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resumo  

  

  

 Os vírus, como por exemplo o vírus da influenza A (VIA), são os agentes 

causadores da maior parte das epidemias respiratórias anuais em seres humanos: 

apoderam-se e controlam a maquinaria das células hospedeiras e estabelecem 

interações precisas com múltiplos componentes celulares, a fim de se 

propagarem. A razão fundamental pela qual os vírus precisam de células vivas 

para se multiplicarem, é o facto de não possuírem componentes fundamentais 

necessários para a replicação, como por exemplo, os ácidos ribonucleicos de 

transferência (ARNt). Alguns estudos demonstraram que o VIA manipula as 

populações de ARNt de células hospedeiras de forma a induzir a tradução eficiente 

de proteínas virais. Os ARNt são modificados, pós-transcrição, por enzimas 

modificadoras de ARNt (EMTs) de forma a garantir a estabilidade dos ARNt e que 

a tradução ocorra da forma mais eficiente possível. A maioria dessas modificações 

ocorre na posição 34 dos ARNt, localizada no anti codão, embora essas 

modificações também ocorram em outras áreas da estrutura dos ARNt. 

 

Neste estudo, procurámos determinar se a infeção pelo VIA levava a alterações 

na expressão dos genes que codificam para as EMTs. Os resultados obtidos 

demonstraram que alguns genes (ELP1, ELP3, ELP6, ALKBH8 e TRMT2A) 

estavam a ser sobre-expressos duas horas após a infeção, enquanto nenhuma 

outra mudança significativa foi detetada em outros momentos. 

 

Para além disso procurámos também determinar se a falta de ELP3 influenciaria 

de alguma forma a produção de partículas virais pelas células infetadas. 

Resultados preliminares obtidos usando células knockout para ELP3, indicam que 

a ausência dessa enzima reduz notavelmente a produção viral, sugerindo um 

papel relevante para a ELP3 no ciclo de vida do VIA. 
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abstract  

  

  

 Viruses, such as the influenza A virus (IAV), are the causative agent for most of 

the annual respiratory epidemics in humans, and they take control of the host cell 

machinery and establish precise interactions with cellular components in order to 

propagate. The fundamental reason why viruses need living cells to multiply, is 

because they lack key elements that are needed for replication such as transfer 

ribonucleic acids (tRNAs).  

IAV has been shown to specifically manipulate the host-cell tRNA population to 

enable the efficient translation of viral proteins. tRNAs are modified, post-

transcriptionally, by tRNA-modifying enzymes (TMEs) to ensure their stability and 

efficient translation. The majority of these modifications occurs at the wobble 

position, located at the anticodon loop, although they may also happen in other 

areas of the tRNA structure.  

 

In this study we aimed to determine whether IAV infection leads to changes in the 

expression of the genes that code for the TMEs. Our results demonstrated that 

particular genes (ELP1, ELP3, ELP6, ALKBH8 and TRMT2A) were overexpressed 

two hours post-infection while no striking changes were detected in other time 

points.  

 

We also aimed to determine whether the lack of ELP3 would influence the viral 

particle production by the infected cells. Using ELP3 knockout cells, our preliminary 

results show that the absence of this TME notably reduces viral production, 

suggesting a relevant role for ELP3 on the IAV life-cycle. 
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1.1. Influenza A Virus 

1.1.1. Influenza  

The influenza A virus (IAV) is a significant cause of mortality around the globe, being responsible for 

some of the worst epidemics and pandemics in human history1. According to a report published online 

by the World Health Organization (2018), these yearly epidemics are estimated to provoke around 3 

to 5 million cases of serious illness and 290 000 to 650 000 annual deaths2. 

There are three types of Influenza: A, B and C3. While types A and B are responsible for most cases of 

influenza infections, type C is not very clinically relevant and, among the first two, the majority of 

infections are induced by the IAV3.  

According to the International Committee on Taxonomy of Viruses (2018), the IAV species belongs to 

the Alphainfluenzavirus genus which is part of the Orthomyxoviridae family, and is classified as a type 

V virus according to the Baltimore classification system4. In the Orthomyxoviridae family, viruses are 

enveloped and have segmented, negative-sense single-stranded RNA genomes (ssRNA)1,5. IAV is 

additionally subdivided into multiple subtypes according to the conformation of its two most 

important envelope glycoproteins: hemagglutinin (HA) and neuraminidase (NA)1,5. Up until now, 18 

types of HA (H1 to H18) and 11 types of NA (N1 to N11) have been discovered and identified1,5–7.  

Such as all viruses, IAV is an obligate intracellular parasite, taking control of the host cell’s machinery 

in order to multiply and produce new viral particles8. 

1.1.2. Epidemiology and Disease 

According to a World Health Organization report (2018), pandemic and epidemic influenza can affect 

all age groups, although some groups are more susceptible to developing serious illness than others 

such as the elderly, pregnant women, young children, individuals with chronic medical conditions, 

individuals with immunosuppressive disorders and health care workers. Seasonal influenza is an acute 

respiratory disease characterized by, among others, fever, cough, headaches and body aches5,6, 

symptoms which usually appear after an incubation period of approximately 48 hours6. In most cases, 

when an individual contracts seasonal influenza, he/she can recover completely without resorting to 

treatment, except if that individual belongs to a risk group, in which case the disease can lead to severe 

complications, such as laryngotracheitis, haemorrhagic bronchitis and pneumonia5,6. Influenza can be 

transmitted by infectious droplets6,9, aerosols10–12 or physical contact6,9.  

The occurrence of a new influenza epidemic is due to the fact that influenza viruses are continuously 

undergoing antigenic evolution, either by antigenic shift or antigenic drift6. Antigenic drift is a 

continuous process, occurring in both influenza A and B, that is characterized by the accumulation of 

point mutations in the hemagglutinin and neuraminidase genes during viral replication6,13. The main 

goal of these mutations is to limit or even prevent antibody binding5,13, allowing the new influenza virus 

variants to evade previous exposure or vaccination6. Antigenic shift is a sporadic event, occurring in 
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much less frequency than antigenic drift, that happens among influenza A viruses and induces the 

development of a novel virus strain due to genetic reassortment from RNA segments originating from 

different viruses or strains5,6,14. In this scenario, a large majority of the population does not have pre-

existing protection (immunity) against this new strain of IAV which allows the new viral strain to 

rapidly disseminate among humans, potentially leading to new pandemics5,6. 

The most effective way to fight influenza A virus induced diseases is through prevention of infection by 

vaccination with inactivated or live attenuated vaccines, and administration of antiviral drugs5. Of the 

aforementioned methods, the most effective for prevention and control of influenza infection is 

vaccination6,15 and a study conducted by the Centre for Disease Control and Prevention16 estimated that 

2018’s vaccine had an overall effectiveness of 47%16. However, vaccines don’t provide lifetime 

protection against influenza, offering protection for only a few months. This is due to the IAV antigenic 

drift and consequent antigenic evolution, making once effective vaccines ineffective against new 

strains5. This constant evolution of the virus makes it necessary to constantly evaluate and reformulate 

current vaccines in order to keep up with the antigenic drift of circulating strains of influenza15.  

Antiviral drugs can have both therapeutic and prophylactic effects, but, to prevent disease, they must be 

administered continuously at times of high influenza activity5. Two main types of antiviral drugs are 

used for the treatment of influenza: Matrix 2 ion channel blockers and neuraminidase inhibitors5. Matrix 

2 (M2) ion channel inhibitors, such as Amantadine and Rimantadine5,17,18, like the name suggests, block 

the M2 ion channel and prevent the release of the viral ribonucleoproteins (RNP) for migration to the 

nucleus of the cell17,18, and on the other hand neuraminidase inhibitors, such as Zanamivir and 

Oseltamivir5,17, induce the aggregation of viral particles on the host cell surface preventing the release 

of newly formed virions17.  

1.1.3. Structure (Genome and Morphology) 

The IAV, like previously mentioned, is an RNA virus of the Orthomyxoviridae family and has a 

segmented, negative-sense single-stranded RNA genome ((-) ssRNA). The IAV genome is 13 588 bases 

long19 and consists of eight single stranded, negative sense viral RNA (vRNA) segments that encode for 

at least 12 different viral proteins that are key factors for an efficient viral replication and virion 

formation in host cells1. These eight segments, which range in size from 890 to 2341 bases, contain 

conserved noncoding regions, of varying lengths, at both 3′ and 5′ ends, partially complementary to each 

other, that form a promoter for vRNA replication and transcription, by the viral polymerase complex1,20. 

These segments form ribonucleoprotein complexes (vRNPs) in conjunction with the viral RNA 

dependent RNA polymerase (vRdRp) complex, which consists of three different polymerase viral 

proteins, basic polymerase 1 (PB1), basic polymerase 2 (PB2), and acidic polymerase (PA)1. Each 

segment is separately encapsulated in the virion, by nucleoproteins (NPs), and arranged in a helical 

conformation to form the vRNPs1 (Figure 1). Along the structure of the vRNPs, these virally encoded 

RNA-binding proteins (NPs) act as a helical scaffold, promoting tidily storage of the viral genome1,21.  
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Out of the eight existing segments, the three largest encode the three viral proteins that assemble the 

vRdRp complex: PB1, PB2 and PA22. The three intermediate segments encode NPs and the membrane 

glycoproteins HA and NA22. Of the two remaining segments, the largest of them encodes the matrix 

protein M1 and the ion channel protein M222. On the other hand, the smaller segment encodes two non-

structural proteins, non-structural protein 1 (NS1) and non-structural protein 2/nuclear export protein 

(NS2/NEP)22. 

The viral genome is covered by an envelope (Figure 1) which consists of a lipid bilayer that is derived 

from the cellular membrane of the host cell during the budding process. The envelope is covered with 

the membrane glycoproteins HA and NA, and a small number of M2 proteins that go across the lipid 

envelope1,20. The type I transmembrane protein HA is the most abundant envelope protein at an 

approximate 80% presence in the virion envelope, followed by type II transmembrane protein NA, 

which makes up around 17% of the viral envelope proteins, which means that HA outnumbers NA in a 

ratio of approximately four to one23. When compared to the other two transmembrane proteins, M2, a 

type III transmembrane protein, is a very minor component of the viral envelope, with only 16 to 20 

molecules per virion23. The lipid envelope and its three major proteins, HA, NA and M2 cover a layer of 

M1 proteins, that envelop the viral core and bind to the lipid envelope to maintain virus morphology1. 

The virion core, enclosed inside the M1 matrix, consists of the vRNP complexes which, like previously 

mentioned, comprise of viral RNA segments associated with viral nucleoproteins and the vRdRp 

complex (Figure 1). Inside the M1 matrix, besides the vRNP complexes, we can also find NEP/NS2, 

although their exact location in the virion structure is unknown1,20.          

Figure 1. Schematic representation of the influenza A virus structure. IAV is an enveloped negative-
sense single stranded RNA virus with a genome comprising of eight RNA segments encapsulated inside 
the virus particle. 
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IAV virions themselves, they usually present a spherical or elliptical shape but can also have filamentous 

forms which can exceed 300 nm in length20. Besides the most common forms, the virions can also 

present irregular shapes. The usual diameter of the virions can range from 80 to 120 nm and they can 

have varying lengths1. Despite all these varying characteristics, the core structure and components of 

the influenza virions remain the same, consisting of the same envelope containing its three integral 

transmembrane proteins and the eight vRNP complexes1,20 (Figure 1). 

  

1.1.4. Replication Cycle 

The IAV is an obligate intracellular parasite, being completely dependent on the host cell machinery to 

replicate and propagate. The IAV life-cycle can be divided into the following phases: virus attachment, 

virus entry onto the host cell and release of viral content, nuclear transport onto the host cell nucleus, 

transcription and replication of the viral genome (synthesis of vRNA), export of the vRNPs from the 

nucleus and translation/synthesis of viral proteins and virus budding, and release from the host cell20,23.  

Virus Attachment: Upon entry onto a new environment, viruses circulate randomly until they end up 

clashing with the host cells.  The IAV recognizes sialic acids on the host cell surface and, at that point, the 

IAV replication cycle initiates20,23 (Figure 2, step 1). More specifically, the HA glycoprotein on the viral 

lipid envelope/membrane mediates the binding to sialic acid residues from glycolipids that reside on 

the surface of the host cells6. The specificity of HA’s receptor binding is dependent on the nature of the 

glycosidic linkage between the sialic acid and the penultimate galactose residue on the receptor20,23. In 

human IAV strains, the termination of the HAs contains the sialic acid receptor binding site which is 

going to bind to sialic acids attached to galactose through a α(2,6) linkage, while in the case of avian IAV 

strains, viruses bind to sialic acids attached to galactose via an α(2,3) linkage20,23. 

Virus entry onto the host cell and uncoating: After a bond is established between the viral HA and the 

sialic acid residues on the surface of the host cell, the virus is internalized by receptor-mediated 

endocytosis20,23. Upon entry into the cell, the virus is involved by an endosome with an acidic nature 

(Figure 2, step 2). The low pH of the endosome (around 5 or 6) induces a conformational change in the 

HA glycoprotein of the virus envelope, exposing the HA2 fusion peptide (HA is made up of subunits: HA1, 

which contains the receptor binding domain, and HA2, which contains the fusion peptide23) triggering 

contact between the viral envelope and the endosome, which in turn leads to the fusion of the viral 

envelope with the endosomal membrane, and the creation of a “channel” (pore) through which the 

vRNPs are going to be released into the cytoplasm of the host cell20,23. Besides the fusion of the endosome 

with the viral envelope, the M2 ion channels, a transmembrane proton-selective ion channel that 

transverses the viral envelope, also open up, allowing a flow of hydrogen ions from the endosome into 

the viral core, acidifying it even more, weakening the interaction between the vRNPs and the M1 protein 

and causing their dissociation, which leads to the release of the vRNPs to the host cell cytoplasm20,23.  
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Nuclear Transport: Once the vRNPs have been released from the viral structure, they are transported 

to the nucleus where they will undergo transcription and replication. This process (transport) occurs 

due to the viral proteins’ (PA, PB1, PB2 and NP)23 nuclear localization signals (NLSs), which induce the 

activation of the cellular nuclear import machinery by binding to the cellular nuclear import factor, 

importin alpha24, to import the vRNPs into the host cell nucleus, through the nuclear pore complex20,23,24 

(Figure 2, step 3). 

Synthesis of vRNA (Transcription and Replication of the viral genome): After the vRNPs are imported 

into the cell nucleus, synthesis of both the capped polyadenylated messenger RNA (mRNA), which is 

going to act as a template for host cell translation of viral proteins, and new vRNA strands, that are going 

to form the vRNPs of the new viruses, takes place20 (Figure 2, step 4). Given that the IAV doesn’t innately 

have the necessary components to carry out transcription independently, it hijacks the transcription 

machinery of the host cells.  

Firstly, given that the RNA strands that make up the viral genome are negative sense, in order for them 

to be transcribed they must first be converted into positive sense RNA strands that are going  to serve 

as a template for the production of new vRNA20,23. The vRdRp complex that was imported alongside the 

negative sense RNA segments plays an extremely important role in this process. The complex uses the 

vRNA as a template to produce two types of positive sense RNA: a full length uncapped and non-

polyadenylated complementary RNA (cRNA), by replication, which is going to function as a model from 

which the RNA polymerase is going to transcribe more copies of negative sense vRNA, and mRNA, 

produced by transcription, which is going to serve as a template for viral protein synthesis20.  

The synthesis of the viral capped polyadenylated mRNA is initiated by a process called cap-

snatching23,25,26. In this process, the viral polymerase uses the PB2 subunit of the vRdRp complex to 

promote the binding of the complex to short capped oligomers, located at the ends of the precursors of 

host mRNAs (pre-mRNAs)25,26. After binding, the viral polymerase uses its endonuclease domain in the 

PA subunit to cleave the pre-mRNAs at the 5’ end, at a position 10–13 nucleotides downstream from the 

5’ cap25,26. The capped RNA fragment that is produced during this process, is going to be used by the 

vRdRp complex, via the catalytic PB1 subunit, as a primer to initiate viral mRNA synthesis, which 

eventually leads to the production of capped translatable viral mRNAs25,26. In contrast, the production 

of cRNA, by replication, does not require a primer to initiate23,25. 

Like previously mentioned, besides the vRdRp complex proteins, NP also expresses NLS and is imported 

into the nucleus, however the precise role that NP plays in viral RNA transcription and replication is not 

clear. Turrell et al., 201327 showed that the NP of IAV does not regulate the initiation or termination of 

either transcription or replication but instead, it supports the progress of the polymerase during the 

elongation phase27. 
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Nuclear export and synthesis of viral proteins (Translation): Once mRNA is capped and 

polyadenylated, it can be exported out of the nucleus and translated by the host cell translation 

machinery20.  

Regarding the viral core proteins (PB1, PB2, PA, NP, NS1 and NS2/NEP), the virus hijacks and utilizes 

the host cell translation machinery for its own benefit, promoting translation of the viral mRNAs in the 

cytoplasm, in cytosolic ribosomes20,26. After being synthesized, in order to assemble the progeny vRNPs 

in the nucleus, the subunits of the vRNP complex (PB1, PB2, PA and NP) are imported from the cytoplasm 

back into the nucleus via their NLSs28. The PB1 and PA subunits can only be efficiently imported back 

into the nucleus after forming a dimer in the cytoplasm, while the PB2 subunit is imported separately 

and may undergo a conformational change on importin binding that promotes its binding to the PB1-PA 

dimer28,29.     

The viral envelope proteins HA, NA and M2, are synthesized in the endoplasmic reticulum (ER) 

membrane-associated ribosomes and are subsequently processed and folded in the ER and then 

trafficked to the Golgi apparatus where they undergo post-translational modifications, such as 

glycosylation20,26 (Figure 2, step 5). These three envelope proteins possess apical sorting signals20 that 

direct them through the trans-Golgi network to the host cell plasma membrane for subsequent virion 

assembly20.  

Assembly and nuclear export of vRNPs: After the import of vRdRp subunits (PB1, PB2 and PA) and NP 

back into the nucleus, vRNP formation occurs. The new vRNA segments that were synthesized by 

replication are encapsulated, co-transcriptionally, by a viral polymerase and free NP to form vRNPs26,29.  

The progeny vRNPs are exported from the nucleus into the cytoplasm by the cellular nuclear export 

factor CRM1/exportin1-mediated pathway and then transported to the cellular membrane24, where 

virus assembly and budding takes place (Figure 2, step 6). 

Virus packaging, assembly, budding and release: Assembly and budding of new influenza virions is a 

complex, multistep process that happens in a cholesterol rich membrane region, called lipid raft domain, 

on the apical membrane of infected host cells30 (Figure 2, step 7).  

It was previously thought that vRNA segments were randomly incorporated into budding viral particles, 

and only those particles that somehow ended up with a complete set containing all of the eight segments 

would become complete infectious viruses20, however recent studies have shed a new light on this 

particular topic, suggesting that the viral packaging is a highly selective process in which discrete 

packaging signals present in all vRNA segments guarantee that the majority of progeny virions contain 

a complete genome with all eight segments20. 

After all the vRNP complexes and viral proteins are present near the cell membrane, budding occurs. 

Once that process is complete, the virus isn’t immediately released because the HA is bound to the sialic 

acid residues from cell surface glycoproteins and glycolipids, retaining the virus until the NA, which is 
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anchored to the viral envelope by its transmembrane domain, cleaves those terminal sialic acid residues, 

due to its receptor destroying activity, and triggers the release of newly formed virions from the host 

cell20,30 (Figure 2, step 7). The newly released mature virions are free to roam and spread the infection 

to other healthy cells in the respiratory tract. 

While using the host cell to replicate itself, the virus causes the degradation and disruption of the cell, 

inducing the destruction of its membrane which eventually leads to cell death31,32.   

 

 

Figure 2. IAV replication cycle. The IAV hemagglutinin recognizes sialic acids on the host cell surface 
and, initiating, the IAV replication cycle initiates (1). The virus is then internalized via receptor-mediated 
endocytosis, and upon entry into the cell, the low pH of the endosome induces viral uncoating and the 
release of the viral genome into the cytoplasm (2). Transport of the genome to the nucleus occurs due 
to the viral proteins’ (PA, PB1, PB2 and NP) NLSs, which induce the activation of the cellular nuclear 
import machinery (3). Upon entry onto the cell nucleus, viral genome undergoes transcription and 
replication (4). Synthesized mRNA is exported to the cytoplasm where viral core protein production 
occurs in the cytoplasm while viral envelope proteins synthesis and processing occurs in the ER and 
Golgi apparatus (5). Viral core proteins are imported back into the nucleus where vRNP production 
happens, while viral envelope proteins are transported to the host cell plasma membrane for subsequent 
virion assembly.  Viral RNP complexes are formed in the nucleus, exported to the cytoplasm and 
transported to the cellular membrane (6).  Assembly and budding of new influenza then occurs at the 
host membrane, followed by virion release (7). Adapted from Das et al., 201022.  
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1.1.5. Host Defences against IAV and IAV Mechanisms of Evasion 

Upon detection of the presence of the virus, the host immune system is activated and it tries to actively 

fend off and clear the viral infection.  

Innate Immune System: The immune response begins with the innate immune system which provides 

the first line of defence against IAV infection. This initial response is rapid but nonspecific and it’s made 

up of physical barriers, such as mucus and collectins, phagocytic cells, cytokines and interferons (IFNs), 

all of which try to prevent infection of respiratory epithelial cells33,34. The activation of this response 

occurs when the pathogen associated molecular patterns (PAMPs) of the IAV are detected by the host 

cells pathogen recognition receptors (PRRs), such as retinoic acid-inducible gene-I protein (RIG-I)33–35 ,  

toll-like receptor (TLR)33–35 and the NOD-like receptor family pyrin domain-containing-protein-3 

(NLRP3)34,35. After recognition of PAMPs, RIG-I activates and its caspase activation recruitment domains 

(CARDs) become exposed, and are modulated by dephosphorylation or ubiquitination by E3 ligases33. 

Following this, CARD-dependent association of RIG-I and mitochondrial antiviral signalling proteins 

(MAVS), activates downstream transduction signalling at the outer mitochondrial membrane, which in 

turn leads to the activation of transcription factors, such as interferon regulatory factor (IRF) 3 and 7, 

and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), causing the expression of 

type I IFNs and proinflammatory cytokines33,35. Regarding TLRs, TLR3 and TLR7 are expressed on the 

surface of endosomes and lysosomes, and exclusively recognize nucleic acid PAMPs derived from 

multiple viruses, such as IAVs33–35.  TLR3 specifically recognizes double stranded RNA (dsRNA) in 

endosomes while TLR7 binds ssRNA, particularly in plasmacytoid dendritic cells. TLR3 interacts with 

the TIR-domain-containing adapter-inducing interferon-β (TRIF) inducing the activation of serine–

threonine kinases IκKε (IKKε) and TANK-binding kinase 1 (TBK1), which in turn phosphorylate to 

regulate the expression of interferon-β (IFN-β)33, while TLR7 recognizes the ssRNA of influenza virions 

that are taken up into the endosomes, which leads to the activation of downstream signalling of TLR7, 

activating NF-κB, which induces the expression of proinflammatory cytokines, or IRF7 which promotes 

the expression of IFNs33,35. Finally, NLRP3, which is part of the NLRP3 inflammasome, is activated upon 

IAV infection, leading to the expression of genes encoding for pro-interleukin (IL)-1β, pro-IL-18, and 

pro-caspase-1, and is also activated when there is M2 ion channel activity, which leads to the activation 

of this inflammasome, and subsequent cleavage of pro-IL-1β and pro-IL-1833–35. 

Like previously mentioned, respiratory tract epithelial cells are usually the first targets of IAV after it 

enters the human organism and because of that they have developed the ability to produce and release 

several molecules, such as proinflammatory cytokines, chemokines and type I IFNs35, that initiate the 

innate immune response by recruiting several innate effector cells, such as  myeloid cells (monocytes 

and neutrophils) and  lymphoid cells (natural killer (NK) cells)33,35. Besides these cells, other innate 

immune cells migrate towards the site of infection, such as dendritic cells and macrophages.  

Adaptive Immune System: After the immune response takes place, the second line of defence of the 

immune system takes over. The adaptive immune system comprises the humoral immunity, which 
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consists of virus-specific antibodies, and cellular immunity, which consists of T lymphocytes (CD4+ and 

CD8+ T cells)34. Upon the first encounter with the invading virus, the adaptive immune response occurs 

very slowly when compared to the innate response. However, after the dendritic cells present viral 

antigens to naive T cells and the formation of immunological memory occurs, the response becomes 

faster and stronger after a second encounter with the same pathogen36  

Mechanisms of evasion of the immune response by IAV: IAV proteins have the ability to bind and 

inhibit multiple components of the innate immune system, in part due to the high mutation rate of the 

influenza viral genome, which leads to the formation of antigenically different IAV strains that are able 

to evade recognition by the existing immune systems34. One of the main mechanisms that IAV has 

developed to evade innate immunity is the utilization of their NS1 protein to limit the innate immune 

response. This non-structural protein can bind the viral RNA with its RNA binding domain34 and mask it 

in order to avoid recognition by TLRs and RIG-I, thus limiting type I IFN production34,36. Besides this, IAV 

also utilizes antigenic drift and shift to evade adaptive immunity.  
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1.2. Transfer Ribonucleic Acids 

1.2.1. tRNAs: Function and Biogenesis 

Transfer RNAs (tRNAs) are a type of non-coding RNAs (ncRNAs), and are ubiquitous adaptor molecules 

that by complementary codon-anticodon base pairing, ensure the incorporation of the correct amino 

acids in the forming polypeptides37. These molecules are a crucial part of the translation machinery, 

linking the genetic code in the mRNAs with the amino acid sequence of proteins38. There is a wide array 

of different tRNAs, with each of them being attached to a particular amino acid and being able to 

recognize a specific codon or codons in mRNAs39.  TRNAs are relatively short molecules ranging from 73 

to 90 nucleotides in size38, and their structure is made up of five key areas: the acceptor stem (which 

includes a Cytosine-Cytosine-Adenine (CCA) termination), the D-arm, the TΨC-arm, the variable loop 

and finally the anticodon arm37,38. These structures will be presented in more detail in a further 

subchapter.  

tRNA formation/biogenesis can be divided into seven basic steps: synthesis of the initial transcript, 

removal of the 5’ leader sequence, trimming of the 3’ trailer sequence, addition of the CCA termination, 

splicing of existing introns, modification of multiple residues and nuclear export of the tRNAs into the 

cytoplasm where the translation process takes place40. Initially, tRNAs are transcribed in the nucleus, by 

RNA polymerase III41 as precursor molecules, named pre-tRNAs, that have accessory sequences at their 

5’ and 3’ ends, 5’ leader and 3’ trailer respectively, that are removed during the maturation process42. In 

eukaryotes, the 5’ leader sequence is usually removed first followed by removal of the 3’ trailer 

sequence40,42. This process occurs in the nucleus of cells, and the removal of the 5’ leader sequence is 

catalysed by the RNAse P enzyme, whereas the cleavage and removal of the 3’ trailer sequence is 

catalysed by the RNAse Z enzyme40,42. After the cleavage of these sequences, the CCA termination is then 

added post-transcriptionally onto the maturing tRNA by a CCA-adding enzyme, which is a 3’-specific CCA 

nucleotidyltransferase40,42. After these stages of tRNA biogenesis, splicing of existing introns takes place, 

and this process is divided into two main steps: firstly, endonucleases recognize conserved elements of 

the anticodon arm and excise the introns40,42, and secondly, two tRNA halves (3’ half and a 5’ half) are  

generated, after endonuclease induced removal of introns, which are then bound together by a ligase in 

order to complete the splicing process40,42. After all these steps are done, the maturing tRNA molecules 

go through a significant amount of post-transcriptional modifications, and are then exported into the 

cytoplasm where they can be incorporated and participate in the translation machinery40.      

TRNAs can be either attached to an amino acid, in a charged state or not attached to an amino acid, in an 

uncharged state39. An uncharged tRNA can be charged with an amino acid by an aminoacyl-tRNA 

synthetase38, through an acyl linkage between the carboxyl group of the amino acid and the 3’-hydroxyl 

group of the adenine nucleotide at the end of the CCA termination at the 3’ end of the tRNA38,39. This 

aminoacylation process can be divided into two main steps: adenylylation and tRNA charging39,43, and 

the global reactions go as follows43: 
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(I) Amino Acid + ATP → aminoacyl-AMP + Pyrophosphate 

(II) aminoacyl-AMP + tRNA → aminoacyl-tRNA + AMP 

In the adenylylation step (I), the amino acid, which is bound to the synthetase, reacts with adenosine 

triphosphate (ATP) to become adenylylated, which means that the amino acid becomes associated with 

the phosphoryl group of adenosine monophosphate (AMP), and this is accompanied by the release of 

pyrophosphate (PP)39,43. Following adenylylation, tRNA charging takes place (II), in which the 

adenylylated amino acid reacts with the tRNA, inducing translocation of the amino acid to the 3’ end of 

the tRNA, forming an aminoacyl-tRNA (aa-tRNA), with the release of AMP39,43.   

The newly formed aminoacyl-tRNA, which is a complex which comprises an amino acid associated with 

a tRNA, then participates in the peptide bond formation in protein synthesis38.  

Lastly, regarding their functions, tRNAs play other roles, though minor in comparison to their extremely 

important role in protein synthesis, such as the role of signalling molecules in the regulation of multiple 

metabolic and cellular processes38, and formation of tRNA fragments (tRFs)38. Furthermore. 

aminoacylated tRNAs have been associated with cell envelope remodelling, antibiotic synthesis and 

protein labelling for degradation38, among others.    

1.2.2. tRNA Structure 

The tRNA structure can be divided into its primary, secondary and tertiary structure39,44. The primary 

structure of tRNAs refers to the nucleotide sequence that constitutes the entire tRNA molecule, while 

the secondary structure, commonly referred to as cloverleaf since its shape resembles a four leaf clover, 

refers to the fundamental layout of the tRNA molecule, which folds into the tertiary,  L­shaped, structure 

which represents the three dimensional shape of the tRNA molecule39,44.   

As mentioned, tRNAs are made up of four main substructures, which represent the four arms of the 

cloverleaf-like structure: the acceptor stem (which includes the 3’ end CCA termination, which is the 

amino acid attachment site), the dihydrouridine (D) arm, the T pseudouridine (ψ) arm,  and the 

anticodon arm39,44 (Figure 3). Besides these four main substructures, the tRNA molecule also includes a 

small sized variable loop37,39 (Figure 3). The four stems are short double helices stabilized by Watson-

Crick base pairing45, and upon folding the acceptor stem and the T-arm form a twelve base pair acceptor–

TψC minihelix and the anticodon and D arms form another minihelix44. These two helices are positioned 

in a perpendicular fashion, putting the D-arm and T-arm into close proximity by non-canonical pairing 

of conserved nucleotides44,46, while the anticodon arm and the acceptor stem are positioned on opposite 

ends of the tertiary structure of the tRNA molecule44,46. 

Acceptor stem: this substructure of the tRNA molecule is a double stranded stem formed by base pairing 

between the bases in the 3’ and 5’ ends of tRNA, and it includes the Cytosine-Cytosine-Adenine (CCA) 

termination which is the place where the bond between tRNA and amino acid, induced by aminoacyl 

tRNA synthetases, is established39,45,47.  
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D-arm:  this substructure is a double stranded stem of the tRNA molecule with a single stranded loop in 

its end, and it is believed to act as a recognition site for specific enzymes48, however its exact role is still 

not yet fully understood. This loop contains dihydrouridine, a pyrimidine nucleoside which, according 

to the PubChem database of the National Center for Biotechnology Information, is the result of adding 

two hydrogen atoms to a uridine, hence the name “D-arm”. This particular substructure of the tRNA is 

also believed to play an important role in the stabilization of the tertiary structure of the tRNA molecule 

and tRNA aminoacylation49.  

TψC-arm: just like the D-arm and the acceptor stem, the TψC-arm is also a double stranded stem with a 

single stranded loop in its end, and it is named this way due to the presence of thymidine,  pseudouridine, 

which is a modified uridine nucleotide, and cytidine residues39,44. The stem is a five base pair motif 

frequently found in the structure of non-coding RNAs50, and the pseudouridine base is often found 

within the 5’-TψUCG-3’ sequence39. The T-arm is believed to play an important role in the stabilization 

of the tertiary RNA structure by facilitating long-range interactions between different regions of the 

molecule50, and it is also involved in the facilitation of intermolecular RNA-RNA and RNA-ligand 

interactions in naturally-occurring molecules50. 

Variable loop: this loop, as its name implies, varies in size ranging from 3 to 21 bases long, and is located 

between the anticodon arm and the TψC arm39. The canonical and most common tRNA molecule is 

usually around 73 to 76 bases long and any additional bases are usually included by the variable loop, 

hence its variable size44.   

Anticodon Arm: much like the previous substructures, the anticodon arm contains a double stranded 

stem with a single stranded loop in its end, which contains an anticodon39. Anticodons are, almost 

always, boxed between a purine, on the 3’ end, and an uracil residue, on the 5’ end39, and are units made 

up of three nucleotides that match to the three bases of the codon in the template mRNA39,44. After 

recognition of one another, the first and second bases of the mRNA codon interact with the second and 

third bases of the tRNA anticodon by Watson-Crick base pairing39,45 (Adenine – Uracil or vice-versa and 

Guanine - Cytosine or vice-versa), however the interaction between the third base of the codon and the 

first base of the anticodon is more flexible, since it allows non-Watson–Crick base pairing39,45. This 

particular position of the tRNA molecule (position 34 of the tRNA structure), was then named the wobble 

position39,45,51–53. Like mentioned, this location of the tRNA molecule supports non-standard base 

pairing, such as a Guanine - Uracil pairing, which in terms of length and structure is quite similar to the 

standard Guanine - Cytosine base pair45. This feature allows tRNAs the ability to pair with more than 

one codon, and furthermore, allows multiple codons to code for a single amino acid52,54. This particular 

feature of the genetic code is called degeneracy of the genetic code55. Of the 64 existing codons, 61 

represent amino acids and 3 represent stop signals, which means that 61 types of tRNA molecules would 

be necessary to cover all codons55. However, this isn’t the case because the genetic code is described as 

degenerate, which means that although each codon is specific for only one amino acid, a single amino 

acid may be coded by more than one codon55.  



14 
 

 

1.2.3. tRNA Modifications 

As approached previously, tRNA biogenesis starts off with the synthesis of the initial transcript, followed 

by processing of the 5’ and 3’ ends of the pre-tRNAs, addition of the CCA termination, splicing of 

introns40, and before being involved in protein synthesis and other processes, the tRNA molecule 

undergoes a great number of post-transcriptional modifications, which happen in multiple bases 

throughout the entire tRNA structure, to ensure tRNA stability, and translation accuracy and 

efficiency37,53,54,56–58. All of these modifications that happen throughout the tRNA molecule are catalysed 

by different tRNA-modifying enzymes (TMEs)54,57. 

These modifications are not exclusive to human/mammal tRNAs, and are a common feature of tRNAs 

from all organisms40,  however eukaryotic tRNAs tend to be more heavily modified than bacterial tRNAs, 

while parasitic and plastid tRNAs tend to be the least modified59. According to a report by MODOMICS, 

Figure 3. Schematic representation of the tRNA secondary structure. Transfer RNAs are made up of 
four main substructures, which represent the four arms of the cloverleaf-like structure: the acceptor 
stem (which includes the 3’ end CCA termination), D-arm (which includes the stem and the loop), the 
TψC -arm, and the anticodon arm. Besides these four main substructures, a small sized variable loop can 
also be found between the anticodon stem and TψC stem. Connecting lines between residues indicate 
base pairing. Adapted from Pereira et al., 201854. 
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a database of RNA modification pathways60, 163 post-transcriptional modifications of RNA have been 

identified, of which at least 80 of them are found in tRNAs60,61. On average, a tRNA molecule has 13 

modifications62, and the main goal of them is to introduce a functional diversity that allows the four basic 

nucleotide residues to obtain new functions60.  Among all functions that are induced by post-

transcriptional modifications, some can be highlighted, such as promotion of functional folding and 

tRNA stability by modifications occurring at the TψC and D arms54,59, stabilization of codon-anticodon 

interaction by modifications at position 37 near the anticodon loop54,61 and correct codon-anticodon 

base pairing, and reading frame maintenance by modifications occurring in the anticodon, more 

specifically, at position 34, also known as the wobble position54,61,63. Among the modification spectrum, 

some modifications are relatively common to all tRNAs, such as dihydrouridine, in the D­ arm, which is 

the result of the reduction of the carbon-carbon double bond at positions 5 and 6 of the uridine base by 

dihydrouridine synthases64, pseudouridine, in the TψC arm, which is the result of a non-reversible 

isomerization of uridine (pseudouridylation) catalysed by pseudouridine synthases65, the N6-

isopentenyl modification to adenosine (i6A) modification at position 37 of tRNAs, or the methylation of 

uridine to 5-methyluridine at position 54 of the in the TψC arm66, while other modifications are specific 

to certain tRNAs or groups of tRNAs44,54, such as the modification of guanosine to wyosine at position 37 

of tRNAPhe of eukaryotes66.  

Modifications can range from simple additions or substitutions of functional groups, such as methyl, 

amine, and thiol groups, to large complex structures, whose biosynthesis depends on the interaction 

between multiple components of different pathways37. Even though multiple bases throughout the tRNA 

molecule are modified, the anticodon is particularly subjected to a wide variety of modifications, more 

specifically at the wobble position40,52. Like mentioned, these modifications potentiate the increase in 

tRNA capacity to decode multiple synonymous mRNA codons, which differ between themselves in the 

third nucleoside, and also enhance recognition by the aminoacyl-tRNA synthetase enzymes, and serve 

as a preventive measure against frame shifting during the translocation process52. Some of the most 

common modifications of Uridine at the wobble position (U34) are the 5-methoxycarbonylmethyl 

(mcm5) or the 5-carbamoylmethyl (ncm5) modifications catalysed by the elongator complex, which 

results in a modified uridine residue, named mcm5U3461. Following this modification, U34 is usually 

further modified by a sulfur-relay pathway, which is catalysed by URM1, inducing thiolation (addition 

of a 2-thiol group) of U34 resulting in a 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U) 

nucleotide61. 

Like mentioned, the structural core of tRNAs is also heavily impacted by modifications. For example, 

methylations found at the tRNA core, which includes the TψC and D arms, are important for proper 

folding59,66. One example of this is the pseudouridine (ψ) modification, which is one of the most abundant 

base modifications, found at a variety of different positions in tRNAs59. In the TΨC-loop, it forms a 

tertiary base pair with a base in the D-loop contributing to the overall stability of the tertiary tRNA 
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structure59. Further ψ are distributed all over the entire tRNA structure, where they might also 

contribute to the overall stabilization of the tRNA molecule59.   

Due to certain stimuli or in certain conditions, deregulation of tRNA modifications may occur as a result 

of tRNA-modifying enzyme misexpression. As a result, tRNAs can be either hypo or hyper-modified, 

which ultimately may lead to compromised translation accuracy and fidelity, leading to serious changes 

in the normal functioning of the cell potentially developing into a disease54.     

 

1.2.4. tRNA-Modifying Enzymes 

TRNA post-transcriptional modifications are catalysed by tRNA-modifying enzymes (TMEs). Until now, 

100 TMEs have been identified67, with organisms from the eukarya, archaea and bacteria domains 

reserving a significant fraction (3 to 11%)68 of their genome to the coding of TMEs involved in the post-

transcriptional modification of nucleosides in tRNAs53,67. Relatively recent studies have carried out 

transcriptome wide analysis of the translation process, via ribosome profiling, in order to get a better 

understanding of the role of TMEs in translation and proteostasis69, and even though great progress has 

been made in this field, the role of many modifications and TMEs remains undiscovered and 

unidentified69. 

Multiple genetic mutations in TMEs have been associated with different pathological conditions, most 

notably, neurological and metabolic disorders, which indicates that irregular behaviour/functioning of 

TMEs leading to hypomodification of tRNAs, could be linked to the development of human diseases54. 

This data that has been collected over the years suggests that TMEs might be part of the set of molecules 

that are required for life68. 

Of the multiple existing TMEs, our work was focused on six particular enzymes: ELP1/IKBKAP, ELP3 

and ELP6 of the elongator complex, TRMT2A, ALKBH8 and URM1 (Figure 4). The following paragraphs 

are going to give an overview over the type of modifications they induce.  

Elongator Complex (ELP1, ELP3, ELP6): the elongator complex is a 6-subunit complex, highly 

conserved in eukaryotes, made up of two smaller subcomplexes: one containing ELP1, ELP2 and ELP3 

and another one containing ELP4, ELP5 and ELP640,70. This complex has been described as a component 

of a hyperphosphorylated RNA polymerase II holoenzyme71, and has also been characterized as a 

complex that induces acetylation of histones H3 and H472, and that regulates exocytosis due to the 

interaction between ELP1 and Sec2, an essential Rab GTPase40,71,72. Initially, this complex was thought 

to be a transcriptional elongation complex of RNA polymerase II in the nucleus, hence its name, with no 

other remarkable function, however it was later discovered that it is primarily a cytoplasmic complex 

that promotes translation fidelity and efficiency by inducing one of the first post-transcriptional 

modifications in the wobble position: the addition of a 5-methoxycarbonylmethyl (mcm5) or 5-

carbamoylmethyl (ncm5) group to the U3440,61. Of the subunits composing the complex, ELP3 is of 

particular interest given that it has been described as the catalytic subunit of the elongator complex61,73. 
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The reason for the interest in this particular subunit stems from the fact that multiple studies have 

shown that this TME is involved in the development of some disorders, more specifically, it has been 

associated with Wnt-driven intestinal tumor initiation74 and its deletion in cortical stem cells initiates 

the untranslated protein response (UPR) impairing the formation of intermediate neuronal progenitors 

eventually leading to the development of microcephaly61,75. ELP3 has also been described as a 

modifier/risk factor for amyotrophic lateral sclerosis (ALS)76,77. ELP3 mutations promoted abnormal 

synaptic development, possibly leading to neurodegeneration, which implies that this enzyme plays an 

important role in axonal biology and can be identified as a gene which might lead to neuronal 

degeneration77. 

URM1: the ubiquitin-related modifier 1 protein, commonly known as URM1, is a ubiquitously expressed 

protein, and a member of the ubiquitin superfamily78,79. Analysis of this superfamily has shown that 

URM1 has the most conserved structural and sequence characteristics of the common ancestor in the 

entire ubiquitin superfamily80. As previously mentioned, after the modifications induced by the 

elongator complex, U34 is usually further modified with a 2-thiol group (thiolation) by a sulfur-relay 

pathway, in which the URM1 enzyme acts as a sulfur carrier, resulting in a 5-methoxycarbonylmethyl-

2-thiouridine (mcm5s2U) U34 nucleotide61,78,79. 

ALKBH8: AlkB Homolog 8, commonly called ALKBH8, is one of many AlkB homologues identified in 

humans81,82. This enzyme possesses a methyltransferase domain and it’s involved in the last step of the 

formation of 5-methylcarboxymethyl uridine, by catalysing the methylation of 5-carboxymethyl uridine 

(cm5U) to 5-methylcarboxymethyl uridine (mcm5U) at the wobble position in the anticodon loop of 

tRNAs81,82. Besides this role in tRNA modification, ALKBH8 has also been implicated in bladder cancer 

progression by promoting angiogenesis and growth of these types of cancer83. 

TRMT2A: according to the “Gene” database of the National Centre for Biotechnology Information (NCBI), 

the tRNA methyltransferase 2 homolog A, also known as TRMT2A, is a protein often used as a biomarker 

for certain types of breast cancer84, however it is also known for inducing tRNA modifications due to its 

RNA methyltransferase domain85. TRMT2A is a homolog of the yeast (Saccharomyces cerevisiae) TRM2p 

enzyme86, and it catalyses a 5-methyluridine (m5U) modification at position 54 of the tRNA molecule, 

located at the TψC arm, which is one of the most common modifications found in tRNAs85. 
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1.2.5. Interaction between IAV and tRNAs 

The majority of viruses are completely dependent on the host cell translation machinery to produce their 

own viral proteins. Because of this, viruses developed an array of mechanisms that allows them to 

manipulate the tRNA population to their own benefit with the ultimate goal of adjusting viral codon 

usage to the host cell tRNA pool in order to guarantee that translation occurs in the most efficient, 

seamless and error-free way possible87. As one would expect, the host codon usage matches and reflects 

the host tRNA population, so it is logical to believe that when viral codon usage is similar to that of the 

host, viral translation occurs in an efficient manner, however most of the time this isn’t the case and viral 

codon usage usually seems poorly adapted to the hosts tRNA population87,88. 

One of the most common and well-known examples of tRNA pool manipulation is the case of HIV-189. 

HIV-1 genes are expressed in a temporal manner (earlier in the infection the virus expresses an “early” 

set of genes and later in infection it expresses a “late” set of genes)89.  The early genes are translated in 

the tRNA pool that normally translates highly expressed human genes89, which ends up not being too 

advantageous to the virus, since its codon usage is poorly adapted to the tRNA population of the host89. 

However codon usage of HIV-1 late genes is significantly more adapted to the tRNA pool of the host, 

Figure 4. Transfer RNA secondary structure with the respective tRNA-modifying enzymes and 
modifications (in parenthesis). The elongator complex subunits ELP1, ELP3 and ELP6 act on the 
wobble position in the anticodon loop. Similarly, URM1 and ALKBH8 also act on this position of the tRNA 
structure, while TRTM2A induces modifications in the TψC loop. Adapted from Pereira et al., 201854. 
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which according to van Weringh et al., 201189,  is altered and selectively enriched to favour HIV-1 codon 

usage, suggesting that HIV-1 induces alterations in the tRNA pool throughout infection89.  

Regarding IAV, Pavon-Eternod et al.90 found that upon nuclear export of the capped and polyadenylated 

freshly produced viral mRNA to the cytoplasm, IAV interacts with the tRNA population of the host cell 

translation machinery88,90. Using microarray technology90, the authors showed that, while the total tRNA 

population remained more or less unchanged upon IAV infection, the polysome-associated tRNA 

population changed substantially in a virus-specific way, showcasing that the virus altered and 

optimized the hosts’ tRNA population to better match IAV codon usage90. Furthermore, the authors 

suggested the possibility of the existence of localized tRNA pools at sites of viral translation in the 

cytoplasm, which would include specifically recruited tRNAs that decode codons rare in the host but 

common in the virus90. These pools would be tailored to viral codon usage, to enhance translation 

efficiency of IAV genes90. 

Although literature and research around this particular topic (interaction between IAV and tRNAs) is 

relatively scarce, these results demonstrate that IAV is indeed able to manipulate the tRNA pool of the 

infected cells88,90.  

On the context of interaction between viruses and TMEs, literature is also rather limited. There is, 

however, one example involving Mimivirus91.  This virus encodes a homolog of the tRNA (uracil-5-)-

methyltransferase, the tRNA-modifying enzyme whose Escherichia coli counterpart catalyses the 

methylation of uracil at position 5491. 

In my work, I dove deeper into this subject and studied the interaction between IAV and the TMEs that 

extensively modify tRNAs post-transcriptionally, in order to determine whether IAV infection induces 

changes in the expression of TMEs and if that is a mechanism by which viruses modulate the tRNA pool 

to favour viral protein translation. 
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Influenza A Virus infection impact on the pool of TMEs of the host 

  

Even though tRNAs are absolutely vital to the correct functioning of the cell, we are still only at the verge 

of uncovering the exact mechanisms by which tRNAs interact with other components of the translation 

machinery, as well as the complex functions mediated by post-transcriptional tRNA modifications. 

Many studies have been made around the topic of tRNA modifications and TME deregulation and the 

development of diseases92, more specifically neurological77,93,94 and metabolic disorders95,96, and 

cancer97,98. These studies have showcased that hypomodified tRNAs and low activity of TMEs are often 

associated with neurodegenerative diseases76,99, while hypermodified tRNAs and high activity of TMEs 

are associated with the development of cancer97,98.  

In the context of viruses and viral infections, most of the research has been focused on the way the 

viruses interact with the tRNAs and not the TMEs that modify them. Due to the high medical relevance 

of IAV and the previous results obtained concerning the regulation of tRNAs by IAV, we were interested 

in studying the interplay between IAV infection and tRNA modifications and TMEs.  

In this study, we set out to determine whether IAV infection leads to changes in the TME pool of host 

cells. More specifically we wanted to determine whether IAV induced alterations in the expression of 

some key TMEs (ELP1, ELP3, ELP6, URM1, ALKBH8 and TRMT2A), upon infection, and whether 

manipulating the levels of TMEs prior to infection would lead to alterations in viral propagation. 
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3.1. Materials 

 

3.1.1. Cell lines  

A549  Adenocarcinomic human alveolar basal epithelial cells 

MDCK Madin-Darby Canine Kidney cells 

HeLa 

Human cervix adenocarcinoma cells; stable cell line that is 

expressing the fluorescent reporter HSP27-GFP. Multiple variations 

of this cell line were used besides the wild type variation: ELP3 

Knockout HeLa cells and Control/Scramble HeLa cells 

HEK293T 

Human cell line, derived from the HEK293 (Human embryonic 

kidney 293 cells) cell line, that expresses a mutated SV40 large T 

antigen 

 

3.1.2. Viruses 

Influenza A Virus (PR8) Influenza A Virus (Strain A/Puerto Rico/8/1934 H1N1) 

 

3.1.3. Cell Culture Stock Solutions 

Dulbecco's Modified Eagle Medium (DMEM): High Glucose, with L-Glutamine and without Sodium 

Pyruvate, from Gibco™ 

Fetal Bovine Serum (FBS), qualified and E.U.-approved, from Gibco™ 

Penicillin/Streptomycin (P/S), from Gibco™ 

Dulbecco's Phosphate Buffered Saline (PBS), without Calcium and Magnesium, from BioWest 

Trypsin-EDTA, without Calcium, Magnesium and Phenol Red, from Gibco™ 

 

3.1.4. Antibiotics 

Puromycin (10 mg/mL), from Sigma-Aldrich 
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3.1.5. Markers and Loading Dyes 

GRS Protein Marker Multicolour, from Grisp 

6x Laemmli Buffer, containing DTT and Bromophenol Blue 

 

 

3.1.6. Buffers and Prepared Solutions 

BSA 1% BSA 2% diluted in 1x PBS 

PFA 4% 20 g PFA in 450 mL ddH2O, 4 drops 1 M NaOH, 50 mL 10x PBS 

0,2%Triton X-100 0.2% Triton X-100 in 1x PBS 

Mounting Medium 

(Mowiol) 
12 g Mowiol 4-88, 20 mL Glycerol, 40 mL PBS 

DMEM +/+ DMEM supplemented with 50 mL of FBS and 5.5 mL of P/S 

SFM DMEM supplemented with 5 mL of P/S 

1xPBS (Non-Cell Culture) 
1.37 M NaCl, 80 mM NaHPO4, 0.0268 M KCl, 0.0147 M KH2PO4, pH = 

7.3, prepared from 10x PBS diluted in ddH2O 

Ethanol 100% Pure ethanol 

Ethanol 70% 70 mL of ethanol 70% and 30 mL of ddH2O 

MiliQ H2O RNAse free H2O 

ELB 

0.5% Triton X-100, 50mM Hepes pH = 7, 250mM NaCl, 1mM DTT, 

1mM Naf, 2mM EDTA, 1µM EGTA, 1mM Na3VO4 in ddH2O 

Before use, add inhibitors: 0.01 mM Foy, 0.25 (v/v) Trasylol, 0.1 mM 

PMSF 

BSA 7% 0.7 g of BSA in 10 mL of ddH2O  

TPCK Trypsin 0.001 g of TPCK Trypsin in 1 mL of MiliQ H2O 

Avicel Solution (2.4%) 2.4g of Avicel powder in 100 mL of MiliQ H2O  

10x Acid Wash Buffer 1.35 M NaCl, 0.1 M KCl, 0.4 M Citric Acid, pH = 3 in 20 mL of ddH2O 

1x Acid Wash Buffer  
1.35 M NaCl, 0.1 M KCl, 0.4 M Citric Acid, pH = 3, diluted in 180 mL of 

ddH2O 
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0.1% Toluidine Blue in 

PFA 4% 
0.05 g of Toluidine Blue in 50 mL PFA 4% 

Chloroform  

Milk for Blot blocking 5 g of milk powder 100 mL of 1x TBS-T 

1xTBS-T 
100 mM Tris Base, 150 mM sodium chloride and 0.05% Tween-20, pH 

= 8 

1xRunning Buffer  250 mM Tris, 1.9 M Glycine and 1% SDS 

2-mercaptoethanol (β-

Mercaptoethanol) 
 

Loading buffer 
1 M Tris (pH = 6.80), 10% Glycerol, 1 M DTT, 20% SDS, β-

Mercaptoethanol, 0,1% Bromophenol Blue 

 

3.1.7. Antibodies 

3.1.7.1. Primary antibodies 

  Dilution  

Antibody Species IMF WB Supplier 

NP Rabbit 1:1000 1:1000 IGC 

NS1 Rabbit - 1:500 IGC 

HA Mouse - 1:1000 Santa Cruz 

FK2 Mouse 1:300 - 
Ana Raquel 

Soares 

ELP3 Rabbit - 1:200 
Ana Raquel 

Soares 

 

3.1.7.2. Secondary antibodies 

  Dilution  

Antibody Species IMF WB Supplier 

Alexa 488 Rabbit 1:500 - Invitrogen 
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Alexa 647 Mouse 1:500 -  

TRITC (561) Rabbit 1:100 - 
Jackson 

Imunoresearch 

 Mouse 1:100 - 
Jackson 

Imunoresearch 

Anti-Mouse 680 Mouse - 1:1000  

Anti-Rabbit 800 Rabbit - 1:1000  

DAPI - 1:2000 -  

 

3.1.8. Kits 

Pierce™ Bovine Serum Albumin (BCA) Protein Assay Kit, from Thermo Scientific 

Protran BA85 Nitrocellulose Blotting Membrane, from GE Healthcare 

High-Capacity RNA-to-cDNA™ Kit, from Applied Biosystems™ 

NZY Total RNA Isolation Kit, from Nzytech 

mirVana™ miRNA Isolation Kit, from Life Technologies™ 

 

3.1.9. Reverse Transcriptase-Quantitative Polymerase Chain Reaction (RT-qPCR) Master 

Mix and probes 

Mastermix  

TaqMan™ Gene Expression Master Mix Applied Biosystems (by Thermo Fisher Scientific) 

 

Probes  

ELP1 
TaqMan ® Gene expression Assays from Applied 

Biosystems (by Thermo Fisher Scientific) 

ELP3 
TaqMan ® Gene expression Assays from Applied 

Biosystems (by Thermo Fisher Scientific) 

ELP6 
TaqMan ® Gene expression Assays from Applied 

Biosystems (by Thermo Fisher Scientific) 
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URM1 
TaqMan ® Gene expression Assays from Applied 

Biosystems (by Thermo Fisher Scientific) 

ALKBH8 
TaqMan ® Gene expression Assays from Applied 

Biosystems (by Thermo Fisher Scientific) 

TRMT2A 
TaqMan ® Gene expression Assays from Applied 

Biosystems (by Thermo Fisher Scientific) 

 

3.1.10. Software and Databases 

Excel 2016, Microsoft 

REST 2009, M. Pfaffl (Technical University Munich) and QIAGEN 

7500 Software, Applied Biosystems 

DeNovix DS-11 Software, DeNovix 

ZEN Software, Zeiss 

Image Studio Software for Odyssey 

Prism 8, GraphPad 

ImageJ, Fiji 

National Center for Biotechnology Information (NCBI) 

Google Scholar, Google 

 

3.2. Methods 

3.2.1. Cell Culture (Subculture) 

After thawing frozen cell stocks, cells were kept at 37oC, 5% CO2 with complete DMEM (DMEM (Gibco®) 

supplemented with 10% FBS and 1% Pen-Strep). Cell line maintenance was performed every week. Cells 

were cultured and split twice a week in 100 x 20 mm cell culture dishes with complete medium. 

After the cells reached high confluency (70-80%) they were washed with PBS and incubated with 2 mL 

of Trypsin at 37oC, 5% CO2 for approximately 5 minutes. After being separated, lifted and detached from 

the dish surface, cells were resuspended in complete DMEM and prepared according to experimental 

needs and/or seeded in a 1:10 dilution. 

The HeLa cells utilized in this project were maintained in cell culture with medium containing 

puromycin in a concentration of 2 µg/ml. Medium was changed every 48 to 72 hours. 
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3.2.2. Cell storage, freezing and thawing 

Cell stocks were prepared from cells in culture with high confluency (around 90%). After being 

trypsinized for 5 minutes, cells were collected, to a falcon, with complete medium followed by 

centrifugation. The cell pellet was resuspended in freezing medium (DMEM supplemented with 10% 

Dimethyl Sulfoxide (DMSO) and 10% FBS). Finally, cells were kept in cryovial aliquots of 1 mL, which 

were then frozen at -80oC before being stored in a liquid nitrogen tank for cryopreservation.  

When needed, frozen cells were resuspended in culture medium, at room temperature, and seeded in 

100 x 20 mm cell culture dishes. Cells were then kept at 37oC, 5% CO2 to grow. Following cell adhesion, 

the medium was replaced by fresh medium to remove cell debris and DMSO. 

 

3.2.3. Cell Seeding 

When needed to perform experiments, cells were washed with PBS and trypsinized at 37oC, 5% CO2 for 

5 minutes, centrifuged at 1000 rpm for 3 minutes and then resuspended in 10 mL of complete DMEM. 

Cell count was done through a Neubauer Chamber. The number of cells needed varied depending on the 

cell line that was being used. Finally, 1 to 3 mL of cells were seeded, and the plates were incubated at 

37oC, 5% CO2 for approximately 24h. 

 

3.2.4. Infection 

General protocol of infection 

To perform an infection with Influenza A virus PR8, A549 or HeLa cells were seeded the day prior to the 

infection. 

 When cell seeding is done, an extra well is prepared which is going to be used to count the cells ahead of 

the infection, in order to prepare an appropriate virus dilution (it’s important to have in consideration 

the MOI (Multiplicity Of Infection) that we want to use (MOI = 3) and the pfu/ml of the virus (1,7 x 107 

pfu/ml and 2,08 x 107 pfu/ml (two different values of pfu/ml because new virus aliquots were produced 

while conducting the experiments))). Firstly, we aspirated the medium in which cells were incubated 

with, and wash them with PBS or Serum Free Media (DMEM supplemented with 1% P/S) to remove the 

FBS from the complete medium, since FBS can inhibit virus entry into cells. After removing the PBS or 

SFM we infect the cells with IAV PR8, at a MOI of 3, diluted in SFM (750 µL per well) while control cells 

were mock-infected with 750 µL of SFM and were referred to as Mock throughout the experiments. 

Afterwards we put the plates on the rocker for 15 minutes at room temperature to induce virus entry, 

followed by a 45 minute incubation at 37oC, 5% CO2, after which we add DMEM supplemented with 20% 

FBS and 1% P/S, to block the entry of new viruses into the cells, (we must add the same volume of it 

(750 µL in this case), to have FBS at a final concentration of 10%) and subsequently we incubate (37oC, 
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5% CO2) for the times wanted (2 hours, 4 hours, 6 hours and 8 hours for the Reverse Transcriptase-

Quantitative Polymerase Chain Reaction (RT-qPCR) experiments and 16 hours for the plaque assay 

experiments). 

Infected samples harvesting 

For the plaque assay experiments, cells are incubated with BSA 7% in SFM, instead of DMEM 

supplemented with 20% FBS and 1% P/S to allow the cells to grow and for newly produced viruses to 

leave the cell. 

In the several desired timepoints we harvested the respective samples: coverslips for 

immunofluorescence, cell pellets to process with the mirVANA and NZYTech RNA isolation kits or the 

Pierce™ BCA Protein Assay Kit, and supernatants for the plaque assay experiments. For the plaque assay 

experiments we collected the supernatants, which were stored at -80oC, while for the RT-qPCR 

experiments, wells were washed with PBS and coverslips were transferred to new 12-well plates where 

they were incubated with 4% PFA for 20 minutes at room temperature. The coverslips were then stored 

at 4oC. Cells were then trypsinized for 5 minutes at 37oC, 5% CO2, collected to 1,5 mL eppendorfs and 

centrifuged for 3 minutes at 3000 rpm. Following centrifugation, the supernatants were discarded 

leaving only the pellets which were then stored at -30oC for posterior RNA extraction/isolation.  

 

3.2.5. Immunofluorescence 

To perform Immunofluorescence, we used A549 or HeLa cells that grew in 12 mm glass coverslips. Cells 

were washed twice with 1x PBS and then fixated with 4% PFA for 20 minutes at room temperature. 

Afterwards, the coverslips were washed three times with 1x PBS and cells were permeabilized with 

0,2% Triton X-100 for 10 minutes at room temperature. Subsequently, coverslips were once again 

washed three times with 1x PBS and blocked with 1% BSA for 10 minutes at room temperature. After 

washing three times with 1x PBS, specific targets were stained with 20 µL of primary antibody for 1 hour 

(followed by three washes with 1x PBS) and 20 µL of secondary antibody also for 1 hour (followed by 

three more washes with 1x PBS) protected from light. Incubation with DAPI was also done (20 µL of 

DAPI for 3 minutes at room temperature). Lastly, the coverslips were dipped in dH20, and mounted in 

glass slides with a drop of Mowiol (mounting medium) and dried for at least 24h. The slides were then 

stored at 4oC until observation under a microscope. 

 

3.2.6. RNA extraction/isolation  

Using the pellets that were obtained after infection and stored at -30oC we performed RNA extraction 

using the NZYTech (NZYTech - Genes & Enzymes) and mirVANA (Introvigen™ by Thermo Fisher 

Scientific) RNA isolation kits.  
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NZYTech’s NZY Total RNA Isolation kit: Kit was utilized according to the manufacturer’s instructions. 

Firstly, we added buffer NR and β-mercaptoethanol to the cell pellets and vortexed vigorously to induce 

cell lysis. After that we applied the lysate into an NZYSpin Homogenization column placed into a 2 mL 

collection tube, centrifuged for 1 minute at 11,000 g and saved the flow-through. After that we added 

70% ethanol to the flow-through and mixed immediately by pipetting up and down to purify the RNA. 

Then, we pipetted the lysate onto an NZYSpin Binding column, centrifuged at 11,000 g for 30 seconds, 

discarded the flow-through and placed the column into a new collection tube. After that we added Buffer 

NI and centrifuged at 11,000 g for 30 seconds, discarded the flow-through once again and placed the 

column back into the same collection tube. Subsequently for each isolation, we applied digestion mix (to 

digest the DNA) directly into the center of the silica membrane of the NZYSpin Binding column and 

incubated at room temperature for around 15 minutes. Then, we added NWR1 buffer (washing buffer) 

and centrifuged for 1 minute at 11,000 g, discarded the flow-through and placed the column in a new 

collection tube. We then added Buffer NWR2 (washing buffer), and centrifuged at 11,000 g for 1 minute, 

discarded the flow-through and placed the column back into the same collection tube. We repeated the 

wash with Buffer NWR2 and centrifuged, once again, at 11,000 g for 2 minutes to dry the column 

membrane and then discarded the flow-through. Finally, we placed the NZYSpin Binding Column in a 

clean RNase-free microcentrifuge tube, added 30 μL of RNase-free water directly to the column 

membrane and centrifuged at 11,000 g for 1 minute to elute the RNA. We then stored the RNA at -30oC 

for further use (cDNA synthesis). All the buffers, mixes and columns utilized during this protocol were 

included in the RNA Isolation Kit sold by NZYTech (with the exception of 70% Ethanol and β-

mercaptoethanol). 

mirVana™’s miRNA Isolation Kit: Kit was utilized according to the manufacturer’s instructions. We 

started by adding Lysis/Binding Solution and vortexed vigorously to completely lyse the cells and to 

obtain a homogenous lysate. After that we added miRNA Homogenate Additive to the lysate and mixed 

well by vortexing, and then we left the mixture on ice for 10 minutes. Following that, we added Acid-

Phenol:Chloroform and vortexed for 60 seconds to mix. Then we centrifuged the samples for 10 minutes 

at 10,000 g, at room temperature, to separate the aqueous and organic phases. Subsequently we 

carefully removed the aqueous/upper phase, and transferred it to a new tube (every time we did this 

process, we took note of the volume that was transferred). We then added 1,25x volume of room 

temperature 100% ethanol to the aqueous phase (1,25 times the volume that was transferred to a new 

tube) and, for each sample, we placed a Filter Cartridge into one of the collection tubes supplied and 

subsequently pipetted the lysate/ethanol mix onto that Filter Cartridge. After that we centrifuged the 

tubes with the filter cartridges for approximately 15 seconds at 10,000 g and discarded the flow-

through. Finally, we performed the washing steps by applying the miRNA Wash Solution 1 to the Filter 

Cartridge and centrifuged for 10 seconds and then discarded the flow-through. Ten, we applied Wash 

Solution 2/3 and centrifuged once again. We then repeated this step and, after discarding the flow-

through from the last wash, we transferred the Filter Cartridge into a fresh collection tube, applied MiliQ 

water and spinned for 30 seconds at maximum speed to recover the RNA. To finalize, we collected the 
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eluate and stored it at -30oC for cDNA synthesis. All the buffers, solutions and filters utilized during this 

protocol were included in the mirVana’s Isolation Kit (with the exception of 100% Ethanol, Chloroform 

and MiliQ water). 

 The RNA that was obtained was then quantified using DeNovix DS-11 spectrophotometer (Nanodrop). 

 

3.2.7. RNA Quantification 

As mentioned, after RNA isolation using both kits (mirVana and NZYTech), we then quantified the 

obtained RNA. Firstly, we defined “Blank” using RNAse free water and after that we quantified the RNA 

(maximum absorbance at 260 nm) in each of the 8 samples that we obtained (Mock 2,4,6,8h and PR8 

2,4,6,8h). The spectrophotometer that was utilized measures, simultaneously, the absorbance at 230, 

260 and 280 nm, which allows it to determine the A260/A230 and A260/A280 ratios, which can indicate 

if there are traces of contamination in our samples. The A260/A230 ratio usually indicates if there is 

contamination by organic compounds and the A260/A280 ratio indicates if there is contamination by 

protein specimens. A A260/A280 ratio of 2.0 and a A260/A230 ratio of 1.8 to 2.2 are generally accepted 

as an indication that the extracted RNA is pure.  

 

3.2.8. cDNA synthesis 

Using the RNA that was obtained after RNA extraction and stored at -30oC, we synthetized cDNA using 

the Applied Biosystems™ High-Capacity RNA-to-cDNA™ Kit. To synthetize RNA using this kit we need 

the RNA obtained from the RNA isolation, RNAse free water and both solutions included in the kit (RT 

Buffer Mix and RT Enzyme Mix). According to the manufacturer's product information sheet, the total 

volume per reaction was 20 µl. Per reaction we utilized 500 ng of RNA, which filled up to 9 µl with RNAse 

free water, 10 µl of RT Buffer Mix and 1 µl of RT Enzyme Mix. Samples were incubated at 37oC for 60 

minutes, followed by a 5 minute incubation at 95oC to stop the reaction, and finally held at 4oC (Figure 
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5). This reaction was performed in a Thermocycler (MyCyler by BioRad). The cDNA that was obtained 

was stored at -30oC for further use (RT-qPCR).  

 

3.2.9. Reverse Transcription-Quantitative Polymerase Chain Reaction 

Using the cDNA that was obtained, we performed a wide array of RT-qPCRs. We used the TaqMan™ Gene 

Expression Master Mix and followed the user guide instructions. We prepared reaction mixes for each 

of the samples/conditions that we wanted to test. Each condition/sample was done in triplicate to 

increase the accuracy and fidelity of our results, and each reaction had a volume of 20 µl multiplied by 

four so that each eppendorf had 80 µl (60 µl divided by three wells (20 µl in each well) plus 20 extra µl 

to guarantee that we had enough). Thus, each reaction mix contained 10 µl of TaqMan™ Gene Expression 

Master Mix, 1 µl of the cDNA templates that we prepared, 8 µl of RNAse free water and 1 µl of the 

TaqMan® Gene Expression Assays that we wanted to test (ELP1, ELP3, ELP6, URM1, ALKBH8, TRMT2A 

and GAPDH as a housekeeping gene to normalize our results). After vortexing, 20 µl of reaction mix was 

added to each well of a standard optical 96-well reaction plate and then the reaction plate was covered 

with an adhesive sealing film. The plate was then centrifuged for 3 minutes at 800 rpm. The reaction 

was measured using the cycling protocol described in figure 6 in the 7500 Software. The fluorescence 

was measured after the annealing/extension step using the previously mentioned software (7500 

Software).  

Figure 5. Cycling protocol for cDNA synthesis. Samples were incubated for 37°C for 60 minutes. 
Reaction was stopped by heating the samples to 95°C for 5 minutes and held at 4°C. This protocol was 
run in a thermocycler. 
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After the cycling protocol was finished, the data was exported to an excel file and analysis of gene 

expression data was performed using the REST 2009 Software. 

 

3.2.10. Plaque Assay 

Using the supernatants that were collected upon infection, we performed plaque assays. Plaque assays 

are used to determine viral titre as plaque forming units per milliliter (pfu/ml). To start the experiment, 

we seeded a large amount of MDCK cells (6 x 105 cells per well in 12-well plates) and let them grow for 

24h in complete medium to form a cell monolayer, which were then infected with the supernatants 

collected, using serial dilutions, to have a low amount of virus, so that only sporadic cells become 

infected. When a cell gets infected, the produced viruses immediately infect adjacent cells, that 

eventually lysate and induce the formation of what is called a “plaque”, remaining surrounded by 

uninfected cells. The individual plaques obtained from successive dilutions can be counted to calculate 

the virus titre (pfu/ml).  

One day after seeding MDCK cells, we defrosted the viral supernatants (collected from the infected and 

mock cells) and vortexed them. We prepared serial dilutions from 10-1 to 10-5 (55 µl of each supernatant 

were added to 500 µl of SFM, vortexed, and 55 µl of that solution was subsequently diluted). After 

aspirating the medium from the MDCK wells, cells were rinsed with 1 ml of PBS, before being infected 

with 300 µl of the prepared dilutions from -1 to -5 (for the non-infected (mock) cells only the -1 dilution 

was considered). After infection, we left the plates for 10 minutes on the rocker followed by an 

incubation of 45 minutes at 37oC and 5% CO2. After incubation, we added 1 ml of an avicel solution to 

each well (2.4% Avicel, SFM, 0.14% BSA and 1:1000 TPCK Trypsin) and we put the plates back into the 

Figure 6. Cycling protocol used to amplify the tested genes. The PCR cycle started with uracil-N-
glycosylase (UNG) incubation for optimal activity (50oC for 2 minutes) followed by polymerase 
activation at 95oC for 10 minutes and 40 cycles of a denaturation-annealing-extension step. 
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incubator for approximately one and a half days. After this long incubation, we removed the solution, 

rinsed the wells with PBS and added toluidine blue in 4% PFA, and left the plates on the rocker overnight. 

Finally, we removed the toluidine blue in 4% PFA solution, washed the wells with tap water and let the 

wells dry. After the wells were dried up, we counted the plaques in each dilution and performed the 

necessary calculations.  

 

3.2.11. Immunoblotting 

Total Protein Extraction 

After infection cell pellets were collected and stored at -30oC for protein extraction. Cells were 

resuspended with 100 µl of Empigen Lysis Buffer (ELB) supplemented with inhibitors (0.01 mM Foy, 

0.25 (v/v) Trasylol and 0.1 mM PMSF). After resuspension with ELB, cells were sonicated twice for 15 

seconds (this process induces the disruption of cell membranes in order to release the cellular contents). 

After sonication, samples were centrifuged for 20 minutes at 200 g and 4oC. Supernatants were then 

collected (pellets were discarded) and stored at -30oC until quantification. Throughout the whole 

process, samples were kept on ice to avoid the activity of proteases. Protein quantification was 

performed as described below in the next point (3.2.12.).  

Protein Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

After quantifying the protein in each sample, we could then determine the desired volume of protein 

extracts to use for Western Blot. The desired amount of protein for each sample was diluted in 6x loading 

buffer (1 M DTT and 0.1% bromophenol blue) and denatured at 95oC for 5 minutes, and samples were 

loaded onto polyacrylamide gels that were previously prepared. The resolving gel varied from 10 to 12% 

polyacrylamide and the stacking gel was 4% polyacrylamide. Besides the multiple samples, a pre-stained 

protein marker (GRS Protein Marker Multicolour Grisp) was also loaded onto the gel. After mounting 

the system and loading the marker and the samples, the electrophoretic chamber was filled with 1x 

running buffer until the majority of the glass was covered. Firstly, the electrophoresis was run at 80V 

for, approximately, 30 minutes to allow the samples to pass through the stacking gel and then at 120V 

for 90 minutes. 

Western Blot 

After the electrophoresis run was finished, we transferred the proteins from the gel onto a nitrocellulose 

membrane using the Trans-Blot® Turbo™ Transfer System at 25V for 30 minutes. After transfer, 

membranes were washed three times, 5 minutes each, with 1x tris-saline buffer with Tween 20 (TBS-T) 

to remove residues that remained in the membrane. After washing, the membranes were blocked with 

5% powder milk diluted in TBS-T for 1 hour at room temperature. After blocking, membranes were 

stained through incubation with primary antibodies in a mixing plate/rocker overnight at 4oC. The day 
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after, membranes were washed three times, 5 minutes each, with 1x TBS-T and incubated with the 

respective secondary antibodies for one hour in a mixing plate/rocker, at room temperature protected 

from light. Membranes were washed, once again, three times, 5 minutes each, with 1x TBS-T. Revealing 

of the stained membranes was done using the Odyssey Imaging System and the obtained images were 

analysed using its associated software. This system possesses two infrared channels (700 and 800) for 

fluorescence.  

 

3.2.12. Protein Quantitation Assay 

In order to quantify the total protein in each sample, Pierce™ Bovine Serum Albumin (BCA) Protein Assay 

Kit was utilized following the manufacturer’s instructions included in their user guide. Total extracts 

with the BCA reagent were incubated for 30 minutes at 37oC followed by absorbance measurement at 

575 nm using a microplate reader. Resulting data was then exported in excel format. 

 

3.2.13. Viral Production 

HEK293T cells were seeded (5x105 cells in a 6-well plate). The day after, cells were transfected with the 

correspondent segments to produce either PR8 and dNS1 (a type of IAV which lacks the NS1 protein). 

For PR8 production, eight segments (PB2, PB1, PA, HA, NP, NA, M and NS1) were cotransfected, while 

for dNS1 production, the last segment was substituted by a shorter sequence to produce a truncated 

protein. The transfection was performed by mixing 0.25 µg of each segment’s plasmid with 

polyethylenimine (PEI) reagent (1 µg DNA: 8 µl PEI) in 200 µl SFM and, after vortexing and a 15 minute 

incubation at room temperature, each mix was added to the correspondent cells dropwise, and cells 

were incubated overnight at 37oC and 5% CO2. The day after, the medium was changed to 2 mL of SFM 

with 0.14% BSA and 1 µg/ml Trypsin-TPCK. After two days of incubation under the same conditions, the 

supernatant was collected and subjected to centrifugation at 3000 rpm for 5 minutes. Clarified 

supernatant with low amount of viruses (P0) were stored at -80C until further procedures. 

To produce viruses with workable titre (P1), 6x106 MDCK cells were seeded into a T75 flasks and put 

them in the incubator at 37oC and 5% CO2 for 24 hours. After washing the cells twice with PBS, cells were 

infected with 200 µl of P0 aliquots in 5 ml of SFM supplemented with 0.14% BSA and 1 µg/ml Trypsin-

TPCK, followed by a 15 minute incubation under agitation and 45 minutes at 37oC and 5% CO2. 

Afterwards, 10 ml of the same media was added to the cells, that were let to grow for 48h under the 

same conditions.  

At this point, supernatants were collected and centrifuged for 5 minutes at 3000 rpm. Clarified 

supernatants were then aliquoted and stored at -80oC. The pellets obtained after centrifugation can be 
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used to confirm the infection through western blot against viral proteins, more specifically NP and NS1. 

To titrate the viruses produced, we performed a plaque assay after one free-thaw cycle of P1 aliquots. 

 

3.2.14. Statistical Analysis 

Statistical analysis was done using Graph Pad Prism 8. Data was attained for the quantitative analysis of 

expression of TMEs (ELP1, ELP3, ELP6, URM1, ALKBH8 and TRMT2A) from at least three independent 

replicas/experiments and bars represent means with the standard deviation (SD).  To determine the 

statistical significance between the experimental groups a two-way ANOVA followed by Bonferroni’s 

test were applied. P values of ≤0.05 were considered as significant.  
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4.1. Influenza A Virus infection impact on the pool of TMEs of the host 

 

In order to determine whether IAV infection induces alterations in the pool of TMEs (Figure 7), we 

infected A549 cells with the PR8 virus, a wild type virus which is one of the most commonly used strains 

of IAV (A/Puerto Rico/8/1934 (H1N1)). Cell pellets for RNA isolation, and fixed cells for 

immunofluorescence were collected 2 hours post infection (hpi), 4 hpi, 6 hpi and 8 hpi. In all of these 

time points we not only collected the infected samples, but also mock/control samples for comparison.  

In this initial stage of the project only the wild type strain of IAV (PR8) was utilized. 

Before we advanced in the procedure and extracted RNA from the multiple collected samples, we firstly 

confirmed whether IAV infection was successful. In order to do that we performed an 

immunofluorescence protocol in the fixed cells that were obtained upon infection, and stained them with 

an anti-NP primary antibody. Analysis by confocal microscopy indicated that infection was indeed 

successful, with the virus located in the expected cellular compartments in all time points (at 2 hpi the 

viral genome is still in the cytoplasm since the virus has just entered the cell, at 4 hpi the viral genome 

is already inside the nucleus. At 6 hpi some viral genome can be already be detected in the cytoplasm 

however the majority is still inside the nucleus, while at 8 hpi the virus genome has completely left the 

nucleus and newly formed viral particles are ready to leave the cell), and with mock/control cells not 

showing traces of viral infection (Figure 8). 

Figure 7. Schematic representation of IAV life-cycle and tRNA secondary cloverleaf structure. 
Upon infection of a living cell, IAV takes control of the host cell translation machinery to produce its own 
viral proteins. It has been shown that IAV interacts and induces changes in the tRNA population of the 
host cell. Our study is going to approach the potential interaction between these two entities. 
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After confirmation of infection, RNA of the collected samples was extracted/isolated using isolation kits. 

This was followed by complementary DNA (cDNA) synthesis, and subsequent run of RT-qPCRs. At least 

three biological replicas were performed, and six different TMEs were tested in this study (ELP1, ELP3, 

ELP6, URM1, ALKBH8 and TRMT2A). 

Out of the multiple TMEs that catalyse changes in tRNAs, we decided to focus on these six, due to the 

rather important modifications they induce. The elongator complex is of great interest, given that it 

induces one of the first post-transcriptional modifications in the wobble position (mcm5 or ncm5), and 

without it a lot of other TMEs can’t induce their modifications. However, instead of analysing the six 

subunits of the complex, we focused on ELP3, which is the catalytic subunit of the complex and one 

member of each of the two subcomplexes: ELP1 and ELP6. Besides these TMEs we also included 

ALKBH8, URM1 and TRMT2A in our study. ALKBH8 acts in the final biogenesis’ step of mcm5, due to its 

methyltransferase domain. URM1 is involved in the subsequent thiolation of the wobble position, 

resulting in a mcm5s2U nucleotide. Finally, TRMT2A catalyses a m5U modification at position 54 of the 

tRNA molecule, in the TψC arm, which is one of the most common modifications found in tRNAs. 

 

 

 

 

 

Figure 8. Successful viral infection in A549 cells infected with PR8 IAV. Confocal images from 
immunofluorescence staining of NP with anti-NP primary antibody. (a) A549 mock-infected cells 8h 
after incubation, (b) A549 infected cells 2 hpi, (c) 4 hpi, (d) 6 hpi and (e) 8 hpi; viral protein NP is shown 
in green. 
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ELP1, ELP3, ELP6, ALKBH8 and TRMT2A are overexpressed two hours post infection with 

IAV 

 

RT-qPCR analysis of the expression levels of the genes coding for the tRNA-modifying enzymes ELP1, 

ELP3, ELP6, URM1, ALKBH8 and TRMT2A, at different time points upon infection with IAV, showed that 

ELP1, ELP3, ELP6, ALKBH8 and TRMT2A were overexpressed two hours after infection as opposed to 

URM1 which had normal expression levels in this time point (Figure 9). No other striking changes were 

detected in the remaining time points (4 hpi, 6 hpi and 8 hpi), given that the expression of the multiple 

TMEs was within the thresholds considered for normal expression (0.5 – 1.5).  IAV(PR8)/Mock ratio was 

calculated using the REST 2009 software and the expression values were normalized with GAPDH. TMEs 

with expression values below 0.5 were considered as underexpressed and above 1.5 were considered 

as overexpressed.   

Figure 9. RT-qPCR analysis of the expression levels of tRNA-modifying enzymes (ELP1, ELP3, 
ELP6, URM1, ALKBH8 and TRMT2A) at different time points upon infection with IAV. Expression 
values (Infected cells (PR8) against Mock cells (SFM)) of six different TMEs in four distinct time points: 
2 hours (when the virus entered the cell), 4 hours (when the virus is in the nucleus), 6 hours (after the 
viral genome has already started exiting the nucleus) and 8 hours (when the virus has mostly left the 
nucleus and is moving towards the plasma membrane). Expression values were normalized with GAPDH 
(expression values represented by the dotted line). 
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At 2 hpi, we obtained expression values of 2.0 for ELP1, 1.5 for ELP3, 2.3 for ELP6, 1.5 for ALKBH8 and 

1.6 for TRMT2A, while URM1 presented a normal expression value of around 1.4. In the other time 

points (4 hpi, 6 hpi and 8 hpi) the multiple tested enzymes presented normal expression values, ranging 

from 0.5 to 1.5, as previously mentioned.     

As mentioned, at 2 hpi the virus genome is still mostly located in the cytoplasm100, while at 4 hpi the 

virus genome is already inside the nucleus where it undergoes replication and transcription. At 6 hpi, 

some viral NP can already be detected in the cytoplasm, and finally at 8 hpi the virus genome has 

completely exited the nucleus and virus particles are being formed at the cytoplasmic membrane, ready 

to leave the cell. After 6 hpi, is generally when viral protein production is thought to occur in the 

cytoplasm, using the host translation machinery, and that would, theoretically, be where the expression 

of TMEs would be affected, however that is not what we observed during our experiments. Throughout 

the multiple biological replicas, it was only at 2 hpi that overexpression of TMEs was detected, and since 

at this time point the virus genome still hasn’t translocated into the nucleus this might indicate that, for 

some reason, cells increase the expression of these genes as a response to IAV infection or, on the other 

hand, it might indicate that IAV, upon entry onto the cell, induces overexpression of these modification 

enzymes, promoting a higher modification rate of cellular tRNAs in order to increase the number of 

mature/functional tRNAs available for the virus to utilize during the viral protein production phase of 

its life-cycle.  

Literature regarding this particular area is thin, making it quite difficult to extrapolate the reason why 

the expression of TMEs is higher in this particular time point. One avenue of investigation that could be 

explored is the analysis of the expression of these TMEs using different strains of influenza, such as 

H5N1, other viruses with a life-cycle similar to IAV or even other completely different viruses, such as 

the HIV-1 virus, which is another RNA virus, to see whether these changes in the expression of genes 

coding for TMEs are strain or virus specific or if multiple different strains/viruses are affected in a 

similar fashion. HIV is one of the most researched viruses on the subject of interaction between viruses 

and tRNAs, mostly due to the fact that HIV-1 recruits human tRNALys3 to serve as the reverse 

transcription primer via an interaction between lysyl-tRNA synthetase (LysRS) and the HIV-1 Gag 

polyprotein89,101, which sparked great interest among researchers. Given that HIV-1 already has a track 

record of interacting with tRNAs, it could be interesting to observe whether it also induced changes in 

the expression of TMEs similar to those induced by IAV. 

In our experiment, like previously mentioned, at least three biological replicas were performed in order 

to get a reliable and solid analysis, however even with this number of replicas we still observed some 

variance in our experiments, with some enzymes presenting a wide range of expression values, as 

happened with ELP1 and ELP6 which presented relatively large standard deviation (SD) values. Given 

that the entire experimental procedure is quite complex, involving many different protocols and a wide 

variety of different steps spawning multiple days, this can somewhat explain why in some cases a 

variance in the expression values can happen. One solution would be to perform a higher number of 
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replicas in order to get an even clearer picture of the expression profile of each enzyme, and maybe 

increase the number of time points earlier on in the infection to pinpoint when exactly does the peak of 

expression occurs. Another avenue we eventually plan on taking is to get a complete picture of the 

expression profile of most TMEs during infection. In order to achieve this, we plan on using a multi-well 

plate (upwards of 300 wells) which requires specific equipment to run and provides a wider read on 

other untested enzymes that may present expression changes at 2 hpi or even at other time points, which 

may be interesting targets for further research.  

In summary, ELP1, ELP3, ELP6, ALKBH8 and TRMT2A appear to be overexpressed two hours after 

infection with IAV, while no changes were detected in other time points. Although, as mentioned, 

solidification of our results and further studies must be performed, namely to obtain the expression 

profile of other TMEs in the multiple time points, our results indicate that IAV interferes with the TME 

population of host cells.  
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4.2. Effect of the lack of a TME on IAV propagation 

 

Following the first part of our study, we wanted to analyse the importance of TMEs in viral production 

to further understand the interplay between IAV and TMEs. In order to determine whether the lack of 

one of these TMEs, more specifically the ELP3, the catalytic subunit of the elongator complex, would 

influence viral particle production by the infected cells, we infected ELP3 knockout (KO) HeLa HSP27-

GFP cells and control HeLa HSP27-GFP cells with IAV. Cells were collected at 16h post-infection and viral 

titres were determined and calculated by plaque assay.  

For the second part of our study, our hypothesis was based on the fact that after infection, some TMEs 

were overexpressed 2 hpi, which might mean that the virus might benefit from the increased expression 

of these enzymes. To observe if that was the case, we inhibited the expression of ELP3, the catalytic 

subunit of the elongator complex, to observe whether changes in virus propagation occurred (Figure 

10).  

Therefore, to conduct our experiments we utilized an ELP3 KO cell line, which was developed in our 

laboratory. The KO of ELP3 was induced in HeLa cells expressing the fluorescent reporter HSP27-GFP, 

and the creation and establishment of this stable cell line was made using the CRISPR/Cas9 system102.  

Figure 10. tRNA secondary cloverleaf structure and the potential effects of ELP3 absence in the 
IAV life-cycle. The elongator complex catalyses one of the first modifications in the wobble position 
located in the anticodon loop. ELP3 is the catalytic subunit of the complex and one of its most important 
subunits. By inducing the KO of ELP3 in HeLa cells, we want to evaluate changes in viral particle 
production when compared to a control cell line. 
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Confirmation of ELP3 KO  

First and foremost, before advancing in our experimental procedure, we wanted to make sure that the 

KO of ELP3 was indeed effective. We tested this via western blot analysis with staining with an anti-

ELP3 primary antibody. The results, presented in Figure 11, suggest that the KO was indeed effective in 

the intended cell lines. 

 

 

 

 

During the establishment of the ELP3 KO cell line, HeLa HSP27-GFP cells were transfected with three 

different guides, A, B and C, with the same treatment and procedure being applied to each of them. ELP3 

was only detected as a 62 kDA band in HeLa HSP27-GFP cells transfected with scramble controls, while 

among the tested guides, C was the one which presented the highest KO rate and was the one we chose 

to utilize for the rest of the experiment. Before usage however, single cell selection was performed using 

puromycin in a concentration of 2 µg/mL, and once the final KO cells were obtained, they were infected 

with IAV for further analysis’, such as, identification of NP intracellular localization 16 hpi and 

measurement of viral production.  

 

Confirmation of Infection 

As mentioned, ELP3 KO HeLa HSP27-GFP cells and control HeLa HSP27-GFP cells were infected with 

IAV, and supernatants were collected at 16h post-infection. Before performing the plaque assays, we 

wanted to confirm whether infection was successful. For that, we performed western blot and 

immunofluorescence assays. 

To conduct our analysis by western blot, we used the pellets that were collected upon infection of HeLa 

HSP27-GFP cells with PR8, to extract total protein using ELB supplemented with protease inhibitors. 

Quantification was then performed using the Pierce™ Bovine Serum Albumin (BCA) Protein Assay Kit. 

Protein samples were diluted in 6x loading buffer and ran by SDS-PAGE. Membranes were visualized 

using the Odyssey Imaging System, after incubation with anti-NP primary antibody. Our results, as 

shown in Figure 12, indicate presence of NP in IAV infected cells 16 hpi, while mock-infected cells didn’t 

show presence of the viral protein, suggesting that infection was indeed successful.    

 

Figure 11. Western blot to confirm ELP3 KO in HeLa cells. Western blot analysis showing an effective 
KO of ELP3 in HeLa guide cells. ELP3 was only detected in HeLa control cells. β-actin was used as the 
loading control. 
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Absence of ELP3 reduces viral propagation  

 

Figure 12. Confirmation of IAV infection via Western Blot analysis. The IAV viral protein NP is 
detected in IAV infected cells while no traces of the protein are detected in mock-infected cells. 

Figure 13. The absence of ELP3 results in a slower infection. Confocal microscope images of (a,b and 
c) HeLa HSP27-GFP Guide C (ELP3 KO) cells 16h post-infection, (d,e and f) HeLa HSP27-GFP Control 
cells 16h post-infection and (g, h and i) HeLa HSP27-GFP Guide C (ELP3 KO) cells 16h mock-infected. 
Viral protein NP is shown in red. 
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Simultaneously, we also performed an analysis by confocal microscopy which, not only confirmed that 

infection was indeed successful, corroborating the results obtained by western blot analysis but, more 

interestingly, as shown in Figure 13, that ELP3 KO cells present a drastic delay in the viral life-cycle as, 

at 16h post-infection, viral NP is still present at the nucleus while in Control cells, viral NP is already near 

the cell membrane, indicating that the virus is about to be released from the cells, as was expected. 

After confirmation of infection we performed plaque assays, which are used to determine viral titre as 

plaque forming units per milliliter (pfu/ml).  

Regarding the plaque assays, MDCK monolayers were infected with the supernatants that were collected 

during the infection protocol, and for each condition (Control Mock, Control PR8, ELP3 KO Mock and 

ELP3 KO PR8) we prepared a dilution set (-1 to -5 for infected conditions, -1 for mock conditions). At the 

end of the protocol, we incubated the wells, overnight, with 0.1% toluidine blue in 4% PFA which 

allowed us to count the plaques formed in each well. The best dilution was the one that had more and 

better visible plaques, which in the first replica (n1) corresponds to the -3 dilution, and the -2 dilution 

in the second replica (n2), as observed in Figure 14.  

Figure 14. Plaque assay quantification. As observed, in both replicas’, HeLa HSP27-GFP control cells 
produced a higher number of plaques when compared to HeLa HSP27-GFP ELP3 KO cells. 
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After counting the plaques, we performed the necessary calculations in order to determine the virus titre 

of each condition. The obtained results, as shown in Figure 15, showcase that viral production was highly 

reduced in the absence of ELP3. While performing the different replicas’ we adjusted the number of 

seeded cells according to the cells growth rate, hence why the results of different replicas are presented 

separately.   

As previously mentioned, the elongator complex mediates the modification of the wobble position in 

some types of tRNAs, thus promoting translation efficiency. Yeast cells lacking the ELP3 subunit of the 

complex, have been shown to be less resistant to stress103, when compared with cells that possess 

modifications induced by this complex, and one of the reasons this might happen is because cells lacking 

ELP3 aren’t able to modify the uridine wobble nucleoside of tRNAs103. Fernández-Vázquez et al.103, have 

shown that the absence of ELP3 leads to a non-functional elongator complex, resulting in translation 

inefficiency and the surge of stress phenotypes103. Furthermore, ELP3 has also been associated with 

neurological disorders, such as motor neuron degeneration in amyotrophic lateral sclerosis77. Simpson 

et al.77, showed that ELP3 is important for neuron functioning and survival, since drosophila and 

zebrafish embryos lacking ELP3 develop motor axonal abnormalities54,77. These studies showcase that 

ELP3 is an extremely important TME, and its absence can often times lead to poor functioning of the cell, 

and in more extreme cases, to the development of diseases. However, this enzyme hasn’t been 

thoroughly studied in an infection context with neither IAV or any other virus. Our results show that 

viral production was highly reduced in the absence of ELP3 and infected ELP3 KO cells present a drastic 

delay in the viral life-cycle as, at 16h post-infection, viral NP is still present at the nucleus. These results 

suggest that not only is ELP3 involved in the development of neurological disorders, as shown by 

Simpson et al.77 but it may also play a relevant role on the IAV life-cycle.  

Figure 15. Virus particles production by the infected HeLa HSP27-GFP control cells and HeLa 
HSP27-GFP ELP3 KO cells. In the performed replicas, HeLa HSP27-GFP control cells formed a higher 
number of plaques when compared to HeLa HSP27-GFP ELP3 KO cells. N1 refers to the first replica, 
while n2 refers to the second replica. 
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As shown by Fernández-Vázquez et al.103, absence of ELP3 can lead to the development of stress 

phenotypes103. This can mean that the obtained reduction in viral production can be caused by the stress 

the cell is exposed to, due to the absence of ELP3, and not because ELP3 is important in the viral life-

cycle. To test this, a possible test to perform in the future will be to induce overexpression of ELP3 in 

HeLa HSP27-GFP cells and observe if viral production increases. If that is the case, it might definitely 

indicate that ELP3 does play an extremely important role in the IAV life-cycle. Another test to further 

corroborate our analysis could be a functional analysis to see whether tRNAs were, in fact, missing the 

modifications induced by ELP3. This test could show us that the elongator complex is indeed non-

functional in the absence of ELP3. Performing plaque assays using different strains and types of IAV, and 

even other viruses, may also provide a better understanding of the role of ELP3 in viral infection. If 

absence of ELP3 leads to a generalized reduction in viral particle production, we can maybe identify 

ELP3 as a potential target for antiviral treatment. 
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Influenza A Virus infection impact on the pool of TMEs of the host  

 

During its life-cycle IAV takes control of the host cell machinery to produce its own viral proteins. Pavon-

Eternod et al.90, found that in its life-cycle, IAV interacts with the tRNA population of the host cell 

translation machinery. In this study, while the total tRNA population remained unchanged upon IAV 

infection, the polysome-associated tRNA population changed substantially in a virus-specific way, 

indicating that the virus altered and optimized the hosts’ tRNA population to better match IAV codon 

usage. Our results, although preliminary, indicate that not only does IAV interact with the tRNA 

population, but it also interferes with the TME population of host cells. TMEs are enzymes that post-

transcriptionally modify tRNAs in order to increase translation efficiency. Some TMEs (ELP1, ELP3, 

ELP6, ALKBH8 and TRMT2A) appear to be overexpressed two hours after infection with IAV, while no 

changes were detected in other time points. These results must be complemented with further 

replicates, given that some variance in expression values was observed during the experimental 

procedure. Other avenues of investigation should also be approached, namely trying to get an expression 

profile of other TMEs in the multiple time points of infection. 

 

Effect of the lack of a TME on IAV propagation  

 

In order to determine whether the lack of one of these TMEs, more specifically ELP3, would influence 

the viral particle production by the infected cells, we infected HeLa HSP27-GFP ELP3 KO cells and HeLa 

HSP27-GFP control cells with IAV. Cells were collected at 16h post-infection and viral titres were 

determined by plaque assay. Our preliminary results show that viral production was highly reduced in 

the absence of ELP3, and interestingly, as observed via immunofluorescence, ELP3 KO cells present a 

significant delay in the viral life-cycle as, at 16 hpi, the viral genome is still present at the nucleus, 

suggesting a relevant role for ELP3 on the IAV life-cycle. These results must also be complemented with 

more replicates to get a more reliable analysis, and further testing is also required. One proposed test is 

to overexpress ELP3 and observe whether viral production increases or not. If that is indeed the case, 

ELP3 may be seen as a potential target for antiviral treatment. In the near future, we plan on performing 

the same experimental procedure using different strains of IAV, and potentially other viruses, to get a 

better understanding of the role of ELP3 in viral infection.  
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