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Abstract 

Arboviral infections constitute a major global health concern due to the constant expansion 

of arthropod vector habitats driven by rising global urbanization and progressing climate 

change. Therefore, novel alternative control strategies are urgently needed. While cellular 

targets of arboviral proteins and their effector functions have been extensively studied in 

mammalian model systems, their interactions with arthropod host cells are poorly 

characterized or completely unknown. To close this critical gap, my doctoral thesis aimed 

to systematically profile arbovirus-arthropod vector interactions in both mosquito and tick 

cells using multi-omics approaches. 

To characterize protein-protein interactions of the highly versatile arboviral capsids with 

the Aedes aegypti proteome, I generated a proteomics-based pan-arboviral capsid 

interactome atlas spanning 12 pathogenic arboviral species across three arboviral genera. 

This approach uncovered novel mosquito host targets with shared and distinct 

specificities. An RNAi-based phenotypic screen on 110 newly discovered interacting host 

factors with three prototypic arboviruses (dengue virus, West Nile virus and La Crosse 

virus) led to the identification of several novel host dependency factors, including the 

chromatin-remodeling Brahma complex. Functional and biochemical characterization of 

BAP and PBAP Brahma sub-complex components across a broad range of arboviruses 

revealed distinct requirements for a subgroup of orthoflaviviruses, and allowed the 

identification of cellular determinants mediating the interaction with the orthoflaviviral 

capsid. Using a combination of ATAC- and RNA-sequencing approaches, I further 

characterized the functional consequences of this interaction on the mosquito 

transcriptional and chromatin landscape, discovering the ability of orthoflaviviral capsids 

to selectively remodel chromatin accessibility. Collectively, these findings suggest a novel 

mechanism evolved by orthoflaviviruses to modulate host cell gene expression via 

interactions of capsid with the Brahma complex. 

The second part of my PhD thesis focuses on the multi-omics characterization of virus-

induced changes and virus-host interactions of severe fever with thrombocytopenia 

syndrome virus (SFTSV) with its tick vector Rhipicephalus microplus. This approach 

combined proteomics, transcriptomics and protein-protein-interaction analysis 
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experiments to shed light on the completely uncharacterized SFTSV-arthropod host 

interactions. Here, a proteomics informed by transcriptomics approach combined with 

extended ortholog mapping was employed to substantially advance the Rhipicephalus 

microplus genome and proteome annotation. This allowed the characterization of SFTSV-

induced cellular pathways and providing insights into tick antiviral responses to arboviral 

infections. Within this international collaborative study, I leveraged a proteomics-based 

approach to identify protein-protein interactions, contributing to the first SFTSV 

nucleocapsid interactome description in tick cells. Subsequent RNAi-based functional 

assays revealed two novel nucleocapsid-interacting tick host factors restricting viral 

replication: the nonsense-mediated mRNA decay pathway component UPF1 and the 

multifunctional RNA helicase DHX9. 

Altogether, combining different multi-omics-based approaches led to the identification and 

characterization of novel arboviral host targets in mosquitoes and ticks as well as 

improved transcriptomic and proteomic resources for future vector-centric studies. 

Importantly, these results improved our understanding of arboviral capsids effector 

functions in arthropod vectors, and revealed a multitude of novel host factors and a new 

role of orthoflaviviral capsids in host cell transcriptional regulation. 
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Zusammenfassung 

Arbovirale Infektionen stellen ein erhebliches globales Gesundheitsproblem dar aufgrund 

der fortschreitenden Ausdehnung von Lebensräumen ihrer Arthropoden-Vektoren, 

angetrieben durch zunehmende globale Urbanisierung und den voranschreitenden 

Klimawandel. Vor diesem Hintergrund besteht ein dringender Bedarf an der Entwicklung 

neuartiger alternativer Kontrollstrategien. Während zelluläre Zielstrukturen viraler 

Proteine und deren Effektorfunktionen in Säugetier-Modellsystemen umfassend 

untersucht wurden, sind ihre Interaktionen mit Wirtszellen von Arthropoden nur 

unzureichend charakterisiert oder vollständig unbekannt. Um diese kritische 

Wissenslücke zu schließen, zielte meine Doktorarbeit darauf ab, Interaktionen von 

Arboviren mit ihren Arthropoden-Vektoren unter Verwendung von Multi-Omics-Ansätzen 

sowohl in Mücken- als auch in Zeckenzellen systematisch zu analysieren. 

Um Protein-Protein-Interaktionen der facettenreichen arboviralen Kapside mit dem Aedes 

aegypti-Proteom zu charakterisieren, habe ich einen Proteomics-basierten, pan-

arboviralen Protein-Interaktionsatlas erstellt, der 12 pathogene Arbovirus-Arten aus drei 

Gattungen umfasst. Dieser Ansatz enthüllte neue Wirtsfaktoren in Stechmücken mit teils 

gemeinsame und teils differenzierte Bindungspräferenzen der Kapside. Ein RNAi-

basiertes phänotypisches Screening von 110 neu entdeckten, interagierenden 

Wirtsfaktoren mit drei prototypischen Arboviren (Dengue-Virus, West-Nil-Virus und La-

Crosse-Virus) führte zur Identifizierung mehrerer neuer Wirtsfaktoren, die für die 

Virusreplikation essenziell sind, darunter der Chromatin-modulierende Brahma-Komplex. 

Die funktionelle und biochemische Charakterisierung von Subkomplex-Komponenten der 

BAP und PBAP Brahma-Komplexe über ein breites Spektrum von Arboviren hinweg 

zeigte spezifische Abhängigkeiten für eine Untergruppe der Orthoflaviviren und 

ermöglichte die Identifizierung zellulärer Determinanten, die die Interaktion mit dem 

orthoflaviviralen Kapsid vermitteln. Darüber hinaus habe ich die funktionellen 

Auswirkungen dieser Protein-Protein-Interaktion auf die Transkription und 

Chromatinorganisation von Stechmücken mittels Integration von ATAC- und RNA-

Sequenzierungsansätzen charakterisiert, und gezeigt, dass orthoflavivirale Kapside dazu 

in der Lage sind gezielt die Zugänglichkeit von Chromatin zu verändern.  
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Zusammengefasst deuten diese Ergebnisse auf einen bisher unbekannten Mechanismus 

hin, den Orthoflaviviren entwickelt haben, um die Genexpression der Wirtszelle selektiv 

über die Interaktion des Kapsids mit dem Brahma-Komplex zu modulieren. 

Der zweite Teil meiner Doktorarbeit konzentriert sich auf die Multi-Omics-basierte 

Charakterisierung virusinduzierter Veränderungen und Virus-Wirt-Interaktionen des 

Severe fever with thrombocytopenia syndrome virus (SFTSV) mit der übertragenden 

Zecke Rhipicephalus microplus. Dieser Ansatz kombinierte Proteomics-, Transcriptomics- 

und Protein-Protein-Interaktionsanalysen, um Einblicke in die bisher nicht beschriebenen 

Interaktionen von SFTSV mit Arthropoden-Wirtszellen zu gewinnen. Hierzu wurde eine 

Transcriptomics-gestützte Proteomanalyse („proteomics informed by transcriptomics“) 

verwendet, die durch ausgeweitete bioinformatische Methoden zur Zuordnung von 

Orthologen ergänzt wurde, um die Annotation des Genoms und Proteoms von 

Rhipicephalus microplus deutlich zu verbessern. Dies ermöglichte die Charakterisierung 

SFTSV-induzierter zellulärer Signalwege und lieferte wichtige Einblicke in 

zeckenspezifische antivirale Antworten auf arbovirale Infektionen. Im Rahmen dieser 

internationalen Kollaborationsstudie nutzte ich einen Proteomics-basierten Ansatz zur 

Identifizierung von Protein-Protein-Interaktionen, wodurch zur Charakterisierung des 

ersten Interaktoms von SFTSV-Nukleokapsid in Zeckenzellen beigetragen werden 

konnte. Anschließende RNAi-basierte funktionelle Assays ermittelten zwei neue 

Nukleokapsid-interagierende Zecken-Wirtsfaktoren, die die Virusreplikation 

einschränken: UPF1, eine Komponente des nonsense-vermittelten mRNA-Abbaus, und 

DHX9, eine multifunktionale RNA-Helikase. 

Die Anwendung verschiedener Multi-Omics-Ansätze führte insgesamt zur Entdeckung 

und Charakterisierung diverser neuer Arbovirus-Wirtsfaktoren in Stechmücken und 

Zecken, und lieferte erweiterte Transkriptom- und Proteom-Referenzdaten für künftige 

Untersuchungen mit Fokus auf arboviralen Vektoren. Insbesondere erweitern diese 

Ergebnisse das Verständnis von arboviralen Kapsiden als Effektoren in Arthropoden, 

offenbarten eine Vielzahl neuartiger Wirtsfaktoren und eine neue Rolle von 

orthoflaviviralen Kapsiden in der Regulation der Wirtszelltranskription.  
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1. Introduction 

1.1 Arboviruses: classification and taxonomy 

Arthropod-borne viruses (arboviruses) include more than 500 viruses transmitted to a 

susceptible host by arthropods (including mosquitoes, sandflies, ticks and biting midges) 

(Young, 2018; Young, 2014). They can be found across two genera of positive-sense 

single-stranded ribonucleic acid (RNA) viruses, the genus Orthoflavivirus (family 

Flaviviridae, order Amarillovirales) and genus Alphavirus (family Togaviridae, order 

Martellivirales), the double-stranded RNA (dsRNA) viruses of the order Reovirales, 

genera Orbivirus (family Sedoreoviridae) and Coltivirus (family Spinareoviridae) as well 

as single-stranded negative-sense RNA viruses of the genus Vesiculovirus (family 

Rhabdoviridae, order Mononegavirales), genus Thogotovirus (family Orthomyxoviridae, 

order Articulavirales) and several viruses of the class Bunyaviricetes including the genera 

Orthobunyavirus (family Peribunyaviridae, order Elliovirales), Phlebo- and Bandavirus 

(family Phenuiviridae, order Hareavirales), Orthonairovirus (family Nairoviridae, order 

Hareavirales) and Fraservirus (family Tospoviridae, order Hareavirales) (Chen et al, 2018; 

de Souza et al, 2024; Go et al, 2014; 2012; Kuhn et al, 2024; Matthijnssens et al, 2022a; 

Matthijnssens et al, 2022b; Sasaya et al, 2023; Simmonds et al, 2025; Walker et al, 2022; 

Young, 2018). Currently, there is only a single arbovirus carrying a viral genomic 

deoxyribonucleic acid (DNA) described, the double-stranded DNA (dsDNA) Asfivirus 

African swine fever virus (family Asfarviridae, order Asfuvirales) (Alonso et al, 2018; 

Gaudreault et al, 2020), however, novel metagenome studies will likely reveal additional 

arbovirus species in the coming years (Simmonds et al., 2025). Only a subset of the 

arboviruses discovered so far can cause human diseases (approx. 150), with 

orthoflaviviruses, alphaviruses and selected bunyaviruses being of major clinical or 

zoonotic relevance (Young, 2018). 

Both orthoflaviviruses and alphaviruses are positive-sense single-stranded RNA viruses 

with enveloped spherical virus particles (Chen et al., 2018; Cheng et al, 1995; 

Mukhopadhyay et al, 2005; Simmonds et al., 2025). Viruses of the Orthoflavivirus genus 

can be further divided into four groups: mosquito-borne, tick-borne and insect-specific 

viruses and a group with unknown vectors (Pierson & Diamond, 2013). The main vector 



Introduction  2 

 
species for clinically relevant orthoflaviviruses are Aedes spp. mosquitoes (transmission 

of dengue virus (DENV), yellow fever virus (YFV), Zika virus (ZIKV)), Culex spp. 

mosquitoes (transmission of e.g. West Nile virus (WNV), Japanese encephalitis virus 

(JEV), Usutu virus (USUV)) and ticks of the family Ixodidae (transmission of e.g. tick-borne 

encephalitis virus (TBEV) and Powassan virus (POWV)) (Pierson & Diamond, 2020). 

Alphaviruses are primarily mosquito-borne (mainly Aedes and Culex spp. mosquitoes) 

and their species are historically divided into Old World viruses (e.g. Mayaro virus (MAYV), 

Chikungunya virus (CHIKV) and Sindbis virus (SINV)) and New World viruses (e.g. 

Venezuelan equine encephalitis virus (VEEV) and Western equine encephalitis virus 

(WEEV)) (Go et al., 2014; Strauss & Strauss, 1994). Orthobunyaviruses and bandaviruses 

have a segmented negative-sense RNA genome and enveloped spherical virions (de 

Souza et al., 2024; Kuhn et al., 2024; Sasaya et al., 2023). While orthobunyaviruses are 

mostly mosquito-borne viruses (e.g. Aedes-borne La Crosse virus (LACV)), bandaviruses 

(e.g. severe fever with thrombocytopenia syndrome virus (SFTSV)) are transmitted by 

different ixodid tick species (family Ixodidae, genera Haemaphysalis, Rhipicephalus, 

Ixodes, and Dermacentor spp.) (Elliott & Brennan, 2014; Kim et al, 2022; Lin et al, 2020; 

Walter & Barr, 2011; Zhuang et al, 2018). 

This thesis work will mostly focus on clinically relevant mosquito-borne viruses of the 

genera Orthoflavivirus, Alphavirus and Orthobunyavirus as well as the tick-borne 

Bandavirus SFTSV. 

1.2 Arboviruses: transmission and clinical aspects 

Arboviruses differ from other animal viruses in their ability to infect both vertebrates and 

invertebrates. Primary vertebrate hosts are mammals and birds while the vectoring 

invertebrate hosts include different arthropod species of mosquitoes, sandflies, ticks and 

biting midges. Often, arboviruses circulate between wild animals in enzootic sylvatic 

cycles with occasional spillovers to humans or domestic animals. The human thereby is 

often considered an incidental dead-end host that does not serve as a reservoir (e.g. 

WNV). However, for selected arbovirus species, humans and other domestic animals can 

serve as amplifying hosts sustaining urban transmission through the establishment of 

epidemic/epizootic cycles (e.g. DENV). Besides other vertebrate hosts, also the 
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epidemic/epizootic urban vector species can differ from the enzootic vector (Go et al., 

2014; Young, 2018; Young, 2014). 

The primary vectors of arboviruses relevant to this thesis are listed in Table 2. 

Table 2: Selected arboviruses and their primary vectors relevant to human transmission 

(Borucki et al, 2002; Lundstrom & Pfeffer, 2010; Michelitsch et al, 2019; Pierson & Diamond, 2020; 

Weaver & Reisen, 2010; Yu et al, 2011). 

 

Major transmission routes of arboviruses are via arthropod vectors, however, selected 

arboviruses have been reported to be transmitted via alternative routes such as vertical 

transmission from mother to fetus (e.g. ZIKV), blood transfusions (e.g. WNV and DENV), 

or milk from infected animals (e.g. TBEV-infected goats) (Young, 2018). 

Most human arboviral infections are asymptomatic or lead to a mild flu-like illness. 

However, they can also result in systemic febrile illnesses including severe headache, 

meningitis, muscle and joint pain and (mostly maculopapular) rash that can further 

proceed to severe diseases such as hemorrhagic fevers (e.g. CHIKV, YFV, DENV), 

encephalitis (e.g. WNV, JEV, USUV, TBEV, LACV, VEEV) or polyarthralgia (e.g. SINV, 

Virus family Virus genus Virus Primary vector in urban cycles 

Flaviviridae Orthoflavivirus 

DENV Aedes mosquitoes 

JEV Culex mosquitoes 

POWV Ixodidae ticks 

TBEV Ixodidae ticks 

USUV Culex mosquitoes 

WNV Culex mosquitoes 

YFV Aedes mosquitoes 

ZIKV Aedes mosquitoes 

Peribunyaviridae Orthobunyavirus LACV Aedes mosquitoes 

Phenuiviridae Bandavirus SFTSV Ixodidae ticks 

Togaviridae Alphavirus 

CHIKV Aedes mosquitoes 

MAYV Aedes mosquitoes 

SINV Culex mosquitoes 
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CHIKV) (Pierson & Diamond, 2020; Weaver et al, 2018). Until now, vaccines are only 

available against TBEV, JEV, CHIKV, YFV and DENV and there is a complete lack of 

clinically approved therapeutic or prophylactic antivirals (Anumanthan et al, 2025; Barrett 

et al, 2003; Harabacz et al, 1992; Ishikawa et al, 2014; Liang et al, 2016; Martelossi-

Cebinelli et al, 2025; Park & Lee, 2025; Ruzek et al, 2019; Weber et al, 2024; Wilder-

Smith, 2020; Wilder-Smith et al, 2010). With 2/3 of the world’s population at risk of 

infection, arboviruses represent a major global health concern (Lim et al, 2025). The most 

clinically relevant group of arboviruses are orthoflaviviruses, with DENV displaying the 

highest prevalence worldwide. The peak record of DENV infections was registered in 2024 

with over 14.6 million cases and 12,000 dengue-related deaths across more than 100 

countries (World Health Organization (WHO) 2025, [www.who.int, last access December 

27, 2025]). However, actual infection rates are highly underreported and estimated to be 

more than 390 million cases per year (Bhatt et al, 2013). Furthermore, other arboviruses 

have demonstrated their ability to (re-)emerge, causing epidemics of global health 

relevance. This includes e.g. the rise of the new Asian ZIKV lineage with peak epidemics 

2013-2016 in Oceania and the Americas or the introduction of WNV into North America in 

1999 (Faria et al, 2016; Musso et al, 2014; Nash et al, 2001; Tsai et al, 1998). The 

introduction of DENV (since 2010) and CHIKV (since 2007) in Southern European 

countries with autochthonous cases reported in France, Spain, Croatia and Italy 

(European Centre for Disease Prevention and Control (ECDC) 2025, 

[www.ecdc.europa.eu, last access December 30, 2025]) (Angelini et al, 2007; Gjenero-

Margan et al, 2011; Grandadam et al, 2011; La Ruche et al, 2010; Schmidt-Chanasit et 

al, 2010) increased European public-health concerns, raising the importance of anti-

arboviral control strategies to prepare for upcoming epidemics also in the Northern 

Hemisphere. 

1.3 Mosquito and tick vector distribution and current control 

strategies 

Previously, the Aedes mosquito-borne arboviral infections (e.g. DENV, YFV, CHIKV and 

ZIKV) have been restricted to tropical and subtropical regions but the steady expansion 

of their main vectors - Aedes (Stegomyia) aegypti and Aedes albopictus - in the Northern 

Hemisphere further increased the number of regions at risk of potential arbovirus 
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circulation (Gubler, 2011; Kraemer et al, 2019; Lim et al., 2025). So far, the presence of 

Aedes aegypti has been reported in all continents except Antarctica. However, its 

distribution in Europe is yet limited to Cyprus, Madeira and regions around the Black Sea. 

The major invasive mosquito vector of concern in Europe is the climate-adapted Aedes 

albopictus which today is well established in Southern European countries, France and 

Switzerland, and has also been further introduced in the Netherlands, Austria and parts 

of Germany (ECDC, 2025 [www.ecdc.europ.eu, last access July 17, 2025]). Besides 

adaptation of invasive Aedes vector mosquitoes itself, their geographical expansion and 

population size increase is influenced by the continuing urbanization, global trade and 

traveling, and other human interventions in natural habitats (deforestation, dam building, 

modern transportation etc.) (Franklinos et al, 2019; Gubler, 2011; Jansen et al, 2025; 

Kolimenakis et al, 2021; Tatem et al, 2012; Young, 2018). Additionally, climate change 

(temperature rise, frequency of high tides, movement of vertebrate hosts, etc.) is 

profoundly contributing to global expansion of vector habitats and increasing virus 

transmission events (Beermann et al, 2023; Bellone & Failloux, 2020; Young, 2018). 

Importantly, climate change also favors virus transmission events of native mosquitoes in 

Europe, such as the well-established Culex pipiens (vector of e.g. WNV), by i.a. 

temperature increase, prolonging transmission seasons and impairing reservoir host 

movement (Beermann et al., 2023; D'Amore et al, 2022; Erazo et al, 2024; Farooq et al, 

2023; Fay et al, 2024; Seechurn et al, 2025). 

Mosquito control strategies exclusively relying on the use of insecticides and bed nets are 

considered insufficient, unsustainable and have limited effectiveness against certain 

vectors. Primarily due to the development of insecticide resistance, novel intervention 

strategies have been developed (Dusfour et al, 2019). Among these, genetically modified 

mosquitoes and the modification of mosquito gut microbiomes through the introduction of 

symbiotic or genetically modified bacteria have shown great promise for the control of 

arboviral infections (Chaverra-Rodriguez et al, 2018; Moreira et al, 2009; Powell, 2022; 

Zhang et al, 2024). For instance, the release of Aedes mosquitoes carrying the natural 

bacteria symbiont Wolbachia has already been widely and successfully used by the World 

Mosquito Program to curb arboviral outbreaks (DENV, CHIKV, ZIKV and YFV) across 

South East Asia, Australia, Central and South America and Africa (Moreira et al., 2009) 
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(World Mosquito Program, 2026 [https://www.worldmosquitoprogram.org, last access 

January 4, 2026]). The mechanism underlying the Wolbachia method is multilayered, as 

it relies on Wolbachia bacteria-mediated inhibition of arbovirus transmission via activation 

of antiviral immune responses (Hoffmann et al, 2011; Mushtaq et al, 2024; She et al, 2024) 

as well as vector population control primarily via cytoplasmic incompatibility (Blagrove et 

al, 2012; Mushtaq et al., 2024; Stouthamer et al, 1999). In addition, other natural symbiotic 

bacteria species like Rosenbergiella sp. YN46 were found to successfully suppress 

orthoflaviviral transmission (Zhang et al., 2024). Furthermore, novel host-targeting 

approaches include the introduction of engineered symbiont bacteria that produce 

selected antiviral factors in the mosquito gut system (Hu et al, 2025) or human-centered 

passive immunization strategies to target mosquito salivary proteins with pro-viral 

functions (Marin-Lopez et al, 2021). Finally, several anti-viral drugs have been reported to 

efficiently inhibit viral replication in mosquito cells and may serve as an additional future 

control strategy. Such strategies could rely on drug delivery to the mosquito aquatic larval 

state or to adult mosquitoes through attractive toxic sugar baits or treated bed nets using 

antiviral drugs in replacement of insecticide treatments (Dong & Dimopoulos, 2021; Scott-

Fiorenzano et al, 2017). Applying such novel host-targeting approaches require a 

comprehensive understanding of virus-vector interactions which remain to be accessed 

by systematic studies in mosquitoes. 

In addition to mosquitoes, multiple tick species play important roles in arbovirus 

transmission and dissemination, and those reported as arboviral vectors have a broad 

variety of habitats worldwide across all continents except Antarctica (Yu et al, 2024). 

Despite their global distribution, the prevalence of individual tick species is region-

dependent. As for other arthropods, tick habitats are expanding due to climate change-

driven alterations in environmental conditions (e.g. higher temperatures, altered weather 

patterns like rainfall and flooding) and human interventions (e.g. deforestation, modern 

transportation) leading to increased numbers of virus transmission events (Beermann et 

al., 2023; Caminade et al, 2019; Estrada-Pena et al, 2014; Nuttall, 2022; Ogden et al, 

2021; Ortiz et al, 2021; Petit et al, 2024). In the past years, tick-borne arboviral infections, 

such as orthoflavivirus TBEV in Europe or orthonairovirus Crimean-Congo hemorrhagic 

fever virus (CCHFV) in Africa, the Balkans, the Middle East and Asia, have been of major 
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relevance in global human and domestic animal health (WHO, 2026 [www.who.int, last 

access Januar 5, 2026]). 

Tick vector control mostly relies on toxic insecticides and repellants, physical barriers, 

habitat management and the use of natural predators (Makwarela et al, 2025; Ost et al, 

2025; Showler & Saelao, 2022). The sterile insect technique, relying on sterilized ticks 

through genetic modifications via CRISPR/Cas9 or RNA interference (RNAi) tools, is 

currently under investigation (de la Fuente et al, 2006; Haque et al, 2024; Kocan et al, 

2011; Merino et al, 2011). However, this approach has less potential compared to 

mosquitoes due to the ticks’ long life cycles. Other advanced molecular control strategies 

have not yet been established, even though the recently described CRISPR/Cas9- and 

RNAi-based gene editing tools for ticks lay the foundation for the development of novel 

host-targeting approaches once virus-tick interactions are better understood (de la Fuente 

& Kocan, 2022; de la Fuente et al, 2007; Nuss et al, 2021; Shahid & Steven, 2012; Sharma 

et al, 2022). 

1.4 Arboviral replication cycles 

1.4.1  Orthoflavivirus replication cycle 

Orthoflaviviruses feature a non-segmented positive-sense single-stranded RNA genome 

of 9-13 kb size organized as a single open reading frame (ORF). The coding region is 

flanked by 5’ and 3’ untranslated regions (UTRs) with a 5’ type l cap (m7GpppAmp) and 

no 3’ poly(A) tail (Khromykh et al, 2003; Lindenbach B.D., 2007; Rice et al, 1985; 

Simmonds et al, 2017; Wengler & Castle, 1986; Wengler et al, 1978) (see Figure 1-1). 

The genome encodes a single polyprotein precursor that is co- and post-translationally 

processed into three structural and seven nonstructural proteins (NS) (Chambers et al, 

1990; Rice et al., 1985). 
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Figure 1-1: Orthoflavivirus genome organization. The positive-sense single-stranded RNA 

genome of the Orthoflavivirus genus has a single open-reading frame (ORF) encoding three 

structural (green) and seven nonstructural (blue) proteins flanked by 5’ and 3’ UTRs. Enzymatic 

activities of viral proteins are indicated in italic (protease, pro; helicase, hel; nucleoside-

triphosphatase, ntp; methyltransferase, mt; RNA-dependent RNA polymerase, RdRp). 

The positive-sense RNA genome is packed in an inner shell of capsid (C) protein, forming 

the nucleocapsid core, that is surrounded by a host cell-derived lipid bilayer decorated 

with an icosahedral outer protein shell of membrane-associated envelope (E) and  

(pre-)membrane (prM/M) glycoproteins (Kuhn et al, 2002; Zhang et al, 2003a). The virus 

particle has a spherical, 50 nm-diameter morphology and exists in two different forms, 

immature and mature, which are distinguished by their outer protein shell structure. (Cruz-

Oliveira et al, 2015; Mukhopadhyay et al., 2005). On the immature virus particle, prM and 

E are arranged as heterodimers with the E protein forming trimeric spikes (Heinz et al, 

1994; Rey et al, 2018; Yu et al, 2008; Zhang et al, 2003b). The virus matures after prM is 

cleaved into pr and M by the Golgi-resident host protease furin (Stadler et al, 1997). The 

mature particle has a smooth surface with head-to-tail homodimers of the E protein (Rey 

et al, 1995; Yu et al., 2008). Notably, also partially mature virus particles, containing 

incompletely processed prM, can be infectious (Moesker et al, 2010). 

Orthoflaviviruses infect a broad range of mammalian and mosquito cell types. While virus 

attachment takes place via unspecific interactions to concentrate virus particles on the cell 

surface, specific interactions with entry receptors are mediated via the glycoprotein E 

(Cruz-Oliveira et al., 2015; Johnson et al, 1994; Pokidysheva et al, 2006). Due to the 

variety in tropism, a multitude of cell surface factors may serve as putative attachment 

factors (e.g. glycosaminoglycans (GAGs) like heparin sulfates, and lectins) or entry 

receptors (e.g. lectins like DC-SIGN or L-SIGN and the mannose receptor) (Agrelli et al, 

2019; Chen et al, 1997; Hamel et al, 2015; Miller et al, 2008; Perera-Lecoin et al, 2013; 

Tassaneetrithep et al, 2003). Virus internalization mostly occurs via receptor-mediated, 

clathrin-dependent endocytosis followed by a transfer to early endosomes (Acosta et al, 
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2008; Chu & Ng, 2004; van der Schaar et al, 2008), however, alternative entry routes such 

as macropinocytosis (Suksanpaisan et al, 2009) and non-classical dynamin-dependent 

endocytosis (Acosta et al, 2009, 2012) have been described. The acidic endosomal pH 

triggers conformational changes in the E protein leading to a spike-like arrangement of 

trimers and thereby exposure of the E protein hydrophobic fusion loop (Allison et al, 1995; 

Heinz et al., 1994). The E protein mediates fusion of the viral membrane and the late 

endosomal membrane leading to the release of nucleocapsid into the cytoplasm (Gollins 

& Porterfield, 1986; Kaufmann & Rossmann, 2011). The capsid protein is ubiquitinated, 

releases the viral genome and is subsequently degraded in a proteasome-dependent 

manner (Byk et al, 2016). After the virus uncoating process is completed, initial rounds of 

translation start. The positive-sense single-stranded RNA genome directly serves as a 

template for translation of the viral polyprotein which is co- and post-translationally 

processed into three structural (C, prM, E) and seven nonstructural (NS1, NS2A, NS2B, 

NS3, NS4A, NS4B, NS5) proteins by the viral NS2B-NS3 protease and the host signal 

peptidase (Chambers et al., 1990; Rice et al., 1985). Viral RNA replication takes place in 

remodeled endoplasmic reticulum (ER) membrane compartments (Paul & 

Bartenschlager, 2015; Welsch et al, 2009). The replication complex (RC) is formed by the 

viral non-structural proteins, in which the enzymatic NS3 and NS5 proteins are responsible 

for RNA unwinding (NS3 helicase activity) and synthesis of new positive- and negative-

sense viral RNA (NS5 RNA-dependent RNA polymerase (RdRp) activity) as well as 5’ 

capping of the viral genome (NS3 nucleoside-triphosphatase (NTPase) and NS5 

methyltransferase (MTase) and guanyltransferase (GTase) activities)) (Chu & Westaway, 

1985; Egloff et al, 2002; Issur et al, 2009; Koonin, 1993; Li et al, 1999; Shuman, 2001; 

Tan et al, 1996; Wengler & Wengler, 1993). Other non-structural proteins within the RC 

(NS1, NS2A, NS2B, NS4A and NS4B) play essential roles in membrane-remodeling and 

assembly of the RC through multipartite interactions with multiple host proteins (Paul & 

Bartenschlager, 2015). Nucleocapsid formation, virus particle assembly and release 

complete the viral replication cycle. The capsid proteins complex with the newly 

synthesized viral RNA genome followed by budding of this core unit into the ER membrane 

with an outer protein shell of E and prM proteins (Kuhn et al., 2002; Murray et al, 2008). 

These immature virus particles are then transported through the trans-Golgi network 

where the virus particles mature through prM cleavage to pr and M by the Golgi-resident 
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protease furin (Stadler et al., 1997). The pr remains associated to the virus particle in the 

acidic environment of the trans-Golgi and dissociates in the extracellular space, forming 

mature virus particles (Heinz et al., 1994; Li et al, 2008; Stadler et al., 1997; Yu et al., 

2008). 

1.4.2  Alphavirus replication cycle 

Alphaviruses have a non-segmented, positive-sense, single-stranded RNA genome of 10- 

12 kb size with a type 0 cap (m7GpppA) and a poly(A) tail (Ahola & Kaariainen, 1995; 

Chen et al., 2018; Hefti et al, 1975; Strauss & Strauss, 1994). The genome contains two 

ORFs flanked by 5’- and 3’-UTRs (Strauss & Strauss, 1994). The resulting two 

polyproteins are proteolytically processed by the viral nsP2 and capsid as well as by the 

host proteases signal peptidase and furin (Choi et al, 1991; Hardy & Strauss, 1989; Jose 

et al, 2009). The 5’ ORF encodes the four non-structural proteins (nsPs) nsP1-4, whereas 

the 3’ ORF encodes the structural proteins (C, 6K, E1, E2, E3) under the control of a 

subgenomic promoter (Chen et al., 2018; Lavergne et al, 2006) (see Figure 1-2). 

 

Figure 1-2: Alphavirus genome organization. The positive-sense single-stranded RNA genome 

of the Alphavirus genus has two ORFs encoding four nonstructural (blue) and five structural 

proteins (green)  flanked by 5’ and 3’ UTRs. Enzymatic activities of the viral proteins are indicated 

in italic (methyltransferase, mt; helicase, hel; protease, pro; RNA-dependent RNA polymerase, 

RdRp). subgenomic RNA, sgRNA. 

Alphaviruses have enveloped spherical viral particles with a 70-nm diameter (Cheng et 

al., 1995). The preassembled nucleocapsid core, consisting of a single viral RNA copy 

and an inner capsid layer, is surrounded by a host plasma membrane-derived lipid bilayer, 

in which trimeric E1-E2 heterodimer glycoprotein spikes are embedded (Cheng et al., 

1995; Sokoloski et al, 2013; Zhang et al, 2011). 
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Similar to orthoflaviviruses, alphaviruses infect a broad range of mammalian, bird and 

mosquito cells (Go et al., 2014). Infection is enhanced by attachment factors like GAGs 

(e.g. heparin and keratin sulfates) and DC-SIGN (Chaaithanya et al, 2016; Molitor, 1991; 

Schnierle, 2019). Alphaviruses have various virus-specific entry receptors including TIM-

1, Mxra8 and LDLRAD3 (Ma et al, 2021; Moller-Tank et al, 2013; Schnierle, 2019; Zhang 

et al, 2018). Virus entry into the host cell is mainly facilitated by the E2 glycoprotein 

interacting with the cellular receptor and subsequent clathrin-mediated endocytosis (Voss 

et al, 2010). The acidic endosomal pH triggers major conformational changes in the 

surface glycoproteins, leading to the exposure of the E1 hydrophobic fusion peptide, 

which then mediates fusion of the viral and endosomal membranes and subsequent 

release of the nucleocapsid into the cytoplasm (Li et al, 2010; Voss et al., 2010). Next, 

nucleocapsid disassembly and release of viral RNA is mediated by ribosome-capsid 

interactions (Singh & Helenius, 1992; Wengler & Wengler, 1984; Wengler et al, 1992). At 

first, the genomic RNA is translated into the nonstructural polyprotein, which is then 

processed by the viral nsP2 protease (Hardy & Strauss, 1989; Jose et al., 2009). Together 

with host factors, the viral nsP1-4 form membrane-derived replication complexes 

(Friedman et al, 1972; Froshauer et al, 1988; Grimley et al, 1968; Kujala et al, 2001; Rupp 

et al, 2015). The nonstructural proteins have crucial enzymatic functions for viral RNA 

replication: MTase and GTase (nsP1), helicase, NTPase and protease (nsP2), ADP-

ribosyl hydrolase (nsP3), RdRp, adenyltransferase (nsP4) (Lemm et al, 1994; Rupp et al., 

2015). The structural proteins are then translated as a polyprotein from the subgenomic 

RNA (sgRNA) which is generated from a negative-sense RNA intermediate. Once the 

structural polyprotein is synthesized, the capsid cleaves itself by self-limiting 

autoproteolysis (Aliperti & Schlesinger, 1978; Choi et al, 1997; Choi et al., 1991; Hahn & 

Strauss, 1990; Melancon & Garoff, 1987). The remaining structural polyprotein localizes 

at the ER and is processed by the host signal peptidase (Garoff et al, 1990; Jose et al., 

2009; Lobigs et al, 1990). The glycoproteins mature via proteolytic cleavage by the Golgi-

resident protease furin and then traffick to the plasma membrane of the host cell (de Curtis 

& Simons, 1988; Jose et al., 2009; Lobigs et al., 1990; Sariola et al, 1995). Capsid proteins 

bind viral RNA forming nucleocapsid core structures (Owen & Kuhn, 1996; Tellinghuisen 

et al, 1999; Weiss et al, 1989; Wengler et al, 1982). Lastly, interactions of the capsid 

protein with the envelope glycoproteins trigger virion formation and budding at the plasma 
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membrane, releasing newly formed virus particles into the extracellular space (Choi et al., 

1991; Lee et al, 1996; Owen & Kuhn, 1997; Strauss et al, 1995; Zhao & Garoff, 1992). 

1.4.3  Orthobunyavirus replication cycle 

Orthobunyavirus have a segmented, negative-sense, single-stranded RNA genome with 

a total length of 12.4 kb with no 5’- or 3’-end modification of the genomic RNA (de Souza 

et al., 2024; Elliott, 2014) (see Figure 1-3). The genome is tripartite (small (S), medium 

(M) and large (L) segments). The S segment has two overlapping ORFs, encoding the 

nucleocapsid (N) protein and non-structural protein NSs (Fuller et al, 1983). The M 

segment encodes a single ORF, for the glycoprotein N (Gn), glycoprotein C (Gc) 

glycoproteins and non-structural protein NSm, that is co-translationally processed by the 

host signal peptidase and signal peptide peptidase (de Souza et al., 2024; Fazakerley et 

al, 1988; Fazakerley & Ross, 1989; Shi et al, 2016). The L segment encodes the L protein 

(RdRp) (Jin & Elliott, 1992). 

 

Figure 1-3: Orthobunyavirus genome organization. The Orthobunyavirus viral RNA (vRNA) 

genome is a negative-sense, single-stranded RNA genome with three segments (S, M and L 

segment). The vRNAs are transcribed to messenger RNAs (mRNAs) which encode in total three 

structural (green) and three nonstructural (blue) viral proteins. The S segment has two ORFs while 

the M and L segments encodes a single ORF. Enzymatic activities of the viral L protein are 

indicated in italic (endonuclease, endo; RNA-dependent RNA polymerase, RdRp). 

Orthobunyavirus particles are enveloped with spherical or pleomorphic shape and 80-120 

nm in diameter (Bowden et al, 2013; Obijeski et al, 1976; Overby et al, 2008). The three 

viral genome segments are encapsidated by the N proteins forming ribonucleoprotein 

(RNP) complexes associated with the viral L-protein (Elliott, 1989; Obijeski et al., 1976). 

The RNP complexes are surrounded by a host-derived lipid bilayer with embedded 
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heterodimeric glycoprotein (Gn and Gc) projections (Guardado-Calvo & Rey, 2017; 

Obijeski et al., 1976; Talmon et al, 1987). 

Multiple arthropods (mosquitoes, biting midges, ticks) and vertebrates (rodents, humans, 

livestock) can be infected by orthobunyaviruses (Borucki et al., 2002). The glycoproteins 

(mostly Gc) interact with attachment and entry factors such as heparan sulfate 

proteoglycan or DC-SIGN (Gao et al, 2025; Hacker et al, 1995; Murakami et al, 2017). 

Virus uptake is facilitated by clathrin-mediated endocytosis (Hollidge et al, 2012). The low 

endosomal pH induces fusion of the viral and endosomal membrane mediated by the viral 

fusion peptide of the Gc protein followed by release of ribonucleocapsid segments into 

the cytoplasm (Bowden et al., 2013; Guardado-Calvo & Rey, 2017; Hover et al, 2023; 

Plassmeyer et al, 2005). The encapsidated RNA serves as a template for primary 

transcription and genome replication is carried out by the viral L protein with RdRp activity 

(Jin & Elliott, 1992; Patterson et al, 1984). Additionally, the L protein has endonuclease 

activity required for the cap snatching mechanism conserved across orthobunyaviruses 

(Patterson et al., 1984; Reguera et al, 2010). This mechanism allows the cleavage of the 

5’ cap of host mRNAs in the cytoplasm of infected cells, which is subsequently used as a 

primer for viral mRNA synthesis (Reguera et al., 2010). The viral mRNAs are translated 

into the structural (N, Gn, Gc) and the non-structural proteins (L, NSs and NSm). After 

proteolytic processing of the viral precursor and glycosylation at the ER, the glycoproteins 

are targeted to the Golgi apparatus where virus assembly takes place (Kuismanen et al, 

1982; Salanueva et al, 2003; Shi et al, 2004). Here, the ribonucleocapsid complexes bud 

into the Golgi cisternae followed by virus release via exocytosis (Fontana et al, 2008; 

Garoff et al, 2004; Kuismanen et al., 1982; Lappin et al, 1994; Martinez et al, 2014; 

Tellinghuisen et al, 2001). 

1.4.4  Bandavirus replication cycle 

Bandaviruses have a tripartite negative- and partly ambi-sense single-stranded RNA 

genome (S, M and L segments) (Elliott & Brennan, 2014; Sasaya et al., 2023) (see Figure 

1-4). The S segment is an ambi-sense segment of 1.4-3.3 kb with two ORFs in opposite 

directions, encoding the nucleocapsid protein N and the non-structural protein NSs, 

respectively. The negative-sense M segment is of 3.3-3.4 kb size and encodes the 
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glycoprotein precursors Gn and Gc in a single ORF (Matsuno et al, 2013; Swei et al, 2013; 

Yu et al., 2011). This precursor is processed into the mature Gn and Gc proteins by the 

host signal peptidase (Plegge et al, 2016; Spiegel et al, 2016). The 6.3-6.4 kb negative-

sense L segment encodes the L protein (RdRp activity) (Matsuno et al., 2013; Swei et al., 

2013; Yu et al., 2011). 

 

Figure 1-4: Bandavirus genome organization. The Bandavirus vRNA genome is a tripartite, 

negative-sense, single-stranded RNA genome. The vRNA of the S segment is transcribed into 

two different mRNAs while the vRNA of the M and L segments are transcribed to a single mRNA, 

respectively. Each mRNA encodes a single ORF. In total, the genome encodes three structural 

(green) and two nonstructural (blue) proteins. Enzymatic activities are indicated in italic 

(endonuclease, endo; RNA-dependent RNA polymerase, RdRp). 

The virion structure and virus replication cycle of bandaviruses closely resemble other 

viruses of the class Bunyaviricetes, which are described in Section 1.4.3 

(Orthobunyavirus), with the exception that bandaviruses lack the NSm protein. Despite 

these similarities, host range specificities differ among the class Bunyaviricetes, as 

bandaviruses can infect mammals (cattle, sheep, goats, mice, hedgehogs, squirrels, 

woodchucks and humans), birds (albatrosses) and ticks (Chen et al, 2019; Sasaya et al., 

2023; Xu et al, 2024). 

 



Introduction  15 

 

1.5 Arboviral capsids: structure and encapsidation function 

1.5.1  Orthoflavivirus capsids 

The 10-12-kDa orthoflaviviral capsid is one of three structural proteins forming the virus 

particle and plays crucial roles in virus uncoating and particle assembly (Byk et al., 2016; 

Kuhn et al., 2002; Tan et al, 2020a; Tan et al, 2020b). The full-length capsid protein, 

consisting of five alpha helices, is cleaved from the viral polyprotein by the host signal 

peptidase and anchored to the ER through a C-terminal membrane anchor (α5 helix) (Tan 

et al., 2020a; Tan et al., 2020b). Cleavage of the α5 helix by the viral NS2B-NS3 protease 

triggers the release of the mature, soluble capsid protein (α1-4 helices) into the cytoplasm 

(Amberg et al, 1994; Jones et al, 2003). Although fully assembled virions have been 

reported to contain full-length capsid, the soluble form of capsid is most represented in 

the virus particles (Jones et al., 2003; Tan et al., 2020b). Despite a low sequence identity, 

the different orthoflaviviral capsids are structurally highly conserved across the genus 

(WNV: (Dokland et al, 2004); ZIKV: (Li et al, 2018; Morando et al, 2019; Shang et al, 

2018); DENV: (Ma et al, 2004; Xia et al, 2020); JEV: (Poonsiri et al, 2019); TBEV: (Selinger 

et al, 2022); see representative structure in Figure 1-5). The tight homodimers of capsid 

consist of three layers (α1-α1’, α2-α2’ and α4-α4’) flanked by the two helices α3 and α3’. 

The α1 and α2 helices are highly hydrophobic and thereby essential in mediating lipid 

membrane and lipid droplet association (Kofler et al, 2002; Markoff et al, 1997). The α4 

helices contain positively charged amino acid residues at their C termini that can bind 

RNA (Khromykh & Westaway, 1996; Ma et al., 2004; Samsa et al, 2012). The asymmetric 

charge distributions with hydrophobic patches and opposing positively charged surface 

allow capsid to fulfill its structural function in virus particle assembly. Capsid is binding and 

condensing the negatively charged viral RNA, acting as an RNA chaperone and forming 

the nucleocapsid, and also interacting with E- and prM-coated ER-derived membranes 

that will form the virus envelope (Ivanyi-Nagy et al, 2008; Kuhn et al., 2002; Ma et al., 

2004; Pong et al, 2011; Prasad et al, 2017; Zhang et al., 2003a). Capsid is also involved 

in the virus uncoating process. After release of the viral genome into the cytoplasm, the 

capsid proteins are ubiquitinated and targeted for proteasomal degradation (Byk et al., 

2016). Capsid ubiquitination is crucial for the uncoating process and accessibility of viral 

RNA to the translation machinery (Byk et al., 2016). 
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Figure 1-5: Architecture of the orthoflaviviral capsid protein. WNV capsid crystal structure 

(Protein Data Bank (PDB) code: 1SFK; (Dokland et al., 2004)) as representative homodimeric 

orthoflaviviral capsid protein structure. The two protomers are indicated by different colors, N- and 

C-termini as well as individual helices are labeled. 

1.5.2  Alphavirus capsids 

The Alphavirus capsid protein (~30 kDa) structure is composed of two domains, the 

disordered highly hydrophobic N-terminal RNA-binding domain as well as the C-terminal 

chymotrypsin-like serine protease domain (Choi et al., 1991; Hahn & Strauss, 1990; Owen 

& Kuhn, 1996). While being part of the intact structural polyprotein precursor, which is 

generated from alphaviral sgRNA, the protease domain autocleaves the capsid from the 

polyprotein (Aliperti & Schlesinger, 1978; Choi et al., 1991; Melancon & Garoff, 1987). 

The free monomeric capsid protein lacks protease activity and has structural functions in 

viral genome (un-)packaging with the C-terminal domain playing essential roles in virus 

budding (Choi et al., 1997; Choi et al., 1991; Hahn & Strauss, 1990). The N-terminal 

domain mediates RNA-binding via its basic residues, which is essential for nucleocapsid 

core formation (Lulla et al, 2013; Owen & Kuhn, 1996; Tellinghuisen et al., 1999; Wengler 

et al., 1982). Unlike orthoflaviviral capsids interacting with lipid membranes during virion 

assembly, alphavirus virion assembly relies on direct capsid-E2 interactions (Lee et al., 

1996; Owen & Kuhn, 1997; Skoging et al, 1996; Strauss et al., 1995). Since the N-terminal 

region is intrinsically disordered, crystal structures have so far only revealed the 

chymotrypsin-like fold of the C-terminal protease domain (SINV: (Choi et al, 1996; Choi et 
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al., 1991; Lee et al, 1998; Lee et al., 1996); Semliki Forest virus (SFV): (Choi et al., 1997); 

CHIKV: (Sharma et al, 2018); see representative structure in Figure 1-6). 

 

Figure 1-6: Architecture of the alphaviral capsid protease. SINV capsid crystal structure of the 

C-terminal domain resembles a chymotrypsin-like protease fold (PDB code: 2SNW; (Choi et al., 

1996)). Amino acid residues forming the protease catalytic triad (S-H-D) are highlighted in red. 

1.5.3  Bunyaviricetes capsids – Orthobunyavirus and bandavirus 

The N proteins of orthobunyaviruses (~26 kDa) and bandaviruses (~27 kDa) form 

multimeric structures to surround the viral genome, forming RNP complexes together with 

the viral RdRp (de Souza et al., 2024; Sasaya et al., 2023). Despite differences in the 

structural organization, the N proteins across the two genera of the class Bunyaviricetes 

and other related negative-sense RNA viruses have a similar architecture (Schmallenberg 

virus (SBV): (Dong et al, 2013); LACV: (Reguera et al, 2013); Bunyamwera virus (BUNV) 

and SBV: (Ariza et al, 2013); BUNV: (Li et al, 2013); Rift Valley fever virus (RVFV): (Ferron 

et al, 2011; Raymond et al, 2010); SFTSV, Granada virus (GRAV) and Buenaventura virus 

(BUEV): (Jiao et al, 2013); SFTSV: (Zhou et al, 2013); Leanyer virus (LEAV): (Niu et al, 

2013); see representative structure in Figure 1-7): The N protein is a predominantly helical 

protein (with ~11-13 α-helices and ~1-2 β-strands) folded into two subdomains forming a 

compact globular core with N- and C-terminal arms. They assemble into ring-like 

tetramers with a positively charged RNA-binding groove between the two domains at the 

inner edge of the ring-like assembly. The N-terminal arm, and occasionally also the C-

terminal arm, mediates the nucleocapsid oligomerization process (Ariza et al., 2013; Dong 
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et al., 2013; Ferron et al., 2011; Jiao et al., 2013; Li et al., 2013; Niu et al., 2013; Raymond 

et al, 2012; Raymond et al., 2010; Reguera et al., 2013; Zhou et al., 2013). To complete 

virus assembly, N proteins are directly interacting with the viral glycoproteins to pack the 

RNPs into virions (Huiskonen et al, 2009; Overby et al, 2007; Ribeiro et al, 2009). 

Furthermore, N proteins have been reported to play active roles in viral mRNA 

transcription and replication by modulating RNA accessibility (Dong et al., 2013; Eifan & 

Elliott, 2009; Lopez et al, 1995; Pinschewer et al, 2003; Walter et al, 2011). 

 

Figure 1-7: Architecture of the Bunyaviricetes nucleocapsid protein. LACV nucleocapsid 

crystal structure (PDB code: 4BGP; (Reguera et al., 2013)) with color-coded subdomains and 

arms at the N- and C-terminus. 

1.6 Arboviral capsids: functions beyond encapsidation 

Similar to other RNA viruses with limited coding capacity, arboviral (nucleo-)capsid 

proteins also evolved as multifunctional proteins (Ni & Cheng Kao, 2013). Besides the 

(nucleo-)capsid functions that are directly related to viral genome encapsidation (virus 

assembly, uncoating, in case of negative-sense RNA viruses also viral translation and 

replication), various host-modulating functions engaging multiple protein-protein 

interactions (PPIs) with cellular host proteins or interactions with host nucleic acids have 

been described in the past twenty years (Byk & Gamarnik, 2016; Ding et al, 2016; Fros & 
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Pijlman, 2016; Martin et al, 2025; Sotcheff & Routh, 2020). Notably, most studies have 

been conducted in human model systems while virus-vector interactions are still poorly 

understood. The following paragraphs summarize the main functions of orthoflaviviral, 

alphaviral and bunyaviral capsids beyond their role in virus genome encapsidation. 

1.6.1  Orthoflavivirus capsids 

The orthoflaviviral capsid does not localize exclusively to the site of virus assembly (ER-

remodeled membranes) but has a nucleo-cytoplasmic distribution including a localization 

to lipid droplets (Bhuvanakantham et al, 2009; Bulich & Aaskov, 1992; Colpitts et al, 

2011a; Gabriel et al, 2020; Mori et al, 2005; Netsawang et al, 2010; Samsa et al, 2009; 

Slomnicki et al, 2017; Tadano et al, 1989; Tiwary & Cecilia, 2017; Wang et al, 2002; 

Westaway et al, 1997). Previous studies have shown that the capsid is not directly 

required for viral RNA synthesis but its absence from the replication complex positively 

modulates RNA replication (Samsa et al., 2009). These observations led to the hypothesis 

that temporal storage of capsid on lipid droplets or in the nucleus might serve to sequester 

capsid at early stages of viral replication to prevent premature encapsidation of newly 

synthesized viral genomes (Byk & Gamarnik, 2016; Samsa et al., 2009). Beyond 

regulating the kinetics of viral encapsidation, studies in vertebrate cells have shown that 

the orthoflaviviral capsid protein is engaged in modulating a multitude of cellular pathways 

linking its subcellular distribution to various host-modulating functions. Besides 

interactions with lipid-associated host factors during the budding process, capsids 

accumulate on the surface of lipid droplets and specifically bind very low-density 

lipoproteins and lipid droplet-resident host proteins such as MBOAT2 or AUP1 (Byk & 

Gamarnik, 2016; Carvalho et al, 2012; Coyaud et al, 2018; Faustino et al, 2014; Faustino 

et al, 2015; Iglesias et al, 2015; Martins et al, 2012; Samsa et al., 2009; Sotcheff & Routh, 

2020). Moreover, interactions with ER-related vesicular transport as well as the nuclear 

import and export system have been reported (Coyaud et al., 2018; Iglesias et al., 2015). 

Shuttling of different arboviral capsids to the nucleus has been observed in both 

mammalian and mosquito cells (Bhuvanakantham et al, 2010; Bhuvanakantham et al., 

2009; Bulich & Aaskov, 1992; Gabriel et al., 2020; Mori et al., 2005; Netsawang et al., 

2010; Tadano et al., 1989; Tiwary & Cecilia, 2017; Wang et al., 2002; Westaway et al., 

1997). The capsid amino acid sequence contains several predicted nuclear localization 
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sequences (NLS) (Bulich & Aaskov, 1992; Netsawang et al., 2010; Samsa et al., 2012; 

Sangiambut et al, 2008; Wang et al., 2002). Specifically, the nuclear import of capsid 

depends on its association with importins (Bhuvanakantham et al., 2009; Coyaud et al., 

2018) while the nuclear export is proposed to be facilitated by Jab1 (Oh et al, 2006). 

Inside the nucleus, capsid modulates a multitude of pathways essential for the viral 

replication cycle and viral pathogenesis (Balinsky et al, 2013; Byk & Gamarnik, 2016; Mori 

et al., 2005; Ni & Cheng Kao, 2013). The nuclear pool of capsid interferes with ribosome 

biogenesis and triggers ribosomal stress followed by p53 activation (Coyaud et al., 2018; 

Slomnicki et al., 2017). To this end, capsid interacts with different ribosome biogenesis 

factors such as nucleolin and B23 (Balinsky et al., 2013; Li et al, 2019; Scaturro et al, 

2018; Shah et al, 2018; Tsuda et al, 2006)) Both pro- and anti-apoptotic effects of capsid 

have been described (Byk & Gamarnik, 2016; Li et al, 2012; Limjindaporn et al, 2007; 

Netsawang et al., 2010; Slomnicki et al., 2017; van Marle et al, 2007; Yang et al, 2002). 

While WNV and DENV capsid have both shown protective effects (Li et al., 2012; 

Urbanowski & Hobman, 2013), several studies also provided links to induction of p53-

mediated apoptosis (e.g. WNV and ZIKV; (Slomnicki et al., 2017; Yang et al, 2008)) and 

induction of neural inflammation (e.g. WNV; (van Marle et al., 2007; Yang et al., 2002)) 

upon ectopic expression of capsid. This involves the interaction of DENV capsid with the 

apoptotic protein Daxx in the nucleus, which has been linked to induction of the Fas-

dependent apoptosis pathway (Limjindaporn et al., 2007; Netsawang et al., 2010). The 

nuclear capsid pool also functions in recruiting nuclear host factors to the cytoplasm to 

assist viral RNA replication or virion assembly (e.g. WNV capsid and the nucleolar RNA 

helicase DDX56/NOH61, (Xu et al, 2011); JEV capsid and B23, (Tsuda et al., 2006)). 

Orthoflavivirus infection has been associated with global rewiring of host transcripts, 

however, the underlying viral determinants are still elusive (Colpitts et al, 2011b; Etebari 

et al, 2017; Sessions et al, 2013; Singh et al, 2018). Likely, the two orthoflaviviral proteins 

that exhibit nuclear localization, NS5 and capsid, are potential players (Bhuvanakantham 

et al., 2010; Bhuvanakantham et al., 2009; Buckley et al, 1992; Bulich & Aaskov, 1992; 

Gabriel et al., 2020; Kapoor et al, 1995; Mori et al., 2005; Netsawang et al., 2010; Ng et 

al, 2019; Tadano et al., 1989; Tiwary & Cecilia, 2017; Wang et al., 2002; Westaway et al., 

1997). Indeed, NS5 was proposed to modulate the host antiviral response by interfering 
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with splicing (De Maio et al, 2016; Tan et al, 2019), but also capsid plays a comprehensive 

role in regulating gene expression, which has to be further explored. Capsid manipulates 

chromatin remodeling, likely acting as a histone mimic (Colpitts et al., 2011a; Mourão et 

al, 2020; Netsawang et al., 2010). One of the proposed mechanisms of transcriptional 

regulation is nucleosome disruption by binding core histones (H2A, H2B, H3 and H4) 

(Colpitts et al., 2011a), while others have hypothesized that it occurs through tight 

association with the bromodomain and extraterminal domain (BET) protein BRD4 (Mourão 

et al., 2020). Besides direct modulation of the transcriptional landscape, post-

transcriptional control of gene expression may also be targeted by capsid (Chang et al, 

2001; Fontaine et al, 2018; Li et al., 2019). Capsid was found to widely interact with RNA 

processing and splicing factors (Coyaud et al., 2018; Li et al., 2019; Shah et al., 2018; 

Zeng et al, 2020). Furthermore, capsid interferes with protein homeostasis by inhibiting 

the non-sense mediated mRNA decay (NMD) pathways antiviral activity (Fontaine et al., 

2018) via interactions with Hsp70 (Oh & Song, 2006) or mediating proteasome-dependent 

degradation of hSec3p (Bhuvanakantham & Ng, 2013). Finally, orthoflaviviral capsids play 

additional roles in regulating antiviral innate immunity by inhibiting the type I interferon 

response through interactions with TRIM25 (Airo et al, 2022), suppression of mammalian 

and mosquito RNA interference (RNAi) pathways by interfering with Dicer (Samuel et al, 

2016; Zeng et al., 2020) or complexing peroxisome biogenesis factor Pex19 to inhibit early 

antiviral signaling (You et al, 2015). Overall, the Orthoflavivirus capsid plays a diverse role 

in regulations of the lipid metabolism, innate immune responses, ribosome biogenesis, 

transcriptional regulation, cell death and many other pathways. However, this is not a 

unique feature but also other arboviral capsids such as the Alphavirus capsid, 

Orthobunyavirus and Bandavirus nucleocapsids are highly multifunctional proteins (Ding 

et al., 2016; Kaukinen et al, 2005; Martin et al., 2025; Rao & Taylor, 2021). 

1.6.2  Alphavirus capsids 

Alphaviral capsids localize ubiquitously in the cytoplasm as well as in the nucleus and 

interact with a multitude of host factors involved in e.g. ribosome biogenesis, RNA 

processing, splicing, stress granules, transcriptional regulation and translation (Contu et 

al, 2021; Favre et al, 1994; Martin et al., 2025; Rao & Taylor, 2021; Thomas et al, 2013; 

Yin et al, 2023). Most of the reported host-modulating functions of alphaviral capsids relate 
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to their ability in regulating host transcriptional shutoff and immune evasion (Contu et al., 

2021; Fros & Pijlman, 2016; Garmashova et al, 2007a; Garmashova et al, 2007b; Landers 

et al, 2024; Landers et al, 2021; Martin et al., 2025; Qian et al, 2020). The New World 

alphaviral capsid complex with nuclear pore complexes (CRM1 and importin alpha/beta), 

which leads to a blockage of the nuclear pores, inhibiting nucleocytoplasmic trafficking 

(Atasheva et al, 2010; Atasheva et al, 2008). This results in a general shutoff of host gene 

expression, ultimately leading to a suppression of IFN production (Garmashova et al., 

2007a; Ni & Cheng Kao, 2013). Intriguingly, this strategy is limited to control the vertebrate 

innate immune system, and in mosquitoes this mechanism could not be observed 

(Akhrymuk et al, 2012; Atasheva et al., 2008; Fros & Pijlman, 2016). Old and New World 

alphaviruses induce a host transcriptional shutoff, however, while New World 

(encephalitic) alphaviruses rely on capsid, this function is carried out by nsP2 for Old 

World (arthritogenic) alphaviruses (Fros & Pijlman, 2016; Garmashova et al., 2007a; 

Garmashova et al., 2007b; Ishida et al, 2021; Martin et al., 2025). The capsids of both 

New and Old World alphaviruses employ another strategy to inhibit host gene expression. 

They induce hyperphosphorylation of the translation initiation factor eIF-2α, which results 

in mRNA translation arrest (Aguilar et al, 2007; Favre et al, 1996; Ni & Cheng Kao, 2013). 

Furthermore, capsid mediates evasion from antiviral TLR-signalling as well as inhibition 

of the NMD pathway (Contu et al., 2021; Landers et al., 2024; Landers et al., 2021; Martin 

et al., 2025). 

1.6.3  Bunyaviricetes capsids – Orthobunyavirus and bandavirus 

Beyond its encapsidation function, the nucleocapsids of Orthobunyavirus, Bandavirus and 

related viruses of the Bunyaviricetes class directly mediate viral RNA transcription and 

replication by e.g. interacting with ribosomal proteins (Cheng et al, 2011; Dong et al., 

2013; Eifan & Elliott, 2009; Lopez et al., 1995; Pinschewer et al., 2003; Walter et al., 2011). 

Furthermore, closely related bunyaviral nucleocapsids interact with the poly(A)-binding 

protein (PABP), selectively inhibiting translation of polyadenylated cellular mRNAs, since 

viral mRNAs are translated in a PABP-independent manner (Blakqori et al, 2009). Certain 

bunyaviral nucleocapsid recruit the PKR inhibitor P58IPK to the 40S ribosomal subunit, in 

order to inhibit the PKR-induced translational shutdown and downstream PKR antiviral 

responses, apoptosis and stress granule formations (Wang & Mir, 2015; Wang et al, 2021; 
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Xu et al, 2022). The related Bunyaviricete, Hantaviridae nucleocapsid interacts with 

importin α and blocks NF-κB nuclear translocation (Taylor et al, 2009a; Taylor et al, 

2009b). Moreover, the previously described interaction with SUMO-1 and its conjugating 

enzyme Ubc9 (Kaukinen et al, 2003; Maeda et al, 2003) may also be linked to degradation 

of IκB and cytoplasmic retention of NF-κB (Ontiveros et al, 2010). The nucleocapsid 

interaction with NF-κB was not only linked to transcriptional regulation and modulation of 

the immune responses (Taylor et al., 2009a) but also to modulation of the caspase-

mediated apoptosis pathway ((Ontiveros et al., 2010). Nucleocapsids of multiple 

Bunyaviricetes members including LACV and RVFV are targeted by the antiviral IFN-

induced MxA to perinuclear complexes (Andersson et al, 2004; Bridgen et al, 2004; Frese 

et al, 1996; Geimonen et al, 2002; Kanerva et al, 1996; Kaukinen et al., 2005; Kochs et 

al, 2002). In addition, bunyaviral nucleocapsids have demonstrated different strategies to 

inhibit the type I interferon response beyond retention of NF-κB in the cytoplasm, e.g. by 

interfering upstream with other RIG-I/MDA5 pathway members like TBK1 or TRIM25 

(Cimica et al, 2014; Martinez-Sobrido et al, 2007; Martinez-Sobrido et al, 2006; Qi et al, 

2010; Zhao et al, 2024; Zhou et al, 2010) or by degrading MAVS through the induction of 

mitophagy, as demonstrated for the SFTSV nucleocapsid (Zhang et al, 2025). 

Collectively, multiple studies have shown that beyond their structural roles arboviral 

capsids have various host-modulating functions that still require further investigations, 

especially in vector model systems. 

1.7 Virus-host-interaction studies of arboviruses in mosquitoes 

and ticks 

In recent years multiple efforts have been made to understand the interplay of arboviruses 

and their host cells using genomics-, transcriptomics- and proteomics-based approaches 

in mammalian model systems (Carlin et al, 2018; Chiu et al, 2014; Garcez et al, 2017; 

Geddes et al, 2021; Golubeva et al, 2020; Issac et al, 2014; Jungfleisch et al, 2022; Li et 

al., 2019; Lim et al, 2017; Pando-Robles et al, 2014; Peinado et al, 2022a; Peinado et al, 

2022b; Savidis et al, 2016; Scaturro et al., 2018; Sessions et al., 2013; Smith, 2015; Thio 

et al, 2013; Treffers et al, 2015; Zhang et al, 2016; etc.). Arboviral capsids exhibiting 

multiple subcellular localizations are attractive targets to assess virus-host interactions 

and explore their functional versatility. Indeed, PPI studies on ZIKV, WNV and DENV 



Introduction  24 

 
capsid in mammalian cells have linked the capsid to distinct cellular pathways including 

lipid metabolism, ribosome biogenesis, regulation of gene expression and regulation of 

RNAi (WNV: (Li et al., 2019); ZIKV: (Coyaud et al., 2018; Scaturro et al., 2018; Zeng et 

al., 2020); ZIKV and DENV: (Shah et al., 2018)). Other arboviral capsids are poorly 

studied, with a handful of studies shedding light on alphaviral and bandaviral capsid 

interactors in mammalian cells (SFV: (Contu et al., 2021); CHIKV: (Yin et al., 2023); SINV: 

(Landers et al., 2021); SFTSV: (Cao et al, 2021; Hou et al, 2025)). 

While mammalian hosts have been in focus of previous studies, arbovirus interactions 

with their arthropod vectors are less understood. Until today, only a limited number of 

studies have explored arbovirus infections in vector model systems using omics-based 

approaches (Pando-Robles & Batista, 2017; Puig-Torrents & Diez, 2024; Villar et al, 

2017). Indeed, there are only few mass spectrometry (MS)-based whole proteome 

analyses of virus-infected whole mosquitoes (Cui et al, 2020; Shrinet et al, 2018), 

mosquito heads/salivary glands (Chisenhall et al, 2014b; Chowdhury et al, 2021; Martins 

et al, 2021; Tchankouo-Nguetcheu et al, 2012; Zhang et al, 2013), midguts (Paingankar 

et al, 2010; Yamashiro et al, 1990, Tchankouo-Nguetcheu, 2010 #769; Zhang et al., 

2013), saliva (Chisenhall et al, 2014a) or mosquito cells (MAYV in Aag2: (Vasconcellos et 

al, 2020); CHIKV in Aag2: (Vasconcellos et al, 2022); Aag2 secretome upon DENV 

infection: (Tree et al, 2019); ZIKV in C6/36: (Xin et al, 2017); CHIKV in C6/36: (Lee & Chu, 

2015; Saucereau et al, 2017); DENV in C6/36: (Patramool et al, 2011; Zhang et al., 2013); 

DENV in A7 and C6/36: (Paingankar et al., 2010); CHIKV in U4.4: (Kumar et al, 2022)) as 

well as transcriptomics-based studies (on whole mosquito bodies: (Almeida et al, 2023; 

Behura et al, 2011; Coatsworth et al, 2021; Colpitts et al., 2011b; Etebari et al., 2017; Koh 

et al, 2018; Nunez et al, 2020; Shrinet et al, 2017; Zhao et al, 2019); heads/salivary 

glands: (Bonizzoni et al, 2012; Chowdhury et al, 2020; Sim et al, 2012; Vedururu et al, 

2019a); midguts: (Anglero-Rodriguez et al, 2017; Baron et al, 2010; Behura et al, 2014; 

Bonizzoni et al., 2012; Caicedo et al, 2019; Chauhan et al, 2012; Dong et al, 2017; Liu et 

al, 2022; Modahl et al, 2023; Raquin et al, 2017; Sanders et al, 2005; Vedururu et al, 

2019b); mosquito cells: (Dubey et al, 2022; Li et al, 2020; Licciardi et al, 2020; Ohlund et 

al, 2022; Paradkar et al, 2015)). PPI studies have sparsely revealed virus-mosquito 

interactions (e.g. DENV NS1 (Besson et al, 2022 ; Caraballo et al, 2022) and DENV NS5 



Introduction  25 

 
(Besson et al., 2022) in Ae. albopictus C6/36 cells, DENV E and virus particles in Ae. 

aegypti mosquitoes and Ae. albopictus C6/36 cells (Munoz Mde et al, 2013), CHIKV-nsP2 

in Ae. albopictus U4.4 (Mishra & Sunil, 2025), YFV proteins in Ae. aegypti Aag2-AF5 

(preprint: (Kenaston et al, 2025)), DENV proteins in Aag2 (Shah et al., 2018). So far, 

capsid interactors have been assessed for only few arboviral species in Aedes aegypti 

Aag2 cells (ZIKV: (Gestuveo et al, 2021); DENV: (Shah et al., 2018); preprint YFV: 

(Kenaston et al., 2025)). Shah et al., provided a DENV-mosquito PPI network revealing 

interactions of capsid with host factors linked to RNA processing, mitochondrial 

ribosomes, regulation of RNAi and splicing. Gestuveo et al. identified ZIKV capsid 

interacting host factors linked to similar pathways, significantly expanding the 

understanding of orthoflavivirus capsid host targets in mosquitoes. Yet, their conservation 

across other arboviral genera remains to be systematically accessed. 

Working on non-model organisms bears several challenges also with respect to studying 

virus-host-interactions especially due to the poor characterization and annotation of the 

host proteome. This did not only hamper arbovirus-mosquito interaction studies but 

particularly led to arbovirus-tick interactions being largely understudied. Only few studies 

on TBEV or Langat virus (LGTV) infection-mediated proteome changes in Ixodes 

scapularis and Ixodes ricinus cell lines (Grabowski et al, 2016; Weisheit et al, 2015) or 

transcriptome changes in TBEV-infected Ixodes scapularis and Ixodes ricinus cells 

(Weisheit et al., 2015), Louping ill virus (LIV)- and TBEV-infected Ixodes ricinus cell line 

(Mansfield et al, 2017), LGTV-infected Ixodes scapularis whole ticks (McNally et al, 2012) 

POWV-infected Ixodes scapularis salivary glands (Hermance et al, 2019) and SFTSV-

infected Haemaphysalis longicornis whole ticks (Xu et al, 2021) were published. PPI 

studies in tick model systems are still very sparse, and only two studies reported the 

characterization of Uukuniemi virus (UUKV) N-RNA interactome in an Ixodes scapularis 

cell line by affinity purification-liquid chromatography-tandem mass spectrometry (AP-LC-

MS/MS) (Wilson et al, 2025) and the interactome of TBEV and LIV proteins with the Ixodes 

ricinus proteome by yeast two-hybrid assays (Lemasson et al, 2021). Yet, interactors of 

tick-borne bunyaviral nucleocapsids are completely unknown in appropriate vector model 

systems.    
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2. Scope of the thesis 

Arbovirus interactions with human and other mammalian hosts have been extensively 

studied over the past decades, however, virus-induced changes and virus–host 

interactions of arboviruses with their arthropod vectors are still poorly characterized if not 

completely neglected. 

This thesis aims to address this critical gap by revealing novel protein-protein-interactions 

of arboviral capsids and mosquito or tick host factors leveraging multi-omics-based 

methods. 

2.1 Profiling and characterizing protein-protein-interactions of arboviral capsids in Aedes 
aegypti mosquito cells 

Many mammalian interactors of arboviral capsid proteins have been identified and 

characterized in previous studies, however, in mosquitoes, limited information is available 

on additional host-modulating functions of capsids as well as the identity of cellular targets 

mediating these functions. This study aims to systematically profile the interaction 

landscape of arboviral capsids by generating an atlas of viral capsid-host interactions 

spanning 12 human pathogenic arboviruses in Aedes aegypti cells. Furthermore, the 

functional relevance of prioritized interactors in viral replication was determined using an 

RNAi-based phenotypic screen with three prototypic arboviral species. Finally, the 

functional relevance and the underlying mechanism were further assessed using a 

combination of biochemical, imaging and high-throughput sequencing methods. 

2.2 Assessing SFTSV interactions in Rhipicephalus microplus tick cells 

Systematic omics-based approaches to study SFTSV infection in a relevant vector model 

system are currently missing. The poor characterization and functional annotation of the 

tick proteome severely hampered functional studies in ticks. Here, we aim to overcome 

these limitations by re-annotating the tick proteome using proteomics informed by 

transcriptomics (PIT). Leveraging this approach in Rhipicephalus microplus cells, we 

characterized SFTSV-induced transcriptomic and proteomic changes and profiled the 

interactions of SFTSV nucleocapsid protein with cellular tick proteins. The functional 

relevance of prioritized regulated or interacting host factors was validated in RNAi-based 

knock-down experiments.  
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3. Discussion 
 

3.1 Protein-protein interactions of arboviral capsids in mosquito 

cells 

This study (Flory et al., Mol Cell Proteomics, 2026) provides the first systematic PPI-

network of arboviral capsids in Aedes aegypti mosquito cells. Here, we used 12 different 

arboviral capsid proteins spanning three arboviral genera to generate a broad pan-

arbovirus capsid interaction atlas. Leveraging a consistent and highly comparable 

experimental set-up (expression system, cellular background, proteomics sample 

preparation and computational analysis), this approach allowed the identification of virus-

specific host interactions but also shed light on interactions broadly conserved across and 

within different arboviral genera. Previously published studies have focused only on 

individual capsid proteins (Gestuveo et al., 2021; Shah et al., 2018). Intersecting these 

reports with our pan-arbovirus capsid-ome revealed a broad conservation of cellular 

processes targeted by orthoflavivirus capsids in arthropods, including ribosome 

biogenesis, transcription, RNA processing, translation, chromatin remodeling and nuclear 

transport. We also validated previously identified DENV capsid-interacting proteins such 

as NGDN, GADD45GIP1 and PPAN (Shah et al., 2018). Beyond the identification of 

previously reported PPIs, this study expanded the knowledge on species-specific PPIs, 

identifying 714 novel arboviral capsid interactors in mosquito cells. Interestingly, mapping 

identified interacting proteins to human orthologs reported in previous PPI studies (Li et 

al., 2019; Scaturro et al., 2018; Shah et al., 2018; Zeng et al., 2020) revealed a high 

degree of conservation across mammalian and arthropod host cells. This suggests the 

presence of evolutionarily conserved host-usage mechanisms across host factors 

involved in (post-)transcriptional regulation, translation initiation, spliceosome assembly 

and nuclear transport. Further functional and mechanistic experiments on these host 

factors might allow selection of a subset of attractive targets for the development of novel 

host-targeting antivirals as well as novel vector control approaches. Despite being the 

largest repository of PPIs for arboviral capsids, additional host proteins might interact with 

capsids only in the course of infection, requiring other viral components or infection-

induced cellular factors. 
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3.2 Developing a phenotypic screen set-up for plaque assay data 

using an AI-based quantification method 

To assess the functional relevance of capsid-interacting host targets, a phenotypic 

dsRNA-based knock-down screen was conducted in mosquito cells. Plaque assays were 

chosen as screen read-out since they provide a direct quantitative measure of the viral 

replication efficiency by quantifying infectious virus particles released into the culture 

supernatant (Baer & Kehn-Hall, 2014; Dulbecco & Vogt, 1953; Susan, 2017). Alternative 

screening methods like fluorescence- and luminescence-reporter assays deliver only 

indirect and relative measures of viral components, and qPCR methods cannot distinguish 

intact and defective genomes, providing no information on infectivity. Since only 

replication-competent viruses produce plaques, plaque assays have a high specificity. 

Also, this assay reflects the complete virus replication cycle including virus assembly, 

release and spread, allowing the identification of host factors involved in various stages 

and pathways. Despite these advantages, plaque assays are time-consuming and low-

throughput, with inter-user variability and subjectivity introducing potential bias, as 

plaques are counted individually in a non-systematic, non-automatized manner (Grigorov 

et al, 2011). To overcome these limitations, we generated a custom-made AI-based 

analysis pipeline to quantify plaque-forming units (PFUs) and calculate virus titers. The 

AI-based quantification method is especially suitable for cytopathic viruses, which form 

PFUs with sharp edges, including the here tested orthoflaviviruses and 

orthobunyaviruses. To ensure accurate image-based detection of the plaques, a high 

image resolution, sufficient contrast through adequate crystal violet staining and an 

optimized endpoint of the assay was required. Even though the AI can still successfully 

segment smaller plaques in close proximity with bigger ones, choosing an earlier assay 

endpoint to reduce the plaque size and hence the number of contiguous plaques is 

preferable to improve the accuracy of PFU detection. After optimizing this workflow, we 

achieved a reliable detection of PFUs, providing comparable accuracy to manual 

quantitation by an expert user (see Figure 3-1). While AI-based quantification did not 

provide a remarkable competitive advantage in analysis throughput when compared to 

manual quantitation, this approach allowed an automatized, partly blinded and unbiased 

quantification of PFUs and is therefore suitable for larger screening campaigns. In the 
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future, this AI-based quantification pipeline could also be adapted to non-cytopathic 

viruses using fluorescence-based focus-forming-assay images as AI training input. 

 

Figure 3-1: Comparison of absolute DENV titer quantification by expert visual counting 

versus trained plaque assay AI. Absolute virus titers in PFU/mL of 25 exemplary dsRNA knock-

down cell supernatant samples of DENV2-infected Aag2-C3 cells (72 hours post infection) were 

assessed by plaque assay (mean ± standard deviation; n=3). 

3.3 Identification of novel mosquito host dependency factors 

The phenotypic dsRNA-knock-down screen of 110 conserved and unique capsid-

interacting host targets using three prototypic arboviruses (DENV, WNV and LACV) 

spanning three viral genera identified a novel set of mosquito host factors required for 

productive replication of orthoflaviviruses and orthobunyaviruses. These include two 

DENV host restriction factors as well as 26 DENV, 11 LACV and 52 WNV host 

dependency factors. Among these, 27 showed a direct correlation between the species-

specificity of the viral phenotype and the capsid-interaction profile (24% of DENV 

interactors, 56% of WNV interactors, 20% of LACV interactors). This is largely reflecting 

previous studies, reporting higher efficiency in functional node identification when using 

PPI data as entry points rather than genome-wide screens (Haas et al, 2023; Hiatt et al, 

2022; Scaturro et al., 2018; Watanabe et al, 2014). 
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Among the newly described mosquito host factors, we found a number of capsid-

interacting host proteins highly conserved between mammalian and arthropod hosts, 

suggesting an evolutionary conservation of virus-targeted host mechanisms. This 

comprised the here identified DENV host restriction factor of the TP53-protein family 

member, TP63 (AAEL007595). TP63 is a mosquito ortholog of the human TP53, which 

was previously described to mediate apoptosis in response to capsid protein expression, 

suggesting a cellular response mechanism to viral infections conserved between 

mammals and arthropods (Slomnicki et al., 2017). Moreover, we revealed a cross-species 

conserved pro-viral function of alpha-galactosidases (NAGA (AAEL005460)) for DENV 

and syndecan (SDC2 (AAEL013969)) for DENV and WNV (Chapel et al, 2006; Chen et 

al., 1997; Courageot et al, 2000; Okamoto et al, 2012). Finally, we confirmed a pro-viral 

role of the mosquito ortholog of GADD45GIP1 (AAEL005146) for both DENV and WNV. 

Interestingly, this host factor was reported as a significant capsid-interacting protein 

across multiple mammalian capsid interaction surveys (Li et al., 2019; Scaturro et al., 

2018; Shah et al., 2018; Zeng et al., 2020), indicative of pan-orthoflaviviral pro-viral 

functions, and thereby representing a promising target for the development of novel host-

targeting antiviral strategies as well as novel vector control approaches. The orthoflaviviral 

capsid protein is known to induce ribosomal stress and to interact with a multitude of 

mitochondrial ribosomal proteins (Gestuveo et al., 2021; Shah et al., 2018; Slomnicki et 

al., 2017). In this respect, it is not surprising to identify several ribosomal proteins amongst 

our top capsid interactors with many of them showing pro-viral functions for DENV and 

WNV replication in downstream phenotypic screenings. This aligns with previously 

described pro-viral functions of selected ribosomal host factors in mammalian cells (e.g. 

ribosomal stress mediator RPL11 (Slomnicki et al., 2017), RPL18 (Cervantes-Salazar et 

al, 2015), RPLP1 and RPLP2 (Campos et al, 2017)). Furthermore, we also discovered a 

pro-viral role of FKBP6 (AAEL011632) in DENV replication. Among other pathways, 

FKBP6 has been linked to the PIWI-interacting RNA pathway (Wyrwoll et al, 2022). Since 

Piwi-interacting RNAs play major roles in the anti-arboviral defense in mosquitoes (Hess 

et al, 2011; Morazzani et al, 2012; Qu et al, 2023; Schnettler et al, 2013; Varjak et al, 

2017b), characterization of the pro-viral role of FKBP6 in the context of this pathway would 

be particularly interesting. Moreover, we describe three poorly characterized mosquito 

proteins (PNO1 (AAEL011832), WDR1 (AAEL014037) and SNRPB (AAEL002377)) as 
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novel pan-arboviral host dependency factors as they have demonstrated a functional 

relevance in DENV, WNV and LACV replication, making them attractive novel targets for 

future mechanistic studies. Overall, this phenotypic dsRNA-knock-down screen allowed 

us to identify several novel mosquito host factors with implications on their conservation 

across different arboviruses. 

3.4 Pan-arboviral testing of previously identified mosquito host 

factors 

The number of mosquito host factors exerting pro- or antiviral roles has previously been 

limited to a handful of host proteins, mostly involved in the RNAi response pathway and 

antiviral immunity (Besson et al., 2022; Dong & Dimopoulos, 2023; Sanchez-Vargas et al, 

2009; Shivaprasad et al, 2022; Varjak et al, 2017a). As a result, previous screening efforts 

often lacked bona fide, cross-validated positive controls, limiting the interpretation on the 

magnitude of the observed pro- or anti-viral effects (Besson et al., 2022; Gestuveo et al., 

2021). For instance, Loqs (AAEL008687), a dsRNA-binding protein, was reported to play 

essential roles in the replication of DENV, YFV and ZIKV (Besson et al., 2022; 

Shivaprasad et al., 2022). Shivaprasad et al., however, did not observe a significant 

reduction of WNV replication upon Loqs silencing. 

To specifically optimize the experimental design in this study, and improve future 

community screening efforts, we defined optimal MOIs for each viral species, and 

systematically tested multiple positive and negative controls previously described for 

selected viral species only. Our data allow to generalize the role of Loqs (AAEL008687), 

describing it as a pan-orthoflavivirus host dependency factor (tested DENV, WNV, USUV, 

ZIKV and YFV), while orthobunyavirus and alphavirus replication does not rely on this 

host factor. Moreover, we confirmed the pro-viral function of the vATPase subunits vATP-

ac39 and vATP-c across the orthoflavivirus genus as well as orthobunyavirus (LACV) and 

alphavirus (SINV), verifying the conserved requirements of the endocytic machinery for 

virus entry and uncoating (Acosta et al., 2008; Andoh et al, 1998; Chu & Ng, 2004; Gollins 

& Porterfield, 1986; Hollidge et al., 2012; Kang et al, 2014; Kaufmann & Rossmann, 2011; 

Nawa, 1997, 1998; van der Schaar et al., 2008; Voss et al., 2010). Lastly, we validated 

the anti-viral activity of AGO2 (AAEL017251) against DENV (Besson et al., 2022; 



Discussion  32 

 
Sanchez-Vargas et al., 2009). However, similar to previous descriptions on ZIKV (Varjak 

et al., 2017a), AGO2 showed no effect on WNV and LACV replication, highlighting the 

diversity of the small RNA response across different orthoflaviviruses in Aedes aegypti 

cells. 

Collectively, we expanded the knowledge on previously identified host dependency and 

restriction factors by addressing their pan-arboviral functions, and refined experimental 

conditions providing evidence-based inclusion and exclusion criteria for an extended 

panel of mosquito host proteins to serve as controls in host factor phenotypic screenings. 

3.5 Functional relevance of Brahma complex components in 

arbovirus replication in mosquito cells 

The phenotypic screen also recognized two components of the Brahma complex (also 

known as (P)BAF or SWI/SNF complexes), BAP170/ARID2 (AAEL001361) and 

Moira/SMARCC2 (AAEL022608), as pro-viral factors for DENV and WNV replication. 

Furthermore, in subsequent experiments we confirmed and extended their pro-viral role 

across multiple orthoflaviviral species (DENV, WNV, USUV and ZIKV) in mosquito cells. 

Currently, information on Brahma complex composition, physiological functions and 

overall organization in mosquitoes is largely missing, while the human and Drosophila 

Brahma complex orthologs have been extensively characterized. Hence, the identity and 

constitution of the Brahma complexes depicted here (see Figure 3-2) were inferred from 

Drosophila spp. based on sequence homology. In humans, three main BAF sub-

complexes have been described, and in Drosophila, two sub-complexes were found (BAP 

and PBAP). These chromatin-remodeling complexes play essential roles in cell cycle 

control and cell differentiation as well as immune and DNA damage responses (Alfert et 

al, 2019; Cui et al, 2004; Kakarougkas et al, 2014; Lee et al, 2010; Nagl et al, 2007). While 

some functions of the sub-complexes, such as the regulation of NF-κB-mediated innate 

immune responses, are redundant, distinct functions in modulation of selected interferon-

responsive genes (Bonnay et al, 2014; Cui et al., 2004; Huang et al, 2002; Valanne et al, 

2021; Yan et al, 2005) and transcriptional activation through nuclear receptors (Lemon et 

al, 2001; Moshkin et al, 2007) have been described. In this study, we confirmed for the 

first time a chromatin-remodeling function of the Brahma complex mosquito ortholog and 
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discovered an essential requirement for individual subunits of both putative Brahma sub-

complexes in arbovirus replication (see Figure 3-2). These pro-viral functions were also 

demonstrated for arboviruses that are not primarily transmitted by Aedes aegypti, such as 

WNV, USUV and SINV, suggesting a conserved host targeting strategy within the 

orthoflavivirus genus potentially based on similar biochemical and structural properties of 

the capsid proteins. 

 

Figure 3-2: Summary of newly identified BAP and PBAP complex subunits involved in 

orthoflavivirus replication. Subunits identified as DENV and WNV host dependency factors 

(defined by significantly reduced virus titers in plaque assay) are colored in blue. Created in 

BioRender. Flory, C. (2026) https://BioRender.com/6nl9l4b 

Notably, not all subunits of the Brahma complex were required for orthoflavivirus 

replication. This could suggest the existence or induction of an alternative Brahma 

complex displaying a distinctive composition upon interaction with capsid, or indicate an 

overall different organization of the complex’s subunits in Aedes aegypti when compared 

to Drosophila ssp. The latter hypothesis is less likely due to the high cross-species 

conservation observed for this complex across other organisms. Indeed, our proteomic 

analysis of Moira knock-down cells in the absence of arboviral capsid expression provides 

evidence for Moira-dependent dysregulation of the protein levels of key Brahma complex 

subunits, including the subunits BRM and Polybromo, which lack a viral phenotype upon 

dsRNA silencing (see Figure 3-3). Reductions in protein, but not transcript, levels of these 

complex components in dsMoira-transfected cells suggest that silencing of Moira causes 

destabilization of the entire Brahma complex. This aligns with previous observations on 
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the inter-dependent protein stability of individual Brahma complex components in 

mammals (Chen & Archer, 2005; Keppler & Archer, 2010; Mashtalir et al, 2018; 

Nakayama et al, 2017; Narayanan et al, 2015; Yan et al., 2005), suggesting that BRM and 

Polybromo could be part of the functional Brahma complex in mosquitoes, at least in 

uninfected cells. Besides a modified complex composition, the lack of viral phenotype 

upon silencing of BRM and Polybromo subunits might also reflect an inaccurate design of 

dsRNA targeting sequences resulting from poor annotation and functional 

characterization of the Aedes aegypti proteome. Altogether, additional studies are 

required to determine the exact composition of the Brahma complex in uninfected or virus-

infected cells, and to characterize the effect of orthoflavivirus capsid expression on the 

assembly of Aedes aegypti Brahma complexes. 

 

Figure 3-3: Changes in protein levels of Brahma complex components upon dsRNA-

mediated knock-down of selected host targets. Aag2-AF5 cells were transfected with dsRNA 

against specific cellular targets (controls: dsNGDN, an unrelated host protein; dsATP-C, a subunit 

of the proton pump involved in endocytosis; dsMoira and dsBAP170, subunits of the Brahma 

complex) and cellular lysates were analyzed by quantitative LC-MS/MS (label-free, data-

dependent acquisition). Protein levels of selected host targets upon dsRNA-mediated knock-down 

were plotted as heatmap across conditions (label-free quantification (LFQ) intensity; Log2). Data 

retrieved from proteomics Aag2-AF5 dsRNA knockdown dataset PXD070116 (Flory et al., Mol 

Cell Proteomics, 2026). 
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Furthermore, studies in mammals have shown an interdependency of Brahma complex 

stability and the presence of nucleic acids (Han et al, 2020; Wagner et al, 2020; Wang et 

al, 2020). Here, we validated the capsid-Moira association in complementary biochemical 

experiments, confirming the interaction in virus-infected cells and further revealing a 

strong nucleic acid-dependent binding. This could indicate that the lack of nucleic acids 

indeed destabilizes the Brahma complex and that an intact Brahma complex is required 

for the interaction. Else, this might hint a direct contribution of nucleic acids to the 

interaction interface or the indirect association of the complex to capsid via nucleic acids. 

To our knowledge, this is the first study describing a pro-viral function of Brahma complex 

components in orthoflavivirus replication via interactions with the capsid protein. In 

mammals, only a single study has reported a functional requirement of BAF complex 

components for orthoflavivirus replication (Persson et al, 2021). In this study, the human 

BAF45b, a subunit of the neuronal BAF complex, was identified as a pan-orthoflavivirus 

pro-viral factor. However, possible interactions with viral proteins and the underlying 

molecular mechanism remain elusive. Similar strategies to regulate host gene expression 

have been already described for other positive-sense single-stranded RNA viruses such 

as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). For instance, in a 

genome-wide knock-down screen, SMARCA4 (human ortholog of BRM), ARID1A (human 

ortholog of OSA), SMARCE1 (human ortholog of BAP111), SMARCB1 (human ortholog 

of SNR1) and SMARCC1 (human ortholog of Moira) were identified as SARS-CoV-2 host 

dependency factors (Wei et al, 2021). Furthermore, targeting of the ATPase SMARCA4/2 

using small molecule inhibitors successfully restricted SARS-CoV-2 replication (Wei et al, 

2023). Yet, the Brahma complex was not considered as a potential drug target for 

orthoflaviviruses, even though it might indeed be a promising target of antiviral strategies 

in both humans and mosquitoes. 

3.6 Capsid-associated chromatin-remodeling activities 

Using a combination of ATAC-seq and RNA-seq approaches, we obtained evidence of 

direct modulation of Brahma complex chromatin-remodeling activities upon capsid 

expression. Intriguingly, ectopic expression of orthoflaviviral capsids was also sufficient to 

significantly remodel the chromatin landscape in mosquito cells. Furthermore, intersecting 
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differentially expressed genes in both virus infection and ectopic capsid expression 

revealed a subset of 66 consistently regulated transcripts, strongly suggesting a direct 

regulation of gene expression by the capsid protein upon virus infection. Among these, 

we found a number of genes involved in cellular signaling, protein trafficking and transport, 

including the Notch-ligand neurogenic locus protein delta (AAEL025606). Previous 

studies in mammals described a dysregulation of the Notch pathway upon ZIKV infection 

(Ferraris et al, 2019), potentially suggesting a similar mechanism in mosquito cells. 

Furthermore, we found the differentially regulated Tango1 gene (AAEL022091), encoding 

an ER-Golgi transport factor previously associated to modulation of ZIKV assembly and 

release (Raote et al, 2021). Interestingly, we also identified several genes associated to 

the protein translocon machinery Sec61 complex including SEC63 (AAEL025151), 

SEC23 (AAEL007484), SEC16 (AAEL019420) and SEC24CD (AAEL004977), indicating 

a cross-species conservation of the SEC61 translocon pro-viral function, which was 

previously described for WNV in mammalian cells (Krishnan et al, 2008) and DENV and 

ZIKV in both mammalian and mosquito cells (Shah et al., 2018), and linking its regulation 

to the capsid protein. In addition, within the group of capsid-regulated targets in infection, 

a subset of genes involved in lipid metabolism, such as the lipid transport factors ATPase 

phospholipid transporting 8B (AAEL019531), lysolipid transporter protein spinster 

(AAEL008356) and M13 family metallopeptidase neprilysin 3 (AAEL011369) were newly 

identified as capsid targets. Even though our experimental set-up allowed for identification 

of this subset of capsid-regulated genes in virus infection, there might be additional target 

genes. Certain gene regulations may require the presence of other viral factors or 

infection-modulated host factors, which cannot be assessed with this approach. Moreover, 

certain capsid-mediated regulations may have gone undetected as the magnitudes of 

target gene modulations upon ectopic capsid expression were generally reduced 

compared to virus-infected cells. This could be partially explained by the lower levels of 

capsid expression in cells transiently transfected with capsid-encoding plasmids when 

compared to virus-infected cells. In summary, our results provide evidence for a direct role 

of capsid in regulating the expression of selected genes in infected cells. 

Given that we have validated a direct contribution of capsid expression in modulation of 

transcriptional regulation, we sought to determine whether this activity can be linked to 
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the chromatin-remodeling Brahma complex. We showed that Moira knockdown induces 

differential gene expression through modulation of chromatin accessibility, verifying a role 

of Moira in chromatin-remodeling function. To link capsid-mediated changes in infection 

to Brahma-regulated genes, we first intersected differentially expressed genes of virus-

infected and capsid-expressing cells with reciprocally regulated genes in Moira-silenced 

cells. This led to the identification of six genes including the Hedgehog signaling pathway 

member protein patched (AAEL002850), which was previously implicated in suppressing 

the host immune response upon RNA and DNA virus infections (Iriana et al, 2021). 

Moreover, we identified the transcription factor zinc finger protein 704 (AAEL003014), the 

acyl-CoA synthetase bubblegum family member 1 (AAEL019523) and protein FAM13A 

(AAEL026075) as potential selective targets of Brahma complex activity. Secondly, we 

hypothesized that capsid interaction with the Brahma complex might alter its function 

resulting in differential expression of novel gene targets. Hence, an enrichment analysis 

for transcription factor binding motifs was carried out on genes with differentially 

accessible peaks in Moira-silenced cells, cells expressing DENV and WNV capsid and 

virus-infected cells. Since YFV replication does not require Brahma complex components, 

YFV-infected and YFV-capsid-expressing cells were used as specificity controls. 

However, YFV might still use a different mechanism to regulate similar gene targets. This 

analysis approach led to the identification of capsid-regulated, Brahma complex-

associated genes including ER-localized Calumenin B scf (AAEL007725) and glycogen 

synthase kinase 3 (GSK-3) beta homolog shaggy (AAEL005238). Intriguingly, previous 

studies have shown inhibition of DENV and JEV replication upon pharmacological 

inhibition of GSK-3 as well as modulations of the nuclear localization of JEV capsid 

(Cuartas-Lopez & Gallego-Gomez, 2020; Tokunaga et al, 2020), suggesting a similar 

requirement for GSK-3 in mosquito cells. 

In summary, we here identified a novel group of genes regulated in virus-infected cells 

that can be linked to both capsid expression as well as Brahma complex activity. This 

study provides evidence for DENV and WNV capsids interacting with the Brahma complex 

modulating its chromatin-remodeling function, expanding our understanding of the effector 

functions of the nuclear-localized capsid. Due to the pro-viral role of Brahma complex 

components, we hypothesize a capsid-dependent, Brahma complex-mediated 



Discussion  38 

 
upregulation of genes with pro-viral function or downregulation of genes with anti-viral 

functions (see Figure 3-4). Even though several of the newly identified differentially 

expressed genes are associated with pro-viral functions in mammals, future studies on 

the functional requirements for virus replication in mosquito cells are needed to confirm 

this hypothesis. 

 

 

 

Figure 3-4: Proposed mechanism of orthoflaviviral capsid-mediated transcriptional 

regulation via Brahma complex components. Orthoflaviviral capsids interact with Moira of the 

Brahma complexes BAP/PBAP inside the nucleus to regulate gene expression. Capsid regulates 

gene expression possibly via two different pathways: (1) Chromatin remodeling. (2) Differential 

transcription factor recruitment. Capsid, C. Transcription factor, TF.  Created in BioRender. Flory, 

C. (2026) https://BioRender.com/qoyhr7s 

3.7 Different viral strategies to hijack chromatin remodeling 

functions or other epigenetic gene regulators 

Epigenetic gene regulation involves multifaceted processes including DNA modifications, 

histone modifications and chromatin remodeling (Tsai & Cullen, 2020). In this study, we 

demonstrated that selected orthoflaviviruses, including DENV and WNV, critically rely on 
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Brahma complex components for productive replication. These observations indicate that 

orthoflaviviruses have evolved a strategy to interfere with epigenetic gene regulation via 

chromatin remodelers. Targeting chromatin remodelers as a strategy to subvert specific 

transcriptional programs is shared by many other viruses including SARS-CoV-2, 

influenza virus and human immunodeficiency virus (HIV) (Iba et al, 2003; Marcos-Villar et 

al, 2016; Wei et al., 2021; Wei et al., 2023). 

Unexpectedly, unlike the other orthoflaviviruses tested, we observed that YFV replication 

appears to be independent from the Brahma chromatin-remodeling complex. 

Nonetheless, ectopic expression of YFV capsid and YFV infection were accompanied by 

transcription-regulating and chromatin-remodeling activities, as observed by ATAC- and 

RNA-seq experiments, respectively. This suggests that YFV has evolved Brahma 

complex-independent mechanisms to regulate gene expression compared to other 

orthoflaviviruses. Indeed, a preprint study proposes that YFV capsid-mediated gene 

expression and chromatin accessibility changes might be triggered upon capsid binding 

to BRD4 via a histone H4-like binding motif (Mourão et al., 2020). BRD4 belongs to a 

larger family of BET protein transcriptional regulators, a group of specialized epigenetic 

readers that recognize histone acetylation statuses, recruit transcription factors and 

function as coactivators (Ali et al, 2022; Guo et al, 2023). Interference with epigenetic 

readers like BET proteins are a common strategy across a wide range of DNA and RNA 

viruses (reviewed in (Chen & Ott, 2022)).  

Another common strategy to interfere with epigenetic gene regulation involves targeting 

of histone-modifying epigenetic writers (e.g. methyl transferases and acetyl transferases) 

or epigenetic erasers (e.g. demethylases and deacetylase) (Nehme et al, 2019; Paschos 

& Allday, 2010; Tsai & Cullen, 2020). For instance, ZIKV replication relies on histone 

methylation by the EZH2 methyl transferase in mosquito cells, however, the underlying 

molecular mechanism remains elusive (Harrell et al, 2025). Furthermore, viruses can also 

directly interfere with DNA modifications to regulate gene expression, as reported for 

ZIKV, which can alter the DNA methylome resulting in differential regulation of neural 

genes linked to brain disorders (Janssens et al, 2018). Lastly, chromatin accessibility can 

also be modulated through replacement or sequestration of histones as it was previously 

described for DENV capsid with a capsid histone mimic leading to the dimerization of 
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capsid with core histones and thus a capsid-mediated inhibition of nucleosome formation 

(Colpitts et al., 2011a). Yet, the functional role of histone-like motifs across the 

orthoflavivirus genus has not been conclusively established, however, the identification of 

histone mimics in viral proteins extends beyond the orthoflavivirus genus (Marazzi et al, 

2012). Whether capsid histone mimicry also plays a role in Brahma complex-dependent 

regulations remains to be assessed. 

Altogether, virus-mediated epigenetic gene regulation is a conserved mechanism across 

multiple viral families. In this study, we have identified an essential role of the Brahma 

complex in orthoflaviviral replication, revealing a pro-viral function of multiple complex 

components for a subset of orthoflaviviruses. Further studies are required to dissect the 

underlying mechanisms and identify all the molecular players involved in the Brahma 

complex-capsid interactions and its consequence in host chromatin remodeling.  

3.8 Systems-level insights into SFTSV infection in tick cells 

The second study included in this thesis (Petit et al., Nature communications, 2025) 

describes the first transcriptomic and proteomic analysis of SFTSV-infected 

Rhipicephalus microplus tick cells. The therein applied PIT and comprehensive ortholog 

mapping contributed to improving tick genome and proteome annotation. The newly 

predicted proteome contains 17,527 proteins of which 30% were detected in the total 

proteome analysis. Noteworthy, 94% of the identified proteins were then linked to an 

annotation. 

Proteome and transcriptome analysis of SFTSV infected cells revealed cellular pathways 

regulated upon SFTSV infection including the downregulation of oxidoreductase activity 

(e.g. HSP70-interacting or NFκB modulating proteins), upregulation of RdRp activity 

(small and non-coding RNA synthesis) and antiviral factors such as heat shock factors or 

antimicrobial peptides (e.g. Microplusin). Furthermore, a moderate upregulation of tick 

immune signaling pathways Toll, IMD and JAK-STAT was observed in the Rhipicephalus 

microplus transcriptome. Surprisingly, previous transcriptome analysis of SFTSV infection 

in Haemaphysalis longicornis revealed no significant regulation of these pathways except 

for the Toll pathway member Dorsal (Xu et al., 2021). This could indicate species-specific 

tick antiviral immune responses to SFTSV infection, or result from the improved annotation 
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of the Rhipicephalus microplus genome, allowing the identification of new pathway 

members. 

Moreover, STFSV induced upregulation of stress-related genes like TP53 and Calpain-A-

like. Interestingly, PPI studies in human cells revealed SFTSV nucleocapsid interactions 

with p53-linked host factors (Hou et al., 2025), and in the first part of this thesis, we 

identified the mosquito orthologue of TP53 as a specific orthoflavivirus capsid interactor 

and novel DENV host restriction factor in Aedes aegypti cells. This suggests a possible 

link of nucleocapsid to p53-mediated ribosomal stress and apoptosis which has been 

previously described to be induced by the orthoflavivirus capsid protein (Coyaud et al., 

2018; Slomnicki et al., 2017; Yang et al., 2008). However, the functional relevance of 

TP53 for arboviruses in ticks remains to be assessed. 

The transcriptome analysis of SFTSV-infected cells further revealed the regulation of 

various cellular pathways implicated in cellular stress responses, including MAPK, 

apoptosis and mitophagy. Upregulation of apoptosis effectors, such as APAF1 and YKR6, 

and downregulation of apoptosis inhibitors, like XIAP and Bcl2-like, suggest an overall 

activation of apoptosis in Rhipicephalus microplus. Interestingly, also orthoflaviviruses 

have been shown to induce apoptosis in ticks, as reported for LGTV in Ixodes scapularis 

(Grabowski et al, 2017). While the MAPK pathway, which among numerous other 

functions regulates apoptotic mechanisms, plays a critical role in SFTSV infection of 

mammalian cells (Fu et al, 2023), our results suggest that this pathway is not relevant in 

the tick response to SFTSV infection. Interestingly, mitochondrial stress effectors were 

downregulated upon SFTSV infection. Since SFTSV nucleocapsid induces mitophagy in 

humans (Zhang et al., 2025), future investigations on the cross-species conservation of 

this mechanism and the role of nucleocapsid in reducing mitochondrial stress effectors 

will be important. 

In addition to systematic profiling of transcriptional and proteomic responses, this study 

characterized for the first time SFTSV nucleocapsid-interacting host proteins in 

Rhipicephalus microplus tick cells using an AP-LC-MS/MS approach. Among others, this 

approach revealed a group of evolutionarily conserved nucleocapsid interactors, like 

CPSF6 and IGF2BP1, previously reported as nucleocapsid-interacting proteins in 

mammals (Cao et al., 2021). Moreover, host factors linked to the spliceosome were 



Discussion  42 

 
interacting with SFTSV nucleocapsid, which aligns with previous findings on interactors in 

human cells (Cao et al., 2021). We could also validate the previously described viral PPI 

of STSFV nucleocapsid and the viral L protein in Rhipicephalus microplus. 

Importantly, this study shed light on novel nucleocapsid-interacting host factors, including 

several factors linked to the NMD pathway (e.g. TRAF2, UPF1 and SMG7) and to 

mitochondrial stress (e.g. NUBL and TFAM). This suggests a role of nucleocapsid in 

modulation of mitochondrial stress. Future studies will be needed to confirm a causal 

relationship to nucleocapsid-mediated mitophagy, which has been previously described 

in humans (Zhang et al., 2025). 

Furthermore, this study identified two of the nucleocapsid-interacting proteins, the mRNA 

surveillance factor UPF1 and the multifunctional RNA helicase DHX9, as novel host 

restriction factors. While alphaviral capsids were linked to inhibition of the NMD pathway 

(Contu et al., 2021; Landers et al., 2024; Landers et al., 2021; Martin et al., 2025), the 

relevance for SFTSV and related Bunyaviricetes viruses are poorly studied. Unlike its 

antiviral role for SFTSV in ticks, in plant-infecting bunyavirus replication UPF1 plays an 

essential role in cap-snatching from nonsense mRNAs (Jin et al, 2022; Xu et al., 2022) 

which might have also evolved for the hantavirus nucleocapsid (Mir et al, 2008). This 

suggests an evolutionarily conserved interaction between nucleocapsid and UPF1 with 

distinct functional consequences. The helicase DHX9 was herein identified to antagonize 

SFTSV infection. Intriguingly, both pro- and anti-viral functions of DHX9 were previously 

described for other RNA viruses (Westcott et al, 2023). In alphavirus infection, DHX9 is 

an nsP2-binding factor that demonstrated a regulatory function in the progression of the 

viral replication cycle from translation to genome replication, by restricting viral RNA 

synthesis, but ensuring viral genomic RNA translation (Matkovic et al, 2019; Montavon et 

al, 2021). Yet, the underlying molecular mechanism of UPF1 and DHX9 antiviral functions 

in ticks remains to be assessed. 

Altogether, this systematic approach to study SFTSV infection in tick cells allowed to 

improve the Rhipicephalus microplus genome and proteome annotations, revealing novel 

SFTSV infection-induced changes and nucleocapsid-interacting host proteins. 

Furthermore, the identification of two novel SFTSV host restriction factors widens our 

understanding on antiviral mechanisms in tick cells. 
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3.9 Conclusion and outlook 

As a result of climate change, globalization and urbanization, the global relevance and 

geographic expansion of vector-borne viral diseases is constantly increasing. 

Maintenance of arboviruses in sylvatic cycles enables repeated introductions into the 

human population, thereby potentially giving rise to epidemics. Arthropod vectors play a 

central role in sylvatic and urban arbovirus transmission cycles sustaining transmission to 

humans upon accidental spillovers or establishing transmission cycles with the human as 

amplifying hosts. Still, only limited research focused on the development of novel vector-

specific approaches. Arboviruses and their complex interplay with their vector species 

require further joint research efforts, aiming to improve the fundamental understanding of 

vector biology and to develop novel vector control strategies. The work described in this 

thesis aimed to contribute to this critical knowledge gap on vector-virus interactions, 

leveraging systems biology approaches to investigate and characterize novel virus-host 

interactions in mosquito and tick cell models. This includes the first transcriptomic and 

proteomic characterization of SFTSV-infected Rhipicephalus microplus cells advancing 

the understanding of tick cell biology as well as key virus-induced host responses and 

innate immune pathways. Importantly, the extended evidence-based functional 

annotation of the proteome, alongside a renewed ortholog map allowed completion of the 

Rhipicephalus microplus genome and proteome, thereby providing a valuable resource 

for future vector-specific studies. 

Both studies reported in this thesis identified novel capsid-mediated changes and 

interactors in arthropod vectors. Arboviral capsids are highly versatile proteins with 

multiple structural and host-modulating functions across several intracellular 

compartments that have mostly been characterized in mammalian model systems. Yet, 

we do not fully understand the nature and molecular consequences of their multiple 

interactions with cellular processes. In this study, we have provided evidence for a novel 

role of orthoflaviviral capsids in Brahma complex-mediated chromatin remodeling in the 

nucleus of Aedes aegypti cells. This might represent a newly described strategy of 

orthoflaviviral capsids to control transcriptional regulation, creating an intracellular 

environment conducive for virus replication in mosquito cells. The identification of multiple 

Brahma complex components as critical pro-viral factors across a broad range of 
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orthoflaviviruses makes this complex an attractive target for the development of novel 

pan-orthoflaviviral intervention strategies in Aedes mosquitoes. Future studies on Brahma 

complex structure and composition in mosquito cells are needed to further refine and 

characterize the functional relevance of differentially regulated genes and their 

consequences in infection. 

This study also provides the first systematic pan-arboviral atlas of capsid-interacting 

proteins as well as phenotypic characterization of 110 newly discovered mosquito proteins 

in arboviral replication. Altogether, these results have greatly advanced our understanding 

of the arbovirus-mosquito interplay, creating a large database for future studies aiming to 

dissect additional capsid-mediated mechanisms of host-response modulation for 

individual arboviral species. Moreover, the first SFTSV nucleocapsid interactome in 

Rhipicephalus microplus tick cells forms the basis for an improved understanding of 

arbovirus-tick interactions, which previously have been completely neglected. The 

identification of new SFTSV host restriction factors lays the foundation for a more detailed 

understanding of the complex antiviral response in tick cells. 

Collectively, these studies provide an extensive network of arboviral effector functions in 

mosquitoes and ticks with novel insights into how arboviral capsids manipulate arthropod 

cells. 
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Eagle’s Medium), E (Envelope), FDR (false discovery rate), GO (Gene ontology), GOI (Gene 

of interest), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), h.p.i. (Hours post-

infection), h.p.t. (Hours post-transfection), HCV (Hepatitis C virus), ID (Identity), IF 

(Immunofluorescence),  IVT (in vitro transcription), JEV (Japanese encephalitis virus), k.d. 

(Knock-down), LACV (La Crosse virus), LFQ (label-free quantification), LRT (likelihood ratio 

test), MAYV (Mayaro virus), MOI (Multiplicity of infection), PASEF (Parallel accumulation-

serial fragmentation), PBS-T (PBS with 0.25% Tween-20), PCA (Principle component 

analysis), PFA (Paraformaldehyde), PFU (Plaque forming units), POWV (Powassan virus), 

PPI(s) (Protein–protein interaction (s)), PUb (Poly-ubiquitin), RIN (RNA integrity number), 

RNA-seq (RNA sequencing), RT-qPCR (quantitative RT-PCR), SINV (Sindbis virus), snRNP 

(small nuclear ribonucleoproteins), TBEV (Tick-borne encephalitis virus), TSS (Transcription 

start site), USUV (Usutu virus), WB (Western blot), WNV (West Nile virus), YFV (Yellow fever 

virus), ZIKV (Zika virus) 
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In recent years, arboviral infections have surged dramatically due to the geographic expansion 

of Aedes and Culex mosquitoes, their main vector mosquitoes. Despite significant efforts to 

uncover arbovirus–host interactions and viral protein effector functions in mammals, 

systematic studies aiming to characterize virus–vector interactions in arthropods are largely 

missing, and the functions and cellular targets of many arboviral proteins in mosquitoes remain 

elusive. Here, we applied a multi-omic approach to systematically evaluate the ability of 

arboviral capsids to interact with the Ae. aegypti proteome. This extensive multi-modal atlas 

across 12 pathogenic arboviral species spanning three viral genera revealed shared and 

distinct host factor specificities, uncovering species-, genus- and vector preference-specific 

patterns of host usage in mosquitoes. Functional phenotypic screening of 110 newly 

discovered host proteins across three prototypic arboviruses (La Crosse virus, dengue virus 

and West Nile virus) identified several novel host dependency factors, including a new role for 

the chromatin-remodeling Brahma complex in orthoflavivirus replication. Using a combination 

of biochemical and sequencing approaches, we characterized the cellular determinants of 

these interactions and profiled their functional consequences on the chromatin landscape. 

Altogether, this study provides a multi-layered repository to categorize and characterize 

arboviral capsid effector functions in invertebrates, providing important cues on novel 

mechanisms of transcriptional regulation via capsid-mediated modulation of chromatin 

accessibility in insects. 
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INTRODUCTION 

Arboviruses (arthropod-borne viruses) are a prime reason for morbidity and mortality 

worldwide, and cause a broad spectrum of diseases ranging from haemorrhagic to 

neurovirulent pathological outcomes in humans and other mammals. These viruses represent 

a further increasing public health burden, given their continuous expansion and ability to 

establish new endemic area, and the complete lack of approved antivirals for therapeutic or 

prophylactic use (1-3). The main factor contributing to the global spread of arboviruses is the 

rapid expansion of one of their main mosquito vectors. Aedes ssp., in the northern hemisphere 

(4, 5), accompanied by a rising number of autochthonous infections by orthoflaviviruses, 

alphaviruses and orthobunyaviruses in Europe and North America, and public-health concerns 

of preparedness for potential upcoming epidemics (6). As a result of the steady increase in 

global temperatures and further geographic expansion of arthropod vector species, an 

increase in epidemics driven by arboviral infections will be seen in the next years, with 2/3 of 

the global population currently at risk of infections (6).  

Despite remarkable differences in genome organization and replication strategies among 

different arboviral families, viral capsid or nucleocapsid proteins emerged as highly versatile 

structural proteins harboring multiple host-modulating functions beyond their role in virus 

entry, viral RNA uncoating and virion morphogenesis (7). For instance, the orthoflaviviral 

capsid protein (C) has been reported to engage in multiple protein–protein interactions (PPI) 

with host proteins in mammals, thereby modulating cellular pathways involved in lipid 

metabolism (8, 9), protein homeostasis (10, 11), antiviral innate immunity (12-14), nuclear 

transport (15-23) and cell death (7, 24-29). Furthermore, previous studies described the 

shuttling of different orthoflaviviral capsids to the nucleus of mammalian and mosquito cells, 

where they modulate processes involved in ribosomal stress and apoptosis (24, 25), 

transcriptional regulation (24, 30) and chromatin remodeling (30, 31) also in the absence of 

productive viral infection. Similarly, the capsid proteins of other arboviral species, including 

those of the genera Alphavirus (family Togaviridae) and Orthobunyavirus (family 

Peribunyaviridae) have been reported to play multifunctional roles beyond their functions in 

virion packaging (32, 33). For instance, ectopic expression of alphaviral capsids specifically 

regulate host transcriptional shutoff and promote immune evasion in a viral RNA-independent 

manner (33-40), while the poorly characterized orthobunyaviral nucleocapsid has been 

reported to modulate cellular transcription and translation (41, 42). 

In the past decade, substantial efforts have been made to uncover arbovirus-specific 

mechanisms of host-adaptation using genomic-, transcriptomic- and proteomic-based 

approaches (43-47). These studies predominantly focused on the mammalian host, whereas 
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systematic studies aiming to characterize virus-induced changes and virus–host interactions 

in arthropods are largely missing (45, 48-50). Currently, virus–host interactions in 

invertebrates have been characterized only for two orthoflaviviral species (51, 52); yet, 

surprisingly little is known about the determinants of host susceptibility and vector competence 

across pathogenic arboviruses. 

Here, we employed affinity purification coupled to mass spectrometry to systematically 

characterize the ability of 12 prototypic arboviral capsids spanning three virus genera to 

interact with the Aedes aegypti proteome. This extensive protein–protein interaction atlas 

uncovered novel mosquito host targets targeted by individual arboviral species, identifying a 

completely new set of PPIs exhibiting sub- and pan-viral specificities within and across 

arboviral genera (Orthoflavivirus, Orthobunyavirus and Alphavirus). Leveraging a custom-

made phenotypic screening platform, we further characterized 110 capsid-interacting proteins, 

assessing their functional relevance for the production of three human pathogenic viruses in 

mosquito cells (DENV, WNV and La Crosse virus (LACV)). This approach identified several 

novel host dependency factors, uncovering a new pro-viral role for the chromatin-remodeling 

Brahma complex in orthoflavivirus replication. Using a combination of biochemical assays and 

high-throughput sequencing technologies (assay for transposase-accessible chromatin 

sequencing (ATAC-seq) and RNA sequencing (RNA-seq)), we characterized the functional 

consequences of these interactions on the chromatin landscape, and demonstrated that 

orthoflavivirus capsids selectively modulate gene expression in invertebrates. 

 

EXPERIMENTAL PROCEDURES 

Cells and Viruses 

Aedes aegypti-derived cells Aag2,  Aag2-AF5 and the cell fusing agent virus (CFAV)-free 

Aag2-C3 were cultured at 28 °C, without CO2, in Leibovitz L-15 medium (Gibco) supplemented 

with 10% FBS (Capricorn), 100 U/mL penicillin, 100 µg/mL streptomycin (Sigma-Aldrich) and 

10% tryptose phosphate broth (Sigma-Aldrich). African green monkey Vero E6 cells (ATCC) 

were grown at 37 °C with 5% CO2, in high-glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Sigma-Aldrich) with 10% FBS and 100 U/mL penicillin, 100 µg/mL streptomycin. 

Stocks of viruses used in this study (Dengue virus serotype 2 (DENV2) strain UVE/DENV-

2/2018/RE/47099, yellow fever virus (YFV) strain Asibi, Zika virus (ZIKV) strain H/PF/2013, 

West Nile virus (WNV) strain UVE/WNV/UNK/CF/Ar B 3573/82, Japanese encephalitis virus 

(JEV) strain UVE/JEV/2009/LA/CNS769, Usutu virus (USUV) strain BNI-507/2016/Germany, 

La Crosse virus (LACV) (PMID: 16051834), Sindbis virus (SINV) isolate BNI-

10865/2016/Germany, Chikungunya virus (CHIKV) strain UVE/CHIKV/2014/HT/Haiti_19) 
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were produced in VeroE6 cells  and stored at −70 °C. Stock titers were determined by plaque 

assay as described below. 

 

Antibodies 

The following antibodies were used in this study (applications and dilutions indicated in 

parentheses): rabbit and mouse anti-FLAG DYKDDDK tag (both Proteintech) 

(immunofluorescence (IF): 1:100), HRP-conjugated mouse anti-FLAG (clone M2; Sigma-

Aldrich) (western blot, WB: 1:1000), rabbit anti-WNV capsid (ProSci) (WB: 1:1000), mouse 

monoclonal anti-DENV capsid (16) (WB: undiluted unpurified supernatant), HRP-conjugated 

goat anti-mouse and anti-rabbit (both Sigma-Aldrich; WB: 1:10000), HRP-conjugated mouse 

anti-beta-actin (clone C4; Santa Cruz; WB: 1:5000), mouse anti-HA (CellSignalling) (IF: 1:200, 

WB: 1:1000), mouse anti-flavivirus group antigen found on envelope (E) protein (clone D1-

4G2-4-15; ATCC; purified in-house; IF: 1:50), anti-mouse and anti-rabbit antibodies 

conjugated with Alexa Fluor 488, 568 or 647 (all Life Technologies; IF: 1:1000). 

 

Plasmids 

Amplicons containing the HA-tagged orthoflavivirus capsid sequences were PCR-amplified 

with Phusion polymerase (New England Biolabs) from pUC19-based vectors containing N-

terminally HA-tagged capsids (synthesized by BioCat GmbH) (primers in Supplemental Table 

S1), while alpha- and orthobunyaviral sequences were obtained as synthetic DNA gBlocks 

(Integrated DNA Technologies). Nucleotide sequences were derived from the following strains 

(Uniprot accession numbers in parenthesis): ZIKV Asian lineage H/PF/2013 (FSS13025, 

A0A142I5B9), ZIKV African lineage DakAr41524 (A0A481XTV0), JEV SA-14 (P19110), 

Powassan virus (POWV) LB (Q04538), Tick-borne encephalitis virus (TBEV) Neudoerfl 

(P14336), USUV Vienna 2001 (Q5WPU5), WNV NY-99 (Q9Q6P4), YFV Asibi (Q6DV88), 

MAYV TRVL15537 (A0A515HFL8), SINV AR-339 (A0A7U1GI35), LACV 10846-18 (Q38PK7) 

as well as hepatitis C virus (HCV) JFH1 (E7ELX2). Amplicons were ligated into the pPUb-

ZeoR-2A2A-V5-eGFP vector (51, 53), via the Avrll and BsrGI (New England Biolabs) sites, 

thereby replacing the V5-eGFP sequences, and transformed into Top10 chemically competent 

E.coli. To generate pPUb vectors expressing mosquito host genes, the antibiotic resistance 

gene ZeoR from pPUb-ZeoR-2A2A plasmid was exchanged with the puromycin resistance 

gene via the NcoI and EcoRI sites, using standard molecular biology methods. Subsequently, 

sequences containing the N-terminally FLAG-tagged Aedes aegypti host factor Moira 

(Vectorbase identity (ID): AAEL022608), or eGFP were introduced into the pPUb-PuroR-2A2A 

vector via the Avrll and FseI sites (New England Biolabs) and the resulting recombinants were 

transformed in Stbl3 competent E. coli. All plasmid DNA insert sequences were verified by 

Sanger sequencing. 
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Generation of stable mosquito cell lines 

To generate Aag2 cell lines stably expressing different HA-tagged arboviral capsids, 10 µg of 

each pPUb-ZeoR-2A2A-HA-capsid plasmid was transfected into Aag2 cells using 

Lipofectamine 3000 reagent (Thermo Fisher Scientific) at a 1:2:1.5 ratio of 

DNA:P3000:Lipofectamine 3000. Zeocin selection was initiated at 48 hours post transfection 

(h.p.t.) using Leibovitz L-15 medium supplemented with 10% FBS, 100 U/mL penicillin, 100 

µg/mL streptomycin, 10% tryptose phosphate broth and 100 µg/mL zeocin (Gibco). After 1.5–

2 months of continuous passaging under antibiotic selection, stable cells were amplified for 

MS sample preparation. Expression and subcellular distribution of HA-tagged capsids were 

validated by western blot (WB) and immunofluorescence (IF) assays, respectively. 

 

Experimental Design and Statistical Rationale 

All proteomics experiments were performed with four biological replicates. Only proteins that 

were identified with at least one peptide and in at least three quantitation events in at least 

one condition were considered in the subsequent data analysis. Statistical analysis to identify 

significant high-confidence interactors of different arboviral capsids was done with a FDR-

corrected Welch’s t-test (S0=1, FDR=0.05, n=250 randomizations, |log2(Fold-change)| ≥ 3.5; 

p-value ≤ 0.015; control bait: HCV core) while differentially regulated host proteins in the 

effectome were called by two-sided FDR-corrected Student’s t-test (S0=1, FDR=0.05, n=250 

randomizations, |log2(Fold-change)| ≥ 2; p-value ≤ 0.05; control bait: HCV core). 

All high-throughput sequencing experiments (ATAC-seq and RNA-seq) were done with three 

biological replicates. Statistical analysis to define either differentially accessible peaks or 

differentially expressed genes was done by using the Wald test statistic of DESeq2. Thereby, 

only peaks that occur in all three replicates were included in the subsequent analysis. To 

define differentially accessible peaks (ATAC-seq), a cut-off of log2(fold-change) > 1.5 

(dsMoira compared to dseGFP) or log2(fold-change) > 0.5 (all other comparisons) was 

applied. Differentially expressed genes (RNA-seq) were called by a FDR (Benjamini-

Hochburg-adjusted p-values) < 0.05 and no minimum log2(fold-change). 

Other experiments assessing viral phenotypes upon silencing of host genes were performed 

with at least three biological replicates in independent experiments. Statistical analysis for 

these infectivity assays were done in GraphPad Prism (version 10.2.2) using one-way or two-

way ANOVA with Dunnett´s multiple comparisons test. 

Co-immunoprecipitation (Co-IP) assays 

For affinity purification (AP)–LC–MS/MS, stable Aag2 cells expressing individual arboviral 

capsids, host proteins or control baits were grown to confluence in T175 flasks, scraped in 

ice-cold PBS, and stored as dry pellets at −70 °C. Affinity purifications were performed as 
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previously described (54). In brief, cell pellets were thawn on ice and lysed for 30 min in 1 mL 

of lysis buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl pH 8.0) supplemented with 1X 

cOmplete protease inhibitor cocktail (Roche). Cell lysates were clarified by centrifugation for 

15 min at 20000 ×g, and protein concentrations normalized across all samples (Pierce 660 

nm Protein Assay reagent, Thermo Scientific). Ten percent of each lysate was used to 

determine global proteomes (effectomes) or as input, while the remaining were processed for 

immunoprecipitation using anti-HA- (Anti-HA Agarose Affinity Gel, Sigma Aldrich) or anti-

FLAG-conjugated beads (ANTI-FLAG M2-Affinity gel, Sigma-Aldrich). Beads were incubated 

with cell lysates for 3–4 h at 4 °C, and after extensive washes, proteins were eluted in SDS 

sample buffer (350 mM Tris-HCl (pH 6.8), 5.28% SDS, 3 mM DTT, 0.012% bromophenol blue, 

15% glycerol) for WB or 40 µL of urea/thiourea buffer (6 M urea, 2 M thiourea in 10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 8.0) for further LC–MS/MS 

analysis. Samples were stored at −20 °C until further processing. For mapping of Moira-

Capsid interaction determinants, Aag2-C3 cells were seeded into T75 flasks (1.1x107 cells), 

transfected with 15 µg of pPUb plasmid encoding FLAG-eGFP or FLAG-Moira and at 24 h.p.t. 

infected with WNV (multiplicity of infection (MOI) = 0.5) or DENV2 (MOI = 0.8). Cell pellets 

were collected at 48 hours post-infection (h.p.i.) (WNV) or 72 h.p.i. (DENV2) and processed 

as described above using anti-FLAG beads. When indicated, nuclease treatment was carried 

out before immunoprecipitation by incubating cell lysates with nucleases (25 units (U) of 

DNase I (Thermo Scientific) and 50 µg of RNase A (Sigma)) for 20 min at 25 °C. 

 

Capsid-ome proteomics sample preparation 

Eluates from affinity-purified complexes (interactomes) or whole-cell lysates (effectomes; 50 

µg total) of Aag2 stably expressing different arboviral capsids (DENV2, YFV, ZIKV of Asian 

and African lineage, JEV, WNV, USUV, POWV, TBEV, MAYV, SINV and LACV) or control 

baits (eGFP, HCV and mock), each with n=4 biological replicates per experimental group were 

denatured in 40 µL U/T buffer (6 M urea/2 M thiourea in 10 mM HEPES, pH 8.0), and proteins 

reduced and alkylated in 10 mM DTT and 55 mM iodoacetamide. Samples were digested with 

1 µg (interactome) or 2 µg (effectome) of each LysC (FUJIFILM Wako Chemicals) and trypsin 

(Promega) in 40 mM ABC buffer (50 mM NH4HCO3 in water, pH 8.0) overnight at 25 °C, 800 

rpm. Following digestion, peptides were purified on StageTips with 3 layers of C18 Empore 

filter disks (3M) as previously described (45, 55). 

 

Ultra-high-performance liquid chromatography and trapped ion mobility spectrometry 

quadrupole time of flight settings 

All capsid-ome effectome and interactome samples were analysed on a nanoElute (plug-in 

v.1.1.0.27; Bruker) coupled to a trapped ion mobility spectrometry quadrupole time of flight 
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(timsTOF Pro; Bruker) equipped with a CaptiveSpray source as previously described (56). In 

brief, peptides were first injected into a Trap cartridge (5 mm × 300 μm, 5 μm C18; Thermo 

Fisher Scientific), followed by separation on a 25 cm × 75 μm analytical column, 1.6 μm C18 

beads with a packed emitter tip (IonOpticks). The column was maintained at 50 °C using an 

integrated column oven (Sonation GmbH). First, the column was equilibrated using four 

column volumes prior to loading samples in 100% buffer A (0.1% formic acid in water). 

Samples were separated with a 120 min-separation method and a flow rate of 400 nL/min 

using a linear gradient from 2 to 17% buffer B (0.1% FA in acetonitrile (ACN)) over 60 min 

before ramping up to 25% (30 min), 37% (10 min) and 95% of buffer B (10 min) and finally 

sustained for 10 min. The timsTOF Pro was operated in parallel accumulation-serial 

fragmentation (PASEF) mode using Compass Hystar v.5.0.36.0. The following settings were 

applied: mass range 100–1700 m/z, 1/K0 start 0.6 Vs/cm2 end 1.6 Vs/cm2; ramp time 

110.1 ms; lock duty cycle to 100%; capillary voltage 1,600 V; dry gas 3 L/min; dry temperature 

180 °C. The PASEF settings were: 10 tandem MS scans (total cycle time, 1.27 s); charge 

range 0–5; active exclusion for 0.4 min; scheduling target intensity 10,000; intensity threshold 

2,500; collision-induced dissociation energy 42 eV. 

 

MS raw data processing and analysis of capsid-ome 

Raw MS data were processed with the MaxQuant software v.1.6.17.0 using the built-in label-

free quantification algorithm and Andromeda search engine (57). The search was done 

against the Aedes aegypti reference proteome LVP_AGWG (Uniprot Proteome ID 

UP000008820; 14,555 entries in total (58)) concatenated with individual arboviral capsid and 

eGFP sequences. Additionally, the label-free quantification (LFQ) algorithm (59) and the 

match between runs option was enabled. The search was restricted to peptides with a 

minimum length of 7 amino acids and a maximum peptide mass of 4600 Da and we allowed 

maximum two missed cleavage sites in the digestion with Trypsin/P and LysC. In MaxQuant, 

carbamidomethylation was set as fixed modification while methionine oxidation and N-

acetylation were set as variable modifications. All other parameters were left as default (initial 

search peptide tolerance=20 ppm, main search tolerance=10 ppm; FTMS MS/MS match 

tolerance=20 ppm; ITMS MS/MS match tolerance=0.5 ppm). Experiment type was set as 

TIMS-DDA with no modification to the default settings. Search results were filtered with a false 

discovery rate (FDR) of 0.01 for peptide and protein identification. The Perseus software 

v.1.6.15.0 was used to further process the affinity purification and total proteome datasets. 

Protein tables were filtered to eliminate the identifications from the reverse database and 

common contaminants. In the subsequent MS data analysis, only proteins identified on the 

basis of at least one peptide and a minimum of three quantitation events in at least one 

experimental group were considered. The MaxLFQ protein intensity values were log2-
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transformed, and missing values were filled by imputation with random numbers drawn from 

a normal distribution calculated for each sample (width 0.3, down shift 1.8) (60). All samples 

passed the quality control assessment and were included in the downstream analysis. 

Significant bait-specific protein–protein interactions were determined by FDR-corrected 

Welch’s t-test (S0=1, FDR=0.05, n=250 randomizations, |log2(Fold-change)| ≥ 3.5; p-value ≤ 

0.015) using HCV-core samples as control. HCV-core was chosen as control bait since it has 

similar biochemical properties (small hydrophobic RNA binding protein) and functions, 

allowing more stringent selection criteria to identify species-specific host interacting proteins. 

Mock and eGFP controls were subsequently used to re-evaluate identified hits as well as to 

select them for downstream functional validations. Significantly regulated proteins in the 

effectome were identified by two-sided FDR-corrected Student’s t-test (S0=1, FDR=0.05, 

n=250 randomizations, |log2(Fold-change)| ≥ 2; p-value ≤ 0.05) using HCV-core samples as 

control. Results were plotted as scatter plots and heat maps generated in Perseus (60), and 

PPI networks were generated in Cytoscape (61). The UpSet plot and Venn diagrams were 

generated in R using the packages UpSetR (62), VennDiagram (63), gplots (64) and eulerr 

(65) in R version 4.4.0. The complete enrichment analysis results are available in 

Supplemental Table S2. 

To identify patterns of PPIs shared within viral genera or underlying natural vector preferences, 

the following additional criteria were considered: pan-orthoflaviviral host factors (identified in 

at least 4 out of 8 orthoflavivirus baits); alphaviral (identified as MAYV- and SINV-specific 

interactors) or orthobunyaviral (identified as LACV nucleocapsid interactors). Furthermore, 

host factors were defined as Aedes-specific if they were specifically bound by at least 3 out of 

5 viral species, as Ixodes-specific if they were identified as both POWV and TBEV interactors, 

and Culex-specific if they were specifically bound by at least 2 out of 4 Culex-borne viral 

capsids. 

 

Ortholog mapping and gene ontology (GO) enrichment analysis 

Subunits of BAP and PBAP complexes were inferred from Drosophila melanogaster 

sequences using Vectorbase BLAST as well as blastn (NIH), whereby the following orthologs 

were identified based on nucleotide sequence identity: Polybromo (AAEL000181), BRM 

(AAEL004942), OSA (AAEL017280), SNR1 (AAEL004371), SAYP (AAEL009381). 

Global protein ortholog mapping from Aedes aegypti to Homo sapiens was done by adapting 

and modifying a protocol similar to Shah et al., 2018 (52). We developed a Snakemake (66) 

workflow for orthology inference that employs the MMseqs2 easy-rbh method (67) and the 

InParanoid-DIAMOND ortholog mapping algorithm (68). InParanoid-DIAMOND was run with 

default parameters, whereas MMseqs2 easy-rbh was run with e-value parameter set to 10, in 

order to increase sensitivity and capture weak but potentially biologically relevant homologies. 
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Postprocessing scripts standardize the output of both tools by computing an orthotype label 

for each protein pair, classifying relationships into 1:1 (one-to-one), 1:m (one-to-many), n:1 

(many-to-one), and n:m (many-to-many) orthologs. Additionally, the workflow includes a 

filtering step that identifies orthologs unique to MMseqs2 by comparing its results to those 

from InParanoid-DIAMOND. This highlights candidate pairs that may represent novel or 

lineage-specific orthologs missed by InParanoid-DIAMOND alone. Full implementation details 

and source code are available at https://github.com/ntnn19/orthologue_mapping_snakemake. 

Aedes aegypti host factors, which were successfully mapped to human IDs, are displayed with 

the human gene name and the Aedes aegypti gene ID; alternatively, only the Aedes aegypti 

gene ID was used. A total of 82% (n=782) of the extended list of interactors (n=945) were 

successfully mapped to human IDs and used for GO enrichment analysis in metascape.org 

(69) and intersections with previously published human capsid interactome data sets. 

 

Sample preparation of dsRNA-knock-down cells for quantitative LC-MS/MS proteomics 

and ultra-high-performance liquid chromatography and mass spectrometry settings 

To validate the dsRNA-mediated knock-down of selected host targets (vATP-C, ID40: 

BAP170, AAEL001361; ID43: NGDN, AAEL008443; ID55: Moira, AAEL022608) by mass 

spectrometry, Aag2-AF5 cells were seeded into 6-well-plates (1.42x106 cells/well) and gene 

expression was silenced by transfecting 3750 ng of dsRNA (1:5 TransIT Insect transfection 

reagent (Mirus) in 250 µL of Opti-MEM (Gibco) 24 h later. At 4-6 h.p.t., medium was changed. 

Cell pellets were harvested at 72 h.p.t.. Whole cell lysate (50 µg) of Aag2-AF5 knock-down 

cells in 4% SDS (in 10 mM Tris, pH 7.5, supplemented with 1X cOmplete protease inhibitor 

cocktail (Roche)) were processed for quantitative LC-MS/MS proteomics (n=3). Cell lysates 

were incubated for 10 min at 95 °C followed by 15 cycles of sonication. Next, reduction and 

alkylation with 10 mM DTT and 55 mM iodoacetamide was conducted. Subsequently cell 

lysate were acetone precipitated twice, followed by and denaturation in 40 µL U/T buffer (6 M 

urea/2 M thiourea in 10 mM HEPES, pH 8.0). Then, samples were digested with 2 µg LysC 

(FUJIFILM Wako Chemicals) and 2 µg trypsin (Promega) in 40 mM ABC buffer (50 mM 

NH4HCO3 in water, pH 8.0) overnight at 25 °C, 800 rpm. Following digestion, peptides were 

purified on stage tips with 3 layers of C18 Empore filter discs (3M) as previously described 

(45, 55). 

Samples were analysed on a Vanquish Neo LC system (Thermo Scientific) coupled to a 

Orbitrap Exploris 480 mass spectrometer (Thermo Scientific) equipped with a Nanospray Flex 

source (Thermo Scientific). Peptides were injected into an Acclaim PepMap 100 trap column 

(2 cm × 75 μm, 3 μm C18; Thermo Fisher Scientific) and next separated on a 25 cm × 75 μm 

column (1.7 µm C18 beads UHPLC column; Aurora Ultimate) with a packed emitter tip (Ion 

Opticks), at a constant flow rate of 300nl x min-1 over 100 min linear gradient. The column 
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temperature was maintained at 50 °C using an integrated column oven (Sonation GmbH). The 

column was equilibrated using 3 column volumes before loading samples in 100% buffer A 

(99.9% Milli-Q water, 0.1% formic acid (FA)). Samples were separated using a linear gradient 

from 9 to 31% buffer B (99.9% ACN, 0.1% FA) over 56 min before ramping up to 43% (35 min), 

100% (1 min) and sustained for 8 min). The Orbitrap Exploris 480 was operated in positive ion 

mode, with a positive ion voltage of 2000 V in data-dependent acquisition mode (DDA) using 

the Thermo Xcalibur software (v. 4.5.474.0). DDA analysis was performed with a cycle time of 

1.5 sec. Survey scans were acquired at 120,000 resolution, with a full scan range of 350-

1400 m/z, an automatic gain control (AGC) target of 300% and a maximum ion injection time 

of 25 ms. intensity threshold of 5 x 103, 2–6 charge state, dynamic exclusion of 90 sec, mass 

tolerance of 10 ppm. The selected precursor ions were isolated in a window of 1.6 m/z, 

fragmented by a higher-energy collisional dissociation (HCD) of 30. Fragment scans were 

performed at 15,000 resolution, with an Xcalibur-automated maximum injection time and 

standard AGC target. Raw MS data were processed with the MaxQuant software v. 2.2.0.0 

using the built-in label-free quantitation algorithm and Andromeda search engine (57). The 

search was done against the Aedes aegypti reference proteome LVP_AGWG (Uniprot 

Proteome ID UP000008820 with 14,555 entries). Additionally, the intensity-based absolute 

quantification (iBAQ) algorithm and match between runs option were used. The search was 

restricted to peptides with a minimum length of 7 amino acids and a maximum peptide mass 

of 4600 Da and we allowed maximum two missed cleavage sites in the digestion with 

Trypsin/P and LysC. In MaxQuant, carbamidomethylation was set as fixed and methionine 

oxidation and N-acetylation as variable modifications. Initial search peptide tolerance was set 

at 20 p.p.m. and the main search was set at 4.5 p.p.m.. Experiment type was set as data-

dependent acquisition with no modification to the default settings. Search results were filtered 

with a false discovery rate of 0.01 for peptide and protein identification. 

 

dsRNA synthesis 

Total cellular Aag2 RNA was extracted using TRIzol (Invitrogen) as recommended by the 

manufacturer and reverse transcribed following the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) manufacturer’s protocol using oligo dT primers 

(sequence: 5’-TTTTTTTTTTTTTTTTTTTTVN-3’). The T7-DNA template for dsRNA synthesis 

was generated by PCR with Phusion polymerase (New England Biolabs) using 100 ng cDNA 

with target-specific forward and reverse primers containing the T7 RNA polymerase promoter 

sequence (GTAATACGACTCACTATAGGG) at the 5’-ends (full primer sequences in 

Supplemental Table S1). If dsRNA synthesis primers were not retrieved from publications, 

sequences of gene targets were retrieved from VectorBase (70) and synthesis primers were 

designed to generate dsRNA sequences of 150–500 base pairs. For the design of the dsRNA 
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synthesis primer pairs used in the phenotypic screen (n=110 targets), the DKFZ E-RNAi tool 

was used (71). To exclude off-target effects, each of the predicted dsRNA sequences was 

tested by manual blasting (Nucleotide blastn, NCBI, standard settings). After PCR, the sense 

and antisense T7-DNA-templates were gel-purified from a 1% agarose gel (Macherey-Nagel 

Nucleospin Gel and PCR clean-up kit), and 1 µg of each was used for in vitro ssRNA synthesis 

(16 h, 37 °C) using the Ribomax Large Scale RNA production kit (Promega). Next, ssRNAs 

were annealed by heating (70 °C for 5 min), followed by a gradual cooling to 30 °C (0.4 °C 

steps each minute), 15 min at 30 °C, and a final step at 25 °C (on hold). Remaining ssRNA 

and DNA templates were removed by incubation with 2 µL of DNase I (ThermoScientific), 2 

µL of RNase A (Sigma) in DNase I kit reaction buffer for 1 h at 37 °C. Finally, synthesized 

dsRNA was purified using the TRIzol RNA extraction protocol (Invitrogen), resuspended in 

nuclease-free water and stored at −70 °C until further use. 

 

Phenotypic screen and silencing validation experiments  

The functional relevance of newly identified capsid-interacting host proteins on viral replication 

was assessed by dsRNA-mediated gene silencing. Among the significant capsid-interacting 

host factors, 110 were selected for a functional dsRNA-mediated knock-down screen with 

DENV, WNV and LACV based on their virus- or genus-specificity or for pan-arboviral binding 

patterns. This included selective species-specific interactors (DENV2, 8 targets; WNV, 4 

targets and LACV, 3 targets), interactors with pan-orthoflaviviral (73 targets) and pan-

alphaviral (2 targets) specificity, interactors with sub-viral specificities (orthoflavi- and 

orthobunyaviruses,13 targets; orthoflavi- and alphaviruses, 3 targets);  as well as 4 hits 

displaying pan-arboviral binding specificity. dsRNA targeting eGFP (dseGFP) was used as 

negative control (51), while positive controls included three host dependency factors 

previously described (Loquacious, Loqs; (72), orthologs of the human ATP6V0C (vATP-ac39 

(73-75)) and vATP-C (76), and two known host restriction factors (AGO2 (72) and Piwi4 (77)). 

WNV and LACV screening was performed in Aag2-AF5 cells, while DENV2 screening was 

performed in Aag2-C3 that displayed higher permissiveness to DENV2 infection. 

Cells were seeded into 24-well plates (2.8x105 cells/well) and gene expression was silenced 

by transfection with 750 ng of dsRNA (1:5 TransIT Insect transfection reagent (Mirus) in 50 µL 

of Opti-MEM (Gibco) 24 h later. Medium was changed at 4-6 h.p.t.. Plate layouts of dsRNA 

transfections were shuffled across the three biological replicates to minimize plate effects.  

For dsRNA screening, cells were infected the following day with DENV2 (MOI = 0.1), WNV 

(MOI = 0.1) and LACV (MOI = 0.5), respectively, using 300 µL inoculum/well for 1 h at 28 °C 

without CO2. After virus absorption, inocula were removed and cells were incubated at 28 °C 

without CO2. Virus-containing cell culture supernatants were collected at 24 h.p.i. (LACV), 48 

h.p.i. (WNV) and 72 h.p.i. (DENV2) and infectious titers were determined by plaque assays. 
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Plaque detection and counting was carried out using a Nikon AI-based method as described 

below For validation experiments, Aag2-C3 cells were transfected with dsRNA against 

selected targets as described above, and infected the following day with individual arboviruses 

at varying MOIs: MOI = 0.1 (DENV2, WNV, YFV, USUV, ZIKV), MOI = 0.5 (LACV) or MOI = 

0.01 (CHIKV, SINV). Cell culture supernatants were subjected to plaque assay and cells lysed 

in TRIzol for quantification of intracellular viral RNA levels. Knock-down of selected host 

targets was verified by RT-qPCR and cell viability was assessed by resazurin cell viability 

assay at each endpoint. 

 

Plaque assay 

Vero E6 cells were seeded into 96-well plates (2.5x104 cells/well) or 24-well plates (2x105 

cells/well). The next day, serial dilutions of virus-containing cell culture supernatants were 

used to infect Vero E6 cells, overlayed with 1.5% medium viscosity carboxymethylcellulose 

(Sigma-Aldrich) in MEM (Gibco) containing 2% FBS, and after two (SINV), three (WNV, USUV, 

MAYV, CHIKV), four (LACV), five (DENV2), or eight (YFV) days post-infection, cells were fixed 

and stained with  crystal violet (Roth) as described before (78).  

 

AI-based quantification of plaque assays for dsRNA screenings 

Effects of host factor silencing in the DENV2, WNV and LACV phenotypic screens were 

analysed by plaque assays in 96-well plate format. Brightfield images of each well were 

acquired using a fully motorized Nikon Ti and a Nikon Ti2 inverted microscope, respectively. 

Images were captured with a Plan Apo λ 2x objective lens using a pco.edge 4.2 camera. The 

JOBS module of NIS Elements (v5.42) enabled the automated image acquisition of each 96-

well plate. Briefly, each 96-well assay plate was aligned at the XY stage of the microscope, 

and 6 wells (4 at the edges and 2 in the center of the plate) were selected to define a focus 

surface over the entire plate using brightfield-based software autofocus. Subsequently, the Z 

drive of the microscope was set to follow the defined focus surface while capturing each well 

with a single shot followed by an automatic shading correction. First, a representative selection 

of 15–25 training images (wells) was chosen for each dataset, and plaques were manually 

annotated using the binary editor functionality of NIS Elements (v5.42). These annotations 

were then used to train the Segment.ai and Segment Objects.ai image processing and 

analysis module of NIS Elements. The trained AI was iteratively optimized by applying the 

trained network on the original training images as well as a selection of additional training 

images without annotations. The annotations were corrected using preprocessing 

functionalities, removing tiny annotations not representing plaques, filling holes in predicted 

plaques, and by manually correcting imprecisely predicted plaque outlines using the binary 

editor functionality, followed by another training procedure. Once the neuronal network was 
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trained, the GA3 module of NIS Elements was used to batch process the entire datasets of 

assay plates. The calculation of viral titers according to the plaque count per well was 

subsequently performed using a Python (v2.9.0) script. 

 

Cell viability assay 

Resazurin sodium salt (Sigma-Aldrich) solution was prepared in 1X Dulbecco’s Phosphate 

Buffered Saline (PBS, Sigma-Aldrich) (1 mg/mL) and incubated with Aag2-AF5 or Aag2-C3 

cells in 0.5 mL/well L-15 complete medium for 1 h at 28 °C (final concentration: 0.167 mg/mL). 

Resorufin fluorescence emission was measured at 590 nm after excitation at 560 nm with a 

plate reader (TECAN Infinite M Plex). Values were normalized to dseGFP-treated control cells. 

 

RT-qPCR analysis 

dsRNA-mediated knock-down of host targets or intracellular viral RNA levels were quantified 

by  two-step quantitative RT-PCR (RT-qPCR). First, complementary DNA (cDNA) was 

generated from TRIzol-extracted intracellular RNA using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) with random primers. Then, qPCR was performed with 

the PowerUP SYBR Green Master Mix (Applied Biosystems) following the manufacturers 

protocol (qPCR primers listed in Supplemental Table S1). Relative gene expression data were 

acquired with the 7500 Fast Real-Time PCR System and 7500 Software v2.3 from Applied 

Biosystems, whereby expression of the gene of interest (GOI) was normalized to Aedes 

aegypti actin or 40S ribosomal protein S7 gene expression using the 2^-(ΔΔCt) method (79).  

 

Western blotting 

Aag2 cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 1% Triton-X-100, 0.25% NP-

40, 0.1% SDS, 150 mM NaCl) supplemented with 1X cOmplete Protease Inhibitor Cocktail 

(Roche) for 20 min on ice. Normalized clarified cell lysates were boiled in reducing sample 

buffer for 10 min at 95 °C and 10 µg of total protein were separated by SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) on 15% acrylamide gels. Proteins were transferred onto 

Amersham Protran nitrocellulose membranes (Sigma-Aldrich) using an Bio-Rad Mini-

PROTEAN Tetra Cell apparatus, unspecific binding sites blocked with blocking buffer (10% 

milk in 0.25% PBS-Tween-20) and membranes incubated with primary and HRP-conjugated 

secondary antibodies. Membranes were imaged using an ECL CHEMOCAM system (INTAS) 

using the Western Lightning Plus-ECL substrate (Revvity). 

 

Immunofluorescence (IF) assay 
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Aag2 cells stably expressing HA-tagged arboviral capsids were fixed and permeabilized for 

20 min at −20 °C in ice-cold 100% methanol. For all the other IF assays, cells were fixed in 

4% PFA (pH 8.6) for 1 h and permeabilized in 0.5% Triton X-100 for 10 min at room 

temperature. Unspecific binding sites were blocked with 5% BSA (45 min, RT) and incubated 

with primary and secondary antibodies (1h, RT) diluted in 1% BSA. Nuclei were stained with 

4’,6-Diamidino-2-Phenylindole (DAPI; Fisher Scientific) (1:3,000, 5 min, RT). Coverslips were 

mounted onto microscopic slides using Fluoromount-G (SouthernBiotech). Images were 

acquired employing a spinning disk microscope (Nikon Ti2 based Spinning Disk equipped with 

Yokogawa CSU-W1 Spinning Disk Unit with Andor iXon Ultra 888 EMCCD cameras and 

Omicron Laser box with 405 nm ,488 nm,561nm and 647 nm lasers) using the Plan Apo 100x 

NA 1.45 objective lens or a confocal laser scanning microscope (Nikon Ti2 based A1 R 

confocal laser scanning microscope with A 60x CFI Plan Apo Lambda immersion oil objective 

(NA 1.42) equipped with A1-DUG-2 GaAsP Multi Detector Unit and the LU-N4/N4S 4-laser 

unit (405 nm, 488 nm, 561 nm,640 nm)). Both microscopes were operated using the NIS-

elements software (AR 5.42.02). 

 

Experimental design and sample preparations for assay for transposase-accessible 

chromatin sequencing (ATAC-seq) and RNA sequencing (RNA-seq)  

Chromatin remodeling was assessed by ATAC-seq on mock or virus-infected (DENV2, WNV 

or YFV) Aag2-C3 cells. To assess the impact of virus infection, capsid expression or Brahma 

complex regulation on the chromatin landscape, Moira knock-down (dsMoira) and dseGFP-

treated cells were included in the analysis alongside Aag2-C3 cells overexpressing  HA-eGFP, 

HA-YFV capsid, HA-WNV capsid or HA-DENV2 capsid as well as YFV, WNV, DENV2 and 

mock-infected cells  (N=3 biological replicates). Aag2-C3 cells were seeded into 24-well-plates 

(2.8x105 cells/well), and the next day transfected with 750 ng of dsRNA (dseGFP or dsMoira) 

or 1 µg of pPUb plasmids (HA-eGFP, HA-YFV capsid, HA-WNV capsid, HA-DENV2 capsid) 

as described above. Untreated cells were infected one day post seeding with DENV2 (MOI = 

1), WNV (MOI = 0.5) and YFV (MOI = 1.5). 72 hours post infection or transfection, samples 

were processed for ATAC-seq and RNA-seq. 

 

ATAC-seq sample preparation, data acquisition and analysis 

ATAC-seq was performed as previously described by Grandi et al., 2022 (80) with slight 

modifications. In brief, Aag2-C3 cells were treated with 1000 U DNase I (Worthington) for 30 

min at 37 °C, harvested by trypsinization and resuspended in ice-cold RSB buffer (10 mM Tris-

HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2) for downstream ATAC-seq processing, or stored in 

TRIzol at -20 °C for RNA-seq processing. For ATAC-seq, 1x105 cells were lysed in RSB buffer, 

and nuclear pellets (5 min at 500 ×g, 4 °C) carefully resuspended in 50 µL cold ATAC-NTD 
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buffer (10% NP-40, 10% Tween-20, 1% digitonin in RSB buffer) and incubated on ice for 3 

min. Lysis buffer was diluted with 1 mL ice-cold ATAC-T buffer (RSB + 10% Tween-20) 

genomic DNA pelleted by centrifugation (10 min at 500 ×g, 4 °C). Transposition was performed 

by adding 50 µL of transposition mix (2x Tagmentation DNA buffer (Illumina), 1% digitonin, 

10% Tween-20, 100 nM loaded Tn5 transposase in 33% PBS), and subsequent incubation for 

30 min at 37 °C in a shaker (1000 rpm). The Tn5 reaction was stopped by adding 250 µL of 

DNA binding buffer (NucleoSpin Gel and PCR Clean-up Kit Macherey-Nagel). DNA was 

purified following the manufactures instructions with the following changes: 300 µL DNA wash 

buffer, 21 µL DNA elution buffer. Purified DNA was stored at −20 °C prior to library preparation. 

Barcoding of transposed fragments was performed as described before (80) using two adapter 

oligonucleotides (see Supplemental Table S1). The final libraries were quality controlled by 

accessing the fragment sizes via the TapeStation D5000 Assay (Agilent). ATAC-libraries were 

subsequently sequenced on an Illumina NextSeq 2000 system in a paired-end mode (2x61 

bp, NextSeq 1000/2000 P2 XLEAP-SBS Reagent Kit (100 Cycles)) and demultiplexed by 

bcl2fastq. All samples were sequenced to 11.5-24.9 million read pairs and data was quality 

assessed using the fastqc (81) and multiqc (82) tools. Paired-end reads were aligned with 

Bowtie2 (83) using options “--very-sensitive -X 2000  --no-mixed --no-discordant” and only 

high quality reads with option “q > 30” were retained using samtools (84). Resulting BAM files 

were sorted with samtools and duplicate reads were removed using Picard MarkDuplicates 

command (85). Read coordinates were shifted for transposes induced insertions using 

deepTools (86) command alignmentSieve. Finally, MACS2 (87) was used to call peaks using 

the option “BAMPE --nomodel --call-summits --keep-dup all -B --SPMR -q 0.01”. For each 

comparison, peaks were converted to granges object for every replicate per condition using R 

package ChIPQC (88) GetGRanges function. Consensus peaks were generated using all 

samples per comparison using runConsensusRegions function of R package soGGi (89). For 

each comparison, peaks with a minimum occurrence of three were retained. Resulting 

consensus peaks from all comparisons were combined to generate main consensus peak set, 

which was used for downstream differential accessibility analysis. YFV infection replicate 3 

was excluded from the analysis as an outlier. Reads were counted using main consensus 

peak set using R package Rsubread (90). DESeq2 likelihood ratio test (LRT) was used to 

identify differential accessible peaks, and null variance of Wald test statistic output by DESeq2 

was re-estimated using R package fdrtool (91) to calculate p-values (and adjusted using 

Benjamini-Hochburg method) for the final list of differentially accessible (DA) peaks. For the 

comparison of dsMoira and dseGFP, a cut-off of log2(fold change)>1.5 was applied while for 

all other comparisons, log2(fold change)>0.5 was used. Annotation of peaks to the nearest 

transcription start site (TSS) and other genomic features was performed using HOMER 

annotatePeals.pl command. Peaks were assigned to the TSS of the nearest gene within 

Jo
urn

al 
Pre-

pro
of



A pan-arboviral atlas of capsid-interacting proteins in mosquito cells 

17 
 

minimum distance of 50 kb. Motif enrichment for DA peaks was done using HOMER 

findMotifsGenome.pl command, and to identify peaks encompassing motifs was done using 

findMotif.pl command (92). All DA peaks were used for motif enrichment. Quantification of 

genomic features and distance to transcription start site (TSS) plots for DA peaks were 

generated using R package ChIPseeker (93, 94). 

 

RNA-seq data acquisition and analysis 

Total intracellular RNA was isolated from Aag2-C3 cells using the TRIzol RNA extraction 

protocol described above. High RNA integrity was confirmed by applying a TapeStation RNA 

ScreenTape analysis (Agilent, Supplemental Table S3). Per sample, 1 µg of total RNA 

(quantified by Qubit RNA HS Assay, Thermo Fisher) was Poly(A)-captured applying the 

Lexogen Poly(A) RNA Selection Kit and further processed via the RNA-Seq V2 Library Prep 

Kit with UDIs (Lexogen) in the long insert size variant (RTL) according to manufacturer’s 

instructions (applying 14 cycles of Library Amplification PCR, step 6.3, User Guide version 

171UG394V0101).  

Libraries were quality controlled on a TapeStation D5000 Assay (Agilent) and were sequenced 

on an Element Biosciences AVITI instrument (2x150 Sequencing Kit Cloudbreak Freestyle) in 

a paired-end mode (2 x 155 bp). After demultiplexing via bases2fastq, 15.3–54.7 million read 

pairs assigned to each sample. All samples passed quality control by fastqc (81) and multiqc 

(82) and were subjected to downstream analysis. Paired-end reads were trimmed 12 bases 

and 9 bases from start to remove unique molecular identifier and sequencing adapter 

respectively. Gene abundances were quantified with salmon (v1.10.0) (95) using Aedes 

aegypti Ensembl gene annotations (version 60) for AaegL5 genome assembly, and imported 

using R package tximport (96). Counts normalization and differential expression (DE) analysis 

were performed using DESeq2 package (v1.44.0) (97). FDR (Benjamini-Hochburg-adjusted 

p-values) < 0.05 and no minimum log2foldchange was used a criteria for the final DE gene 

list. GO enrichment analysis was performed with Ensemble Metazoa biomart database using 

enricher command from R package clusterProfiler (98). Fisher exact test was used to test 

significance of DE genes from RNA-seq and DE genes from ATAC-seq using R command 

phyper. Downstream analysis and plots were generated using ggplot2 (99) and custom R 

scripts using R statistical computing language (version 4.4.1). 

RESULTS 

A pan-arboviral map of capsid protein interactors and targets in Aedes aegypti cells 

To map unique and conserved effector functions of arboviral capsids in invertebrates, we 

generated a quantitative, multi-layered proteomic atlas across eleven individual viral species 

spanning three prototypic arboviral genera: Orthoflavivirus (DENV, YFV, ZIKV, JEV, WNV, 
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USUV, TBEV and POWV), Alphavirus (SINV, MAYV) and Orthobunyavirus (LACV) in Aedes 

aegypti Aag2 cells. These eleven arboviruses encompass different primary vector specificities, 

including Aedes spp. mosquitoes (DENV, YFV, ZIKV, LACV, MAYV), Culex spp. mosquitoes 

(WNV, JEV, USUV, SINV) or Ixodes spp. ticks (POWV, TBEV), allowing to assess potential 

differences between Aedes-specific or conserved effector functions. This approach combines 

systematic mapping of PPI networks (interactome) with global proteomics (effectome) to 

identify host proteins targeted by individual viral capsids. To this end, we generated a library 

of Aag2 cells constitutively expressing 12 N-terminally HA-tagged capsid proteins of individual 

arboviruses and three control baits (Hepacivirus HCV core protein, eGFP and mock-

transfected cells) under the control of the polyubiquitin (PUb) promoter (100, 101) (Fig. 1A). 

Sub-cellular distribution and expression of HA-tagged capsids or control baits were assessed 

by immunofluorescence and WB analysis (Supplemental Fig. S1, A–B), confirming robust and 

comparable expression levels for all baits, with the exception of USUV capsid and the LACV 

nucleocapsid displaying relatively lower and higher expression levels, respectively. For each 

cell line, four replicates of affinity-purified complexes (interactomes) and whole-cell lysates 

(effectomes) were collected and analyzed by quantitative mass spectrometry. To increase the 

accuracy of functional annotation, protein IDs were mapped to their human orthologs based 

on protein homology (Supplemental Table 2 and Experimental Procedures). If existent, we are 

referring to the corresponding human gene name besides the Aedes aegypti gene ID. A total 

of 2171 different proteins were identified across the entire arboviral capsid interactome atlas 

(capsid-ome) (median identification rate = 1033 proteins; Fig. 1A, Supplemental Fig. S1C and 

Supplemental Table 2), with up to two-fold differences between the lowest (WNV, USUV and 

mock) and the highest number of enriched proteins across baits (HCV and POWV). 

Interestingly, these differences did not linearly correlate with the relative expression levels of 

the baits, suggesting quantitative differences in the propensity of different arboviral capsids to 

interact with the mosquito proteome (Fig. 1B and Supplemental Fig. S1D). principal 

component analysis (PCA) of the individual capsid-interaction networks confirmed high 

correlation within biological replicates, further highlighting sub-clusters within each viral family, 

with orthoflaviviruses associated with hemorrhage-like disease manifestations (YFV and 

DENV) forming a distinct cluster when compared to the neurotropic subgroup (ZIKV, JEV, 

TBEV and WNV) (Supplemental Fig. S1E). Notably, the capsid of POWV, a virus naturally 

transmitted by ticks (102, 103), displayed the most divergence from all other species, likely 

reflecting the substantially higher number of interacting proteins (Fig. 1B and Supplemental 

Fig. S1E). Altogether, these results suggest significant intra- and inter-genera specificities in 

the ability of different arboviral capsids to interact with the mosquito proteome. 
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The pan-arbovirus mosquito capsid-ome identifies distinct and conserved networks of 

host interactions across species 

To identify bait-specific, high-confidence PPIs, four replicates of each arboviral capsid were 

analyzed against the interactome of HCV core – the capsid of a human-specific hepacivirus 

with similar biochemical properties – using very stringent cut-off criteria (log2 (fold-change) ≥ 

3.5; two-sided Welch’s t-test p-value ≤ 0.015; S0=1, FDR ≤ 0.05, n=250). In total, the arboviral 

capsid-ome includes 420 significant host proteins interacting with the capsids of 12 arboviral 

species (Fig. 1A, Supplemental Table 2), normally distributed across the full dynamic range of 

protein abundance in the Ae. aegypti proteome and spanning more than 13 orders of 

magnitude (Supplemental Fig. S1F). Among the 12 individual PPI networks, DENV and POWV 

displayed the highest number of significant and unique interactions, while the largest group of 

interactors was shared between YFV, POWV and DENV (n=57) (Fig. 1B and 2A, 

Supplemental Fig. S1G).  

Among the strongest interactors shared across different arboviral capsids, we identified host 

factors associated with ribosome biogenesis and mitochondrial ribosomes, as well as 

chromatin remodeling, RNA processing and nuclear transport, corroborating previous reports 

on DENV-C and ZIKV-C in Aedes aegypti cells (51, 52) (Fig. 1C).  

To identify evolutionarily conserved patterns of host usage within each arboviral genus, the 

capsid interactomes of individual viral species were collapsed into the corresponding genera 

for functional gene ontology (GO) enrichment analysis (Fig. 2B). Orthoflaviviral capsids 

displayed a significant propensity to interact with mitochondrial ribosomal proteins, as well as 

proteins involved in RNA processing, modification and localization, reflecting their affinity for 

nucleic acids and their nucleo-cytoplasmic distribution (51, 52). Conversely, alphaviral capsids 

predominantly targeted processes involved in transcriptional regulation and protein secretion, 

while the orthobunyaviral nucleocapsid displayed selective functional enrichment in processes 

involved with tRNA processing, small nuclear ribonucleoprotein (snRNP) regulation (SMN-

RNA polymerase ll-RHA complex) and chromosome organization (Fig. 2B). 

To further identify evolutionarily-conserved binding specificities across arboviral capsids, we 

next stratified individual PPIs based on their conservation within viral genera (Orthoflavivirus, 

Orthobunyavirus, or Alphavirus-specific) or natural arthropod vector species (Aedes-, Culex-, 

or tick-borne) (Fig. 2, C–D). This analysis revealed a high divergence of host interactions 

among different viral genera, with only limited overlap of PPIs across viral genera or viral 

species transmitted by different arthropod vectors (Fig. 2C). For instance, 22 out of the 25 

host proteins targeted by the majority of orthoflaviviruses, were specific to the genus when 

compared to alphaviruses and orthobunyaviruses (e.g. TAF1 (AAEL025013), NPM2 

(AAEL003750), TAOK1 (AAEL000217), KIF20A (AAEL022590), MED18 (AAEL002284), 

METTL17 (AAEL003822), PTCD3 (AAEL010042), AURKAIP (AAEL020116), GALE 
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(AAEL007390) and TMEM43 (AAEL001011)). Similarly, only four factors interacted with the 

capsids of both alphaviruses tested (MAYV and SINV), with three exhibiting Alphavirus-

specific binding profiles (STXBP5 (AAEL006948), USP34 (AAEL022105), MTCH1 

(AAEL015041)).  

Overlaying binding profiles on arthropod vector preferences of individual virus species (Aedes-

, Culex- or ticks-specific), revealed a large cluster of interactors unique to capsids of Aedes-

borne viruses (n=32). Conversely, only four factors interacted with the capsids of both tick-

borne viruses (TBEV and POWV) (EEF1B2 (AAEL000951), TAF1 (AAEL025013), MRPS6 

(AAEL004034) and NPM2 (AAEL003750); and six host proteins were selectively bound by the 

majority of capsids from the Culex-borne subgroup (STXBP5 (AAEL006948), USP34 

(AAEL022105), KIF20A (AAEL022590), NUAK1 (AAEL019473), AP2M1 (AAEL003106), 

ACADM (AAEL014452)), possibly reflecting the specificity for the cellular background used 

(Aedes aegypti-derived) (Fig. 2D). Notably, only two host factors – TAF1 (AAEL025013) and 

EEF1B2 (AAEL000951) – were bound by the majority of Aedes-, Culex- and tick-borne 

species, suggesting an evolutionarily conserved targeting of transcriptional and translational 

regulators by arboviral capsids. 

 

The extended capsid-ome additionally allows the identification of high-confidence species-

specific interactors, providing a blueprint for mechanistic and functional follow-up studies on 

individual arboviral species (Fig. 2, E–H). As examples of these PPIs, we identified proteins 

involved in lysosomal degradation of glycolipids and virus cell entry (i.e. NAGA (AAEL005460) 

and SDC2 (AAEL013969); DENV), transcriptional regulation and RNA processing (i.e. ZFX 

(AAEL008538), GPATCH4 (AAEL011985) and THOC6 (AAEL006547); WNV), ER protein 

translocation and the RNAi pathway (i.e. SSR3 (AAEL007441), AGO2 (AAEL017251); LACV) 

as well as transcriptional regulation and RNA transport (MED21 (AAEL010797), JARID2 

(AAEL010971) and FMR1 (AAEL009326); MAYV) (Fig. 2, E–H). To investigate possible 

differences between historical and contemporary isolates, the interactomes of two prototypic 

ZIKV strains, representatives of the newly emerged Asian (H/PF/2013) and the historical 

African lineages (DakAr41524), were also included in the analysis (Supplemental Fig. S1H). 

Interestingly, despite their high sequence identity (only three amino acid residues differ 

between the two strains), two host factors – uncharacterized protein AAEL022631 and 

complex lll subunit 9  UQCR10 (AAEL000182) – were selectively enriched in the capsid 

interactome of the Asian lineage compared to the African lineage, highlighting possible 

mechanisms contributing to increased transmissibility or pathogenicity of newly emerged 

strains (Fig. S1H; (104-106)). 

 

Jo
urn

al 
Pre-

pro
of



A pan-arboviral atlas of capsid-interacting proteins in mosquito cells 

21 
 

To assess conservation of PPIs between human and mosquito hosts, the extended arboviral 

capsid-ome (n=945) was mapped to the human proteome and intersected with the four human 

capsid interactomes of individual arbovirus species published to date (14, 45, 47, 52). This 

analysis revealed a surprisingly high degree of cross-species conservation, with 214 human 

orthologs of mosquito proteins found in at least one human interactome study (Fig. 2I), and 

13 host factors consistently identified in three out of four human datasets (Fig. 2J). Among 

these, we identified mosquito orthologs of previously reported capsid interactors in humans 

(52) such as NGDN (AAEL008443), GADD45GIP1 (AAEL005146), LARP7 (AAEL007853) 

and PPAN (AAEL009309) (Fig. 1C). Furthermore, we identified PTCD3 (AAEL010042), 

LARP1 (AAEL009070), KRR1 (AAEL000708) and DDX18 (AAEL005744) as highly conserved 

cross-species capsid interactors, indicating that post-transcriptional regulation of gene 

expression, translation initiation, ribosome and spliceosome assembly are essential arboviral 

targets in both vertebrate and invertebrate hosts (Fig. 2, I–J). 

Altogether, the Aedes aegypti pan-arboviral capsid-ome provides an evidence-based 

framework to categorize species- and host-specific mechanisms of host-adaptation across 

three human pathogenic arboviral genera, and illuminates a novel set of host proteins 

potentially involved in arbovirus replication and transmission in mosquitoes. 

 

Capsid expression selectively modulates cellular proteostasis in invertebrates 

To map virus–host PPIs to effector functions of viral capsids, we additionally analysed 

quantitative changes in global proteomes of Aag2 cells stably expressing individual arboviral 

capsids (“effectomes”) (Fig. 1A and Supplemental Table 2). Analysis of global cellular 

proteomes across the different cell lines identified 5453 unique proteins (Fig. 1A), with similar 

identification rates across all samples and replicates (Supplemental Fig. S2A). 

This approach identified 124 proteins displaying altered abundance upon expression of at 

least one arboviral species, with USUV, JEV, ZIKV and WNV capsid-expressing cells 

exhibiting the highest proportion of selectively regulated targets (Fig. 3A and Supplemental 

Fig. S2B). Interestingly, the majority of modulated host proteins exhibited increased 

abundances (Fig. 3B), including proteins involved in lipid metabolism (e.g. Orthoflavivirus-

regulated AAEL006028), cellular transport (e.g. WNV-regulated transferrin (AAEL015458)), 

endopeptidase activity (PRSS36 (AAEL001084/AAEL001077/AAEL002254)) and apoptosis 

(e.g. WNV: AAEL000328 and DENV: RBBP6 (AAEL019965)) (Fig. 3C-F). Among these, 

LACV nucleocapsid displayed selective increase in APTX (AAEL014945) and HNRNPDL 

(AAEL005049), key regulators of DNA repair and mRNA processing, respectively; and 

profound and specific reduction in UDP-glycosyltransferase (AAEL003091) abundance (Fig. 

3I).  Furthermore, TDO2 (AAEL000428) was identified as a pan-arboviral regulated host factor 

(Fig. 3G), while the uncharacterized AAEL008502 as well as cytochrome P450 (AAEL004054) 
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– recently involved in mosquito host responses to arboviruses (107, 108) – were specifically 

regulated in WNV capsid-expressing cells (Fig. 3H). Notably, overlaying the arboviral capsid 

effectomes and interactomes revealed limited overlap, suggesting that regulation of host 

protein abundance might occur through transcriptional modulation of gene expression or 

protein stability, independent of direct PPIs.  

Collectively, the effectome highlights the ability of arboviral capsids to remodel host protein 

expression, with the neurotropic clade of orthoflaviviruses (ZIKV, JEV, WNV and USUV) 

exhibiting the most profound effects on the mosquito proteome.  

 

Phenotypic screening identifies novel capsid-interacting host factors involved in 

DENV, WNV and LACV replication 

To functionally characterize newly identified interactions, we selected 110 capsid-interacting 

proteins with binding profiles spanning diverse species, genus or vector specificities (see 

Experimental Procedures), and assessed their relevance in viral replication via dsRNA-based 

phenotypic screening (Fig. 4A). To generalize findings on host factor usage across arboviral 

genera, Aag2-C3 or Aag2-AF5 cells were transfected with gene-specific dsRNAs and infected 

24 h.p.t. with a prototypic Aedes-borne orthoflavivirus (DENV), a Culex-borne orthoflavivirus 

(WNV) or an Aedes-borne Orthobunyavirus (LACV). Virus titers were assessed by plaque 

assays, using a custom-made image-based analysis pipeline leveraging AI-assisted 

segmentation for unbiased quantitation of plaque-forming units (Fig. 4B, Supplemental Fig. 

S3). 

In agreement with previous reports, silencing of known mosquito host dependency factors 

(vATP-c and vATP-ac39, key subunits of the endocytic machinery (73-76, 109-111), and Loqs, 

an RNA-binding protein (72, 112) strongly inhibited DENV and WNV replication, while 

silencing of AGO2 and Piwi4, two previously described host restriction factors (72, 77, 113), 

increased DENV replication by 213% and 126%, respectively (Fig. 4C). Silencing of three host 

targets (MADF (AAEL011301), GINS4 (AAEL024136), MRPL52 (AAEL023209)) resulted in 

very low cell viability (<75%) in Aag2-C3 cells (DENV) and were therefore excluded from 

further analysis (Supplemental Fig. S4A). This approach identified 69 novel regulators of 

arboviral infections, including 68 pro-viral and 2 antiviral genes significantly modulating 

replication of at least one viral species  (|log2(fold-change)| ≥ 2, n=3) (Fig. 4C and 

Supplemental Fig. 4, B-D). Notably, 26 of these host factors displayed a functional requirement 

consistent with their binding specificity (23% of DENV interactors, 56% of WNV interactors, 

20% of LACV interactors).  

Among the newly identified DENV host factors, we identified two novel host restriction factors, 

TP63 (AAEL007595) and MED21 (AAEL010797), and a total of 26 novel pro-viral host factors 
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critically required for DENV replication. Among these, silencing of BOP1 (AAEL001169), 

BMS1 (AAEL003555), SMARCC2 (AAEL022608) and selected mitochondrial ribosomal 

proteins displayed the strongest effects, reducing DENV viral replication up to 94% (Fig. 4C 

and Supplemental Fig. 4B). In total, 52 targets were identified as pro-viral factors for WNV 

replication, with MADF (AAEL011301), GINS4 (AAEL024136), CHCHD1 (AAEL001974) and 

WDR1 (AAEL014037) exhibiting the strongest effects (Fig. 4C and Supplemental Fig. S4C). 

Finally, 11 host targets were identified as novel host dependency factors for LACV, including 

WDR1 (AAEL014037), ICT1 (AAEL010339), SNRNP70 (AAEL011340), PNO1 

(AAEL011832), PPAN (AAEL009309) and SNRPB (AAEL002377) (Fig. 4C and Supplemental 

Fig. S4D).  

Amongst the newly identified host dependency and host restriction factors, 16 displayed 

DENV-specific effects, 33 were WNV-specific and three exhibited LACV-specific phenotypes, 

with a moderate degree of conservation between orthoflaviviruses (DENV and WNV: 11 

shared host dependency factors). Notably, three host dependency factors (PNO1 

(AAEL011832), WDR1 (AAEL014037) and SNRPB (AAEL002377)) exhibited pro-viral 

phenotypes for all three viruses, suggesting an evolutionarily conserved requirement for 

nuclear ribosome biogenesis, regulation of cytokinesis and spliceosome activity in arbovirus 

replication in mosquitoes (Fig. 4C and Supplemental Fig. S4E). 

Altogether, the combined results of the phenotypic screen with detailed information on inter-

species binding specificity provide a novel set of mosquito host dependency factors for 

multiple arboviruses and experimental evidence for their functional role across different 

arboviral genera. 

 

The Brahma complex exerts a broadly conserved pro-viral role in orthoflavivirus and 

orthobunyavirus replication 

Amongst the host proteins displaying the strongest pro-viral effects, we identified two 

components of the Brahma complex, ARID2 (AAEL001361) and SMARCC2 (AAEL022608), 

to be critically required for replication of both DENV and WNV, with a mean viral titer reduction 

of 88% upon silencing (Fig. 4C and Supplemental Fig. S4, B-D). The Brahma complexes, also 

known as BAP in Drosophila or SWI/SNF complex family BAF chromatin-remodeling 

complexes in humans, are ATP-dependent chromatin-remodeling complexes highly 

conserved in vertebrates and invertebrates, with individual complex members bearing different 

names across species (Fig. 5A). Detailed information on the composition and molecular 

function of Brahma-like sub-complexes in mosquitoes are currently elusive. Therefore, we 

used the sub-complex composition of the closest and most-studied Drosophila spp. orthologs 
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as a blueprint for further mechanistic studies (Fig. 5, A–B). In Drosophila, two distinct sub-

complexes have been characterized: the BAP and PBAP complex (Fig. 5B). Both complexes 

contain a BAP core consisting of a Moira dimer, an ATPase module (BRM, ACT and BAP55) 

and three accessory proteins (BAP111, SNR1 and BAP60). However, the BAP complex 

features the additional subunit OSA (an ARID-domain-containing protein), while the PBAP 

complex is defined by the presence of BAP170, Polybromo and SAYP. Brahma complexes 

play important functions in cell cycle regulation, development and differentiation and are 

essential transcriptional regulators of immune and DNA damage responses (114-118). While 

both sub-complexes have partly redundant functions, including regulation of NF-κB-mediated 

innate immune responses, distinct functions of the individual complex subtypes have been 

reported, including regulations of selected interferon-responsive genes (118-122) and 

transcriptional activation through nuclear receptors (123, 124). 

 

Since we identified ARID2/BAP170 and SMARCC2/Moira as functional capsid-interacting 

nodes required for productive DENV and WNV infection, we further assessed their relevance 

across a broader spectrum of orthoflaviviruses (DENV, WNV, USUV, ZIKV and YFV), 

orthobunyavirus (LACV) and alphaviruses (CHIKV and SINV) (Fig. 5C and Supplemental 

Table S4). Silencing of the two Brahma complex subunits led to a significant reduction in LACV 

titers, as well as all orthoflaviviruses tested, with the notable exception of YFV, being 

unaffected or displaying a significant increase in virus replication (Fig. 5C). Conversely, 

alphavirus replication was largely unaffected (SINV and CHIKV), (Fig. 5C), suggesting a 

broadly conserved role of the Brahma complex in orthobunyavirus and orthoflavivirus 

replication. 

 

To characterize which of the two putative Brahma complexes plays a role in orthoflavivirus 

replication, individual subunits unique to each Brahma sub-complex (OSA, Polybromo, 

BAP170 and SAYP) or shared between the two complexes (Moira, BRM and SNR1) were 

tested for their relevance in WNV, DENV and YFV replication (Fig. 5, D–E). Robust silencing 

of Moira, SAYP, SNR1 and OSA upon dsRNA-mediated knock-down was confirmed at mRNA 

and protein levels by qRT-PCR and quantitative LC-MS/MS, without overt cytotoxic effects 

(Supplemental Fig. S5, A-C). Interestingly, silencing of all four subunits resulted in significantly 

reduced intracellular viral RNA levels (Fig. 5D, Supplemental Fig. S5A) as well as infectious 

titers (Fig. 5E and Supplemental Table S4) of both DENV and WNV, suggesting that both sub-

complexes have a functional role in viral replication. Conversely, YFV replication was largely 

unaffected or mildly increased across all conditions (Fig. 5, D-E), indicating that YFV might 

have evolved alternative, Brahma-independent mechanisms for transcriptional regulation of 

host genes. 
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Overall, these results indicate novel pro-viral roles of both BAP and PBAP-like complexes in 

replication of specific orthoflaviviruses. 

 

Moira interacts with capsid in a nucleic-acid-dependent manner 

To further characterize the Moira–capsid interaction in the context of productive viral infection, 

we engineered a full-length (FL) Moira construct carrying an N-terminal FLAG-tag (FLAG-

Moira). Immunofluorescence analysis of transfected Aag2-C3 cells confirmed the predicted 

nuclear localization of Moira, which was not significantly altered in virus-infected cells 

(Supplemental Fig. S6A). Furthermore, we confirmed nuclear co-localization of ectopically 

expressed HA-tagged capsids and FLAG-tagged Moira by immunofluorescence assay 

(Supplemental Fig. S6B). Importantly, capsids of both WNV and DENV co-immunoprecipitated 

with Moira in virus-infected Aag2-C3 cells, confirming a specific interaction (Fig. 6, A–B). 

Interestingly, this interaction was completely abrogated in the presence of nucleases, 

suggesting an essential role of nucleic acids in mediating the Moira–capsid interaction (Fig. 

6C). Altogether, these results confirm Moira as a bona fide capsid-interacting host protein, and 

provide biochemical evidence that the interaction requires nucleic acids.  

 

Orthoflavivirus capsids remodel the mosquito host chromatin landscape 

Brahma complexes regulate several cellular pathways, and have been previously reported to 

influence viral replication of large DNA viruses and retroviruses, by facilitating latency and viral 

transcription (125-130), as well as that of positive-sense RNA viruses such as SARS-CoV-2 

through transcriptional regulation of viral surface receptor abundance (125, 131). To assess 

whether orthoflaviviral capsids modulate chromatin accessibility through interactions with the 

Brahma complex, we systematically analysed changes in global accessibility of genomic DNA 

(ATAC-seq) and gene expression (RNA-seq) in virus-infected, capsid-overexpressing and 

Moira k.d. Aag2-C3 cells. Efficient silencing of Moira (dsMoira) and comparable infection rates 

across DENV-, WNV- and YFV-infected Aag2-C3 cells as well as comparable transfection 

rates of pPUB-HA-capsid-transfected Aag2-C3 cells were confirmed by RT-qPCR 

(Supplemental Fig. S7A) or immunofluorescence (Supplemental Fig. S7, B–D), respectively. 

Additionally, PCA analysis of ATAC-seq and RNA-seq datasets further confirmed a good level 

of correlation and clustering of biological replicates (Supplemental Fig. S7, E-F).  

Consistent with functional inhibition of Brahma complex activity, silencing of Moira expression 

led to major alterations in the chromatin landscape, with 3280 differentially accessible peaks 

(Fig. 7A). Most of the upregulated peaks were located in promoter regions (approx. 45%) 

within 1 kb distance to the transcription start site (TSS) (Supplemental Fig. S7G and Fig. 7B), 

while a smaller proportion of peaks located in distal intergenic regions (25%, Fig. 7B). 

Conversely, significantly less accessible peaks were mostly found in TSS-distal sites (>10 kb) 
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(Supplemental Fig. S7G), introns or distal intergenic regions (Fig. 7B), confirming the ability of 

Moira to modulate the chromatin landscape in mosquito cells. 

Notably, ectopic expression of either DENV, WNV or YFV capsid alone was sufficient to trigger 

significant changes in chromatin accessibility, with more than 2000 differentially accessible 

peaks quantified in each condition (Fig. 7A). Interestingly, approx. 20–30% of differentially 

accessible peaks in both capsid-expressing or virus-infected cells (DENV, YFV or WNV) were 

assigned to promoter regions, suggesting that persistent capsid expression might modulate 

gene expression via perturbation of the chromatin landscape (Fig. 7B).  

To assess whether changes in chromatin accessibility drive changes in differential gene 

expression, matched samples were analysed by RNA-seq analysis, and results overlayed on 

differentially accessible sites at the chromatin level. This approach revealed significant 

overlaps between differentially regulated chromatin regions and abundance in transcripts of 

proximal genes (Fisher’s exact test, p-values: Moira k.d.: 1.529326e-18, WNV capsid: 

0.001634847, WNV infection: 5.691283e-37; Fig. 7C). Interestingly, WNV capsid expression 

and WNV infection, triggered differential expression of a large number of transcripts (323 and 

3750 genes, respectively), with 10–15% consistently linked to differentially accessible 

chromatin regions (Fig. 7C and Supplemental Fig. S8, A–C).  

To identify direct links between capsid-mediated chromatin remodeling and Moira complex 

activity, we intersected differentially expressed genes across the three datasets, and identified 

997 genes consistently regulated in both WNV infection and Moira k.d.-regulated genes, with 

functions associated to transmembrane transport, endopeptidase activity and catalytic activity 

(Fig. 7D and Supplemental Fig. S8D). Among these, 66 genes were regulated in both virus-

infected or capsid-transfected cells, corroborating the notion that ectopic capsid expression 

drives differential gene expression of host targets in virus-infected cells (Fig. 7E). Among these 

transcripts, we identified genes associated with intracellular traffic and transport (Tango1 

(AAEL022091)), lipid metabolism (ATP8B (AAEL019531) and spin (AAEL008356)), protein 

translocation (SEC63 (AAEL025151) and ER-Golgi protein transport (Fig. 7E and 

Supplemental Fig. S8E).  

Altogether, intersecting ATAC-seq and RNA-seq results, identifies direct links between 

changes in chromatin accessibility (down- or up-regulated peaks) and modulation of gene 

expression, providing direct hints about capsid-mediated modulation of host gene expression. 

 

We next used a two-pronged approach to further assess causal relations between capsid-

mediated changes in host transcript abundance and Brahma complex activity.  

The first approach relied on the assumption that capsid expression in transfected or virus-

infected cells modulates expression of selected genes via Brahma complex activity, and thus 
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effects in Moira k.d. cells should be inversely mirrored in virus-infected and capsid-expressing 

cells. To this end, we selected genes consistently modulated in virus infection and capsid 

expression, but displaying a reciprocal regulation in Moira k.d. cells (Fig. 7F). This approach 

identified six genes, of which four targets (protein patched (AAEL002850), zinc finger protein 

704 (AAEL003014), bgm (AAEL019523) and protein FAM13A (AAEL026075)), displayed 

differential chromatin accessibility in nearby regions in the ATAC-seq dataset, suggesting a 

potential capsid-mediated Brahma complex-dependent regulation of gene expression on 

selected targets (Fig. 7F and Supplemental Fig. S8F).  

Since infection and capsid binding may also affect Brahma complex activity through 

modulation of its target gene specificities, the second approach relied on the identification of 

Brahma complex-associated motifs differentially enriched in virus-infected and capsid-

transfected cells. Through this approach, we first identified 83 common motifs enriched across 

all conditions (Moira k.d., WNV and DENV infection and capsid overexpression; Supplemental 

Table S5), including eight motifs exclusively enriched in Moira k.d., WNV and DENV infection, 

and capsid overexpression when compared to the YFV counterparts (Fig. 7G). Next, we 

investigated whether any of the differentially expressed genes in the RNA-seq data contained 

one or more of these motifs (PHOX2A, ISRE, HAT2, ELT-3, DEAR2 and ATHB7) (Fig. 7H and 

Supplemental Fig. S8G). This approach identified two target genes, which were differentially 

expressed in both WNV infection and capsid expression: ER-protein Calumenin B scf 

(AAEL007725) and glycogen synthase kinase 3 beta homolog sgg (AAEL005238) (Fig. 7I). 

Among the other potentially relevant targets, we additionally identified a few genes which 

displayed reciprocal effects in Moira k.d. and WNV infection. These included the major 

facilitator superfamily transporter 3 MFS3 (AAEL012522), serine/threonine receptor kinase tkv 

(AAEL012125), Inositol hexakisphosphate kinase Ip6k (AAEL000275), putative C9orf172 

AJM1 (AAEL018320), Arf GTPase activating protein drongo (AAEL003534), cyclin dependent 

kinase Eip63E (AAEL012914) and glutamine synthetase Gs1 (AAEL001887).  

Overall, these experiments demonstrate that ectopic expression of orthoflaviviral capsid 

selectively modulates gene expression, and identify 66 Ae. aegypti transcripts that are 

regulated in virus-infected cells via a capsid-dependent mechanism. Importantly, using a 

combination of complementary sequencing approaches, we identified a subset of 15 

differentially regulated genes, which could be linked to orthoflavivirus capsid expression and 

Brahma complex activity, suggesting a novel function of orthoflavivirus capsid in host 

chromatin-remodeling. 

DISCUSSION 
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In this study, we leveraged a systematic AP–MS/MS approach to profile the interactions of 

twelve different arboviral capsids with the mosquito proteome. This extended atlas of capsid-

interacting proteins significantly expands prior knowledge on arbovirus–vector interactions, 

allowing systematic mapping of unique and conserved interactions across different arboviral 

species. This large network revealed broadly conserved targeting of cellular pathways 

involved in ribosome biogenesis, RNA processing, chromatin remodeling and nuclear 

transport, generalizing previous reports on individual viruses such as ZIKV (51) and DENV 

(52) (Supplemental Fig. S1G). In agreement with previous virus–host interaction studies in 

human cellular backgrounds, arboviral capsids specifically target (post-)transcriptional 

regulators, hijacking host processes involved in translation initiation, spliceosome assembly 

and nuclear transport, and suggesting a core of evolutionarily conserved proteins targeted by 

arboviruses in both human and vector hosts. As an example of cross-species capsid-

interacting proteins, we identified here a conserved anti-viral role for the TP53-protein family 

member (AAEL007595), a mosquito ortholog of the human p53 protein previously described 

to trigger apoptosis in response to DENV-C in mammals (25) (Figs. 1C and 4C). Similarly, we 

observed a conserved pro-viral role for alpha-galactosidases (NAGA (AAEL005460)) and 

syndecan (SDC2 (AAEL013969)) in DENV and WNV replication in Ae. aegypti cells, in 

agreement with previous reports describing their human counterparts as orthoflaviviral host 

dependency factors (52, 132-134) (Fig. 4C). We also confirmed that in mosquitoes, capsid 

binds to GADD45GIP1 (AAEL005146) in mosquitoes – a highly conserved capsid interactor 

in mammals (14, 45, 47, 52) – further demonstrating that it functions as a host dependency 

factor across orthoflaviviruses. Altogether, these pan-viral host factors could represent 

promising targets in both therapeutic and vector control settings.   

Overall, our phenotypic dsRNA-mediated screen assessing the functional relevance of 110 

conserved and unique arboviral capsid-interacting proteins across three viral genera identified 

two DENV host restriction factors as well as 26 (DENV), 11 (LACV) and 52 (WNV) host 

dependency factors, uncovering a completely novel group of mosquito host factors required 

for productive alphavirus, orthobunyavirus and orthoflavivirus replication (Fig. 4, 

Supplementary Fig. 3). In agreement with previous studies using PPI data as entry points for 

phenotypic screens, the capsid-ome achieved a higher efficiency in functional nodes 

identification compared to genome-wide screens, highlighting the value of PPI networks in 

streamlining de novo viral target discovery (45, 135-137). 

Among these, we further revealed a pro-viral role for the Piwi-interacting RNA pathway 

member FKBP6 in DENV replication, as well as conserved pan-viral functions for three poorly 

characterized mosquito proteins (PNO1 (AAEL011832), WDR1 (AAEL014037) and SNRPB 

(AAEL002377)) in DENV, WNV and LACV replication (Fig. 4C). Moreover, these experiments 
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provide additional cues into a number of mosquito pro-viral factors previously reported for 

individual viral species, generalizing the role of Loqs (AAEL008687), a dsRNA-binding protein 

reported to play essential roles in the replication of DENV, YFV and ZIKV (72, 112), and the 

endocytic machinery (vATPase subunits vATP-ac39 (AAEL021342) and vATP-C 

(AAEL000291)) (73, 74, 76, 109-111) as pan-orthoflavivirus host dependency factors in 

mosquito cells (Fig. 5C). In agreement with earlier reports, AGO2 significantly restricted DENV 

replication (72, 113), while exhibiting no effect on WNV and LACV replication, highlighting the 

heterogeneity of the RNAi response across different arboviruses in Aedes aegypti cells (53). 

Our ongoing studies will further elucidate the relationship between each of these arboviral 

capsids and their targets, uncovering additional mechanisms by which each species 

manipulates the mosquito host cell machinery. 

Among the newly identified PPIs, we focused on the interaction of orthoflaviviral capsids with 

two components of the Brahma complexes (also known as (P)BAF or mSWI/SNF complexes), 

BAP170/ARID2 (AAEL001361) and Moira/SMARCC2 (AAEL022608), and showed that the 

Brahma complex plays a critical role in orthoflavivirus replication in mosquito cells. 

The physiological function and exact composition of the Brahma complex in mosquito cells 

are currently elusive. In humans, three main subtypes of BAF complexes have been identified, 

while in Drosophila, two distinct sub-complexes (BAP and PBAP) have been described to 

date, with shared and distinct roles in cell cycle control, specific immunoregulatory functions 

and transcriptional activation through nuclear receptors being characterized in both species 

(114-124). In this study, through a combination of genetic, biochemical and sequencing 

approaches, we provide multiple lines of evidence demonstrating a chromatin-remodeling 

function of the Brahma complex in mosquito cells. Notably, we show that both putative Brahma 

sub-complexes are critically required across arboviruses, including those not primarily 

transmitted by Aedes aegypti in endemic areas (WNV, JEV, USUV, SINV), and confirm that 

this interaction occurs upon ectopic capsid expression as well as in virus-infected cells (Fig. 

6A) 

To our knowledge, this is the first study describing a functional role for the Brahma complex 

in arbovirus replication in invertebrates. However, specific hijacking of cellular pathways 

involved in chromatin remodeling has been previously described in the context of infections 

by positive-sense RNA viruses in mammalian cells. For instance, the human BAF45b, a 

subunit of the neuronal BAF complex, was identified as a pan-orthoflavivirus host dependency 

factor, although the underlying molecular mechanisms and viral determinants remain elusive 

(138). Similarly, SMARCA4 (human ortholog of BRM), ARID1A (human ortholog of OSA), 

SMARCE1 (human ortholog of BAP111), SMARCB1 (human ortholog of SNR1) and 
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SMARCC1 (human ortholog of Moira), were also reported as SARS-CoV-2 host dependency 

factors in mammalian cells (131, 139). Interestingly, silencing of Brahma complex components 

did not affect YFV and SINV replication, suggesting that some orthoflaviviruses and 

alphaviruses may have evolved alternative mechanisms to regulate host gene expression, 

such as histone mimicry (31) or capsid-induced transcriptional shut-off (35, 40, 140-143). 

Biochemical characterization of the molecular determinants underlying the capsid–Moira 

interaction revealed a nucleic acid dependency (Fig. 6). This suggests that interaction of Moira 

with the orthoflaviviral capsids could be directly mediated by nucleic acids or might require an 

intact Brahma complex, as complex stability and structure are strongly modulated by the 

presence of nucleic acids (144-146). 

To shed light on the functional consequences of the capsid-Moira interaction on host gene 

expression, we systematically profiled changes in the chromatin landscape and cellular 

transcriptome using a combination of high-throughput sequencing approaches. These 

experiments revealed profound modulation of gene expression and chromatin accessibility in 

both virus-infected and Moira-depleted cells (Fig. 7). Interestingly, we identified 66 genes 

consistently regulated at the transcriptional level in both virus-infection and ectopic capsid 

expression, suggesting a direct role of orthoflaviviral capsid in modulation of gene expression. 

These genes include the Notch-ligand neurogenic locus protein delta (AAEL025606), 

previously shown to be dysregulated upon ZIKV infection in human neuronal progenitor cells 

(147) and the Tango1 gene (AAEL022091), involved in ER-Golgi transport (148) and 

potentially linked to virus assembly and release. Furthermore, among the dysregulated genes 

we identified Sec61 and other accessory components of the translocon machinery, previously 

described as DENV host dependency factor in mammals (52). Moreover, the lipid transport 

factors ATPase phospholipid transporting 8B (AAEL019531), the lysolipid transporter protein 

spinster (AAEL008356), as well as M13 family metallopeptidase neprilysin 3 (AAEL011369) 

were amongst the newly identified targets significantly upregulated by capsid expression. 

Notably, overall transcriptional changes observed upon capsid expression were milder than 

those observed in virus-infected cells. These differences might result from reduced capsid 

expression levels in transiently transfected cells or the presence of additional viral or host 

proteins differentially regulated upon productive virus infection. Collectively, the moderate 

impact of capsid expression on global proteostasis (Fig. 3) and the coherent regulation of 

cellular transcripts in virus-infected and capsid-transfected cells, suggest that orthoflaviviral 

capsids modulate gene expression at least in part through interactions with the Brahma 

complex in the nucleus (Supplementary Fig. 5, Fig. 7D). 

To identify causal relations between capsid-mediated changes in infection and Brahma-

regulated genes, we intersected dysregulated genes at the RNA level with differentially 
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accessible chromatin regions in Moira-silenced, virus-infected and capsid-expressing cells. 

This approach led to the identification of six genes potentially regulated by the Brahma 

complex upon interaction with capsid. These include upregulation of the Hedgehog signaling 

pathway member protein patched (AAEL002850), the transcription factor zinc finger protein 

704 (AAEL003014), the acyl-CoA synthetase bubblegum family member 1 (AAEL019523) and 

protein FAM13A (AAEL026075). Interestingly, the Hedgehog signaling pathway has been 

implicated in suppression of host immune responses upon RNA and DNA virus infections 

(149), suggesting a possible pro-viral role for this gene in orthoflavivirus infections in 

mosquitoes.  

To characterize further potential differences in Brahma complex activity upon association with 

capsid, we additionally performed transcription factor binding motifs enrichment, focusing our 

analysis on genes displaying differentially accessible peaks in Moira k.d., DENV and WNV 

capsid expression and virus infection. As specificity control, we used YFV-infected cells, which 

did not exhibit any Moira-dependent phenotypes in our study (Fig. 5D-E). This approach 

allowed the identification of capsid-regulated, Brahma complex-associated genes that might 

influence the orthoflaviviral replication cycle, including the ER-localized Calumenin B scf 

(AAEL007725) and glycogen synthase kinase 3 beta homolog shaggy (AAEL005238). In line 

with our findings, pharmacological inhibition of the human GSK-3 ortholog has previously been 

shown to negatively affect DENV replication and may also modulate nuclear localization of 

JEV capsid (150, 151). 

Altogether, the identification of host genes linked to Brahma complex activity and coherently 

regulated upon virus infection and capsid expression suggests that orthoflavivirus capsids 

might interfere with Brahma complex-mediated chromatin-remodeling, modulating the 

expression of selected host genes with pro-viral functions. Further studies will be needed to 

explore the functional consequences of the Brahma complex for orthoflavivirus replication in 

mosquito cells.  

Collectively, this study provides a comprehensive network to rationalize arboviral capsid 

effector functions in mosquito cells, shedding light on a new set of invertebrate host proteins 

functionally promoting replication of prototypic arboviruses in insects.  Furthermore, we 

identified a novel and conserved role for the orthoflavivirus capsid in modulation of gene 

expression and chromatin remodeling, exemplifying the versatility of viral capsids’ functions in 

virus replication in invertebrates. 
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Figure legends 

Figure 1: The pan-arbovirus capsid-ome in mosquito cells. 

A. Experimental design and work-flow of the pan-arboviral capsid interaction atlas. Stable 

Aedes aegypti Aag2 cell lines expressing HA-tagged arboviral capsids (n=13) were used to 

characterize changes in the whole cellular lysate (effectome) and to identify interacting host 

proteins (interactome). Total number of identified proteins and significant hits are displayed 

(Interactome: two-sided Welch’s t-test, S0=1, FDR=0.05, n=250 randomizations, with 

log2(fold-enrichment) ≥ 3.5 and p ≤ 0.015. Effectome: two-sided Student’s t-test, S0 = 1, FDR 

= 0.05, number of randomizations = 250, |log2(fold-change)|>2. Control: HCV-Core). This 

figure was created in https://BioRender.com. B. Total numbers of unique and shared 

significant interactors of each bait. Interactors were defined as shared if identified as significant 

interactors for at least two baits. C. Combined virus–host protein–protein interaction network 

of arboviral capsids measured by AP–MS. Selected biological functions and processes are 

highlighted by colors and in squares. Only the top 50 most enriched significant interactors are 

shown per bait (log2(Fold-change) ≥ 3.5; p-value ≤ 0.015). Interactions between viral and host 

proteins are indicated by grey lines. Colored circles and nodes represent a manually curated 

selection of GO annotations. Gene names listed refer to human orthologs or Aedes aegypti 

gene IDs. 

 

Figure 2: Arboviral capsid proteins display distinct genus-, species- and vector-level 

host binding specificities 

A. Upset plot of 420 significant capsid-interacting proteins in the capsidOME (two-sided 

Welch’s t-test, S0 = 1, FDR = 0.05, number of randomizations = 250 comparing each bait to 

HCV; log(fold change) ≥ 23.5 and p ≤ 0.015). B. Metascape enrichment analysis of all 

statistically significant host-interacting proteins from the capsid-ome. Human orthologs of 

mosquito proteins were used for the genus-based functional enrichment analysis as detailed 

in Experimental Procedures. C. Identification of virus genus-specific interactors (criteria: found 

in at least four orthoflaviviruses; two alphaviruses; one orthobunyavirus). D. Identification of 

capsid interactors specific to Aedes-borne, Culex-borne or tick-borne arboviruses (criteria: 

found in at least three Aedes-, two Culex-, two tick-borne viruses). E.–H. Identification of 

species-specific capsid-interacting proteins (Hawaii plot, Pearson correlation of each bait to 

all other 12 baits and three controls used in this study (referred to as “complement”), number 

of permutations = 100, Class A: S0 = 1, FDR = 0.05, Class B: S0 = 0.1, FDR = 0.05) – 

exemplary DENV2 (E.), WNV (F.), LACV (G.) and MAYV (H.). I. Intersection of C-interacting 

proteins identified in this study (extended list of capsid interactors (n=945), 82% (n=782) 

mapped to human IDs) with previously reported capsid interactomes in mammalian cells 

(WNV-capsid interactome (47) , ZIKV-capsid (45), ZIKV- and DENV-capsid interactome (52), 

ZIKV-C interactome (14). J. String network of Ae. aegypti capsid-interactors identified in this 

study, previously reported as capsid-interacting proteins in human studies (found in at least 3 

of 4 human data sets as orthologs of Ae. aegypti proteins). Factors that were found in this and 

all human studies are highlighted by thick black borders. Connections indicate functional and 

physical interactions that were experimentally determined (https://string-db.org/). 
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Figure 3: Arboviral capsids modulate abundance of selected mosquito host proteins  

A. Total numbers of unique and shared host proteins displaying differential abundances upon 

persistent C expression in Aag2 cells (two-sided Student’s t-test, S0 = 1, FDR = 0.05, number 

of randomizations = 250, |log2(fold change)| ≥ 2, p-value ≤ 0.05. Control: HCV-Core). Host 

factors were defined as shared if significantly modulated by expression of at least two 

individual arboviral capsids. B. Numbers of significantly up- or down-regulated proteins in each 

C-expressing Aag2 cell line. C–F. Identification of regulated host factors upon expression of 

representative arboviral capsids. Volcano plots of significantly up- or down-regulated proteins 

in DENV-C (C.), WNV-C (D.), LACV-C (E.) and MAYV-C-expressing cells (F.) (two-sided 

Student’s t-test, S0 = 1, FDR = 0.05, number of randomizations = 250, log2|(fold change)| ≥ 

2, p-value ≤ 0.05). G–I. Profile plots of proteins regulated by the capsids of DENV (G.), WNV 

(H.) and LACV (I.). 

 

Figure 4: Functional relevance of newly-identified capsid interacting proteins across 

different arboviruses  

A. Specificity of shortlisted capsid-interacting host proteins (n=110 targets) across arboviral 

capsids selected for functional validation. B. Experimental design of dsRNA-mediated knock-

down screen to investigate the functional relevance of identified capsid interactors for DENV, 

WNV and LACV replication in Aag2-C3 (DENV) or Aag2-AF5 (WNV and LACV) Aedes aegypti 

cells. Viral titers were determined by plaque assay in 96-well plates and imaged after crystal 

violet staining using a screening wide-field microscope (Nikon Europe B.V). A proprietary 

convolutional neural network (Nikon segmentation artificial intelligence (AI), (154)) was trained 

to systematically identify and count PFUs as described in Experimental Procedures. C. The 

effect of dsRNA-mediated knock-down of 110 capsid interactors or controls on virus 

production was assessed by plaque assay. The results of each biological replicate (n=3) of 

dsRNA-treatment are shown as heat maps for the three viruses, respectively (virus titers in 

PFU/mL relative to non-targeting dseGFP-treated control cells). Host factor binding 

specificities are indicated on the right (DENV, D; WNV, W; LACV, L; other orthoflaviviruses, 

O; alphaviruses, A). Newly identified host restriction and dependency factors for each virus 

species are highlighted as red and blue circles on the left, respectively (cut-off criteria: ≥ 50% 

difference in viral titers). Cell viability was determined by resazurin assay and low cell viability 

(< 75%) upon dsRNA treatment is indicated by a black border around the circles (complete 

cell viability dataset in Supplementary Figure 3). 

 

Figure 5: Functional relevance of Brahma complex subunits in arbovirus replication.  

A. Summary of Brahma complex subunit names in humans (Homo sapiens) and Drosophila 

melanogaster and indication of presence in BAP or PBAP sub-complexes (155-157). B. 

Schematic representation of the Drosophila BAP and PBAP complex compositions. C. Effect 

of dsRNA knock-down of Moira and BAP170 in Aag2-C3 cells on production of different 

orthoflaviviruses (DENV, WNV, USUV, ZIKV and YFV), orthobunyavirus (LACV) and 

alphaviruses (CHIKV, SINV) was assessed by plaque assay (mean±SD; n=3-4). D–E. Effect 

of dsRNA-mediated knock-down of different Brahma complex subunits on intracellular viral 

RNA levels (D.) and virus titers (E.) of WNV, DENV and YFV in Aag2-C3 cells. Data underlying 

dsvATP-C, dsBAP170 and dsMoira silencing on YFV virus replication by plaque assay in panel 

Jo
urn

al 
Pre-

pro
of



A pan-arboviral atlas of capsid-interacting proteins in mosquito cells 

43 
 

C were again shown here for ease of comparison. Asterisks indicate significance as assessed 

by two-way ANOVA with Dunnett´s multiple comparisons test (p-value: 0.12(ns), 0.033(*), 

0.002(**), 0.001(***); mean±SD; n=3-4). 

 

Figure 6: Biochemical characterization of Moira-capsid interaction. 

A–C. co-IP-WB (anti-FLAG) of FLAG-Moira- or FLAG-eGFP-transfected Aag2-C3 cells that 

were WNV-infected (48 h.p.i.; A.), DENV-infected (72 h.p.i.; B.) or WNV-infected (48 h.p.i.) 

and nuclease-treated upon cell lysis (C.). 

 

Figure 7: Chromatin accessibility in Orthoflavivirus-infected, capsid-overexpressing 

and Moira k.d. Aag2-C3 cells.  

A. Violin plot of log2 transformed normalized read counts (merged three biological replicates) 

for all differentially and non-differentially accessible peaks per sample. dsMoira was compared 

to dseGFP, capsids was compared to HA-eGFP and infection samples were compared to 

mock. Numbers at the bottom indicate differentially regulated ATAC-seq peaks. B. Relative 

distribution of up- or down-regulated peaks across different genomic features. C. Overlap 

between differentially expressed genes (RNA-seq) and genes associated with differential 

changes in chromatin accessibility (ATAC-seq) for each comparison. Genes were assigned to 

the peaks using the nearest approach. D. Intersection of common genes differentially 

expressed in Moira k.d. (dsMoira), WNV capsid and WNV-infected Aag2-C3 (RNA-seq). E. 

Heat map of log2(fold change) of 66 differentially expressed genes significantly regulated in 

both WNV-C expressing- and WNV-infected cells and regulated in a similar manner. 54 genes 

are up-regulated and 12 down-regulated. F. Directional mean log2(fold change expression) of 

the six shared genes across RNA-seq consistently regulated in WNV capsid and WNV 

infection but inversely modulated in Moira k.d. (dsMoira) cells. Numbers of nearby differentially 

accessible peaks (nearest approach distance 50 kb) are displayed on the top. G. HOMER p-

values of transcription factors found linked to enriched motifs in Moira k.d., DENV capsid and 

infection, WNV capsid and infection, absent in YFV capsid and infection conditions (HOMER 

Fisher Exact test). H. Enriched binding motif and corresponding transcription factors. Numbers 

of differentially expressed genes (RNA-seq) associated with peaks displaying the enriched 

motifs are shown. I. Heat map of log2(fold change expression) of selected genes with identified 

motifs that are either shared pairwise or tripletwise across Moira k.d., WNV capsid and WNV 

infection. Non-significant, n.s. (DESeq2 Wald test). 

 

Supplemental Figure S1: The pan-arbovirus invertebrate capsid-ome. 

A. Immunofluorescence staining of Aag2 cell lines stably expressing HA-tagged arboviral 

capsids with mouse anti-HA primary and Alexa-Fluor647-conjugated secondary antibody. 

DAPI was used as counterstaining. Images were acquired by confocal microscopy. Scale bar, 

20 µm. B. Anti-HA immunostaining of Aag2 cell lysates from stably expressing HA-capsid or 

control bait cells on western blot. C. Total numbers of identified proteins by AP-MS/MS in each 

sample (4 biological replicates per condition). D. Expression levels of capsids bait in AP-LC-

MS/MS interactome samples. Heat map of log2(LFQ intensities). n.i., not identified. E. 

Principal component analysis (PCA) of all biological replicates across the capsid interactomes 
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(indicated in different colors). F. Histogram of global proteome LFQ intensities, indicating the 

abundance distribution of the 420 identified capsid-interactors. G. Comparison of this study 

(extended list of interactors, n=945 interactors) with previously published capsid interactomes 

in Aag2 cells (ZIKV capsid interactome by Gestuveo et al., 2021 (n=148) and DENV capsid 

interactome by Shah et al., 2018 (extended list, n=983)). H. Differential interactome of ZIKV 

capsid H/PF/2013 (Asian lineage) and DakAr41524 (African lineage). Significantly different 

interactors are indicated in blue (Volcano, Student’s t-test S0 = 1, FDR = 0.05, number of 

randomizations = 250). 

 

Supplemental Figure S2: Characterization of the pan-arbovirus invertebrate Capsid 

effectome 

A. Total numbers of proteins identified by LC-MS/MS in each sample of the effectome (4 

biological replicates per condition). B. Upset plot on 124 effectome hits (Two-sided Student’s 

t-test, S0 = 1, FDR = 0.05, number of randomizations = 250, llog2(fold change)l > 2. Control: 

HCV-Core). 

 

Supplemental Figure S3: Plaque assay AI quality control 

A. Exemplary images of LACV, WNV and DENV plaque assays in 96-well-plates. Segmented 

AI annotations and the AI calculated numbers of PFU are indicated. Successful separation of 

fused plaques is shown in one exemplarily zoom image per virus. The contrast of DENV 

plaque images was here increased for better visibility. 

Supplemental Figure S4: dsRNA-based phenotypic screening on arboviral replication. 

A. Cell viability was assessed by Resazurin assay at 72 h.p.t. (Aag2-AF5) or 96 h.p.t. (Aag2-

C3) of dsRNA. Heat map of % cell viability, relative to dseGFP-transfected cells. Each column 

represent an individual biological replicate (n=3). Knock-downs that resulted in cytotoxicity 

(cell viability <75%) are indicated by black filled circles. B-D. Virus screen results displayed as 

rank plot. The viral phenotype upon dsRNA knock-down of 110 capsid interactors and six 

controls was assessed by plaque assays. Host restriction (virus titer > 200%) and host 

dependency (virus titer <50%) factors of DENV2 (B.), WNV (C.) and LACV (D.) are indicated 

in red and blue, respectively (virus titers in PFU/mL relative to non-targeting dseGFP-treated 

control cells; n=3). E. Intersection of newly identified host factors significantly modulating virus 

replication across species.  

 

Supplemental Figure S5: Functional relevance of Brahma complex subunits across 

different arboviruses.  

A. Silencing efficiency of Brahma complex subunit dsRNA-targets by RT-qPCR (mean±SD; 

n≥3). Statistics: one-way ANOVA with Dunnett´s multiple comparisons test (p-value: 0.12(ns), 

0.033(*), 0.002(**), 0.001(***)). B. Assessment of cell viability as determined by Resazurin 

assay of dsRNA knock-down cells (mean±SD; n=3-5). C. Silencing efficiency of selected 

Brahma complex subunits and vATP-C dsRNA-targets by LC-MS/MS (n=3). 
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Supplemental Figure S6: Biochemical characterization of Moira-capsid interaction.  

A. Subcellular distribution of Moira in Ae. aegypti cells. Aag2-C3 cells were transfected with 

pPUB-FLAG-Moira, infected with WNV (MOI = 0.5) the following day, and fixed at 48 h.p.i. 

Cells were stained for immunofluorescence using anti-FLAG (rabbit) and anti-Envelope-

specific antibodies (4G2; mouse anti-E) primary antibodies, and anti-rabbit Alexa-Fluor488- 

and anti-mouse Alexa568-conjugated secondary antibodies. Cell nuclei were counterstained 

with DAPI. Scale bar, 20 µm. B. Subcellular distribution of Moira and ectopically expressed 

capsid in Ae. aegypti cells. Aag2-C3 cells were co-transfected with pPUB-FLAG-Moira and 

pPUB-HA-capsid and fixed at 72 h.p.t.. Cells were applied to immunofluorescence assay using 

anti-HA (mouse) and anti-FLAG (rabbit) primary antibodies followed by anti-mouse Alexa647- 

and anti-rabbit Alexa-Fluor488- conjugated secondary antibodies. Cell nuclei were 

counterstained with DAPI. Scale bar, 20 µm. 

 

Supplemental Figure S7: Quality controls of ATAC and RNA-seq data 

A. Silencing efficiency of Moira upon dsRNA k.d. was assessed in ATAC-seq input cells by 

RT-qPCR (mean±SD; n=3), using actin and S7 as reference genes, respectively. B–C. 

Infection rates (B.) and representative immunofluorescence images (C.) of Aag2-C3 cells 

upon infection with DENV2 (MOI = 1), WNV (MOI = 0.5) and YFV (MOI = 1.5). Cells were 

immunostained at 72 h.p.i. using an Orthoflavivirus cross-reactive envelope (mouse 4G2 

antibody) combined with anti-mouse Alexa568-conjugated secondary antibody. Nuclei were 

counterstained with DAPI. Scale bar, 20 µm. D. Representative images of ectopically 

expressed HA-capsid or eGFP in Aag2-C3 cells at 72 h.p.t. Cells were immunostained with 

anti-HA (mouse) primary antibodies followed by an anti-mouse Alexa647-conjugated 

secondary antibody. Cell nuclei were counterstained with DAPI. Scale bar, 20 µm. E–F. PCA 

of all biological replicates of the ATAC-seq experiment (E.) and the RNA-seq experiment (F.). 

G. Distance of differentially accessible peaks from the nearest transcription start site (TSS) as 

determined by nearest approach represented as percentage of total number of peaks. 

 

Supplemental Figure S8: Chromatin accessibility in Orthoflavivirus-infected, capsid-

overexpressing and Moira k.d. Aag2-C3 cells. 

A.–C. Correlation of genes associated with differentially accessible peaks (ATAC-seq) and 

differentially expression (RNA-seq) that are regulated upon dsMoira (ATAC-seq: |log2(fold 

change)| > 1.5; A.), WNV capsid expression (ATAC-seq: |log2(fold change)| > 0.5; B.) and 

WNV infection (ATAC-seq: |log2(fold change)| > 0.5; C.). D–E. GO enrichment analysis of 

genes consistently modulated in dsMoira and WNV infection (D.), or HA-WNV and WNV 

infection (E.). F. Peaks identified by ATAC-seq as proximal to six differentially expressed 

genes and their behaviors across individual ATAC-seq datasets. G. Enriched motifs across 

conditions (dsMoira, DENV and WNV capsid expression, DENV and WNV infection). Numbers 

on the right indicate percentage of all peaks with enriched binding motifs across conditions. 

Transcription factor specificities are indicated on the left. 

TABLES 
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Supplemental table S1: List of primers  

A. List of primer sequences used for cloning and sequencing of capsid and host factor-

expressing pPUb vectors. B. List of primer sequences used to quantify intracellular viral RNA 

levels and validate dsRNA-mediated k.d. of host targets by RT-qPCR. C. List of primer 

sequences used to generate dsRNA against selected host factors. D. List of all primer 

sequences used for dsRNA synthesis and in silico predicted dsRNA amplicons used in the 

dsRNA-mediated phenotypic screen. 

 

Supplemental table S2: MS interactome and effectome data analysis 

A. List of all identified Aedes aegypti proteins across the CapsidOME (n=4 biological 

replicates), including the corresponding Aedes aegypti UniprotID and GeneID as well as 

mapped human orthologs UniprotID and gene names. Unprocessed log2-transformed LFQ 

values are displayed. Statistical analysis of each individual bait was done against HCV-Core 

using a two-sided Welch’s t-test (S0=1, FDR=0.05, n=250 randomizations; significance 

indicated by "+"). High-confidence interactors were defined using additional cut-of criteria 

(|log2(Fold-change)| ≥ 3.5; p-value ≤ 0.015) and are indicated by "+". The complete list of all 

significant hits as well as host factors selected for functional validation in the dsRNA-mediated 

knock-down screen are indicated in separate columns. Virus genera or vector preference 

specificities are indicated in separate columns. “Major hits” refer to interactors shared by at 

least 3/5 (Major_Aedes), 2/2 (Major_tick), 2/4 (Major_Culex), 4/8 (Major_Flavi), 2/2 

(Major_Alpha) and 1/1 (Major_Bunya) viral species. B. List of all identified Aedes aegypti 

proteins across the effectome of different arboviral capsid and control baits (n=4 biological 

replicates) with their Aedes aegypti UniprotID and GeneID as well as mapped human 

orthologs UniprotID and gene names. Unprocessed log2-transformed LFQ values are shown. 

Significantly regulated proteins in each capsid-effectome dataset were identified using a two-

sided Student’s t-test (S0=1, FDR=0.05, n=250 randomizations; significance indicated by "+"), 

using HCV-Core as control. High-confidence hits were identified by applying additional cut-of 

criteria ((|log2(Fold-change)|>2; p-value ≤ 0.05) as indicated by "+". 

 

Supplemental table S3: Analysis of ATAC-seq and RNA-seq data 

Statistical analysis of accessible peaks (ATAC-seq; Wald test statistic output by DESeq2) 

indicating peak location (chromosome, start and end site, nearest gene and annotation), 

average normalized read counts and log2-transformed fold change for peaks in A. dsMoira- 

compared to dseGFP-treated cells. B. DENV capsid compared to eGFP overexpression cells. 

C. YFV capsid compared to eGFP overexpression cells. D. WNV capsid compared to eGFP 

overexpression cells. E. DENV- compared to mock-infected cells. F. YFV- compared to mock-

infected cells. G. WNV- compared to mock-infected cells. H. RNA integrity number (RIN) 
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values of RNA-seq samples from TapeStation RNA ScreenTape analysis. I.–K. Statistical 

analysis of expressed genes (RNA-seq; Wald test statistic output by DESeq2) including p-

value and log2-transformed fold change of gene expression for dsMoira- compared to 

dseGFP-treated cells (I.), WNV capsid compared to eGFP overexpression cells (J.) and WNV- 

compared to mock-infected cells (K.). 

 

Supplemental table S4: Raw data and titers of plaque assays in Figure 5 

A.-B. Underlying raw data, calculated absolute and relative virus titers of Figure 5C (A.) and 

Figure 5E (B.). 

 

Supplemental table S5: Motif enrichment analysis 

A. Statistical analysis of HOMER motif enrichment of differentially accessible peaks in ATAC-

seq data of dsMoira, DENV and WNV capsid and infection and indication of % target 

sequences carrying this motif. 
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Highlights 
 

•        First systematic pan-arboviral atlas of capsid-interacting proteins in mosquito cells 
spanning 12 pathogenic arboviral species 

•       Phenotypic screening of 110 newly discovered capsid-interacting mosquito proteins 
with Dengue virus, La Crosse virus and West-Nile virus identified several novel host-
dependency factors 

•        Novel role of the chromatin-remodeling Brahma complex in orthoflavivirus replication 
in mosquito cells 

•        Proposing a novel mechanism of capsid-mediated transcriptional regulation in 
mosquito cells 
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In brief statement 
 
This study by Flory et al. characterizes virus-vector interactions in Aedes mosquito cells 
through a systematic proteomics-based survey of capsid-interactors of 12 pathogenic 
arboviruses. In a dsRNA-based knock-down screen, the functional relevance of 110 capsid-
interactors was tested for three different arboviruses revealing several new host-dependency 
factors. This study identified and characterized the novel mosquito host-dependency factor, 
the chromatin-remodeling Brahma complex, and showed capsid-mediated transcriptional 
regulation activities using a multi-omics sequencing approach. 
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Multi-omics analysis of SFTS virus infection
in Rhipicephalus microplus cells reveals
antiviral tick factors

Marine J. Petit 1,2 , Charlotte Flory 3, Quan Gu 1, Mazigh Fares 1,
Douglas Lamont 4, Alan Score 4, Kelsey Davies1, Lesley Bell-Sakyi5,
Pietro Scaturro 3, Benjamin Brennan 1 & Alain Kohl 1,6

The increasing prevalence of tick-borne arboviral infections worldwide
necessitates advanced control strategies, particularly those targeting vectors,
to mitigate the disease burden. However, the cellular interactions between
arboviruses and ticks, especially for negative-strand RNA viruses, remain lar-
gely unexplored. Here, we employ a proteomics informed by transcriptomics
approach to elucidate the cellular response of the Rhipicephalus microplus-
derived BME/CTVM6 cell line to severe fever with thrombocytopenia syn-
drome virus (SFTSV) infection. We generate the de novo transcriptomes and
proteomes of SFTSV- and mock-infected tick cells, identifying key host
responses and regulatory pathways. Additionally, interactome analysis of the
viral nucleoprotein (N) integrated host responses with viral replication and
dsRNA-mediated gene silencing screen reveals two anti-SFTSV effectors: the N
interacting RNA helicases DHX9 and UPF1. Collectively, our results provide
insights into the antiviral responses of R. microplus vector cells and highlight
critical SFTSV restriction factors, while enriching transcriptomic and pro-
teomic resources for future research.

Severe fever with thrombocytopenia syndrome virus (SFTSV) (Dabie
bandavirus, Phenuiviridae, Bunyavirales) is a tick-borne bunyavirus
identified in China in 20091. The human case fatality rate is ~10%, though
this may vary by strain2, with patients developing a range of symptoms
including fever, leukocytopenia, thrombocytopenia, and gastrointestinal
symptoms3. The virus has been detected in China1, South Korea4, Japan5,
Taiwan6, and Vietnam7, demonstrating a wide geographic distribution.
There is an increasing understanding of the human immune responses
to infection, immunopathogenesis, and viral counteraction of immune
responses (mediated through the activity of the SFTSV non-structural
[NSs] protein) during infection, but currently there are no specific anti-
viral treatments or vaccines available to treat this disease8–11.

The genome of SFTSV resembles that of related bunyaviruses,
with the L segment encoding the RNA-dependent RNA polymerase (L);
the M segment encoding a polyprotein precursor of the viral glyco-
proteins; and the S segment encoding the nucleoprotein (N) and the
NSs protein which is a virulence factor and interferon antagonist in
vertebrate infections. The genome termini interact to give a char-
acteristic panhandle structure to the viral ribonucleoprotein com-
plexes, in which the N protein encapsidates the viral genomic or
antigenomic sense RNA. Both L and N proteins are critical for viral
replication and transcription, however the host factors that regulate
these processes during Phenuivirus infection in tick cells remain
elusive12,13.
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SFTSV is likely transmitted by several tick species, including
Haemaphysalis (Hae.) longicornis14, Hae. flava15, and R. microplus6 to
human or other vertebrate hosts. The molecular interactions between
ticks and tick-borne arboviruses are poorly understood in particular
the interactions of negative-sense RNA viruses, such as bunyaviruses
for whichmost work has been conducted in vertebrate cell lines16. The
virus-vector interactions are likely to influence virus transmission from
the vector to vertebrate hosts, therefore, a deeper understanding is
critical from virological, biological, and translational angles.

Tick cells respond to microorganisms and viruses with a range of
cellular and immune responses17,18, but studies of tick-pathogen
interactions at the molecular level are limited, particularly outside
the genus Ixodes. Published studies have largely focused on tick-borne
flaviviruses, such as investigations into the role of RNA interference
(RNAi) in arbovirus-tick interactions in Ixodes spp.19–21. Critically, these
studies also described the impact of virus infection on the metabolic,
stress, and nucleic acid metabolism pathways within the tick cell20,22,23.
Recently, the induction of RNAi responses by SFTSV and a potential
role for SFTSV NSs as an RNAi suppressor were described during
experimental infection of whole H. longicornis ticks24. That study also
demonstrated that SFTSV infection affects metabolic processes,
including the Toll pathway, although no functional analysis was per-
formed, showing the considerable gaps in connecting transcriptome
data with cellular effects, such as physiological or immunological
impacts following infection.

Here we investigated the interaction of SFTSV with cells derived
from anatural vector (R.microplus) by using a proteomics informedby
transcriptomics (PIT) approach to investigate tick protein expression
in response to SFTSV infection, exploring the cellular processes
beyond the transcriptomic level. We combined the genomic and pro-
teomic information we obtained from SFTSV-infected tick cells to
assess the interactome of the SFTSV N protein, and we selected nine
targets for further characterization. Notably, two RNA helicase pro-
teins were identified as SFTSV restriction factors: the mRNA decay
effector Up-Frameshift 1 (UPF1) protein, a key component of the
nonsense-mediated mRNA decay (NMD) pathway25; and the multi-
functional RNA helicase A DHX9, which plays critical roles in various
cellular processes, including the NF-κB antiviral response in vertebrate
cells26. The identification of these two RNA-binding proteins as SFTSV
antagonists represents a significant advancement in our under-
standing of the molecular mechanisms underlying tick-borne bunya-
virus-vector cell interactions.

Results
The transcriptome and proteome of R. microplus cells
Given the limited understanding of tick cell biology, it is of consider-
able difficulty to study how SFTSV hijacks and re-wires vector cells to
establish infection. Therefore, we aimed to establish an optimized
study system to investigate SFTSV-tick cell interactions in the
R. microplus embryonic-derived cell line, BME/CTVM627,28 (hereafter
referred to as BME6). In the absence of a well-annotated genome for
R. microplus, we employed a PIT approach (Fig. 1a), which integrates
transcriptomic data to create high-quality protein search databases.
This approach is particularly advantageous for non-model organisms
with incomplete genomic resources, as it enables the validation of
predicted transcripts, identification of previously unannotated open
reading frames (ORFs), and characterization of previously unreported
splicing events. By combining transcriptomic and proteomic datasets,
PIT provides enhanced resolution of cellular pathways and processes,
offering insights into tick-specific biology, and characterization of
host–pathogens interactions.

In our current PIT approach to generate the mock- or SFTSV-
infected BME6cell transcriptomewecollected total RNAs andproteins
from SFTSV infected (MOI 1 PFU/ml) BME6 cells (Supplementary
Fig.1a–d). A ribosomal RNA (rRNA) depletion protocol adapted from

Fauver et al. (2019)29 was employed, incorporating customized probes
targeting R. microplus rRNAs to achieve minimal rRNA detection dur-
ing sequencing. This strategy facilitated the comprehensive profiling
of diverse RNA species, including non-coding RNAs (ncRNAs), viral
RNAs, and mRNAs, from both mock- and SFTSV-infected tick cells,
thereby enabling an in-depth analysis of transcriptional changes
induced by SFTSV infection. This approach, even let us detect tick-
specific viral transcripts and proteins, including the complete genome
of Wuhan tick virus 2 (Chuviridae)30 and the IRE/CTVM19-
Rhabdovirus31, were identified in the BME6 cells used in our study32,33

(Supplementary Fig. 1e, f).
Transcripts sequenced from BME6 cells were assembled de novo

using sequence reads, from mock and 3 d.p.i. samples, in Trinity34

(Supplementary Data 1). The resulting BME6 de novo transcriptome
was translated into six ORFs, retaining those longer than 66 amino
acids and incorporating all SFTSV proteins listed in the UniProt data-
base, to construct a protein search database for proteomic analysis.
Following our initial DIA analysis, we generated a FASTA files con-
taining all predicted ORFs with at least one peptide, constituting a
foundational BME6 proteome (17 527 ORFs; Supplementary Data 2).
Using this proteome fasta file we identified 5616 unique protein
groups, with 4558 of these groups confirmed by the presence of six or
more peptides for 4 analyzed samples across all conditions, using the
PIT-predicted spectra as the search database for mass-spectrometry
analysis (Supplementary Data 3).

To enhance the R.microplus genome annotation, the de novo
assembled transcriptome and proteome data underwent multiple
search strategies including BLAST searches35 (Diamond andTrinotate),
ortholog searches (EggNOG36), and protein domain identification
(InterProscan)37,38. Among the contigs identified from our BME6
de novo transcriptome, 5813 genes corresponding to 16677 Trinity
contigs were identified through Diamond BLASTx searches, and Tri-
notate (Blastp search) identified 70396 unique gene isoforms from
615521 trinity contigs. Ortholog search performed on uncharacterized
contigs with EggNog identified 3427 genes corresponding to 15165
contigs (Fig. 1b, Supplementary Data 4). Ultimately, we were able to
identify the protein domain for 2636 distinct trinity contigs using
InterProScan’s protein motif search, of which 1437 contigs were pre-
viously unannotated (Fig. 1b, Supplementary Data 4). Remaining con-
tigs were classified as transposable elements, non-coding genes or
gene loci with no specified function or structure which we designated
as uncharacterized and requiring further investigation to establish
their function or gene structure (e.g., pseudogenes). Our annotation
pipeline resulted in the annotation of 94% of the BME6 proteins
identified (Supplementary Fig. 2a).

Finally, we opted to advance our genome annotation efforts by
predicting alternative splicing events. To achieve this, we assembled
Trinity-derived contigs using the Program to Assemble Spliced
Alignments (PASA) software39, followed by validation with the EVI-
denceModeler (EVM) program40, which integrates multiple sources
of evidence such as PASA transcripts, protein alignments, and gene
prediction tools like Augustus41. This annotation pipeline enabled
the identification of previously uncharacterized BME6 genes and
spliced alignments. The 29,118 splicing events identified through
PASA-EVM (Fig. 1c, Supplementary Data 5), were grouped on 8000
genes (Supplementary Fig. 2b, Supplementary Data 5). The dis-
covery of gene candidates and splicing events—including the
extension of existing ORFs, unreported splicing patterns, and
alternative transcript variants (Fig. 1d)—highlights the importance of
PIT analysis in studying organisms with limited genome annota-
tions, such as the tick vector R. microplus. Moreover, these
annotations provided valuable insights into SFTSV infection (Sup-
plementary Fig. 2c), revealing multiple regulated genes with pre-
viously uncharacterized features, several of which were validated
through both transcriptomic and proteomic evidence (Fig. 1d,
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Supplementary Fig. 2d). By integrating gene, transcript, and protein
data, our PIT approach establishes a comprehensive framework that
significantly enhances our understanding of SFTSV infection in
vector cells42.

SFTSV infection affects temporal BME6 cellular transcription
and protein abundance
To elucidate the impact of SFTSV infection on tick cells, we performed
a comparative analysis ofmock and SFTSV-infected BME6 cells at both

Fig. 1 | Proteomics informed by transcriptomics (PIT) methodology for R.
microplusBME6 cells infectedwithSFTSV.BME6 cells were infected atMOI 1 PFU/
cell and samples were collected at 3 and 6d.p.i. a Schematic of the PIT experimental
procedure designed formock and SFTSV-infected BME6 cells (Created in BioRender.
Petit, M. (2025) https://BioRender.com/u7ysgw4). b Annotation results for the de
novo transcriptome; 16,677 contigs (matching to 5813 genes) were identified by
Diamond BLASTx search. With Trinotate search we obtain annotation for 70396
gene isoforms. 15,165 contigs (matching to 3427 genes) identified by ortholog search
using EggNOG software and 15,165 contigs identified by Interpro protein domain
searches, including 2636 complete genes. c Circo plot illustrating the Rmic18 gen-
ome (GCF _013339725.1_ ASM1333972v1). First band, 1, shows Rmic18 ideogram
representing the 11 chromosomes of R. microplus. Band 2 shows the repartition of

loci on the genome; orange for CDS, blue for gene, pink for pseudogene, green for
non-coding RNA, yellow for tRNA, red for CDS with protein, and purple for mRNA.
Band 3 represents the 29118 EVM-Pasa annotation generated during our PIT analysis.
Band 4 and 5 illustrate annotations at the exon levels (band 4) and the intron levels
(band 5). Band 6 represents alignment of peptides against the Rmic18 genome using
Exonerate software (see Methods). Scatter plot is used to show the distribution of
peptides per loci. d Illustrate genome annotation supported by RNA sequencing and
proteomics evidence. RNA sequencing and peptides were aligned to Rmic18 gen-
ome. Purple color represents RNA reads, orange peptides identified, dashed orange
spliced peptides, and blue known gene structures from Rmic18. A bar graph repre-
sents the Differential expression of transcripts and protein comparing mock to
SFTSV-infected cells (if available). Source data are provided as a Source data file.
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the transcriptome and proteome levels. RNA sequencing reads were
mapped back to the Trinity-generated de novo transcriptome using
STAR aligner43. Analysis identified 686 differentially regulated contigs
in SFTSV-infected BME6 cells at 3 d.p.i., characterized by a log2FC ≥ 1.5
and a padj ≤0.05, compared to mock-infected controls. This differ-
ence was even more pronounced at the later time point of 6 d.p.i.
(Fig. 2a, b). While 99 up-regulated and 43 down-regulated transcripts
were common toboth early and late infection time points, themajority
of differentially expressed transcripts were unique to each time point
(Fig. 2c), suggesting time-dependent viral impact of the cellular RNA
pool. We next analyzed BME6 protein alterations using our annotated
proteome. We examined proteins that were differentially regulated at
either 3 or 6 d.p.i. relative to mock-infected control cells. Our com-
parison uncovered distinct protein abundance profiles in response to
SFTSV infection at 3 and 6d.p.i. As in our transcriptome analysis,
minimal changes were observed at 3 d.p.i. where we identified 10
proteins down-regulated and 183 up-regulated by SFTSV infection
(Fig. 2d) compared to a significant shift evident at 6 d.p.i., where 278
proteins were down-regulated, and 647 proteins were up-regulated
(Fig. 2e). 95 and 6 proteins were, respectively, significantly up- or
down-regulated at both time points (Fig. 2f). Finally, 552 proteins up-
regulated and 272 proteins down-regulated proteins were unique to
6 d.p.i., indicating a temporal response to SFTSV. These observations
suggest that the timing of SFTSV replication kinetics differently affects
the dynamics of protein levels in infected tick cells.

To investigate the effects of SFTSV infection on post-
transcriptional regulation in BME6 cells we analyzed the relationship
between RNA transcripts levels and protein abundance. The Pearson
correlation coefficient was used to evaluate the association between
identified proteins with matching transcript. At 3 d.p.i., we observed a
modest positive correlation of 0.3 (p value = 2.313e-12; Fig. 2g), sug-
gesting a low but nevertheless significant relationship between RNA
and protein levels.We found 2 k-means clusters comprising transcript-
protein pairs with a strong correlation. This may indicate that various
factors influence protein levels beyond transcript abundance. The
clustering became more pronounced at 6 d.p.i.; however, the corre-
lation coefficient (r =0.13, p value < 2.2.10−16) indicates a statistically
significant but weak correlation (Fig. 2h). This suggest that SFTSV
infection may impact either post-transcriptional, translational pro-
cesses or both in BME6 cells. Most antiviral genes, identified in pre-
vious studies19,20,23, thatwere significantly up- or down-regulated in our
transcriptomics and proteomics analysis (Hsp68, Trypsin-1, XIAP-like,
Microplusin) were excluded from the main density contours
(Fig. 2g, h), pointing to distinct regulatory mechanisms for those
genes. Altogether our results indicated a complex regulatory land-
scape governing gene expression and protein biosynthesis in tick cells
when infected with SFTSV.

SFTSV infection regulates BME6 cell immune- and stress-related
pathways
To further characterize biological processes altered during SFTSV
infection, we ran a pathway analysis, using the recently described R.
microplus ensemble metazoa gene ontology (GO) categories42. Sub-
sequent GO analysis of annotated transcripts and proteins revealed
limited alterations at 3 d.p.i. (Supplementary Fig. 3a, b) but significant
up-regulation of various GO categories at 6 d.p.i. (Supplementary
Fig. 3c, d). For both time points we observed SFTSV-mediated down-
regulation of oxidoreductase activity and protein binding categories
(i.e., HSP70-interacting protein, NF-κB modulator); and the up-
regulation of RNA-dependent RNA polymerase activity, a category
associated with the synthesis of small and non-coding RNA in ticks44.
However, most enriched GO categories were time-dependent, vali-
dating our previous observation at the transcriptome, and proteome
levels. Although pathways linked to innate immunity or antiviral
responses were not identified, the possibility that insufficient genome

annotations and GO categorizations45,46 contributed to this finding
cannot be dismissed.

To elucidate the comprehensive antiviral response mechanisms
against SFTSV infection and delineate the core immune pathways in
BME6 cells, we integrated previously identified tick-derived immune
effectors20,23,47 with immune effectors identified in our annotated
proteome. This combinatorial analysis let us characterize the effectors
of the Toll, IMD, JNK, and JAK-STAT pathways in BME6 cells (Fig. 3a–c),
andwe observed amoderate up-regulation of these signaling cascades
at 6 d.p.i. For example, we observed up-regulation of the AP-1 complex
transcription factor part of the JNK pathway (log2D = 2.3 (p value =
0.06) and log2D = 4.5 (p value = 0.004) at 3 and 6d.p.i., respectively).

Additional antiviral effectors associated with arthropod antiviral
responses were identified including heat shock factors48, and tick-
specific antimicrobial effectors such asMicroplusin, which exhibited an
increased mRNA expression for both time points (log2FC = 3.67
(padj = 2.44E-12) and log2FC = 3.93 (padj = 3.24E-14) for 3 and 6d.p.i.,
respectively) and increased protein expression at 3 d.p.i. (log2D = 1.15;
p value = 0.06). Galectin49, another antimicrobial effector showed
increased mRNA expression for both time points (log2FC = 1.2
(padj = 0.03), log2FC = 1.8 (padj = 6E-8) for 3 and 6d.p.i., respectively)
during SFTSV infection (Fig. 3d). In contrast, the mRNA for the anti-
microbial peptide Defensin, a downstream readout of Toll pathway
activity50, was down-regulated at 3 d.p.i. (log2FC = −1.5; padj = 0.03)
and was not detected at 6 d.p.i. or in our proteomic analyses.

Additionally, key components of the RNAi pathway, including
Dcr2, Ago2, and Loquacious, were identified and expressed at both 3
and 6 d.p.i. However, no significant regulation of these RNAi effectors
was observed during SFTSV infection at 3 or 6 d.p.i., except for
Ago2 protein expression, which showed up-regulation at 6 d.p.i.
(log2D = 1.48 and p value = 0.02).

Finally, we examined the regulation of conserved stress pathways,
such as theMAPK and apoptosis pathways, which are partly conserved
between host and vectors51. These pathways have been previously
identified as critical for SFTSV infection in human cells, playing key
roles in promoting viral replication, immune response modulation,
and cell survival during infection52–54. We started by examining the
regulation of several pattern recognition receptors (PRRs) including
the IMD pathway receptor Croquemort55 (log2D = 2.46; p value =
0.00021 and log2D = 1.74; p value = 0.01, for 3 and 6d.p.i., respec-
tively) and the Toll-like receptor (TLR-like), which is up-regulated at
the protein level at 6 d.p.i. (log2D = 2.27; p value = 0.04) (Fig. 3e). We
next examined the expression profiles of the MAPK pathways, where
all effectors were identified for both time points but only the receptor
RTK (log2D = 1.42; p value = 0.04 and log2D = 1.85 p value = 0.03;
Fig. 3e), and downstream factors Sprouty-like (log2D = 1.6 p value =
0.005; Fig. 3e), were significantly up-regulated at 3 d.p.i. at the protein
level. These data suggest that R. microplus MAPK pathways are not
involved in the response to SFTSV infection.

As our transcriptomic analysis identified SFTSV regulation of
stress-related genes during BME6 cell infection, e.g., 3 d.p.i. up-
regulation of TP53 (log2FC = 2.35 padj = 0.04) or 6 d.p.i. up-regulation
of Calpain-A-like (log2FC = 1.43 p value = 0.0003) (Fig. 2a), we decided
to extend our characterization to examine differential protein
expression of the apoptosis and mitochondrial stress pathways. Pro-
tein expression of apoptosis effectors, such as APAF1, and XKR6, was
up-regulated at 6 d.p.i. during SFTSV infection (respectively,
log2D = 1.03; p value = 0.05; and log2D = 1.6; pvalue = 0.01), while
expression of apoptosis inhibitors including XIAP or Bcl2-like was
unchanged or down-regulated at 6 d.p.i., respectively log2D = 0.9
(p value = 0.06) and log2D = −0.9 (p value = 0.01), suggesting the acti-
vation of apoptotic processes during SFTSV infection (Fig. 3e). An
opposite trend was observed for mitochondrial stress effectors and
DEAD box RNA helicases including two anti-bunyaviral candidates
identified previously in mammalian cells which were significantly
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Fig. 2 | Differential transcript expression and protein levels in SFTSV-infected
R. microplusBME6 cells. RNA and protein samples were prepared from mock or
SFTSV-infected (MOI 1 PFU/cell) BME6 cells and analyzed for mRNA expression
and protein biosynthesis in response to infection. a, b Differential RNA expres-
sion volcano plots. X axis represents the Log2 Fold Change (Log2FC) when
comparing 3 d.p.i (a) or 6 d.p.i (b) to mock-infected cells. The y axis shows
−Log10(padj). Blue dots represent up-regulated transcripts, (Log2FC ≥ 1.5, padj ≤
0.05) and red dots down-regulated transcripts (log2FC ≤ −1.5, padj ≤0.05). Gray
dots represent non-significantly regulated RNAs (padj ≥0.05). Differential gene
expression analysis was performed using DESeq2, whichmodels count data from
RNA-seq experiments using negative binomial generalized linear models. Genes
with an adjusted p value (Benjamini-Hochberg correction) below 0.05 were
considered significantly differentially expressed. c Venn-diagram representing
transcripts significantly differentially regulated (log2FC ± 1.5, padj ≤0.05) at 3 or
6 d.p.i., blue and red diagrams represent up and down-regulation, respectively.
d, e Differential protein abundance volcano plot. X axis represents the Log2
Difference (Log2D) when comparing 3 d.p.i. (d) or 6 d.p.i. (e) to mock infected
cells. The y axis shows non-zero confidence for each protein (−log10(p)).

Significantly up-regulated proteins (blue dots) and down-regulated proteins (red
dots) were identified using a modified t test (Perseus “one-sample, two-tailed
t test” with s₀ =0.02 and Benjamini–Hochberg FDR ≤0.05). Gray dots represent
non-significantly regulated proteins. f Venn–diagram representing proteins sig-
nificantly differentially regulated (Log2FC ± 1.5, padj ≤0.05) at 3 and 6 d.p.i., blue
and red diagrams represent up- and down-regulation, respectively. g, h Scatter
plot showing the correlation between protein (Y axis) and mRNA (X axis)
expression ratios, Log2D and Log2FC, respectively. Purple dots represent genes
and/or proteins with padj ≤0.5. Density clusters, as defined by R software are
represented by yellow lines. g Scatter plot showing differential expression of
transcripts and proteins at 3 d.p.i. Pearson’s product-moment correlation ana-
lysis revealed a moderate positive correlation (r = 0.3). A two-tailed t test was
used to assess whether the correlation differed significantly from zero (t = 7.1824,
df = 534, p = 2.313 × 10−12). h Scatter plot for differential expression of transcripts
and proteins at 6 d.p.i. Pearson’s product-moment correlation analysis revealed a
moderate positive correlation (r = 0.13). A two-tailed t test was used to assess
whether the correlation differed significantly from zero(t = 9.0447, df = 4370,
p value < 2.2e-16). Source data are provided as Source Data file.
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down-regulated at 6 d.p.i., DDX17 (log2D = −1.62; p value = 0.05) and
DDX5156,57 (log2D = −2.99; p value = 0.01) (Fig. 3e). This major down-
regulation of DEAD-box helicases at 6 d.p.i. highlights a potential viral
strategy to suppress host cellular defences and RNA metabolism.
Altogether, our analysis provides a comprehensive examination of
temporal proteome and transcriptome level changes in tick cell genes
induced by SFTSV infection of R. microplus-derived cell cultures
(Supplementary Fig. 4).

SFTSV nucleocapsid protein co-opts stress pathways in both
early and late infection
To further elucidate the intricate interplay between SFTSV and BME6
cells, we investigated the SFTSV N protein interactome with R. micro-
plus-derived cells. SFTSV N antibody58 was used to immunoprecipitate
cellular proteins interacting with the viral nucleocapsid protein N
during infection. α-Tubulin immunoprecipitation served as a control.
Immunoprecipitated extracts were derived from mock and SFTSV-
infected BME6 cell cultures at 3 or 6 d.p.i. and subjected to analysis by
mass spectrometry (Fig. 4a). The N interactome data were standar-
dized to control conditions, e.g., anti-N immunoprecipitated lysates
frommock-infected cells and anti-tubulin immunoprecipitated lysates
from infected cells were examined as a cross comparison to discard
non-specific interactors. We identified 16 proteins interacting

specifically with SFTSV N at 3 d.p.i., 44 proteins specifically interacting
at 6 d.p.i. and 22 common to both time points (Fig. 4c, Supplementary
Table 1). Importantly, our data also identified the expected interaction
between the viral N and L proteins. We also confirmed interactions of
SFTSV N with the cleavage and polyadenylation specificity factor
subunit 6 (CPSF6) and the insulin-like growth factor 2 mRNA-binding
protein 1 (IGF2BP1) (Fig. 4c) as previously observed inmammalian cell
lines59. Several of our identified N protein interactors have been pre-
viously classified as antiviral effectors, all of which are involved in the
NF-κB response to arboviral infection in vertebrate cells, including the
Toll receptor-associated factor 2 (TRAF2), NF-κB restriction factor
(NκRF), and the DExD/box helicase DHX960. Finally, corroborating our
observations on transcriptome and proteome changes, we identified
interactions between SFTSV N and keymitochondrial stress factors, as
well as proteins associated with stress granules, including an interac-
tion between SFTSV N and Up-frameshift protein 1 (UPF1) which is
essential to the NMD pathway61 (Fig. 4c). Using a KEGG pathway ana-
lysis we were able to assign the remaining SFTSV N interactor to the
spliceosome, glycolysis, or mRNA surveillance pathways (Supple-
mentary Fig. 5a). Finally, to understand if uncharacterized proteins
were associated with the identified pathways, we performed a protein
domain search analysis using InterProScan38. Of the nine unchar-
acterized proteins, seven were associated with functional domains,

Fig. 3 | SFTSV differentially regulates core immune and stress pathways in
infected R. microplus BME6 cells. a–c Heat map showing the log2Fold Change
(log2FC) of transcripts and log2 Difference (log2D) of proteins from core immune
pathways Toll (a), Imd, JNK (b) and JAK-STAT (c) of BME6 cells infected with SFTSV.
mRNA and protein expression were normalized to mock-infected BME6 cells.
Associatedwith their schematic representation, blue in Toll pathway (a), green Imd
(b), yellow JNK (b), and orange JAK-STAT (c) (Created in BioRender. Petit, M. (2025)

https://BioRender.com/7s5zb8h). Dashed line represents a missing protein.
d, e Heat map showing the log2FC of transcripts and log2D of proteins related to
antiviral functions (d) and stress-related pathways (e) in BME6 cells following
SFTSV infection. mRNA and protein expression were normalized to mock-infected
BME6 cells. For all panels, heat map gene names in bold represent significantly
differentially expressed genes and/or proteins, and gray squares represent genes
with no differential expression. Source data are provided as Source Data file.
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including tautomerase and transglycosylase domains, RNA recogni-
tion motifs, or domains derived from transposable elements (e.g.,
retrotrans_gag) (Supplementary Fig. 5b, Supplementary Data 6).

Restriction of SFTSV infection by antiviral, and stress effectors
in BME6 cells
While we identified differentially regulated transcripts, proteins, and N
protein interactors in SFTSV-infected BME6 cells, this alone does not
establish or identify biological significance. To address this limitation,
we conducted targeted gene knockdown (KD) experiments in BME6
cells. Leveraging our previous identification of siRNA pathway com-
ponents in BME6 cells (Fig. 3d, Supplementary Fig. 6a), we employed
dsRNA-induced RNAi to silence specific genes of interest.

As transfection of the BME6 cell line had not been previously
documented, we identifiedMagnetofectamineTMO2 (Oz Bioscience) as
the best option to deliver target dsRNAs linked tomagnetic beads into
cells, using a magnetic field (Supplementary Fig. 6b). To evaluate the
effectiveness of our approach, we first tested it on SFTSV. We hypo-
thesized that successful dsRNA-mediated knockdown would reduce
viral RNA levels, leading to decreased viral mRNA and genome pro-
duction and consequently viral titers. To assess the efficiency of
magnetofection, we utilized dsRNA targeting the SFTSV S segment
(Table 1). At 18 h post-dsRNA transfection, BME6 cells were infected
with SFTSV at an MOI of 1 PFU/cell. Samples collected at 3 and 6d.p.i.
showed a reduction of SFTSV RNA copy number in infected cells as
determinedbyRT-qPCRof theM segment (Supplementary Fig. 6c) and
number of infectious virus particles, assessed by plaque assay (Sup-
plementary Fig. 6d). No changes in cell viability were observed when
we compared cells transfected with control dsRNA luciferase or the S
segment-dsRNA (Supplementary Fig. 6e). Observed lower level of
expression of SFTSV M segment and lower infectivity demonstrated
that transfection of dsRNA targeting SFTSV S segment could efficiently
knockdown expression of SFTSV mRNA and infectious particles in
infected tick cells, validating the use of transfected dsRNA to produce
knock-down BME6 cells.

Wenext useddsRNA toknock-downselected targets inBME6cells
to identify potential SFTSV restriction factors. Our selection criteria
focused on: i) proteins associated with antimicrobial functions; ii)
targets significantly up-regulated in our transcriptomics/proteomics
analyses and iii) proteinswith orthologs identified inH. longicornis, the
main vector of SFTSV (Supplementary Fig. 7a). These included: Hsp68
and Microplusin from transcriptomic data; Croquemort and SCARB1
from proteomics analysis; and DHX9, PAPB4, TRAF2, SMG7, and UPF1
from our N interactomics dataset. For each target we designed ~500 nt
specific dsRNAs (Table 1) that were transfected into BME6 cells at 18 h
prior to SFTSV infection. Target silencing was generally effective,
though we observed different level of efficacy in our biological repli-
cates. Absence of silencing were observed for Microplusin; Croque-
mort; PAPB4 andUPF1 at 3 d.p.i. (Fig. 5a, d, g, j). We did not observe any
changes in cell viability when comparing to control dsRNA control
(Supplementary Fig. 6e).

To assess the impact of target gene silencing on viral RNA levels in
SFTSV-infected cells (MOI 0.5 PFU/ml), we quantified the viral M seg-
ment by RT-qPCR. Only knockdown of SMG7 and UPF1 at 3 d.p.i.
resulted in significantly lower M segment levels. These differences
were not observed at 6 d.p.i. (Fig. 5b, e, h, k). At this later time point,
dsRNA knockdown of UPF1 resulted in increased viral RNA levels
(Fig. 5k). Other genes, including Hsp68, Croquemort, and DHX9,
exhibited higher expression of the SFTSV M segment at 6 d.p.i. How-
ever, minor variations in values affected statistical significance. These
observed variations of fold change at 6 d.p.i. could result of knock-
down efficiency variations, or represent the inherent heterogeneity of
the BME6 cells, which are derived from embryonic tick tissues28.

While RNA quantification can indicate changes in intracellular
viral replication levels, it does not necessarily correlate with the

production and release of infectious virus particles. Therefore, to
obtain a more accurate measure of infectious virus production, we
determined viral titre in the supernatant of knockdown (KD) cells by
plaque assay (Fig. 5c, f, i, l), thereby measuring the impact of the gene
KD on viral infectivity. Silencing of host factors such as Hsp68 and the
antimicrobial peptide Microplusin appeared to restrict virus produc-
tion early on (Fig. 5c), while targeting the N interactorDHX9, restricted
SFTSV virus production at both 3 and 6 d.p.i., suggesting a critical role
for this RNAhelicase Aduring viral infection (Fig. 5i). Finally, we sought
to determine if NMDpathway-SFTSV interactions identified fromourN
interactome studies, impacted SFTSV replication (Fig. 5k, l). UPF1 and
SMG7, both NMD effectors and identified as N interactors61 (Fig. 4),
were successfully knocked down, except for UPF1 at 3 d.p.i. (Fig. 5j).
SFTSV M segment RNA levels were unchanged at 3 d.p.i. but increased
significantly at day 6 p.i. when UPF1 transcript expression was ablated
(Fig. 5k); this increasewas also observed for viral titres, suggesting that
UPF1 but not SMG7 restricted SFTSV infection in tick cells (Fig. 5l).
Interestingly, R. microplus UPF1 is closely related to human UPF1,
suggesting potentially similar function(s) in tick and human cells
(Supplementary Fig. 7b–d).

Discussion
Our study provides multi-omics analysis of tick cells infected by a tick-
borne bunyavirus. Through PIT analysis of SFTSV-infected R.microplus
cells, we provide integrated transcriptomic and proteomic profiles of
BME6 cells (Fig. 1). Facilitating the characterization of several mRNAs/
isoforms, alongside the annotation of 386 previously uncharacterized
proteins, our study advances our comprehension of the genomic and
proteomic complexity of R. microplus BME6 cells. By focusing on the
cellular response to SFTSV infection our data demonstrated the con-
servation and function of various of antiviral mechanisms, including
innate immune pathways, stress-related pathways and mRNA surveil-
lance mechanisms (Figs. 2–3). The integration of this improved
understanding of tick cell biology with methodologies such as AP-MS
and dsRNA knock-down screening has enabled the discovery of viral
restriction factors such as the RNA helicases UPF1, and DHX9
(Figs. 4–5). Our findings illustrated the dynamic changes of tick cells
biology during viral infection and confirm the sophisticated nature of
the arthropod innate immune response to viral infection62.

Previous work has used Ixodes species to study the antiviral
mechanisms present in tick cell lines, but there have been few efforts
to use a negative-sense RNA virus-tick model as observed in nature.
Only a recent study has used a non-Ixodes tick to characterize the RNAi
response to viral infection63. Here, we developed a R. microplus BME6
cell-based model associated with a systems biology approach64 to
obtain a detailed understanding of SFTSV-tick cell interactions. The
generation of a BME6 cell de novotranscriptome and proteome was
central to the characterizationof theseprocesses. By associatingPASA-
EVM and ortholog annotations, we joined the collective effort to
complete the R. microplus genome and proteome to support under-
standing of the tick-SFTSV co-evolution17,59.

Additionally, our rRNA depletion protocol allowed us to identify
the regulation of numerous unannotated transcripts, indicative of an
expandedncRNAs repertoire inR.microplus. Although thedetectionof
ncRNAs is now standard, their functional roles, particularly in the
context of viral infection, are not well characterized65,66. For instance,
during vertebrate host infections with vector-borne pathogens,
ncRNAs have been identified that either indirectly regulate translation
via miRNAs or directly through long-ncRNAs67. This mechanism could
account for the observed low correlation between mRNA and protein
levels in our datasets at 6 d.p.i., as shown in Fig. 3. Further research is
essential to elucidate the specific roles of ncRNAs in virus-infected tick
cells68,69.

With our systems virology approach, we improved the char-
acterization of major innate immune pathways of R. microplus,
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Fig. 5 | Identification of SFTSV antiviral effectors in R. microplus BME6 cells.
BME6 cells were transfected with dsRNA targeting specific genes, grouped as follows:
a–c dsRNA against Hsp68 (light pink) and Microplusin (dark pink). d–f Proteome-
derived targets, including dsRNA against Croquemort (light green) and SCARB1 (dark
green). g–l Interactome-derived targets, including dsRNA against DHX9 (light gray),
PABP4 (sky blue), TRAF2 (blue), UPF1 (dark blue), and SMG7 (steel blue). Panels show:
Knockdown efficiency (a, d, g, j) measured by RT-qPCR; SFTSV RNA levels (b, e, h, k)

quantified by RT-qPCR; SFTSV titres (c, f, i, l) determined by plaque assay. Data are
presented as individual dots representing three independent biological replicates. Box
plots display the median (center line), 25th and 75th percentiles (box limits), and
whiskers extending to 1.5× the interquartile range. Statistical significance was assessed
using paired two-tailed Student’s t tests; significant p values are indicated where
applicable. RT-qPCR fold changes were calculated using the 2–ΔΔCT method with RPS4
as the housekeeping gene. Source data are provided in the Source Data file.
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including JNK, JAK-STAT, Toll and Imd pathways, which were also
identified in I. scapularis, showing a high level of conservation across
ixodid ticks42,49. However, their role in the tick antiviral response
remains unclear. While we identified some factors common to tick-
borne flavivirus19,20 and tick-borne bunyavirus infections, such as the
up-regulation of trypsin at days 3 and 6 p.i. and the regulation of
complement H factor or SCARB1 (CD36) receptor, better genome
annotation and methodologies are still needed to comprehensively
identify pan-antiviral effectors across the different virus families20,23.
Importantly, RNAi serves as a fundamental defence mechanism in
arthropods19. Our study not only identified RNAi effectors but also
leveraged RNAi to facilitate dsRNA-mediated knock-down in tick cells
(Supplementary Fig. 6a–c and Fig. 5). Beyond the canonical RNAi
components, including Dcr2 and Ago2, our multi-omics analysis also
revealed the expression of Dcr1, Ago3 and Aub proteins from the
miRNA and piRNA pathways. Further investigations should indicate if,
similarly to mosquito cells, tick cells involve for example the piRNA in
antiviral responses70.

Our datasets, as well as previous studies utilizing flavivirus infec-
tions have shown the presence and regulation of various tick cellular
stress factors in response to infection20,21,23,71. Indeed, flavivirus-
infected I. scapularis cells demonstrated regulation of apoptosis
through regulation of pro-apoptotic factors like Bcl2, and metabolic
effectors linked to the stress responses, including oxidative stresses21.
These processes would appear to confer beneficial impact to the virus,
enhancing replication. This shows that both positive and negative-
sense RNA viruses can interactwith cell stress pathways during tick cell
infection.

Importantly, we identified an interaction between mRNA surveil-
lance factor UPF1 and the SFTSV N protein in infected cells. Moreover,
restriction of SFTSV replication by UPF1 showed that this RNA helicase
regulates SFTSV replication. While we provide the evidence of UPF1
antagonism of a bunyavirus in an animal cell, the mechanism involved
remains unclear. UPF1 could degrade viral RNAs via its RNA helicase
function conserved in both NMD and the alternative Staufen mRNA
decay-mediated (SMD) pathways61,72 (Supplementary Fig. 7c,d). Alter-
natively, the role of UPF1 in stress granules formation may help
sequestrate cellular 5′ caps essential for bunyavirus replication, as
described for plant-infecting bunyaviruses73. The involvement of the
NMD pathway in cap-snatching regulation was supported by a second
study linking hantavirus N protein, decapping enzyme, and stress
granules74. This last hypothesis would explain the identification of
several proteins related to stress granule formation in our N inter-
actome datasets (Fig. 5c, Supplementary Table 1).

Another RNA helicase, DHX9, displayed a consistent restriction of
SFTSV infection in BME6 cells (Fig. 5c, Supplementary Table 1). DHX9
emerges as amultifaceted helicasewith pivotal roles in RNA regulation
and nucleic acid recognition, exhibiting both pro-viral and anti-viral
activities within vertebrate systems75. DHX9 is characterized by its dual
nucleic acid recognition domains: one domain is specific for DNA,
which facilitates pro-viral activities, notably in the context of HIV-176

and herpesviruses77 infection. The second recognition domain of
DHX9 targets dsRNA and showed anti-viral function against two
alphaviruses, chikungunya andSindbis, forwhich recruitment ofDHX9
to viral replication complexes negatively impacted viral RNA
synthesis78,79. Although DHX9 has an established antiviral function
against DNA viruses in arthropods80, our investigation has revealed the
restrictive activity of DHX9 against a negative-sense RNA virus in
arthropod cells. This finding expands our understanding of the anti-
viral spectrumof DHX9. However, it also underscores the necessity for
additional studies to fully decipher the mechanisms underlying the
action of DHX9 in this context.

In conclusion, this in-depth study significantly advances the
understanding of tick cell biology and antiviral mechanisms through a
comprehensive multi-omics analysis. With the identification of vector

cell antiviral restriction factors, UPF1 and DHX9, we demonstrate the
suitability of PIT for functional studies of less well-characterized
organisms such as the tick arbovirus vector R. microplus.

Methods
Cells and virus
Cells of the R. microplus cell line BME/CTVM6 (BME6), obtained
from the Tick Cell Biobank, were grown in L-15 medium supple-
mented with 20% fetal bovine serum (FBS) and 10% tryptose phos-
phate broth (TBP) at 28 °C as previously described28. Tick cells were
grown in 3ml volumes in sealed, flat-sided tubes (Nunc, Fisher Sci-
entific, UK), with weekly medium changes and subculture at inter-
vals of 2 weeks. African greenmonkey kidney cells Vero E6 cells were
obtained from Michèle Bouloy (Institut Pasteur, France, ATTC CRL-
1586) and grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, at 37 °C, in an atmosphere of 5% CO2 in
air. The SFTSV strain used in this study was a plaque-purified, cell
culture-adapted stock called Hubei 29pp (HB29pp) provided by
Amy Lambert (CDC Arbovirus Diseases Branch, Division of Vector-
Borne Infectious Diseases, Fort Collins, CO, USA)81. Working stocks
of SFTSV were generated in the Vero E6 cell line by infecting at a low
multiplicity of infection (MOI) and harvesting the cell culture med-
ium 7 days post infection (d.p.i.). Experiments with SFTSV were
performed under containment level 3 conditions, approved by the
UK Health and Safety Executive.

Virus infection and plaque assay
BME6 cells were seeded in 12 cm2 non-vented flasks with a density of
3× 106 cells per flask with 4ml of L-15 medium. For the PIT experi-
ments, BME6 cells were inoculated with SFTSV at a MOI of 1 PFU/cell,
and samples (supernatants and cell lysates) were collected at 3 d.p.i.
For the differential gene and protein expression analyses we added a
supplementary time point at 6 d.p.i. Regarding biological validation
experiments, target KD and parental BME6 cells were infected with
SFTSV at a MOI of 0.5 PFU/cell, samples (supernatants and cell lysates)
were collected at 3- or 6- d.p.i. For all experiments, virus titres in
samples were determined by plaque assay in Vero E6 cells. Briefly,
confluent monolayers of Vero E6 cells were infected with serial dilu-
tions of virusmade in phosphate buffer saline (PBS) containing 2% FBS
and incubated for 1 h at 37 °C, followed by the addition of a Glasgow
MEM overlay supplemented with 2% FBS and 0.6% Avicel (FMC Bio-
polymer). Cells were then incubated for 6 days before fixation (4%
formaldehyde) and staining with methylene blue to visualize viral
plaques.

RNA and protein purification from BME6 cells
Approximately 3× 106 SFTSV- or mock-treated BME6 cells were
scraped into L-15 medium, harvested by centrifugation (100 x g,
10mins, 4 °C), washed twice with ice-cold PBS and divided into two
sampleswhichwere thenused foreither RNAorprotein extraction. For
RNA isolation, the cell pellet was resuspended in 1ml of TRIzol®
reagent (ThermoFisher Scientific) and purified as described by the
manufacturer. For protein isolation, the samples were resuspended in
100 µl of lysis buffer (4% NP-40, 10mM Tris (2-craboxyethyl) phos-
phine (TCEP) and 50mM triethylammonium bicarbonate (TEAB)).

rRNA depletion, RNA sequencing, and analysis
To perform rRNA depletion of the samples, we modified the Fauver
et al. 201929 protocols to fit the peculiarities of R. microplus tick
ribosomal RNAs. Briefly, we performed nucleic acid extraction using
TRIzol® reagent (ThermoFisher Scientific) following the manu-
facturer’s instructions. The samples were then treated with TURBO
DNase (ThermoFisher Scientific) and purified using RNAClean XP
beads (Beckman Coulter). For reverse transcription, the RNA was
combined with rRNA-specific oligonucleotides (sequences listed in
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Supplementary Table 2) and dNTPs. Samples were then heat-
denatured at 95 °C for 2min, followed by slow cooling to 50 °C at a
rate of 0.1 C/s. Avian myeloblastosis virus reverse transcriptase
(AMV, NEB) was added to samples and incubated at 50 °C for 2 h.
Subsequently, RNase H (NEB) and DNaseI treatment was introduced
to eliminate the RNA from the resultant RNA:cDNA hybrid and the
residual oligonucleotides. The resulting RNA was concentrated and
purified using the RNA clean & concentrator-5 kit (Zymo Research).
Input and rRNA-depleted RNA were analyzed using a 2100 Bioana-
lyzer (Agilent) per manufacturer’s protocols with the total RNA Pico
kit. BME6 rRNA-depleted RNA samples were sent to Azenta Genewiz
for a standard RNA-sequencing library preparation (no fragmenta-
tion, no enrichment) and sequencing using Illumina NovaSeq
2 × 150 bp sequencing. Following sequence filtering and trimming
~60 million paired end reads were obtained for our 12 samples.
The quality of all reads was evaluated using FastQC (v0.11.5, https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). The Trinity
de novo assembly software (v2.14.0)34, was used to produce a set of
assembled transcripts from the RNA-seq data (~2.83 million contigs)
using the default parameters.

Data-independent acquisition (DIA) proteomics
Samples were collected from SFTSV-infected cells at 3 and 6d.p.i., and
mock-infected controls, with four biological replicates analyzed for
each condition. Following cell lysis, proteins were resuspended in
S-trap binding buffer (90% aqueous methanol containing 100mM
TEAB, pH7.1) andquantifiedusing theMicroBCAassay. Equal amounts
of protein were loaded onto S-trapmini columns, where proteins were
captured within submicron pores. The standard S-trap protocol was
followed with an increased number of washes (10). Proteins were
digested overnight with trypsin, followed by a second 6-hour diges-
tion. Peptides were eluted in 50mM TEAB, dried, and resuspended in
0.1% formic acid for quantification. Approximately 1.0 µg of peptides
were injected into a Thermo Scientific Q Exactive Plus Hybrid
Quadrupole-Orbitrap mass spectrometer. DIA was performed using
XCalibur software (ThermoFisher). EachDIA cycle consisted of one full
MS scan followed by MS/MS scans across predefined isolation win-
dows. The full MS scan was acquired over an m/z range of 345–1155
with a resolution of 70,000 at m/z 200, an AGC target of 3 × 106

charges, and a maximum injection time of 200ms. MS/MS scans were
acquired at a resolutionof 17,500with anAGC target of 3 × 106 charges,
a maximum injection time of 55ms, and a fixed normalized collision
energy (NCE) of 25. Isolation windows ranged from 10 to 21m/z. DIA
data were analyzed using Spectronaut software (v16.2.220903.5300)
against a custom six-frame translated database generated from tran-
scriptomic data combined with the SFTSV_HB29_Uniprot database.
Spectronaut settings included a precursor Q-value cutoff of 0.01 and
protein Q value cutoffs of 0.01 (experiment-wide) and 0.05 (run-spe-
cific). Quantification was performed using QUANT 2.0 (SN Standard),
and differential abundance was assessed using unpaired t-tests.

Proteomics informed by transcriptomics analysis
Files from the DIA MS/MS analysis were first converted to mzML files
using Proteowizard82 whilst the de novo transcriptome produced by
Trinity software (containing ~2.8M contigs) was translated in to all six
ORFs with a start codon and >66 amino acids) using Transdecoder
software (Haas, BJ. https://github.com/TransDecoder/TransDecoder)
to produce ~6.8 million ORFs. The resultant FASTA files were used in a
database search and a subsequent protein annotation pipeline. Car-
bamidomethyl was chosen as a fixed modification, and N-terminal
acetylation, asparagine/glutamine deamidation, methionine oxidation
or dioxidation, and conversion of glutamine to pyro-glutamic acid as
our variable modifications. Searches were performed with full tryptic
digestion and using the following parameters max peptide length 52,
min. peptide length 7, missed cleavages 2, m/z max. 1800 min 300.

Spectronaut default settings were modified with decoy generation set
to inverse; Protein LFQ Method was set to QUANT 2.0 (SN Standard)
and data filtering to qvalue; precursor qvalue cutoff and protein Qva-
lue Cutoff set to 0.01, precursor PEP cutoff set to 0.1 and protein
qvalue cutoff (Run) set to 0.05. Major Group Top N, Minor Group Top
N and Cross-Run Normalization were not selected. PSM-peptides-
proteins FDR of 0.01. This allowed the identification of 12,9200 pep-
tides (unique peptides 77572) corresponding to Trinity-generated
transcript ORFs (Supplementary Data 1). The transcripts were mapped
to the Trinity files containing all the transcripts using the aligner
STAR(v2.7.10a)43. The identified transcriptomic and proteomic fea-
tures were then combined into a single file. In the final step of the
workflow, we used diamond BLASTx83 to compare each protein
sequence against the R. microplus genome42 (NCBI-RefSeq:
GCF_013339725.1) and the NCBI non-redundant (nr) database. To
increase the annotation of the remaining non-annotated protein
sequences, we used the eggNOG 4.5 algorithm36 for ortholog identifi-
cation and InterProScan 5 search37 to identify SUPERFAMILY or Pfam
motifs to allow for protein domain annotation. Mock and 3 d.p.i.
Samples were used for the PIT analysis. Subsequent analysis added an
additional time point 6 d.p.i.

Gene prediction
Genes were predicted on the RMIC2018 (R. microplus 2018), RefSeq
genomewith thePASAsoftware system39 (Program toAssemble Spliced
Alignments v2.5.2) in conjunction with the EVM software v2.1.040. We
used Trinity de novo assembled transcripts, alongwith our de novo PIT
proteome, as input evidence for the PASA pipeline. Our PASA RNA-seq
gene expression results were combined using EVidenceModeler to ab
initio gene prediction (Augustus v3.5.041, SNAP v2.084) and protein
alignments (exonerate v2.4.085, miniprot v0.1286, GenomeThreader87—
https://genomethreader.org/). We used the following weighted con-
sensus: ab initio prediction assigned value of 1, protein alignment
assigned value of 2, Pasa transcript assemblies assigned value of 10.
EVidenceModeler software produced a set of 29118 annotations of
8000 genes, all disclosed in our SQLite PASA-EVM database. Virus and
virus-like sequences were identified using the taxonomy pipeline
(https://github.com/stenglein-lab/taxonomy_pipeline/)88.

Differential gene expression analysis
rRNA-depleted RNA reads were mapped against our de novo tran-
scriptome with STAR (v2.5.2b)43. HTseq (v0.6.1) was used to count all
reads for each transcripts and set up a read count table89. Differential
gene expression analyses were performed using the DESeq2 Bio-
conductor package (v1.30.1)90. The default “normal” shrinkage
(v1.28.0)91 set up was used for analysis. Gene-ontology analysis was
performed with the g:Profiler website92 using the data Ensembl Meta-
zoa Rmic1842.

Differential protein expression analysis
The Perseus software v.1.6.15.093 was used to further process the DIA
proteomics datasets. Protein tables were filtered to eliminate the
identifications from the reverse database and common contaminants.
In the subsequent MS data analysis, only proteins identified based on
at least six peptide and a minimum of three quantitation events in at
least one experimental group were considered. The protein intensity
values of the interactome dataset were log2-transformed, missing
values were filled by imputation with random numbers drawn from a
normal distribution calculated for each sample93. Results are presented
in Volcano plots.

Affinity purification andmass spectrometry (AP-MS) of SFTSV N
protein
BME6 cells were infected with SFTSV HB29 at a MOI of 1 PFU/cell
(3 × 106 cells per 12 cm2

flask) and harvested at 3 or 6 d.p.i. by scraping
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cells into 1ml of lysis buffer (50mMTris (pH8), 150mMNaCl, 0.5%NP-
40, cOmplete protease inhibitor cocktail, Roche). For each conditions,
we analyzed four biological replicates. SFTSV N-affinity purifications
(AP) were adapted from AP-MS protocol for Zika virus proteins94. In
brief, clarified cell lysateswere incubatedwith anti-SFTSVNantibody81-
coated beads, or Mouse anti-Tubulin antibody (Sigma - T6199) coated
beads, at 4 °C, with a ratio 20 µg antibody for 1mg protein. Non-
specifically bound proteins were removed by three washes with lysis
buffer and three washes with washing buffer (50mM Tris (pH 8),
150mM NaCl). Proteins were eluted in 2% SDS and PBS buffer. Eluted
proteins were reduced and alkylated in 10mM DTT and 55mM
iodoacetamide. The samples were acetone-precipitated twice and
afterwards resuspended and denatured in 40 µL U/T buffer (6M urea/
2M thiourea in 10mM HEPES, pH 8.0) followed by digestion with 1 µg
LysC (FUJIFILMWako Chemicals) and 1 µg trypsin (Promega) in 40mM
ABCbuffer (50mMNH4HCO3 inwater, pH 8.0) overnight at 25 °C, on a
shaker at 800 rpm. Following digestion, peptides were purified on
stage tips with 3 layers of C18 Empore filter discs (3M) as previously
described94. Samples were analyzed on a nanoElute (plug-in v.1.1.0.27;
Bruker) coupled to a trapped ion mobility spectrometry quadrupole
time of flight (timsTOF Pro) (Bruker) equipped with a CaptiveSpray
source as previously described byWanner, Andrieux, and colleagues95.
Raw MS data were processed with the MaxQuant software v.1.6.17.0
using the built-in label-free quantitation algorithm and Andromeda
search engine96. The search was done against the de novo proteome
fromPIT analysis in this study (SupplementaryData 2), and theUniprot
entry for SFTSV proteins. The Perseus software v.1.6.15.0 was used to
further process the affinity-purification datasets. Protein tables were
filtered to eliminate the identifications from the reverse database and
common contaminants. In the subsequent MS data analysis, only
proteins identified with at least one peptide and a minimum of three
quantitation events in at least one experimental group were con-
sidered. The iBAQ protein intensity values of the interactome dataset
were log2-transformed, missing values were filled by imputation with
randomnumbersdrawn fromanormaldistribution calculated for each
sample93. Results were represented as a network using Cytoscape97.
Mass-spectrometry was performed by the Systems Arbovirology team
at the Leibniz Institute of Virology, Germany.

dsRNA production and transfection of R. microplus BME6 cells
RNA was extracted from BME6 cells using TRIzol® reagent (Thermo-
Fisher Scientific) and reverse-transcribed using Superscript III Reverse
Transcriptase (Invitrogen) following the manufacturer’s instructions.
PCR products were generated with T7 RNA polymerase promoter
sequences at either end of the fragment using the primers listed in

Table 1 and designated as for use in vitro. dsRNAwas synthesized using
the MEGAscript™ T7 Transcription Kit (Invitrogen) following the
manufacturer’s instructions. For control fluorescein (FI)-dsRNA, we
replaced dUTP with dUTP-FI. Synthesized dsRNAs were then trans-
fected into BME6 cells to induceKDof the targeted genes. However, as
BME6 cells are difficult to transfect by conventional methods, we used
a magnetofection (MTX) kit for primary cells (02 Magnetofection, OZ
Bioscience). Transfectionswere carried out in6-well plates, and 3μgof
dsRNA and 9μL MTX transfection reagent were allowed to combine
with 3μg of magnetic nanoparticles (Combimag, Oz Biosciences) for
20min. Nucleic acids were delivered into cells using a magnetic field
on the top of the supplied magnetic plate for 30min. Control for
efficient transfection was performed with fluorescein-labeled dsRNA
targeting Renilla luciferase. Fresh medium was then added to the
transfected cells, whichwere then re-seeded in 12 cm2 non-vented flask
for subsequent SFTSV infection.

Cell viability assay
CellTiter-Glo® Cell Viability Assay (Promega) was used to determine
the viability of transfected cells. At 3- and 6-days post-transfection, cell
supernatants were removed before resuspension of BME6 cells in
200 µl of fresh PBS. 100 µl of the cell resuspension or PBS control was
pipetted into opaque-walled 96 well plates in triplicates. The cell
resuspensionwas thenmixedwith 100 µl of viability reagent, cells were
shaken for 3mins in the dark, and then incubated (again in the dark)
for 10mins at room temperature. Luminescence from each well was
measured using the CLARIOstar® Plus plate reader (BMG Labtech) set
to detect emission at 545-550 nm.

Quantitative reverse transcription-PCR (qRT-PCR)
Total RNA of SFTSV-infected and mock-infected BME6 cells was iso-
lated, at 3 and 6 d.p.i., using TRIzol reagent (ThermoFisher Scientific).
cDNA was synthesized with SuperScript™ III reverse Transcriptase
(Invitrogen). Real-time PCR was performed with iTaq SYBR Green
premix (BioRad), and data were collected with QuantStudio 3 RT-PCR
system (ThermoFisher Scientific). All Ct values were normalized to the
expression values of the house-keeping gene RPS498,99 and gene
expression quantification was performed by the 2−ΔΔCt method100. Oli-
gonucleotide sequences utilized for qRT-PCR are provided in Table 2.

Immunostaining and confocal microscopy
BME6 cells were seeded onto glass coverslips 24 h prior to fixation.
Cells were fixed with 4% paraformaldehyde in PBS for 15min at room
temperature, followed by permeabilization with 0.1% Triton X-100 in
PBS for 15min. Samples were then blocked at room temperature for

Table 1 | Oligonucleotide sequences used to generate dsRNA

Gene Forward (5′-3′) Reverse (5′−3′)

Croquemort TAATACGACTCACTATAGGGCAGCTTGGTCAAGGAGGGAG TAATACGACTCACTATAGGGTTCGAGAAACGTGTAGGGGC

DHX9 TAATACGACTCACTATAGGGGCAAGTGGCTGTGGACAATG TAATACGACTCACTATAGGGGCTTTAGTAGCCTCCCCACC

Hsp68 TAATACGACTCACTATAGGGGTGCAAGAGTTCAAGCGGAA TAATACGACTCACTATAGGGCCGTCTCGATGCCTAACGAC

Humanized Renilla Luciferase
(control)

TAATACGACTCACTATAGGGGCGCCCTGGTTCCTGGAAC TAATACGACTCACTATAGGGGAGAATCTCACGCAGGCAGTTC

Microplusin TAATACGACTCACTATAGGGCTCACCACTTGGAGCTTTGC TAATACGACTCACTATAGGGCAGCGTTGTGAATCTCCGTG

PAPB4 TAATACGACTCACTATAGGGAACATCCTGTCTTGTCGCGT TAATACGACTCACTATAGGGACAAGTTGACGCCCTGGTAG

SCARB1 TAATACGACTCACTATAGGGGGCATGAACCCAGATCCCAA TAATACGACTCACTATAGGGGTTGCGCACTGCAGTAATCC

SMG7 TAATACGACTCACTATAGGGAGATTGGGATGTGCAGTGCT TAATACGACTCACTATAGGGCAGAGCATCAGACGAGGGAC

TRAF2 TAATACGACTCACTATAGGGGACAAGGGCAGTTTCGAGGA TAATACGACTCACTATAGGGGTAGTGTCCGGTCGGGAATG

UPF1 TAATACGACTCACTATAGGGTCTGCCCAAGCACTTCTCAG TAATACGACTCACTATAGGGAACAGGCACCATACACTCCG

SFTSV S-segment TAATACGACTCACTATAGGG GACGCAAAGGAGTGATCATG TAATACGACTCACTATAGGG CAGTTGGAATCAGGGATCC

Oligos were designed based on genomic DNA sequences derived from BME/CTVM6 cells to generate the dsRNA necessary for RNAi-induced gene silencing. Bold sequences represent the T7 RNA
polymerase promoter sequence used for in vitro RNA synthesis.
Bases in bold indicate the T7 promoter sequence.
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1 hour using 4% milk in PBS. Immunostaining was performed with the
primary antibody, rabbit anti-SFTSVN81, at a dilution of 1:500 for 1 hour
at room temperature. Secondary antibody (Goat anti-Rabbit IgG
(H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568, Invi-
trogen) was applied at a dilution of 1:1000. Coverslips were mounted
with ProLong™ Gold Antifade Mountant with DNA Stain DAPI (Life
Technologies) mounting medium, and images were acquired using a
Zeiss LSM 710 Meta confocal microscope equipped with a ×40 oil
immersion objective.

UPF1 phylogeny analysis
The protein sequences of R. microplus UPF1 gene were compared and
aligned with their respective homologs from other representative
eukaryote species, including Drosophila melanogaster, Daphnia pulex,
I. scapularis, Apis melifera, Bombyx mori, Culex pipiens, Aedes aegypti,
Mus musculus, Homo sapiens and Caenorhabditis elegans. Multiple
sequence alignments and phylogenetic analyseswere conducted using
MEGA6 software. The neighbor-joining method was employed to
construct phylogenetic trees.

Statistics
For plaque assay of virus replication data, p values were calculated
using a paired, two-tailed Student’s t test. For differential gene and
protein expression analysis, significant changes in specific genes or
proteins (padj ≤0.05)were identified after adjusting for false discovery
rate using the Benjamini-Hochberg method. For AP-MS, significant
interactors were determined by two-tailed t tests with permutation-
based false discovery rate statistics. We performed 250 permutations,
and the FDR thresholdwas set at 0.05. The parameter S0was set to 1 to
separate background from specifically enriched interactors. All statis-
tical analyses were performed using R (v4.3.0) or Perseus (v.1.6.15.0)96

for proteomics. Cell viability was assessed using a two-wayANOVA test
to compare luminescence between day 3 and day 6 and between
conditions; no significant differences were observed across all com-
parisons (GraphPad Prism 10).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Themass spectrometry-based proteomics data generated in this study
have been deposited in the ProteomeXchange Consortium via the
PRIDE partner repository under accession codes PXD054068 (DIA
proteomics) and PXD052311 (AP-MS). The transcriptomic data are
available in the NCBI database under BioProject accession code
PRJNA1116706. Metadata related to RT-qPCR and virus titration

experiments are available at https://doi.org/10.15126/surreydata.
901607. The Supplementary data 5 (sqlite database for splicing
events of BME/CTVM6) generated in this study is available on Figshare
at https://doi.org/10.6084/m9.figshare.25637232.v2. Source data are
provided with this paper.
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