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Summary 

Influenza A virus (IAV) is relevant to human and veterinary health as it 

causes seasonal epidemic and sporadic pandemics with excess mortality 

(Hampson and Mackenzie, 2006; Martin-Benito and Ortin, 2013; Vale-Costa 

et al., 2016a; Silvia Vale-Costa and Amorim, 2016). A way to reduce the risks 

of IAV disease is the yearly vaccination programmes, which has a reported 

40-60% efficiency, pointing to the need for a more efficacious solution. This 

is only possible by gaining thorough understanding of IAV biology at the 

fundamental level, which could then inform the development of new antiviral 

therapeutics. 

IAV is a negative sense, single stranded RNA virus with an eight-partite 

segmented genome in the form of viral ribonucleoproteins (vRNPs). Each 

vRNP consists of nucleoprotein (NP) encapsidated viral RNA (vRNA, which 

encodes specific viral proteins) with viral polymerase (consisting of PB2, PB1 

and PA) at its base-paired 5’- and 3’-terminal ends. Viral genome assembly 

is yet a process that lacks molecular understanding and geographical 

characterization. It is known to be a selective process, whereby eight, and no 

more than eight, different vRNPs form a complex that is packaged into 

assembling virions at the plasma membrane. This thesis investigates where 

IAV genome assembly takes place and whether these compartments have 

specific properties that may be targeted.  Upon infection, the vRNPs are 

released into the cytosol and imported into the nucleus for transcription and 

replication. However, as viral assembly takes place at the plasma membrane, 

the newly synthesized vRNPs are exported from the nucleus to the cytosol 

where they interact with Rab11 to form viral inclusions. Due to the increased 

colocalization of different vRNPs in the inclusions with time of infection, these 

sites were proposed as the hotspots of IAV genome assembly. 

Having provided the state-of-the art in Chapter 1, we explored, in 

Chapter 2, the emergence of IAV inclusions and considered two hypotheses: 
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that intersegment vRNA-vRNA interactions gives rise to IAV inclusions, which 

would suggest that sub-bundles or bundles of vRNPs in the process of 

genome assembly, were contained in these sites or that such interactions are 

preceded by inclusion emergence, suggesting that IAV inclusions are sites 

specialised for genome assembly. Using a mini-replicon system that 

expresses only one or two species of vRNA(s) or IAV infection that produces 

all eight vRNAs, we showed that one vRNA type is sufficient to form 

inclusions, suggesting that IAV inclusion biogenesis precedes intersegment 

interactions. Correlative light and electron microscopy (CLEM) of these single 

vRNA type inclusions phenocopy infection induced inclusion; a non-

membrane delimited cluster of vRNP-rich Rab11 vesicles, akin to 

biomolecular condensates that were postulated to originate by phase 

transition. In fact, these single vRNP type inclusions readily adapted to shock 

treatment and undergo fusion and fission dynamics. This indicates that IAV 

inclusions are liquid condensates. 

One of the ways to alter the physiological function of biomolecular 

condensates is by changing their biophysical properties. This strategy could, 

for viruses, give rise to alternative antiviral therapies. In Chapter 3, we 

therefore asked whether it is possible to harden IAV inclusions and how. For 

this, we changed established parameters (such as temperature, molecular 

concentration, and type/strength of interactions) known to regulate the 

biophysical properties of biomolecular condensates as proxy of different 

biological processes regulating enthalpy, concentration or modulating the 

ligations between interacting components, such as post-translational 

modifications. For temperature, we used 4ºC, 37ºC and 42ºC; for 

concentration, we varied the concentration of characterised drivers of IAV 

inclusion’ formation (vRNP and Rab11) and for number/strength of 

interactions, we used nucleozin (a well-known antiviral drug that oligomerizes 

either free NP or NP in vRNPs). Our data showed that inclusion hardening is 

best achieved by increasing the number/ strength of interactions over that 
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altering concentration and temperature. In fact, using different biophysical 

analysis such as coarsening assay, pulse-chase photobleaching, 

fluorescence loss after photoactivation and single particle tracking, we 

showed that in contrast to liquid IAV inclusions, hardened inclusions 

displayed rigidity, lacking dynamics and loss mobility. 

Having understood that IAV leads to formation of insoluble condensates 

in the cell to organize viral reactions, in Chapter 4, we next aimed at 

understanding how IAV infection in general changed the landscape of soluble 

material in the cell. For this, we analysed the solubility proteome profile (SPP) 

during a time course of IAV infection to identify cellular and viral molecules 

that partition into condensates and to identify cryptic condensates induced by 

infection. Our analysis revealed changes in the abundance of 174 cellular 

proteins and 10 viral proteins and in the solubility of 413 proteins (within the 

6,629 proteins detected occurring throughout infection). Phase transitions in 

the cell correlated with mitochondria, translation, cell-substrate junction 

proteins and established LLPS processes (stress granule formation, nucleoli 

function, splicing). Our assay showed that vRNP constituents (NP, PB1, PB2, 

and PA) become more insoluble with time, just as inclusions enlarge, in 

agreement with Chapter 2 in this thesis. To validate the screen, we repeated 

the SPP assay in infected Rab11a-DN cells that do not form inclusions and 

make vRNPs evenly distributed in the cytosol. Using this system, we found 

that vRNP components (NP, PB1, PB2 and PA) are soluble, indicating the 

need for a functional Rab11a to form inclusions, and validating their insoluble 

profile.  

We, then used SPP to evaluate of the impact of nucleozin in the cellular 

solubility landscape and found that nucleozin did not lead to additional 

changes in solubility of cellular components, other than vRNPs. Crucially, this 

work opens new avenues to explore how alterations in cellular and viral 

material properties regulate cellular function and contribute to viral infection. 
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In Chapter 5, we discuss the findings and provide caveats and future 

perspectives of this study. 
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Título e resumo 

O vírus influenza A (IAV) é relevante para a saúde humana e veterinária, 

pois causa epidemias sazonais e pandemias esporádicas com excesso de 

mortalidade (Hampson e Mackenzie, 2006; Martin-Benito e Ortin, 2013; Vale-

Costa et al., 2016a; Silvia Vale -Costa e Amorim, 2016). Uma forma de 

reduzir os riscos da doença por IAV são os programas anuais de vacinação, 

que têm uma eficiência relatada de 40-60%, apontando para a necessidade 

de uma solução mais eficaz. Isso só é possível obtendo uma compreensão 

completa da biologia do IAV no nível fundamental, o que poderia informar o 

desenvolvimento de novas terapêuticas antivirais. 

O IAV é um vírus de RNA de cadeia simples de sentido negativo com 

um genoma segmentado de oito partes na forma de ribonucleoproteínas 

virais (vRNPs). Cada vRNP consiste em RNA viral encapsidado por 

nucleoproteína (NP) (vRNA, que codifica proteínas virais específicas) com 

polimerase viral (consistindo em PB2, PB1 e PA) em suas extremidades 5' e 

3' de pares de bases. A montagem do genoma viral ainda é um processo que 

carece de compreensão molecular e caracterização geográfica. É conhecido 

por ser um processo seletivo, pelo qual oito, e não mais que oito, diferentes 

vRNPs formam um complexo que é empacotado na montagem de vírions na 

membrana plasmática. Esta tese investiga onde ocorre a montagem do 

genoma do IAV e se esses compartimentos possuem propriedades 

específicas que podem ser alvo. Após a infecção, os vRNPs são liberados 

no citosol e importados para o núcleo para transcrição e replicação. No 

entanto, como a montagem viral ocorre na membrana plasmática, os vRNPs 

recém-sintetizados são exportados do núcleo para o citosol, onde interagem 

com Rab11 para formar inclusões virais. Devido ao aumento da 

colocalização de diferentes vRNPs nas inclusões com o tempo de infecção, 

esses locais foram propostos como os pontos críticos da montagem do 

genoma do IAV. 
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Tendo fornecido o estado da arte no Capítulo 1, exploramos, no Capítulo 

2, o surgimento de inclusões de IAV e consideramos duas hipóteses: que as 

interações entre segmentos vRNA-vRNA dão origem a inclusões de IAV, o 

que sugeriria que sub-feixes ou feixes de vRNPs no processo de montagem 

do genoma, estavam contidos nesses sítios ou que tais interações são 

precedidas pela emergência de inclusão, sugerindo que as inclusões do IAV 

são sítios especializados para a montagem do genoma. Usando um sistema 

de mini-replicon que expressa apenas uma ou duas espécies de vRNA(s) ou 

infecção por IAV que produz todos os oito vRNAs, mostramos que um tipo 

de vRNA é suficiente para formar inclusões, sugerindo que a biogênese da 

inclusão de IAV precede as interações entre segmentos. Microscopia 

correlativa de luz e eletrônica (CLEM) dessas inclusões únicas do tipo vRNA; 

inclusão induzida por infecção por fenocópia; um aglomerado não delimitado 

por membrana de vesículas Rab11 ricas em vRNP, semelhante a 

condensados biomoleculares que foram postulados para se originarem por 

transição de fase. De fato, essas inclusões únicas do tipo vRNP se adaptam 

prontamente ao tratamento de choque e sofrem dinâmicas de fusão e fissão. 

Isso indica que as inclusões de IAV são condensados líquidos. 

Uma das maneiras de alterar a função fisiológica dos condensados 

biomoleculares é alterando suas propriedades biofísicas. Essa estratégia 

poderia, para os vírus, dar origem a terapias antivirais alternativas. No 

Capítulo 3, portanto, perguntamos se é possível endurecer as inclusões de 

IAV e como. Para isso, alteramos parâmetros estabelecidos (como 

temperatura, concentração molecular e tipo/força de interações) conhecidos 

por regular as propriedades biofísicas de condensados biomoleculares como 

proxy de diferentes processos biológicos regulando entalpia, concentração 

ou modulando as ligações entre componentes interativos, como como 

modificações pós-traducionais. Para temperatura, usamos 4ºC, 37ºC e 42ºC; 

para concentração, variamos a concentração de drivers caracterizados de 

formação de inclusão de IAV (vRNP e Rab11) e para número/força de 
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interações, usamos nucleozina (uma conhecida droga antiviral que 

oligomeriza NP livre ou NP em vRNPs). Nossos dados mostraram que o 

endurecimento da inclusão é melhor alcançado aumentando o número/força 

das interações ao longo da alteração da concentração e temperatura. De 

fato, usando diferentes análises biofísicas, como ensaio de engrossamento, 

fotobranqueamento por pulso, perda de fluorescência após fotoativação e 

rastreamento de partícula única, mostramos que, em contraste com as 

inclusões líquidas de IAV, as inclusões endurecidas apresentavam rigidez, 

falta de dinâmica e perda de mobilidade. 

Tendo entendido que o IAV leva à formação de condensados insolúveis 

na célula para organizar as reações virais, no Capítulo 4, procuramos 

entender como a infecção pelo IAV em geral mudou a paisagem do material 

solúvel na célula. Para isso, analisamos o perfil de proteoma de solubilidade 

(SPP) durante um período de infecção por IAV para identificar moléculas 

celulares e virais que se dividem em condensados e para identificar 

condensados crípticos induzidos pela infecção. Nossa análise revelou 

alterações na abundância de 174 proteínas celulares e 10 proteínas virais e 

na solubilidade de 413 proteínas (dentro das 6.629 proteínas detectadas 

ocorrendo durante a infecção). Transições de fase na célula correlacionadas 

com mitocôndrias, tradução, proteínas de junção célula-substrato e 

processos LLPS estabelecidos (formação de grânulos de estresse, função 

de nucléolo, splicing). Nosso ensaio mostrou que os constituintes do vRNP 

(NP, PB1, PB2 e PA) tornam-se mais insolúveis com o tempo, assim como 

as inclusões aumentam, de acordo com o Capítulo 2 desta tese. Para validar 

a triagem, repetimos o ensaio SPP em células Rab11a-DN infectadas que 

não formam inclusões e fazem vRNPs distribuídos uniformemente no citosol. 

Usando este sistema, descobrimos que os componentes vRNP (NP, PB1, 

PB2 e PA) são solúveis, indicando a necessidade de uma Rab11a funcional 

para formar inclusões e validando seu perfil insolúvel. 
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Nós, então, usamos o SPP para avaliar o impacto da nucleozina no 

cenário de solubilidade celular e descobrimos que a nucleozina não levou a 

alterações adicionais na solubilidade dos componentes celulares, além dos 

vRNPs. Crucialmente, este trabalho abre novos caminhos para explorar 

como as alterações nas propriedades do material celular e viral regulam a 

função celular e contribuem para a infecção viral. No Capítulo 5, discutimos 

os resultados e fornecemos ressalvas e perspectivas futuras deste estudo. 
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Chapter 1 - Introduction 
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1.1 Influenza A virus 

1.1.1 Describing the Flu and its causative agent 

Infectious agents pre-date humanity and have remained a major 

health, veterinary, social and economic concern despite the advancement in 

medicine and science (reviewed in (Pappas et al., 2008)). Like many other 

infection-related symptoms, early reports of flu-like symptoms date back to 

Hippocrates in ancient Greece around 5-4 B.C. (reviewed in (Pappas et al., 

2008)). Despite ancient historians having attributed the disease outbreak to 

the influenza (reviewed in (Morens and Taubenberger, 2011)), the name 

originated from Italy in 1743 as ‘influenza de cattaro’ (epidemic of death) 

(Gosling, 2003). This  became widespread at a period when flu outbreaks 

were thought to emanate from the ‘influence’ of astral alignment (reviewed in 

(Morens and Taubenberger, 2011)).  

Two types of influenza viruses, influenza A (IAV) and B (IBV) virus, 

are the causal agents of the flu, a seasonal and highly contagious respiratory 

infection with variable disease severity ranging from mild illness to lethality 

(WHO, 2018). For the first time, in 1931, Shope isolated IAV from pigs 

(Shope, 1931), which was later identified as one of the aetiological agents of 

influenza in humans (Smith et al., 1933). Despite scientific advancement, IAV 

keeps perpetuating globally via aerosols, droplets and fomites (Asadi et al., 

2020; Mubareka et al., 2009; Petrova and Russell, 2018; Smieszek et al., 

2019), provoking yearly epidemics of about 3 to 5 million infections and 

290,000 to 650,000 deaths (Iuliano et al., 2018; WHO, 2018). 

Of note, IAV, but not IBV (Caini et al., 2019; CDC, 2021), also 

originates sporadic pandemics accompanied by devastating public health 

emergencies and socio-economic burdens of significant proportions relative 

to seasonal epidemics ((Iuliano et al., 2018) reviewed in (Krammer et al., 

2018; Mettelman and Thomas, 2021; Morens and Taubenberger, 2011; 
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Neumann et al., 2009; Taubenberger and Kash, 2010; Taubenberger and 

Morens, 2006; WHO, 2018)). So far, the 1918 Spanish flu is historically the 

most fatal flu pandemic (reviewed in (Morens and Taubenberger, 2011; 

Saunders-Hastings and Krewski, 2016; Taubenberger and Morens, 2006)), 

as it infected up to 500 million people, resulting in about 20 to 50 million global 

deaths, while the recent 2009 swine flu pandemic caused a fatality of about 

290,000 to 650,000 ((Iuliano et al., 2018) reviewed in (Hurt et al., 2012; WHO, 

2018)). 

Antivirals and vaccines are respectively critical for combating and 

preventing flu outbreaks, especially in susceptible groups such as the elderly 

and immunosuppressed. For flu epidemics, the use of antivirals is regulated 

as circulating strains may develop resistance against approved antivirals, 

making vaccination the most widespread and efficient weapon against flu 

(reviewed in (Hurt et al., 2012; Hussain et al., 2017)). IAV vaccines however, 

require frequent updates to respond to viral evolution, that are informed by 

tight epidemiological surveillance on circulating strains and on how vaccine 

administration protects viral infection (reviewed in (Krammer, 2019; Krammer 

et al., 2018; Mettelman and Thomas, 2021)). During IAV pandemics, novel 

strains emerge necessitating a rapid response. Here, vaccine development is 

further compounded by the necessity of its tailoring to the new circulating 

strain and their manufacture time, leaving antivirals as the first line of 

treatment and mitigation of symptoms. 

These challenges therefore demand a better understanding of IAV 

infection biology as a means to explore alternative strategies for treatment 

and/or prevention. 

1.1.2 Taxonomy 

Influenza virus originates from the Orthomyxoviridae family (ICTV, 

2017) and was recently classified into 7 genera (and 9 species) by the 
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International Committee on Taxonomy of Viruses (ICTV) (Adams et al., 2017; 

ICTV, 2017). This includes Alphainfluenzavirus (Influenza A virus, IAV), 

Betainfluenzavirus (Influenza B virus, IBV), Gammainfluenzavirus (Influenza 

C virus, .ICV), Deltainfluenzavirus (Influenza D virus, IDV), Isavirus (Salmon 

isavirus), Quaranjavirus (Johnston Atoll quaranjavirus, Quaranfil 

quaranjavirus) and Thogotovirus (Dhori thogotovirus and Thogoto 

thogotovirus) (Adams et al., 2017; ICTV, 2017). 

The IAV has an extensive and diverse host range including reservoir 

animals (aquatic, migratory birds (Ren et al., 2016)) with spillover outbreaks 

and in some cases, establishment in animals such as pig, horses, seals, dogs, 

and cats (reviewed in (Joseph et al., 2017a; Kuiken et al., 2006; Webster et 

al., 1992; Wille and Holmes, 2020)). These spillover events require adaptation 

to a new host, which IAV can accommodate due to its inherent high rate of 

mutation and segmented genome that enables genomic mixing and fast 

adaptation to new environments ((Nobusawa and Sato, 2006) and reviewed 

in (Webster et al., 1992; Wille and Holmes, 2020; Yoon et al., 2014; Zambon, 

1999)). However, IBV exclusively infects humans and seals, presenting a 

decreased mutation rate relative to IAV ((Nobusawa and Sato, 2006) and 

reviewed in (Hurt et al., 2012; Wille and Holmes, 2020; Yoon et al., 2014)). 

Co-circulating IAV and IBV cause seasonal epidemics (Iuliano et al., 2018) 

resulting in severe morbidity and mortality in humans, whereas pandemic 

events are associated only with IAV (reviewed in (Taubenberger and Morens, 

2008)). 

Humans are the primary hosts of ICV, displaying mild respiratory 

diseases (in contrast to IAV and IBV), which result in children hospitalization 

due to upper respiratory tract infections in < 6-year olds and lower respiratory 

tract infections in < 2-year olds ((Calvo et al., 2013; Fritsch et al., 2019; 

Kauppila et al., 2014; Matsuzaki et al., 2006; Shimizu et al., 2015) and 

reviewed in (Sederdahl and Williams, 2020). However, ICV has also been 
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detected in animals such as pig, dog, cow, with a rare swine-human 

transmission being reported ((Guo et al., 1983; Kimura et al., 1997; 

Manuguerra and Hannoun, 1992; Yamaoka et al., 1991; Zhang et al., 2018) 

and reviewed in (Sederdahl and Williams, 2020)). 

Although, ICV was isolated more than 70 years ago (Taylor, 1949), 

IDV was only recently isolated and characterised in pig (Hause et al., 2013) 

and cattle (Collin et al., 2015). In the laboratory environment, IDV is capable 

of infecting guinea pigs (Sreenivasan et al., 2015) and ferrets, thus displaying 

broader tropism relative to ICV (Hause et al., 2013). For instance, serological 

test, PCR and sequencing analysis demonstrated that goats, buffalos, and 

humans can be positive for IDV (Zhai et al., 2017). IDV does not circulate in 

humans, and most human infections result from occupational exposure, 

especially in cattle exposed workers shown to express high of levels of 

neutralizing antibody ((White et al., 2016) and reviewed in (Asha and Kumar, 

2019; Liu et al., 2020)). Phylogenetic analysis of IDV shows a 50% homology 

to ICV (Collin et al., 2015; Hause et al., 2013), with both genera being 

antigenically stable and not presenting high risk to humans (reviewed in (Su 

et al., 2017)). 

Overall, IAV underlies most of the serious human influenza outbreaks. 

In fact, for the past 100 years, pandemic events including the 1918-1920 

H1N1 Spanish flu, 1957-1958 H2N2 Asian flu, 1968-1970 H3N2 Hong Kong, 

1977-1979 H1N1 Russian, and more recent 2009-2010 pH1N1/09 swine flu 

were caused by IAV infection with considerable mortality (reviewed in 

(Harrington et al., 2021; Saunders-Hastings and Krewski, 2016)). Since 2009, 

the pH1N1 displaced the previous H1N1 strain and is currently co-circulating 

with H3N2 in the global populace as one of the main aetiological factors of 

seasonal influenza outbreaks ((WHO, 2018) and reviewed in (Saunders-

Hastings and Krewski, 2016)), jointly with IBV. 
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Essentially, the IAV is the only genus that poses a significant zoonotic 

threat to human health and therefore is the focus of this work. 

1.1.3 Ecology 

IAV spreads amongst many diverse species which is partly due to the 

migratory nature of its primary reservoirs, the aquatic wild birds ((Austin and 

Hinshaw, 1984; Hinshaw et al., 1980) reviewed in (Joseph et al., 2017a; 

Markwell and Shortridge, 1982; Webster et al., 1992)). Along the migratory 

flyways, viruses are shed via faeces in fresh water shared with other birds, 

which then acquire the new viral strain resulting in the diversified pool of 

viruses in birds ((Deibel et al., 1985; Hinshaw et al., 1980) reviewed in 

(Joseph et al., 2017a; Webster et al., 1992)). 

IAVs are usually non-pathogenic in reservoir birds or at least clinically 

asymptomatic ((Markwell and Shortridge, 1982) reviewed in (Joseph et al., 

2017a; Webster et al., 1992)). However, cross-species transmission of 

pathogenic strains take place either to poultry or humans directly or via 

intermediates such as pig (as reviewed in (Frymus et al., 2021; Parrish et al., 

2015; Taubenberger and Kash, 2010; Webster et al., 1992; Wille and Holmes, 

2020, 2020; Yoon et al., 2014)). Besides wild and domestic birds (Burnet and 

Bull, 1943; Deibel et al., 1985; Lebarbenchon et al., 2013; Wan et al., 2021), 

pigs (Shope, 1931) and humans (Kawaoka et al., 1989), IAV has been 

isolated from many other animals including bats (Kandeil et al., 2019; Tong 

et al., 2013, 2012), horses (Sovinova et al., 1958; Toh et al., 2019), dogs (Ou 

et al., 2022), felines (Hatta et al., 2018), and marine animals (Goldstein et al., 

2013) (Figure 1.1). 

IAV and IBV express two protruding surface glycoproteins, 

haemagglutinin (HA) (Wilson et al., 1981) and neuraminidase (NA) (Colman 

et al., 1983), contrasting with one haemagglutinin-esterase fusion (HEF) 

(Rosenthal et al., 1998) glycoprotein encompassing both HA and NA activities 
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on the surface of ICV and IDV (reviewed in (Liu et al., 2020)). ICV HEF is 

distinct to IDV HEF that expresses an open receptor-binding cavity able to 

accommodate diverse extended glycan moieties, thereby, underlying its 

broader tropism. Unlike most IAV serotypes that require HA binding to sialic 

acid receptor for cell entry (Weis et al., 1988), the bat IAV strains exceptionally 

utilise MHC class II HLA-DR receptor as they lack receptor binding pockets 

((Giotis et al., 2019; Karakus et al., 2019; X. Sun et al., 2013) and reviewed 

in (Yang et al., 2021)). 

 

Figure 1.1- Diversity and ecology of influenza viruses. 

Influenza A virus spreads amongst a plethora of hosts ranging from animals 

to humans. IAV has its natural ecology in wild birds or bats, however, 

spillovers result in its transmission to a diversity of species including humans. 

This image was published in (Long et al., 2019)). 

Based on the antigenic properties of HA and NA that are expressed 

on the virion surface, avian influenza virus (AIV) is subtyped into sixteen HA 
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(H1 – 16) and nine NA (N1 – 9) (reviewed in (Wang et al., 2021)). Recently, 

two additional serotypes were isolated in bats- H17N10 and H18N11, but little 

is known regarding their ecological and epidemiological impacts ((Kandeil et 

al., 2019; Tong et al., 2013, 2012; Zhou et al., 2013) and reviewed in (Ciminski 

and Schwemmle, 2021)). Altogether, there are eighteen HA and eleven NA 

IAV serotypes. 

Of all possible IAV subtypes, only two originating from birds or 

pandemic reassortants remain endemic in humans: 2009 H1N1, and 1968 

H3N2 (reviewed in (Ito et al., 1998; Taubenberger and Kash, 2010; Wille and 

Holmes, 2020)). H1N1 and H3N2 are therefore included in the recommended 

trivalent or quadrivalent vaccines together with the conserved strain(s) of IBV 

(Yamagata and/ or Victoria) ((Caini et al., 2019; World Health Organization, 

2022) reviewed in (Hutchinson and Yamauchi, 2018; Wille and Holmes, 

2020)). The 2022 vaccines are therefore engineered against the following 

circulating strains; A/H1N1pdm09 and A/H3N2 as well as B/Victoria lineage 

(reviewed in (World Health Organization, 2022)). 

Despite causing no disease in their natural reservoir ((Markwell and 

Shortridge, 1982) reviewed in (Joseph et al., 2017a; Webster et al., 1992)), 

in other birds, AIV infection may provoke disease and is divided into low 

pathogenicity avian influenza (LPAI) or high pathogenicity avian influenza 

(HPAI) (reviewed in (CDC, 2022)). Infection by LPAI presents mild or no 

symptom in birds, while HPAI caused by either H5N1, H5N6, H7N9 or H10N8 

is highly contagious in birds and associated with high mortality ((Bi et al., 

2019; CDC, 2022; Chang et al., 2020; Chen et al., 2006, 2015; WHO, 2018; 

Zhou et al., 2013) reviewed in (Bonilla-Aldana et al., 2020; Joseph et al., 

2017b)). This difference in lethality is delineated by multifactorial traits such 

as virus genetics and host immune susceptibility and tropism (reviewed in 

(Schrauwen et al., 2014)). 
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The most well described factor of AIV lethality is based on viral HA 

protein. In LPAI, HA contain monobasic proteolytic sites (e.g. PQRETR/G) 

(Chen et al., 1998; Kawaoka and Webster, 1988) that are cleaved by 

proteases such as trypsin (Kawaoka and Webster, 1988; Klenk et al., 1975; 

Lazarowitz and Choppin, 1975), transmembrane protease serine (TMPRSS2 

& 4 (Bertram et al., 2012; Böttcher et al., 2006; Chaipan et al., 2009)), human 

airway trypsin-like protease (HAT) (Böttcher et al., 2006) also called 

TMPRSS11D, blood clotting factor Xa (Gotoh et al., 1990), plasmin 

(Lazarowitz and Choppin, 1975), tryptase Clara (Kido et al., 1992), 

miniplasmin (Murakami et al., 2001), or tryptase TC30 (Sato et al., 2003). 

These proteases are only expressed in cells of the respiratory airway and 

gastrointestinal tract, thereby, limiting LPAI tropism. As a result, the disease 

outcome is mild and localised. On the other hand, HPAI HA are characterised 

by polybasic cleavage sites (e.g. PQRERRRKR/G) (Stieneke-Gröber et al., 

1992) proteolyzed by subtilisin-like endoproteases such as furin and 

proprotein convertases 5/6 (PC5/6) (Feldmann et al., 2000; Horimoto et al., 

1994), which are ubiquitously expressed in all cells, thereby, causing 

systemic infection and death (90-100 % in chicken in about 48 hours) ((CDC, 

2022) and reviewed in (Bertram et al., 2010; Böttcher‐Friebertshäuser et al., 

2013)). 

These different viruses can spillover to humans and cause different 

types of diseases, with HPAI provoking more severe forms of the infection 

and systemic disease. Subtypes known to infect humans include H5N1, 

H5N6, H6N1, H7N2, H7N3, H7N7, H7N9, H9N2, H10N7 and H10N8 

(reviewed in (Wang et al., 2021)). These infections are sporadic because of 

contact with infected animals or infected parts of animals. For zoonotic IAVs 

to cross the inter-species boundaries and establish in other species, including 

humans, specific adaptation processes must occur (reviewed in (Wang et al., 

2021; Yoon et al., 2014)). For instance, IAVs replicate in the intestinal tract of 

aquatic birds with an average body temperature of 42ºC. Here, the viral 
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protein HA is known to preferentially recognise -2,3-linked sialic acid 

receptors that have linear presentation with the PB2 viral protein containing 

glutamic acid at the position 627 ((Mehle and Doudna, 2008; Ng et al., 2012; 

Webster et al., 1978) and reviewed in (Jonges et al., 2014; Mänz et al., 2013; 

Wille and Holmes, 2020; Yoon et al., 2014). This is not the case in humans 

where endemic IAV have adapted to replicating in the upper respiratory tract 

at 35 - 37 °C, with HA preferring a ‘bent’ -2,6-linked sialic acid receptors and 

a lysine occupying the 627 position of PB2 ((Mehle and Doudna, 2008; Ng et 

al., 2012; Webster et al., 1978) reviewed in (Mänz et al., 2013; Taubenberger 

and Kash, 2010; Wille and Holmes, 2020)). 

1.1.4 IAV structure 

The IAV is an enveloped, negative-sense, single stranded, segmented 

RNA (-ssRNA) virus. IAV viral particle (virion) is about 80 -120 nm in diameter, 

displaying pleiomorphic forms, with the smallest virions adopting elliptical 

shape and others adopting a bacilliform shape with more than 200nm bulbous 

head known as the Archetti body, while the filamentous virions can be up to 

20 µm in length and 100nm in diameter (Figure 1.2) (Archetti, 1955; Calder 

et al., 2010; Dadonaite et al., 2016; Harris et al., 2006; Mosley and Wyckoff, 

1946; Nakatsu et al., 2016; Noda, 2012; Seladi-Schulman et al., 2013; Sugita 

et al., 2011; Vijayakrishnan et al., 2013). Regardless of shape and size, IAVs 

are compositionally identical, as all are made of a viral envelope enclosing an 

octameric segmented genome. The viral envelope is composed of lipid 

membrane and proteins originating from the host cells they infected 

(Hutchinson et al., 2014; Shaw et al., 2008). 
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Figure 1.2- Structural pleiomorphism of IAV. 

IAV adopts different morphologies budding from apical surface of A549 lung 

epithelial cells that are (A) uninfected (as control); (B) infected with influenza 

A/Puerto Rico/8/34 (PR8), where virions bud as spheres; and (C) infected 

with a reassortant PR8 virus containing segment 7 from A/Udorn/301/72 that 

bud as filaments. Scale bar is 1μm. This image was published in (Amorim, 

2019). 

Embedded in the outer surface of the viral envelope are 3 viral 

transmembrane proteins: trimeric HA, and tetrameric NA, with a 

homotetrameric proton-selective matrix protein 2 (M2) integrating through the 

membrane (Figure 1.3A) (Calder et al., 2010; Chlanda et al., 2015; Copeland 

et al., 1986; Gaymard et al., 2016; Harris et al., 2006; Wasilewski et al., 2012). 

HA is more abundant than NA in a ratio of 1:4 or 1:5 (also reported to be non-

stoichiometric), which is more than M2 (Hutchinson et al., 2014). HA mediates 

entry of the encapsidated IAV genome by binding virions to host cells via 

sialylated receptors (Weis et al., 1988). NA cleaves highly enriched sialic acid 

decoys from airway secreted mucus to facilitate host cell attachment. NA also 

promotes progeny virion egress by cleaving sialic acids on the surface of 

infected cells and nascent virions (Cohen et al., 2013; Sakai et al., 2017). 

Beneath the envelope is the viral capsid containing matrix protein 1 

(M1) (Roberts et al., 1998) that encapsulates a central core of segmented 

genome (in a 1 + 7 configuration) (Nakatsu et al., 2016; Noda et al., 2018, 

2006; Noda and Kawaoka, 2010) and its associated proteins including 

nuclear export protein (NEP; previously identified as non-structural protein 2, 



12 
 

NS2) (Figure 1.3A) (Hutchinson et al., 2014; Inglis et al., 1976; Richardson & 

Akkina,1991; Yasuda et al., 1993). Previously thought to be non-structural, a 

recent proteomic screen identified non-structural protein 1 (NS1) in purified 

IAV virions (Hutchinson et al., 2014). Although, its topological configuration in 

the virions is yet to be established, it was demonstrated that virion-associated 

NS1 does not form a complex with viral ribonucleoproteins (vRNPs) but is 

protected from proteases, suggesting that NS1 resides within the M1 capsid 

(Hutchinson et al., 2014). 

The IAV genome is an eight-partite supramolecular complex of rod-

shaped vRNPs (Figure 1.3A) (Pons et al., 1969), which range in diameter 10 

– 15 nm and in length 30 – 120 nm (Compans et al., 1972; Noda et al., 2006). 

Each vRNP is made up of a unit of heterotrimetric RNA-dependent RNA 

polymerase complex (RdRp), multiple units of nucleoprotein, and a viral RNA 

(vRNA) copy that is distinct in nucleotide (nt) length (890 - 2341) (Figure 

1.3A) and the viral protein(s) it encodes (Figure 1.3B, Table 1.1) ((Honda et 

al., 1990; Horisberger, 1980; Reich et al., 2014; Yuan et al., 2009) and 

reviewed in (Amorim, 2019)). Generally, the viral genome encodes 10 

essential polypeptides. However, up to 22 proteins may be expressed in cells, 

depending on the viral strain and cell type (Figure 1.3B, Table 1.1) (reviewed 

in (Pinto et al., 2021)). Structurally, the vRNAs are similar, characterised by a 

large central negative-sense coding region flanked by shorter (19 - 58 

nucleotides, nt) non-coding regions (NCRs, also known as untranslated 

region, UTR) at both 5’ and 3’ genomic ends (reviewed in (Ferhadian et al., 

2018)). 
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Figure 1.3- Graphical depiction of the IAV virion and genome structure. 

(A) Illustration of influenza A virion and vRNP structure (highlighted) (B) IAV 

genomic RNA segments showing the proteins they codify. The essential 

proteins are PB2 – Polymerase basic protein 2; PB1 – Polymerase basic 

protein 1; PA – Polymerase acidic protein; HA – Hemagglutinin; NP – 

Nucleoprotein; NA – Neuraminidase; M1/M2 – Matrix protein 1/ 2; 

NS1/2(NEP) – Non-structural protein 1/2(Nuclear export protein) ; vRNA – 

Viral RNA; vRNP – Viral ribonucleoprotein. Their functions are listed in Table 

1.1. Figure 1.3A was a kind gift from Maria João Amorim and published in 

(Amorim, 2019). 

The NCRs consist of a highly conserved promoter (motif) sequence 

(12 and 13 nucleotides at the 3’ and 5’ termini respectively) among viral 

strains and the 8 segments themselves, and a non-conserved segment-

specific regions of about 5-45 nucleotides (Fujii et al., 2003; Gog et al., 2007; 

Goto et al., 2013; Hutchinson et al., 2010, 2008; Liang et al., 2005, 2008; 



14 
 

Marsh et al., 2007; Muramoto et al., 2006; Tomescu et al., 2014; Watanabe 

et al., 2003) and reviewed in (Eisfeld et al., 2015; Ferhadian et al., 2018; Isel 

et al., 2016)). The conserved NCR of 5’ and 3’ termini alongside two adjacent 

nucleotides present partially complementary and base-pair to form an 

approximately 15-base pair-long panhandle (Detjen et al., 1987), where the 

RdRp assembles (Murti et al., 1988). The RdRp is composed of polymerase 

basic 1 (PB1), polymerase basic 2 (PB2) and polymerase acidic (PA) (Detjen 

et al., 1987; Murti et al., 1988; Tomescu et al., 2014). This results in a double-

helical antiparallel vRNA hairpin that folds back on itself, opposite the base-

pairing and RdRp-bound genomic ends (Hsu et al., 1987; Pons et al., 1969). 

Table 1.1- IAV segments and respective encoded polypeptides. 

Se

g 

Polypeptid

e 
Function Ref 

1 

PB2 
Component of RNA transcriptase - 7m GpppNm 

recognition 

(Biswas et al., 1998; 

Guilligay et al., 

2008; Hagen et al., 

1994; Reich et al., 

2014) 

PB2-S1 Mitochondrial, inhibits RIG-I/MAVS 
(Yamayoshi et al., 

2015) 

2 

PB1 
Component of RNA transcriptase - catalyzes 

nucleotide addition, inhibits innate immune response 

(Biswas et al., 1998; 

Biswas and Nayak, 

1994; Hagen et al., 

1994; He et al., 

2008; Reich et al., 

2014; Zeng et al., 

2021) 

PB1-F2 
Mitochondrial, apoptosis induction, interferon 

response, and virulence factor 

(Chen et al., 2001; 

McAuley et al., 

2007; Mettier et al., 

2021; Tauber et al., 

2012; Wise et al., 

2011; Zamarin et al., 

2005) 

PB1-N40 
Unclear - suggested role in replication and viral 

pathogenesis 

(Tauber et al., 2012; 

Q. Wang et al., 
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2019; Wise et al., 

2009, 2011) 

3 

PA 
Component of RNA transcriptase - endonuclease, 

involved in cap snatching 

(Dias et al., 2009; 

Hagen et al., 1994; 

Li et al., 1998; 

Plotch et al., 1981; 

Reich et al., 2014; 

Yuan et al., 2009) 

PA-X 
Non-specific mRNA endonuclease, involved in host 

shut-off 

(Bavagnoli et al., 

2015; Firth et al., 

2012; Jagger et al., 

2012; Rigby et al., 

2019) 

PA-N155 Unclear - suggested role in replication 

(Muramoto et al., 

2013; Q. Wang et 

al., 2018) 

PA-N182 Unclear - suggested role in replication 

(Muramoto et al., 

2013; Q. Wang et 

al., 2018) 

4 HA 
Sialic acid binding, fusion activity, and antigenic 

determinant 

((Bullough et al., 

1994; Chen et al., 

1998; Kawaoka and 

Webster, 1988; 

Mehle and Doudna, 

2008; Stieneke-

Gröber et al., 1992; 

Webster et al., 1978; 

Wilson et al., 1981) 

reviewed in (Wiley 

and Skehel, 1987)) 

5 NP 

vRNP formation, nuclear import and export and 

transcription, processivity factor of the polymerase, 

inhibit PKR activation, promotes viral RNA synthesis 

and viral replication 

(Chutiwitoonchai 

and Aida, 2016; 

Digard et al., 1999; 

Elton et al., 2001, 

1999; Gabriel et al., 

2008; Hagen et al., 

1994; Honda et al., 

1988; Lin et al., 

2017; Melen et al., 

2003; Moisy et al., 
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2012; Momose et 

al., 2001; O’Neill et 

al., 1995; O’Neill and 

Palese, 1995; Pons 

et al., 1969, 1969; 

Ruigrok and Baudin, 

1995; Sharma et al., 

2011; Wang et al., 

1997) 

eNP Unclear - suggested role in gene expression 
(Wanitchang et al., 

2011) 

6 

NA 
Sialidase activity, budding, cell exit and antigenic 

determinant 

(Cohen et al., 2013; 

Colman et al., 1983; 

Sakai et al., 2017) 

NA43 Unclear 
(Machkovech et al., 

2019) 

7 

M1 

Capsid uncoating, vRNP nuclear export, virus 

assembly and major virion protein, controls viral 

morphology 

(Banerjee et al., 

2014; Baudin et al., 

2001; Calder et al., 

2010; Elleman and 

Barclay, 2004; Li et 

al., 2014; K. Martin 

and Helenius, 1991; 

Ye et al., 1999; 

Zvonarjev and 

Ghendon, 1980) 

M2 
Ion channel, HA maturation and virus uncoating and 

budding 

(Chizhmakov et al., 

2003, 1996; 

Czabotar et al., 

2004; Hu et al., 

2006; Leiding et al., 

2010; Mould et al., 

2000; Pinto et al., 

1997; Stauffer et al., 

2014; Tang et al., 

2002; Wang et al., 

1995) 

M3 

Unclear - suggested to downregulate early segment 7 

expression, essential to group A Streptococcus 

virulence in IAV superinfection 

(Clohisey et al., 

2020; Herrera et al., 

2017) 

M42 Functionally replaces M2 upon its depletion (Wise et al., 2012) 
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8 

NS1 
Inhibits host pre-mRNA processing, maturation and 

antiviral IFN responses, histone mimicry 

(Gack et al., 2009; 

Gao et al., 2012; 

Marazzi et al., 2012; 

Min and Krug, 2006; 

Park et al., 2018; 

Pichlmair et al., 

2006; Rajsbaum et 

al., 2012; Silverman 

and Weiss, 2014; 

Talon et al., 2000; 

Tsai et al., 2017) 

tNS1 Cytoplasmic, inhibits IRF3 and IFN-β (Kuo et al., 2016) 

NS2/NEP vRNP nuclear export 

(Huang et al., 2013; 

Neumann et al., 

2000; Yasuda et al., 

1993) 

NS3 Unclear - suggested role in replication (Selman et al., 2012) 

Using photoactivatable ribonucleoside enhanced cross-linking and 

immunoprecipitation (PAR-CLIP) and high-throughput sequencing of RNA 

isolated by cross-linking immunoprecipitation (HITS-CLIP), NP was shown to 

bind to the vRNA non-uniformly and stoichiometrically (with a periodicity of 

approximately 12 nt, previously 24 nt per NP molecule (Labaronne et al., 

2016; Lee et al., 2017; Ortega et al., 2000; Williams et al., 2018)) with high 

affinity along the internal region of vRNA polymer, allowing accessibility for 

base-pairing and replication priming (Arranz et al., 2012; Moeller et al., 2012; 

Yamanaka et al., 1990). Despite the earlier work reporting a lack of sequence 

specificity for NP, a recent study showed NP-vRNA binding sites are guanine 

(G)-rich and uridine (U)-poor. Of note, vRNA is partially sensitive to RNAse 

V1 digestion (Arranz et al., 2012; Moeller et al., 2012; Yamanaka et al., 1990), 

as higher order (secondary and tertiary) double stranded structures in its 

internal coding region emerge with low or no NP binding (Lee et al., 2017; 

Williams et al., 2018). Some of these higher order structures as well as 

sequences of the NCR and its adjacent coding regions were identified as 
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packaging signals able to establish intersegment vRNP-vRNP interactions for 

IAV genome packaging (Gog et al., 2007; Hutchinson et al., 2010, 2008). 

1.1.5 IAV Life cycle 

For a successful infection, influenza A virions must contain eight 

genomic segments and express all the essential structural proteins (Brooke 

et al., 2013; Nakatsu et al., 2016; Noda et al., 2018, 2006; Noda and 

Kawaoka, 2010). The multistep viral life cycle begins with virion attachment 

to target cells, followed by cell entry and nuclear delivery of the viral genome 

for replication (reviewed in (Amorim, 2019; Dou et al., 2018; Eisfeld et al., 

2015; Etibor et al., 2021; Hutchinson and Yamauchi, 2018; Watanabe et al., 

2010)). The cycle terminates with cellular egress of progeny virions that are 

propagated to vicinal cells or new host(s) via aerosols and/ or droplets. Every 

stage of the IAV life cycle is triggered by viral induced cellular cues which may 

involve enzymatic reactions, chemical- or receptor-mediated signals 

(reviewed in (Amorim, 2019; Dou et al., 2018; Eisfeld et al., 2015; Etibor et 

al., 2021; Hutchinson and Yamauchi, 2018; Watanabe et al., 2010)). Despite 

continued advances in understanding the key processes of IAV life cycle 

(reviewed in (Amorim, 2019; Dou et al., 2018; Eisfeld et al., 2015; Etibor et 

al., 2021; Hutchinson and Yamauchi, 2018; Watanabe et al., 2010)), many 

unknowns are yet to be clarified, justifying the need for further investigation. 
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Figure 1.4- Graphical summary of the IAV life cycle. 

(A) attachment, (B) internalization, (C) acidification, (D) capsid uncoating, (E) 

genome debundling, (F) nuclear import, (G) genome transcription and 

replication, (H) nucleocytoplasmic shunt of vRNPs into inclusion, (I) genome 

assembly, (J) nuclear export of mRNAs, (K) viral translation and protein 

synthesis, (K - L) viral protein translocation, (M) virion assembly and budding 

at the plasma membrane, and (N) progeny virion release. 

1.1.5.1 Attachment, internalization and uncoating 

IAV infection is initiated by the binding of HA to sialic acid receptor on 

the host cell surface (Figure 1.4A) (Ito et al., 2000; Suzuki et al., 2000; Weis 

et al., 1988) and reviewed in (Kuchipudi et al., 2021)), followed by virus 

internalization (Figure 1.4B). Virus internalization involves dynamin and 

Epsin-1 in clathrin-mediated endocytosis (Chen and Zhuang, 2008; Roy et 

al., 2000). Alternatively, a non-clathrin caveolin-independent endocytosis 
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(Rust et al., 2004; Sieczkarski and Whittaker, 2002) or an unconventional 

entry route such as macropinocytosis (de Vries et al., 2011) and sialic-acid 

independent endocytosis may be used (Kajiwara et al., 2020). Upon 

internalization, the low endosomal pH (< 5.5, Figure 1.4C) (reviewed in 

(Huotari and Helenius, 2011)) activates M2 ion channel (Chizhmakov et al., 

2003, 1996; Czabotar et al., 2004; Holsinger and Alams, 1991; Hu et al., 

2006; Leiding et al., 2010; Mould et al., 2000; Pinto et al., 1997, 1992; Tang 

et al., 2002; Wang et al., 1995), allowing the influx of H+ and K+ (Stauffer et 

al., 2014). This weakens the capsid M1-M1 oligomeric interactions (Stauffer 

et al., 2014), while acidifying the virion core (Holsinger and Alams, 1991; Pinto 

et al., 1992; Stauffer et al., 2014) to prime HA for conformational change 

(Figure 1.5A-E) (Benhaim et al., 2020; Bullough et al., 1994). 

 

Figure 1.5- Proposed mechanism of fusogenic conformational changes 

in IAV haemagglutinin. 

(A) The pre-fusion conformation, (B) HA1 dissociation from its tightly docked 

position in response to proton (H+) binding, (C) the extended intermediate, 

which collapses via a helix-loop-helix transition, (D, E) Collapse of the 

extended intermediate by zipping up the trimers to generate the post-fusion 

conformation that causes hemifusion and pore formation. This image was 

published in (Harrison, 2008). 
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Since HA is synthesised as a 75kDa precursor protein (HA0) that is 

modified (by N-glycosylation, palmitoylation) and translocated along the 

secretory pathway to the PM, it must first be cleaved by trypsin-like or furin-

based endo-proteases (Figure 1.6) (as detailed above in the “Ecology” 

section) at specific arginine residue (R) into two subunits: HA1 (55 kDa) and 

HA2 (25 kDa) (Figure 1.6) (reviewed in (Böttcher‐Friebertshäuser et al., 

2013)). Cleavage is a key prerequisite for HA conformational changes at low 

pH in the endosome, as it triggers membrane fusion and is essential for the 

infectivity and spread of influenza viruses ((Figure 1.6E,F) reviewed in 

(Böttcher‐Friebertshäuser et al., 2013)). The proteolyzed HA0 exposes the 

embedded fusion peptide on the N-terminus of HA2 for insertion into the 

endosomal membrane, with the C-terminal transmembrane domain 

anchoring HA2 in the viral membrane (Figure 1.5) (Benhaim et al., 2020; 

Bullough et al., 1994). This creates a hairpin structure as the HA2 homotrimer 

folds back on itself (Figure 1.5) (Das et al., 2018), to position the endosomal 

and viral membranes in proximity until fusion is completed (Maeda et al., 

1981; Maeda and Ohnishi, 1980; White et al., 1982; Yoshimura and Ohnishi, 

1984). These events result in the IAV genome release from the weakened 

capsid into the cytosol. 
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Figure 1.6- Cleavage of HA0 into HA1 and HA2 at a specific cleavage site 

determines pathogenicity. 

(A) Scheme illustrating the HA0 precursor and its cleaved HA1 (blue) and 

HA2 (red) subunits. (B) Structure of the monomeric HA0 precursor of IAV 

(A/HongKong/68 strain) with a cleavage resistant mutation, R329Q. The 

cleavage site is in the prominent yellow loop (arrow). (C). LPAI virus’ 

monobasic cleavage site (R) that is cleaved by tissue-specific trypsin-like 

endoproteases (D). HPAI viruses (e.g. serotypes H5 and H7) contain a 
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multibasic site- RX(K/R)RX, cleavable by the ubiquitously expressed furin and 

furin-like endoproteases (E) Spread of the LPAI virus, and of (F) HPAI virus. 

This image was published in (Böttcher‐Friebertshäuser et al., 2013). 

Next, viral capsids are disassembled (Figure 1.4D) for the release of 

IAV genome into the cytosol (Figure 1.4E). This is mediated by E3 ubiquitin 

ligase; Itch (Su et al., 2013), Speckle-type POZ protein-like/ Cullin-3 (CUL3-

SPOPL) E3 ubiquitin ligase complex (Gschweitl et al., 2016; Huotari et al., 

2012) and reviewed in (Huotari and Helenius, 2011)) and the aggresome 

processing machinery (Banerjee et al., 2014). The aggressome protein, 

histone deacetylase 6 (HDAC6) targets M1-associated unanchored ubiquitin 

for IAV capsid uncoating, with microtubule motors (dynein and dynactin) and 

actin motors (myosin II) generating the physical forces necessary for 

uncoating (Banerjee et al., 2014). Finally, Karyopherin beta (importin-β) family 

member transportin-1 (TNPO-1) facilitates vRNP debundling and nuclear 

import (Figure 1.4F) (Miyake et al., 2019). 

1.1.5.2 Nuclear Import 

Debundled cytosolic vRNPs that were released from dissociated viral 

capsids are transported into the nucleus for subsequent transcription and 

genome replication (Amorim and Digard, 2006; Herz et al., 1981; Jackson et 

al., 1982; López-Turiso et al., 1990; Shapiro et al., 1987). Since each vRNP 

is exceedingly more than 40 kDa, its transport is not physically possible by 

passive diffusion but largely depends on an active energy-dependent process 

that is mediated by the classical nuclear import pathway (Kemler et al., 1994). 

Nuclear translocation of vRNPs is directed by the nuclear localization signals 

(NLS) of NP and PB2 (Jones et al., 1986; Lin and Lai, 1983; K Martin and 

Helenius, 1991; Ozawa et al., 2007) that recruit the adapter protein importin-

α (IMPα), which is recognised by importin-β (IMPβ) receptor for vRNP 

translocation through the nuclear pore complex (NPC) (K Martin and 

Helenius, 1991; O’Neill et al., 1995). 
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Alternative pathways reported include, the J domain of DnaJ Heat 

Shock Protein Family (Hsp40) member B1 (Hsp40/ DnaJB1) that promotes 

vRNPs nuclear entry via its interaction with the N-terminal domain of NP as 

well as IMP-α (Batra et al., 2016). Furthermore, nucleoporin 85 interacts with 

PB1 via Ran-binding protein 5 (RanBP5) and PB2 through importin-α 1&7 

(IMP-α1 and IMP-α7) to promote vRNPs nuclear import and replication (Ling 

et al., 2022). Following nuclear translocation and release of vRNPs, IMPα and 

IMPβ are individually recycled back to the cytosol. In the nucleus, the error 

prone (low fidelity) viral RdRp directs transcription and replication of the viral 

genome (Figure 1.4G) (reviewed in (Fodor, 2013; Fodor and Velthuis, 2020; 

Wandzik et al., 2021)). 

1.1.5.3 Viral transcription and replication 

The IAV genome consists of negative sense vRNAs that are unable 

to directly translate into viral proteins. Therefore, incoming vRNPs need to be 

transcribed into mRNAs, and replicated into progeny vRNA and form vRNPs. 

Viral mRNAs are initially transcribed directly from incoming vRNPs (Etkind 

and Krug, 1975) in the nucleus as well as from newly synthesised vRNAs later 

in infection (Figure 1.7) (Muramoto et al., 2006; Shapiro et al., 1987). On the 

other hand, Replication is not a direct process but rather requires an 

intermediate complementary RNA (cRNA) synthesis step (Figure 1.7) (Etkind 

and Krug, 1975; Vreede and Brownlee, 2007; York et al., 2013). To make viral 

cRNAs and progeny vRNAs, de novo synthesis and nuclear import of viral 

proteins (NP, PB1, PB2 and PA) are required, as they form the 

ribonucleoprotein (cRNP and vRNP) complex with each transcript (Pflug et 

al., 2017; Shapiro et al., 1987). Through their NLS, NP (Cros et al., 2005; 

Neumann et al., 1997) and PB2 (Pumroy et al., 2015; Tarendeau et al., 2007) 

viral proteins are imported individually into the nucleus, while PB1 and PA are 

imported as heterodimers (Swale et al., 2016). 
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The processes that originate viral mRNA and cRNA are different, 

resulting in a capped and polyadenylated mRNA that lacks 15-16 nt from the 

5´-teminus of the template vRNA, or a full complementary version of the vRNA 

encapsidated into cRNPs (Figure 1.7). Importantly, both viral transcription 

and replication processes are catalysed by the RdRp complex (Figure 1.8), 

consisting of the polymerase core (formed by PB1, C-terminal and N-terminal 

regions of PA and PB2 respectively), and flexible peripheral appendices 

(made of the endonuclease domain of PA and key PB2 domains- including 

the cap-binding, mid-link, 627, and NLS domains) (reviewed in (Eisfeld et al., 

2015; Fodor, 2013; te Velthuis and Fodor, 2016)). 

 

Figure 1.7- Schematics of IAV genome transcription and replication. 

Key host factors that play a role in viral RNA synthesis are indicated in green. 

PB1 (blue), PB2 (dark blue) and PA (grey) host factors (green). This image 

was published in (Weis and Te Velthuis, 2021). 
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1.1.5.3.1 Viral transcription 

Aided by the association with cellular RNA polymerase II (Pol II) C-

terminal domain (Engelhardt et al., 2005; Lukarska et al., 2017; Martínez-

Alonso et al., 2016), the IAV mRNA transcription is primed by a cap snatching 

process (Figure 1.8A) (Cianci et al., 1995; Fechter et al., 2003; Hagen et al., 

1994; Li et al., 2001, 1998; Plotch et al., 1981; Rao et al., 2003; Reich et al., 

2014; Yuan et al., 2009). Here, PB2 binds to the 5´ 7-methylguanosine (5´ 

7mG) cap of selected host transcripts (Beaton and Krug, 1981; Cianci et al., 

1995; Fechter et al., 2003; Rao et al., 2003; Reich et al., 2014), preferably, 

small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs) and 

promoter-associated capped small RNAs (generated from paused Pol II 

during transcription initiation) rather than (pre)-mRNA (Beaton and Krug, 

1981; Gu et al., 2015; Koppstein et al., 2015; Shaw and Lamb, 1984; Sikora 

et al., 2014). The PB2-snatched transcripts are then cleaved 10-13 

nucleotides downstream of the 5´-7mG-cap (at CA-cleavage site on the 3´-

terminus (Beaton and Krug, 1981; Rao et al., 2003; Shaw and Lamb, 1984)) 

by PA endonuclease domain (Hagen et al., 1994; Li et al., 2001, 1998; Plotch 

et al., 1981; Yuan et al., 2009).  

Passing through the product exit channel of the polymerase complex, 

the snatched capped primer is then positioned into the PB1 catalytic active 

centre by PB2 cap-binding domain for primer extension using the vRNA as 

template (Figure 1.8A) (Reich et al., 2014; Sugiyama et al., 2009). After 

transcription initiation, PB2-cap binding domain dissociates from the 5´-m7G 

capped primer to allow the elongation process (Reich et al., 2014). 

Transcription elongation, whose processivity is facilitated by NP (Honda et 

al., 1988), continues as the vRNA template is pulled along the catalytically 

active site of RdRp until a 5-7 nt poly-U sequence that is about 16 nt from the 

5´-teminus of the template vRNA is encountered. In this U-stretch, 

polymerase stuttering occurs, resulting in the recursive incorporation of 

adenosine monophosphate (AMP) to produce polyadenylated (polyA) tail on 
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the nascent viral mRNA (Poon et al., 2000, 1999; Robertson et al., 1981). The 

nascent viral mRNA exits the catalytically active site of the polymerase (same 

as the route taken by the 5´7mG-capped primer) via the exit channel of the 

complex (Figure 1.8A). Thereafter, the 5´m7G-cap of the nascent mRNA may 

then bind to the host cap-binding complex for the assembly of a messenger 

ribonucleoprotein (mRNP) ((Bier et al., 2011) and reviewed in (te Velthuis and 

Fodor, 2016; York and Fodor, 2013)). Due to the limitation imposed by the 

size (~13.5 kb) of its genome, the IAV employs host factors to maximize its 

coding capacity through splicing or ribosomal frameshift, which result in the 

translation of its multifunctional proteins (Table 1.1). 

 

Figure 1.8- Models of IAV genome transcription and replication. 
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(A) Viral mRNA transcription. (B) Intermediate synthesis of complementary 

RNA (cRNA; green), (C) vRNA synthesis, as the second step in replication of 

the viral genome. This image was published in (te Velthuis and Fodor, 2016). 

1.1.5.3.2 Viral replication 

Unlike viral transcription, vRNA replication is a two-step process 

(Figure 1.8). In the first step, a replicative positive sense antigenome 

intermediate known as cRNA is formed in a primer independent manner 

(Etkind and Krug, 1975; Vreede and Brownlee, 2007; York et al., 2013). Next, 

the 3´-teminus of the template vRNA enters the catalytically active site of the 

polymerase for terminal initiation by pppApG dinucleotides (Beaton and Krug, 

1986; Deng et al., 2006), which is supported by the priming loop (a β-hairpin 

structure) that must be displaced upon elongation (Figure 1.8B) (Reich et al., 

2014; Te Velthuis et al., 2016). Although the elongation process is like that of 

viral mRNA, to achieve cRNA chain termination, the 5´-terminus of the vRNA 

must be released from the polymerase binding pocket for it to be copied. This 

termination process is distinct from mRNA chain termination in a yet unclear 

process. As the cRNA exits the product exit channel of the RdRp, a second 

polymerase recruits NP to form a helical cRNP complex, with the NP along 

the RNA and RdRp on the 5´- and 3´- termini (Figure 1.8B) (Chan et al., 2010; 

Ng et al., 2008; Turrell et al., 2013; Ye et al., 2006; York et al., 2013). 

In a second step, the synthesized cRNA serves as template for vRNA 

synthesis via internal initiation directed by pppApG dinucleotide (Te Velthuis 

et al., 2016), which enables vRNA elongation along the template Crna 

(Figure 1.8C). Although, this process is independent of a full-length priming 

loop, different models suggest that it requires a trans-activating or trans-

acting helper polymerase (Jorba et al., 2009; Tshierry et al., 2016; York et al., 

2013) with catalytically inactive and active properties respectively. It is 

possible that the trans-activating polymerase could bind nascent vRNA 

exiting the catalytically active polymerase during elongation and termination 
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steps (Figure 1.8C) (reviewed in (te Velthuis and Fodor, 2016)). Together 

with the helper polymerase, NP will encapsidate the emerging vRNA to form 

vRNP (Jorba et al., 2009; Moeller et al., 2012). 

1.1.5.3.3 Regulation of transcription and replication 

As the IAV genome translocate into the nuclear matrix, they associate 

with chromatin components for transcription and replication (Chase et al., 

2011; Jackson et al., 1982; López-Turiso et al., 1990; Robb et al., 2011; 

Takizawa et al., 2006). For instance, IAV RdRp interact with nuclear matrix 

proteins 2 (NXP2, also called MORC3), remodellers of chromatin 

(chromodomain helicase DNA binding protein1 and 2, CHD1 and CHD2), and 

host RNA polymerase II (Pol II) and viral RdRp modulator, chromosome 14 

open reading frame 166 (C14orf166, also called CLE) (Alfonso et al., 2011; 

Marcos-Villar et al., 2016; Rodriguez et al., 2011; Ver et al., 2015). Also, the 

minichromosomal maintenance (MCM) complex interacts with the PA subunit 

of the RdRp to support transition from de novo initiation to elongation on the 

vRNA template (Kawaguchi and Nagata, 2007). Acidic leucine-rich nuclear 

phosphoprotein 32 family member A and B (ANP32A and ANP32B (also 

known as APRIL, PAL31, PHAP1b)) were reported as host specificity factors 

that interact with actively replicating viral RdRp to facilitate mammalian-

adapted avian cRNA and vRNA replication (Bradel-Tretheway et al., 2011; 

Long et al., 2016; Nilsson-Payant, 2022; Peacock et al., 2020a, 2020b; Staller 

et al., 2019; Sugiyama et al., 2015; Swann et al., 2022; York et al., 2014). 

Other cellular factors such as DDX39B (also known as BAT1 or UAP56), TAT-

SF1 (also known as HTATSF1) FMR1 reinforce NP interaction with the viral 

RdRp to enhance vRNA replication, while also supporting NP recruitment to 

nascent vRNA and cRNA for vRNP and cRNP assembly, respectively 

(Kawaguchi et al., 2011; Naito et al., 2007; Zhou et al., 2014). 

For mRNA synthesis, the viral RdRp directly recruits the serine-5-

phosphorylated form of Pol II large subunit carboxy-terminal domain (CTD) 
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(Engelhardt et al., 2005; Martínez-Alonso et al., 2016), providing access to 

nascent host capped RNAs and a high concentration of splicing factors 

(Vreede and Brownlee, 2007) such as RED (also known as RER or IK), 

SMU1, SF2 (also known as ASF1 or SRSF1), SFPQ (also known as PSF), 

heterogeneous nuclear RNP-K (hnRNP-K) and NS1-binding protein (NS1-

BP) (Fournier et al., 2014; Landeras-Bueno et al., 2011; Shih and Krug, 1996; 

Tsai et al., 2013). In fact, SFPQ is a splicing factor that enhances the 

efficiency of viral mRNA polyadenylation (Landeras-Bueno et al., 2011). 

The switch from viral transcription to replication is a regulated process 

shown to involve the viral proteins NEP and NP (Mänz et al., 2012; Robb et 

al., 2009; Shapiro and Krug, 1988; Skorko et al., 1991). In fact, high level of 

NEP expression was shown to inhibit viral genome transcription and 

replication (Bullido et al., 2001; Mänz et al., 2012), while low expression levels 

stimulate cRNA and vRNA accumulation (Mänz et al., 2012; Robb et al., 

2009), leading to the proposal that NEP is essential for determining viral 

mRNA:cRNA ratio. Due to the ability of NEP to directly bind PB1 and PB2 via 

its C-terminal α-helices, it was speculated as a polymerase co-factor that 

stimulates viral replication, by controlling polymerase switch from 

transcription to replication ((Fodor et al., 1993; S González and Ortín, 1999; 

Susana González and Ortín, 1999; Jung and Brownlee, 2006; Li et al., 1998; 

Mänz et al., 2012; Perales et al., 1996) and reviewed in (Paterson and Fodor, 

2012)). Additionally, a small viral RNA (svRNA, 22-27 nt long), which depends 

on RdRp, NP and NEP for formation, was required for viral transcription-

replication switch (Perez et al., 2010; Umbach et al., 2010). Importantly, NEP 

was reported to be essential for the genome replicative competence of avian 

flu (H5N1) during mammalian adaptation (Mänz et al., 2012). Furthermore, 

I32T mutant of NEP results in the suppression of cRNA synthesis, thereby, 

forming defective interfering (DI) particles that lack intact PA gene segment 

(Odagiri et al., 1994; Odagiri and Tobita, 1990). 
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1.1.5.4 Nuclear export 

After viral genome transcription and replication in the host nucleus, 

the mRNPs and vRNPs are released into the cytosol for protein synthesis and 

genome assembly, respectively. Similar to the active principle of importin-

based vRNP nuclear translocation, nucleocytoplasmic shuttling of newly 

synthesized vRNPs is facilitated by chromosomal region maintenance 1 

(CRM1, also known as exportin 1, XPO-1) pathway. Importantly, viral factors 

such as M1 ((Bui et al., 2000; K. Martin and Helenius, 1991) reviewed in 

(Whittaker et al., 1996)) and NEP (NS2) (O’Neill et al., 1998) are crucial 

mediators of vRNP nuclear export. The C-terminus of M1 binds to the vRNP 

through direct interaction with NP ((Baudin et al., 2001; Noton et al., 2007) 

and reviewed in (Paterson and Fodor, 2012; Portela and Digard, 2002)). On 

the other hand, NEP establishes an intermediate connection that bridges the 

M1-vRNP complex (Akarsu et al., 2003; Baudin et al., 2001; Noton et al., 

2007; Shimizu et al., 2011; Ward et al., 1995; Yasuda et al., 1993) and a 

complex of CRM1 and its co-factor GTP-binding nuclear protein Ran (Ras-

related nuclear protein) (Ran-GTP) i.e. CRM1-Ran-GTP (Dong et al., 2009; 

Elton et al., 2001; Güttler et al., 2010; Huang et al., 2013; Ma et al., 2001; 

Neumann et al., 2000), forming a daisy chain (reviewed in (Paterson and 

Fodor, 2012)) that facilitates nuclear vRNP export. 

The NEP binds to M1 (via its nuclear localization signal, NLS on its N-

terminus (Akarsu et al., 2003; Baudin et al., 2001; Noton et al., 2007; Shimizu 

et al., 2011; Ward et al., 1995; Yasuda et al., 1993)) and CRM1 (also known 

as exportin, XPO1) via its prominent hydrophobic tryptophan residue (W78) 

on the C-terminal domain (Akarsu et al., 2003; Shimizu et al., 2011) and 

nuclear export signal (NES) at the N-terminus (Dong et al., 2009; Elton et al., 

2001; Güttler et al., 2010; Huang et al., 2013; Ma et al., 2001; Neumann et 

al., 2000) respectively. In fact, inhibition of the CRM1 pathway using 

pharmacological blocker of nuclear export viz. leptomycin B (LMB) 

(Watanabe et al., 2001), anti-NEP antibody treatment (O’Neill et al., 1998), or 
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infection with nonviable recombinant viruses that are unable to encode NEP 

protein (Neumann et al., 2000), result in the retention of vRNPs in the nucleus. 

Upon nuclear egress of vRNPs, it was suggested that M1 blocks the NLS of 

NP to prevent potential reimportation into the nucleus (Akarsu et al., 2003; 

Shimizu et al., 2011). 

Asides the CRM1 pathway, some host factors were proposed to 

contribute to the nucleocytoplasmic shunt of vRNPs. An example is nucleolin, 

which directly interacts with NP to promote vRNP nuclear exit (Terrier et al., 

2016). Interestingly, plasma membrane (PM) accumulation of HA was 

reported to activate the RAF/ MEK/ ERK (MAPK) anti-apoptotic signalling 

pathway via protein kinase C α (PKCα) for timely regulation of vRNP export 

(Marjuki et al., 2007, 2006). Of note, inhibition of MAPK pathway impairs the 

nuclear egress of vRNPs (Pleschka et al., 2001). At the same time, activation 

of pro-apoptotic regulator Caspase 3 (Casp 3) also promotes 

nucleocytoplasmic shunt of vRNPs, possibly by increasing nuclear membrane 

porosity (Wurzer et al., 2003). 

1.1.5.5 Genome assembly 

Late in the viral life cycle, nucleocytoplasmic shunt of vRNPs 

terminates at the plasma membrane (PM) (Momose et al., 2011) where 

progeny virions are assembled, bud and are released from the cell. Upon 

nuclear exit (Figure 1.4H), vRNPs accumulate around the microtubule 

organizing centre (MTOC) for Y-box binding 1 (YB-1)- and HIV Rev-binding 

(HRB) proteins-dependent porting to Ras related in brain protein 11 (Rab11, 

especially Rab11a) GTPase recycling endosomes (Amorim et al., 2011; 

Bruce et al., 2010; Eisfeld et al., 2011b; Kawaguchi et al., 2012; Momose et 

al., 2007; Nturibi et al., 2017). Rab11 loads vRNPs via PB2 (with the RdRp 

portion facing the endosome) (Veler et al., 2022) and was suggested as a 

quality control mechanism to ensure that progeny virions incorporate a 

polymerase-containing vRNP. 
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In infected cells, Rab11 displays a very different distribution to that 

occurring in infected cells (Amorim et al., 2011; Bhagwat et al., 2018; Bruce 

et al., 2010; Momose et al., 2011; Nturibi et al., 2017; Vale-Costa et al., 

2016b). In fact, Rab11-bound vRNPs have been shown to concentrate in 

larger cytosolic puncta. In these puncta all the 8 different vRNPs can be 

detected (Haralampiev et al., 2020). Two pathways have been proposed for 

originating these Rab11 positive puncta. In one model, these puncta 

concentrate in the cytoplasm at endoplasmic reticulum (ER) exit sites (ERES) 

((Alenquer et al., 2019; Amorim et al., 2011; Vale-Costa et al., 2016b) and 

reviewed in (Amorim, 2019)). Alternatively, progeny vRNPs reaching the 

cytosol initially bind to the ER to originate Rab-11 irregularly coated vesicles 

that are delivered to the PM, possibly via ER tubulations (de Castro Martin et 

al., 2017). Despite the role of microtubules (Amorim et al., 2011; Momose et 

al., 2007) and ER (de Castro Martin et al., 2017) in vRNP trafficking, the 

process of transferring completely or semi assembled viral genome to sites 

of virion assembly at the PM is unknown but proposed to involve Rab11 

(reviewed in (Amorim, 2019)). 

The presence of vRNP-enriched cytoplasmic punctae is concomitant 

with altered distribution (Amorim et al., 2011; Bruce et al., 2010; Eisfeld et al., 

2011a; Lakdawala et al., 2014; Momose et al., 2011, 2007; Nturibi et al., 

2017), and functional impairment of Rab11 endocytic recycling (Vale-Costa 

et al., 2016b). Particularly, correlative light and electron microscopy (CLEM) 

and immunogold labelling of these structures displayed hotspots of electron 

dense elements (vRNPs) and Rab11 vesicular clusters, which lack 

membrane delimitation akin to classical biomolecular condensates (Sousa et 

al., 2017; Sílvia Vale-Costa and Amorim, 2016a). Biomolecular condensates 

are abundant in the viral world and are known as viroplasms, viral factories, 

aggresomes, or virosomes, to indicate sites of viral replication (reviewed in 

(Netherton et al., 2007; Wileman, 2007)). Viruses can also form viral 

inclusions, which are sites of accumulation of viral proteins, nucleic acids and 
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selected host proteins and can include (or not) viral factories (reviewed in 

(Netherton et al., 2007)). Given this definition, IAV vRNP hotspots were re-

classified as viral inclusions (Alenquer et al., 2019) (Figure 1.4I). 

Being enriched hotspots of IAV genomic segments (Alenquer et al., 

2019; Amorim et al., 2011; Chou et al., 2013; Dou et al., 2017; Lakdawala et 

al., 2014) that display liquid properties (such as fusion and fission, dynamic 

exchange of materials, spherical shape and no membrane delimitation) 

(Alenquer et al., 2019), increasing in size to accommodating more vRNPs as 

infection progresses (Etibor et al., 2022; Vale-Costa et al., 2016b), viral 

inclusions were postulated as sites containing partially formed or completely 

formed IAV genomes (Chou et al., 2013; Haralampiev et al., 2020; Lakdawala 

et al., 2014), or be sites of IAV genome assembly (Alenquer et al., 2019; 

Amorim et al., 2011). In support of both hypothesis, as vRNPs travel through 

the cytosol to the PM, studies have shown increased co-localization of 

different vRNPs in viral inclusions (Amorim et al., 2013; Lakdawala et al., 

2014), suggesting that these structures could be hotspots of IAV genomes. 

However, the mechanism by which the segmented IAV genome assembles 

or package into a 1+7 vRNP configuration is yet to be elucidated. 

There have been two proposed models of the IAV genome assembly; 

random and selective packaging. The random model assumes an 

unregulated assembly process that is dictated by chance, whereas the 

selective model uses a controlled mechanism that ascertain the packaging of 

a genome consisting of eight distinct vRNPs into nascent virions (Compans 

et al., 1972; Fujii et al., 2003; Gog et al., 2007; Hatada et al., 1989; Hutchinson 

et al., 2010; Kingsbury, 1970; Lee et al., 2017; Williams et al., 2018). 

Accumulating evidence, especially the finding that most virions contain 

exactly 8 different vRNPs, give a strong support to the selective model of 

genome assembly which is currently the most accepted model (as reviewed 

in (Amorim, 2019)). Thus far, sequence specific vRNA-vRNA interactions and 

packaging signals support the selective model of genome assembly and no 
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proteins have been reported to be critical for vRNP-vRNP interactions 

(Compans et al., 1972; Fujii et al., 2003; Gog et al., 2007; Hatada et al., 1989; 

Hutchinson et al., 2010; Kingsbury, 1970; Lee et al., 2017; Williams et al., 

2018). 

1.1.5.6 Virion assembly and egress 

Prior to PM translocation, major viral structural proteins HA, NA and 

M2 are translated in ER-associated ribosomes (Figure 1.4J) (Bos et al., 1984; 

Daniels et al., 2003; Dou et al., 2014; Hull et al., 1988). HA and NA proteins 

are then sialylated in the ER for subsequent transport through the classical 

secretory pathway (Figure 1.4L) to cholesterol- and sphingolipids enriched 

regions on the PM (Figure 1.4M) ((Barman et al., 2004; Chen et al., 2007; 

Ohkura et al., 2014; Sato et al., 2019; Wang et al., 2008; Yondola et al., 2011) 

reviewed in (Nayak et al., 2009)). These sites are called lipid rafts (Takeda et 

al., 2003) and serve as viral budding sites (known as budozones), where 

nascent virions assemble and bud from prior to release (Figure 1.4N). 

Transfection system singly expressing either HA, NA, or M1 

demonstrated their capability to independently induce budding of virus-like 

particles (VLPs) (Chen et al., 2007; Gómez-Puertas et al., 2000; Lai et al., 

2010; Wang et al., 2010). However, in infectious state, only HA and NA 

proteins can initiate viral budding (Gómez-Puertas et al., 2000; Hughey et al., 

1992; Valcárcel et al., 1991; Wang et al., 2010) reviewed in (Rossman and 

Lamb, 2011)). Here, M1 requires membrane targeting mediated by either M2 

or the cytoplasmic tails of HA and NA (Ali et al., 2000; Barman et al., 2004; 

Jin et al., 1997; Zhang et al., 2000). Unlike HA and NA, M2 expression is 

delayed (Zebedee et al., 1985), making it unable to initiate budding and 

allowing HA and NA to serve as the primary early drivers of viral budding 

(reviewed in (Rossman and Lamb, 2011)). 

M1 may polymerise to facilitate filamentous virion formation, typical of 

clinical isolates ((Calder et al., 2010) and reviewed in (Dadonaite et al., 
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2016)). Upon binding to a lipid membrane, M1 oligomerizes into a helical 

matrix, a trait which contributes to the morphology of nascent virions (Calder 

et al., 2010; Hilsch et al., 2014). In filamentous virions, M1 can oligomerise to 

form a rigid cylindrical helix, while spherical virions form a less ordered 

spherical spiral just similar to the topology of M1 at the poles of filamentous 

virions (Calder et al., 2010). Sometimes, the filamentous poles can form 

enlarged bulbous structure known as Archetti body, which retains a 

contiguous matrix layer, sometimes containing non-membrane associated 

M1-like material (Archetti, 1955; Vijayakrishnan et al., 2013). 

Of note, M1 may confer curvature to viral membranes or block the 

curvature-enabling properties either through its interaction with HA or NA (Ali 

et al., 2000; Barman et al., 2004; Jin et al., 1997; Zhang et al., 2000) or with 

NP (Bui et al., 1996; Noton et al., 2007; Zhang and Lamb, 1996) when 

recruiting vRNPs to the budozone. This way, M1-mediated inhibition of 

membrane curvature may be an intrinsic viral mechanism to ensure complete 

genome assembly prior to the delayed M2 recruitment to the neck of budding 

virions (reviewed in (Rossman and Lamb, 2011)). At the neck, M2 may insert 

its amphipathic helix into the membrane, exerting a positive membrane 

curvature, which may produce the final force required for membrane scission 

(reviewed in (Rossman and Lamb, 2011)). 

Asides the aforementioned viral proteins, NEP (possibly through its 

interaction with M1) (Akarsu et al., 2003) and host proteins (with some host 

factors being viral strain specific) are also incorporated into the newly 

egressed virus (Hutchinson et al., 2014). In fact, NEP-associated ATPase-

F1F0 was shown to localise at the budozone underneath budding virions to 

facilitate cellular egress of progeny virions (Gorai et al., 2012). Since the 

egressed virions are tethered via HA to the cell surface, NA enzymatically 

cleaves the cellular sialic acid moiety to release nascent virions (Calder et al., 

2010; Cohen et al., 2013; Sakai et al., 2017). Currently used antivirals block 

NA activity and viral egress (WHO, 2018). Finally, the released virions are 
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propagated to other cells or individuals, thereby, terminating the viral life cycle 

(Figure 1.4N). 

1.1.6 Viral evolution 

IAV is at a constant evolutionary arms race with its host (reviewed in 

(Hutchinson and Yamauchi, 2018; Joseph et al., 2017a; Krammer et al., 2018; 

Wille and Holmes, 2020; Yoon et al., 2014)) due to the selective pressure 

mounted by the host immune system in response to infection. Additionally, 

aberrant viral products such as chimeric viral-host hybrid proteins (Ho et al., 

2020) defective interfering particles, and defective ribosomal products 

(DRiPs) (Yewdell et al., 1996) can generate host cellular responses, thereby, 

contributing to the host-viral fitness. A genetic mutation can result in the 

aberrant virion production. However, mutations may lead to an antigenic drift 

(Figure 1.9A), producing viruses that are fit to replicate and are highly 

adapted to a range of hosts (reviewed in (Hutchinson and Yamauchi, 2018; 

Jones et al., 2021; Krammer et al., 2018; Wille and Holmes, 2020)). 

The IAV evolves rapidly due to its in-built low-fidelity RdRp with an 

error-prone replicative capacity (Lin et al., 2019). This is responsible for the 

emergence of heterogeneous quasispecies with novel antigenicity (Pauly et 

al., 2017), which is most evident in circulating seasonal IAV strains. The 

erroneous nature of the RdRp is exemplified in A/Puerto Rico/8/1934 (PR8, 

H1N1) with an estimated mutation rate of 0.92 to 1.8 x 10-4 substitutions per 

nucleotide per strand copied, meaning 1.2 to 2.4 mutations per replicated 

genome (Lin et al., 2019; Naito et al., 2019; Pauly et al., 2017). 
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Figure 1.9- IAV evolutionary mechanisms. 

(A) Mutational error during IAV genome replication results in the emergence 

of resistant viral strains in a process known as antigenic/ genetic drift; an 

underlying factor of annual epidemics (B) Co-infection of the same cell with 

different IAV strains allows genetic reassortment, which produces neo-variant 

of pandemic potential in a process called antigenic/ genetic shift. 
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The segmentation of the IAV genome being a mechanism driving 

faster evolution, albeit less frequent than genetic drift, imposes challenges in 

the assembly of each virion (Figure 1.9B). This is because infectious virions 

must incorporate only one copy of each vRNP, while containing all eight 

vRNPs. Therefore, simultaneous co-infection of antigenically dissimilar 

viruses in the same host cell allows genetic reassortment among distinct 

parental strains (Figure 1.9B) (reviewed in (Krammer et al., 2018; 

Taubenberger and Kash, 2010; Wille and Holmes, 2020)). This results in the 

emergence of neo-variants in a process called antigenic shift that in 

combination with environmental factors have been associated with pandemic 

events (reviewed in (Krammer et al., 2018; Taubenberger and Kash, 2010; 

Wille and Holmes, 2020)). 
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1.2 Phase transition 

Having proposed that IAV inclusions are biomolecular condensates with 

liquid properties that may facilitate genome assembly, it is pertinent to 

understand the state-of-the-art in the field of phase transitions and its 

essentiality to cellular virology. 

1.2.1 Phase transition of biomolecular condensates 

The cell is a chaotic crowd of biomolecules including proteins, nucleic 

acids, carbohydrates, and lipids, which are maintained by active processes 

and organized in membrane-bound organelles such as mitochondria, ER, 

endosomes, lysosome, peroxisome and nucleus (reviewed in (Banani et al., 

2017; Etibor et al., 2021; Falahati and Haji-Akbari, 2019)). But, phase 

transition is another recently described process; a thermodynamically driven 

mechanism for assembling biomolecules within viscoelastic membraneless 

organelles (MLOs) known as biomolecular condensates (reviewed in (Alberti 

and Hyman, 2021; Banani et al., 2017; Shin and Brangwynne, 2017)). Of 

note, phase transition extends beyond intracellular organelles, but has also 

been proposed as an organizing principle at the molecular and organismal 

levels as exemplified in tardigrade (Tanaka et al., 2022), Caenorhabditis 

elegans (Brangwynne et al., 2009) and yeast (Franzmann et al., 2018; Fuller 

et al., 2020). 

Biomolecular condensates were described in the early 1900s by 

many, including Edmund B. Wilson who viewed the cytoplasm as a mixture 

of liquids in a form of emulsion (Wilson, 1899). Over decades, phase 

transitions were evoked several times to describe “lipid rafts” (Simons and 

Ikonen, 1997) as well as intracellular micro-compartmentalization 

(Runnström, 1963). Recently, Brangwynne et al. proposed that RNA and 

protein-rich P granules are asymmetrically distributed to the posterior end of 

the one-cell embryo by a phase transition process resembling the 

condensation and dissolution of liquids (Brangwynne et al., 2009), and this 
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mechanism is essential to establish the first germ cell of Caenorhabditis 

elegans. The initial observation of liquid behaviour (Brangwynne et al., 2009), 

set in motion a series of seminal studies to explain the driving forces of 

biomolecular condensate formation (reviewed in (Banani et al., 2017)). 

 

Figure 1.10- Representation of biomolecular condensates of the cell. 

Depiction of biomolecular condensates formed within living cells either 

constitutively or induced by specific environmental or molecular stimuli.. 

Abbreviations: PCM- pericentriolar matrix, OPT domain- oct-1, PTF and 

transcription domain. This image was published in (Spannl et al., 2019). 

Ever since, biomolecular condensates such as nucleolus, Balbiani 

body, stress granules, processing bodies (P granules), Cajal bodies, 

purinosomes, synaptic vesicles, nuclear speckle, nuclear paraspeckle, etc 

(Figure 1.10, reviewed in (Spannl et al., 2019)) were reported to be dissimilar 

from classical membrane-bound organelles due to their permeability, ability 

to spontaneously form or dissipate, yet still able to functionally 

compartmentalize cellular reactions (reviewed in (Alberti and Hyman, 2021; 

Banani et al., 2017; Spannl et al., 2019)). Hence, the presence of a phase 
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boundary allows biomolecular condensates to behave as functional 

compartments (reviewed in (Banani et al., 2017; Spannl et al., 2019)) that 

select components and buffer molecular noise (reviewed in (Riback and 

Brangwynne, 2020)). 

The cellular functions of these biomolecular condensates have been 

described in a growing number of papers. For example, phase separation has 

been shown to promote the efficient spatiotemporal organization of cellular 

biochemistry (Freeman Rosenzweig et al., 2017; Oltrogge et al., 2020; Wan 

et al., 2018; H. Wang et al., 2019; Wunder et al., 2018), tune and accelerate 

/ repress biochemical reactions (Hondele et al., 2019; Kim et al., 2019; Klosin 

et al., 2020; Li et al., 2012; Patel et al., 2017; Peeples and Rosen, 2021; Saini 

and Mukherjee, 2022), modulate signal transduction (Case et al., 2019b; 

Huang et al., 2016; W. Y. C. Huang et al., 2019; Su et al., 2016), maintain 

proteostasis (Danieli and Martens, 2018; Dao et al., 2018; Frottin et al., 2019) 

and nuclear structure (Cuylen et al., 2016; Feric et al., 2016; Frottin et al., 

2019; Weber and Brangwynne, 2015; Yao et al., 2019; Zhu et al., 2019), 

regulate nucleic acid functions (Du and Chen, 2018; Nott et al., 2016; Sheu-

Gruttadauria and MacRae, 2018; Van Treeck et al., 2018), sequester 

molecules for storage (Parchure et al., 2022), and respond to cellular stress 

(Fuller et al., 2020; Guillén-Boixet et al., 2020; Patel et al., 2015; Tanaka et 

al., 2022; Van Treeck et al., 2018; Yang et al., 2020), thereby facilitating 

cellular fitness ((Franzmann et al., 2018) (Figure 1.11)). 
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Figure 1.11- A repertoire of key functions of biomolecular condensates 

in the cell. 

This image was published in (Alberti et al., 2019). 

Phase transition is exemplified in biology using a well-mixed 

suspension colloid (emulsion) of oil and vinegar (reviewed in (Hyman and 

Simons, 2012)). In this colloid, the system seems to be in one phase if well 

mixed; however, when left unperturbed, the oil and vinegar begin to separate/ 

demix into two phases containing oil in one phase and water in another 

(Figure 1.12) (reviewed in (Hyman and Simons, 2012)). Due to affinity 

differences of oil and vinegar, phase separation thermodynamically favours 

the co-assembly of oil molecules in one phase and the demixing of vinegar 

molecules in another phase, resulting in a 2-phase system (reviewed in 

(Hyman and Simons, 2012)). 
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Figure 1.12- Vinaigrette. 

A demixed phase of vinegar (black droplets) and oil (yellow phase). This 

image was published in (Wikipedia, 2022). 

Accumulating evidence suggests that the self-assembly of 

condensates generates compartments permeable to selected components 

that quickly exchange material with its surroundings (Brangwynne et al., 

2009; Weber and Brangwynne, 2015) (reviewed in (Brangwynne et al., 2015; 

Hyman et al., 2014; Hyman and Simons, 2012; Mittag and Parker, 2018; 

Perry, 2019; Weber and Brangwynne, 2012)). These biomolecular 

condensates have properties akin to liquid droplets i.e., they divide and fuse, 

rearrange quickly internally, are highly dynamic and respond to stress and 

stimuli (reviewed in (Banani et al., 2017; Brangwynne, 2011; Hyman et al., 

2014; Hyman and Simons, 2012)). Importantly, the application of this concept 

to biology has several implications to our understanding of cellular processes 

and disease pathologies. 

Given that viral infections exploit cellular structure and organization, 

to co-opt or subvert important metabolic pathways, antiviral responses, as 

well as biochemical resources that are essential for successful viral 

replication, it is expected that viruses would also take advantage of 
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biomolecular condensates. Therefore, it is imperative to shed light on virus-

induced condensate biophysics and their functions. 

1.2.2 Thermodynamic attributes of phase transitions 

In classical physics, phase transition is a transient process whereby a 

homogeneous solution whose molecules are at equilibrium and have 

achieved the maximum entropy (ΔSmax)-driven dissolution limit, transforms 

into an equilibrated demixed assembly (

 

Figure 1.13A-C) (reviewed in (Banani et al., 2017; Berry et al., 2018; 

Boeynaems et al., 2018; Dignon et al., 2020; Hyman et al., 2014; J. Li et al., 

2022; Ong and Torres, 2020)). In an ideal homogeneous mixture with 

negligible interaction energies, enthalpy (ΔH) is zero, and the free energy 

(ΔG) is an inverse function of the system´s entropy (ΔS) (reviewed in (Falahati 

and Haji-Akbari, 2019; Hyman et al., 2014)). Hence, at maximum entropy 
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(ΔSmax), free energy (ΔG) of the homogeneous mix is minimal (decreased), 

resulting in a system of thermodynamic equilibrium that favours mixing 

(reviewed in (Falahati and Haji-Akbari, 2019; Hyman et al., 2014; Riback et 

al., 2020)). In this mixed state, the ΔS is positive when the volume fraction 

(Φ) of the component molecules is 0 < Φ < 1 (Figure 1.13C). However, when 

ΔS ≤ 0, the system is more energetically favourable by demixing into 

assemblies with distinct concentration and Φ that can vary between 0 and 

1, (Figure 1.13C). In this case, a phase boundary (Figure 1.13B) with 

selective permeability is formed at the interface of the assemblies and its 

surrounding solution (Figure 1.13B) (reviewed in (Hyman et al., 2014)). 

Selective permeability may be regulated by charge of condensate 

components as well as size, shape and surface properties (e.g., viscosity and 

surface tension) of the condensate. Any difference in the molecular 

concentration across the phase boundary is counterbalanced by diffusive 

fluxes driven by an equal chemical potential (µ) across the gradient (Figure 

1.13D) (reviewed in (Banani et al., 2017; Hyman et al., 2014)). 
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Figure 1.13- Schematic of the thermodynamics principles of phase 

transitions. 

(A) In an aqueous mixture of molecules A (magenta) and B (blue) that 

independently make favorable interaction with the solvent S (purple), but 

incompatible interactions with one another results in the demixing of A and B 

into two coexisting phases, rich in one component over the other with distinct 

volume fractions and densities. In this case, the density of A (ρA) in the B-rich 

phase is low, and the density of B (ρB) in the A-rich phase is low. However, 

the solvent density (ρS) is the same across the two phases, hence the 

differential densities of A and B is governed by their molecular concentration, 

interaction strength and volume fractions. (B) A mixed state of A and B 

(magenta and blue respectively) of high entropy demixes into two non-

interacting phases of low entropy, separated by partition boundary (grey 

dotted circle) (C) Entropic contribution as a function of volume fraction. In a 
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homogenously mixed state of A and B (purple dot), entropy (ΔS) is highest, 

demixing in one of two volume fractions (0, magenta or 1, blue), when ΔS ≤ 

0. (D) Free energy (ΔG) is a function of volume fraction and concentration of 

molecules. Cdense and Cdilute are the concentrations of a specific molecule 

within and outside the condensates respectively. Homogeneously mixed 

system is in the region between the dotted diagonal line and the lower grey 

convex curve, while partitioned (demixed) phases exist above the dotted 

diagonal line into the black upper curve. This image was adapted from 

(Hyman et al., 2014; Mittag and Pappu, 2022)) publications. 

The threshold concentration above which condensates begin to 

emerge from a metastable, homogeneous solution is known as saturation 

concentration (Csat) (Figure 1.14) and the initiation of such emergence is 

called nucleation ((Martin et al., 2021; Sarkies and Frankel, 1971; Vekilov, 

2010) and reviewed in (Berry et al., 2018; Hyman et al., 2014; Nakashima et 

al., 2019)). Homogeneous nucleation is a rare process that occurs 

spontaneously and rapidly, leading to the simultaneous emergence of 

numerous tiny droplets of identical sizes (Binder and Stauffer, 1976; Huang 

et al., 1974; Sarkies and Frankel, 1971; Vekilov, 2010). Heterogeneous 

nucleation is a slow process occurring in a few selected pre-existing sites that 

results in fewer nucleation events with droplets of varying sizes, such as 

ribosomal RNA, centriole and chromatin in case of nucleolus, centrosome and 

spindle respectively ((Vekilov, 2010) and reviewed in (Hyman et al., 2014; 

Malinovska et al., 2013). Therefore, nucleation is critical for size control, 

localization, and distribution of condensates (Hyman et al., 2014; 

Shimobayashi et al., 2021; Vekilov, 2010). 
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Figure 1.14- Schematic depiction of saturation concentration. 

A system would remain in a homogenously mixed state until reaching a 

threshold concentration known as Csat (dashed line), after which phase 

transition of condensates emerges. Here, molecules partition into 

condensates of dense concentration (Cdense) from a dilute external milieu 

(Cdilute). 

In a post-nucleation supersaturated system, there is a flux of 

molecules between condensates exhibiting distinct Laplace pressures (i.e. 

differential pressure between the inside and outside of a curved surface 

forming an interfacial boundary between two fluid regions; as for example, 

two spherical bodies (Butt et al., 2006)) that generates a gradient of chemical 

potential (Figure 1.15), ((Butt et al., 2006) and reviewed in (Hyman et al., 

2014)). This gradient results in a size control mechanism known as Ostwald 

ripening (Figure 1.15); a process whereby matured droplets are formed via 

absorption of smaller droplets into bigger ones leading to droplet growth, 

aging and hardening of condensates by coarsening (fusion between two 

droplets) ((Exner and Lukas, 1971; Lifshitz and Slyozov, 1961; Nakach et al., 

2016) and reviewed in (Berry et al., 2018; Hyman et al., 2014; Voorhees, 

1992)). Condensate growth is driven by the reduction of interfacial energies 

(surface tension) between fusing droplets (Feric et al., 2016). This 

hydrodynamics mechanism of condensate maturation (growth) may be 

coupled with Brownian motion, sedimentation, or surface attachment, 

enabling molecular flux into large condensates. Such directional flux would 

therefore increase the component concentration and transition densities of 
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these structures, which may result in hardening (Alberti and Hyman, 2021; 

Berry et al., 2018; Hyman et al., 2014; Mittag and Pappu, 2022)). 

 

Figure 1.15- Schematic representation of Ostwald ripening. 

Chemical potential differences in differently sized condensates results from 

differing Laplace pressures. The Laplace pressure (P = 2𝛾 𝑅⁄ , where γ = 

droplet surface tension and R = droplet radius) is greater in small condensate 

relative to big condensates. This interfacial energy differences results in the 

ripening where the small condensate shrinks, feeding the growth of the bigger 

condensate (black arrow), which eventually coarsen. This image was adapted 

from (Butt et al., 2003; Hyman et al., 2014; Rosowski et al., 2020)) publication. 

The propensity to undergo phase transition can be mapped in a phase 

diagram, defined by changes in a set of parameters (like temperature, 

concentration, pH and valency) that may result in a homogeneous mixture or 

promote phase transition (Figure 1.16A-C) (reviewed in (Alberti et al., 2019; 

Mitrea et al., 2022)). Generally, phase diagrams are depicted for a simple 

binary system, consisting of 2 regimes of molecules (Figure 1.16A) ((Klosin 

et al., 2020; Riback et al., 2020) reviewed in (Alberti et al., 2019; Berry et al., 

2018; Riback and Brangwynne, 2020)). At sub-saturation concentration, 

molecules mix homogeneously outside the binodal curve until saturation 

concentration (Csat) is reached, after which the binodal is crossed and 

molecules demix to nucleate condensates (Figure 1.16A) (reviewed in 

(Alberti et al., 2019; Berry et al., 2018; Mittag and Pappu, 2022)). 
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Figure 1.16 – Schematics of Phase diagrams. 

The phase diagram is a function of the thermodynamic parameters that 

regulate phase behaviour such as temperature, pH, valency, and post-

translational modifications (PTMs) (A) A simple binary phase diagram 

showing the partition of a homogeneously mixed system after Csat is crossed. 

The binodal regime (light blue region) is reached via nucleation after which 

spinodal decomposition (white region) takes place. As depicted by the tie line, 

the Csat is always the same regardless of the total concentration of the system. 

(B) Multicomponent phase diagram of a ternary system displaying an 

unstable Csat. (C) Free energy in binary (grey line) and multicomponent 

ternary (black line) systems are fixed or destabilizing respectively. Liquid-to-

solid phase transitions result in a stabilizing free energy (purple line).These 

images were adapted from (Alberti et al., 2019; Riback et al., 2020; Riback 

and Brangwynne, 2020) publications. 

As concentration reaches the critical point and the spinodal line is 

crossed, highly dynamic phase separated domains with a minimized or 

negligible nucleation barrier and ability to coarsen, spontaneously emerge in 

a process known as spinodal decomposition (Figure 1.16A) (reviewed in 

(Alberti et al., 2019; Berry et al., 2018)). This homotypic binary system with 

a fixed Csat (Figure 1.16A) is easily recapitulated in an in vitro system that 

mimics physiological state but lacks cellular noise from other biomolecules 

((Klosin et al., 2020; Riback et al., 2020) reviewed in (Riback and 

Brangwynne, 2020). However, the rules of thermodynamics do not linearly 
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translate into living systems that actively consume energy, and important 

examples are starting to emerge on how phase transitions are regulated in 

living cells (Bracha et al., 2018). Of note, in vivo biological systems exhibit 

condensates formed by hundreds of distinct proteins and RNA components 

(Banerjee et al., 2017) and reviewed in (Hondele et al., 2020)). This 

heterotypic multicomponent trait results in a complex phase diagram with 

unfixed Csat (Figure 1.16B) ((Riback et al., 2020) and reviewed in (Mittag and 

Pappu, 2022)). 

Biological systems are very far from being in thermodynamic 

equilibria, and this lack of equilibria is an absolute requirement for life 

(reviewed in (Berry et al., 2018; Mitrea et al., 2022; Mittag and Pappu, 2022)). 

Not only is the composition of the cell and liquid compartments complex, it is 

also extremely variable, oscillating and adapting in response to several stimuli 

(like the nutritional state, several types of stress including microbes, 

extracellular signalling) ((Patel et al., 2017; Wippich et al., 2013) and reviewed 

in (Drino and Schaefer, 2018; Rabouille and Alberti, 2017)). Phase transitions 

in biology are non-equilibrium thermodynamics processes (Figure 

1.16B,C) (reviewed in (Alberti and Hyman, 2021; Berry et al., 2018)), 

nevertheless, some general principles are being understood regarding the 

intrinsic properties of the components able to self-assemble into biomolecular 

condensates. 

The formation of these condensates is regulated in ways that are still 

being understood, but their deregulation can result in pathological conditions. 

Importantly, the type of interactions they establish and how biomolecular 

condensates may be kept away from equilibria or mature with time are being 

elucidated, as these have important consequences for cellular structure and 

organization. This has elegantly been shown for proteins associated with 

neurodegenerative disorders by revealing mutations that cause liquid-to-solid 

transitions and the formation of aggregates or crystals (Figure 1.16A) ((Patel 

et al., 2017, 2015; Vekilov, 2010) and reviewed in (Alberti, 2017)). 
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1.2.3 Properties of biomolecular condensates 

The critical concept of biomolecular condensates arising by LLPS 

constituting a new framework in biology, is that the concentration of a 

molecule in two phases can be orders of magnitude apart without the 

assistance of a physical barrier. Importantly, reaching this difference in 

concentration does not require energy, as compartmentalization through 

LLPS is a spontaneous process, and so is its maintenance or transport across 

the boundaries (reviewed in (Perry, 2019)). In such a two-phase system, 

diffusion does not have to occur from higher to lower concentration, because 

the difference in the chemical potential at the interface is zero (reviewed in 

(Hyman et al., 2014)). 

The two phases might have different material properties including 

distinct dielectric constants and affinities for the solute molecules. As a result, 

the interior of a condensate can be constituted by a solvent closer to an 

organic solvent rather than displaying aqueous properties and partition 

certain components while excluding others (Nott et al., 2016). The 

consequences of this differential behaviour are that these compartments can 

achieve an exquisite level of selection for partitioning molecules inside. For 

example, in vitro assembled DEAD box helicase 4 (Ddx4) compartments 

absorb single or hairpin-containing RNAs but exclude double-stranded RNA 

(Nott et al., 2016), which means that a fine-tuning in selection for inclusion in 

LLPS compartments is achieved. 

Furthermore, the formation of biomolecular condensates is reversible, 

and liquid condensates can assemble and dissolve in response to very small 

changes in conditions, including concentration and valency of components, 

ions, PTMs, and nucleic acids that result from environmental conditions or 

integrated cell signalling (An et al., 2008; Banani et al., 2016; Banerjee et al., 

2017; Berry et al., 2018, 2015; Du and Chen, 2018). This leaves the cell with 

the potential to form functional biomolecular condensates under certain 
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conditions and dissolve them when they change, responding quickly to 

metabolic alterations or to stress. Examples include how related enzymes can 

cluster to form the purinosome (An et al., 2008; Zhao et al., 2013) and how 

their enzymatic products dissolve these structures or how stress granules 

form/disassemble into liquid organelles in response to signalling (Marrone et 

al., 2018; Molliex et al., 2015; Van Treeck et al., 2018; Wippich et al., 2013). 

This provides an efficient means for regulating reactions in response to 

variations in conditions or for rearranging structures using a minimal 

investment of energy or allocated resources. 

There are many other molecular modulators that can alter the phase 

threshold of molecules in in vitro reductionist models. These include 

chaperones, ATP (energy) (Patel et al., 2017), pH (Koga et al., 2011), ionic 

strength (salt concentration) (Nakashima et al., 2018), temperature (Nott et 

al., 2015), and PTMs (phosphorylation, ubiquitination, SUMOylation, 

methylation, acetylation, etc.) ((Case et al., 2019b; Nott et al., 2015; Patel et 

al., 2017; Rai et al., 2018; Reineke et al., 2017; Saito et al., 2019) and 

reviewed in (Hofweber and Dormann, 2019, p. 109; Snead and Gladfelter, 

2019)). Particularly, PTMs may either decrease or increase the Csat. 

Examples are: the phosphorylation of nephrin decreasing the 

condensation/partitioning of N-WASP and non-catalytic region of tyrosine 

kinase (NCK) (Li et al., 2012); and arginine methylation of Ddx4 increasing 

the saturation concentration (Csat) of Ddx4 (Nott et al., 2015). 

Interestingly, membranes and endomembrane surfaces can lower 

the phase concentration threshold ((Banjade and Rosen, 2014; Case et al., 

2019b; W. Y. C. Huang et al., 2019; Li et al., 2012; Ma and Mayr, 2018; Snead 

et al., 2022; Su et al., 2016) and reviewed in (Case et al., 2019a)). These may 

either restrict movement (from 3D to 2D) or increase the valency of 

components in order to generate LLPS nucleation sites, including actin 

assembly at membrane surfaces ((Case et al., 2019b) and reviewed in 

(Snead and Gladfelter, 2019)), synaptic vesicles in synapsin clusters 
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(Milovanovic et al., 2018), membrane contact sites (Lee et al., 2020; Ma and 

Mayr, 2018; Snead et al., 2022), and a linker for activation of T cells (LAT)-

based network of Ras signalling (W. Y. C. Huang et al., 2019). Importantly, 

there is a need to better understand membrane-condensates interaction and 

their regulatory mechanisms (reviewed in (Zhao and Zhang, 2020)). 

Typically, cells are maintained within a tight temperature range and 

display adaptive responses to thermal fluctuations. Depending on the 

molecular composition, thermoregulation is especially key for the emergence 

and maintenance of condensates (Quiroz and Chilkoti, 2015). It was shown 

that biomolecular condensates can exhibit either upper critical solution 

temperature (UCST), lower critical solution temperature (LCST) or re-entrant 

phase transition (Figure 1.17A) ((Falahati and Haji-Akbari, 2019) and 

reviewed in (Quiroz and Chilkoti, 2015)). UCST is the most common and its 

phase diagram is the most described in biology to date. In LCST transition, 

the system remains as a homogoneous mix until the temperature increases 

beyond the critical point (Figure 1.17A) ((Falahati and Haji-Akbari, 2019) and 

reviewed in (Quiroz and Chilkoti, 2015)). In contrast, UCST transition only 

emanate as demixed phase from the mix if the temperature lies below the 

critical temperature (Figure 1.17A) ((Falahati and Haji-Akbari, 2019) and 

reviewed in (Quiroz and Chilkoti, 2015)). 

 

Figure 1.17- Schematic phase diagram of re-entrant phase transitions. 
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Phase diagrams of different systems are distinct and dependent on the 

modulators of phase transitions such as temperature, ionic concentration etc 

(A) Phase transition may occur if the lower critical solution temperature 

(LCST) or upper critical solution temperature (UCST) is reached. A re-entrant 

phase regime (RE) exists between the LCST and UCST, resulting in an 

hourglass shaped diagram (red dashed concave lines) exists during re-

entrant (B – C) Re-entrant phase transitions. These images were adapted 

from (Falahati and Haji-Akbari, 2019; Quiroz and Chilkoti, 2015)) publications. 

Interestingly, there are conditions known as re-entrant phase 

transition where molecular demixing occurs at both low and high 

temperatures, concentration, or ionic strength (Figure 1.17B,C) 

((Alshareedah et al., 2019; Banerjee et al., 2017; Krainer et al., 2021; Portz 

and Shorter, 2021; Quiroz and Chilkoti, 2015; Su et al., 2022) and reviewed 

in (Falahati and Haji-Akbari, 2019; Tom and Deniz, 2021)). Between these 

high and low temperatures or ionic concentrations, a miscibility zone exists, 

which results in a hour-glass phase diagram (Figure 1.17B,C) ((Krainer et al., 

2021) reviewed in (Falahati and Haji-Akbari, 2019; Milin and Deniz, 2018)). 

Re-entrant phase transitions are also concentration dependent (Figure 

1.17A-C) (Krainer et al., 2021). Several manuscripts describe the role of RNA 

in promoting phase separation at a certain concentration, but when the critical 

concentration is crossed, a resultant re-entrant phase transitions ensues 

(Figure 1.17A) ((Alshareedah et al., 2019; Banerjee et al., 2017; Krainer et 

al., 2021; Quiroz and Chilkoti, 2015; Su et al., 2022) and reviewed in (Portz 

and Shorter, 2021; Tom and Deniz, 2021)). This means that after a 

concentration threshold RNA promotes the dissolution of biomolecular 

condensates. This offers an opportunity for a feedback loop in which the 

reaction products, in this case RNA, controls the formation or disassembly of 

biomolecular condensates, as observed in ribosomes or spliceosomes 

(Alshareedah et al., 2019; Banerjee et al., 2017; Kaur et al., 2019; Mitrea et 

al., 2018). 
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1.2.4 Molecular grammar of phase transitions 

It became established that the formation of biomolecular condensates 

depends on the properties of their constituents that are normally proteins and 

nucleic acids, mostly RNA, in still poorly defined compositions, that interact 

weakly and transiently with each other whilst avoiding interacting with the 

milieu (reviewed in (Banani et al., 2017; Hondele et al., 2020; Hyman et al., 

2014; Milin and Deniz, 2018; Shin and Brangwynne, 2017)). The molecules 

that reside in biomolecular condensates are of two types: molecules that drive 

their formation (drivers or scaffolds) and molecules that through interaction 

with the drivers /scaffolds are dragged to the condensates (clients or 

residents) ((Banani et al., 2016) reviewed in (Banani et al., 2017)). 

In a series of seminal reports, the rules governing the driving forces and 

properties of condensate formation are beginning to be understood using 

LLPS models adapted from the field of associative polymers and hence 

considering macromolecules as polymeric chains. Examples include FUS, 

TATA-binding protein-associated factor 15 (TAF15), Ewing sarcoma 

breakpoint region 1 (ESWR1), and heterogeneous nuclear ribonucleoprotein 

A1 (hnRNPA1) analysed in light of the stickers-and-spacers framework 

((Brangwynne et al., 2015; J. Wang et al., 2018) reviewed in (Choi et al., 2020; 

Harmon et al., 2017; Holehouse and Pappu, 2018; Perry, 2019; Posey et al., 

2018). 

Drivers of LLPS compartments comprise multivalent proteins. Many 

systems have been reported in which drivers of biomolecular condensates 

also contained intrinsically disordered proteins/regions/domains 

(IDPs/IDRs/IDDs) that have low complexity and can also be called low-

complexity domains (LCD) or prion-like domains (PrLD) (Alberti and Carra, 

2018; Banani et al., 2016; Bergeron-Sandoval et al., 2016; Riback et al., 2020; 

Strom and Brangwynne, 2019; Taylor et al., 2016; Vantomme and Meijer, 

2019; J. Wang et al., 2018; Wheeler and Hyman, 2018; Yoshizawa et al., 
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2020). However, it is now clear that existence of IDRs is not the only essential 

driver for the formation of biomolecular condensates. Multivalency is a key 

feature to promote condensation. Multivalent proteins are composed of N 

repeats of sticky domains/motifs that provide N-specific interactions 

((Alshareedah et al., 2021) and reviewed in (Mittag and Pappu, 2022)). Sticky 

interacting domains or stickers also called scaffolds (reviewed in (Choi et 

al., 2020; Choi and Pappu, 2020), that correlate with valency (number of 

ligations established), can be short linear motifs such as those found in IDP 

or folded domains such as for example RNA recognition motifs, SRC 

Homology 3 (SH3), PDZ (an initialism combining the first letters of the first 

three proteins discovered to share the domain- post synaptic density protein 

(PSD95), Drosophila disc large homolog 1 tumor suppressor (Dlg1)), zonula 

occludens-1 protein (zo-1) or small ubiquitin-like modifier (SUMO) 

((Ranganathan and Shakhnovich, 2020; Yang et al., 2019) and reviewed in 

(Van Roey et al., 2014)). 

Stickers control the ability to form biomolecular condensates. They are 

composed of charged and aromatic amino acids, especially arginine and 

tyrosine. Stickers preferentially interact with other stickers in homotypic and 

heterotypic interactions (reviewed in (Berry et al., 2018; Choi et al., 2020; Choi 

and Pappu, 2020; Perry, 2019)), rather than interacting with the solvent, and 

thus establish high-order networks that are key in driving condensation 

(Bergeron-Sandoval et al., 2016; Berry et al., 2018; Perry, 2019). Stickers 

determine the Csat of a phase diagram in an inverse proportional manner, i.e., 

more stickers results in lower Csat (reviewed in(Choi and Pappu, 2020)). 

Other important contributors of phase separation are regions in between 

the sticky domains or spacers. These regions provide flexibility and structure 

to the network and can be structural domains or IDRs of low complexity. 

Space residues comprise glycine, serine, and glutamine ((J. Wang et al., 

2018) and reviewed in (Holehouse and Pappu, 2018)). Spacers are 

responsible for the material properties of the biomolecular condensates, as 
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changing these residues leads to changes in diffusion and across phase 

boundaries of condensates ((J. Wang et al., 2018) and reviewed in 

(Holehouse and Pappu, 2018)). Changes in glycine or serine to alanine result 

in the hardening of condensates and the change in glutamine to glycine 

results in increased fluidity (J. Wang et al., 2018). Spacers control the rate at 

which cross-links are established and broken, which is a function of the 

number of possible ligations on space residues ((Brangwynne et al., 2015) 

and reviewed in (Choi et al., 2020)). 

The types of interactions shown so far to permit phase separation 

include electrostatic, dipole–dipole, cation–π, and π–π interactions 

(reviewed in (Mitrea et al., 2022)). Having cationic and aromatic stickers 

allows attracting molecules at a long range but also establishing specific 

cohesive interactions at a short range. As such, stickers can be said to 

encode the interaction range and strength in biomolecular condensates (Choi 

and Pappu, 2020). These interactions are possible on specific types of amino 

acids and nucleic acids prevalent on the types of proteins mentioned above 

((Mittag and Parker, 2018; Qamar et al., 2018; Sanders et al., 2020) and 

reviewed in (Weber and Brangwynne, 2012)). 

Due to their length, flexibility, and multivalency, RNAs have been 

demonstrated to be a critical scaffold of proteins bearing RNA recognition 

motifs (RRM) for client binding and to control phase separation (Maharana 

et al., 2018). However, their behaviour is different depending on the identity 

of the biomolecular condensates (in some cases helping the formation, by 

enabling nucleation or establishing networks and in other cases permitting 

dissolution by electrostatic charge inversion, for example) ((Berry et al., 2015; 

Garcia-Jove Navarro et al., 2019; Maharana et al., 2018; Shevtsov and 

Dundr, 2011; J. Wang et al., 2018; Wilson, 1899; Zhang et al., 2015) and 

reviewed in ((Brangwynne and Johnson, 2013; Langdon and Gladfelter, 2018; 

Weber and Brangwynne, 2012)). Phase transition also depends on the 
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properties of the solvent in the intracellular milieu, which needs to disfavour 

solute–solvent interactions to drive spontaneous condensation. 

 

Figure 1.18 - Schematic of percolation coupled to phase transition. 

Reversible physical crosslinks amongst sticker networks forms finite-sized 

clusters with increasing size and density even at sub-Csat. Beyond Csat, the 

clusters form mesoscale assemblies via phase transition. Such condensate 

spanning network is achieved by the addition of monomers and coalescence 

due to Csat < Cperc < Cdense. This images was published in (Kar et al., 2022). 

1.2.5 Types and tunability of phase transitions 

The liquid property refers to an amorphous state, which lacks both 

long range translational order and ability to withstand shear deformation, 

resulting in a rapid adaptive relaxation (reviewed in (Falahati and Haji-Akbari, 

2019)). Liquids display viscosity when an external force is exerted while solids 

can resist shape deformation due to shear elasticity (reviewed in (Hyman et 

al., 2014)). However, complex fluids such as gels are viscoelastic; sharing 

spectral properties of liquids and solids (reviewed in (Hyman et al., 2014)). 

Biomolecular condensates formed by LLPS can mature or transition into a 

slowly relaxing viscous gel or may aggregate/ precipitate into solid fibres or 

crystals (Figure 1.16A) (reviewed in (Alberti et al., 2019; Brangwynne et al., 

2015; Falahati and Haji-Akbari, 2019; Hyman et al., 2014)). 
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The function of biomolecular condensates has been postulated to be 

intimately associated with the material properties and their mobility: a 

condensate needs to have highly dynamic components for operating as 

signalling hubs or reactions centres, whilst elasticity and a degree of rigidity 

is important when condensates function as scaffolds (reviewed in (Falahati 

and Haji-Akbari, 2019; Hyman et al., 2014; Mitrea et al., 2022)). 

Howeverchanges in the material properties of condensates may occur and 

result from changes in concentration, conformation, amino acids availability 

for engaging in interactions, or strength/type of interactions or from changes 

in surface tension and viscosity. Applied to biological systems, changes in 

liquid condensates may occur via mutations, PTMs,  availability of ions, 

metabolites, or occurrence of energetic reactions (reviewed in (Alberti and 

Hyman, 2021; Falahati and Haji-Akbari, 2019; Hyman et al., 2014)). This is 

exemplified by the solid fibrous polymerization of actin filaments from a liquid 

Nephrin-Nck-N-WASP condensate (Case et al., 2019b) and aberrant 

neuropathological aggregates of fused in sarcoma (FUS) in diseases like 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Patel 

et al., 2015). In the context of viral infection, measles virus (MeV) inclusion 

bodies have been shown to mature from liquid to a gel-like structure as 

infection progresses (Zhou et al., 2019), but the impact of this change on its 

function is unknown. 

1.2.6 Phase transitions in viral infections 

Recently, many viruses were shown to assemble biomolecular 

condensates with the properties of liquids (Alenquer et al., 2019; Davis et al., 

2019; Heinrich et al., 2018; Hidalgo and Gonzalez, 2019; Nikolic et al., 2017, 

2016; Tarakhovsky and Prinjha, 2018; Zhou et al., 2019) (Figure 1.19), but 

our knowledge of liquid biomolecular condensates and especially of phase 

separation in viral infections is still in its infancy. 
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Figure 1.19- Viral infection alters cellular structure and organization. 

Seminal studies have shown several examples of viruses that re-shape 

membrane-bound organelles to facilitate their replication, which are depicted 

in the left side of the figure. Recent reports suggest that viruses may also 

induce the de novo formation of other types of cellular compartments, which 

lack delimiting membranes and display the properties of liquids. Interestingly, 

several viruses such as reovirus, influenza A virus (IAV), human 

immunodeficiency virus-1 (HIV), and severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2) show an intimate association between the two 

types of cellular organelles, and the membrane interface has been shown to 

actively modulate protein LLPS in several ways. It has been shown to lower 

Csat for protein LLPS by restricting the movement of drivers and clients and 
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even by operating as platforms for multivalent interactions. Additionally, it can 

build special environments to enable function; it can amplify signal 

transduction and even facilitate the fusion and fission of condensates, 

increasing their dynamics and avoiding that they reach equilibrium. This 

image was published in (Etibor et al., 2021). 

Considering recent findings, such discovery suggests a change in 

paradigm on how viruses organize biochemical reactions. Despite being early 

days, compartments with liquid properties have been suggested to play roles 

in every step of viral lifecycles: viral entry, genome replication, assembly, and 

genome packaging (Figure 1.20) (reviewed in (Dolnik et al., 2021; Etibor et 

al., 2021; Wei et al., 2022; Wu et al., 2022)). 

 

Figure 1.20- Liquid organelles can play different roles in viral infections. 
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Despite being early days, liquid organelles have already been hypothesized 

to play many different functions in viral infections such as genome 

transcription, replication, assembly, and virion packaging. This image was 

published in (Etibor et al., 2021). 

Studies have shown that Mononegavirales (such as rabies virus; 

RABV, measles virus; MeV, respiratory syncytial virus; RSV, vesicular 

stomatitis virus; VSV, ebola virus, human- metapneumovirus; hMPV) 

(reviewed in (Etibor et al., 2021)), SARS-CoV-2 (Carlson et al., 2020; 

Cascarina and Ross, 2020; Chen et al., 2020; Iserman et al., 2020b; 

Savastano et al., 2020; Tai et al., 2021), HIV (Krasnopolsky et al., 2019; 

Krishnamoorthy et al., 2003; Lyonnais et al., 2021), rotavirus (Dhillon and 

Rao, 2018; Geiger et al., 2021) and IAV (Alenquer et al., 2019) have broadly 

evolved mechanisms to assemble proteins and/ or nucleic acids into liquid 

micro-condensates (Table 1.2). Although, each virus has a minimal molecular 

requirement necessary to induce condensates with specialized functions, 

studies showed that nucleoprotein is central to most viral condensates (Table 

1.2). 

Table 1.2- Viral condensates and function 

Virus 
Liquid 

Compartment 

Minimal 

Components 
System Validation Ref 

RABV Negri body N, P Transfection 
Infected 

cells 
(Nikolic et al., 2017) 

VSV Viral Inclusion P, (N, L) Transfection - 
(Heinrich et al., 

2018) 

MeV Viral factory N, P 

Transfection; 

- 

(Guseva et al., 

2020; Zhou et al., 

2019)] 

In vitro 

reductionist 

assay 

N Transfection; - 
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SARS-

CoV-2 

Replication 

transcription 

complex (RTC) 

In vitro 

reductionist 

assay 

(Carlson et al., 

2020; Cascarina 

and Ross, 2020; 

Chen et al., 2020; 

Iserman et al., 

2020b; Savastano 

et al., 2020; Tai et 

al., 2021) 

IAV Viral Inclusion 

NP, vRNA, 

Rab11 Transfection 

Infected 

cells 

(Alenquer et al., 

2019)  

HIV Budding site Gag/NC 

Transfection 

Infected 

cells 

(Monette et al., 

2020; Sengupta et 

al., 2019) 

In vitro 

reductionist 

assay 

 

The Negri bodies formed during RABV infection were the first 

described liquid viral condensates to support genome transcription and 

replication (Lahaye et al., 2009; Nikolic et al., 2017, 2016). Ever since, other 

viruses were shown to organise functional condensates. For example, 

rotavirus assemble viral replication factories (Geiger et al., 2021), VSV, MeV 

and SARS-CoV-2 form compartments for genome transcription, replication, 

SARS-CoV-2 and IAV form condensates for genome assembly (in the case 

of SARS-CoV-2 and IAV) (Alenquer et al., 2019; Cascarina and Ross, 2022, 

2020; Heinrich et al., 2018; Zhou et al., 2019), while HIV compartments are 

involved in genome and virion assembly (Krasnopolsky et al., 2019; 

Krishnamoorthy et al., 2003; Xue et al., 2012).  

1.2.7 Phase transitions in IAV infection  

The IAV entry factors HDAC6 and importin (TNPO-1) are known to 

respectively promote stress granule maturation (Saito et al., 2019) and 

disassembly of FUS condensates (Guo et al., 2018; Yoshizawa et al., 2020), 

serving as precedence for potential IAV-induced condensate 
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(patho)physiology. Importantly, during the later stage of IAV infection, 

nucleocytoplasmic shunt of vRNPs and its interaction with Rab11a results in 

the appearance of cytoplasmic punctae known as viral inclusions (Alenquer 

et al., 2019) that contain concentrate Rab11a and constitute hotspots, which 

concentrate different vRNPs. These inclusions were hypothesised to be 

involved in IAV genome assembly since different vRNPs increasingly 

colocalise with these condensates as they enlarge while being transported to 

the PM (Amorim, 2019; Chou et al., 2013; Haralampiev et al., 2020; 

Lakdawala et al., 2014; Ramos-Nascimento et al., 2017; Sousa et al., 2017; 

Vale-Costa et al., 2016b). 

Our group showed that IAV inclusions lack delimiting membranes 

despite being enriched in a clusters of Rab11a vesicles and vRNPs akin to 

liquid condensates containing clusters of synaptic vesicles at synaptic 

junctions (Alenquer et al., 2019; Milovanovic et al., 2018). Interestingly, we 

also demonstrated that IAV inclusions share the liquid properties that are 

typical of biomolecular condensates (Alenquer et al., 2019). These includes 

the ability to fuse and divide, to rapidly exchange materials, to coalesce into 

sphere-like structures, and to react fast to several stimuli such as hypotonic 

shock (Hyp), 1,6-hexanediol (Hex) and Brefeldin A (Alenquer et al., 2019).  

Up to this moment, we lack an in vitro reconstitution system and have 

been unable to designate the mechanism governing the formation of IAV 

liquid inclusions. However, we speculate that during IAV infection, vRNPs 

engage in multiple and distinct intersegment interactions bridging cognate 

vRNP-Rab11 units on flexible membranes leading to demixed viral inclusions 

(Chou et al., 2013; Gavazzi et al., 2013b; Haralampiev et al., 2020; Le Sage 

et al., 2020; Shafiuddin and Boon, 2019; Sugita et al., 2013). How demixing 

could promote formation of complete genomes and how these would be 

excluded from viral inclusions to reach the plasma membrane remains 

unknown. 
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Given that the material properties in IAV inclusions may be essential 

for genome assembly, which is a key step for the assembly and release of 

infectious progeny virions, we hereby propose that perturbing the material 

properties of IAV inclusions could provide an avenue for abrogating viral 

infection, thereby, serving as a novel antiviral strategy. 
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1.3 Final remarks 

The maintenance of host-virus interaction is key for viral survival and 

evolution. Due to the limited number of proteins synthesized by viruses, they 

essentially depend on host cellular machinery to complete their life cycles 

(reviewed in (Amorim, 2019; Etibor et al., 2021)). While some cellular 

processes are co-opted (like receptor cues), others are suppressed or 

circumvented (such as innate immune responses) (reviewed in (Amorim, 

2019; García-Sastre, 2017)). Many cellular processes occur in membrane 

bound organelles as well as membraneless biomolecular condensates 

(reviewed in (Alberti, 2017; Alberti et al., 2019; Banani et al., 2017; Hyman et 

al., 2014; Mittag and Pappu, 2022)). Similarly to classical organelles, viruses 

have been recently shown to also utilise or make de novo biomolecular 

condensates for functional compartmentalization of reactions as seen in 

Figure 1.20 ((Alenquer et al., 2019; Cascarina and Ross, 2020; Heinrich et 

al., 2018; Zhou et al., 2019) reviewed in (Cascarina and Ross, 2022)). 

Like many viruses, IAV utilizes the host cell machinery for replication. 

However, the presence of a segmented genome complicates its assembly 

process. Eight unique vRNPs must be packaged into the progeny virion for it 

to be infectious, making the assembly process complex and challenging 

((Noda et al., 2018, 2006; Sugita et al., 2013) and reviewed (Noda and 

Kawaoka, 2010)). Since each genomic vRNA segment contains sites that 

facilitate cognate vRNA-vRNA interactions, the vRNPs were proposed to 

assemble by a selective instead of a random process ((Gog et al., 2007; Goto 

et al., 2013; Hutchinson et al., 2010; Lee et al., 2017; Williams et al., 2018) 

and reviewed in (Amorim, 2019)). Also, cytoplasmic vRNPs were shown to 

localize to liquid-like Rab11a-positive viral inclusions proposed to deliver 

assembled or assembling vRNPs to the PM (Amorim et al., 2011; Bhagwat et 

al., 2018; Chou et al., 2013; Lakdawala et al., 2014). A pertinent question that 

arises is therefore, whether biogenesis of viral inclusions and their material 

properties facilitate IAV genome assembly. 
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To resolve the cellular location where viral genome assembly takes 

place, two hypotheses emerged: dispersal and compartmentalization 

models (Figure 1.21) (Amorim, 2019). The dispersal model is based on 

reports showing that inclusions transiently collide with one another and 

become bigger while simultaneously allowing stochastic mixing of vRNPs 

enroute the PM (Chou et al., 2013; Dou et al., 2018; Eisfeld et al., 2011a; 

Gerber et al., 2014; Hutchinson and Fodor, 2013; Lakdawala et al., 2014; 

Pohl et al., 2016). However, an alternate mechanism may be justified due to 

the reduced recycling competence of Rab11a during infection (Amorim et al., 

2011) and reports linking the ER to vRNP transport (Alenquer et al., 2019; de 

Castro Martin et al., 2017; Vale-Costa et al., 2016a). The 

compartmentalization model stems from the impairment of Rab11a recycling 

function due to either out-competition of its normal interactome (family 

interacting proteins (FIPs) (Vale-Costa et al., 2016b)) by viral protein (e.g. 

PB2) (Veler et al., 2022) or by activating unknown cellular pathways that re-

route of Rab11a vesicles to inclusions (Alenquer et al., 2019; Sousa et al., 

2017; Sílvia Vale-Costa and Amorim, 2016a). 

Crucially, the later model is further supported by the characteristic liquid 

properties of IAV inclusions (Alenquer et al., 2019). Here, materials such as 

Rab11a aggregate and concentrate vRNPs to enhance vRNA-vRNA 

intersegment interactions in a small surface area per volume ratio, where 

assembly can progressively take place away from spurious non-viral RNA-

RNA interaction in the large cytosolic volume. In either model, IAV inclusions 

are critical for viral genome assembly. To better understand the genome 

assembly process, it is therefore pertinent to unravel the cellular mechanisms 

driving IAV inclusion biogenesis. Importantly, abrogating these material 

properties of IAV inclusions may block viral replication and be pursued as a 

novel antiviral approach. 
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Figure 1.21- Schematics illustrating the mechanism of IAV genome 

supramolecular complex assembly 

In model (1), the dispersed (vesicular collision) model proposes a genomic 

complex formation coupled to vRNP transport on Rab11-containing-vesicles. 

Here, inter-segment interactions would occur in a sequence-based manner 
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as vesicles transition to the PM and collide to form of sub-bundles until a 

complete genomic complex is assembled (with eight different segments). In 

this model, vesicles may fuse (leading the genomic complex type A) or vRNPs 

could be transferred from one vesicle to the next by vesicular “kissing” events 

(genomic complex type B). The model assumes that type A and B differs in 

the number of molecules of Rab11 (with type A having at least 8 segments) 

and the size of the vesicles (with type A having enlarged structures). Several 

mechanisms are proposed based on the literature:(1.1) Collision of endocytic 

recycling compartment (ERC) vesicles containing Rab11 and vRNPs could 

take place in the entire cytosol. (1.2) Collision of irregularly coated vesicles 

(containing vRNPs and Rab11) from IAV modified ER would take place close 

to the plasma membrane. Model (2) is a compartmentalized model, which 

predicts that IAV infection would induce the re-routing and/ or impairment of 

Rab11 pathway, leading to compartmentalization of different vRNP segments 

inside viral inclusions to facilitate viral genome assembly (2.1) in multiple 

docking platforms or (2.2) at precise cellular hotspots defined by the ER. Viral 

inclusions could be formed if vRNPs are transported: (A) on ERC vesicles to 

the ER or (B) attached to the ER and subsequently released onto Rab11 

vesicles that are routed to the plasma membrane. These images were 

published in (Amorim, 2019)). 

  



72 
 

1.4 Aims and general objectives 

The overarching goal of this PhD project is to understand whether IAV 

viral inclusions are functional, for example to support genome assembly in a 

compartment, and whether the liquid properties are important for function. For 

simplicity, this PhD project is divided into three result chapters: 

1.4.1 Chapter 2- The minimal molecular requirement for IAV inclusion 

biogenesis 

Numerous studies have shown that IAV inclusions are enriched with 

host Rab11a and viral ribonucleoproteins (vRNPs). Using single molecule 

fluorescence in situ hybridization (smFISH), inclusions were shown to 

colocalize different vRNP types and proposed as sites facilitating 

intersegment vRNA-vRNA interactions. However, the contribution of 

individual IAV genomic segments in the biogenesis of inclusions has not been 

elucidated. Additionally, when Rab11a knock out (Rab11 KO) or Rab11a 

dominant negative (DN) cell lines are infected with IAV, inclusions are not 

formed and viral titre drops by at least 1 log, indicating that Rab11a as an 

essential host factor for inclusion biogenesis. We therefore probed the 

minimal viral genomic RNAs necessary to form inclusions in the presence of 

Rab11a. Since all vRNAs are known to colocalise in IAV inclusions, we would 

assess the relationship between intersegment interactions and inclusion 

emergence by determining the number of vRNA types that is required to form 

viral inclusions. 

1.4.2 Chapter 3- Thermodynamics rules for hardening IAV inclusions 

In the previous chapter, we identified the minimal vRNA requirements 

to form inclusions and established that inclusions formed by single or multiple 

vRNP types have liquid properties. In this thesis, we hypothesise that the 

liquid character is essential for function, ask the question whether it is possible 

to alter their material properties and aim at determining by which means. As 
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liquid condensates are known to be driven by key thermodynamics 

parameters (such as temperature, concentration, and number/strength of 

interaction), in this chapter, we will explore the thermodynamics rules that 

facilitates liquid inclusion biogenesis and their maturation. Importantly, this 

data will be used to determine the key thermodynamics drivers of inclusion 

hardening, which may serve as a potential novel antiviral approach. 

1.4.3 Chapter 4- Solubility proteome profiling of liquid and hardened IAV 

inclusions  

Next, we will assess the proteome-wide profile for proteins that change 

solubility upon infection, therefore assessing if there is a new layer in viral-

host interactions that govern cellular function and that should be explored in 

the future. Due to density transition exhibited by biomolecular condensates, 

we expect molecules that are evenly distributed in the cytoplasm to show high 

solubility relative to the insolubility of molecules that partition into viral-

induced cytoplasmic condensates such as IAV inclusions. Importantly, this 

screen would serve two purposes; to yield unknown proteins that may 

partition into inclusions and identify novel condensates and their molecular 

factors. We would validate this screen using cells (Rab11a-DN) able to 

release vRNPs into the cytosol but unable to form inclusions. Given that the 

multivalency-inducing antiviral (nucleozin) changes the biophysical properties 

of IAV inclusions by hardening, we will further assess the solubility profile of 

Rab11a-DN inclusions rescued by nucleozin. 
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Chapter 2 - The minimal molecular requirement for IAV inclusion 

biogenesis 
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2.1 Author contributions 

The experiments presented in this chapter were designed and planned 

by Temitope Akhigbe Etibor and Maria João Amorim. All experiments and 

data generated were performed by Temitope Akhigbe Etibor. Temitope 

Akhigbe Etibor wrote the chapter with Maria João Amorim supervision. Some 

sections of this chapter are part of a published manuscript which can be 

assessed from: 

Alenquer M, Vale-Costa S, Etibor TA, Ferreira F, Sousa AL, Amorim MJ. 

Influenza A virus ribonucleoproteins form liquid organelles at endoplasmic 

reticulum exit sites. Nature Communications. (2019) 9;10(1):1629. doi: 

10.1038/s41467-019-09549-4. PMID: 30967547; PMCID: PMC6456594. The 

rest of the data will be published soon. 
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2.2 Summary 

Influenza A virus has an eight-partite RNA genome that during viral 

assembly forms a complex containing one copy of each RNA in the form of 

viral ribonucleoproteins (vRNPs). This is an essential process as infectious 

particles must contain eight RNPs and one of each kind. IAV genome 

assembly is a selective process driven by vRNA-vRNA interactions and is 

hypothesized to lead to discrete punctate structures (known as viral 

inclusions) scattered through the cytosol. Here, we show that contrary to the 

accepted view, formation of IAV inclusions precedes genomic vRNA-vRNA 

interactions among distinct vRNPs, as they assemble in cells expressing only 

one vRNP type. 

Importantly, we demonstrated that inclusions formed by one vRNP type 

phenocopies the behaviour of infection-derived inclusions. These inclusions 

display characteristics of liquid organelles, segregating from the cytosol 

without a delimitating membrane, dynamically exchanging material and 

adapting fast to environmental changes. We hereby propose that viral 

inclusions segregate vRNPs from the cytosol to facilitate selected vRNA-

vRNA interactions in a liquid environment. 
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2.3 Introduction 

Influenza A infection is a serious threat to human health, causing annual 

epidemics, and occasional pandemics (reviewed in (Kumar et al., 2018)). The 

virus contains an eight-partite RNA genome, with each segment 

encapsidated as an individual viral ribonucleoprotein (vRNP) complex. 

vRNPs are composed of single-stranded negative-sense RNA, with base 

paired terminal sequences originating a double-stranded RNA portion to 

which binds the RdRp. The remaining sequence attaches several copies of 

unevenly bound nucleoprotein (NP) (Lee et al., 2017). The advantages of 

having a segmented genome are evident for viral evolution (reviewed in 

(Lowen, 2017)) and for better gene expression control (reviewed in (Belshaw 

et al., 2008)), but increase the complexity of the assembly of fully infectious 

virions ((Noda et al., 2018) and reviewed in (Ferhadian et al., 2018)). 

Viral assembly occurs at the plasma membrane (Figure 2.1). For an 

influenza particle to be fully infectious, the eight vRNPs must be packaged in 

a virion ((Nakatsu et al., 2016; Noda et al., 2018, 2006) and reviewed in 

(Noda, 2012; Noda and Kawaoka, 2010)). Virions do not usually package 

more than eight segments (Figure 2.1) (Nakatsu et al., 2016) and each 

segment generally occurs once per virion. In agreement, full-length segments 

compete with corresponding segments that have internal deletions, known as 

defective interference particles (Davis et al., 1980; Duhaut and Dimmock, 

1998; Duhaut and Mccauley, 1996). Together, the data indicate that vRNP 

segments of the same type do not interact. At the budding sites, complexes 

of eight interlinked vRNPs have been imaged (Figure 2.1), meaning that, at 

some point during infection, a selective process allows the eight segments to 

self-assemble via intersegment vRNA-vRNA interactions ((Hutchinson et al., 

2010; Lee et al., 2017; Noda et al., 2018; Williams et al., 2018) and reviewed 

in (Ferhadian et al., 2018)). However, it is under debate whether vRNPs reach 

the plasma membrane already as complete genome bundles. 
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Figure 2.1- Schematics of a proposed model of IAV genome and virion 

assembly. 

vRNP-rich IAV inclusions exchange materials enroute the budozone where 

they are packaged into virions as an interacting supramolecular complex (red 

rectangles). This image was adapted from (Amorim, 2019) publication. 

After viral replication, vRNPs are exported from the nucleus, reach the 

cytosol and concentrate with Rab11a to form viral inclusions that distributes 
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throughout the cytoplasm and increase in area as infection progresses 

(Amorim et al., 2011; Bruce et al., 2010; Chou et al., 2013; Eisfeld et al., 

2011a; Lakdawala et al., 2014; Momose et al., 2011, 2007; Nturibi et al., 2017; 

Vale-Costa et al., 2016b). Each inclusion accommodates different vRNP 

segments, with higher co-localisation amongst different vRNPs as inclusions 

get closer to the plasma membrane (Lakdawala et al., 2014). These 

observations (Chou et al., 2013; Lakdawala et al., 2014; Nturibi et al., 2017; 

Vale-Costa et al., 2016b; Sílvia Vale-Costa and Amorim, 2016a) led to the 

proposal that genome assembly precedes vRNP packaging into budding 

virions by a process linked with the formation of the viral inclusions. 

Studies on the biogenesis of IAV inclusions showed that their formation 

required the cellular GTPase Rab11a (Amorim et al., 2011; Bruce et al., 2010; 

de Castro Martin et al., 2017; Eisfeld et al., 2011a; Lakdawala et al., 2014; 

Lopez et al., 2021; Momose et al., 2011; Nturibi et al., 2017). In uninfected 

cells, Rab11 is the master regulator of the endocytic recycling compartment 

(ERC), a system used for delivering endocytosed material and specific cargo 

from the trans-Golgi network (TGN) to the cell surface. Rab11a-GTP 

regulates ERC transport by recruiting molecular motors, tethers, and 

SNAREs to, respectively, drive, dock, and fuse vesicles to the PM (reviewed 

in (Sílvia Vale-Costa and Amorim, 2016b)). 

Despite initial reports showing that the role of Rab11a was to deliver 

vRNPs to the cell surface (Amorim et al., 2011; Avilov et al., 2012a; Bruce et 

al., 2010; Chou et al., 2013; Eisfeld et al., 2011a; Lakdawala et al., 2014; 

Momose et al., 2011; Nturibi et al., 2017), accumulating evidence strongly 

indicates that Rab11 trafficking is impaired during IAV infection (de Castro 

Martin et al., 2017; Kawaguchi et al., 2015; Vale-Costa et al., 2016b). In 

agreement, competition assays in cells or by in vitro binding assays 

demonstrated that vRNPs can outcompete Rab11a effectors for Rab11a 

binding, rendering the recycling process sub-optimal (Kawaguchi et al., 2015; 
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Vale-Costa et al., 2016b; Veler et al., 2022). Further corroborating the 

scenario that Rab11 pathway is impaired by infection, recent publications 

suggested that Rab11 was re-routed to the ER during IAV infection (de Castro 

Martin et al., 2017). The redistribution of Rab11a during infection, changing 

from discrete to enlarged puncta can be observed by correlative light and 

electron microscopy (CLEM). Here, sites that are not delimited by 

membranes, but consisting of clustered vesicles observed by electron 

microscopy matched well with Rab11 and vRNPs staining observed by 

fluorescence microscopy. Altogether, the data indicates that viral inclusions 

constitute hotspots of vRNPs (Vale-Costa et al., 2016b). 

The formation of viral inclusions was postulated in a dispersal model to 

be dependent on the establishment of sequential vRNA-vRNA interactions 

occurring as Rab11a vesicles transporting vRNPs collided (Chou et al., 2013; 

Lakdawala et al., 2014; Nturibi et al., 2017). However, impairment of 

endocytic recycling and the ability to use the ER, ERES and the ER-Golgi 

cycling for inclusions formation argues against this hypothesis but supports 

the compartmentalization model of IAV genome assembly. Nevertheless, the 

existence of vRNP-Rab11a inclusions indicates segregation from the cytosol 

akin to liquid-like condensates, in the sense that they are not delimited by 

membranes, are dynamic, able to fuse and divide, and dissolve upon shock 

((Brangwynne et al., 2009) and reviewed in (Hyman et al., 2014)). 

Importantly, IAV inclusions were previously shown to colocalise with 

different vRNP species (Amorim et al., 2011; Chou et al., 2013; Lakdawala et 

al., 2014; Nturibi et al., 2017). We therefore asked if these inclusions are 

precursors or consequences of intersegment vRNP-vRNP interactions. 

Since, this hypothesis results from an infection system which contains all 8 

vRNP segments, it is pertinent to determine whether intersegment 

interactions drive formation of viral inclusions or otherwise. We therefore 

explored the minimal vRNP requirements necessary to form IAV inclusions. 

For this, we used a mini-replicon system to express one or two vRNPs and 
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test if viral inclusions are formed. Our expectation was that if viral inclusion 

formation required inter-segment interactions, then expressing one single 

vRNP would result in failure to form viral inclusions. Conversely, should one 

vRNP type be sufficient to form inclusions, we hypothesised that intersegment 

interactions are not necessary for inclusion formation (Figure 2.2). 

 

 

Figure 2.2- Schematics for testing the hypothesis that IAV inclusions 

originate due to intersegment interactions. 

Proposed model that (A) one vRNP type is sufficient to form viral inclusions, 

or (B) intersegment interactions precede IAV inclusion formation. 

In this work, we demonstrated that viral inclusions are formed when a 

single vRNP type is expressed in a cell. Furthermore, single vRNP inclusions 

display liquid properties akin to infected cells that express all 8 vRNP 

segments. Therefore, we postulate that viral inclusions are not formed by 

intersegments interactions established a priori, but their biogenesis precedes 

and facilitates stochastic vRNP–vRNP interactions in a liquid environment of 

crowded vRNPs. 
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2.4 Results 

2.4.1 IAV inclusions form when a single vRNP type is expressed. 

To address the question of whether viral inclusion formation requires 

inter-segment interactions, we assessed the formation of vRNP hotspots and 

the subcellular distribution of Rab11a in a mini-replicon system expressing a 

single segment type (i.e. segment 7 or 8) of influenza A/Puerto Rico/34/8  

virus (PR8) (Figure 2.3). It is well established that vRNPs from the same type 

compete for packaging into virions, and, therefore, do not interact (Duhaut 

and Mccauley, 1996; Inagaki et al., 2012; Venev and Zeldovich, 2013). As 

positive control, we used cells expressing two types of PR8 vRNPs, segments 

7 and 8, previously shown to form viral inclusions (Amorim et al., 2011).  

Cells were transfected with plasmids expressing the RdRp (3P: PB1, 

PB2, PA) and a 4:1 mixture of NP:GFP-NP to make 3P-NP that supports 

vRNA replication. To make vRNA, pPolI plasmids of segment 7 or 8 (that 

expresses NS1 and NS2) were added and co-transfected with NS2 and M1 

protein encoding plasmids respectively, which permits nucleocytoplamic 

egress of newly synthesized vRNPs. Positive controls were transfected with 

both pPolI plasmids for segments 7 and 8 and 3P-NP plasmids. This mini-

replicon has been validated before, by showing that vRNPs incorporated 

GFP-NP, and that complete vRNPs were exported from the nucleus, 

colocalizing with vRNA from all segments (Amorim et al., 2011). 

The way that the system works in brief is as follows: segment 

transcription originates a complete negative-sense vRNA to which NP and 

the RdRp bind, amplifying the system and mimicking viral transcription and 

replication. For negative control, we established the same system, but 

deficient in vRNA replication due to polymerase PB2 deficit (2P-NP). 

Alternative negative controls include segment 7 or 8 vRNA (with 3P-NP) 

replication competent system that lacks the corresponding NS2 or M1 

proteins respectively, which result in nuclear accumulation of vRNPs (that are 
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unable to exit the nucleus). In another negative control, all helper plasmids 

that support replication and nucleocytoplasmic egress of vRNPs were 

expressed but the system lacks pPolI plasmids for both segment 7 and 8 

vRNAs. 

 

Figure 2.3- Experimental scheme of plasmid-based minireplicon assay. 

To recapitulate infection-like inclusions in a system expressing only one 

genomic vRNA type, we transfected cells with plasmid (pPolI-SegX) encoding 

one vRNA type (vRNA-X). For nuclear transcription and replication of the 

vRNA (vRNA-X), cells were co-transfected with plasmids (pcDNA-PB1, 

pcDNA-PB2 and pcDNA-PA) encoding the three polymerase proteins which 

are the minimal protein components of an influenza vRNP. Additionally, 

plasmids encoding IAV proteins (pcDNA-NS2 and pcDNA-M1) which facilitate 

vRNA nuclear export were co-transfected with GFP-NP expressing plasmids 

that served as a proxy for inclusion localization. 

In the present study, we confirmed that the system was fully functional 

by western blotting, immunofluorescence imaging and fluorescence in situ 

hybridization (FISH) (Figure 2.4 - Figure 2.7). The expression of all 

components of the mini-replicon, in each condition, was evaluated by 

Western blotting, except that of NS2, for which no good commercial antibody 
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is available (Figure 2.4). As expected, the expression of the proteins of a 

specific segment was detected only in 3P-NP samples (Figure 2.4). 

 

Figure 2.4- Western blot of minireplicon assay. 

In a plasmid-based minireplicon assay, 293T cells were transfected for 16 hrs 

with plasmid(s) encoding one and/ or two IAV genomic vRNA type (Seg 7 

and/ or Seg8), replication and transcription proteins such as the RdRp (PB1, 

PB2, PA), NP (and GFP-NP) and nuclear export proteins (M1 and NS2). 

Negative controls lacked at least one polymerase protein (PB2) or nuclear 

export protein (M1 or NS2). 16 hours post-transfection, cells were lysed, and 

the indicated proteins were detected for western blotting, with PR8- and 

mock-infected cells serving as positive and negative reference controls. 

We then investigated Rab11 subcellular distribution by 

immunofluorescence and observed that it did not change in any of the 2P-NP 

conditions as well as in other negative control systems, consistently with 
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previous reports (Figure 2.5B-D) (Amorim et al., 2011). However, in the 3P-

NP condition, Rab11 redistributed, forming the characteristic enlarged puncta 

regardless of expressing one or two vRNPs, indicating that one vRNP type is 

sufficient to form viral inclusions (Figure 2.5A). 

 

 

Figure 2.5 - Immunofluorescence images showing that viral inclusions 

form in the absence of intersegment vRNA interactions. 

293T cells were transfected for 16 hrs with the minimal protein components 

of an influenza vRNP; the three polymerase proteins (3P), (A), (or, as a non-

functional control expressing either two polymerase proteins lacking PB2 - 

2P, (C, D), or 3P, and 2P, lacking a vRNP nuclear export protein- M1 or NS2 
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(B, D)) and NP, as well as with plasmids expressing GFP-NP. Cells were fixed 

and stained for Rab11 (red). Furthermore, cells were transfected with 

plasmids expressing vRNA from segments 7 and 8, or segment 7 or 8 alone 

with- a plasmid encoding NS2 or M1 respectively or expressing no segment 

together with plasmid encoding NS2 and M1 proteins. White boxes show 

areas of co-localization between NP and Rab11. Nuclei are delineated by 

yellow dashed lines. Bar = 10 μm. 

The areas of Rab11 puncta, when one or two vRNPs were expressed, 

were significantly different between the 3P-NP and 2P-NP conditions, when 

quantified, and ranked based on their size: small inclusions up to 0.15 μm2, 

intermediate inclusions between 0.15 and 0.30 μm2, and large inclusions over 

0.30 μm2 (Figure 2.6A,B), as before (Vale-Costa et al., 2016b). Consistent 

with our work, in the absence of NS2 or M1 in segment 7 and segment 8 

conditions respectively expressing 3P-NP, vRNPs were retained in the 

nucleus and Rab11 distribution was similar to that of 2P-NP condition (Figure 

2.6A,B). 

 

 

Figure 2.6- Size categories and quantification of minireplicon inclusions 

in a minireplicon setup. 
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Rab11 Inclusions from Figure 2.5 were segmented and quantitatively 

analysed. Statistical analysis of data was performed using a non-parametric 

Kruskal–Wallis test, followed by Dunn’s multiple comparisons test (***p < 

0.001). Between 30 and 70 cells were analysed per condition and 3 

independent experiments were performed. (A) The frequency distribution of 

Rab11 inclusions within the three area categories (in μm2) was plotted for 

each condition. (B) Cumulative frequency of Rab11 inclusions with area 

greater than 0.30 µm2 was plotted for each condition. The red line is the 

median cumulative frequency. 

Finally, we assessed the distribution of segment 7 and 8 RNA by 

fluorescent in situ hybridization (FISH). In the case of 2P-NP conditions, 

probes against the vRNA of segments 7 or 8 detected discrete dots in the 

nucleus (Figure 2.7B), consistent with DNA polymerase I transcription but 

absence of amplification, as described before (Amorim et al., 2011). In the 

case of 3P-NP, and independently of the number of segments expressed, 

vRNAs of each type were detected in enlarged puncta, and co-localized 

between them (when expressed together) and with NP, showing that vRNP 

hotspots are formed without requiring RNA interactions among distinct 

segments (Figure 2.7 A). However, 3P-NP conditions expressing segment 7 

vRNA (without NS2), 8 vRNA (without M1), or a combination of NS2 and M1 

proteins only, phenocopies the 2P-NP conditions, which failed to produce viral 

inclusions (Figure 2.7C). 

Collectively, the results obtained demonstrate that viral inclusions 

assemble in the presence of a single vRNP type. The data also indicate that 

formation of Rab11 enlarged puncta is dependent on vRNPs reaching the 

cytosol but precedes and does not require vRNA-vRNA intersegment 

interactions. 
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Figure 2.7- Fluorescence in situ hybridization (FISH) images of 

minireplicon system. 

Minireplicon assay was done as described in Figure 2.5, and duplicate 

samples were processed to detect segment 7 (Cy3, red) and segment 8 (Cy5, 

gray) vRNA by fluorescence in situ hybridization (FISH). Insets (White boxes) 

show areas of co-localization between NP (GFP-NP as proxy) and viral 

segments. Nuclei are delineated by yellow dashed lines. Bar = 10 µm. (A) 

Cells expressing segment 7 and /or 8 vRNA(s) with all RdRp (PB1, PB2, PA) 

forming viral inclusions (B) Cells expressing segment 7 and /or 8 vRNA(s) in 

the absence of one RdRp (PB2) do not form viral inclusions. (C) Cells 
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expressing segment 7 or 8 vRNA only, or viral export protein (NS2 and M1) 

only, with all RdRp subunits (PB1, PB2, PA) do not form inclusions. 

2.4.2 Single vRNP inclusions are non-membrane delimited condensates. 

Numerous studies have demonstrated phase transition as a 

biophysical mechanism for the emergence of cellular and virus-induced 

biomolecular condensates, which are enriched in nucleic acids and proteins 

(reviewed in (Etibor et al., 2021; Hyman et al., 2014)). These condensates 

were shown to lack a delimiting membrane (Alenquer et al., 2019; Caragliano 

et al., 2022a; Cascarina and Ross, 2020, 2022; Geiger et al., 2021; Heinrich 

et al., 2018; Iserman et al., 2020a; Nikolic et al., 2017; Zhou et al., 2019). In 

fact, our lab revealed that IAV infection induced vRNP-enriched vesicular 

clusters of heterogeneous sizes (Vale-Costa et al., 2016b), which were 

recently renamed as irregularly coated vesicles (de Castro Martin et al., 

2017). Of note, these inclusions were not membrane delimited (Alenquer et 

al., 2019). 

In the present study, we showed that inclusion biogenesis precedes 

and does not require intersegment interactions. We assessed if the inclusions 

formed by single vRNP share similar ultrastructural traits to inclusion formed 

during IAV infection. Using correlative light and electron microscopy (CLEM) 

we examined the inclusions formed with our established minireplicon system 

(Figure 2.8) consisting of segment 7 vRNA, NS2 and 3P-NP proteins and 

compared it to the positive control (GFP-NP transfected and PR8 infected cell 

(Figure 2.9). 

As previously reported in PR8 infected and GFP-NP transfected cells, 

we were able to recapitulate vRNP enriched clusters of Rab11 vesicles, which 

concentrate in non-membrane delimited inclusions (Figure 2.9). Similarly to 

infected cells expressing all eight vRNAs, we observed that the minireplicon 

system expressing only segment 7 vRNA display areas of clustered vesicles, 
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which were not delimited by a membrane(Figure 2.8). This suggests that 

single vRNP inclusions are formed independently of the vRNA-vRNA 

interactions, representing the ultrastructure of infection-derived inclusions, 

which lack membrane delimitation. 

 

Figure 2.8- Correlative light and electron microscopy (CLEM) of 

inclusions originating from single vRNP type. 

293T cells were transfected with minireplicon plasmids that would only 

express segment 7 vRNP together with GFP-NP (for CLEM) for 16 hours. 

Insets (orange and yellow) are the cells where inclusions were imaged, and 
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dotted ellipses (orange and yellow) show viral inclusions origination from 

segment 7 vRNP only. The inclusions consist of non-membrane delimited 

clustered Rab11 vesicles and electron dense vRNPs. 

 

Figure 2.9- Correlative light and electron microscopy (CLEM) of PR8 

infected inclusions. 

293T cells were PR8-infected and transfected with GFP-.NP (for CLEM) for 

16 hours. The dotted ellipses (orange and yellow) show the non-membrane 

bound viral inclusions originating from infection. IAV inclusions are enriched 

with Rab11 vesicles clusters and electron dense vRNPs. 

2.4.3 Single vRNP inclusions display properties of liquid organelles. 

Amongst other types of phase transitions, a number of membraneless 

biomolecular condensates were shown to emerge by liquid–liquid phase 

separation and have liquid-like properties (reviewed in (Hyman et al., 2014)). 

These liquid-like properties include deformability promoted by fusion and 
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fission events, quick response to stimuli, dynamic exchange of material, 

ability to internally reorganize and rounded shape (reviewed in (Alberti and 

Hyman, 2021; Banani et al., 2017; Hyman et al., 2014; Shin and Brangwynne, 

2017)). Similar properties were shown for SARS-CoV-2 condensates, Negri 

bodies and viroplasms formed during rabies and vesicular stomatitis viral 

(VSV) infections and measles, replication factories of rotavirus and human 

cytomegalovirus (hCMV), etc. (Caragliano et al., 2022a; Carlson et al., 2020; 

Cascarina and Ross, 2022; Chen et al., 2020; Geiger et al., 2021; Heinrich et 

al., 2018; Iserman et al., 2020a; Nikolic et al., 2017; Savastano et al., 2020), 

and it was postulated that other viral factories or viral inclusions may 

assemble by liquid–liquid phase separation. 

Interestingly, our laboratory showed that the IAV inclusions express 

similar phenotype (Alenquer et al., 2019) leading us to probe when this 

behaviour was initiated. Having demonstrated that cytoplasmic intersegment 

vRNP interactions is contingent on the formation of non-membrane delimited 

inclusions, we hypothesise that single vRNP inclusions (enriched with an 

association of multiple identical vRNP type) have inherent liquid properties to 

support subsequent vRNP-vRNP interactions. To formally validate this notion, 

we used two strategies for monitoring their dynamic nature and properties in 

live cells. First, we captured the movement and fusion-fission dynamics of 

single type vRNP inclusions. Second, we enquired their adaptability to shock 

treatments. 

To analyse the dynamics of single vRNPs, we used the segment 7 

minireplicon system. 293T cells were transfected with plasmids expressing 

segment7 vRNA and 3P-NP and NS2 proteins and compared it to positive 

controls expressing two vRNA types (segments 7 and 8). Careful analyses 

revealed many fusion and fission events amongst individual inclusions at 

varying distances (Figure 2.10), which indicates constant exchange of 

material and deformability. After fusion or fission events, viral inclusions 

reacquired a rounded shape (Figure 2.10), indicating occurrence of internal 

rearrangements. Furthermore, these inclusions appear to be constantly 
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exchanging material amongst them (Figure 2.10), postulated to be an 

essential trait to promote viral genome assembly. 

 

Figure 2.10- Inclusions composed of one or two vRNP type can fuse and 

divide. 

293T cells were transfected with plasmid(s) encoding one (segment 7, with 

nuclear export protein NS2) or two (segments 7 and 8) IAV genomic vRNA 

type(s) together with plasmids encoding RdRp (PB1, PB2, and PA), NP and 

GFP-NP. 16 hours post-transfection, fission (yellow arrow) and fusion (blue 

arrow) dynamics of the inclusions (GFP-NP, as proxy) were tracked by live 

imaging. Scale Bar = 50 µm. 

To investigate how single vRNP inclusions react to physiological 

changes, we subjected them to the well-established hypotonic and 
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hexanediol shock treatments and assessed their adaptation to shock 

according to Figure 2.11. 

 

Figure 2.11- Experimental scheme of minireplicon-derived inclusion 

adaptation to shock treatments. 

Model of inclusions formed via plasmid-based minireplicon assay respond 

after hypotonic or 1,6-hexanediol shock treatments. Liquid inclusions are 

expected to dissolve and reappear in the presence and absence of shock 

treatments respectively. 

293T cells expressing minireplicon plasmids able to synthesize at 

least one vRNP (Segment 7 and NS2 protein, or segment 8 and M1 protein, 

or both segments 7 and 8; with all expressing 3P-NP) to form inclusions were 

exposed to a 10 mins hypotonic shock (ionic strength changing from 150 to 

30 mM by diluting media with water), fixed, and imaged by confocal 

microscopy. As observed in infection-derived inclusions (Alenquer et al., 

2019), single vRNP inclusions dissolve and were no longer visible after 

hypotonic shock (Figure 2.12). This effect was reversible as upon substitution 

of hypotonic solution by normal media for 2 h, inclusions were reformed 

(Figure 2.12). 

In the same minireplicon system, upon 5% 1,6-hexanediol treatment, 

we observed some cell blebbing, which was absent with hypotonic shock. 
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However, this has been described as a normal consequence of this treatment, 

and noted that it does not cause cell death, as cells recover upon washing 

out hexanediol (Kroschwald et al., 2017). Prolonged incubations with 

hexanediol are, nevertheless, toxic to the cells and lead to aberrant 

appearance of stress structures promoted by cell shrinkage (Kroschwald et 

al., 2017). Therefore, we treated cells only for 30 min with 5% hexanediol 

before fixing them for quantifications, or before allowing cells to recover by 

washing out hexanediol and replacing with media (Figure 2.12A,B). Like 

hypotonic shock, hexanediol treatment resulted in dissolution of inclusions 

which reappeared after 2h recovery in normal media (Figure 2.12A,B). 

The ability of IAV inclusions to react to hypotonic dilution and to 

hexanediol treatment suggests they are liquid condensates (Kroschwald et 

al., 2017; Nott et al., 2015). Together, these data reveal that single vRNP 

inclusions, containing both Rab11 and vRNPs, can respond to changes in the 

cellular environment and their constituents can self-organize into fluxional 

structures in live cells. In sum, the data indicate that single type vRNP form 

inclusions that are dynamic and react quickly to stress. 
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Figure 2.12- Single vRNP inclusions respond to shock treatments. 

293T cells were transfected with plasmid(s) encoding one (segment 7, with 

nuclear export protein NS2, or segment 8, with nuclear export protein M1) or 

two (segments 7 and 8) IAV genomic vRNA type(s) together with plasmids 

encoding RdRp (PB1, PB2, and PA), NP and GFP-NP. 16 hours post-

transfection, cells were exposed to either hypotonic shock, 5% 1,6-hexanediol 

or control vehicle (optiMEM) followed by a 2hr recovery in optiMEM before 

fixing and immunofluorescence staining of NP. (A) immunofluorescence 

images showing inclusion (GFP-NP and NP as proxy of inclusions) response 

to shock treatments. (B) Quantification of cells expressing inclusions. The 

number of cells per view area that display inclusions were manually counted 

and normalised to those formed when treated with their corresponding media 

(optiMEM). Statistical analysis of data was performed using a non-parametric 

Kruskal–Wallis test, followed by Dunn’s multiple comparisons test (***p < 

0.001). 
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2.5 Discussion 

Viral inclusions that emerge during IAV infection have been linked to 

genome assembly. In this work, we provide evidence that viral inclusions are 

formed when cells express a single vRNP type (Figure 2.13). Given that 

vRNPs of the same type compete for incorporation in virions (Davis et al., 

1980; Duhaut and Dimmock, 1998; Duhaut and Mccauley, 1996; Fujii et al., 

2003), our findings indicate that formation of these structures precedes 

vRNP–vRNP interactions (Figure 2.13). This leads to a paradigmatic change 

in the model of IAV genome assembly. We propose that viral inclusions are 

microcompartments that spatiotemporally facilitate the genome assembly 

process (Figure 2.13). Such mechanism would require concentrating vRNPs 

from the cytosol into inclusions. 

 

Figure 2.13- Single vRNP specie forms liquid-like IAV inclusions that 

promote genome assembly via vRNA-vRNA interactions. 

Supporting this premise are the numerous studies describing phase 

transition mechanisms for segregating selected molecules from the cytosol to 

microcompartments that lack membrane delimitation (reviewed in (Alberti and 
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Hyman, 2021; Banani et al., 2017)). Such compartmentalization, driven by 

liquid demixing, originates functional phase-separated organelles of 

components and reactions. Several membraneless organelles in the cell (e.g. 

nucleolus, centrosomes, stress granules, DNA repair foci, or G bodies) 

respond and adapt quickly to stimuli (reviewed in (Alberti and Hyman, 2021; 

Banani et al., 2017)). Like steady-state physiological condition, , these traits 

have also been observed in stressed conditions including viral infections. 

Interestingly, viral-induced membraneless microcompartments have been 

known for decades and functionally associated with host immune escape, 

viral replication, and assembly ((Caragliano et al., 2022a; Cascarina and 

Ross, 2020; Geiger et al., 2021; Guseva et al., 2020; Lahaye et al., 2009; 

Morgan et al., 1954; Nikolic et al., 2017; Wu et al., 2014; Zhou et al., 2019) 

and reviewed in (Caragliano et al., 2022a, 2022b; Etibor et al., 2021; Lopez 

et al., 2021; Netherton et al., 2007)). Despite the similarities, the two biological 

assemblages have been treated as unrelated phenomena and the link 

between them only recently started to emerge. 

Herein, we report that IAV inclusions originating from a single type 

vRNP species display liquid-like properties akin to the inclusions that contain 

all eight vRNP types during viral infection. Like classical biomolecular 

condensates, single vRNP inclusions display the physical characteristics of 

liquid condensates. This behaviour is shared with infection-derived vRNPs as 

well as Negri bodies found in rabies virus-infected cells, or SARS-CoV-2 

condensates, vesicular stomatitis viral (VSV) and measles viroplasms, 

rotavirus replication factory and hCMV replication compartment (Caragliano 

et al., 2022a; Carlson et al., 2020; Cascarina and Ross, 2022; Chen et al., 

2020; Geiger et al., 2021; Heinrich et al., 2018; Iserman et al., 2020a; Nikolic 

et al., 2017; Savastano et al., 2020) in terms of shape, dynamism, and ability 

to deform and react quickly to physiological changes (reviewed in (Boke and 

Mitchison, 2017; Hyman et al., 2014; Woodruff et al., 2018)). Importantly, 

single vRNP inclusions are not involved in the viral genome replication (which 
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takes place in the host cell nucleus) but originate as dynamic liquid 

cytoplasmic hub that may facilitate intersegment vRNA-vRNA interactions 

(Figure 2.13). 

However, our work lacks an in vitro reconstitution system able to 

formally demonstrate the underlying molecular process governing formation 

of inclusions that arise from single or multiple vRNP types. The ability of single 

vRNP inclusions to deform by fusion and fission, form non-membrane 

delimitated clustering of vRNP-rich Rab11 vesicles, shock adaptation, and 

spherical shape allow us to speculate that they may form by phase transition. 

In fact, such phase transition may involve vRNP binding to membranes such 

as Rab11 vesicles (since inclusions do not form in their absence) or the 

association of Rab11-positive inclusions with ER and ERES. 

Our results permit us to speculate that IAV induced inclusions may 

serve as site for genome assembly. IAV genome assembly was proposed to 

occur via either dispersed model (where vRNPs assemble via vesicular 

collision enroute the budozone) or compartmentalized model (where Rab11 

are impaired/ rerouted to concentrate vRNPs in viral inclusions) as reviewed 

in (Amorim, 2019). The dynamic liquid characteristics of single vRNP 

inclusions is in line with the dispersed model. However, in agreement with the 

clustering model, CLEM of single vRNP displayed inclusions enriched with 

vesiculated structures (Rab11) that are in close proximity to the ER, which 

may then deliver them to the PM. It is also possible that clusters of vRNP-

coated Rab11 vesicles inside IAV inclusions collide with one another to 

establish cognate intersegment interactions which may then release the fully 

assembled genome via the ER or other unidentified processes. Whether 

Rab11 is involved in material exchange among inclusions remains to be 

evaluated. 

Interestingly, cross-talks between membrane-bound and 

membraneless organelles (e.g. ER) are starting to emerge (Lee et al., 2020; 
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Ma and Mayr, 2018). Importantly, our lab previously demonstrated that 

inclusions are spatially regulated, developing close to, and synchronously 

moving with the ER at the ERES, which promotes the fusion and fission 

dynamics of IAV inclusions. This raises the possibility that viral inclusions 

move using the ER. This hypothesis, together with the finding that vRNPs 

attach the ER (Alenquer et al., 2019; de Castro Martin et al., 2017) to form 

irregularly coated vesicles viz. viral inclusions, might help answering the 

unresolved question of vRNP transport to the plasma membrane. Compelling 

evidence to validate a model in which upon nuclear export, vRNPs move 

using the ER and concentrate near the ERES to assemble viral genomes for 

posterior delivery to the plasma membrane by Rab11 vesicles is still needed. 
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2.6 Materials and methods 

2.6.1 Cell culture 

Human embryonic kidney 293 cells expressing a mutant version of the 

SV40 large T 158 antigen (HEK293T aka 293T; a kind gift of Prof Paul Digard, 

Roslin Institute, UK.) were cultured in complete media constituting Reduced 

Serum Medium Glutamax™ (OptiMEM™; Gibco™, ThermoFisher, 

51985026) supplemented 200 mM L-glutamine (Life Technologies, 25030-

024). Every 3-4 days, confluent 293T cells were sub-cultured in T75 flasks 

using trypsin-EDTA (Biowest, X0930-100).and incubated at 37ºC, 5% CO2. 

Cells used were within a maximum passage of 20. 

2.6.2 Transfection 

To reconstitute GFP-tagged vRNPs, 293T cells grown to 70% 

confluency in 24-well poly-D-lysine coated plates were transfected with 

plasmids pcDNA PB1, PB2, PA (150 ng each), NP (150 ng), GFP-NP (50 ng), 

pPol-I segments 7 and/ or 8 (150 ng each), and/ or pcDNA-NS2 (150ng each) 

or pcDNA-M1 (150ng each), using Lipofectamine 2000 (ThermoFisher, 

11668027) or jetPRIME (Polyplus, 101000015) in Opti-MEM (ThermoFisher, 

51985026) according to the manufacturer’s instructions, and incubated for 16 

hours at 37º C in an incubator with 5% CO2. 

2.6.3 Influenza A virus strains 

Reverse-genetics (RG) derived A/Puerto Rico/8/34 (PR8, H1N1) 

(kindly provided by Prof. Ron Fouchier) was used as model virus. Viruses 

were grown in eggs as following: embryonated chicken eggs were incubated 

at 37ºC for 10 days. After that, the eggshell was lightly sanded with a rotary 

tool and a hole was pierced with a sterile 27G needle on top of the egg and 

on the opposite side of the embryo. Through that hole, 100 PFU of virus 

diluted in 200μl PBS were injected into the allantoic fluid of the egg. Infected 
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eggs were incubated at 37ºC for 2-3 days, and then at -20ºC for 2h. Viruses 

were collected by opening the eggs and carefully retrieving the allantoic fluid. 

After centrifugation at 3500g, 5min, 4ºC to remove debris, the virus solution 

titrated by plaque assay and aliquoted and kept at -80ºC. 

2.6.4 Infection 

Cells were seeded in culture plates at appropriate density and 

incubated overnight. Virus inoculum was added in serum-free DMEM at the 

MOI of 10 and incubated for 45min. Afterwards, cells were overlaid with 

complete media and incubated at 37ºC, 5% CO2 for 15.4 h. 

2.6.5 Western blotting  

Samples were collected in Laemmli’s sample buffer (20% (v/v) 

glycerol (Sigma-Aldrich, 1.04093) / 2% (v/v) SDS (NZYtech, MB01501) / 

100μM DTT (NZYtech, MB03101) / 24μM Tris-HCl (VWR, 28.811.295) pH 6.8 

/ 0.04% (w/v) Xylene Cyanol FF (Sigma-Aldrich, X4126) / 0.04% (w/v) 

Bromophenol Blue (Sigma-Aldrich, B0126)) and denatured by heating at 95°C 

for 10min. Protein samples were loaded into a resolving gel containing 8 or 

12.5% (v/v) acrylamide (GRiSP, GB16.3037) with a 4.3% (v/v) acrylamide 

stacking gel and ran in PAGE buffer (0.25M Tris / 0.192M Glycine (PanReac 

AppliChem, A1067) / 1% (v/v) SDS) at 150V in a Mini-PROTEAN Tetra 

Vertical Electrophoresis Cell (BioRad). 

Proteins were transferred to a 0.45 μm nitrocellulose blotting 

membrane (GE Healthcare, 10600003) using a Trans-Blot SD Semi-Dry 

Electrophoretic Transfer Cell (Bio-Rad, 1703940). Membranes were blocked 

overnight at 4ºC or 1hr at 37ºC in 5% (w/v) dried non-fat milk (Nestlé, Molico) 

in PBS-T (0.1% (v/v) Tween-20 (SigmaAldrich, P1379) in PBS), followed by 

washing with PBS-T. Membranes were subsequently stained with primary 

antibodies for 1h at room temperature or overnight at 4ºC, while rocking. After 
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incubation, membranes were washed with PBS-T, then incubated with 

secondary antibodies for 45 min at room temperature, while rocking. 

Membranes were then washed again with PBS-T and PBS and 

visualized on a LI-COR Biosciences Odyssey near-infrared platform (LI-

COR, 9120). Red (700nm) and green (800nm) channels were split and 

converted to gray scale using ImageJ (NIH, version 1.51h). Except when 

quantifying band intensities, corrections were made to improve visualization 

by adjusting brightness and contrast of the entire image. All antibodies were 

diluted in PBS-T and are indicated in : 

https://doi.org/10.5281/zenodo.7473398. 

Table S2.1 

Antibodies used included: virus NP (1:1000), PB1, PB2, PA, and NS1 

(all at 1:500), kindly provided by Prof. Paul Digard, Roslin Institute, UK; goat 

polyclonal against green fluorescent protein (GFP) (1:2000; Sicgen, AB0020), 

and virus M1 (1:500; Abcam, 20910); mouse polyclonal against virus M2 

(1:500; Abcam, 5416) (see Table S2.1). Unfortunately, there is no working 

antibody for NS2. The secondary antibodies used were from IRDye range 

(1:10000; LICOR Biosciences). 

2.6.6 Fluorescence in situ hybridization (FISH) 

Cells were fixed for 10 min using 4% (v/v) formaldehyde in PBS, 

washed three times in PBS and permeabilized using 0.2% (v/v) Triton-X-100 

in PBS for 7 min followed by 3 washes in PBS. Thereafter, cells were 

postfixed using a 1%(v/v) formaldehyde solution in PBS for 10 min and 

washed again with PBS. Next, a prehybridization mix (60% formamide, 0.3 M 

sodium chloride, 30 mM sodium citrate pH 7.0, 10 mM EDTA pH 8, 35 mM 

dextran sulphate (w/v), 250 ng mL−1 tRNA) was added to the cells and 

incubated for 1 h at 37 °C. During this period, Cy3-, or Cy5-labelled 

ribonucleotide probes were boiled for 5 min and placed on ice for further 5 

min prior to dilution to a final concentration of 0.5% (v/v) in 0.3 mL of 
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prehybridization solution containing 1 μL Ribolock RNAse inhibitor 

(ThermoFisher). 

Cells were then incubated with the probe mix for at least 16 h at 37°C, 

then washed three times for 15 min at room temperature with a mix consisting 

of 60% formamide, 0.3 M sodium chloride, 30 mM sodium citrate pH 7.0. Next, 

the cells were washed two times with PBS for 5 min, while the third wash was 

done in 0.10 (v/v) Hoechst in PBS for 5mins. Finally, the cells mounted on a 

slide with Dako Faramount Aqueous Mounting Medium and single optical 

sections were imaged with a Leica SP5 live confocal microscope. 

To generate FISH probes, pcDNA3 plasmids containing viral 

segments were linearized with XbaI and transcribed with T7 RNA polymerase 

(Life Technologies) to produce a positive-sense probe to detect vRNA. 

Probes were directly labelled using cy3 or cy5-UTP (Perkin Elmer)11. 

Plasmids used to synthesize FISH probes to detect vRNA from PR8 

segments 7 and 8 were constructed by PCR-amplifying NS and M sequences, 

and cloning them into pCDNA3, using XbaI restriction sites respectively 

2.6.7 Immunofluorescence. 

Cells were fixed for 10 min with 4% (v/v) formaldehyde and 

permeabilized for 7 min with 0.2% (v/v) Triton-X-100 in PBS. Thereafter, they 

were incubated with the indicated primary antibodies for 1 h at RT, washed 

thrice with 1% (v/v) NCS or FBS in PBS and incubated for 45 min with Alexa 

fluor conjugated secondary antibodies and Hoechst. Antibodies used were 

rabbit polyclonal against Rab11a (1:100; Life Technologies, 715300), and 

mouse monoclonal against NP (1:1000; Abcam, 20343 (see Table S2.1)). 

Secondary antibodies were all from the Alexa Fluor range (1:1000; Life 

Technologies) (see Table S2.1). Following washing, cells were mounted with 

Dako Faramount Aqueous Mounting Medium and single optical sections were 

imaged with a Leica SP5 live confocal microscope. The frequency 
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distributions of the inclusion areas were calculated and categorised as small 

(0–0.15 μm2), intermediate (0.15–0.30 μm2) and big (0.30 μm2) using 

GraphPad Prism. 

2.6.8 Image segmentation and analysis. 

Immunofluorescence images were converted to 8-bit or used as 16 -

bit colour, background was removed, and the threshold was adjusted. 

Thereafter, we used a custom FIJI (Fiji Is Just) ImageJ 2.1.0/1.53p) script to 

quantify and categorise the area of segmented inclusions in the selected cell. 

Images were postprocessed using FIJI and Adobe Illustrator. 

2.6.9 Live cell Imaging 

PR8 infected or minireplicon expressing cells were grown in 

chambered 8-well glass-bottomed dish (Ibidi) containing OptiMEM medium 

(Gibco) and incubated for 14 h at 37 ºC and 5% CO2. Media was substituted 

for Leibovitz L-15 media to buffer CO2 and data acquisition started on a Roper 

TIRF Spinning Disk (Yokogawa CSU-X1) with a cage incubator to control 

temperature at 37 °C. After excitation with a 491 nm laser (Cobolt 491, 100 

mW), fluorescence from GFP was detected with a ×100 oil immersion 

objective (Plan Apo 1.49), a bandpass filter (525/45 Chroma), and a 

photometrics 512 EMCCD camera. Images were post-processed with ImageJ 

(NIH) and Adobe Illustrator.  

2.6.10 Particle (inclusion) tracking 

FIJI (Fiji Is Just) ImageJ 2.1.0/1.53p) Trackmate plugin was used to 

track inclusions at a timescale of 1 s/frame in live imaging samples and their 

XY trajectories and fusion-fission dynamics were subsequently mapped. 
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2.6.11 Condensate shock assay 

Cells grown in OptiMEM media were replaced with either 80%(v/v) of 

H2O or 5%(w/v) 1,6-Hexanediol in OptiMEM for 10 min or 30 min respectively. 

Thereafter, cells were either directly fixed or allowed to recover in OptiMEM 

for 2 hrs before fixing and processing for immunofluorescence. The number 

of cells expressing inclusions were quantified manually and normalised to the 

corresponding normal media for each minireplicon state using R. 

2.6.12 Correlative light and electron microscopy (CLEM) 

Cells, seeded onto gridded dishes (MatTek Corporation, P35G-2-14-

C-GRID), were transfected with either the segment 7 minireplicon system or 

GFP-NP that was simultaneously infected with PR8 at an MOI of 10. After 16 

h, cells were fixed, imaged using the Airyscan microscope, and finally 

processed for electron microscopy imaging, as described previously (Sílvia 

Vale-Costa and Amorim, 2016a). Sections of 70 nm thickness were cut using 

a Leica EMFC7 Ultramicrotome. The regions of interest were acquired with a 

Hitachi H7650 operating at 100 keV equipped with a XR41M mid mount AMT 

digital camera. Images were post-processed using FIJI, Icy (licence GPLv3) 

and Adobe Illustrator. 

2.6.13 Quantification and statistical analysis 

Data were analysed using Microsoft Excel and GraphPad Prism 9.4.1 

(681). To quantify the sizes of inclusions, we extracted data from fixed images 

using an Image J custom plugin. We compared multiple groups that either 

express or do not express viral inclusions. Since the data is not 

homogenously distributed and multiple groups were involved, we performed 

statistical analysis of the data using a non-parametric Kruskal-Wallis test, 

followed by Dunn’s multiple comparisons test (***p < 0.001). 
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2.8 Supplementary Information 

For Figure 2.10, the timelapse images of fusion and fission events of 

segment 7 inclusions and infection-derived inclusions were extracted from 

videos that can be assessed from: 

https://doi.org/10.5281/zenodo.7473398. 

Table S2.1- Antibodies used in western blot. 

Western blot Target Brand Catalog Clone Host 
Diluted 

1: 

Primary antibodies       

NP IAV Homemade NA Poly Rb 1000 

PB1 IAV Homemade v1916 Poly Rb 500 

PB2 IAV Homemade 
N580 Final 

Bleed 
Poly Rb 500 

PA IAV Homemade v35 Bleed7 Poly Rb 500 

NS1 IAV Homemade v29 Poly Rb 500 

M1 IAV Abcam Ab20910 Poly Gt 500 

M2 IAV Abcam Ab5416 Poly Rb 500 

GAPDH Human Sicgen Ab0049 Poly Gt 2000 

Beta-actin Human Sigma-Aldrich A5441 
AC-

15 
Ms 2000 

GFP NA Sicgen Ab0020 Poly Gt 2000 

Secondary antibodies       

Goat IRDye 680RD Gt LICOR Biosciences 926-68074 NA Dk 10000 

Goat IRDye 800CW Gt LICOR Biosciences 926-32214 NA Dk 10000 

Mouse IRDye 680RD Ms LICOR Biosciences 926-68072 NA Dk 10000 

Mouse IRDye 800CW Ms LICOR Biosciences 926-32212 NA Dk 10000 

Rabbit IRDye 800CW Rb LICOR Biosciences 926-32213 NA Dk 10000 

Rabbit IRDye 680RD Rb LICOR Biosciences 926-68073 NA Dk 10000 
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Chapter 3 - Thermodynamics rules for hardening IAV inclusions 
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3.1 Author contributions 

The experiments presented in this chapter were designed and planned 

by Temitope Akhigbe Etibor and Maria João Amorim. All experiments and 

data generated were performed by Temitope Akhigbe Etibor except the live 

imaging of infected cells expressing endogenous and high levels of Rab11, 

which was done by Silvia Vale-Costa and FRAP acquisition and analysis of 

inclusions in PR8 infected cells that was carried out by Maria João Amorim. 

Temitope Akhigbe Etibor wrote the chapter with Maria João Amorim 

supervision. This chapter is part of a manuscript currently undergoing peer-

review in an open-source journal which can be assessed from bioRxiv: 

Temitope Akhigbe Etibor, Sílvia Vale-Costa, Sindhuja Sridharan, Daniela 

Brás, Isabelle Becher, Victor Hugo Mello, Filipe Ferreira, Marta Alenquer, 

Mikhail M Savitski and Maria João Amorim. Rules for hardening influenza A 

virus liquid condensates (2022) bioRxiv 2022.08.03.502602; doi: 

https://doi.org/10.1101/2022.08.03.502602 
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3.2 Summary 

Multiple viruses including IAV form biomolecular condensates in the 

host cell to facilitate viral replication. Accumulating evidence indicates that 

these viral condensates may be hardened, a strategy with potential for 

exploitation as novel antiviral therapy since viral reactions rely on specific 

material properties for function. However, there is no molecular 

understanding on how to efficiently modify the material properties of viral 

condensates, a pre-requisite for overcoming off-target effects by rational drug 

design. The material properties of biological condensates are modified by 

different thermodynamic parameters, including free energy, concentration, 

and type/strength of interactions. 

Here, we used influenza A virus liquid cytosolic condensates, viz. viral 

inclusions, to provide a proof of concept that modulating the type/strength of 

transient interactions among the interactome in IAV inclusions is more 

efficient at hardening these structures than varying the temperature or 

concentration. Importantly, we showed that inclusions are heterotypic and 

provide a proof of concept that stabilizing vRNP interactions by a known 

pharmacological sticker called nucleozin (Ncz) more efficiently hardens these 

structures than varying temperature or concentration in situ. Our work 

supports the development of antivirals targeting the material properties of 

biomolecular condensates in viral infections. It also provides a framework for 

the selection of compounds with this activity for general application and thus 

provides an advance in disease therapy. 
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3.3 Introduction 

Viruses are obligatory intracellular parasites that are highly dependent 

on the machinery of the hosts they infect. Inside cells, the adaptive plasticity 

of viruses to their cellular milieu is notable (reviewed in (Kaján et al., 2020; 

Netherton and Wileman, 2011; Wolff et al., 2020)). Seminal studies showed 

that viral adjustments to the cellular environment comprise sophisticated 

strategies for co-opting, readapting, and antagonizing different cellular 

pathways to facilitate viral replication, escape immune-related surveillance, 

and perpetuate viral transmission (reviewed in (García-Sastre, 2017; 

Tarakhovsky and Prinjha, 2018; Sílvia Vale-Costa and Amorim, 2016b)). 

Recently, another layer of complexity— the physical properties of 

molecules in the cell emerged as a key determinant in cellular organization 

(reviewed in (Alberti, 2017; Alberti et al., 2019; Banani et al., 2017; Hyman et 

al., 2014; Mittag and Pappu, 2022)). It was demonstrated that cells can 

achieve active and functional compartmentalization via phase transition 

without recurring to membrane-bound organelles to form biomolecular 

condensates ((Brangwynne et al., 2009) reviewed in (Alberti, 2017; Alberti et 

al., 2019; Banani et al., 2017; Hyman et al., 2014; Mittag and Pappu, 2022)). 

This shift in paradigm adds layers of complexity to the healthy and infected 

cellular structures, and it offers new possibilities to the understanding of how 

organisms work, control reactions, and adapt to stimuli. As contemporary 

biology refocused to understand the biophysical properties and principles for 

organizing biomolecular condensates, it became apparent to explore virus-

induced condensates and how we can manipulate them to block infection. 

Evidence shows that viruses co-opt biomolecular condensates to 

facilitate viral replication and genome assembly, using similar strategies to 

other cellular condensates systems (reviewed in (Brocca et al., 2020; 

Cascarina and Ross, 2022; Dolnik et al., 2021; Etibor et al., 2021; Lopez et 

al., 2021; Wu et al., 2022; York, 2021)). Importantly, our Laboratory showed 
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for the first time that IAV inclusions are biomolecular condensates that display 

liquid-like properties (Alenquer et al., 2019). As the list of viruses utilizing 

liquid biomolecular condensates is rapidly growing, including reoviruses, 

hCMV, HIV, rabies, measles, SARS-CoV-2 (reviewed in (Brocca et al., 2020; 

Cascarina and Ross, 2022; Dolnik et al., 2021; Etibor et al., 2021; Lopez et 

al., 2021; Wu et al., 2022; York, 2021)), it becomes pertinent to ask whether 

targeting the material properties could constitute a novel antiviral approach. 

Many studies have reported unique ways to modify biomolecular 

condensates by molecules classified known as c-mods, in the sense that they 

are able to either induce, dissolve, localize, or harden (morph) the 

condensates (reviewed in (Mitrea et al., 2022; Patel et al., 2022)). To name a 

few, examples include dissolvers (GSK626616, RK33, ION363 and tamoxifen 

targeting Dyrk3, DDX3, FUS, MED1 proteins respectively), inducers 

(Nusinersen ASO, PCG, Olaparib targeting SMA, Brd4, PAP proteins 

respectively), and localizers (Selinexor (KPT-330), Avrainvillamide, UNC6934 

targeting CRM1/XPO1, NPM1, NSD2) (reviewed in (Mitrea et al., 2022; Patel 

et al., 2022)). Unfortunately, very little is known regarding hardening c-mods 

(known as morphers).  

Recently, the Sonic hedgehog (Shh) pathway antagonist cyclopamine 

and its analogue A3E were demonstrated to inhibit human respiratory 

syncytial virus (hRSV) replication by altering the material properties of viral 

condensates (Risso-Ballester et al., 2021) and therefore classified as 

morphers. However, compounds targeting hRSV-related (Risso-Ballester et 

al., 2021) and cancer-associated (Klein et al., 2020) condensates exhibited 

off-target effects. Therefore, a critical advance in condensate disease 

therapy, including in viral infections, requires the defining of the yet unknown 

rules for efficiently and specifically targeting only selected biomolecular 

condensates. Such knowledge would create a path towards rational design 
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of molecules targeting biomolecular condensates and hence reduce off target 

effects. 

In several studies it was demonstrated that the properties of biological 

condensates respond to many factors in a system-dependent manner 

(reviewed in (Alberti et al., 2019; Boeynaems et al., 2018; Falahati and Haji-

Akbari, 2019; Hyman et al., 2014; Milovanovic and De Camilli, 2017; Mittag 

and Parker, 2018; Riback and Brangwynne, 2020; Snead and Gladfelter, 

2019)). Entropic free energy (Quiroz and Chilkoti, 2015), concentration 

(Banani et al., 2016; Maharana et al., 2018; Riback et al., 2020), type and 

strength of interactions (Banjade and Rosen, 2014; Li et al., 2012; Oltrogge 

et al., 2020; Riback et al., 2020; Sanders et al., 2020) were demonstrated as 

having profound effects on the formation and material properties of 

biomolecular condensate. This suggests that cellular strategies able to modify 

these parameters could offer solutions for drug development. For example, 

pathways affecting local energy production, consumption or metabolism could 

alter the free energy landscape of biomolecular condensates (Munder et al., 

2016; Patel et al., 2017; Riback et al., 2020). Similarly, pathways that regulate 

the local density of condensate drivers could affect concentration (Banani et 

al., 2016; Riback et al., 2020). Finally, pathways involved in post-translational 

modifications (Rai et al., 2018), pH (Kroschwald et al., 2018; Munder et al., 

2016) or ionic strength (Yang et al., 2020) of condensate microenvironment 

as well as cell permeable compounds promoting aggregation or dissolution of 

condensate interactomes could affect the type and strength of interactions 

(Bracha et al., 2018; Seim et al., 2022; Snead et al., 2022; Zhu et al., 2019). 

Having established that inclusions of single vRNP origins display liquid 

properties, corroborating our earlier report (Alenquer et al., 2019) that 

inclusions are inherently liquid biomolecular condensates, the next logical 

course was to use c-mod (morphers) to modify their material properties using 

for better understanding of their function. In this work, we meet the critical 

need to identify efficient strategies to harden IAV liquid inclusions. For this, 
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we compared the impact of well-characterized thermodynamic variables in 

the material properties of biological condensates by altering temperature (as 

a measure of the entropic contribution of free energy), concentration of drivers 

(by overexpression strategies) and number/strength of ligations within the 

condensate interactome (by using previously characterized stickers of vRNPs 

find the correct paper KAO (Amorim et al., 2013). We found that 

pharmacological stabilization of intersegment interactions is possible and is 

the most efficient strategy for hardening IAV inclusions. Furthermore, we 

showed that unlike liquid inclusions, pharmacologically hardened inclusions 

are rigid, immobile and lacking dynamism since they lack fusibility, flux of 

component molecules and internal rearrangement. Overall, our study 

supports the development of a new class of antiviral drugs (known as 

morphers) targeting the material properties of viral induced biomolecular 

condensates. 
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3.4 Results 

3.4.1 Framework to identify perturbations that harden IAV liquid 

inclusions 

As reported in (Alenquer et al., 2019), we demonstrated that viral 

inclusions formed by IAV infection display a liquid profile in the sense that 

they drip, acquire a spherical shape upon fusion and dissolve in response to 

hypotonic shock or brefeldin A treatment. Here, we identify the best strategies 

to harden viral inclusions to investigate if altering their material properties may 

be a novel antiviral therapy. For this, we systematically probed and compared 

the impact of temperature, concentration, and number/strength of interactions 

on the material properties of liquid viral inclusions, as a proxy of entropic, 

molecular and valency contributions, respectively. 

We selected these parameters as they are well understood to regulate 

the interactions amongst components and the material properties of 

condensates (Quiroz and Chilkoti, 2015; Riback et al., 2020; Sanders et al., 

2020; Shimobayashi et al., 2021) (Figure 3.1A). Methodologically, we 

employed established protocols for the thermodynamic perturbations to 

directly compare the effect of several parameters in one study. We quantified 

the impact of these perturbations on the number, nucleation density (= 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛

𝐶𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚 𝐴𝑟𝑒𝑎
 , µm-2), size, shape, dynamics, supersaturation (S= In 

𝐶𝑑𝑖𝑙𝑢𝑡𝑒

𝐶𝑠𝑎𝑡
, in which Csat is the concentration above which molecules demix from 

an homogenous system),  and the Gibbs free energy of partitioning 

(henceforth called free energy, ΔG = -RTInK, in which K=
𝐶𝑑𝑒𝑛𝑠𝑒

𝐶𝑑𝑖𝑙𝑢𝑡𝑒
 is the 

partition coefficient) (Figure 3.1 and  Figure 3.20 S1). 

Material concentrations inside (Cdense) and outside (Cdilute) viral inclusions 

were measured using the analytical strategies described in (Riback et al., 

2020; Shimobayashi et al., 2021) and shown in (Figure 3.1B and validated in 

Figure 3.21 S2). For this, we used the mean fluorescence intensity (MFI) of 
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NP as proxy of vRNP concentration (Amorim et al., 2011; Vale-Costa et al., 

2016b), as it is well established that most cytosolic NP is in the form of vRNPs 

(Amorim et al., 2011; Avilov et al., 2012a; Bruce et al., 2010; Eisfeld et al., 

2011a; Momose et al., 2011; Nturibi et al., 2017). With these values, it is 

possible to assess the change in free energy between conditions (ΔG = -

RTInK), given that the partition coefficient K (K= 
𝐶𝑑𝑒𝑛𝑠𝑒

𝐶𝑑𝑖𝑙𝑢𝑡𝑒
), which is the ratio 

between the concentrations of vRNPs in Cdense and Cdilute (Figure 3.1B). 

Our goal was to identify which perturbations translated into significant 

shifts in ΔG to further explore whether these resulted in dramatic alterations 

in the material properties of viral inclusions, by assessing their kinetics and 

dynamics (Figure 3.1C) and determine how they impact viral replication. 

 

Figure 3.1- Framework applied to define the rules for hardening IAV 

liquid inclusions or other condensates. 
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(A) To compare the contributions of entropy, concentration, and 

valency/strength/type of interactions, we subjected infected cells to the 

different perturbations; temperature, concentration of viral inclusion drivers 

(vRNPs and of Ras-related in brain 11a (Rab11a)) and number or strength of 

interactions between different vRNPs using the well-studied vRNP 

pharmacological sticker, nucleozin. (B) Our aim is to determine which 

amongst these perturbations impact more dramatically viral inclusions 

number, shape, size or Gibbs free energy of partitioning (free energy, ΔG). 

For this, we segmented circa 20 cells under the different conditions to 

measure the number of inclusions, area, aspect ratio, nucleation density and 

the amount of material inside (Cdense) and outside (Cdilute) viral condensates. 

With this, we calculated the partition coefficient K and extrapolated the ΔG. 

(C) When ΔG dramatically changed, we assessed how perturbations altered 

the material properties of IAV inclusions by determining how fast and how 

much they moved (using coarsening assays, particle tracking, fluorescence 

recovery after photobleaching (FRAP) and fluorescence loss after 

photoactivation (FLAPh)). The overall goal of this framework is to determine, 

for IAV, if and how liquid inclusions may be efficiently hardened. Additionally, 

the framework may be applied to other systems, including other viruses, for 

informed decisions on how to harden condensates. 

3.4.2 Changes in temperature mildly perturb IAV inclusions. 

Cellular homeostasis state is maintained at a narrow permissive 

physiological range, including temperature. However, biomolecular 

condensates respond to fluctuations in temperature, and we took advantage 

of this to assess the entropic contribution of free energy and evaluate whether 

regulating host cell metabolism could offer future solutions to harden IAV 

liquid inclusions (Figure 3.2A). We quantitatively analysed the viral inclusions 

formed in cells incubated at 4 ºC, 37 ºC and 42 ºC for 30 minutes at 8 hours 

post-infection (hpi) (representative images in Figure 3.2B). 
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Figure 3.2- Immunofluorescence images demonstrating changes in 

inclusions at different temperatures. 

A549 were infected at a multiplicity of infection (MOI) of 3 with PR8 virus for 

8 hrs (being the period of the lowest free energy), incubated at different 

temperatures (4ºC, 37ºC, 42ºC), fixed, and analysed by immunofluorescence 

using antibody staining against Rab11 and NP. (A) Schematic depiction of 

the experimental analysis workflow and (B) Representative images of fixed 

cells showing alterations in inclusions at different temperatures. Scale Bar = 

10 µm. 

This short duration in temperature shift did not alter the levels of 

cytosolic vRNPs, as expected (Figure 3.3A). Increasing the temperature from 

37º to 42ºC did not significantly change the size (Figure 3.3B), aspect ratio 

or number of viral inclusions (Figure 3.3B-E),but decreased the concentration 

of vRNPs in condensates (Cdense), and increased the nucleation density 

despite not altering the concentration of vRNPs in the milieu (Cdilute) (Figure 

3.3F-K). This means that increasing the temperature up to 42 ºC still 

maintains the system in a two-phase regime, but affects the nucleation 

capacity, increasing the number of inclusions. Of note, vRNPs become 

homogenously distributed in the cytosol at 43.5 ºC (data not shown). 

Importantly, this increase in temperature modestly destabilized the structure, 
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as observed by an increase in Gibbs free energy (-2167.3 ± 2361 J.mol-1@ 

37 ºC to -1477.9 ± 228 J.mol-1@ 42 ºC, mean ± SD, Figure 3.3L,M). 

Conversely, decreasing the temperature until 4ºC leads to an increase in the 

size of inclusions that is statistically significant from 42 ºC to 4ºC only (shift in 

area from 0.2896 ± 0.02 µm2 at 42 ºC to 0.3474 ± 0.05 at 4ºC), rounds up 

liquid inclusions, and decreases their nucleation capacity and abundance (the 

latter significant only considering 42 ºC and 4ºC, Figure 3.3B-F). A drop in 

temperature increases the concentration of vRNPs in inclusions (Cdense at 

37ºC of 3116.0 ± 0.05 AU, mean ± sd, and at 4ºC of 2144.5 ± 0.04 AU), and 

does not significantly change the stability of IAV inclusions as determined by 

Gibbs free energy (-2415.6±273 J.mol-1@ 4 ºC, Figure 3.3L,M). Overall, the 

data indicate that the temperature increasing from 4ºC to 42ºC shifts our 

system to smaller inclusions that have less vRNPs. However, Cdilute did not 

change but there is an increase in nucleation density which indicates that heat 

disruption of weak molecular interactions leads to alterations in nucleation, 

fusion, and fission, as reported previously (Iserman et al., 2020). However, 

we did not observe significant alterations in the stabilization of our system, 

supporting that alterations in the conditions tested for temperature do not 

affect the material properties of viral inclusions. 
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Figure 3.3- Temperature changes confer a modest alteration to 

inclusions properties. 

Biophysical parameters were extracted from images described in Figure 3.2, 

measuring NP intensity as a proxy for vRNPs (n = 15 - 20) by adapting the 

method published by (Riback et al., 2020; Shimobayashi et al., 2021) to 

determine concentration Cdense as the mean fluorescence intensity of vRNPs 

in the segmented IAV inclusions, while concentration Cdilute was extrapolated 

from the cytoplasmic vRNP intensity outside the inclusions. Each dot is the 

average value of a measured parameter within or outside IAV inclusions per 

cell, while the continuous black lines are non-linear fitted models for all data. 

Also, size and shape of inclusion was extracted from inclusions after image 

segmentation. Parameters that were normalized to an infection without IAV 

inclusions (3hpi) are indicated by a dashed horizontal line. Above each 

boxplot, same letters indicate no significant difference between them, while 

different letters indicate a statistical significance at α = 0.05. Abbreviations: 

AU, arbitrary unit. (A). Boxplot depicting the fold change in cytoplasmic to 

nuclear vRNP concentration; P = 0.684 by one-way ANOVA followed by 
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Tukey multiple comparisons of means. (B) Boxplot of viral inclusion area 

(µm2) per cell; P = 0.00234 by Kruskal Wallis Bonferroni treatment. (C) 

Boxplot of aspect ratio of inclusions; P < 0.001 by one-way ANOVA followed 

by Tukey multiple comparisons of means. (D) Scatter plot of inclusions 

circularity versus roundness. (E) Boxplot showing number of viral inclusions 

per cell; P < 0.001 by one-way ANOVA, followed by Tukey multiple 

comparisons of means. (F) Scatter plot of nucleation density (ρ = 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛

𝐶𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚 𝐴𝑟𝑒𝑎
 , µm-2) versus degree of supersaturation (S = In 

𝐶𝑑𝑖𝑙𝑢𝑡𝑒

𝐶𝑠𝑎𝑡
 ), as 

a measure of propensity to remain dispersed in the cytoplasm. (G) Boxplot of 

vRNP concentration within inclusions (Cdense (AU) P < 0.001 by one-way 

ANOVA, followed by Tukey multiple comparisons of means. (H) Scatter plot 

of Cdense (AU) versus surrounding cytoplasm (Cdilute, AU). (I) Scatter plot Cdense 

(AU) versus its total cytoplasmic vRNP concentration (Ccytoplasm, AU). (J) 

Boxplot showing Cdilute (AU); P = 0.203 by one-way ANOVA followed by Tukey 

multiple comparisons of means. (K) Scatter plot of Cdilute (AU) versus Ccytoplasm 

(AU). (L) Scatter plot of fold change in free energy of partition (ΔΔG, J.mol-1) 

where ΔG = -RTInK, and K = (
𝐶𝑑𝑒𝑛𝑠𝑒

𝐶𝑑𝑖𝑙𝑢𝑡𝑒
), and ΔΔG = ΔG – ΔG3 hpi, versus Cdilute 

(AU). (M) Boxplot of ΔΔG (J.mol-1); P < 0.001 by one-way ANOVA followed 

by Tukey multiple comparisons of means. 

3.4.3 Changes in concentration of viral inclusions’ drivers do not impact 

their liquid profile. 

Two factors were shown to drive the formation of IAV inclusions - vRNPs 

and Ras-related in brain 11a (Rab11a) (Amorim et al., 2011; Bruce et al., 

2010; Eisfeld et al., 2011a; Lakdawala et al., 2014; Nturibi et al., 2017; Vale-

Costa et al., 2016b; Veler et al., 2022). In fact, vRNP accumulation in liquid 

viral inclusions requires its association with Rab11a directly via the viral 

polymerase PB2 (Amorim et al., 2011; Veler et al., 2022), and the liquid 

character is maintained by an incompletely understood network of 

intersegment interactions bridging several cognate vRNP-Rab11 units on 
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flexible membranes. As the concentration of material is a key determinant for 

the physical properties of condensates (Hernández-Vega et al., 2017; 

Maharana et al., 2018; Riback et al., 2020; Weber and Brangwynne, 2015), 

we evaluated how concentration of these two drivers impacts the behaviour 

of IAV inclusions. 

For this, we took advantage of the fact that vRNP levels increase during 

infection (Kawakami et al., 2011), and we analysed viral inclusions over a time 

course, in two conditions: with endogenous levels of Rab11a (using cells 

expressing GFP, as in (Alenquer et al., 2019), Figure 3.4A) and 

overexpressing Rab11a (in the form of GFP-Rab11a, as in (Alenquer et al., 

2019), Figure 3.4B). With this approach, we aimed at analysing whether the 

material properties of viral inclusions changed over time and whether 

increasing the levels of Rab11 would alter these properties. This strategy 

would reveal if regulating Rab11a activity could harden IAV liquid inclusions. 

In GFP expressing cells, as the progeny vRNP pool reaches the 

cytosol (Figure 3.5A), viral inclusions augment in size (from 0.172 ± 0.04 to 

0.289 ± 0.06 µm2, mean ± SD, Figure 3.5B), with similar aspect ratio (Figure 

3.5C,D). There is a mild reduction in the number of inclusions from 8hpi 

onwards, as measured by the nucleation density () (Figure 3.5E-G). As 

infection progresses, the concentration of vRNPs inside condensates 

increases until 8 hpi (Figure 3.5H-J), accompanied by an increase in the 

diluted cytosolic phase (Figure 3.5I,K,L), and both parameters stabilise 

thereafter, indicating that the critical concentration occurs around 8 hpi. 

Importantly, Gibbs free energy (normalised to 3 hpi) is lowest at 6 hpi 

(-1799.0 ± 623 J.mol-1) and destabilises mildly onwards (-1139.8 ± 382, -

1131.2 ± 444 and -833.8 ± 342 J.mol-1 @ 8, 12 and 16 hpi, respectively) 

(Figure 3.5M-O). These results are consistent with the increase in cytosolic 

vRNP leading to bigger sized inclusions (Figure 3.5B) that overall maintain 
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the same concentration although becoming modestly destabilised, 

suggesting that the material properties are also modestly affected. 

 

Figure 3.4- Immunofluorescence images demonstrating a 

concentration-dependent change in inclusions properties. 

A549 cells stably expressing (A) GFP, or (B) Rab11a-WT were infected at a 

MOI of 3 with PR8 virus and, at the indicated time points, were fixed, and 

analysed by immunofluorescence (IF) using antibody against NP (as a proxy 

for vRNPs). 

Schematic depiction of the experimental analysis workflow and representative 

immunofluorescence images of infected and fixed cells at different hpi (a 
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proxy for changing cytoplasmic vRNP concentration); NP (green), Rab11 

(red), and nucleus (blue). Scale bar = 10 µm. 

When overexpressing Rab11a, cytosolic vRNPs also accumulated in 

viral inclusions that increased with infection (Figure 3.5A,B, from 0.243 ± 0.03 

to 0.385 ± 0.04 µm2), but were significantly bigger than viral inclusions in GFP 

expressing cells, revealing a higher nucleation density (Figure 3.5E-G) and 

similar aspect ratio (Figure 3.5C,D), Cdense (Figure 3.5H-J) and Cdilute (Figure 

3.5I,K,L). The lowest value of Gibbs free energy occurs at 8 hpi (-1337.7 ± 

331 J.mol-1) and destabilises from then onwards (-1145.3 ± 443 and -895.3 ± 

394 J.mol-1 @ 12 and 16 hpi, respectively, Figure 3.5M-O). This is consistent 

with Rab11a overexpression giving rise to bigger viral inclusions that overall 

contained the same vRNP concentration and destabilise slightly later. 
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Figure 3.5- Concentration changes modestly alter inclusions properties. 

 Each dot is the average value of measured parameter per cell, and the 

continuous black lines are non-linear fitted models for all data. Above each 

boxplot, same letters indicate no significant difference between them, while 

different letters indicate a statistical significance at α = 0.05 using one-way 
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ANOVA, followed by Tukey multiple comparisons of means for parametric 

analysis, or Kruskal-Wallis Bonferroni treatment for non-parametric analysis. 

Abbreviations: AU, arbitrary unit. (A) Boxplot depicting the fold change in the 

ratio of cytoplasmic to nuclear vRNPs concentration at different times of 

infection, with endogenous and overexpressed Rab11a at 8hpi. P < 0.001; 

Kruskal Wallis Bonferroni treatment. (B) Boxplot of inclusion area per cell; P 

< 0.000216; one-way ANOVA, followed by Tukey multiple comparisons of 

means. (C) Boxplot of inclusion aspect ratio; P = 0.033422; Kruskal Wallis 

Bonferroni treatment. (D) Scatter plot of inclusion circularity versus 

roundness. (E) Scatter plot showing nucleation density (ρ, µm-2) versus 

degree of supersaturation (S). (F) Dot plot and model depicting nucleation 

density (ρ, µm-2). (G) Boxplot of inclusion number per cell at different hpi. P = 

0.001; Kruskal Wallis Bonferroni treatment. (H) Boxplot of Cdense (AU); P < 

0.001; Kruskal Wallis Bonferroni treatment. (I) Scatter plot of Cdense (AU) 

versus Cdilute (AU). (J) Scatter plot of Cdense (AU) and Ccytoplasm (AU). (K) Boxplot 

of Cdilute (AU); P < 0.001; Kruskal Wallis Bonferroni treatment. (L) Scatter plot 

of Cdilute (AU) versus Ccytoplasm (AU) with time of infection. (M) Boxplot of ΔΔG 

(J.mol-1); P < 0.001; Kruskal Wallis Bonferroni treatment. (N) Scatter plot of 

ΔΔG (J.mol-1) relative to 3 hpi versus area of inclusion. (O) Scatter plot of 

ΔΔG versus Cdilute (AU). 

Importantly, in the two conditions and over the course of infection, viral 

inclusions maintained a liquid character with fusion and fission events taking 

place (Figure 3.6). Therefore, these data indicate that altering the 

concentration of vRNPs and/or Rab11a affects the size but modestly impact 

IAV inclusions’ material properties. 
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Figure 3.6- IAV inclusions containing endogenous Rab11a undergo 

fusion and fission. 

A549 cells stably expressing GFP (top panel, extracted from live cell imaging 

videos), or Rab11a-WT (bottom panel, extracted from live cell imaging 

videos) were transfected with a plasmid encoding mCherry-NP and 

simultaneously co-infected with PR8 virus at an MOI of 10 and were live 

imaged at 12 – 16 hpi. Representative time lapse image of fission (blue arrow) 

and fusion (yellow arrow) dynamics of viral inclusions. 

3.4.4 The increase in type/ strength of interactions dramatically stabilizes 

IAV inclusions.  

Another critical regulator of condensate properties is how its components 

interact (reviewed in (Alberti and Hyman, 2021)). Therefore, we predict that 

oligomerizing vRNPs to each other or to Rab11a will change the 

viscoelasticity of condensates similar to chemically cross-linked iPOLYMER 

for intracellular hydrogels (Nakamura et al., 2018). For IAV, it was shown by 

many independent groups that the drug nucleozin operates as a 

pharmacological sticker that oligomerizes all forms of NP (Amorim et al., 

2013; Kao et al., 2010; Nakano et al., 2021). In fact, it was demonstrated that 

the drug nucleozin has affinity for 3 different sites of NP (Kao et al., 2010) 

chemically polymerizing NP either free or vRNPs in a reversible manner 

(Amorim et al., 2013). 
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Interestingly, nucleozin was described as a novel class of influenza 

antivirals targeting the viral protein NP, potently inhibiting IAV replication in 

ex-vivo and in mouse model of influenza infection (reviewed in (Cianci et al., 

2013)). However, it readily caused escape mutant viruses carrying a single 

substitution Y289H in NP (Kao et al., 2010). Despite the capacity to promote 

resistance, our strategy is to use nucleozin as a well-known tool to probe the 

effects of increasing the number and type of intra and inter-vRNP interactions 

in the material properties of IAV inclusions (Figure 3.7). 

 

Figure 3.7- Schematics demonstrating nucleozin as a tool to harden IAV. 

IAV inclusions in PR8 infected cells growing in complete media displayed 

liquid-like properties. Upon exposure to nucleozin, inclusions form a hardened 

meshwork. 

With this reasoning, we evaluated the thermal stability of inclusions in 

the presence or absence of nucleozin in order to confirm its pharmacological 

sticker activity (Sridharan et al., 2019). It is well established that increasing 

temperature shifts a thermodynamics system to a homogeneous mix. In 

agreement, when we exposed IAV infected cells to a range of temperatures 

(4ºC, 37ºC and 42ºC), we found that higher temperatures yield smaller 

inclusions tending towards its homogenous distribution in the cytoplasm 

(Figure 3.8). Interestingly, when infected cells were exposed to the same 
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thermal conditions after nucleozin treatment, inclusions were irresponsive to 

thermal fluctuation, maintaining their stability (Figure 3.8). 

 

Figure 3.8- Hardened inclusions are thermally stable. 

A459 cells were infected with PR8 at a MOI of 3. At 7.5 hpi the infected cells 

were treated with 5 µM Ncz or DMSO for 30 mins at 37ºC before being 
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subjected to thermal stress at 4ºC, 37ºC and 42ºC for 20mins and fixed for 

immunofluorescence analysis by staining with antibody against NP (green), 

Rab11 (red) and nucleus (blue). Representative image with Scale Bar = 10 

µm. 

Next, we tracked how nucleozin affected IAV liquid inclusions, by 

exposing the infected cells to this drug for different periods ranging from 5 min 

to 2h. We observed that nucleozin-treated inclusions form a multi-shaped 

meshwork unlike the rounded liquid droplets formed without nucleozin from 

20 min post addition (Figure 3.9). 

 

Figure 3.9- Nucleozin induces a mesoscale meshwork of IAV inclusions. 
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A549 cell were infected at a MOI of 3 with PR8 virus for 8 hrs, then incubated 

with a vRNP pharmacological sticker, nucleozin (Ncz) for different time 

periods from 5mins to 2hrs before fixing and analysis by immunofluorescence 

using antibody staining against NP (green) and Rab11 (red). Schematic 

depiction of the experimental analysis workflow and representative image of 

infected cells, fixed before and after Ncz treatment. Scale bar = 10µm. 

Nucleozin affected the concentration of vRNPs in the cytosol that 

decreased with the time of treatment (Figure 3.10A), presumably by blocking 

vRNP nuclear export and/ or changes accessibility of antibodies to 

oligomerized NP. Conversely, nucleozin-treatment increased the size of viral 

inclusions (from 0.284 ± 0.04 without nucleozin to 1.02 ± 0.18 µm2 with 2 h 

treatment, Figure 3.10B), which lost circularity (0.893 ± 0.02 without 

nucleozin to 0.761 ± 0.02 2h treatment, Figure 3.10C,D) and roundness 

(0.734 ± 0.01 without nucleozin to 0.672±0.02 with 2h treatment, Figure 

3.10C,D) and decreased in number (from 366.2 ± 133,6 to 48.1 ± 34.0 after 

2h treatment Figure 3.10E,F), suggesting that they were stiffer. 

Interestingly, Cdense increased dramatically (from 2125.8 ± 0.09 without 

nucleozin to 3650.0 ± 0.03 with 2h nucleozin), Figure 3.10G-I) and Cdilute 

decreased and became stable after 20 min treatment (from 766.2 ± 213.0 

without nucleozin to 330.2 ± 94.0 after 2h treatment, Figure 3.10H,J,K). 

Importantly, these structures were energetically more stable, with lower free 

energy (from -1711.1 ± 397 J.mol-1 without nucleozin to -5388.4 ± 808 J.mol-

1 2 h post nucleozin addition (Figure 3.10L,M). 
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Figure 3.10- Increased interaction number and strength IAV inclusions. 

Using images in Figure 3.9, biophysical parameters were extracted and 

analysed as shown in Figure 3.4. Each dot is the average value of measured 

parameter per cell, while the continuous black lines are non-linear fitted 

models for all data. Conditions normalized to an infection state without IAV 

inclusions (3 hpi) are indicated by a dashed black horizontal line. Above each 

boxplot, same letters indicate no significant difference between them, while 

different letters indicate a statistical significance at α = 0.05 using one-way 

ANOVA, followed by Tukey multiple comparisons of means for parametric 

analysis, or Kruskal-Wallis Bonferroni treatment for non-parametric analysis. 

Abbreviations: AU, arbitrary unit, CM, complete media and Ncz, nucleozin. 

(A) Boxplot depicting the fold change in the ratio of cytoplasmic to nuclear 

vRNPs concentration before and after Ncz (5 mM) treatment at 8hpi; P = 

6.16e-14; Kruskal Wallis Bonferroni treatment. (B) Boxplot of inclusion area 

per cell; P < 0.001; Kruskal Wallis Bonferroni treatment. (C) Boxplot of 

inclusion aspect ratio; P < 2e-16; Kruskal Wallis Bonferroni treatment. (D) 
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Scatter plot of inclusion circularity versus roundness. (E) Boxplot showing the 

number of inclusions per cell; P < 0.001; Kruskal Wallis Bonferroni treatment. 

(F) Scatter plot of nucleation density (ρ, µm-2) versus degree of 

supersaturation (S). (G) Boxplot showing increasing inclusion Cdense (AU) with 

increasing Ncz incubation period. P < 0.001; Kruskal Wallis Bonferroni 

treatment. (H) Scatter plot of Cdense (AU) versus Cdilute (AU). (I) Scatter plot of 

Cdense (AU) and Ccytoplasm (AU). (J) Boxplot showing Cdilute (AU; P < 0.001; 

Kruskal Wallis Bonferroni treatment. (K) Scatter plot of Cdilute (AU) versus 

Ccytoplasm (AU). Coloured lines are non-linear fitted models of grouped data 

points in the graph. (L) Scatter plot of ΔΔG, J.mol-1 versus Cdilute, (AU). (M) 

Boxplot of fold change in free energy of partition (ΔΔG, cal.mol-1); P < 0.001; 

Kruskal Wallis Bonferroni treatment. 

Together, the data suggest that stabilizing vRNP interactions changes 

inclusions more efficiently than the other strategies tested above (Figure 

3.11). 

 

Figure 3.11-Model depicting a nucleozin-dependent interaction strength 

of IAV inclusions. 
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The mesoscale inclusion hardening, size augmentation and shape alterations 

are the consequences of nucleozin-induced vRNP stabilization at the 

molecular level. 

3.4.5 Modifiers of strength/type of interaction between vRNPs harden 

liquid IAV inclusions. 

Changing the strength of interactions amongst vRNPs impacted viral 

inclusions’ thermodynamics the most. Therefore, we next sought to 

characterize if nucleozin altered their material properties. To achieve this, we 

first established the ability of IAV inclusions to respond to shock treatments 

by exposing them to hypotonic and 1,6-hexanediol shock treatments at 

different concentrations and time (Figure 3.12A-C). Our data showed that 

native inclusions are maintained in complete media (Figure 3.12A,C) but 

begin to dissolve in a manner that is proportional to the concentration and 

exposure time of 1,6-hexanediol (Figure 3.12B,C) and hypotonic shocks 

(Figure 3.12B,C). A 5 min or 30min shock in 80% H2O or 1,6-hexanediol 

respectively (Figure 3.12B,C) is sufficient to dissolve viral inclusions and will 

therefore be used onwards. 
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Figure 3.12- Inclusions respond to shock treatments in a time-

dependent manner. 

293T cells were infected with PR8 for 7 hrs at a multiplicity of infection (MOI) 

of 3, grown in (A) complete media for 50mins as control or (B) incubated for 
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5-50 mins with 3.5% 1,6-Hexanediol, 5% 1,6-hexanediol or 80% water 

(hypotonic shock). Representative immunofluorescence images show IAV 

inclusions (NP, green, Rab11, red). Scale bar = 5 µm. (C) quantification of 

cells expressing inclusions before and after exposure to shock treatments, *** 

P < 0.0001; one-way ANOVA. 

We then examined if nucleozin-treated viral inclusions maintained the 

ability to dissolve upon shock treatments. We observed that native inclusions 

responded to shock treatment as expected, however, nucleozin strongly held 

inclusions together that did not dissolve when exposed to either hypotonic or 

1,6-hexanediol shock treatments (Figure 3.13A-C). This lack of response to 

shocks suggests that IAV inclusions undergo hardening when vRNP 

interactions are stronger. 

 

Figure 3.13- IAV inclusion response to hypotonic and 1,6-hexanediol 

shocks is lost when pre-treated with nucleozin. 

A549 cells were infected with PR8 for 7 hrs at a multiplicity of infection (MOI) 

of 3, treated with 5 µM nucleozin (Ncz) or vehicle (DMSO) for 1hr and shocked 

with 80% water (hypotonic shock, Hyp, 5% 1,6-hexanediol (Hex) or complete 

media (CM) as control. (A) Schematics of inclusion shock adaptation after 
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Ncz or DMSO treatments. (B) Representative immunofluorescence image 

showing IAV inclusions (NP, as proxy) response to shock treatments. (C) 

Boxplot showing percentage cells with inclusions after manual scoring. P < 

0.001; Kruskal Wallis Bonferroni treatment. 

To formally establish that IAV liquid inclusions can be hardened, we 

compared the dynamics of viral inclusions in the presence or absence of 

nucleozin using four different approaches. First, we assessed their movement 

and measured speed and displacement from their point of origin (Figure 

3.14A). Native liquid inclusions (treated with sham vehicle - DMSO) display a 

highly stochastic movement and long displacement, whilst nucleozin-

hardened inclusions were less mobile with smaller displacement, as observed 

by analysing loss of movement in individual tracks (Figure 3.14B). There is 

an overall reduction in mean square displacement (MSD) with nucleozin 

(Figure 3.14C,D) that results in a lower MSD at 100 sec (MSD100sec
 = 0.838 ± 

1.17 µm2 without nucleozin, shifting to 0.057 ± 0.22 µm2 with treatment, 

median ± SD, Figure 3.14C,D). 

In a second approach, we measured the time that two droplets take to 

relax to a sphere upon fusion by coarsening assays (shifting the aspect ratio 

from 2 to 1, Figure 3.15A). DMSO-treated inclusions relax fast to a single 

sphere upon fusion (5.8 ± 1.94 s; mean fusion time ± SEM, Figure 3.15B), 

shifting the aspect ratio from 2 to 1 (Figure 3.15C,D). Nucleozin-treated 

inclusions retain a stable aspect ratio over time (Figure 3.15D), as they are 

unable to fuse (Figure 3.15C,D). The results demonstrate that nucleozin 

stiffens IAV inclusions. 
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Figure 3.14- Nucleozin treated inclusions lose mobility. 

A549 cells were transfected with plasmids encoding either GFP-NP and co-

infected with PR8 virus at a multiplicity of infection (MOI) of 10. After 12 h, the 

cells were incubated in 5 µM Ncz or DMSO for 1 h and live imaged for tracking 

inclusion movements. (A) Scheme showing how IAV inclusions were tracked 

over time from the point of origin at time zero (t0) (B) Line graph the 

trajectories of IAV inclusions (GFP-NP, as proxy) after DMSO or nucleozin 

(Ncz) treatments (C) Boxplot of the mean square displacement (µm2) of IAV 

inclusions. (D) Graph showing the mean square displacement (µm2) versus 

time (sec) of IAV inclusions (NP, as proxy). 
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Figure 3.15- Inclusion liquid-like coalescence is lost upon nucleozin 

treatment. 

A549 cells were transfected with plasmids encoding either GFP-NP and co-

infected with PR8 virus at a multiplicity of infection (MOI) of 10 for 12 hrs, 

before a 1 hr treatment with 5 µM Ncz or DMSO and live imaging of inclusions 

fusion dynamics. (A) Schematics of the coarsening assay model, in which 

liquid and hardened IAV inclusions are represented by orange and blue dots, 

respectively. Unlike hardened inclusions, native liquid inclusions are expected 

to fuse into a spherical droplet upon touching. (B) Pseudo-coloured time-

lapse images of coalescing viral inclusions (GFP-NP used as proxy; extracted 

from live cell videos). Scale bar = 2 µm. (C) Aspect ratio was used as a 

measure of IAV inclusion coalescence into a sphere. Mean aspect ratio per 

time was fitted to a linear model (bold coloured lines). Horizontal grey dash 

lines depict a perfect sphere (aspect ratio = 1). (D) Boxplot of the fusion time 

(sec) of IAV liquid inclusions treated with DMSO. Dots represent fusion time 

of individual fusion event. 
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In a third approach, the molecular dynamics of IAV inclusions was 

assessed by Fluorescence Loss After Photoactivation (FLAPh). In a live 

imaging experiment, a region of interest (ROI) was photoactivated and its 

decay profile monitored for 120 seconds (Figure 3.16). 

 

Figure 3.16- Schematic representation of a pulse-chase fluorescence 

loss after photoactivation (FLAPh). 

At steady state there is no fluorescence, but when pulsed by light (405 nm) at 

a region of interest (ROI), the fluorophores in the ROI are activated emitting 

at 455nm (green fluorescence). In the ensuing chase period, the green, 

fluorescent particles can be tracked over time as materials are exchanged 

with particles in the inactivated regions. Therefore, fluorescence in the 

activated ROI is diluted while the fluorescence is gained at the inactivated 

region. This exchange is proposed to happen only in fluid materials but not in 

rigid materials. 

After fitting data with a single exponential model, the plot showed that 

DMSO- and nucleozin-treated inclusions exhibited distinct decay profiles, rate 

constant and mobile fractions, with half-life of 14.41 ± 0.9 s (mean ± SEM) 

and 85.02 ± 19.8 s, respectively (Figure 3.17A-F). This indicates that 

nucleozin treated inclusions become more static (less mobile). 
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Figure 3.17- The native IAV Inclusion dynamicity is lost when treated 

with nucleozin. 

A549 cells were co-transfected with plasmids encoding photoactivatable 

GFP-NP (paGFP-NP) and mcherry-NP (internal control) and simultaneously 

infected with PR8 virus at an MOI of 10. At12hpi, cells were treated for 1hr 

with 5 µM Ncz or DMSO, after which inclusions (paGFP-NP and cherry-NP 

as proxy) at specific region of interest (ROI) were photoactivated with 405 nm 

light and tracked by live-imaging for 120 sec. Above each boxplot, same 

letters indicate no significant difference between them, while different letters 

indicate a statistical significance at α = 0.05. (A) Time lapse pseudo-colour 

images showing the fluorescence loss in photoactivated IAV inclusions 

(photoactivatable GFP-NP used as proxy) upon treatment with Ncz or DMSO) 

(B) Normalized fluorescence intensity decay of photoactivated IAV inclusions. 

Coloured lines are single exponential model fitting (y0 = (1-a) + ae-kt) of the 

data point, dots are the mean of the data per second, and vertical lines denote 

the standard deviation (SD) per time (sec). (C) Half-life (t1/2 =  
𝐼𝑛(2)

𝑘
, 𝑘 =

 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) of IAV inclusions decay post-activation (sec). P = 1.386e-6; 

Kruskal Wallis Bonferroni treatment. (D) Decay constant (sec-1) of inclusions. 

P = 1.386e-6; Kruskal Wallis Bonferroni treatment. (E) Mobile fraction of 
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inclusions. P = 0.000475; Kruskal Wallis Bonferroni treatment. (F) Dot plot 

showing every data point of normalized fluorescence decay of photoactivated 

IAV inclusions. Coloured lines are single exponential model fitting (y0 = (1-a) 

+ ae-kt) of the data point, dots are the mean of the data per second, and 

vertical lines denote the standard deviation (SD) per time (sec). 

Lastly, we measured the internal rearrangement in viral inclusions. 

Because of the small size and highly dynamic nature of IAV inclusions, 

previous attempts to perform Fluorescence Recovery After Photobleaching 

(FRAP) experiments resulted in highly variable recovery rates. Therefore, we 

were unable to accurately determine if internal rearrangements were taking 

place viral inclusions (Figure 3.18A-D) (Alenquer et al., 2019; Amorim et al., 

2011). 
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Figure 3.18- Fluorescence recovery after photobleaching (FRAP) 

demonstrating dynamic material exchange and rearrangement between 

inclusions 

(Adapted from Alenquer et al 2019). 

(A) Schematic representation of the FRAP experiment. Upon photobleaching 

of fluorescent particles in a region of interest (ROI), material exchange with 

inactivated particles outside the ROI results in fluorescence recovery in the 

ROI. (B - D) A549 cells were transfected with a plasmid encoding GFP-NP 

and infected with PR8 virus, at an MOI of 5. From 10-16hpi, individual 

inclusions were photobleached to fluorescence recovery of IAV inclusions 

(GFP-NP as proxy) (B) A representative cell is shown. The fluorescence 
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signal of viral inclusions in this cell is depicted as: average intensity (in red), 

standard deviation (in green), the merge of both, and coefficient of variation. 

Two areas of viral NP inclusions, highlighted in purple and cyan boxes, were 

selected for fluorescence recovery after photobleaching (FRAP). Bar = 10 μm. 

(C) R.F.I. was plotted as a function of time for the means of 25 FRAP events 

(left graph). The means are shown (black) with error bars representing the 

standard deviation (gray). The percentage of recovery of each photobleached 

region is shown for specific times (right graph), with medians represented as 

red bars. A single experiment representative of two independent experiments 

is shown. (D) The photobleached regions are marked by a yellow circle. The 

black arrowhead indicates the time of photobleaching. Relative Fluorescence 

Intensity (R.F.I.) was plotted as a function of time for each particle. 

As the microtubule depolymerising drug nocodazole largely blocks the 

movement of IAV inclusions, rendering them larger and more spherical 

(Amorim et al., 2011; Avilov et al., 2012a; Nturibi et al., 2017), we opted for 

bleaching IAV inclusions upon treating them with nocodazole (Figure 

3.19A,B). In native conditions, the photobleached region quickly disappeared, 

consistent with internal rearrangement of vRNPs inside IAV inclusions, whilst 

in nucleozin-treated inclusions, the photobleached area remained unaltered, 

revealing stiffness (several examples in Figure 3.19B). 

Taken together, DMSO- and nucleozin-treated IAV inclusions exhibit 

distinct responses to shocks, dynamics, internal rearrangement and 

coalescing properties, supporting that nucleozin hardens IAV liquid 

inclusions. 
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.  

Figure 3.19- Fluorescence loss after photobleaching (FRAP) 

demonstrating the lack of dynamic material exchange and 

rearrangement in inclusions treated with nucleozin. 

A549 cells were transfected with plasmids encoding mcherry-NP and co-

infected with PR8 virus at an MOI of 10. At 12hpi, cells were treated with 

nocodazole (10 µg/mL) for 2h to reduce the highly stochastic motion of liquid 

IAV inclusions and subsequently treated with DMSO or nucleozin (Ncz, 5µM). 

Small regions inside IAV inclusions were photobleached to assess internal 

rearrangement of vRNPs (mCherry-NP as proxy). (A) Schematics of 

experimental workflow. (B) Time lapse pseudocolor images shows the 

fluorescence recovery after photobleaching (FRAP).  
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3.5 Discussion 

Phase transitions are important for the regulation of key cellular 

programmes including transcriptional control (Hnisz et al., 2017), signal 

transduction (Case et al., 2019a), molecular biochemistry (Banani et al., 

2017; Wheeler and Hyman, 2018), cellular noise (Riback and Brangwynne, 

2020), granulostasis (Alberti et al., 2017; J. Wang et al., 2018), amongst 

others. However, aberrant phase transitions that originate from changes in 

material properties such as liquid to solid phase transition (reviewed in (Alberti 

and Dormann, 2019)) have been implicated in stress adaptation (reviewed in 

(Franzmann and Alberti, 2019; Rabouille and Alberti, 2017)), 

neurodegenerative diseases (reviewed in (Elbaum-Garfinkle and 

Brangwynne, 2015; Nedelsky and Taylor, 2019)) and cancer (reviewed in 

(Spannl et al., 2019)). 

Condensates formed during viral infections namely IAV, SARS-CoV-2, 

measles, Rabies virus, VSV etc, are known to display a liquid profile that may 

support critical function (such as viral genome transcription, replication and 

assembly) during their life cycles (reviewed in (Etibor et al., 2021; H. Li et al., 

2022; Lopez et al., 2021; Luzak, 2022; Wei et al., 2022; Wu et al., 2022)). 

Therefore, we and others hypothesised that changing the material properties 

of liquid viral condensates results in the alteration of their function and may 

abrogate viral replication. This is important as liquid viral condensate 

hardening was recently reported to abrogate hRSV replication (Risso-

Ballester et al., 2021). 

In our work, we provided a framework for assessing the impact of the 

well-known and modifiable biophysical parameters of intracellular phase 

transitions namely temperature, concentration, and type/ strength of 

interactions. Assessment of these parameters demonstrated that modulation 

of the type/ strength of molecular interactions within IAV inclusions generated 
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the most profound effect on the condensates and is therefore the best 

strategy to harden IAV inclusions for hampered function. 

In the presence of thermal fluctuations, IAV Inclusions appear bigger at 

a low temperature (4ºC) and begin to dissolve into smaller but numerous 

microstructures at a high temperature (42ºC). This behaviour is most common 

for in vitro biomolecular condensates exhibiting a UCST phase diagram 

((Quiroz and Chilkoti, 2015) and reviewed in (Falahati and Haji-Akbari, 

2019)). Here, phase transition occurs only below the critical temperature. 

Beyond this upper critical temperature, a regime of homogeneous mixture 

that starts to emerge like IAV inclusions at 42ºC and beyond. This 

homogeneous behaviour may be due to destabilization of interactions within 

the components of viral inclusions. Importantly, IAV inclusions do not display 

a hardened profile irrespective of the thermal state. 

Furthermore, changes in the concentration of molecules that are known 

to partition into IAV inclusions (viz. vRNPs and Rab11a) only increased the 

sizes and saturation concentration as infection progresses with time. 

However, the inclusion densities at high vRNP and Rab11a concentrations 

were not sufficient to yield hardened inclusions. In fact, these inclusions 

readily exhibited a fluid fusion and fission dynamics regardless of size and 

concentration, as is expected of a liquid viral condensate. Moreover, IAV 

inclusions displayed a non-fixed Csat that is typically exhibited by in vivo 

condensate systems governed by multicomponent thermodynamics (Riback 

and Brangwynne, 2020). Due to the heterogeneity of its component 

molecules, the behaviour of IAV inclusions does not fit with biomolecular 

condensates originating from a binary system where Csat is fixed (reviewed in 

(Riback and Brangwynne, 2020)). Despite changes in the concentration of its 

molecular constituents, IAV inclusions retain their innate liquid behaviour 

including the ability to fuse and divide, adapt readily to shock, and display 

rapid dynamics. 
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Interestingly, upon exposure to pharmacological sticker, nucleozin, the 

thermodynamics landscape of IAV inclusions was drastically changed. This 

resulted in the free energy stabilization of a rather destabilizing liquid IAV 

inclusion as would be expected for c-mods. Stabilization of the free energy 

landscape was previously reported for high valency interactions (Riback et 

al., 2020), which in the case of IAV led to the hardening of liquid inclusions. 

This hardening phenotype is characteristic of aberrant biomolecular 

condensates exemplified by neurodegenerative diseases and cataract 

(reviewed in (Elbaum-Garfinkle and Brangwynne, 2015; Nedelsky and Taylor, 

2019; Vekilov, 2010)). However, pharmacological hardening during IAV 

infection creates a unique opportunity that favours normal cellular physiology 

over viral replication by forming aberrant viral inclusions with significantly 

reduced dynamics, mobility, and fusibility. 

In sum, increasing interaction type/ strength is the key to hardening IAV 

inclusions; a process that is not dependent on thermal or concentration 

changes. This are unexpected results that, in practical terms, suggest that 

regulating endothermic reactions close to viral inclusions or the concentration 

of components within viral inclusions is unlikely to yield an efficient strategy 

to harden these structures in a way that could be used to block IAV infection. 

Conversely, investing in strategies able to increase the strength of 

interactions between inclusions, or reducing the flexibility of vRNPs may 

provide innovative solutions to block viral infections. Here we did not test what 

are the parameters that could result in abrogation of the formation or 

dissolution of viral inclusions. These strategies are known to reduce viral titres 

(Alenquer et al., 2019; Amorim et al., 2013; Bruce et al., 2010; Eisfeld et al., 

2011a; Ganti et al., 2021; Han et al., 2021; Kao et al., 2010). 

Our framework for assessing the material properties may be applied 

to other cellular and viral condensates to determine the best therapeutic 

strategies. Since we were able to target liquid inclusions for pharmacological 
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hardening, drug selectivity of c-mods would be a vital to the advancement of 

condensate therapeutics. 

As a result of the off target effects observed in hRSV condensate 

inhibitors cyclopamine and A3E (Risso-Ballester et al., 2021), in the next 

chapter, we will address the condensate drug selectivity challenge. 
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3.6 Materials and methods 

3.6.1 Cell lines 

GFP-Rab11a-WT and GFP-Rab11a-DN cell lines were produced in-

house and characterised in (Alenquer et al., 2019), while human basal 

alveolar epithelial cell (A549) and human embryonic kidney 293 cells 

expressing a mutant version of the SV40 large T 158 antigen (HEK293T aka 

293T) were generous gifts from Prof Paul Digard, Roslin Institute, UK. 

3.6.2 Cell culture 

Cells were cultured in complete media constituting Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco®, 21969035) supplemented with 

fetal bovine serum (FBS, Gibco®, ThermoFisher, 10500064), 10% (v/v), 200 

mM L-glutamine (Life Technologies, 25030-024), and 100 U/ml penicillin, 10 

μg/ml streptomycin (Biowest, L0022-100, 1% (v/v)). Every 3-4 days, confluent 

cells were sub-cultured in T75 flasks using trypsin-EDTA (Biowest, X0930-

100) and incubated at 37ºC, 5% CO2. 

3.6.3 Transfection 

To tag vRNPs during in infection, A549 or GFP-Rab11-WT cells grown to 70% 

confluency in 8-well glass-bottomed dish (Ibidi), infected with PR8 virus and 

transfected with plasmids encoding mcherry-NP (200 ng/ µL), GFP-NP (200 

ng/ µL) or mcherry-NP (100ng/ µL) and photoactivatable GFP-NP (200 ng/ 

µL), using Lipofectamine LTX (ThermoFisher, 15338100) or jetPRIME 

(Polyplus, 101000015) in Reduced Serum Medium Glutamax™ (OptiMEM™; 

Gibco™, ThermoFisher, 51985026) according to the manufacturer’s 

instructions, and incubated for 12- 16 hours. 
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3.6.4 Influenza A virus strains 

Reverse-genetics (RG) derived A/Puerto Rico/8/34 (PR8, H1N1) 

(kindly provided by Prof. Ron Fouchier) was used as model virus. Viruses 

were grown in eggs as following: embryonated chicken eggs were incubated 

at 37ºC for 10 days. After that, the eggshell was lightly sanded with a rotary 

tool and a hole was pierced with a sterile 27G needle on top of the egg and 

on the opposite side of the embryo. Through that hole, 100 PFU of virus 

diluted in 200μl PBS were injected into the allantoic fluid of the egg. Infected 

eggs were incubated at 37ºC for 2-3 days, and then at -20ºC for 2h. Viruses 

were collected by opening the eggs and carefully retrieving the allantoic fluid. 

After centrifugation at 3500g, 5min, 4ºC to remove debris, the virus solution 

titrated by plaque assay and aliquoted and kept at -80ºC. 

3.6.5 Viral infection 

Cells were seeded in culture plates at appropriate density and 

incubated overnight. Virus inoculum was added in serum-free DMEM at the 

MOI of 3 (for fixed samples) or MOI of10 (for live imaging) and incubated for 

45min. Afterwards, cells were overlaid with complete media and incubated at 

37ºC, 5% CO2 for the indicated time. 

3.6.6 Drug treatment 

Nucleozin was dissolved in dimethyl sulfoxide (DMSO) and used at a 

final concentration of 2 µM (immunofluorescence staining and virus titres) or 

5 µM (live imaging), while 1,6-Hexanediol was dissolved in DMEM and used 

at 5 % (w/v). Also, Nocodazole (Noc) (Sigma) was dissolved in DMSO and 

used at a final concentration of 10 μg/ mL. 
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3.6.7 Condensate shock treatment 

PR8 infected cells grown in OptiMEM media were replaced with either 

80%(v/v) of H2O or 5%(w/v) 1,6-Hexanediol in OptiMEM for 10 min or 30 min 

respectively. Thereafter, cells were either directly fixed or allowed to recover 

in OptiMEM for 1 h before fixing and processing for immunofluorescence 

imaging. The number of cells expressing inclusions were quantified manually 

and normalised to conditions in normal media. 

3.6.8 Immunofluorescence 

Cells were fixed for 10 min with 4% formaldehyde and permeabilized 

for 7 min with 0.2% (v/v) Triton-X-100 in PBS. Thereafter, they were incubated 

with the indicated primary antibodies for 1 h at RT, washed thrice with 1% 

(v/v) neonatal calf serum (NCS) in phosphase buffered saline (PBS) and 

incubated for 45 min with Alexa fluor conjugated secondary antibodies and 

Hoechst. Antibodies used were rabbit polyclonal against Rab11a (1:100; Life 

Technologies, 715300), and mouse monoclonal against NP (1:1000; Abcam, 

20343). Secondary antibodies were all from the Alexa Fluor range (1:1000; 

Life Technologies). Following washing, cells were mounted with Dako 

Faramount Aqueous Mounting Medium. 

3.6.9 Immunofluorescence imaging 

Using a ×100 oil immersion objective (Plan Apo 1.49), a bandpass filter 

(525/45 Chroma), and a photometrics 512 EMCCD camera, single optical 

sections immunofluorescence images of fixed cells were taken with a Leica 

SP5 live confocal microscope (using photon counter mode). Alternatively, the 

Z-stacks images were acquired using Marianas SoRa (CSU) or Zeiss LSM 

900 with AiryScan2. 
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3.6.10 Image segmentation 

Immunofluorescence images were converted to 8-bit color, 

background was removed, and the threshold was adjusted. Thereafter, the 

“analyze particle” function in FIJI (Fiji Is Just) ImageJ 2.1.0/1.53p) was 

selected to quantify and categorise the area of segmented inclusions in the 

selected cell. Images were postprocessed using FIJI and Adobe Illustrator. 

3.6.11 Determining inclusion topology and thermodynamics 

To determine the total concentration of vRNPs (NP as proxy) transported 

to the cytoplasm in relation to vRNPs produced in the nucleus (
𝐶𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

𝐶𝑛𝑢𝑐𝑙𝑒𝑢𝑠
), a 

sum of slices of z-stacked images were used, otherwise, single plane images 

were analysed in the experiment assessing change in temperature. We used 

a custom (Fiji Is Just) ImageJ 2.1.0/1.53p script for image processing using 

the following pipeline: (1.) Segment cell periphery. (2.) Segment and remove 

nucleus from the cell to make the cytoplasm. (3.) From the cytoplasm, 

segment inclusions (4.) Analyse the cytoplasm, nucleus, and inclusions for 

number and topological shape descriptors (5.) Using the appropriate 

segmented region, measure the mean fluorescence intensity (as proxy of 

concentration) of cell, nucleus, cytoplasm, and cytoplasmic inclusion (See 

Figure 3.1B). 

Using the method published by Riback et al. 2020 as template, we 

determined Cdense as the mean fluorescence intensity of the segmented 

inclusion while Cdilute was extrapolated from remaining cytoplasmic vRNP 

intensity outside the inclusions. We picked the best approach out of three to 

measure Cdilute. (1.) Use ROIs from randomly selected cytoplasmic areas 

lacking inclusions. The limitation with this method is that inclusions are highly 

abundant in the cytoplasm of infected cells and are nearly impossible to 

manually or automatically draw without selecting regions containing 

inclusions. (2.) Use an enlarged ROI band around the inclusions. This was 
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easy to automate but limited by the overlap with other ROI bands due to the 

density of IAV inclusions in the infected cell. (3.) Use ROI of the entire 

cytoplasm devoid of viral inclusions. This was easy to automate, lacks overlap 

with other ROIs and serves as the cleanest strategy when compared to 

strategy 2 (Figure 3.20 S1 and Figure 3.21 S2). We used strategy 3 to 

determine the Cdilute. 

Partition coefficient (K) and free energy (ΔG) were derived based on 

(Riback et al., 2020); where K = 
𝐶𝑑𝑒𝑛𝑠𝑒

𝐶𝑑𝑖𝑙𝑢𝑡𝑒
, and ΔG = -RTInK. Inclusion saturation 

concentration (Csat) is the threshold Cdilute where inclusion begins to appear (~ 

6hpi) and is calculated as the minimum Cdilute in cells with observable viral 

inclusions. The change in free energy was normalised to 3hpi (an infection 

stage with nuclear vRNP staining lacking cytoplasmic inclusions and was 

represented as ΔΔG = ΔG – ΔG(3 hpi). 

3.6.12 Live cell imaging 

Cells were grown in chambered 8-well glass-bottomed dish (Ibidi) 

containing OptiMEM medium (Gibco) and incubated for 14 h at 37 ºC and 5% 

CO2. Media was substituted for Leibovitz L-15 media to buffer CO2 and data 

acquisition started on a Roper TIRF Spinning Disk (Yokogawa CSU-X1) or 

Zeiss LSM 980 AiryScan2 with a cage incubator to control temperature at 37 

°C. After excitation with a 491 nm laser (Cobolt 491, 100 mW), fluorescence 

from GFP was detected with a ×100 oil immersion objective (Plan Apo 1.49), 

a bandpass filter (525/45 Chroma), and a photometrics 512 EMCCD camera. 

Images were post-processed with ImageJ (NIH) and Adobe Illustrator. 

3.6.13 Particle tracking and mean square displacement 

TrackMate plugin ((Fiji Is Just) ImageJ 2.1.0/1.53p, FIJI) was used to 

track inclusions at a timescale of 1 s / frame in live imaging samples and XY 
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trajectories were subsequently analysed in a custom R (version 4.1.0) script 

to calculate the mean square displacement (MSD). 

3.6.14 Coarsening assay 

After nucleozin or DMSO treatment of PR8-infected cells, time lapse 

image acquisition of inclusions was taken. Coarsening assays were 

calculated from two biological replicates in which several events were 

imaged. Coarsening assay was analysed from time-lapsed tracking of two 

inclusions, starting from the point they first touch to the point they relax into a 

rounded puncta with an aspect ratio (AR) of 1. Fusion time and shape 

changes (aspect ratio, AR) of 2 inclusions were quantified using FIJI. Images 

were post-processed with ImageJ (NIH) and Adobe Illustrator. 

3.6.15 Fluorescence recovery after photobleaching (FRAP) 

For FRAP analysis, cells were transfected with 250 ng of GFP-NP and 

immediately superinfected with PR8 at an MOI of 10. At 12 hpi, media was 

substituted for Leibovitz L-15 media to buffer CO2 and data acquisition 

started on a Roper TIRF (total internal reflection fluorescence) Spinning Disk 

(Yokogawa CSU-X1) with a cage incubator to control temperature at 37 °C. 

After excitation with a 491 nm laser (Cobolt 491, 100 mW), fluorescence from 

GFP was detected with a ×100 oil immersion objective (Plan Apo 1.49), a 

bandpass filter (525/45 Chroma), and a photometrics 512 EMCCD camera. 

All FRAP experiments were performed similarly using iLas FRAP module 

(Rope Scientific): 2 s prebleach, 12.18 ms μm−2 bleach, 60 s postbleach at 

a frame rate of three images per second. Bleaching was performed in a 

variable circular area to target complete viral inclusions. For FRAP analysis, 

samples were corrected for background fluorescence and acquisition 

photobleaching as described previously by the Phair method (Phair et al., 

2003). After normalization, FRAP curves were fitted following the exponential 

function: Y = Y0 + (Plateau-Y0) * (1-exp(-D*x)), where: Y0: Y value when X 
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(time) is zero. It is expressed in the same units as Y. Plateau (must be less 

than one): Y value at infinite times, expressed in the same units as Y. D: rate 

constant, expressed in reciprocal of the x axis time units. Tau: time constant, 

expressed in the same units as the x axis. It is computed as the reciprocal of 

D. Half time: time units of the x axis. It is computed as ln(2) D−1. Span (mobile 

phase): difference between Y0 and Plateau, expressed in the same units as 

your Y values. 

3.6.16 Fluorescence loss after photoactivation (FLAPh) 

FLAPh protocol followed the same sequence as was done for FRAP. 

In fact, the same microscope and imaging setup was used, except at the point 

of photobleaching. In place of photobleaching the cells were photoactivated 

with a 405nm laser excitation. Live images were obtained at 1frame/ s 

For photoactivation experiment, cells were cotransfected with cherry-NP 

(100ng/ µL) and photoGFP-NP (250ng/ µL) using lipofectamine LTX and 

immediately superinfected with PR8 at an MOI of 10. At 12 hpi, media was 

substituted for Leibovitz L-15 media to buffer CO2 and data acquisition 

started on a Roper TIRF Spinning Disk (Yokogawa CSU-X1) with a cage 

incubator to control temperature at 37 °C. After excitation with a 405 nm laser 

(blue light), fluorescence from the activated GFP was detected with a ×100 

oil immersion objective (Plan Apo 1.49), a bandpass filter (525/45 Chroma), 

and a photometrics 512 EMCCD camera. All FLAPh experiments were 

performed similarly using iLas FRAP module (Rope Scientific): 5 s pre-

activation, 80% laser power activation, 120 s post-activation at a frame rate 

of one image per second and imaged using 488 nm and 568 nm lasers for 

GFP and cherry respectively. Bleaching was performed in a variable circular 

area to target a pool of viral inclusions. Photoactivation data were post-

processed in FIJI (Image J) using a modified FLAPh algorithm and analysed 

with a lab-custom R script. After normalization, model was obtained using 
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single exponential curve fitting: y = (1-a) + ae-kt, where a = mobile fraction, K 

= decay rate constant (per second, s-1), t = time (s). 

3.6.17 Statistical analysis 

Data were analysed using the R statistical package (R version 4.1.0). To 

quantify thermodynamics and topological variables, we extracted imaging 

data using an Image J custom plugin and a custom R analytics pipeline. For 

particle tracking, coarsening assay, photoactivation, photobleaching and 

shock treatments, we compared two groups: cells treated with DMSO and 

Ncz. After data transformation in R, we assessed for homogeneity of variance. 

Homogenously distributed data were assessed by parametric test using either 

One-way ANOVA to analyse independent variables, followed by a post-hoc 

analysis by Tukey multiple comparisons of means or t-test for comparison of 

two groups only. When the data is not homogenous, we used non-parametric 

analysis with statistical levels determined after Kruskal-Wallis Bonferroni 

treatment. For simplicity, the details of the test used for each experiment are 

included in the figure legends. In our case, when two groups were compared, 

they were not homogenously distributed, hence a non-parametric analysis 

was done instead of a t-test. Alphabets above each boxplot represents the 

statistical differences between groups. Same alphabets indicate lack of 

significant difference between groups while different alphabets infer a 

statistically significant difference at α = 0.05.  
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3.8 Supplementary Information 

Access to data quantification tables and videos from which time-lapsed 

images were extracted are available on:  

https://doi.org/10.5281/zenodo.7473398. 

 

Figure 3.20 S1- Representative images depicting the workflow of Image 

segmentation and analysis using ImageJ/ FIJI. 
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Figure 3.21 S2- Validation of method analysing thermodynamics 

parameters. 

A549 cells expressing (A – D, G – H) endogenous levels of Rab11a or (E - F) 

over expressing Rab11a were infected at a MOI of 3 with PR8 virus for (A – 

B, G - H) 8 h before incubating the cells at the indicated (A - B) temperatures, 

(G - H) Ncz residence time or (C - F) at the indicated timepoints. After this, 

the cells were fixed, and analysed by immunofluorescence using antibody 

against NP (as a proxy for vRNPs). Each dot is the average value of 

measured parameter within or outside IAV inclusions per cell, while the 
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continuous black lines are non-linear fitted models for all data. (A, C, E, G) 

are the scatterplots comparing image segmentation strategies to calculate 

partition coefficient and extrapolate the free energy (see Methods) while 

(B,D,F,H) is a scatter plot comparing methods for calculating the degree of 

supersaturation. 
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Chapter 4 - Solubility proteome profiling of liquid and hardened IAV 

inclusions   
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thermodynamic analysis was performed by Temitope Akhigbe Etibor. 
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virus liquid condensates (2022) bioRxiv 2022.08.03.502602; doi: 

https://doi.org/10.1101/2022.08.03.502602 
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4.2 Summary 

Previous chapters indicate that IAV inclusions display liquid properties 

that can be targeted for pharmacological hardening with antiviral function. For 

this work, we employed conventional condensate strategies to assess phase 

transitions in IAV inclusions. These approaches were unable to capture 

unknown molecular factors that may contribute to or deter phase transitions 

during viral infection. To overcome this limitation, we used proteome-wide 

solubility profiling to determine the molecular alterations induced by IAV 

infection as inclusions form. We envisaged that evenly distributed cytoplasmic 

molecules and those that partition into specific cytoplasmic compartments 

would display a soluble and insoluble profile respectively. 

We analysed phase transitions occurring throughout infection, thereby 

detecting 6,629 proteins, of which 174 cellular proteins and 10 viral proteins 

underwent changes in protein abundance and 413 in solubility. Phase 

transitions in the cell correlated with mitochondria, translation, cell-substrate 

junction proteins and established LLPS processes (stress granule formation, 

nucleoli function, splicing). Phase transitions in viral proteins/complexes 

showed that three viral factors become insoluble with infection – vRNPs, as 

observed by changes in its components, and surprisingly, NS1 as well as NA. 

We validated our screen observing that vRNPs become insoluble in a 

Rab11a-dependent manner by solubility proteome profiling (SPP) and applied 

it to Ncz treated infected cells. By doing this, we showed for the first time that 

through hardening, it is possible to selectively affect viral inclusions without 

imposing changes in the host proteome abundance and solubility. Our 

solubility approach may be applied to probe cryptic condensates while 

simultaneously identifying the molecules present within specific condensates. 

This work opens new avenues to explore how alterations in cellular and viral 

material properties regulate cellular function, contribute to viral infection, and 

may be targeted as novel antiviral approaches.  
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4.3 Introduction 

Generally, viruses and, in our case, the IAV, have been reported to alter 

the host interactome landscape upon infection ((Bogdanow et al., 2019; 

Coombs et al., 2010; Domingues et al., 2015; Kummer et al., 2014; Lietzén 

et al., 2011; Ye et al., 2022) reviewed in (Iselin et al., 2022; Saha et al., 2022; 

Schneider et al., 2016)). Particularly, infections such as mumps and SARS-

CoV-2 were recently reported to influence global intracellular condensates 

(in)solubility while simultaneously forming virus-specific condensates (Selkrig 

et al., 2021; Zhang et al., 2022). Such proteome (in)solubility may also be true 

in the case of IAV since they are able to form liquid inclusions. 

Our study so far has concentrated in how vRNPs condensed in the 

cytosolic IAV inclusions, however, infection could interfere with the cell in a 

multitude of ways that are important to characterize. This characterization 

may provide a new layer of understanding to viral-host interactions and 

especially detailing how viruses utilize phase transitions to regulate cellular 

function. Some of these assembled, modified, or disassembled condensates 

are readily identifiable by microscopy, while others may remain cryptic due to 

the underlying technical limitations associated with the reductionist approach 

for studying biomolecular condensates. 

A gateway to exploring the cryptic virus-induced or disrupted 

condensates would be a dynamic proteome-wide snapshot along the course 

of viral infection. In order to explore unknown condensates that might be 

formed or disrupted by IAV infection, we employed a ultracentrifugation-

based solubility proteome profiling (SPP) (Sridharan et al., 2022; Zhang et al., 

2022), which enables the capturing of molecular events along the course of 

IAV infection (encompassing the infection timepoint when inclusions are yet 

to emerge up till the period when inclusions form and grow). 
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SPP is a biophysical strategy devised as post-development of TPP 

(Thermal proteome profiling), an unbiased quantitative mass spectrometry-

based profiling for identifying proteome stability across a thermal gradient and 

used for verification of drug engagement and potency in living cells without 

the need for compound labeling (Becher et al., 2018; Delport and Hewer, 

2022; Franken et al., 2015; J. X. Huang et al., 2019; Kalxdorf et al., 2021; 

Mateus et al., 2018, 2017; Molina et al., 2013; Potel et al., 2021; Reinhard et 

al., 2015; Sanchez et al., 2022; Savitski et al., 2014; Selkrig et al., 2021; 

Sridharan et al., 2019). 

SPP was validated in many studies (Sridharan et al., 2019; Sui et al., 

2020; Zhang et al., 2022), and serves to discriminate soluble from insoluble 

proteins in cells, without however being able to associate the phase 

transitions with specific mechanisms (such as binding to membranes, 

formation of insoluble complexes, phase separation, phase separation 

coupled to percolation, and so on). In the context of IAV infection, insoluble 

proteins would include proteins that partition inside inclusions, but may also 

involve the partitioning of lipid membranes and well as viral RNAs, which are 

not readily identified by our SPP methodology. As was shown in healthy 

(Sridharan et al., 2019), stressed (Sui et al., 2020) and virus infected cells 

(Zhang et al., 2022), this screen serves a dual purpose: the identification of 

cryptic molecular component(s) that partition into IAV inclusions and/ or novel 

viral condensates. 

We therefore compared SPP at different timepoints (4, 8, 12, and 16 

hpi) of IAV infection, covering the period where inclusions have not yet 

emerged (at 4 hpi) till when inclusions are formed (8 hpi) and increase in size 

(12 -16 hpi). Our data demonstrated that IAV infection changed the host 

proteome landscape. Importantly, we found that vRNPs (which were 

previously reported to colocalize with Rab11a in IAV inclusions (Amorim et 

al., 2011; Bruce et al., 2010; Chou et al., 2013; Eisfeld et al., 2011a; Momose 
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et al., 2011)) become insoluble as inclusions form and mature over time. 

Critically, through SPP, we were able to identify a novel and yet to be 

characterized IAV induced insoluble material comprising of viral protein (NS1) 

and host protein (TRIM25). 

Next, we validated this finding by recapitulating the time-resolved SPP 

strategy on non-functional Rab11a-DN cell lines, which are known to form 

homogenously distributed vRNPs in the cytosol, but unable to form viral 

inclusions (Amorim et al., 2011; Bruce et al., 2010; Chou et al., 2013; Eisfeld 

et al., 2011a; Momose et al., 2011). Here, we expect SPP to resolve the 

solubility differences between Rab11a-DN and Rab11a-WT expressing cell 

lines, with vRNP becoming more soluble in the former compared to the higher 

vRNP insolubility in the later, thereby, validating our initial SPP analysis. 

Critically, we found as predicted that vRNPs only become insoluble in the 

presence of Rab11a as cells overexpressing a non-functional Rab11 (known 

as Rab11a-DN) that do not form inclusions have more soluble vRNPs. 

Finally, we employed the SPP assay of Rab11a-DN cell lines to explore 

solubility changes upon treatment with our c-mod, nucleozin. Since IAV 

Rab11a-DN cell lines display a soluble vRNP profile and nucleozin are known 

to harden viral inclusions, we speculate that nucleozin may rescue a 

hardened inclusion from the soluble vRNP-rich cytoplasm, resulting in higher 

insolubility of vRNPs. Interestingly, we found that the inclusion hardening 

effect of nucleozin only affected vRNPs without changing host proteome 

abundance or solubility, pointing to minimal off-target effects. 

In sum, the SPP of IAV infected cells corroborates the thermodynamics 

profiling of IAV inclusions, indicating that inclusions can be selectively 

modified through drug targeting, with a resultant reduction of viral replication. 

This novel screening approach can be applied to many other cellular phase 

transitions and serves as proof-of-concept that cellular biomolecular 

condensates may be selectively targeted. 
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4.4 Results 

4.4.1 IAV infection alters proteome abundance in cells. 

To understand how both the viral and host cellular proteomes remodel 

because of IAV infection in the absence and presence of nucleozin, we used 

a recently developed quantitative mass spectrometry-based approach called 

solubility proteome profiling (SPP, Figure 4.1) (Sridharan et al., 2022, 2019; 

Zhang et al., 2022). This is a lysate centrifugation assay which can distinguish 

the soluble (supernatant) from insoluble (dense assemblies) protein pools. 

Most proteins annotated to be part of membraneless organelles, as well as 

many cytoskeletal proteins, exhibit prominent insolubility. 

In SPP, two aliquots of cellular lysates are extracted with either a 

strong ionic (SDS) or a mild non-ionic (NP40) detergent. Protein extracted 

with SDS represent the total proteome, while the supernatant of NP40-

extracted lysate represents the soluble sub-pool (Figure 4.1). The ratio of 

NP40- and SDS-derived protein abundance represents the solubility of a 

protein (Figure 4.1). Protein solubility is proxy to track phase transition events 

in different cellular states. However, this measurement cannot distinguish 

between different events, such as solidification, phase separation, percolation 

and gelation (reviewed in (Alberti and Hyman, 2021; Mittag and Pappu, 

2022)) that may underlie the phase transition. To establish the physiological 

changes in protein abundance and solubility occurring along the infection, we 

performed a time course of PR8 infection in A549 cells followed by SPP as 

shown in Figure 4.1. 
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Figure 4.1- Experimental scheme for solubility assay over time of 

infection. 

Cells infected with influenza virus at different time points were lysed in mild 

(NP40) or strong detergent (SDS) after snap-freezing. Solubility index was 

determined as the ratio of soluble proteome of the ultracentrifuged NP40 

supernatant versus the total proteome from the SDS fraction as measured by 

mass spectrometry. 

Overall, we identified and quantified 6,619 host proteins and 10 viral 

proteins with at least 2 unique peptides. In comparison to the uninfected cells, 

174 host proteins underwent changes in abundance along the infection time 

course (Figure 4.2). Euclidean distances-based clustering of the abundance 

profiles of these proteins resulted in 6 distinct clusters which enriched for 

proteins associated with different GO terms “Biological processes” and/or 

“Cellular Compartments” (Figure 4.2). 

Most of these proteins (78.2 %, 136 proteins) exhibited a consistent 

decrease in abundance in line with the previous observations (Nacken et al., 

2021), while a small subset (21.8%, 38 proteins) exhibited a sharp increase 

in abundance in response to the infection. The downregulated host proteins 

(from cluster 1-3, Figure 4.2) are associated with processes such as 

extracellular matrix organization, cell cycle and cell adhesion. The 

upregulated proteins (from cluster 6, Figure 4.2) were primarily effectors of 

type-I interferon pathway (Figure 4.2), in agreement with the well-known anti-

viral response to the infection mounted by host cell. We observed a time 
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dependent increase in abundance for all identified and quantified viral 

proteins (Figure 4.2E), as expected, from uninfected to infected state. 

 

Figure 4.2- Proteome-wide abundance and solubility changes of host 

and influenza proteins. 

A549 cells were mock-infected for 12 hours or PR8 infected for 4, 8, 12 & 16 

hours at a multiplicity of infection (MOI) of 5. Thereafter, cells were lysed in 

mild (NP40) or strong detergent (SDS), while NP40 lysate was 

ultracentrifuged (100,000 g) to pellet materials in condensates from the 

soluble fraction in the supernatant. Soluble and total host and viral proteome 

were identified by LC-MS/MS and solubility was determined as the ratio of 

soluble NP40- to SDS- derived total proteome abundances at the indicated 

hour post infection (hpi). (A) Hierarchically clustered heat map showing 

relative abundance of host proteome along the indicated time course of 

infection in comparison to mock infection. Host proteins that are significantly 

(see methods) altered in abundance within any of the assayed time points 
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were clustered to 6 distinct clusters based on the Euclidean distance. (B) Line 

plot representing the median relative abundance (log2 fold change, with 

respect to mock infection) of host proteins from 6 distinct clusters (shown in 

panel a) over the assayed time course of infection. Red dotted line shows 

unchanged log2(FC) at 0 (where low relative abundance < 0 < low relative 

abundance). (C) Dot plots representing the gene ontology (GO) with terms of 

biological processes overrepresented among significant hits from proteome-

wide abundance (shown in panel a). The dot size corresponds to the ratio of 

genes per cluster that belong to the indicated biological process, and the grey 

fill shows the adjusted p-value. (D) Venn diagram showing sets of proteins 

from the relative host proteome abundance at different infection time. (E) Heat 

map showing changes in median relative abundance (in log2 scale) of the 

PR8 influenza proteome along time of infection. (F) Venn diagram of infection-

solubility interaction in host proteome at different infection time. 

4.4.2 IAV infection alters solubility profile in cells. 

In terms of protein solubility, we observe no significant changes in the 

host proteome until 4 hpi (Figure 4.3A-D). However, from 8 hpi, several host 

proteins underwent changes in solubility (236 and 171, loosing and gaining 

solubility, respectively) providing cues on how infection remodels the cellular 

systems (Figure 4.3A-D). Euclidean distance-based clustering of the 

solubility profiles of host proteins (significantly changing) along the time 

course resulted in 6 distinct clusters (Figure 4.3A-D). We found that proteins 

involved in interferon pathway, cell division, cellular RNA biology, and ER 

processes lost solubility, whilst metabolic related processes, mitochondrial 

organization and ribosomal RNA processing became more soluble (Figure 

4.3C,D). The phase transitions in the cytosol correlated with inner 
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mitochondrial membrane, cytoskeleton, translation, and cell-substrate 

junction proteins (Figure 4.3D). 

Interestingly, changes progressed steadily until 12 hpi. More so, between 

12 and 16 hpi, the profile altered in many ways; for instance, cluster 1, 4 and 

6 plateaus, cluster 2 and 5 have steeper slope and cluster 3 reverts trend, 

which may be related with cytopathic effects (Figure 4.3A-D). It is noteworthy 

that only 35 host proteins (among 407 proteins that alter solubility) – 

overrepresented in interferon pathway related proteins – change in both 

abundance and solubility. This indicates that except for interferon related 

proteins, changes in protein concentration were not the underlying cause of 

the changes in solubility (Figure 4.2). 

In terms of solubility, we found 5 viral proteins, namely all vRNP 

components PB1, PB2, PA and NP (P <0.0001 at least), and the non-

structural protein-1 (NS1, P < 1,31E-08 at least, Fig. 3f), became strongly 

insoluble with infection from 8 hpi. At a later stage of infection (beyond 12 

hpi), neuraminidase (NA) became modestly insoluble (fold changes of 0.64, 

P = 0.008639, and 0.47, P = 0.000334, at 12 and 16hpi, respectively, Figure 

4.3E). NS1 and NA undergoing phase transitions has not been reported. Like 

NS1 (Figure 4.3E), host protein TRIM25 also exhibited significant insolubility 

at 12 and 16 hpi (fold changes = 0.34, 0.31, P = 5,12E-04 and 0,000306289 

respectively) in our solubility assay. This protein was recently shown to 

undergo a type of phase transition, de-mixing from the cytosol by liquid-liquid 

phase separation (Gack et al., 2009, p. 25; Haubrich et al., 2021; Koliopoulos 

et al., 2018). Overall, our results indicate that many host proteins undergo 

dynamic phase transitions during IAV infection. Of note, only 40 proteins 

(6.7%), including 10 viral proteins, changed abundance and solubility at the 

same time, out of 597 proteins suffering alterations, which means that 

alterations in concentration were not the underlying cause of the changes in 

solubility (Figure 4.2D,F). Among the viral components, vRNPs which are 
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synthesized in the nucleus and transported to the cytosol where they 

accumulate in viral inclusions exhibit high insolubility. 

 

 

Figure 4.3- Host and viral factors change solubility in a proteome-wide 

manner. 

A549 cells were mock-infected for 12 hours or PR8 infected for 4, 8, 12 & 16 

hours at a multiplicity of infection (MOI) of 5. Thereafter, cells were lysed in 

mild (NP40) or strong detergent (SDS), while NP40 lysate was 

ultracentrifuged (100,000 g) to pellet materials in condensates from the 

soluble fraction in the supernatant. Soluble and total host and viral proteome 

were identified by LC-MS/MS and solubility was determined as the ratio of 

soluble NP40- to SDS- derived total proteome abundances at the indicated 

hour post infection (hpi). (A) Hierarchically clustered heat map showing 

relative solubility of host proteome at the indicated times of infection in 

comparison to 12 hrs of mock-infection. Significant solubility changes were 

grouped in 6 distinct clusters based on the Euclidean distances. (B) Line plot 

representing the median relative solubility of host proteins from the 6 distinct 

clusters (from A., in log2 scale) in relation to the time of infection. Red dashed 

line indicates no change in relative solubility (log2 FC = 0). Fold change (FC) 
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> 0 means more soluble than control (12 hr Mock) and vice-versa. (C) Dot 

plots representing the gene ontology (GO), biological processes over-

represented among significant hits from proteome-wide solubility (shown in 

panel A.). Selected enriched biological processes in relation to the individual 

clusters (1-6) are shown. The size of the dots relates with the ratio of genes 

per cluster that belong to the indicated biological process, and the grey fill 

shows the adjusted p-value. (D) Dot plots representing the gene ontology 

(GO), cellular compartments over-represented among significant hits from 

proteome-wide solubility (shown in panel B). Selected enriched cellular 

compartments for the individual clusters (1-6) are shown. The size of dot 

relates with the ratio of genes per cluster that belong to the indicated cellular 

compartment, and the grey fill shows the adjusted p-value. (E) Heat map 

depicting the relative solubility (log2) of viral proteins at the indicated times of 

infection in comparison to 12hrs mock infection. 

4.4.3 Validation of the SPP. 

We used two strategies to validate the SPP analysis. First, we used 

fluorescence microscopy to track two proteins that became insoluble during 

infection and that are known to interact (Gack et al., 2009; Koliopoulos et al., 

2018): the viral protein NS1 and the key host protein – a E3 ubiquitin ligase 

Tripartite motif 25 (TRIM25) (Gack et al., 2009; Koliopoulos et al., 2018). 

TRIM25 activates an antiviral state once an infected cell senses pathogen-

associated molecular patterns. NS1 counteracts this activation by directly 

binding to TRIM25 (Gack et al., 2009; Koliopoulos et al., 2018). Until 12 hpi, 

both TRIM25 and NS1 are homogenously distributed in the cytosol (Figure 

4.4). From 12 hpi, a time at which TRIM25 insolubility is statistically 

significant, both NS1 and TRIM25 accumulated in non-spherical, network-like 

structures (Figure 4.4), that are not homogenously distributed in the cytosol. 

This suggests that they are not solubilised but rather demixed by a yet 

uncharacterised physical process. At the moment, the hosting laboratory is 

carrying out experiments using in vitro reconstitution assays and analysis in 
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tissue cultured cells to understand the underlying mechanism of NS1 and of 

TRIM25 phase transitions. 

 

 

Figure 4.4- IAV induces condensates formation in a time-dependent 

manner. 

A549 cells were mock-infected for 12 hours or PR8 infected for 4, 8, 12 & 16 

hours at a multiplicity of infection (MOI) of 5 before fixing for 

immunofluorescence staining. Immunofluorescence images depicts the 
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distribution and localisation of host protein TRIM25 (in green) and viral protein 

NS1 (in red) by immunofluorescence. Inlets show areas of colocalization 

between TRIM25 and NS1. Nuclei stained using Hoechst. Scale bar = 10 µm. 

Second, many laboratories have reported independently that Rab11a 

is a driver for the formation of IAV liquid inclusions (Amorim et al., 2011; Bruce 

et al., 2010; Chou et al., 2013; Eisfeld et al., 2011a; Momose et al., 2011). 

Hence, to validate the SPP screen, we compared proteome abundance and 

solubility profiles of Rab11a-DN cell lines – where the formation of liquid 

inclusion is blocked (Figure 4.5A,B) – with that of Rab11a-WT cell lines at 12 

hpi (Figure 4.5B). This strategy aimed at demonstrating by SPP that the 

insolubility of vRNPs relates to liquid inclusion formation. After a 12 hpi PR8 

virus infection, according to Figure 4.5B, the ultracentrifugation-based SPP 

of cell that form vRNP-containing inclusions (Rab11a-WT) were compared to 

cells (Rab11a-DN) able to make homogeneously distributed vRNPs without 

forming inclusions. 

 

Figure 4.5- Experimental scheme for solubility assay in infected Rab11a-

WT and Rab11a-DN cell lines 
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Inclusion-expressing (Rab11a-WT), and non-expressing (Rab11a-DN) cell 

lines infected with influenza virus were lysed in mild (NP40) or strong 

detergent (SDS) after snap-freezing. Solubility index was determined as the 

ratio of soluble proteome of the ultracentrifuged NP40 supernatant versus the 

total proteome from the SDS fraction as measured by mass spectrometry. (A) 

Representative images of cells analysed by immunofluorescence staining 

using antibodies against viral protein (NP, red) and nucleus (blue). (B) 

Experimental scheme. 

Upon analysis, we found that Rab11a-DN cells exhibited changes in 

abundance of 582 proteins relative to Rab11a-WT cells (Figure 4.6A). 

Proteins of the metabolic pathways (DHCR24, LSR, CP, ), ECM (CDH17) and 

pro-viral ARRB1 were highly abundant, while the following proteins are of low 

abundance: cytoskeleton regulator (DPYSL3), interferon (IFI16), metabolic 

protein (CA2), ECM (GPC6) (Figure 4.6A). In terms of the viral proteome, the 

abundance of all protein components of vRNPs (NP, PB1, PB2, PA and M1) 

show a modest increase in infected Rab11a-DN cell lines relative to 

Rab11a/WT (Figure 4.6B). 
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Figure 4.6-Changes in host proteomes abundance in infected Rab11a-

DN and Rab11a-WT cell lines. 

Cell lines constitutively expressing GFP-(Rab11a-WT and Rab11a-DN; which 

do not form inclusion upon infection) were infected for 12 hrs with PR8 at a 

multiplicity of infection (MOI) of 5. Thereafter, cells were lysed in strong 

detergent (SDS) for total host and viral proteome mapping by LC-MS/MS. (A) 

Volcano plot representing the differentially abundance host proteins in 12hpi 

infected Rab11a-DN cell line compared to Rab11a-WT line. High abundance 

and low abundance proteins are represented in green and magenta dots 

respectively. (B) Heat map showing changes in median relative abundance 

(in log2 scale) of the influenza proteome at 12hpi in Rab11a-DN cell line 

compared to Rab11a-WT line. High abundance and low abundance proteins 

are represented in green and magenta colours respectively. 

We then looked at soluble versus insoluble changes in Rab11a-DN 

versus Rab11a-WT cells and found that Rab11a-DN cells exhibited altered 

solubility for 127 host proteins (Figure 4.7A) in comparison to the Rab11a-

WT cells. We found that proteins associated with mitochondrial translation 

(e.g. mitochondrial ribosomal protein L15/3/4, MRPL15, MRPL3, MRPL4) 
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exhibited decreased solubility in Rab11a-DN lines (Figure 4.6C and Figure 

4.7A). So far, the reason for mitochondrial-inclusion association is unknown 

and currently being investigated in our laboratory.  

Interestingly, pro-viral factors ADAR (Chassey et al., 2013), and 

RRPB1 (Su et al., 2015) as well as anti-viral protein cGAS (Holm et al., 2016) 

become more soluble in Rab11a-DN cell line (Figure 4.7A). In terms of viral 

proteins, NP exhibited a prominent change by being more soluble in Rab11a-

DN lines compared to Rab11a-WT infected cells (Figure 4.7B). This 

corroborates the observation that vRNPs remain uniformly distributed in 

Rab11a-DN cells (Figure 4.5A). 

 

Figure 4.7- Inclusions are insoluble and interact with mitochondria. 

Cell lines constitutively expressing GFP-(Rab11a-WT and Rab11a-DN; which 

do not form inclusion upon infection) were infected for 12 hrs with PR8 at a 

multiplicity of infection (MOI) of 5. Thereafter, cells were lysed in mild (NP40) 

or strong detergent (SDS), while NP40 lysate was ultracentrifuged (100,000 



183 
 

g) to pellet materials in condensates from the soluble fraction in the 

supernatant. Soluble and total host and viral proteome were identified by LC-

MS/MS and solubility was determined as the ratio of soluble NP40- to SDS- 

derived total proteome abundances at the indicated hour post infection (hpi). 

(A) Volcano plot of host proteome solubility in a 12-hr infected Rab11a-DN 

cell line relative to Rab11a-WT line. Red and blue dots signify insoluble 

(mitochondria) and soluble proteins respectively. (B) Heat map showing the 

log2 relative solubility of all influenza proteins (y-axis) in Rab11a-DN mutant 

cell line in comparison to wild type Rab11a-WT cells at 12 hours post infection 

(hpi). Asterisk (*) represents proteins changing in a statistically significant 

manner (see methods). 

Comparing the relative abundances of Rab11a-DN versus Rab11a-

WT, many of the top hits in the upregulated and downregulated proteins 

related to DNA damage, phosphatase activity, cell adhesion, nucleolar RNA 

processing, cell cycle and cholesterol metabolism (Figure 4.8A). Proteins that 

exhibited increased solubility in Rab11a-DN line were over-represented in 

cellular processes such as RNA biology, ribosome processing, 

ribonucleoprotein complex biology (Figure 4.8B). 

Correlative analysis of host proteome abundance in infected Rab11a-

DN relative to Rab11-WT versus PR8 infected A549 relative to mock-infection 

presented a slight correlation (Figure 4.8A). For instance, CD55 (also known 

as DAF) did not change in abundance in Rab11a-DN despite reduced 

abundance in infected A549, however immune related proteins (OASL, IFIT1 

and IFIT2 ) becomes less abundant in Rab11a-DN while being more 

abundant in A549 infected cells (Figure 4.8A).  

Interestingly, we found that host soluble proteins in infected Rab11a-

DN relative to Rab11a-WT correlates with insoluble proteins in A549 PR8 

infection relative to mock-infection and vice-versa (Figure 4.8D), while 

proteins such as lysosomal protein ATP6V0A1 retained its insolubility in both 
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conditions (Figure 4.8D). Examples include immune related proteins 

(TRIM25, OASL), LMNB1, WDR18, CIT and COA3 (Figure 4.8D). 

 

Figure 4.8- Association of host proteome abundance and solubility in 

different cell states. 

(A) Dot plots representing the gene ontology (GO) with terms of biological 

processes overrepresented among significant hits from proteome-wide 

upregulated and downregulated proteins at 12hpi in Rab11a-DN cell line 

compared to Rab11a-WT line. The size of dot relates with the ratio of genes 

per cluster (1-6) that belong to the indicated biological process, and the grey 

fill represents the adjusted p-value. (B) Dot plots representing the gene 

ontology (GO) with terms of biological processes overrepresented among 

significant hits from proteome-wide differentially soluble proteins at 12hpi in 

Rab11a-DN cell line compared to Rab11a-WT line. The size of dot relates 

with the ratio of genes per cluster (1-6) that belong to the indicated biological 

process, and the grey fill shows the adjusted p-value. (C) Scatter plot 
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comparing relative changes in host protein abundance at 12 hpi with respect 

to mock infection in GFP-Rab11a-WT (x-axis) with relative changes in protein 

abundance between GFP-Rab11a-DN and GFP-Rab11a-WT (y-axis) in log2 

scale. Blue dots represent proteins with significant infection response in 

Rab11a-DN versus Rab11a-WT cell lines at 12 hpi. (D) Scatter plot 

comparing relative host proteome solubility change at 12 hpi in Rab11a-DN 

with respect to Rab11a-WT scaled to log2. Blue dots represent proteins with 

significant solubility response at 12hpi infection in Rab11a-DN versus 

Rab11a-WT cell lines. 

Altogether, validation of the SPP using cells that are unable to form 

inclusions further corroborates its ability to identify (un)known proteins that 

may partition into inclusions as well as uncharacterised condensates. Using 

this assay, condensate dissolution that leads to more soluble proteome 

fraction may be easily identified. 

4.4.4 Nucleozin induced insolubility on vRNPs relates to formation of IAV 

liquid inclusions. 

Having explored the potential of SPP to identify key differences in protein 

abundance and solubility, we sought to understand the system-wide response 

triggered by nucleozin. Exploring the changes imposed by nucleozin on host 

proteome abundance and solubility in IAV infected cells is critical to 

determining its selective engagement of host and/ or viral targets. 

To achieve this, we measured the protein solubility and abundance 

changes of both host and viral proteomes in response to 1 h treatment with 

nucleozin in Rab11a-WT and Rab11a-DN cells infected with PR8 for 12 h 

(Figure 4.9A-D). Nucleozin-treatment did not induce significant alteration in 

host proteome abundance in both cell lines (Figure 4.9A,B). Crucially, no 

major changes in terms of protein solubility were observed for the host 

proteome during this treatment period (Figure 4.9C). Interestingly, the 

solubility of vRNPs in Rab11a-WT cell lines treated with either nucleozin or 
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DMSO remain unaltered (Figure 4.9D), while increasing the proportion of NP 

in insoluble pool in Rab11a-DN cells (Figure 4.9D). 

Overall, our results suggest that nucleozin does not induce promiscuous 

changes in cellular protein levels or their solubility. 

 

Figure 4.9- The insolubility of IAV inclusions is dependent on Rab11a. 

Cell lines constitutively expressing GFP-(Rab11a-WT and Rab11a-DN; which 

do not form inclusion upon infection) were infected for 12 hrs with PR8 at a 

multiplicity of infection (MOI) of 5 and treated with nucleozin (Ncz) or control 

vehicle (DMSO). Thereafter, cells were lysed in mild (NP40) or strong 

detergent (SDS), while NP40 lysate was ultracentrifuged (100,000 g) to pellet 

materials in condensates from the soluble fraction in the supernatant. Soluble 

and total host and viral proteome were identified by LC-MS/MS and solubility 

was determined as the ratio of soluble NP40- to SDS- derived total proteome 

abundances at the indicated hour post infection (hpi). (A) Volcano plot 
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representing relative host protein abundance in Rab11a-WT and Rab11a-DN 

infected cell lines (at 12 hpi) after treatment with nucleozin or DMSO. 

Differentially upregulated proteins in these conditions (statistical significance 

– see methods) are indicated in blue dots. (B) BaGr graph comparing viral 

proteins abundances (in log2 scale) in Rab11a-WT and Rab11a-DN cell lines 

PR8-infected (12 hpi) and treated with either nucleozin or DMSO. (C) Volcano 

plot representing relative solubility of host and viral proteins in Rab11a-WT 

and Rab11a-DN infected cell lines (at 12 hpi) after treatment with nucleozin. 

Differentially soluble proteins in these conditions (statistical significance – see 

methods) are indicated in pink and green dots. (D). Bar graph comparing 

solubility (in log2 scale) of viral proteins when PR8 infected (12 hpi) Rab11a-

WT and Rab11a-DN cell lines were treated with either nucleozin (Ncz) or 

sham vehicle (DMSO). 

Although, SPP data was similar, we observed IAV inclusions growing 

larger and hardening upon nucleozin treatment on the microscopy level in 

Rab11a-WT cells (Figure 4.10). This can be explained as vRNPs are already 

insoluble in viral inclusions before nucleozin treatment and the net increase 

in size of the inclusions does not result in higher insolubility of vRNPs. Both 

SPP and microscopy complement each other in the case of Rab11a-DN cells 

as viral inclusions change from soluble to insoluble and become bigger upon 

nucleozin treatment. Overall, the data substantiates our finding that vRNPs 

form Rab11a-dependent insoluble and liquid inclusions which undergo a 

distinctive phase transition upon nucleozin treatment. 

Given the possibility to harden IAV inclusions, it is important to define 

the molecular mechanisms conferring the material properties of these 

condensates, which remain elusive. As Rab11a drive the formation of IAV 

inclusions (Alenquer et al., 2019; Amorim et al., 2011; Eisfeld et al., 2011a; 

Lakdawala et al., 2014; Vale-Costa et al., 2016b; Veler et al., 2022), we asked 

if nucleozin could artificially reform viral inclusion and mimic its behaviour in 

the absence of Rab11a. Stable cell lines expressing Rab11a dominant 
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negative (DN) (henceforward Rab11a-DN) did not form IAV inclusions as 

expected maintaining vRNPs dispersed throughout the cytosol (Figure 4.10). 

 

Figure 4.10- Only hardened inclusions emerge in nucleozin treated 

Rab11a-DN cell line 

A549 cells constitutively expressing GFP-(Rab11a-WT or Rab11a-DN, green) 

were mock- or PR8-infected for 12 hrs and thereafter, treated with nucleozin 

(Ncz) or sham vehicle-DMSO. Representative images of cells analysed by 

Immunofluorescence staining using antibody against viral protein NP 

(magenta). Scale bar = 10 µm. 

Interestingly, both Rab11a-WT and Rab11a-DN cell lines, in the 

presence of nucleozin, exhibited irregularly shaped cytosolic puncta (which 

are smaller in Rab11a-DN lines, Figure 4.11A) and are more deficient in 

producing progeny virions (Figure 4.11B). This indicates that nucleozin 

bypasses the need for Rab11a to concentrate vRNPs. 
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Figure 4.11- Hardened inclusions attenuate viral replication. 

Cells in Figure 4.10 were analysed for inclusions shape and viral titre (A) 

Scatter plot of circularity versus roundness of inclusion in mock- or PR8-

infected Rab11a-DN and Rab11a-WT cell lines treated with nucleozin or 

DMSO. (B) Bar chart showing viral titre (PFU/ mL) of mock- or PR8-infected 

Rab11a-DN and Rab11a-WT cell lines treated with nucleozin or DMSO. 

We next tested the fusion ability of nucleozin-induced IAV inclusions 

in Rab11a-DN lines. Unlike inclusions in Rab11a-WT cells, nucleozin-induced 

IAV inclusions in Rab11a-DN infected cells are not able to fuse in coarsening 

assays (Figure 4.12A-C) but exhibited a more stable free energy of 

partitioning (with lower Gibbs free energy Figure 4.12D). 

This shows that aberrant inclusions rescued by nucleozin treatment 

are hardened. 
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Figure 4.12- Nucleozin-induced inclusions that emerge in Rab11a-DN 

cell lines are unable to coalesce. 

A549 cells stably expressing a dominant negative version of Rab11a fused to 

GFP (Rab11a-DN) and unable to form IAV inclusions were transfected with 

cherry-NP (B. or later stained for NP, D., as proxy for inclusions) and co-

infected with PR8 at a multiplicity of infection (MOI) of 3, before treating with 

5 µM nucleozin or DMSO at 12hpi. (A) Schematic depicting the possible 

outcomes when Rab11a-DN cell lines are treated with nucleozin (Ncz) (B) 

Representative time lapse pseudocolor images show fusion of IAV inclusions 

in a coarsening assay of PR8 infected Rab11a-DN cell line treated with 

nucleozin or DMSO. (C) Plot depicting the normalised aspect ratio of fusing 

inclusions over time in infected Rab11a-DN cell line treated with nucleozin 

(Ncz) (D) Boxplot comparing the fold change in free energy of partition (ΔΔG, 

cal.mol-1) of IAV inclusions, normalized to 3hpi, in PR8 infected cells 

overexpressing Rab11a (DN and WT, red box) at 12 hpi. P < 0.01; Kruskal 

Wallis Bonferroni treatment. Above each boxplot, same letters indicate no 

significant difference between them, while different letters indicate a statistical 

significance at α = 0.05. 
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4.5 Discussion 

Cellular substructures including condensates possess specific 

signatures and properties that are contingent on their molecular constituents 

and the interactions they establish (Alexander et al., 2016; Qamar et al., 2018; 

A. Wang et al., 2018; Yang et al., 2020) and these may be modified by stress 

including viral infections. Viruses are excellent cellular mimics, able to recruit 

conserved machinery and molecular pathways to support viral replication. It 

is now evident that other than the endomembrane systems, viruses also 

utilise cellular condensates at key stages of their life cycles (reviewed in 

(Etibor et al., 2021; H. Li et al., 2022; Lopez et al., 2021; Luzak, 2022; Wei et 

al., 2022; Wu et al., 2022)). At the same time, viruses are capable of 

counteracting certain cellular condensates (reviewed in (Etibor et al., 2021; 

H. Li et al., 2022; Lopez et al., 2021; Luzak, 2022; Wei et al., 2022; Wu et al., 

2022)). 

In fact, condensates have been shown to exhibit distinct solubility 

profiles when compared to cellular proteins that are evenly distributed in the 

cytoplasm (Sridharan et al., 2022, 2019; Zhang et al., 2022). However, not 

much is known about condensate solubility during stress and infection. 

Therefore, our work addressed the critical challenge to identify how changes 

in solubility alter cellular function using IAV infection as a model. 

As expected, IAV infection resulted in the global alteration of cellular 

architecture and biochemistry. We found that mitochondrial proteins and 

proteins of ATP metabolic process were more soluble with time of infection, 

which may relate to the hydrotrope properties of ATP (Patel et al., 2017; 

Sridharan et al., 2019). Crucially, key members of the interferon signalling 

pathway and cellular ribonucleoprotein (RNP) granules displayed insolubility. 

Despite the increase in viral protein abundance with time of infection, only 

vRNP components (PA, PB1, PB2, NP) that segregate into IAV inclusion were 

found to be insoluble together with NS1. 
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Noticeably, through SPP, we identified novel virus-induced insoluble 

components that grows through the course of IAV infection, consisting of host 

(TRIM25) and viral (NS1) proteins. Since RIG-I and TRIM25 are cellular 

antiviral proteins that target viral RNAs for degradation (Gack et al., 2009; 

Haubrich et al., 2021; Koliopoulos et al., 2018), we speculate that NS1 

sequesters both proteins into specialized condensates, shielding vRNAs in 

IAV inclusions from catabolic degraders in order to facilitate IAV genome 

assembly. As this mechanism is important for viral function, future work in the 

Amorim lab will test this hypothesis and investigate the phase transition 

mechanism involved. 

We validated the solubility hits using Rab11a-DN cell lines (that do not 

produce inclusions despite exporting vRNPs into the cytosol) to demonstrate 

that constituents of IAV inclusions are indeed insoluble. Importantly, the host 

proteome screening of infected Rab11a-DN cell line relative to Rab11a-WT 

identified mitochondrial proteins as being more insoluble, contrasting with our 

initial finding in infected A549 cells, where they become more soluble. This 

raises critical questions as to the role of mitochondria in IAV condensate 

regulation, which in fact, has been a long-standing interest and line of 

research in the Amorim lab. We speculate that ATP-related processes of the 

mitochondria may regulate condensate properties and function, via unknown 

mechanisms. 

Additionally, ADAR and an innate immunity related protein (cGAS) were 

more soluble in Rab11a-DN cells. It was previously shown that NS1 interacts 

synergistically with ADAR1 (Chassey et al., 2013) to enhance its editing 

activity for viral replication, while cGAS is a cytosolic DNA sensor, an adaptor 

of STING that activates type I interferon (IFN-1) (Gao et al., 2013; Lahaye et 

al., 2013; Li et al., 2013; L. Sun et al., 2013; Wu et al., 2013; Zhang et al., 

2013). Their function in regulating viral RNA sensing and replication may be 

tied to their ability to partition into condensates or retaining a soluble state. In 

fact, very recently, it was shown that ADAR1 (Corbet et al., 2022) and cGAS 
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(Du and Chen, 2018) containing condensates may be induced by dsRNA and 

DNA respectively. This suggest that IAV infection could trigger a functional 

ADAR or cGAS insolubility, which may relate to inclusion formation since 

ADAR and cGAS become more soluble in Rab11a-DN cell line. A similar 

mechanism may be in play in the case of OASL due to the increased 

abundance and insolubility of OASL in infected A549, which is reversed in 

Rab11a-DN cells. This could relate to the formation of NS1 condensate, since 

NS1 was reported to be involved in the OASL pathway (reviewed in (Goraya 

et al., 2015)). 

Having validated condensate SPP in IAV infection, we then used it to 

evaluate the changes imposed by condensate hardening drug nucleozin on 

proteome abundance and solubility changes. Interestingly, we found that 

nucleozin did not originate de novo changes in host proteome abundance and 

solubility but increases NP insolubility in Rab11a-DN cells, pointing to its 

selectivity. Of note, aberrant inclusions with hardened phenotype were 

formed in infected Rab11a-DN cells treated with nucleozin, thereby, validating 

the insolubility profile. Since hardened and liquid inclusions were already 

phase transitioned in infected Rab11a-WT cells treated with nucleozin or 

DMSO respectively, SPP could not resolve their differences as the expected 

phenotype in both conditions would be of insolubility. In our case, this 

challenge was circumvented by using cell lines (Rab11a-DN) that do not 

naturally form inclusion despite being loaded with vRNPs. 

Taken together, we demonstrated a strategy for pharmacologically 

targeting the molecules of viral condensates, which results in the hardening 

of the material state of IAV inclusions for the abrogation of viral replication. 

This work serves as a proof-of-concept for selective drug targeting that may 

be applied to future condensate hardening therapeutics development. 
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4.6 Materials and methods 

4.6.1 Cell lines 

GFP-Rab11a-WT and GFP-Rab11a-DN cell lines were produced in-

house and characterised in (Alenquer et al., 2019), while human basal 

alveolar epithelial cell (A549) was a largess from Prof Paul Digard, Roslin 

Institute, UK. 

4.6.2 Cell culture 

Cells were cultured in complete media constituting Reduced Serum 

Medium Glutamax™ (OptiMEM™; Gibco™, ThermoFisher, 51985026) 

supplemented with fetal bovine serum (FBS, Gibco®, S181i-500), 10% (v/v), 

200 mM L-glutamine (Life Technologies, 25030-024), and 100 U/ml penicillin, 

10 μg/ml streptomycin (Biowest, L0022-100, 1% (v/v)). Every 3-4 days, 

confluent 293T cells were sub-cultured in T75 flasks using trypsin-EDTA 

(Biowest, X0930-100).and incubated at 37ºC, 5% CO2. 

4.6.3 Influenza A virus strains 

Reverse-genetics (RG) derived A/Puerto Rico/8/34 (PR8, H1N1) 

(kindly provided by Prof. Ron Fouchier) was used as model virus. Viruses 

were grown in eggs as following: embryonated chicken eggs were incubated 

at 37ºC for 10 days. After that, the eggshell was lightly sanded with a rotary 

tool and a hole was pierced with a sterile 27G needle on top of the egg and 

on the opposite side of the embryo. Through that hole, 100 PFU of virus 

diluted in 200μl PBS were injected into the allantoic fluid of the egg. Infected 

eggs were incubated at 37ºC for 2-3 days, and then at -20ºC for 2h. Viruses 

were collected by opening the eggs and carefully retrieving the allantoic fluid. 

After centrifugation at 3500g, 5min, 4ºC to remove debris, the virus solution 

titrated by plaque assay and aliquoted and kept at -80ºC. 
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4.6.4 Viral infection 

Cells were seeded in culture plates at appropriate density and incubated 

overnight. Virus inoculum was added in serum-free DMEM at the MOI of 3 

(for fixed samples) or MOI of 10 (for live imaging) and incubated for 45min. 

Afterwards, cells were overlaid with complete media and incubated at 37ºC, 

5% CO2 for the indicated time. 

4.6.5 Immunofluorescence and Imaging 

Cells were fixed for 10 min with 4% formaldehyde and permeabilized 

for 7 min with 0.2% (v/v) Triton-X-100 in PBS. Thereafter, they were incubated 

with the indicated primary antibodies for 1 h at RT, washed thrice with 1% 

(v/v) NCS in PBS and incubated for 45 min with Alexa fluor conjugated 

secondary antibodies and Hoechst. Antibodies used were rabbit polyclonal 

against NP (1:1000; gift from Prof Paul Digard). Secondary antibodies were 

all from the Alexa Fluor range (1:1000; Life Technologies). Following 

washing, cells were mounted with Dako Faramount Aqueous Mounting 

Medium and single optical sections were imaged with a Leica SP5 live 

confocal microscope. Images were postprocessed using FIJI and Adobe 

Illustrator. 

4.6.6 Live cell imaging 

Cells were grown in chambered 8-well glass-bottomed dish (Ibidi) 

containing OptiMEM medium (Gibco) and incubated for 14 h at 37 ºC and 5% 

CO2. Media was substituted for Leibovitz L-15 media to buffer CO2 and data 

acquisition started on a Roper TIRF Spinning Disk (Yokogawa CSU-X1) or 

Zeiss LSM 980 AiryScan2 with a cage incubator to control temperature at 37 

°C. After excitation with a 491 nm laser (Cobolt 491, 100 mW), fluorescence 

from GFP was detected with a ×100 oil immersion objective (Plan Apo 1.49), 
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a bandpass filter (525/45 Chroma), and a photometrics 512 EMCCD camera. 

Images were post-processed with ImageJ (NIH) and Adobe Illustrator. 

4.6.7 Solubility Proteome Profiling 

A549, GFP-Rab11a-WT and GFP-Rab11a-DN cells were mock-

infected or infected with PR8 virus between 4 to 16hpi and treated with 

nucleozin or DMSO. Frozen cell pellets containing 1x106 cells were shipped 

to Proteomics Core Facility at EMBL, Heidelberg for further sample 

processing. 

Samples for mass spectrometry analysis were prepared as described 

53. Briefly, 1x106 cells were resuspended in 100 µl lysis buffer (0.8 % NP-40, 

1x cOmplete protease inhibitor cocktail (Roche), 1x PhosphoStop (Roche), 1 

U/ml RNAsin (Promega), 1.5 mM MgCl2 in PBS (2.67 mM KCl, 1.5 mM 

KH2PO4, 137 mM NaCl, and 8.1 mM NaH2PO4, pH 7.4). The sample aliquot 

for total proteome was incubated directly with benzonase on ice, while the 

sample aliquot for the soluble proteome was spun down at 100,000 g at 4 °C 

for 20 min. The supernatant was incubated with benzonase. Both total and 

soluble aliquots were incubated for 10 min with final 1 % SDS. Protein 

concentration was determined for the total proteome sample and aliquots 

equal to 5 µg protein were taken for sample preparation for MS analysis. Both 

soluble and total lysate of each sample was combined in a multiplexing MS 

experiment. 

4.6.7.1 Mass spectrometry sample preparation 

Sample preparation for mass spectrometric measurements were 

performed as described in 28,54 . 
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4.6.7.2 Protein digestion and labelling 

Protein digestion was performed using a modified SP3 protocol 55,56. 

5 µg of proteins (per condition) were diluted to a final volume of 20 µl with 

0.5% SDS and mixed with a bead slurry (Sera-Mag Speed beads, Thermo 

Fisher Scientific) in ethanol) and incubated on a shaker at room temperature 

for 15 min. The beads were washed four times with 70% ethanol. Proteins on 

beads were overnight reduced (1.7mM TECP), alkylated (5mM 

chloroacetamide) and digested (0.2 µg trypsin, 0.2µg LysC) 100 mM HEPES, 

pH8. On the next day, peptides were eluted from the beads, dried under 

vacuum, reconstituted in 10 µl of water and labelled with TMT-16plex 

reagents for one hour at room temperature. The labelling reaction was 

quenched with 4 µl of 5% hydroxylamine and the conditions belonging to a 

single MS experiment were pooled together. 

The pooled sample was desalted with solid-phase extraction after 

acidification with 0.1 % formic acid. The samples were loaded on a Waters 

OASIS HLB µelution plate (30µm), washed twice with 0.05% formic acid and 

finally eluted in 100 µl of 80% acetonitrile containing 0.05% formic acid. The 

desalted peptides were dried under vacuum and reconstituted in 20 mM 

ammonium formate. The samples were fractionated using C18-based 

reversed-phase chromatography running at high pH. Mobile phases 

constituted of 20 mM Ammonium formate pH 10 (buffer A) and acetonitrile 

(buffer B). This system was run at 0.1 ml/min on the following gradient: 0% B 

for 0 – 2 min, linear increase 0 - 35% B in 2 – 60 min, 35 – 85% B in 60 – 62 

min, maintain at 85% B until 68 min, linear decrease to 0% in 68 – 70 min and 

finally equilibrated the system at 0% B until 85 min. Fractions were collected 

between 2 – 70 min and every 12th fraction was pooled together and vacuum 

dried. 
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4.6.7.3 LC-MS-MS measurement 

Samples were re-suspended in 0.05% formic acid, 4% ACN in LC-MS 

grade water and analyzed on Q Exactive Plus mass spectrometer (Thermo 

Fisher Scientific) connected to UltiMate 3000 RSLC nano system (Thermo 

Fisher Scientific) equipped with a trapping cartridge (Precolumn; C18 

PepMap 100, 5 μm, 300 μm i.d. × 5 mm, 100 Å) and an analytical column 

(Waters nanoEase HSS C18 T3, 75 μm × 25 cm, 1.8 μm, 100 Å) for 

chromatographic separation. Mobile phase constituted of 0.1% formic acid in 

LC-MS grade water (Buffer A) and 0.1% formic acid in LC-MS grade 

acetonitrile (Buffer B). The peptides were loaded on the trap column (30 

μl/min of 0.05% trifluoroacetic acid in LC-MS grade water for 3 min) and eluted 

using a gradient from 2 % to 30 % Buffer B over 103 min at 0.3 μl/min 

(followed by an increase to 40 % B, and a final wash to 80 % B for 2 min 

before re-equilibration to initial conditions). 

The outlet of the LC- system was directly fed for MS analysis using a 

Nanospray-Flex ion source and a Pico-Tip Emitter 360 μm OD × 20 μm ID; 

10 μm tip (New Objective). The mass spectrometer was operated in positive 

ion mode. The spray voltage and capillary temperature was set to 2.2 kV and 

275°C respectively. Full-scan MS spectra with a mass range of 375–1,200 

m/z were acquired in profile mode using a resolution of 70,000 (maximum fill 

time of 250 ms or a maximum of 3e6 ions (automatic gain control, AGC)). 

Fragmentation was triggered for the top 10 peaks with charge 2–4 on the MS 

scan (data-dependent acquisition) with a 30-s dynamic exclusion window 

(normalized collision energy was 30), and MS/MS spectra were acquired in 

profile mode with a resolution of 35,000 (maximum fill time of 120 ms or an 

AGC target of 2e5 ions). 
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4.6.7.4 Protein identification and quantification 

The MS data was processed as described in 28. Briefly, the raw MS 

data was processed with isobarQuant (and identification of peptides and 

proteins was performed with Mascot 2.4 (Matrix Science) against a database 

containing Homo sapiens Uniprot FASTA ((proteome ID: UP000005640, 

downloaded on 14 May 2016) and Influenza A virus (strain A/Puerto 

Rico/8/1934 H1N1, proteome ID: UP000009255) along with known 

contaminants and the reverse protein sequences (search parameters: trypsin; 

missed cleavages 3; peptide tolerance 10 ppm; MS/MS tolerance 0.02 Da; 

fixed modifications included carbamidomethyl on cysteines and TMT16plex 

on lysine; variable modifications included acetylation of protein N-terminus, 

methionine oxidation and TMT16plex on peptide N-termini). 

4.6.7.5 Mass spectrometry data analysis and normalization. 

All MS data analysis was performed using R studio (version 1.2.1335 

and R version 3.6.1). Data normalization of NP40- and SDS- derived 

proteomes was performed with vsn  57. The overall signal sum intensities 

distributions from all TMT channels of all replicates were corrected for 

technical variations.  

4.6.7.6 Differential analysis of protein abundance 

The log2 transformed vsn normalized SDS-derived signal sum 

intensities of proteins from different samples were analysed for differential 

abundances using limma 58. Proteins with |log2(fold change) | > 0.5 and 

adjusted p-value (Benjamini Hochberg) < 0.1 were considered significantly 

changed.   



200 
 

4.6.7.7 Differential analysis of protein solubility 

Solubility is defined as the ratio of NP40- and SDS- derived 

abundances of proteins. This ratio was computed for all proteins measured in 

a dataset. The log2 transformed protein solubility was compared between 

different conditions (time points of infection or different cell line at 12 hours 

post infection) using limma. Proteins with |log2(fold change) | > 0.5 and 

adjusted p-value (Benjamini Hochberg) < 0.1 were considered significantly 

changed. 

4.6.7.8 Gene ontology over representation analysis 

Differential abundant or soluble human proteins from infection time 

course or different cell line datasets were used for GO term “Biological 

processes” and/or “Cellular Compartments” overrepresentation analysis 

using clusterProfiler (R Bioconductor) 59. All identified proteins in each dataset 

served as the background. Standard settings were used for representing 

enriched GO terms (p-value cutoff: 0.05, Benjamini-Hochberg procedure for 

multiple testing adjustment and q-value cutoff of 0.2). 
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Chapter 5 - General discussion 
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5.1 General discussion and caveats 

Predating historical records, humans have been plagued with all sorts of 

epidemic and pandemic events (Morens and Taubenberger, 2011; Pappas et 

al., 2008). Among others, notable outbreaks include smallpox, bubonic 

plague, measles, malaria, tuberculosis, yellow fever, leprosy, dengue, 

cholera, typhus, influenza, and the current coronavirus disease 2019 (COVID-

19) pandemic caused by the SARS-CoV-2 virus. Asides the socio-economic 

burdens, infectious diseases pose a biosafety and/ or biosecurity risks of 

which the current human population has a first-hand experience through 

COVID-19, highlighting the need to better understand their disease 

mechanisms to proffer alternative therapeutic solution. 

Like other viruses, the IAV is known to use and/ or perturb diverse host 

cellular resources for successful infection and propagation. Importantly, IAV 

was shown to abrogate innate immune response/s while using key cellular 

pathways to complete its life cycle. Fitting with classical infection biology, IAV 

manipulates membrane bound structures such as mitochondria, ER, 

lysosome, recycling endosomes, PM etc (Etibor et al., 2021). For example, 

IAV entry requires early and late endosomes, viral transcription and 

replication takes place in the nucleus, while the late stage involves the utilise 

Rab11 recycling endosome, ER, and the PM to form the viral assembly site, 

the budozone and promote virion release to the ECM (Amorim, 2019; Chen 

et al., 2001; Etibor et al., 2021; Hutchinson and Yamauchi, 2018; Moriyama 

et al., 2019; Pila-Castellanos et al., 2021; Tsai et al., 2017; Sílvia Vale-Costa 

and Amorim, 2016b). 

Beside utilizing membrane bound organelles, it is now apparent that 

viruses can recruit or modify host condensates while assembling virus-

specific condensate de novo to promote their life cycles. This was 

demonstrated for the IAV which was proposed to use liquid viral inclusion for 

genome assembly (Alenquer et al., 2019; Vale-Costa et al., 2016b; Sílvia 
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Vale-Costa and Amorim, 2016a). The genome of IAV is constituted by eight 

vRNPs, suggesting that intersegment interactions may be the driving force for 

inclusion assembly. Despite the lack of mechanistic insight, the formation and 

maintenance of viral inclusions is a conserved and robust process as co-

infection with two distinct human IAV strains resulted in the co-lodging of their 

vRNPs in the same inclusions (Alenquer et al., 2019). Formation of 

reassortant viruses with mixed genomes from human and avian adapted 

strains have been associated with pandemic viruses. Hence, understanding 

the mechanism of emergence and the biophysical properties of IAV inclusions 

may provide insight on their contribution to the production of reassortants.  

In Chapter 2 of this work, we demonstrated that intersegment 

interaction is not necessary for the formation of IAV inclusions (Figure 5.1). 

In comparison to PR8 infected cells, our CLEM data showed that single vRNP 

inclusions consist of vRNP enriched clusters of vesicles, which originate from 

Rab11 recycling endosome, but are not delimited by membrane. Importantly, 

single vRNP type inclusions phenocopied infection system by displayed 

adaptive responses to hypotonic shock and 1,6-hexanediol stimuli, 

suggesting that single vRNP type inclusions are inherently liquid biomolecular 

condensates that emerge by phase transition. As shown for other systems, 

phase transition could operate as a signal amplifier (Su et al., 2016), 

repressor or activator of specific cellular pathways by excluding or including 

a specific molecules (Delarue et al., 2018). Coupling these traits to our 

system, we hereby propose that inclusions are non-membrane delimited 

micro-compartments with liquid properties, able to spatially restrict vRNPs, 

increasing their concentration at specific sites to facilitate dynamic vRNP 

exchanges for better genome assembly kinetics. The caveat here lies in our 

inability to recapitulate single vRNP inclusions in IAV genomic segments 

other than segments 7 or segment 8. There is a possibility that other 

segments are unable to form inclusions independently, suggesting that viral 

genomic segments 7 or 8 may serve as the master regulator vRNP-vRNP 
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interactions and together with Rab11a control inclusion biogenesis. On the 

other hand, other segment might require the transfection of vRNA at high 

concentration and/ or a combination of specific viral or host components to 

form single vRNP inclusions. 

Having met the necessary criteria, molecules can segregate into distinct 

membraneless microcompartments via phase transition. In thermodynamics, 

the demixing from the surrounding media implies a preference of alike 

molecules to interact, self-sort, and exclude the milieu. This is well understood 

for binary systems but deviate considerably for muticomponent systems, even 

in vitro (Klein et al., 2020; Klosin et al., 2020; Riback et al., 2020; Snead et 

al., 2022). The operational mechanism of living cells that are complex 

multicomponent systems at non-equilibrium is yet to be understood. However, 

small alterations in molecular interactions, caused by changes in the 

environment or the interactome of the condensate, originate different self-

assembled structures (Franzmann et al., 2018; Fuller et al., 2020; Quiroz and 

Chilkoti, 2015; Riback et al., 2020; Seim et al., 2022; Snead et al., 2022) that 

respond distinctly to thermodynamic variables such as concentration, 

temperature and type/strength of interactions. For example, increasing the 

concentration in a system is mostly associated with more ordered, less 

flexible structures, however higher ordered structures were reported to arise 

in response to a concentration reduction (Helmich et al., 2010). Therefore, 

understanding how physical modulators of phase transitions impact the 

properties of condensates is key to comprehend how biological systems may 

be regulated, which is essential, for instance, in designing condensate-

targeting drugs with specific activities. 

To meet this critical need, in Chapter 3, we address the fundamental 

questions of whether the material properties of IAV inclusions may be 

modulated and what are the most efficient methods (Figure 5.1). We show 

that they may be hardened by targeting vRNP interactions but not by lowering 

the temperature down to 4 ºC nor by altering the concentration of the factors 
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that drive their formation. The data on temperature reveals that a decrease in 

the entropic contribution leads to a growth of condensates, as observed for 

other systems (Falahati and Haji-Akbari, 2019; Hyman et al., 2014; Riback 

and Brangwynne, 2020), that is, however, mild and does not significantly 

impact the stability of the structures. Similarly, altering the concentration of 

drivers of IAV inclusions impact their size but not their material properties. 

This is unexpected because many studies have shown that changing the 

temperature or concentration of condensate drivers dramatically impacts their 

phase diagrams (Bracha et al., 2018; Riback et al., 2020; Zhu et al., 2019) 

and material properties (Shin and Brangwynne, 2017). 

For influenza, these minor effects demonstrate that the system is 

flexible, which may result from the necessity to maintain the liquid character 

over a wide range of vRNP concentration in the cytosol (low levels in the 

beginning and high at later stages of infection). The maintenance of the liquid 

character may be a regulated process involving fission and fusion events 

associated with the ER, as reported for other systems (Lee et al., 2020). In 

fact, IAV liquid inclusions develop in proximity to a particular part of a modified 

ER (de Castro Martin et al., 2017), the ERES (Alenquer et al., 2019). In 

addition, the fusion and fission events of inclusions may be necessary to 

promote vRNP interactions, which is essential for genome assembly, as 

proposed before (Amorim et al., 2011; Eisfeld et al., 2015; Lakdawala et al., 

2014; Nturibi et al., 2017). 

Our findings are exciting but bear a few constraints that necessitate 

addressing. Firstly, understanding condensate biology in living cells is 

complex because the systems are heterotypic and away from equilibria. This 

is especially challenging for influenza liquid inclusions that are formed by 8 

different vRNP complexes, that although sharing the same structure (the 

vRNP complex), vary in length, valency and RNA sequence. In addition, liquid 

IAV inclusions result from an incompletely understood network of interactions 

where vRNPs engage in multiple and distinct intersegment interactions 
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bridging cognate vRNP-Rab11 units on flexible membranes (Alenquer et al., 

2019; Amorim et al., 2011; Bruce et al., 2010; Chou et al., 2013; Gavazzi et 

al., 2013a, 2013b; Haralampiev et al., 2020; Le Sage et al., 2020; Nturibi et 

al., 2017; Shafiuddin and Boon, 2019; Sugita et al., 2013). Presently, we lack 

an in vitro reconstitution system to understand the underlying mechanism 

governing demixing of vRNP-Rab11a-host membranes from the cytosol. This 

in vitro system would be useful to explore how the different segments 

independently modulate the material properties of inclusions, explore if 

condensates are sites of IAV genome assembly, determine thermodynamic 

values, thresholds accurately, and perform rheological measurements for 

viscosity and elasticity and validate our findings. 

One of the constraints of using cells in this work relates to the range and 

precision of the concentrations and temperature we can vary in our system. 

Testing gradient temperature and concentration of Rab11 would have been 

ideal, however, this is challenged by a need to reach balance between 

thermal degrees and exposure time necessary for an observable 

physiological effect on inclusions. Moreover, gradient concentration levels of 

Rab11a in cells is not easy to control as overexpression for too long may be 

toxic to the cell. We circumvent this challenge, we compared endogenous 

Rab11a cellular levels to a single pool of transduced cells that contained low, 

but still heterogeneous, levels of Rab11a to avoid toxicity and/or 

uncharacterized effects of overly expressing Rab11a in the cell. To minimize 

this limitation, we combined overexpressing Rab11a with a range of low and 

high levels of vRNPs (analysing the entire time course of infection) to 

understand if a combination of high levels of vRNPs and of Rab11a could 

synergistically change the material properties of IAV inclusions. Also, we used 

controllable temperatures (4 ºC, 37 ºC and 42 ºC) specified to the available 

incubators in the Laboratory.  

Defining the rules for hardening condensates is important for 

understanding how biological condensates may be manipulated in cells and 
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has consequences for development of novel antiviral treatments. In Chapter 

4, we demonstrated that using nucleozin, as a way to target the type/strength 

of interactions of viral inclusions, led to hardening of these structures in a way 

that does not impact host proteome abundance or additional changes in 

proteome solubility (Figure 5.1). How to target the type/strength of 

interactions within viral inclusions in ways that do not promote immediate viral 

resistance is a challenge for the future. Earlier, we showed that the 

development of molecules that affect the interactions between two 

components (such as post-translational modifications, local pH or ionic 

strength or pharmaceutical stickers/spacers) could be a solution. Such 

targeting may prevent off-target effects, especially by developing compounds 

able to distinguish free vRNP components from those in the supramolecular 

complex. Importantly, using SPP, we identified many host and viral factors 

whose abundance and/or solubility changes during infection, opening many 

interesting questions on how these changes impact cellular function  

Overall, our work showed that IAV inclusions are biomolecular 

condensates with inherent liquid properties that could support genome 

assembly by a yet uncharacterised molecular mechanism leading to 

formation of a hetero 8-vRNP complex. We also show that these strutures 

can be selectively hardened to abrogate viral replication. This may in the 

future constitute a novel therapeutic strategy that could be recapitulated for 

other condensate related diseases. As such, we provide a framework for 

identifying how key physical parameters control condensate formation and 

material properties.  

We are just beginning to understand the involvement of phase transition 

in virology, but we anticipate that, given the ancient co-evolution between 

viruses and eukaryotic cells and the diversity of host strategies used by 

viruses, the next years will provide an interesting overlap between the two 

fields. 
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Figure 5.1- Schematics depicting the pharmacological hardening liquid 

IAV inclusions in situ and in vivo. 

IAV inclusions are liquid biomolecular condensates which segregate from the 

cytoplasm to concentrate vRNPs for posterior genome assembly. In the 

presence of nucleozin, IAV liquid inclusion become hardened and loses its 

material properties, thereby subverting viral infection. 
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5.2 Future perspectives 

Altogether, this work bridges a new field of cell biology viz. phase 

transition to virology, thereby clearing the path to better understand novel 

cellular mechanism for IAV inclusion biogenesis, genome assembly and 

targeted therapeutic intervention. However, key questions remain to be 

addressed.  

One of the key curiosities that would be of interest in the future is the 

determination of inclusion forming mechanism for each of vRNA segments 1-

6. We propose one of two possible hypotheses: that a master vRNA segment 

(7 or 8) is required or other viral and host components are necessary in 

specific stoichiometry. To address this question, different host proteins e.g., 

CRM1 and viral proteins such as NS2 and M1 might need to be expressed at 

different level while employing our minireplicon system. Also, plasmid 

encoding the vRNAs of either of segment 7 or 8 should be co-transfected with 

one of other vRNAs (segment 1-6) in the complete minireplicon ratio. Also, 

the time of transfection of the minireplicon system may require tweaking from 

the 16 hours we used in our system. 

During IAV infection, liquid inclusions are formed by an unknown 

molecular mechanism. We postulate that the liquid character is maintained 

by an incompletely understood network of intersegment interactions bridging 

several cognate vRNP-Rab11 units on flexible membranes. To address this 

challenge, an in vitro reconstitution system of viral inclusions needs to be 

developed. This in vitro system could, in addition, determine thermodynamic 

values, thresholds accurately, perform rheological measurements for 

viscosity and elasticity and validate our findings. However, we find that the 

most interesting utility of this system would be to explore if and how IAV 

inclusions promote IAV genome assembly. In fact, inclusions are  in a state 

of dynamic mixing, exchanging vRNP materials as they approach the 

budozone (Alenquer et al., 2019; Amorim et al., 2011; Avilov et al., 2012b; 
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Eisfeld et al., 2011a; Lakdawala et al., 2014; Vale-Costa et al., 2016b). How 

demixing of vRNPs into inclusions could promote formation of complete 

genomes and how these would be excluded from viral inclusions to reach the 

plasma membrane remains unknown.  

In this work, we explored the rules for hardening IAV liquid condensates 

by employing some in vitro strategies to tease intracellular thermodynamics 

of IAV inclusions. Technically, we retrieved thermodynamic parameters (such 

as Cdense, Cdilute, shape, size) from images in z-stacks as the sum of slices at 

specific snapshots of infection. However, although requiring a very complex 

image analysis that we lack, in an ideal scenario, the analysis should have 

been done using the whole volumetry of each viral inclusion, and using live 

images quantified over time that is yet to be reported. 

Most of our strategies were proxies for cellular mechanisms that 

regulate transport of material, energy of local reactions and/or parameters 

that modulate their interactions such as PTM. For IAV inclusion hardening, 

we showed that increasing molecular valency by drug targeting is the best 

strategy. However, a cost of targeting conserved molecules is the evolution 

of escape mutants (Hu et al., 2017; Kao et al., 2010; Li et al., 2012). 

Therefore, a concern to address in the future is how to design suitable 

combinatory therapies able to reduce their emergence. Since single 

nucleotide mutations underpin numerous resistance mechanisms to antivirals 

(Lampejo, 2020), an alternative is to engineer condensate hardening drugs 

that require multiple amino acid changes for escaping or targeting conserved 

motifs that are not subjected to high evolutionary pressure. 

In the future, our framework can be improved by probing other specific 

thermodynamics parameters such as pH, ionic strength, and PTM to identify 

the potential to target more specific pathways. Other alternatives to modulate 

the material properties tailored for function can also be developed. For 

example, accumulating evidence shows that blocking viral inclusion formation 
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hinders viral infection (Amorim, 2019; Amorim et al., 2011; Bruce et al., 2010; 

de Castro Martin et al., 2017; Eisfeld et al., 2011a; Momose et al., 2011; 

Nturibi et al., 2017; Pila-Castellanos et al., 2021; Vale-Costa et al., 2016b; 

Veler et al., 2022). We demonstrated that increase in temperature biases the 

system to dissolving viral inclusions, therefore, activating exothermic 

reactions close to IAV inclusions may lead to their dissolution. This may be 

achieved by targeting ATP hydrotropes to viral inclusions. Previously, it was 

demonstrated that blocking Rab11 pathway, directly or indirectly, hampers 

viral infection (Amorim et al., 2011; Eisfeld et al., 2011a; Han et al., 2021; 

Momose et al., 2011), hence, future research could also explore this route. 

Since Rab11a has emerged as a key factor for the replication of members of 

many unrelated viral families relevant for human health (Bunyaviridae, 

Filoviridae, Orthomyxoviridae, Paramyxoviridae and Pneumoviridae), 

targeting its activity may serve as a pan-antiviral strategy (Amorim et al., 

2011; Bruce et al., 2010; Cosentino et al., 2022; Nakatsu et al., 2013; Nanbo 

and Ohba, 2018). 

Finally, our SPP data identified some interesting hits of interest that we 

were unable to investigate. These includes the biophysical behaviour and 

function of NS1, TRIM25, OASL microstructures during IAV infection, and 

how they can be physically modified as a potential antiviral mechanism. For 

this, in vitro reconstitution of molecule, imaging, and rheological analysis, 

supplemented with in situ exploration would be critical. 

.  
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