells were
incubated 1 h with 100 uL of 10-fold serial dilutions of viral stocks. The inoculum was then replaced
with 500 uL of culture medium, and the percentage of infected cells was quantified by flow cytometry
using the 2H2 anti-PrM monoclonal antibody (MADb) at 8 h after infection. Viral titers were calculated and
expressed as the number of fluorescence-activated cell sorter infectious units (FIU)/mL: titer = (average
percentage of infection) x (number of cells in well) x (dilution factor)/(mL of inoculum added to cells).

To establish a DENV replicon plasmid, based on the infectious DENV2-16681 cDNA clone, the region
encoding the structural proteins was mostly deleted and replaced by a cassette encoding ubiquitin-
Renilla luciferase-foot-and-mouth disease virus (FMDV) 2A. DENV replicon RNA was generated as previ-
ously described (12). Infection or replication was determined by measuring the luciferase activity using
TriStar LB942 microplate reader (Berthold Technologies). Red fluorescent protein (RFP)-expressing lenti-
viral vector pseudotyped with vesicular stomatitis virus glycoprotein G (VSV-G) were generated by trans-
fecting HEK293FT cells with pNL4.3 Luc RFP AEnv, psPAX2, and pVSV-G (4:3:1 ratio) using Lipofectamine
3000. The ;Supernatants were harvested 48 h after transfection, cleared by centrifugation, filtered, and
frozen at -80°C.

Polysome profiling. A total of 2 x 10° of indicated cells were incubated with 100 ug/mL of
cycloheximide (CHX) for 10 min at 37°C and washed twice with cold phosphate-buffered saline
(PBS) + 100 ug/mL CHX. The cells were pelleted by centrifugation at 4°C at 300 x g for 10 min and
washed once with cold PBS + 100 ug/mL CHX. The pellet was resuspended in 2 mL lysis buffer (10 mM
Tris-HCI, pH 7.5, 100 mM KCl, 10 mM magnesium acetate, 1% Triton X-100, 2 mM dithiothreitol [DTT])
containing 100 ug/mL CHX. The cells were pulverized by adding glass beads and vortexed for 5 min at
4°C. Cells debris were removed by centrifugation at 4°C at 3,000 x rpm for 10 min, and the supernatant
was transferred to a 2 mL cryovial. The determination of polysome concentration was done by spectro-
photometric estimation, based on the fact that ribosomes are ribonucleoprotein particles. Supernatant
was quickly flash-frozen in liquid nitrogen and stored in a —80°C freezer. The supernatant was loaded
on a 10 to 50% sucrose gradient (31% sucrose, 50 mM Tris-acetate, pH 7.6, 50 mM NH,Cl, 12 mM MgCl,,
1 mM DTT) and spun for 3 h at 39,000 rpm at 4°C in an SW41 swing-out rotor. The gradient was fractio-
nated by hand and analyzed by immunoblotting.

Mass spectrometry analysis. HAP1 cells (5 x 10%), expressing either the WT or the HA-tagged
RACK1 proteins, were lysed in Pierce IP lysis buffer (Thermo Scientific) in the presence of Halt protease
inhibitor cocktail (Thermo Scientific) for 30 min at 4°C and then cleared by centrifugation for 30 min at
6,000 x g. The supernatants were incubated overnight at 4°C with anti-HA magnetic beads. The beads
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were washed three times with B015 buffer (20 mM Tris-HCl, pH 7.4, 150 mM NacCl, 5 mM MgCl,, 10%
glycerol, 0.5 mM EDTA, 0.05% Triton, 0.1% Tween 20), and the immune complexes were eluted twice
with HA peptide (400 mg/mL) for 30 min at room temperature (RT). The eluates were concentrated on a
Pierce concentrator (PES 10K) and stored at —20°C until used. A total of three coaffinity purifications and
MS analysis experiments were performed with the HA-tagged RACK1 protein or the untagged RACK1
protein as a control in 293T cells. The samples were analyzed at Taplin Biological Mass Spectrometry
Facility (Harvard Medical School). Briefly, concentrated eluates issued from immunopurification of endoge-
nous and RACK1-HA-tagged protein were separated on 10% Tris-glycine SDS-PAGE gels (Invitrogen) and
stained with Imperial Protein Stain (Thermo Fisher). Individual regions of the gel were cut into 1-mm?
pieces and subjected to a modified in-gel trypsin digestion procedure (55). The peptides were desalted
and subjected to a nanoscale reverse-phase high-performance liquid chromatography (HPLC) (56). Eluted
peptides were then subjected to electrospray ionization and then tandem mass spectrometry (MS/MS)
analysis into an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific, Waltham,
MA). The peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of spe-
cific fragment ions for each peptide. The peptide sequences were determined by matching protein data-
bases with the acquired fragmentation pattern by the Sequest software program (Thermo Fisher Scientific,
Waltham, MA) (57). All databases include a reversed version of all the sequences, and the data were filtered
to less than 2% peptide false discovery rate.

Network analysis. The AP-MS data set was analyzed with SAINTexpress and MIST software (37). Of
the 1,671 proteins selected in our pipeline, 193 of 1,671 showed a probability score greater than 0.80
with SAINTexpress, and 135 of 193 showed an average peptide count greater than 10. This list of 135
host proteins was analyzed with DAVID 6.8 to identify statistical enrichments for specific GO terms from
the cellular component (CC) annotation (38, 39). The interaction network was built using Cytoscape 3.4.0
(40), and the proteins were clustered into functional modules using enriched GO terms as a guideline
and manual curation of literature.

Small interfering RNA (siRNA) screen assay. An arrayed ON-TARGETplus SMARTpool siRNA library
targeting 49 of 135 proteins of our RACK1 network, which had an average peptide count great than 28, was
purchased from Horizon Discovery. To this end, Hela or 293T cells were transfected with a 30 nM final con-
centration of siRNA using the Lipofectamine RNAiMax (Life Technologies). 48 h posttransfection, the cells
were infected with DENV2-16681 at MOI 5. Infection was quantified 48 h postinfection by flow cytometry
and viability by CellTiter-Glo 2.0 assay (Promega). Two siRNA controls were included in the screen: a nontar-
geting siRNA used as a reference (siNT) and a siRNA targeting RACK1 (siRACK1) as a positive control for host-
dependency factors (HDFs) (12). HDFs were defined as factors whose inhibition in both cell types decreases
infection by at least 50% compared to siNT and viability by at most 20% of the siNT.

Gene editing and transcomplementation experiments. Single guide RNA (sgRNA) targeting
Vigilin, SERBP1, and ZNF598 were designed using the CRISPOR software (58). Sequences for all the
sgRNAs are listed in Table 1. The sgRNAs were cloned into the plasmid lentiCRISPR v2 (Addgene) accord-
ing to the recommendations provided by the members of the Zhang's laboratory (Broad Institute,
Cambridge, MA). HAP1 cells were transiently transfected with the plasmid expressing sgRNAs and
selected with puromycin until all mock-transfected cells died. Clonal cell lines were isolated by limiting
dilution and assessed by DNA sequencing and immunoblot for gene editing. The human HA-RACK1 WT
and HA-RACK1 DE mutant plasmids were provided by Catherine Schuster (University of Strasbourg), the
FLAG-tagged Vigilin ¢cDNA was purchased from Genscript (clone OHu17734), and the Myc-tagged
SERBP1 cDNA was purchased from Genscript (clone OHu26811C). After PCR, amplification products were
cloned into a Spel-Notl-digested (RACK1), Notl-Xhol-digested (Vigilin), or EcoRI-BamHI-digested (SERBP1)
pLVX-IRES-ZsGreen1 vector. SERBP1 mutant and Vigilin mutant were obtained using the Q5 site-directed
mutagenesis kit (E0554) (NEB) with deletion primers using the WT cDNA in pLVX as the template. All of
the primers are listed in Table 1. Lentivirus-like particles for transduction were prepared in 293T cells by
cotransfecting the plasmid of interest with psPAX2 (from N. Manel’s lab, Curie Institute, Paris, France)
and pCMV-VSV-G at a ratio of 4:3:1 with Lipofectamine 3000 (Thermo Fisher Scientific). The supernatants
were collected 48 h after transfection, centrifuged (750 x g, 10 min), filtered using a 0.45-um filter, and
purified through a 20% sucrose cushion by ultracentrifugation (80,000 x g for 2 h at 4°C). The pellets
were resuspended in HNE1X, pH 7.4, aliquoted, and stored at —80°C. Cells of interest were transduced
by spinoculation (750 x g for 2 h at 32°C) and sorted for GFP-positive cells by flow cytometry if
necessary.

Flow cytometry analysis. The indicated cells were plated in 24-well plates and infected. At indi-
cated times, the cells were trypsinized and fixed with 2% paraformaldehyde (PFA) diluted in PBS for
15 min at room temperature. The cells were incubated for 1 h at 4°C with 1 ug/mL of 3E4 anti-E2 mono-
clonal antibody (CHIKV), 2H2 anti-prM monoclonal antibody (MAb) (DENV), or the anti-E protein MAb
4G2 (ZIKV). Antibodies were diluted in permeabilization flow cytometry buffer (PBS supplemented with
5% FBS, 0.5% saponin, 0.1% sodium azide). After washing, the cells were incubated with 1 wg/mL of
Alexa Fluor 488- or 647-conjugated goat anti-mouse IgG diluted in permeabilization flow cytometry
buffer for 30 min at 4°C. Acquisition was performed with an Attune NXT flow cytometer (Thermo Fisher
Scientific), and the data were analyzed by FlowJo software (TreeStar).

Infectious virus yield assay. To assess the release of infectious particles during infection, the indi-
cated cells were inoculated for 3 h with DENV2-16681, washed once with PBS, and maintained in the cul-
ture medium for 48 h. At the indicated time points, the supernatants were collected and kept at -80°C.
Vero E6 cells were incubated with 3-fold serial dilutions of supernatant for 24 h, and prM expression was
quantified by flow cytometry as previously described (54).
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TABLE 1 Antibodies and reagents®

Journal of Virology

Reagent or resource Source or sequence Identifier

Antibodies
Mouse anti-RACK1 (B-3) Santa Cruz Biotechnology sc-17754
Rabbit anti-HA tag (C29F4) Cell Signaling 3724S
Mouse anti- B-tubulin (D-10) Santa Cruz Biotechnology sc-5274
Rabbit anti-Vigilin Bethyl A303-971A
Mouse anti-Vigilin (H-3) Santa Cruz Biotechnology sc-271523
Rabbit anti-ZNF598 Bethyl A305-108A
Mouse anti-SERBP1 (1B9) Santa Cruz Biotechnology sc-100800
Rabbit anti-RPS3 Bethyl A303-841A
Mouse anti-GAPDH (0411) Santa Cruz Biotechnology sc-47724
Mouse anti-dengue virus NS3 protein antibody GeneTex GTX629477
Rabbit anti-dengue virus envelope protein antibody GeneTex GTX127277
Rabbit anti-dengue virus prM protein antibody GeneTex GTX128093
Mouse anti-FLAG (M2) Sigma-Aldrich F1804
Mouse anti-Myc tag (9B11) Cell Signaling 2276S
Polyclonal rabbit anti-mouse immunoglobulins/HRP Agilent Technologies P0260
Peroxidase AffiniPure donkey anti-rabbit IgG (H + L) Jackson ImmunoResearch 711-035-152

Chemicals and reagents
DMEM Gibco 12440-053
IMDM Gibco 41966-029
Paraformaldehyde (32%) aqueous solution Electron Microscopy Sciences 15714
Lipofectamine RNAIMAX Invitrogen 13778150
Lipofectamine 3000 transfection kit Invitrogen L3000-015
Halt protease and phosphatase inhibitor cocktail Thermo Scientific 1861281
Bolt 4 to 12% Bis-Tris Plus gels Invitrogen NW04120BOX
Bolt 10% Bis-Tris Plus gel Invitrogen NWO00100BOX
Tampon RIPA Pierce lysis buffer Thermo Scientific 89900
20x Bolt MOPS SDS running buffer Invitrogen B00O1
Pierce 1-Step transfer buffer Thermo Scientific 84731
SuperSignal West Dura extended duration substrate Thermo Scientific 34076
Maxima first-strand cDNA synthesis kit for reverse transcription-gPCR Thermo Scientific K1671
RNase H, recombinant New England BioLabs MO0297S
TRIzol LS reagent Ambion 10296010
RNeasy minikit Qiagen 74106
Tampon RIPA Pierce lysis buffer Thermo Scientific 87788
Q5 site-directed mutagenesis kit NEB E0554S
7-Deaza-2'-C-methyladenosine (MK0608, 50 uM final concn) Biosynth Carbosynth ND08351
Power SYBR Green PCR master mix Life Technologies, Inc. 4367659

Critical commercial assay
Pierce Gaussia luciferase glow assay kit Thermo Scientific 16160
Renilla luciferase assay system Promega E2810
CellTiter-Glo 2.0 assay Promega G9242
Protein assay reagent A Bio-Rad 500-0113
Protein assay reagent B Bio-Rad 500-0114
Protein assay reagent S Bio-Rad 500-0115

gRNA for CRISPR/Cas9 KO
Control GAGCTGGACGGCGACGTAAA
Vigilin GTTTTGCTGAACACCGAAGTGGGGGG
SERBP1 AAGCCGGCGGGGGCGGCGTTGGG
ZNF598 GGGGGCCGGATCCCGGACCATGG

Plasmids
pLentiCRISPRv2 Addgene 98290
pLentiCRISPRv2 sgRNA Vigilin This paper NA
pLentiCRISPRv2 sgRNA SERBP1 This paper NA
pLentiCRISPRv2 sgRNA ZNF598 This paper NA
pLVX-IRES-ZsGreen1 Takara 632187
pLVX-IRES-ZsGreen1 HA-RACKT WT This paper NA
pLVX-IRES-ZsGreen1 HA-RACK1 D/E This paper NA
pLVX-IRES-ZsGreen1 FLAG-Vigilin This paper NA
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Structure et fonction de la protéine nsP3 du virus chikungunya et son impact

sur la biologie des alphavirus

Les alphavirus, tels que le virus du chikungunya (CHIKV), constituent un
groupe de virus a ARN simple brin de polarité positive, représentant un défi constant
pour la médecine et la santé publique. Selon les symptédmes provoqués, les
alphavirus peuvent étre regroupés en virus arthritogenes, conduisant a des atteintes
articulaires et musculaires, et en virus encéphalitiques induisant des
encéphalomyélites principalement chez les équidés. Le CHIKV est un virus
arthritogéne qui a réémergé en 2004 au Kenya et s’est rapidement propage,
provoquant de multiples épidémies dans le monde. Entre 2005 et 2006, plus de 30 %
de la population de I'ile de La Réunion a été infectée par le CHIKV. Depuis 2007, des
cas autochtones ont été enregistrés dans le sud de I'Europe (ltalie, France). A partir
de 2013, le virus a atteint les Caraibes et s’est propagé sur le continent américain. A
ce jour, des cas de CHIKV ont été enregistrés dans plus de cent pays, totalisant plus
de dix millions de cas. Chez I'homme, l'infection par le CHIKV est responsable de
douleurs articulaires et musculaires invalidantes, pouvant persister de plusieurs
semaines & plusieurs mois. A ce jour, les mécanismes précis menant a une
persistance de la maladie liée a I'infection virale ne sont pas entierement compris.
Malgré des efforts considérables pour développer des traitements, aucun antiviral ou
vaccin homologué n'existe. Comprendre les mécanismes fondamentaux régissant la
réplication et le tropisme du CHIKV constitue donc une étape significative dans le

développement de nouvelles stratégies antivirales et thérapeutiques.

Les alphavirus répliquent leur génome ARN simple brin dans le cytoplasme de
la cellule infectée. Une étape cruciale du cycle de réplication est I'établissement de
complexes réplicatifs viraux (CRv). Les CRv représentent des déformations viro-
induites de la membrane plasmique appelées « sphérules ». Ces structures sont
nécessaires a la réplication et a la transcription de I'ARN viral, et protégent
l'intermédiaire réplicatif ARN double-brin des récepteurs de reconnaissance de motifs
moléculaires pathogénes et de [l'activation de la réponse cellulaire antivirale.
L'établissement des CRv et la synthése de I'ARN viral reposent sur lactivité
synergique de quatre protéines non-structurales virales (nsP1 a nsP4). Les quatre
protéines non-structurales sont exprimées a partir d’'une seule polyprotéine, dont le

clivage séquentiel en protéines individualisées détermine la maturation des CRv. La
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protéine nsP1 est nécessaire a I'ancrage du complexe viral enzymatique a la
membrane plasmique. De plus, cette protéine est nécessaire a la formation de la
structure de la coiffe en 5' des ARN viraux synthétisés. La protéine nsP2 posséde
une activité hélicase et méthyltransférase, ainsi qu’'une activité protéase servant au
clivage des différentes protéines. La nsP4 posséde l'activité ARN-polymérase ARN-
dépendante. Enfin, la nsP3 est la plus énigmatique des protéines alphavirales. Elle
est essentielle a la formation des CRv et a la synthése de I'ARN, mais aussi a la
neutralisation de la réponse antivirale cellulaire. Au cours de l'infection, la nsP3 est
retrouvée a proximité des CRv mais aussi au sein de condensats protéiques
cytoplasmiques de fonction inconnue. La nsP3 est organisée en trois domaines
distincts, exergant des fonctions spécifiques contribuant au cycle viral. Le
macrodomaine (MD), codé par I'extrémité N-terminale de la protéine, posséde une
activité  ADP-ribosylhydrolase permettant I'hydrolyse des résidus ADP-ribose de
différents facteurs cellulaires. Cette activité sert au désassemblage des granules de
stress qui sont des complexes ribonucléoprotéiques formés en réponse au stress
cellulaire et jouant un réle antiviral. Le domaine central unique des alphavirus (AUD)
posséde un motif en doigt de zinc et est essentiel au fonctionnement de la protéine
ainsi qu'a la synthése de I'ARN viral. Enfin, le domaine C-terminal hypervariable
(HVD) est le plus étudié et aurait pour principale fonction celle d'une plateforme
d'interaction recrutant de multiples facteurs cellulaires. Parmi ces facteurs, les
protéines G3BP (Ras-GAP SH3 domain binding protein) participant a 'assemblage
des granules de stress sont recrutées par le domaine HVD de CHIKV, ainsi que par
d’autres alphavirus arthritogénes de I'ancien monde. Cette interaction est essentielle
pour la viabilité¢ de CHIKV. Plus récemment, notre laboratoire a identifié la protéine
cellulaire FHL1 (Four-and-a-half LIM domain protein 1) comme un facteur spécifique
important pour linfection par CHIKV, ainsi que pour un autre alphavirus
génétiquement proche, O’'nyong-nyong (ONNV). FHL1 est une protéine majeure
dans la réplication de CHIKV, participant a son tropisme pour le tissu musculaire et
articulaire (cellules musculaires, fibroblastes), ainsi qu’a la pathogenése liée a
I'infection virale. Les mécanismes moléculaires précis par lesquels la protéine virale
nsP3 ainsi que les facteurs cellulaires recrutés tels que FHL1 assurent la réplication

virale et participent a la pathogénése restent a déterminer.
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L'objectif de cette thése est donc de déterminer les mécanismes moléculaires
mis en action par la nsP3 du CHIKV, afin d’assurer la mise en place des complexes
de réplication et le bon déroulement du cycle infectieux. La premiére partie de ce
travail de thése tente de décrypter la structure et la fonction de la nsP3 du virus
chikungunya au cours de son cycle réplicatif. Ce travail collaboratif effectué avec
'équipe du Dr Juan Reguera (Viral Macromolecular Complexes team, AFMB,
Marseille, France) et Dr Michael Hons (EMBL) nous a permis de caractériser pour la
premiére fois la structure de la nsP3 de CHIKV en cryo-microscopie électronique a
une résolution de 2,35 A. Nous avons démontré que la nsP3 posséde la capacité
intrinséque a oligomériser en structures tubulaires et que cette fonction est assurée
par le domaine AUD. La pertinence de ces oligoméres a été validée dans le contexte
infectieux ou par expression ectopique de la protéine seule dans différentes lignées
cellulaires. En combinant des techniques d’imagerie en microscopie confocale et
électronique, nous avons identifié que la nsP3 est recrutée sur les sites réplicatifs au
niveau de la membrane cellulaire dés les étapes précoces du cycle viral. Dans les
étapes tardives, la nsP3 s’autoassemble en structures tubulaires cytoplasmiques,
formant un réseau en « nid d’abeilles ». Ces structures contiennent aussi les
interactants majeurs de la nsP3 comme FHL1 et G3BP, ainsi que la protéine virale
capside. Par des techniques d’hybridation fluorescente in situ, nous avons aussi
identifié la présence d’ARN génomique viral. La double localisation de la nsP3, ainsi
que la présence de génome viral et de la protéine capside, suggérent que les
oligoméres de nsP3 peuvent étre a la fois impliqués dans les complexes de
réplication, ainsi que dans des étapes post-réplicatives telles que le transport du

génome viral au site d’'assemblage de la nucléocapside.

Enfin, sur la base des études structurales réalisées, nous avons identifié des
résidus impliqués dans des interactions axiales et latérales entre différents domaines
AUD. Leur mutagenése conduit a la déstructuration ou a linhibition compléte de
I'oligomérisation in vivo et in situ. Nous avons montré que 'oligomérisation tubulaire
de nsP3 est une caractéristique des alphavirus et détermine I'activité virale de la
protéine. La perturbation ou I'inhibition compléte de la polymérisation de nsP3 affecte
négativement la formation des complexes de réplication, la synthése de I'ARN et la
production de particules infectieuses. En plus d’une réduction de la synthése de

protéines virales structurales, l'inhibition de la formation des oligoméres de nsP3
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induit aussi un changement de la localisation subcellulaire de la protéine capside.
Les données suggérent que ces structures seraient aussi impliquées dans les étapes
tardives du cycle de réplication. Différentes hypothéses restent a exploiter quant aux
réles tardifs de ces structures : régulation de I'environnement cellulaire pour assurer
la traduction de nouvelles protéines structurales, I'assemblage de la nucléoprotéine
ou linhibition de I'immunité cellulaire antivirale. Enfin, une étude approfondie de la
persistance de ces structures au sein des tissus musculaires et articulaires infectés
par CHIKV, pourrait contribuer a la compréhension de la pathogénése chronique liée

a l'infection virale.

Dans un précédent travail publié par notre équipe (Meertens et al. 2019), nous
avions identifi¢ FHL1 par un crible génomique CRISPR/Cas9. Cette protéine
cellulaire, abondamment exprimée dans les tissus musculaires par les cellules
musculaires et fibroblastes, est un facteur déterminant le tropisme, la réplication et le
développement de la pathologie liée au CHIKV dans les cellules humaines (lignées
et cellules musculaires primaires) et chez le modéle murin. De maniére intéressante,
FHL1 est spécifiquement utilisée par CHIKV et ONNV, qui est phylogénétiquement le
plus proche du CHIKV. En utilisant différents outils moléculaires, nous avons établi
que FHL1 n’est pas impliquée dans I'entrée du virus dans la cellule cible, mais est
nécessaire a la synthése de I'intermédiaire de réplication ARN double-brin. Par quels
mécanismes cette protéine cellulaire participe a la réplication du CHIKV et a sa

propagation, n’est pas connu.

La deuxieme partie de ce travail de thése vise donc a aborder l'importance de
l'interaction de nsP3 avec FHL1, et a apporter de nouvelles informations concernant
les mécanismes moléculaires mis a I'ceuvre au cours de la réplication virale. Tout
d’abord, un travail collaboratif mené avec I'équipe de Virologie Structurale du
Professeur Félix Rey a identifié la région précise du HVD de nsP3 interagissant avec
FHL1. Cette région d’interaction contient aussi des motifs permettant le recrutement
d’autres facteurs cellulaires connus, comme Bin1 ou CD2AP. Des études
fonctionnelles impliquant un CHIKV délété de cette région du HVD, démontrent
limportance de celle-ci dans la réplication du CHIKV. Nos données ont également
montré que FHL1 est recrutée de maniére cellule- et hoéte-spécifique lors de
l'infection par CHIKV. De plus, nous avons découvert que toutes les souches de

CHIKV dépendent de FHL1, en particulier la souche isolée au cours de I'épidémie de
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I'le de La Réunion. Celle-ci est associée & une pathologie musculaire plus sévére,

en comparaison avec la souche sylvatique isolée chez le moustique Aedes furcifer.

Enfin, des études mécanistiques préliminaires ont indiqué que FHL1 facilite la
réplication du CHIKV. De maniére intéressante, I'utilisation d’outils moléculaires tels
que de petits génomes autoréplicatifs, autrement appelés systéemes réplicons,
montre que l'amplification du génome viral peut avoir lieu dans les cellules
déficientes pour FHL1 mais pas dans les cellules déplétées de G3BP1 et G3BP2. De
plus, des techniques d’'imagerie par microscopie confocale sur des cellules infectées
par le CHIKV montrent la colocalisation des CRv avec les protéines G3BP mais
echouent a montrer la méme colocalisation avec FHL1 dans les étapes précoces de
la réplication. Ces résultats suggérent que FHL1 ne serait pas directement impliqué
dans la synthése de I'’ARN viral mais agirait de maniére indirecte. L'absence
d’activité enzymatique propre et la structure en quatre domaines LIM de FHL1
suggerent que celle-ci pourrait étre une protéine d’échafaudage, permettant
I'interaction de la nsP3 avec d’autres facteurs cellulaires impliqués dans la mise en
place d’une infection virale productive. Plus tardivement dans le cycle, FHL1 est
recruté au sein des structures tubulaires formées par la nsP3, mais ne participe pas
directement a leur formation. Le réle de FHL1 au sein de ces structures n’est pas
encore établi. Pour répondre a cette question, nous avons tenté d’établir
l'interactome de FHL1 en présence ou en absence d’infection virale. Les résultats
obtenus corroborent les données de la littérature, montrant que FHL1 interagit avec
des protéines du cytosquelette d’actine, des spectrines ainsi que des myosines.
L'inhibition de I'expression de certains de ces facteurs, notamment les spectrines
béta, par de petits ARN interférents (siRNA), montre un effet délétére sur I'infection

virale.

Dans lI'ensemble, les données présentées dans ce travail de these démontrent
la polyvalence structurelle et fonctionnelle de la nsP3 des alphavirus, faisant d’elle
une cible majeure d'intérét pour le développement de nouvelles thérapeutiques

antivirales.

Mots-clés : Chikungunya, alphavirus, nsP3, compléxes de réplication, facteurs cellulaires, FHL1
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