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Abstract 

 

Respiratory syncytial virus (RSV) and influenza A virus (IAV) represent 

significant global health threats, exacerbated by their ability to co-infect 

hosts and evade immune responses. Current antiviral treatments are 

limited by specificity, resistance development, and variable efficacy in 

co-infection scenarios. This thesis investigates the potential of 

thapsigargin (TG) as a broad-spectrum antiviral agent targeting RSV, 

IAV, and their co-infections. TG demonstrated potent inhibition of viral 

replication across diverse cell models, including immortalised lines and 

primary human bronchial epithelial cells, with reductions in viral titres 

exceeding 85% at non-cytotoxic concentrations. 

Mechanistically, TG disrupts calcium homeostasis by inhibiting the 

SERCA pump, triggering endoplasmic reticulum stress and activating 

the unfolded protein response (UPR). This state induces antiviral 

pathways, limiting viral protein synthesis and enhancing innate immune 

signalling. Notably, TG established a prolonged antiviral effect, 

maintaining efficacy for 48 hours post-treatment. In co-infection models, 

TG significantly reduced viral replication for both RSV and IAV. 

TG’s host-centric approach offers advantages over conventional 

antivirals, reducing the risk of resistance while providing broad-spectrum 

efficacy. However, challenges remain, including variability in response 

across cell types, potential off-target effects, and the need for extensive 

in vivo validation. Future directions include optimising TG delivery 
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methods, exploring combination therapies, and expanding its evaluation 

to other RNA viruses. This work establishes TG as a promising antiviral 

with implications for pandemic preparedness and respiratory disease 

management, highlighting its potential to redefine the therapeutic 

landscape against emerging viral threats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

Covid-19 Impact statement 

The onset of the COVID-19 pandemic had a profound impact on my 

doctoral research soon after I completed my BBSRC DTP Rotation. I 

had only just begun establishing my experimental framework when 

nationwide lockdowns and strict institutional restrictions sharply limited 

access to critical laboratory facilities. Although I was not self-funded 

and therefore received financial support, the pandemic necessitated a 

comprehensive revision of my research plan to ensure continued 

progress toward my degree. 

Due to prolonged closures of key laboratories, I was compelled to 

pause my original work. Collaborative efforts essential for my 

experiments were halted or significantly delayed, prompting a shift in 

research focus to avenues less reliant on immediate laboratory access. 

This required extensive re-evaluation of my research objectives and 

methods, especially as operational constraints persisted throughout the 

three UK lockdowns. 

It is important to note that most of the data presented in the first results 

chapter was obtained prior to the lockdowns, benefiting from full 

access to laboratory resources and collaborative networks. However, 

the second results chapter reflects post-lockdown conditions, when 

reduced lab occupancy, extended supply chain disruptions, and 

chronic shortages of vital consumables—such as filtered sterile 

pipettes essential for RNA work—hampered experimental progress. 



 v 

These constraints slowed experimental timelines, and I needed 

considerable flexibility in scheduling to secure the lab time necessary 

for data collection. 

Despite financial support mitigating some concerns, the widespread 

disruptions of COVID-19 created significant challenges. They 

highlighted the importance of adaptability, collaboration, and resilience 

when striving to maintain academic momentum under exceptional 

circumstances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 

Publications 

 

Al-Beltagi, S., Preda, C., Goulding, L., James, J., Pu, J., Skinner, P., 

Jiang, Z., Wang, B., Yang, J., Banyard, A., Mellits, K., Gershkovich, P., 

Hayes, C., Nguyen-Van-Tam, J., Brown, I., Liu, J. and Chang, K., 2021. 

Thapsigargin Is a Broad-Spectrum Inhibitor of Major Human Respiratory 

Viruses: Coronavirus, Respiratory Syncytial Virus and Influenza A Virus. 

Viruses, 13(2), p.234. 

 

Oral Presentations 

 

Insights into the host antiviral mechanisms of store operated calcium 

entry, BBSRC DTP Spring Conference, Nottingham, 10th of May 2019 

 

Thapsigargin Is a Broad-Spectrum Inhibitor of Coronavirus, Respiratory 

Syncytial Virus and Influenza A Virus, Nottingham, 15th of April 2021 

 

Thapsigargin – A promising broad-spectrum antiviral against RSV, 26th 

of April, Nottingham, 2019  

 

Poster Presentations 

 

Improving innate immunity against emerging viruses: A novel approach 

to antivirals, BBSRC DTP Spring Conference, Nottingham, 3rd of July 

2020 



 vii 

Acknowledgements 

 

I would like to express my deepest gratitude to my principal supervisor, Ken Mellits, 

and my secondary supervisor, Leah V. Goulding, whose unwavering support, 

mentorship, and expertise have guided me throughout this research journey. I also 

extend my heartfelt thanks to my previous main supervisor, Professor Kin-Chow 

Chang, for originally welcoming me into this research group and for his invaluable 

contributions in shaping the foundations of my doctoral work. Their collective patience, 

insight, and encouragement have been instrumental, especially during the 

unprecedented challenges posed by the COVID-19 pandemic. 

I wish to acknowledge Leah Goulding for her foundational research, which served as 

the inspiration for my own project. I am also immensely thankful to Jiayun 

Yang and Lamyaa Al-Dalawi for being both exceptional laboratory colleagues and 

wonderful friends; their advice, camaraderie, and the lively chats between experiments 

greatly enriched my time in the lab. A special note of appreciation goes to Belinda 

Wang, whose guidance during my initial RSV experiments was invaluable, as well as 

to my internal assessor, Tania Dottorini, for her patience, kindness, and genuinely 

helpful feedback during my annual reviews. 

My doctoral experience would not have been the same without the support of my 

friends Nisha, Valeria, Matthew, and Chris, whose companionship made every 

challenge more manageable and every success more meaningful. Finally, and most 

importantly, I dedicate this thesis to my wonderful parents, whose unwavering love, 

encouragement, and belief in me have been the bedrock of my achievements. I owe 

my gratitude for this accomplishment to their steadfast support. 

 

 



 viii 

Table of contents 

 

Declaration ....................................................................................................... i 

Abstract ...........................................................................................................ii 

Covid-19 Impact statement ........................................................................ iv 

Publications ................................................................................................... vi 

Acknowledgements .................................................................................... vii 

Table of contents ....................................................................................... viii 

List of figures ................................................................................................ xi 

List of tables .................................................................................................xii 

Abbreviations ............................................................................................. xiii 

1. General introduction ............................................................................ 1 

1.1 The burden of viral outbreaks .................................................................... 1 

1.1.1 Brief history of pandemics ...................................................................... 3 
1.1.1.1 Spanish flu (1918) ............................................................................................ 3 
1.1.1.2 Asian flu (1957) ................................................................................................ 5 
1.1.1.3 Hong Kong flu (1968) ...................................................................................... 6 
1.1.1.4 HIV/AIDS (1981) ................................................................................................ 7 
1.1.1.5 Severe acute respiratory syndrome (SARS-CoV-1) (2002) ................... 8 
1.1.1.6 Swine Flu (2009) ............................................................................................... 9 
1.1.1.7 COVID-19 (2019) ............................................................................................. 11 

1.2 Future causes of concern ......................................................................... 13 
1.2.1 Wet and live animal markets .......................................................................... 13 
1.2.2 Wildlife hunting ................................................................................................. 14 
1.2.3 Wildlife farming ................................................................................................. 15 
1.2.4 Domestic animals ............................................................................................. 15 
1.2.5 Climate change .................................................................................................. 15 
1.2.6 Close contact ..................................................................................................... 17 
1.2.7 Lack of wide-range antivirals ........................................................................ 17 
1.2.8 Co-infections ...................................................................................................... 19 

1.3 Influenza Virus .............................................................................................. 21 
1.3.1 Taxonomy and nomenclature ........................................................................ 21 
1.3.2 Impact .................................................................................................................. 21 
1.3.3 Structure.............................................................................................................. 22 
1.3.4 Subtypes ............................................................................................................. 23 
1.3.5 Viral evolution .................................................................................................... 24 
1.3.6 Binding and fusion ........................................................................................... 25 
1.3.7 Host cell entry .................................................................................................... 28 
1.3.8 Transcription and replication ........................................................................ 29 
1.3.9 Translation .......................................................................................................... 31 
1.3.10 Viral assembly and release .......................................................................... 33 

1.4 Influenza A and RSV: similarities and distinctions in viral strategy
 ................................................................................................................................. 34 



 ix 

1.5 Respiratory syncytial virus ....................................................................... 35 
1.5.1 Structure.............................................................................................................. 36 
1.5.2 RSV replication cycle overview .................................................................... 38 
1.5.3 Transcription ...................................................................................................... 39 
1.5.4 Inclusion bodies and stress granules ......................................................... 41 
1.5.6 Viral assembly and release ............................................................................ 43 

1.6 Influenza A and RSV ................................................................................... 43 
1.6.1 Escaping immunity ........................................................................................... 45 

1.7 Endoplasmic reticulum stress ................................................................. 47 
1.7.1 The unfolded protein response ..................................................................... 48 
1.7.2 The three branches of the UPR ..................................................................... 49 
1.7.3 The UPR and viruses ....................................................................................... 51 

1.8 Thapsigargin ................................................................................................. 53 

1.9 Calcium Homeostasis................................................................................. 57 
1.9.1 SERCA ................................................................................................................. 57 
1.9.2 SOCE .................................................................................................................... 60 
1.9.3 SOC channels .................................................................................................... 61 
1.9.4 Stromal interaction molecule ........................................................................ 62 

2 Antiviral Effects of TG-Mediated SOCE .................................................... 63 
2.1 Steps by which TG may act as a potent antiviral ........................................ 64 
2.2 The unknowns of TG as an antiviral ............................................................... 65 

Hypothesis ........................................................................................................... 67 

Aim ......................................................................................................................... 67 

2. General materials and methods ...................................................... 69 

2.1 Materials ......................................................................................................... 69 
2.1.1 Chemical reagents and kits............................................................................ 69 
2.1.2 Plasticware and Consumables ...................................................................... 70 
2.1.3 Technical Equipment ....................................................................................... 71 
2.1.4 Cell Lines and Viruses ..................................................................................... 72 
2.1.5 Statistical analysis and other software ....................................................... 73 

2.2 Cell culture methods................................................................................... 73 
2.2.1 Cell culture.......................................................................................................... 73 
2.2.2 Cryopreservation .............................................................................................. 74 
2.2.3 Cell passage, counting and seeding ........................................................... 76 
2.2.4 Cell viability assay ............................................................................................ 77 

2.3 Viral infection and quantification methodology .................................. 79 
2.3.1 Influenza A subtype and stock use .............................................................. 79 
2.3.2 Influenza A propagation .................................................................................. 80 
2.3.3 Influenza A infection media............................................................................ 81 
2.3.4 Influenza A spun supernatant and cell lysate collection ....................... 81 
2.3.5 Quantification of influenza A from spun supernatant ............................ 82 
2.3.6 Immunostaining Influenza A infected cells................................................ 83 
2.3.7 RSV subtype and stock use ........................................................................... 84 
2.3.8 RSV propagation ............................................................................................... 85 
2.3.9 RSV infection ..................................................................................................... 87 
2.3.10 RSV spun supernatant and cell lysate collection .................................. 89 
2.3.11 Quantification of RSV from spun supernatant ....................................... 89 

2.4 Quantification methodology ..................................................................... 91 
2.4.1 Quantifying gene expression by RT-PCR .................................................. 91 
2.4.2 cDNA conversion .............................................................................................. 92 
2.4.3 Quantitative real time PCR ............................................................................. 93 
2.4.4 Normalisation of target gene expression ................................................... 94 



 x 

2.4.5 Quantifying viral gene expression from supernatant ............................. 95 
2.4.6 Western blot ....................................................................................................... 97 
2.4.7 Cell transfection .............................................................................................. 100 

2.5 Statistical analysis .................................................................................... 102 

 Chapter 3: Thapsigargin is a non-toxic and effective antiviral 
against RSV, Influenza A, and their co-infections............................ 103 

3.1 Introduction ................................................................................................. 105 

3.2 Materials and Methods ............................................................................. 111 
3.2.1 Viability assay .................................................................................................. 111 
3.2.2 IAV infection ..................................................................................................... 112 

3.3 Results .......................................................................................................... 120 
3.3.1 TG demonstrates potent antiviral activity against IAV virus without 
compromising cell viability .................................................................................... 120 
3.3.2 TG priming inhibits RSV replication in HEp-2 cells ............................... 123 
3.3.3 TG exhibits a high selectivity index in HEp-2 cells against RSV 
infection ....................................................................................................................... 125 
3.3.4 TG establishes a long-lasting antiviral state in HEp-2 and A549 cells
 ....................................................................................................................................... 126 
3.3.5 TG demonstrates antiviral activity as a post-infection treatment in 
HEp-2 cells .................................................................................................................. 129 
3.3.6 TG demonstrates superior efficacy compared to ribavirin, a standard 
RSV treatment ............................................................................................................ 132 
3.3.7 TG inhibits RSV replication in human primary bronchial epithelial 
(NHBE) cells ............................................................................................................... 135 
3.3.8 TG Demonstrates Broad-Spectrum Antiviral Efficacy Against RSV 
and IAV Co-Infections in Calu-3 Cells ................................................................. 144 

 Chapter 4: Host-focused defence: Thapsigargin as a key 
modulator of innate immunity against RSV and IAV ....................... 147 

4.1 Introduction ................................................................................................. 148 

4.2 Materials and Methods ............................................................................. 154 
4.2.1 Viability assay .................................................................................................. 154 
4.2.2 IAV Infection of Immortalised Cells (Calu-3 and NPTr) ........................ 155 
4.2.3 Collection of IAV Spun Supernatant and Cell Lysates ......................... 155 
4.2.4 Quantification and Immunostaining of IAV.............................................. 156 
4.2.5 RT-qPCR for IAV and RSV-Infected Cells ................................................. 156 
4.2.6 Chemical Blocking of Host Pathways ....................................................... 158 

4.3 Results .......................................................................................................... 163 
4.3.1 Evaluating the Role of Interferon Response in TG-Induced Antiviral 
Activity Using VERO E6 Cells................................................................................ 163 
4.3.2 TG exposure enhances OAS1 and RIG-I expression in H1N1-infected 
NPTr cells .................................................................................................................... 165 
4.3.3 TG induces ER-related host-gene response in NHBE cells ................ 166 
4.3.4 TG Enhances the Expression of Antiviral Genes in Co-Infected Calu-3 
Cells .............................................................................................................................. 175 
4.3.5 Evaluating the Effect of RNAse L Inhibition via Sunitinib on TG-
Induced Antiviral Activity Against RSV .............................................................. 180 
4.3.6 Synergistic Antiviral Effects of TG and the IRE1 Inhibitor 4μ8C in 
Calu-3 Cells ................................................................................................................ 182 
4.3.7 Exploring the Role of G3BP1 and PERK in TG-Induced Antiviral 
Responses Using Gene Knockdown in Calu-3 Cells ...................................... 184 

5. Discussion .......................................................................................... 187 

6. REFERENCES .................................................................................... 204 



 xi 

 

List of figures 

Figure 1.1 Structure of IAV virus. .....................................................................................23 
Figure 1.2 Mechanisms of IAV evolution. ......................................................................25 
Figure 1.3 Illustration of zoonotic transmission of IAV. ............................................27 
Figure 1.4 Schematic representation of IAV attachment to host. ...........................28 
Figure 1.5 IAV entry and delivery of the vRNPs to host cytoplasm and nucleus.
 ...................................................................................................................................................29 
Figure 1.6 Differential pathways undertaken by IAV for replication and virion 
assembly. ................................................................................................................................31 
Figure 1.7 IAV viral protein recruitment and virion assembly. ................................34 
Figure 1.8 Formation of a multi-nucleated syncytium during RSV replication. ..36 
Figure 1.9 Schematic comparison of RSV (A) and IAV (B) structural 
components. ..........................................................................................................................38 
Figure 1.10 Visual representation of RSV binding. .....................................................39 
Figure 1.11 Major events in RSV replication cycle. .....................................................40 
Figure 1.12 RSV-N aids in IBs and SGs formation. .....................................................42 
Figure 1.13 UPR signalling pathways activated by ER stress sensors: IRE1, 
ATF6 and PERK. ...................................................................................................................51 
Figure 1.14 Thapsia garganica L. .....................................................................................56 
Figure 1.15 Chemical structures of compounds found in Thapsia garganica L. 56 
Figure 1.16 The pumping cycle of SERCA. ...................................................................58 
Figure 1.17 TG blocking SERCA's Ca2+ cycle. ..............................................................59 
Figure 1.18 SOC channel structure. ................................................................................61 
Figure 3.1 TG priming reduces progeny virus output and maintains NPTr cell 
viability. .................................................................................................................................122 
Figure 3.2 TG priming immediately after treatment inhibits RSV replication in 
HEp-2 cells without cytotoxicity. ....................................................................................124 
Figure 3.3 TG displays a high selectivity index in HEp-2 cells against RSV 
infection. ...............................................................................................................................126 
Figure 3.4 TG establishes a durable antiviral state in HEp-2 and A549 cells 
without cytotoxicity. ..........................................................................................................128 
Figure 3.5 TG demonstrates antiviral activity post-infection in HEp-2 cells. .....131 
Figure 3.6 TG demonstrates superior antiviral efficacy compared to ribavirin.134 
Figure 3.7 TG reduces RSV formation in NHBE cells. ..............................................138 
Figure 3.8 TG reduces RSV F protein expression in NHBE cells. .........................140 
Figure 3.9 TG reduces RSV gene transcription in NHBE cells. .............................142 
Figure 3.10 TG demonstrates low cytotoxicity in Calu-3 cells. ..............................145 
Figure 3.11 TG reduces RSV and IAV replication in co-infected Calu-3 cells. ..146 
Figure 4.1 TG fails to inhibit RSV replication in interferon-deficient VERO E6 
cells. * ....................................................................................................................................164 
Figure 4.2 TG raises OAS1 and RIG-I expression levels in H1N1 infected cells.*
 .................................................................................................................................................166 
Figure 4.3 TG induces DDIT3 expression in NHBE cells. ........................................168 
Figure 4.4 TG induces HSPA5 expression in NHBE cells.* .....................................169 
Figure 4.5 TG induces HSP90B1 expression in NHBE cells with enhanced 
responses in infected samples.* ....................................................................................170 
Figure 4.6 TG induces HERPUD1 expression in NHBE cells with distinct dose 
responses in uninfected and infected samples. * .....................................................172 
Figure 4.7 TG induces G3BP1 and EIF2AK2 expression in NHBE cells in a dose-
dependent manner. * .........................................................................................................173 
Figure 4.8 TG produces modest changes in MAVS and IRF3 expression in 
NHBE cells.* .........................................................................................................................175 



 xii 

Figure 4.9 TG attenuates RIG-I, OAS1 and IFNβ transcript levels in infected 
Calu-3 cells.* ........................................................................................................................177 
Figure 4.10 TG reduces G3BP1, IRF3 and PKR transcript levels in infected Calu-
3 cells.* ..................................................................................................................................179 
Figure 4.11 Effect of RNase L inhibitor sunitinib on TG-mediated inhibition of 
RSV in HEp-2 cells.* ...........................................................................................................181 
Figure 4.12 Effect of 4u8C on TG-induced antiviral activity in Calu-3 cells.* ....183 
Figure 4.13 Role of G3BP1 and PERK in TG-induced antiviral responses in 
Calu3 cells.* .........................................................................................................................186 
Figure 5.1 Schematic overview of TG-mediated UPR response against viral 
pathogen ...............................................................................................................................193 
 

List of tables 

Table 1.1 Viral pandemics in the twentieth and twenty-first century. ...................... 2 
Table 1.2 Historical recommended dosage of antivirals against swine flu. .........10 
Table 1.3 Distribution of Influenza A virus subtypes across species. ...................24 
Table 2.1 Laboratory kits and reagents used in experimental procedures. .........69 
Table 2.2 Plasticware and general laboratory consumables. ...................................70 
Table 2.3 Technical equipment utilised in the laboratory. ........................................71 
Table 2.4 Cell lines and viral strains employed in experiments. .............................72 
Table 2.5 Software tools used for statistical analysis, data processing and 
visualisation. ..........................................................................................................................73 
Table 2.6 Typical media volumes used in tissue culture vessels. ..........................77 
Table 2.7 SYBR Green RT-qPCR reaction mix. ............................................................93 
Table 2.8 RT-qPCR thermal cycling programme and melt-curve conditions. ......94 
Table 3.1 Viral primers used in RT-qPCR quantification. ........................................115 
Table 4.1 Host-cell primers used in RT-qPCR quantification of host genes. .....157 
Table 4.2 siRNAs used for gene knockdown. .............................................................162 
 

 

 

 

 

 

 

 

 

 

 



 xiii 

Abbreviations 

• A2: RSV A2 strain 

• AIDS: Acquired Immune Deficiency Syndrome 

• ALRIs: Acute Lower Respiratory Infections 

• AM: Alveolar Macrophage 

• ANOVA: Analysis of Variance 

• APHA: Animal and Plant Health Agency 

• ARDS: Acute Respiratory Distress Syndrome 

• ATF6: Activating Transcription Factor 6 

• ATP: Adenosine Triphosphate 

• BBSRC: Biotechnology and Biological Sciences Research 

Council 

• BiP: Binding Immunoglobulin Protein (GRP78) 

• BSA: Bovine Serum Albumin 

• Ca²⁺: Calcium Ion 

• Calreticulin (CRT): A chaperone protein in the ER 

• Calmodulin (CaM): A calcium-binding messenger protein 

• CDC: Centers for Disease Control and Prevention 

• CHOP: C/EBP Homologous Protein (encoded by DDIT3) 

• COPD: Chronic Obstructive Pulmonary Disease 

• COVID-19: Coronavirus Disease 2019 

• CRAC: Calcium Release-Activated Channel 

• CRM1: Chromosome Region Maintenance 1 (export receptor) 

• DAB: 3,3′-Diaminobenzidine 



 xiv 

• DDIT3: DNA Damage-Inducible Transcript 3 (gene encoding 

CHOP) 

• DMSO: Dimethyl Sulfoxide 

• DMEM: Dulbecco’s Modified Eagle Medium 

• DNA: Deoxyribonucleic Acid 

• dsRNA: Double-Stranded RNA 

• DTT: Dithiothreitol 

• eIF2α: Eukaryotic Initiation Factor 2 Alpha 

• EIF2AK2 (PKR): Eukaryotic Translation Initiation Factor 2-Alpha 

Kinase 2 (Protein Kinase R) 

• ER: Endoplasmic Reticulum 

• ERAD: Endoplasmic Reticulum-Associated Degradation 

• FFA: Focus Forming Assay 

• FFU: Focus Forming Unit 

• F (RSV-F): Fusion Glycoprotein (RSV) 

• FCS: Foetal Calf Serum (often “FBS” foetal bovine serum) 

• FDA: Food and Drug Administration 

• G3BP1: Ras GTPase-Activating Protein-Binding Protein 1 (stress 

granule component) 

• GAGs: Glycosaminoglycans 

• G (RSV-G): G Glycoprotein 

• GRP94: 94 kDa Glucose-Regulated Protein (encoded 

by HSP90B1) 

• h: Hour(s) 



 xv 

• H/N: Haemagglutinin and Neuraminidase surface glycoproteins 

that define Influenza A virus subtypes (e.g., H1N1, H3N2) 

• hpi: Hours Post-Infection 

• H1N1, H2N2, H3N2: Subtypes of Influenza A Virus 

• HAT: Human Airway Trypsin-Like Protease 

• HERPUD1: Homocysteine-Inducible, Endoplasmic Reticulum 

Stress-Inducible, Ubiquitin-Like Domain Member 1 

• HIV: Human Immunodeficiency Virus 

• HSP90B1: Heat Shock Protein 90 Beta Family Member 1 

(GRP94) 

• HSPA5: Heat Shock Protein Family A (Hsp70) Member 5 

(BiP/GRP78) 

• IAV: Influenza A Virus 

• IB: Inclusion Body 

• ICU: Intensive Care Unit (mentioned in broader context) 

• IFN: Interferon (general) 

• IFNβ: Interferon Beta 

• IL: Interleukin 

• IRF/IRF3: Interferon Regulatory Factor (3) 

• IRE1: Inositol-Requiring Enzyme 1 (ER stress sensor) 

• ISR: Integrated Stress Response 

• ISGs: IFN-Stimulated Genes 

• KDa: Kilodalton 

• L (RSV-L): Large Polymerase Protein (RSV) 

• M (RSV-M): Matrix Protein 



 xvi 

• M (IAV-M): Matrix Segment (Influenza) 

• M1, M2: Matrix Proteins of Influenza A 

• MAVS: Mitochondrial Antiviral-Signalling Protein 

• MDCK: Madin-Darby Canine Kidney Cells 

• MF: Molecular Function (in gene ontology contexts) 

• min: Minute(s) 

• MOI: Multiplicity of Infection 

• MERS: Middle East Respiratory Syndrome 

• MERS-CoV: Middle East Respiratory Syndrome Coronavirus 

• NA: Neuraminidase (Influenza) 

• NAI: Neuraminidase Inhibitor 

• NHBE: Normal Human Bronchial Epithelial Cells 

• NLR: NOD-Like Receptor 

• NLS: Nuclear Localisation Signal 

• NP: Nucleoprotein (Influenza) / Also used for Nucleoprotein in 

RSV context 

• NPTr: Newborn Pig Tracheal Cells 

• NS: Non-Structural Proteins (RSV/IAV) 

• NS1, NS2: Non-Structural Proteins (RSV) or Non-Structural 

Proteins (IAV) 

• NS2/NEP (IAV): Non-Structural Protein 2 / Nuclear Export Protein 

• NTC: No Template Control (general PCR term) 

• P (RSV-P): Phosphoprotein (RSV) 

• PB1, PB2, PA: Polymerase Basic 1, Polymerase Basic 2, and 

Polymerase Acidic Proteins (Influenza) 



 xvii 

• PBS: Phosphate-Buffered Saline 

• PCA: Principal Component Analysis 

• PFU: Plaque-Forming Units 

• PKR: Protein Kinase R (also known as EIF2AK2) 

• PM: Plasma Membrane 

• PRR: Pattern Recognition Receptor 

• qPCR: Quantitative Polymerase Chain Reaction 

• qRT-PCR / RT-qPCR: Quantitative Reverse Transcription PCR / 

Reverse Transcription–Quantitative PCR 

• Rab11: Ras-Related Protein Rab-11 

• RIG-I: Retinoic Acid-Inducible Gene I 

• RNA: Ribonucleic Acid 

• RNAse L: Endoribonuclease L 

• RNA-Dependent RNA Polymerase (RdRp): Viral polymerase 

• RPM: Revolutions Per Minute 

• RSV: Respiratory Syncytial Virus 

• SARS: Severe Acute Respiratory Syndrome 

• SARS-CoV-1: Severe Acute Respiratory Syndrome Coronavirus 

1 

• SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 

2 

• SCID: Slow Ca²⁺-Dependent Inactivation (context-dependent 

acronym) 

• SERCA: Sarco-Endoplasmic Reticulum Ca²⁺ ATPase 

• SH: Small Hydrophobic Glycoprotein (RSV) 



 xviii 

• SI: Selectivity Index 

• SOCE: Store-Operated Calcium Entry 

• STIM: Stromal Interaction Molecule 

• Su: Sunitinib  

• TBS: Tris-Buffered Saline 

• TG: Thapsigargin 

• TMPRSS2: Transmembrane Protease Serine S-1 Member 2 

• Tris: Tris (Hydroxymethyl) Aminomethane 

• UPR: Unfolded Protein Response 

• vRNPs: Viral Ribonucleoproteins (Influenza) 

• VERO E6: African Green Monkey Kidney Epithelial Cells (IFN-

deficient line) 

• WHO: World Health Organization 

• XBP1: X-Box Binding Protein 1 

• 4u8C: A chemical inhibitor of the IRE1 RNase domain 

• Sunitinib: (Appears as “Su” in text) Tyrosine kinase inhibitor used 

here to inhibit RNAse L 

 



 1 

1. General introduction 

 

Human susceptibility to RNA viruses is a persistent concern, given 

factors such as population growth, migration, close contact with animals 

and wildlife. These pathogens have short generation times, high 

mutation rates, and can co-infect hosts, increasing the likelihood of 

widespread outbreaks. The COVID-19 pandemic serves as a stark 

reminder of the devastating consequences of these pathogens in the 

absence of adequate prevention and treatment.  

This introduction reviews the historical impact and risks of major RNA 

virus outbreaks and further focuses on two important airborne 

pathogens, influenza A and respiratory syncytial virus, which can co-

infect individuals. Finally, thapsigargin (TG), a compound with 

established biological activity, is proposed as a promising means to 

inhibit these viruses by targeting a shared mechanism - the unfolding 

protein response. 

 

1.1 The burden of viral outbreaks 

 

Outbreaks are defined as an unexpected rise in the number of people 

displaying a health condition in a specific geographic area, whereas 

endemic conditions occur at a predictable rate (Grennan, 2019). An 

epidemic is an outbreak that spreads to a larger area, while a pandemic 

is an epidemic that spreads globally (Piret and Boivin, 2021). Although 
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these terms can also be used to describe non-infectious diseases, in the 

context of this thesis they will specifically refer to viral RNA infections. 

Pandemics caused by viral RNA outbreaks throughout history have 

resulted in significant human and economic damage, including deaths, 

economic instability, political regime changes, and psychosocial burdens 

(Sampath et al., 2021). Notable pandemics of the twentieth and twenty-

first centuries include infections caused by SARS-CoV-2 (2019), SARS-

CoV-1 (2002), influenza A/H1N1 (1918; 2009), influenza A/H2N2 (1957), 

influenza A/H3N2 (1968), and HIV (1981) (Table 1.1).  

 

Table 1.1 Viral pandemics in the twentieth and twenty-first century. 

Pandemic Timeline Pathogen Area of 
origin 

Vector Death toll 

Spanish 
Flu 

1918-
1919 

Influenza 
A (H1N1) 

Not clear Likely avian 
origin 

50-100 million 
 

(Johnson and 
Mueller, 2002) 

Asian Flu 1957-
1958 

Influenza 
A (H2N2) 

China Likely avian 
origin 

1-2 million 
 

(Viboud et al., 2016) 
Hong Kong 

Flu 
1968 Influenza 

A (H3N2) 
China Likely avian 

origin 
500,000-2 million 

 
(Viboud et al., 2005) 

HIV/AIDS 1981-
ongoing 

HIV Central 
Africa 

Non-human 
primates 

36 million 
 

(UNAIDS, 2013) 

Severe 
acute 

respiratory 
syndrome 

coronavirus 

2002-
2003 

SARS-
CoV-1 

China Bats 774 
 

(Stockman et al., 
2006) 

Swine Flu 2009-
2010 

Influenza 
A (H1N1) 

Mexico Pigs 20,000-500,000 
 

(Simonsen et al., 
2013) 

COVID-19 2019-
2023 

SARS-
CoV-2 

China Not clear, 
likely bats 

or pangolin 

>6 million 
 

(Wang et al., 2022) 

 

The following section will briefly discuss each of these pandemics, with 

emphasis on the prevention and treatment methods used at the time.  
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1.1.1 Brief history of pandemics 

 

1.1.1.1 Spanish flu (1918) 

 

The unfortunate record of deaths caused by viruses is set by the 1918 

H1N1 “Spanish flu”, when 20 to 100 million people died (Taubenberger 

and Morens, 2010). However, this wide range reflects the challenge of 

severe underreporting during the pandemic (Edwin O. Jordan, 1928). 

More rigorous demographic analysis suggests the death toll was likely 

in the upper portion of this range, between 50 to 100 million (Johnson 

and Mueller, 2002). When adjusting for today’s human population (~4.5 

times higher), it would account for 225 to 450 million deaths. The 

pandemic occurred at the end of World War I and its transmission was 

facilitated by the close contact of troops.  

In three waves (spring, autumn, and winter) the virus is presumed to 

have infected one third of the world’s population (≈500 million people) 

(Burnet and Clark, 1942). The pandemic was characterised by an 

exceptionally high case fatality rate of greater than 2.5%, compared to 

less than 0.1% in other influenza pandemics, and a distinctive age-

specific mortality pattern in which young adults aged 20-40 years were 

disproportionately affected, accounting for nearly half of all deaths 

(Taubenberger and Morens, 2006). The animal origin has not been fully 

elucidated, but since the natural reservoir for all influenza A is avian and 

more recent genetic, phylogenetic, and functional analyses of the 1918 

H1N1 indicate an avian lineage, it increases the likelihood that a close 
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precursor of the pandemic virus was of bird origin, mutated in a 

mammalian host, likely pigs, before reaching humans (Rabadan, Levine 

and Robins, 2006; Qi et al., 2012). Almost all influenza A pandemics that 

followed have been linked with a descendant of the 1918 H1N1, 

including the reassorted H2N2 (1957) and H3N2 (1968), which have 

incorporated important genes from the 1918’s pathogen. For its 

importance in influenza A’s transmission and evolution it was labelled 

the “Mother of All Pandemics” (Taubenberger and Morens, 2006). At the 

time there were no effective drugs or vaccines, and prevention was 

achieved by wearing a face mask while schools, theatres and 

businesses were shut down. The bodies were piled up in morgues until 

the virus ran its course (Knobler et al., 2005). After the Spanish flu was 

first isolated in 1931, a great deal of effort was spent towards diagnosis, 

surveillance, and vaccine development, with the first influenza A vaccine 

developed during the late 1930s and early 1940s (Shope, 1931; Smith, 

Andrewes and Laidlaw, 1933; Francis and Salk, 1942; Francis et al., 

1945). 
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1.1.1.2 Asian flu (1957) 

 

The "Asian flu" was caused by influenza A/H2N2 virus, a reassortment 

of the human 1918 H1N1 with the avian H2N2 (Schäffr et al., 1993). 

From 1957 to 1958, the approximate number of deaths was between 1 

to 2 million people (Saunders-Hastings and Krewski, 2016). The Asian 

flu came in waves, with a stronger second wave similarly to the Spanish 

flu. However, the illness was much milder than the Spanish flu, with a 

maximum case fatality rate of ≈0.67%, but with a similar mortality curve 

shifted towards young adults (Viboud et al., 2005; Viboud et al., 2016). 

Society was not much disrupted, the economic impact was small, and 

recovery was rapid. In the United States, only 3 to 8% of the population 

were absent from work (Trotter et al., 1959). 

The Asian flu was the first time when comprehensive surveillance was 

used to track an emerging disease and the first time to study the 

immunological response to influenza vaccination (Kilbourne, 2006; 

Henderson, 2016). The development and distribution of vaccines was 

slow, with limited circulation in 1957, in the United States and Europe 

(Jackson, 2009). There was great emphasis on vaccination campaigns, 

with a vaccine effectiveness of 53 to 60%. However, the adoption was 

low, with only 30 million doses distributed worldwide, not enough to have 

a significant impact on the outcome of the disease (Jackson, 2009; 

Henderson et al., 2009). There were no antivirals available on the 

market. Some physicians were prescribing antibiotics which are not 

effective against viral infections but might have helped with secondary 
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bacterial infections. The pandemic slowed down by itself, and H2N2 

became part of the regular wave of seasonal flu until 1968 (Jackson, 

2009). 

 

1.1.1.3 Hong Kong flu (1968) 

 

Ten years later, the previous Asian flu strain reassorted to H3N2 and 

influenza A turned pandemic once again, known as the Hong Kong flu. 

It was highly transmissible but even milder than the Asian flu. The death 

toll is estimated at ≈500,000 to 2 million (Guan et al., 2010; Reperant, 

Moesker and Osterhaus, 2016). The Hong Kong flu was the first 

pandemic to show an increased spread due to air travel (Cockburn, 

Delon and Ferreira, 1969; Longini, Fine and Thacker, 1986). Like 

previous influenza A pandemics, it tended to infect young adults, but 

mortality was low due to pre-existing immunity to the neuraminidase 

antigen (N2) from previously circulating influenza (Saunders-Hastings 

and Krewski, 2016). The economic and social impact was minimal, and 

the low severity and mortality rates did not endorse the need for major 

disruption (Taubenberger and Morens, 2010). The infection control 

involved a combination of vaccination, antibiotics for secondary 

(bacterial) pneumonia and hospitalization. Vaccines were only made 

available after the peak of the pandemic (Saunders-Hastings and 

Krewski, 2016). Importantly, at this point still no antivirals were used in 

the treatment of a pandemic. 
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1.1.1.4 HIV/AIDS (1981) 

 

Acquired immune deficiency syndrome (AIDS) is caused by human 

immunodeficiency virus type 1 and 2 (HIV-1 and HIV-2). While both are 

positive-sense, single-stranded RNA viruses that lead to progressive 

failure of the immune system and increased risk of other illnesses such 

as cancers, bacterial or viral infections (Powell et al., 2016), they have 

markedly different global distributions and transmission characteristics. 

HIV-1 is responsible for the global pandemic and accounts for most HIV 

infections worldwide, whereas HIV-2 is largely confined to West Africa 

and has significantly lower transmissibility rates (Marlink et al., 1994; 

Campbell-Yesufu and Gandhi, 2011). The global HIV/AIDS pandemic 

was first recognised as an illness in 1981 when young homosexual men 

reported unusual infections and malignancies (Greene, 2007). HIV/AIDS 

is primarily a sexually transmitted disease, occurring through contact or 

transfer of blood, semen, and vaginal fluids (Breskin, Adimora and 

Westreich, 2017). Non-sexual transmission is possible from mother to 

infant through pregnancy and breast milk (Mabuka et al., 2012). The 

pandemic is still ongoing and as of July 2022, more than 40 million 

people have died as a result of contracting HIV. Currently, 38.4 million 

live with the disease globally, out of which 25.6 million live in the African 

continent (WHO, 2022).  

The management of HIV/AIDS is done using multiple antiretroviral 

drugs. These antiviral drugs have a profound effect in keeping the viral 

load under detectable levels (<50 copies/ml) in patients who consistently 
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adhere to treatment. It was shown that sexual transmission of HIV is not 

possible when viral loads remain undetectable in treated patients;  

therefore, modern antivirals help millions of people live with the illness 

(Cohen et al., 2016). 

 

1.1.1.5 Severe acute respiratory syndrome (SARS-CoV-1) 

(2002) 

 

Caused by the SARS coronavirus (SARS-CoV-1), it was the first 

pandemic of the 21st Century. It emerged from China, Guandong 

province, and was first noted in November 2002 as an outbreak of acute 

pneumonia (Cheng, Chan, To and Yuen, 2013). It was identified as a 

global threat by the World Health Organization (WHO) in March of 2003 

and it went on to spread to over 30 countries (Peiris et al., 2003). The 

animal origin was initially thought to be palm civets, but it was later 

established to be horseshoe bats (Wang and Eaton, 2007). SARS-CoV-

1 is an RNA-positive airborne virus with ability for efficient person-to-

person transmission. At the time it had a case fatality rate of >9.6%. 

Fortunately, the outbreak was short-lived, ending in July 2003 with 8096 

cases reported, leading to 774 deaths (Olowokure et. al, 2004). While 

no vaccines were available, various antiviral treatments were used, 

including ribavirin (used in over 50% of reported cases), 

lopinavir/ritonavir, and interferon-α, though their clinical efficacy 

remained uncertain due to the lack of randomized controlled trials 

(Cheng et al., 2013). 
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1.1.1.6 Swine Flu (2009) 

 

The 2009 influenza A pandemic was caused by a novel H1N1 virus that, 

while sharing the same subtype designation as the 1918 pandemic virus, 

had a completely different origin and genetic makeup. It emerged as a 

re-assortment of bird, swine, and human influenza, and it began in 

Mexico, April of 2009. It reached pandemic status within weeks and 

ended by May 2010. The death toll was estimated to be 20,000 to 

500,000. The virus infected >10% of the global population. Notably, the 

2009 influenza A marked the first pandemic with available influenza 

antivirals in the form of neuraminidase inhibitors (NAIs) such as 

Oseltamivir (Tamiflu) and Zanamivir. Oseltamivir was approved by the 

FDA in 1999 for children aged 13+ and for adult prophylaxis treatment 

(preventive use). In early 2004 growing awareness of a potential H5N1 

pandemic triggered a surge in preparedness (Berera and Zambon, 

2013). In 2005 the WHO issued a checklist to guide preparations for a 

future influenza pandemic which included references to antiviral 

prophylaxis treatments. The guidance was reiterated in 2007 outlining a 

“rapid containment strategy” (WHO, 2007). During the Swine flu 

pandemic, the infected immunocompromised patients receiving 

antivirals posed a major risk - potential antiviral resistance. Since the 

nature of the antivirals was to block H1N1’s neuraminidase, the virus 

could have mutated and adapted. The WHO strongly advised against 

the use of antivirals for prophylactic purposes and instead encouraged 

the use of antivirals post-symptoms (WHO, 2009). The FDA has issued 
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an emergency-use authorization for oseltamivir and zanamivir to be 

used in infants. Following the authorization, the Centers for Disease 

Control and Prevention (CDC) offered guidelines for adequate dose use 

(CDC, 2009) (Table 1.2). In September 2009, the FDA allowed the use 

of a new H1N1 pandemic influenza vaccine, containing inactivated 

or attenuated influenza. They were offered either as a jab or as nasal 

spray. The vaccines offered greatest benefit to younger recipients as 

older individuals had some immunity from exposure to similar viruses in 

the past (Collignon, 2010). The Swine flu came with a great deal of fear, 

but with mild repercussions. The virus ran its course and in August 2010 

the WHO had officially declared the end of the pandemic (WHO, 2010). 

 

Table 1.2 Historical recommended dosage of antivirals against swine flu. 

 Adapted from CDC (2009). 

Agent, group Treatment Chemoprophylaxis 

Oseltamivir Adults 75 mg              

capsule twice/day for 5 days 

75 mg 

 capsule once/day 

Children 

By weight:  

  

15 kg or less 60 mg/day divided into two doses 30 mg once/day 

15–23 kg 90 mg/day divided into two doses 45 mg once/day 

24–40 kg 120 mg/day divided into two doses 60 mg once/day 

>40 kg 150 mg/day divided into two doses 75 mg once/day 

Zanamivir Adults Two 5 mg inhalations (10 mg total) 

twice/day 

Two 5 mg 

inhalations (10 mg 

total) once/day 

Children Two 5 mg inhalations (10 mg total) 

twice/day, age 7 years or older 

Two 5 mg inhalations 
(10 mg total) 
once/day, age 5 years 
or older 
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1.1.1.7 COVID-19 (2019) 

 

The latest pandemic was caused by the SARS-CoV-2 coronavirus. First 

identified in December of 2019 in Wuhan, China, is the third coronavirus 

outbreak after SARS-CoV-1 and MERS-CoV. Infection with SARS-CoV-

2 led to COVID-19 disease, with nonspecific symptoms such as fever, 

shortness of breath, cough, headache, myalgias, diarrhoea, fatigue, sore 

throat, anosmia, ageusia, chest pain, haemoptysis, sputum production, 

rhinorrhoea, nausea, vomiting, skin rash, impaired consciousness, and 

seizures (Chan et al., 2020; Xu et al., 2020). SARS-CoV-2 is transmitted 

from person to person via respiratory droplets, making it a very fast 

spreading illness (Li et al., 2020). Furthermore, SARS-CoV-2 can be 

carried by asymptomatic people and since symptoms only appear 2 to 

14 days after the viral encounter, it can lead to false-negative testing 

results and can therefore increase the expansion of the virus within the 

population (Esakandari et al., 2020; Zhao et al., 2020). Since it was 

declared a global pandemic by the WHO, the virus spread to 223 

countries with more than 472 million cases and >6 million deaths as of 

March 2022 (Cascella et al., 2022). 

SARS-CoV-2 had a case fatality rate between 1% and 4% varying 

between individual and their comorbidities; countries and percentage of 

population vaccinated (Sorci, Faivre and Morand, 2020; Haider et al., 

2022). Black, Hispanic, and Asian ethnic minorities that contract the virus 

had an increased risk of death (Sze et al., 2020). The original variant of 

SARS-CoV-2 shared 82% genomic similarity with human SARS-CoV-1 
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and while the exact origin remains difficult to establish with absolute 

certainty, it is widely accepted to have evolved from a strain found in bats 

(Chan et al., 2020). It has been hypothesised that SARS-CoV-2 evolved 

from bats through intermediate hosts such as pangolins, then to humans 

(Zhang, Wu and Zhang, 2020). 

In attempt to stop COVID-19 from spreading and overwhelming the 

medical system most countries had adopted restrictive measures. It 

included quarantines, lockdowns, social distancing, mandatory face 

masks, mass testing, travel restrictions, encouraging working from home 

etc. (Han et al., 2020). Important preventative methods included 

extraordinary efforts to develop vaccines at an unprecedented speed. 

Notably, this was the first instance where mRNA vaccines (BNT162b2 

and mRNA-1273) were rolled out for mass adoption, within a year from 

the start of the pandemic. Both mRNA and conventional vaccines were 

produced for public use, with multiple “booster” shots being offered as 

variations of the original SARS-CoV-2 emerged: Alpha (B.1.1.7), Beta 

(B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529) 

(Cascella et al., 2022). 

Several pharmacological advancements have been achieved for the 

treatment of COVID-19. FDA approved emergency use of drugs like 

Remdesivir, Molnupiravir, and Paxlovid. Additional treatments include 

immunomodulatory agents and products that contain anti-SARS-CoV-2 

neutralizing antibodies (FDA, 2022). 
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1.2 Future causes of concern 

 

Humans have always been affected by epidemics originated from 

animals and wildlife (Taylor, Latham and woolhouse, 2001). There is 

consensus that human-animal contact is essential for cross-species 

transmission of infectious disease. This phenomenon is known as 

zoonosis. Although humans have coexisted with animals and wildlife for 

millennia, the increased population growth, globalisation, farming at 

scale and unsustainable exploitation of natural resources have inflated 

the risk of disease spill over in recent decades (Magouras et al., 2020).  

 

1.2.1 Wet and live animal markets 

 

The concept of a “wet market” is popular in Asia, especially in China, 

where up to 77% of people prefer them over regular supermarkets as a 

source of fresh meat (Goldman, Krider and Ramaswami, 1999; Zhong, 

Crang and Zeng, 2019). Here plants and live animals are sold as food 

or medicine and are slaughtered at the market. Wet markets usually sell 

live fish, crustaceans, poultry, various mammals but some markets also 

sell wild animals such as reptiles, porcupines, and other species 

(Magouras et al., 2020). Furthermore, in countries like China, consuming 

wild animals is a symbol of wealth as it is thought to be more nutritious 

(Zhang and Yin, 2014). Wet markets are known to have poor hygiene 

standards (Lo et al., 2019). Animals are removed from their habitat and 

kept in crowded conditions, sometimes in cages holding multiple 
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species, with poor hygiene and limited health monitoring. Due to these 

conditions, most suffer from stress which may cause 

immunosuppression and shedding of pathogens (Martin, 2009; Fischer 

and Romero, 2019). For example, SARS-CoV-1 and SARS-CoV-2 

outbreaks are believed, although still debated, to have emerged from the 

wet markets of Guandong Province and Wuhan (Magouras et al., 2020). 

 

1.2.2 Wildlife hunting 

 

Hunting has been replaced by agriculture and livestock breeding about 

10,000 years ago (Marlowe, 2005). However, in low-income areas of the 

world wildlife hunting is still a common practice as the major source of 

animal protein. In various regions of Africa, wildlife meat is known as 

“bushmeat” (Dawson, 2017). In this context, wildlife is a major source of 

protein, income, and trading products for medicines (Kümpel et al., 2010; 

Wright and Priston, 2010). The hunters, traders and buyers are exposed 

to pathogens present in animal carcasses and body fluids. HIV is 

believed to have originated from non-human primates and it is often 

suggested that contact with hunters was the reason of transmission into 

the human population (Gao et al., 1999; Sharp and Hahn, 2011). 
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1.2.3 Wildlife farming 

 

Several wild species of mammals, such as deer, rodents, civets, and fur 

mammals are bred to provide protein and income (Jori et al., 2013). The 

living conditions are poor, and animal health is rarely monitored, 

exposing the farmed species to stress and immunosuppression, which 

can lead to the emergence of spill over diseases (Martin, 2009). The 

spillover can also come from humans to animals, where further 

mutations may occur. An example is the detection of SARS-CoV-2 in 

mink farms in Netherlands (Oreshkova et al., 2020). 

 

1.2.4 Domestic animals 

 

Intensive farming is expanding due to increasing global population and 

urbanization, causing changes in land use, and creating shared 

environments between wildlife and domestic species. This may lead to 

spillover events, such as the emergence of the Nipah virus in Malaysia, 

1998, where pigs were farmed near mango plantations allowing for viral 

transmission from bats to pigs through consumption of food 

contaminated by bat urine or saliva (Daszak et al., 2012).  

 

1.2.5 Climate change 

 

Well-known for its destabilising effects on ecosystems, climate change 

may also play an important role in the emergence of future outbreaks. 
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Changing environmental conditions have an impact on species range 

and density, allowing novel interaction between species and increasing 

the risk of zoonotic transmission (Carlson et al., 2020). Historically, 

periods of drought followed by heavy precipitation, as well as unusually 

mild winters, are thought to have driven upsurges in rodent populations, 

contributing to the emergence of pulmonary hantavirus in the United 

States in 1993 (Patz, 1996). In Australia, populations of the black flying 

fox (or black fruit bat)—a key reservoir of Hendra virus—originally found 

in the northern regions of the country have shifted approximately 100 km 

southward due to climate change. This geographic transition has 

facilitated spillover events into the southern horse population, which in 

turn led to human infections (Martin et al., 2018; Yuen et al., 2021). 

These shifts in bat populations are occurring globally, yet they are 

underappreciated. Bat populations are a major reservoir host for several 

high-fatality pathogens (Brook et al., 2020).  

Some respiratory pathogens such as influenza are more seasonal in 

temperate climates and more persistent in tropical locations. Although 

more endemic, respiratory syncytial virus exhibits seasonal surges 

driven by similar climatic factors as influenza A, including temperature, 

humidity, and precipitation (Viboud, Alonso and Simonsen, 2006; Baker 

et al., 2019). For both viruses, transmission tends to increase during 

periods of low humidity in temperate regions or during rainy seasons in 

tropical climates (Baker et al., 2019). 
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1.2.6 Close contact 

 

The growth of the human population and increasing globalisation have 

contributed to heightened pandemic risk, both by expanding human–

animal interfaces and through the rapid spread of pathogens across 

borders via international air travel. Domestic animals and wildlife are 

constantly adapting to their changing environments, which increases the 

risk of viral spillover with major epidemic and pandemic potential, 

particularly for RNA viruses (Carrasco-Hernandez et al., 2017; 

Woolhouse and Brierley, 2018). As the most common class of new 

human pathogens, RNA viruses pose a major threat to public health 

(Rosenberg, 2014). Zoonotic pathogen transmission has caused major 

epidemics and pandemics resulting in significant morbidity and mortality 

throughout the human population (Taubenberger and Morens, 2010).  

 

1.2.7 Lack of wide-range antivirals 

 

The development of broad-spectrum antivirals remains a formidable 

challenge for multiple reasons: while viruses are intracellular parasites 

that depend on host cells for replication, they co-opt numerous stages of 

the host cellular life cycle, and most antiviral drugs target specific phases 

of viral multiplication. It is difficult to find compounds that exclusively 

interrupt viral replication without affecting the host cells. Additionally, 

some viruses can rapidly develop resistance to these drugs or suffer 
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unwanted mutations (Littler & Oberg, 2005; Chaudhuri et al., 2018; 

Andrei, 2021).  

Currently, 106 drugs have been authorised for the treatment of viral 

diseases. Despite the vast diversity of human viruses (over 200 known 

types), antivirals have only been approved for a select few, including 

HIV, HCV, influenza virus, RSV, HBV, HPV, herpesviruses, and SARS-

CoV-2 (Tompa et al., 2021). Half of these approved drugs are utilised for 

HIV treatment. The antiviral medications available to treat viral infections 

have saved tens of millions of lives over recent decades and will remain 

fundamental in the treatment of both current and (re)emerging viral 

infections. Although significant progress has been achieved, 

considerable challenges remain. While the development of broad-

spectrum antiviral compounds remains a crucial strategy for responding 

to (re)emerging viral threats, it is not the only viable approach. Targeting 

conserved viral components, such as polymerases, has enabled the use 

of nucleoside and nucleotide analogues—such as ribavirin, tenofovir, 

and cidofovir—against a wide range of unrelated viruses, illustrating the 

feasibility of broad-spectrum antivirals (Andrei, 2021). These agents 

interfere with viral genome replication, a process shared across many 

virus families, making them particularly amenable to cross-viral 

application. However, many currently approved antivirals are virus-

specific, designed to inhibit unique viral proteins such as proteases, 

integrases, or neuraminidases. These compounds, while highly 

effective, typically have a narrow spectrum of activity and require tailored 

development for each virus or viral family. A balanced approach that 
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includes both broad-spectrum agents for rapid outbreak response and 

virus-specific therapies for targeted treatment is therefore ideal for 

strengthening our preparedness against future pandemics. Furthermore, 

there is a massive need for antiviral drugs that not only effectively 

suppress viral replication but also limit drug resistance and viral 

adaptation. 

 

1.2.8 Co-infections 

 

Viruses are intracellular pathogens that replicate by infecting specific 

types of cells, a phenomenon known as tropism. As various viruses 

share similar tropisms, certain cells and tissues are at risk of being 

targeted by a diverse array of viruses from different taxonomic groups. 

From this perspective, a particular tissue or body compartment can be 

seen as an ecological niche where multiple members of a viral 

community coexist. It's notable that dual infections by more than one 

virus occur in approximately 10–30% of all respiratory viral infections, 

with a higher prevalence observed in children (Franz et al., 2010, 

Nickbakhsh et al., 2016). 

Influenza A is a virus capable of infecting both avian and mammalian 

hosts with historical and future importance (Mostafa et al., 2018). During 

the COVID-19 pandemic, it was reported that patients suffering from co-

infections of SARS-CoV-2 and Influenza A were associated with a higher 

risk of intensive care unit (ICU) admission, and that SARS-CoV-2 and 

RSV co-infection was also occurring (Cong et al., 2022). At the cellular 
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level, the mechanisms behind the interactions that influence the 

outcomes of coinfections remain poorly understood. Direct interactions 

among viruses within coinfected cells may lead to alterations in the viral 

progeny. These alterations can encompass genomic rearrangements 

that have the potential to create new pathogens with pandemic 

capabilities, similar to SARS-CoV-2 and Influenza A (Salzberg, 2009; 

Boni et al., 2020). Another mechanism includes pseudotyping, which 

involves the incorporation of surface proteins from one virus into another 

(Zavada, 1982; Akkina et al., 1996; Duvergé & Negroni, 2020). More 

recently, in vitro studies have shown that co-infection with Influenza A 

and RSV can result in the formation of infectious hybrid viral particles 

(HVP). While the clinical significance of this finding remains to be 

determined, these particles have been observed to sustain multiple 

rounds of infection and to assist in the propagation of Influenza A by 

utilising a modified RSV glycoprotein (F) to facilitate viral entry (Haney 

et al., 2022). These concerning findings emphasize the urgent need for 

a broad-spectrum antiviral capable of effectively suppressing both 

Influenza A and RSV, especially in cases of co-infection. This need 

forms the central foundation of this thesis.  

To better grasp the shared traits and potential mechanisms that could 

be leveraged to create an antiviral effect, it is essential first to understand 

both Influenza and RSV, then, explore the common cascade of events 

that can disrupt their replication. 
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1.3 Influenza Virus 

 

1.3.1 Taxonomy and nomenclature 

 

Influenza viruses belong to the family Orthomyxoviridae and consist of 

four genera: Influenza A virus (Alphainfluenzavirus, IAV), Influenza B 

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

ICV) and Influenza D virus (Deltainfluenzavirus, IDV) (Asha and Kumar, 

2019). They are envelope viruses with a segmented genome, 

comprising single stranded negative sense-RNA (vRNA) (Hause et al., 

2014). Influenza viruses share a common ancestry but have been 

genetically diverged. The exchange of vRNA only occurs within each 

genus (Breen et al., 2016).  

 

1.3.2 Impact  

 

IAV is responsible for 14 pandemics since the 1500s and in 1918 it led 

to the worst viral pandemic ever recorded (Johnson and Mueller, 2002). 

The ability of IAV to rapidly undergo genetic and antigenic changes 

through reassortment between subtypes enables it to evade host 

adaptive immune responses by altering surface proteins targeted by 

neutralising antibodies. In addition, specific mutations—particularly in 

viral RNA structures and immune-antagonistic proteins such as NS1—

can interfere with innate immune detection by modifying pathogen-

associated molecular patterns (PAMPs) or disrupting pattern recognition 
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receptor (PRR) signalling, notably RIG-I and interferon pathways, 

thereby further complicating the development of effective vaccines (Su 

et al., 2024). On a yearly basis seasonal influenza-associated 

respiratory diseases account for 291,243 to 645,832 deaths worldwide 

with the highest impact on low and middle economy countries. High risk 

groups are young children (<5 years old), pregnant women and 65 years 

or older adults (Iuliano et al., 2018). 

 

1.3.3 Structure 

 

IAV and IBV contain 8 viral RNA (vRNA) gene segments which encode 

transcripts for at least 10 viral proteins while ICV and IDV contain only 7 

vRNA segments (Dou et al., 2018). The 10 structural proteins are: three 

RNA-dependent RNA polymerase (RdRp) subunits known as 

polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2) and 

polymerase acidic protein (PA); hemagglutinin (HA), nucleoprotein (NP), 

neuraminidase (NA), matrix protein (M1 and M2) and non-structural 

proteins (NS1 and NS2 or nuclear export protein [NEP]) (Mostafa et al., 

2018). IAV is surrounded by the envelope, a host-derived lipid 

membrane that contains the viral proteins HA, NA and M2. The M1 

protein coat encloses ribonucleoproteins (vRNPs) complexes. Each 

vRNP comprises a vRNA segment wrapped round numerous NPs and 

bound by PA, PB1 and PB2 which form the heteromeric viral polymerase 

(Arranz et al., 2012). Each vRNA forms base pairing between the semi-

complementary 5’ and 3’ ends to create a hairpin (Pflug et al., 2014).  
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Figure 1.1 Structure of IAV virus. 

From Mostafa et al., 2018. 

 

1.3.4 Subtypes 

 

IAVs are further distinguished through their surface glycoproteins, the 

hemagglutinin (HA) (H1-H18) and neuraminidase (NA) (N1-N9) 

(Wahlgren, 2011). All IAVs originate from avian hosts except for bat-

originated influenza viruses H17N10 and H18N11 (Table 1.3) (Tong et 

al., 2012). In the human population, although there are numerous 

possible subtype combinations, only three have persisted and caused 

pandemics: H1N1 in 1918 and 2009, H2N2 in 1957 and H3N2 in 1968 

(Morens, Taubenberger and Fauci, 2009). However, only two IAV 

subtypes, H1N1 and H3N2 and two IBV lineages (Victoria and 

Yamagata) are currently within the human population (Rota et al., 1990).  
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Table 1.3 Distribution of Influenza A virus subtypes across species. 

Adapted from Short et al., 2015. 

Host species Influenza A Subtypes Reported  

Humans 

Established: H1N1, H3N2 (current seasonal); H2N2 (1957 pandemic, extinct) 

Zoonotic (sporadic): H5N1, H5N6, H6N1, H7N2, H7N3, H7N7, H7N9, H9N2, 

H10N7, H10N8 

Wild 

waterfowl/shorebirds 

H1-H16 in combinations with N1-N9 (all possible combinations can occur; 

H3N8, H4N6, H6N2 particularly common) 

Domestic poultry 

Endemic lineages: H5 (including H5N1, H5N2, H5N8), H6 (including H6N2), 

H7 (including H7N3, H7N7, H7N9), H9 (especially H9N2) 

Note: Many other combinations possible through spillover from wild birds 

Swine 
Endemic: H1N1, H1N2, H3N2 

Sporadic: H4, H9 

Horses H3N8 (currently circulating); H7N7 (emerged 1950s, now extinct) 

Dogs H3N8, H3N2 

Marine mammals 
Seals: H3, H4, H7, H10N7 

Whales: Isolated cases reported 

Cats H5N1 (sporadic infections) 

Bats H17N10, H18N11 (unique bat influenza viruses) 

Other mammals 

Tigers/Leopards: H5N1 

Camels: H3N8 

Mink/Ferrets: H5N1 (experimental and natural) 

 

 

1.3.5 Viral evolution 

 

There are two mechanisms by which the surface antigens (HA and NA) 

evolve in the hosts: 1) antigenic drift due to the lack of proof reading of 

the RdRp leading to nucleotide changes that may result in amino acid 

changes (Figure 1.2A) and 2) antigenic shift due to reassortment of 

different viral segments present from two or more subtypes of IAV during 

co-infection (Figure 1.2B) (Mostafa et al., 2018). 
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Since both the antigenic drift and antigenic shift create changes in the 

structure of the virus, the host immune system may or may not provide 

proper defence against the new mutant. 

 

 

Figure 1.2 Mechanisms of IAV evolution. 

(A) Antigenic drift due to mutations in IAV genome leads to new variants. Blue represents 
mutations in HA; red is NA. (B) Antigenic shift due to the exchange or reassortment of RNA 
segments from two or more IAV in a host cell leads to distinct subtypes (Mostafa et al., 2018). 

 

 

1.3.6 Binding and fusion 

 

IAV hemagglutinin plays a key role in the viral replication and adaptation 

to new hosts (Böttcher-Friebertshäuser et al., 2014). Its affinity for 

specific sialic acid (SA) is the main determinant of host range. Avian 

influenza (AIV) preferentially attaches to galactose via α-2,3-linkage 

(α2,3-SA) which is found mainly in the intestinal tract of birds, human 
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lower respiratory tract (LRT) and conjunctive cells (Suzuki et al., 2000; 

Kumlin et al., 2008; França, Stallknecht and Howerth, 2012). Human 

IAVs show a marked preference for SA termini attached to galactose via 

an α2,6 linkage on complex N-glycans that are abundant throughout the 

upper respiratory tract—namely the nasal cavity, paranasal sinuses, 

pharynx, larynx, trachea and bronchi (Shinya et al., 2006).  However, the 

traditional dichotomy that assigns avian strains exclusively to α2,3-SA 

receptors and human strains to α2,6-SA receptors is now known to be 

an oversimplification. Recent biophysical work using synthetic glycan 

gradients and gene-edited cell lines has shown that influenza virions can 

exploit hetero-multivalent interactions: low-affinity α2,3 and α2,6 

receptors cooperate on the same surface, and even a small admixture 

of one linkage can markedly enhance binding and entry driven by the 

other (Liu et al., 2022). Pigs and quails do express both α2,3- and 

α2,6-linked SA across their respiratory epithelia, which means 

they can support attachment of both avian- and human-adapted viruses 

(Wan and Pérez, 2006; Romero-Tejeda and Capua, 2013; 

Asha and Kumar, 2019).  Nevertheless, the idea that pigs are uniquely 

efficient “mixing vessels” is now considered overstated. A systematic 

lectin-histochemical survey found that the distribution of α2,6- and 

α2,3-SA in porcine trachea, lung and other organs is very similar to that 

in humans, indicating that swine are no more—and no less—permissive 

to dual-receptor infection than people themselves (Nelli et al., 2010). 

Moreover, co-expression of both linkages has also been documented in 

several cell types of chickens and ducks (Kuchipudi et al., 2009), 
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underscoring that multiple avian and mammalian hosts provide the 

anatomical substrates required for reassortment. 

 

Figure 1.3 Illustration of zoonotic transmission of IAV. 

Solid arrows represent direct transmission events; dashed arrows show limited infection of 
subtypes (Joseph et al., 2016). 

 

Upon attachment to SA receptors, NA facilitates lateral scanning of the 

cell surface by removing decoy moieties and resolving non-productive 

HA interactions, thereby enhancing virion mobility (Rota et al., 1990). 

This promotes stable engagement with entry receptors and allows 

internalisation of the virus. Although clathrin-mediated endocytosis has 

long been considered the main uptake route, IAV can also enter via 

macropinocytosis, and in some cases through SA-independent 

mechanisms involving alternative receptors such as major 

histocompatibility complex class II (MHC II) and dendritic cell-specific 
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intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) 

(Dou et al., 2018; Sempere Borau and Stertz, 2021).  

 

Figure 1.4 Schematic representation of IAV attachment to host. 

HA attaches to sialic acid while NA removes the non-productive attachments enabling the 
endocytosis of the virion, adapted from Rappuoli & Del Giudice, 2019. 

 

 

1.3.7 Host cell entry 

 

IAV uptake occurs through clathrin-dependent receptor-mediated 

endocytosis or macropinocytosis, after which viral components are 

trafficked within endosomal compartments (Hutchinson and Fodor, 

2013; Baharom et al., 2017). As endosomes mature, the internal pH 

decreases to approximately 5.2, triggering conformational changes in 

HA that enable membrane fusion and subsequent release of the viral 

genome into the cytoplasm (Meanwell and Krystal, 1996). When the IAV 

endosome reaches a low pH, the M2 ion channel becomes activated 

(Roy et al., 2000; Lakadamyali et al., 2003). The M2 functions as an ion 

channel, acidifying the virion interior and causing M1 protein to 

dissociate from the RNPs (Martin and Heleniust, 1991; Pinto and Lamb, 

2005). The acidic environment inside the endosomal lumen causes a 

conformational change in HA, exposing the fusion peptide and inserting 
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it into the endosomal membrane (Pinto and Lamb, 2005). HA folds on 

itself, forcing the endosomal membrane and the viral envelope to fuse 

and releasing the vRNPs into the host cytoplasm (Martin and Heleniust, 

1991; Harrison, 2015). The vRNPs gain entry to the cell nucleoplasm via 

the importin-α and importin-β nuclear import (Figure 1.5) (Wu, Weaver 

and Panté, 2007). Delivery of vRNPs from the cell surface to the nucleus 

is typically completed within approximately one hour, and newly 

assembled virions begin to emerge after 4–6 hours post-infection. 

(Frensing et al., 2016; Dou et al., 2017). 

 

 

Figure 1.5 IAV entry and delivery of the vRNPs to host cytoplasm and nucleus. 

From Dou et al., 2018. 

 

1.3.8 Transcription and replication 

 

Inside the nucleus vRNA undergoes replication via the heterotrimeric 

viral RNA-dependent RNA polymerase (RdRp [PA, PB1 and PB2]) 

(Pflug et al., 2017). The genome is replicated in two steps: transcription 

to cRNA and transcription to vRNA from cRNA as a template. The cRNA 
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production relies on complementation of free ribonucleoside 

triphosphates (rNTPs), GTP and ATP, with the 3’ end of the RNA as 

template. The nucleotide locks the vRNA template into the PB1 subunit 

forming an A-G dinucleotide and allowing cRNA elongation from the 

polymerase (Robb et al., 2016). Upon exiting the polymerase, cRNA 

associates with an NP molecule and a copy of the RdRp complex to form 

a cRNP unit (York et al., 2013). New cRNPs then serve as templates for 

the synthesis of multiple vRNA copies. vRNP assembly follows a similar 

mechanism, involving the encapsidation of nascent vRNA by NP and its 

association with a newly synthesised RdRp complex to form a 

transcription- and replication-competent vRNP (Fodor, 2013). 

mRNA transcription from vRNA is more efficient than cRNA and vRNA 

transcription (Newcomb et al., 2008). During cap snatching, the viral 

RdRp associates with the C-terminal domain (CTD) of host RNA 

polymerase II to access nascent capped transcripts that provide primers 

(Plotch et al., 1981). PB2 binds to the 5’ cap of host transcript and the 

PA subunit cleaves 10-13 nucleotides downstream of the 5’ cap (Dias et 

al., 2009; Yuan et al., 2009). The PB2 subunit then rotates and places 

the acquired primer into PB1’s catalytic center where it is extended using 

the vRNA template (Reich et al., 2014). When the polymerase 

encounters the short poly-U sequence at the vRNA 5’ end the transcripts 

are polyadenylated by a process termed reiterative stuttering (Siegert, 

Bauer and Hofschneider, 1973; Stridh, Datema and Scholtissek, 1985). 

The vRNP polymerases transcribe the initial mRNAs which are exported 

from the nucleus for translation by cytoplasmic ribosomes (Jorba, 



 31 

Coloma and Ortín, 2009; Reich, Guilligay and Cusack, 2017). Once 

assembled, the new vRNP can transcribe more viral mRNAs, create 

cRNA copies or interact with M1 and NS2 in order to recruit CRM1 which 

mediates the nuclear export of the vRNPs (Guilligay et al., 2008; Dias et 

al., 2009; Yuan et al., 2009; Chenon et al., 2011). Newly synthesized NP 

proteins and RdRp subunits are brought back in the nucleus via importin-

α-importin-β pathway for cRNPs and vRNPs formation. 

 

 

Figure 1.6 Differential pathways undertaken by IAV for replication and virion assembly. 

NS2/NEP protein reduces the accumulation of transcript products but increases accumulation 
of replication products (Robb et al., 2009). 

 

1.3.9 Translation 

 

The translation process is divided between cytosolic ribosomes (for PB1, 

PB2, PA, NP, NS1, NS2 and M1) and endoplasmic reticulum (ER) 

associated ribosomes for the membrane proteins HA, NA and M2 
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(Fodor, 2013). The vRNA binding protein NS1 is synthesized early and 

imported into the nucleus where it can act as an inhibitor of type I IFN 

signaling as well as contributing to the mRNA export (Marc, 2016). NS2 

and M1 are also imported into the nucleus; NS2 connects the vRNPs 

with the CRM1 nuclear export pathway to the cytoplasm while the M1 

protein prevents the vRNPs from re-importing. In the cytoplasm, the 

vRNPs are carried for viral assembly by Rab11 which also ensures that 

vRNPs contain the PB2 subunit (Amorim et al., 2011). Rab11 associates 

with recycling endosomes (REs) and allows the viral polymerase to bind 

to RE, enabling RNPs to use the vesicular transport system, required to 

reach the plasma membrane as well as offering a platform for RNPs to 

interact (Amorim et al., 2011; Eisfeld et al., 2011; Momose et al., 2011). 

The viral membrane proteins (NA, HA and M2) are synthesized by the 

ribosomes associated with the ER. As NA, HA and M2 are synthesized, 

their hydrophobic target sequences interact with the signal recognition 

particle (SRP). Interaction between the ribosome SRP and the ER 

membrane transfers the ribosome to a Sec61 protein-conducting 

channel referred to as translocon. The transcolon allows passage of HA, 

NA and M2 into the ER lumen (Deshaies, 1987; Görlich et al., 1992; 

Karamyshev et al., 2014). HA is exported from the ER as an incompetent 

precursor referred to as HA0. To gain function HA0 must be cleaved into 

HA1 and HA2. In highly pathogenic avian IAV, this cleavage is mediated 

by furin; in low pathogenic avian IAV, by extracellular trypsin-like 

proteases; and in human IAV, by transmembrane protease serine 2 

(TMPRSS2) and human airway trypsin-like protease (HAT). HAT is 
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found at the plasma membrane while TMPRSS2 and furin are found in 

the trans-Golgi network (Stieneke-Gröber et al., 1992; Bottcher et al., 

2006; Chaipan et al., 2009). Following the cleavage of HA in the trans-

Golgi network, the M2 protein ion channel balances the pH between the 

Golgi lumen and cytoplasm which slows the intracellular rate of 

membrane glycoprotein transport (Steinhauer et al., 1991; Sakaguchi, 

1996).  

 

1.3.10 Viral assembly and release 

 

IAV envelope is formed at distinct host apical plasma membrane regions 

rich in cholesterol and sphingolipids, regions referred to as “rafts” 

(Lingwood and Simons, 2009; Gerl et al., 2012). Following the migration 

of M2, HA and NA through ER and Golgi apparatus, as well as the eight 

vRNPs via Rab11 through the cytoplasm, the viral components are 

gathered at the raft regions of the plasma membrane to form viral buds 

(Figure 1.7) (Veit and Thaa, 2011; Zhang, Pekosz and Lamb, 2000; 

Noton et al., 2007). Virion formation is possible by promoting a curvature 

of the plasma membrane: HA and NA induce budding, M1 influences the 

virion shape and M2 functions as a membrane-bending protein, 

facilitating bud neck formation and scission (Elleman and Barclay, 2004; 

Chen et al., 2007; Hilsch et al., 2014; Rossman and Lamb, 2013; 

Chlanda et al., 2015). Once the IAV bud is assembled, virion release is 

critically dependent on the sialidase activity of NA, which facilitates 
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detachment by removing local SA residues and preventing HA from re-

binding to the cell surface (McAuley et al., 2019; Du et al., 2019). 

 

 

Figure 1.7 IAV viral protein recruitment and virion assembly. 

vRNP complexes (PB1, PB2, PA, NP, NS1, NS2 and M2) are carried to the plasma membrane 
by Rab11 via RE. HA, NA and M2 are carried by ER-associated ribosomes (Bedi & Ono, 2019). 

 

1.4 Influenza A and RSV: similarities and distinctions in 

viral strategy  

 

An RNA virus similar to IAV in some features is RSV (Gutiérrez-Ortega, 

Sánchez-Hernández and Gómez-García, 2008). Comparisons between 

the two pathogens began shortly after the discovery of RSV (Caul et al., 

1976). Both pathogens affect the upper and lower respiratory system 

and can lead to bronchiolitis and pneumonia (Pavia, 2011; Cervantes-

Ortiz, Zamorano Cuervo and Grandvaux, 2016). RSV infection in early 

life has been associated with an increased risk of developing asthma 

later in childhood, a link that has not been observed with IAV infection 
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(Veerapandian, Snyder and Samarasinghe, 2018). Understanding the 

similarities and differences in replication between IAV and RSV, and host 

immune response to infection may provide important clues to developing 

novel approaches to the control or treatment of both viruses. 

 

1.5 Respiratory syncytial virus 

 

RSV, which comprises subgroups A and B, is the only member of the 

genus Pneumovirus in the Paramyxoviridae family that infects 

humans.  It is not only the most frequent cause of lower respiratory tract 

illness (LRTI) and bronchiolitis in children and the elderly population but 

can also affect adults with compromised immunity or cardiovascular 

disease (Monto and Sullivan, 1993; Goka et al., 2014). Globally, RSV 

causes 64 million infectious cases and 160,000-600,000 deaths each 

winter (Krilov, 2011; Caly, Ghildyal and Jans, 2015). Until recently, there 

was no approved seasonal vaccine or effective treatment for RSV 

(Bawage et al., 2013). This changed with the rollout of the first RSV 

vaccines for older adults and pregnant women in 2023–2024, including 

in the UK, marking a major shift in prevention strategy (Atkins and 

Hodgson, 2023; Kelleher, Subramaniam and Drysdale, 2025).  A major 

characteristic of RSV is syncytia formation of infected cells. A syncytium 

is formed through the fusion of an infected host cell with uninfected 

neighboring cells. RSV fusion protein (F) allows viral spread between 

cells leading to multi-nucleate enlarged cells (Figure 1.8). Viral load 
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peaks by the fourth day and slowly diminish by the eighth day (Turner et 

al., 2014). 

 

 

 

Figure 1.8 Formation of a multi-nucleated syncytium during RSV replication. 

 

1.5.1 Structure 

 

RSV is an enveloped non-segmented negative-sense single-stranded 

RNA virus with a 15-kb genome transcribed into 10 mRNAs that encode 

11 proteins (Rameix-Welti et al., 2014). The large polymerase protein 

(L), the phosphoprotein (P) and the nucleoprotein (N) form the helical 

ribonucleoprotein complex around the genomic RNA. The nucleocapsid 

is surrounded by the non-glycosylated matrix protein (M) and the 

envelope is derived from the cell membrane. Further internal proteins 

are all associated with the construction of the nucleocapsid. These 

include the products of the M2 gene, which are two polypeptides 

resulting from overlapping open reading frames: a nucleocapsid-

associated transcription factor (M2-1) and the associated polypeptide 
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involved in genome replication (M2-2) (Ascough, Paterson and Chiu, 

2018). On the envelope, the glycoprotein (G), the fusion glycoprotein (F) 

and the small hydrophobic glycoprotein (SH) are anchored (Figure 1.9A) 

(Collins and Melero, 2011). RSV also houses the highly conserved non-

structural proteins, NS1 and NS2 (Collins and Melero, 2011). A 

comparison of RSV and IAV reveals both structural parallels and 

important differences. Both viruses are enveloped and contain surface 

glycoproteins essential for host cell entry—F, G, and SH in RSV (Figure 

1.9A), and HA and NA in IAV (Figure 1.9B). However, RSV has a non-

segmented negative-sense RNA genome, whereas IAV’s genome is 

segmented into eight RNA segments, each associated with a 

nucleoprotein (NP) and polymerase components PB1, PB2, and PA. 

Additionally, IAV possesses the M2 ion channel and a nuclear export 

protein (NEP), which are not found in RSV. The figure below summarises 

these differences and similarities in structural organisation. 
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Figure 1.9 Schematic comparison of RSV (A) and IAV (B) structural components. 

Adapted from Canedo-Marroquín et al., 2017 and Mostafa et al., 2018. 

 

1.5.2 RSV replication cycle overview 

 

RSV primarily infects and replicates within the ciliated epithelial cells of 

the respiratory tract, spreading locally from cell to cell via direct 

membrane fusion. Attachment is mediated predominantly by the G 

glycoprotein through interactions with cell-surface glycosaminoglycans 

(GAGs), while the F glycoprotein also contributes to attachment via 

nucleolin and is essential for fusion of the viral envelope with the host 

cell membrane (Figure 1.10) (Tayyari et al., 2011). Following 

attachment, the virus enters via macropinocytosis and releases its vRNP 

into the cytoplasm in a pH-independent manner, where transcription and 

replication occur (Krzyzaniak et al., 2013).  
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Figure 1.10 Visual representation of RSV binding. 

Achieved via F protein (A) and fusion (B) to host epithelial cell via fusion protein (Lay et al., 
2013). 

 

1.5.3 Transcription 

 

Upon entry, vRNPs are released into the host cytoplasm. Transcription 

is carried out by the viral RNA-dependent RNA polymerase (the L 

protein), which functions with the phosphoprotein P and the M2 gene 

product M2-1 (ORF1) on the N-encapsidated genome template to 

produce viral mRNAs (McGivern, Collins and Fearns, 2005). Viral 

transcripts are capped and polyadenylated prior to release. The first 

genes transcribed by the viral polymerase are NS1 and NS2, which are 

crucial for viral survival as they encode proteins that antagonise the 

host's antiviral responses (Rameix-Welti et al., 2014). The RSV RdRp is 

capable of transcribing mRNA transcripts and synthesis of positive-

sense RNA- referred to as the antigenome. The antigenome serves as 

a template for genome synthesis (Figure 1.11) (Boyer and Haenni, 

1994). The 5’ region inhibits the formation of cellular stress granules 

(SGs) during viral replication (Hanley et al., 2010). The trailer region, a 
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non-coding sequence located at the 5′ end of the negative-sense RSV 

genome, also functions as a promoter when replicated into positive-

sense RNA (Fearns, Collins and Peeples, 2000).  

The new genomic RNA is used to produce additional antigenomes for 

virion incorporation or as a template for secondary transcription 

(Griffiths, Drews and Marchant, 2016). Both the genome and 

antigenome are encapsidated by the N protein, which protects the RNA 

and organises it into a template that remains accessible to the viral 

polymerase. The newly synthesised mRNA is then translated by the host 

ribosome machinery using mechanisms similar to those employed for 

cellular mRNAs (Bermingham and Collins, 1999). 

 

Figure 1.11 Major events in RSV replication cycle. 

From Fearns & Deval, 2016. 
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1.5.4 Inclusion bodies and stress granules 

 

One of the main features of RSV replication is the presence of large 

cytoplasmic protein inclusions referred to as inclusion bodies (IBs). 

Although not fully understood, they emerge around the same time as 

viral protein synthesis begins (~6 hours post-infection) (Lifland et al., 

2012). IBs contain all components required for transcription and 

replication: RSV-N, M2, L and P; and are often observed near Golgi 

apparatus (McDonald et al., 2004; Carromeu et al., 2007; Lindquist et 

al., 2010). In close proximity to IBs, antiviral proteins, chaperone and 

signaling proteins are present: MAVS, MDA5, p38, O-linked N-

acetylglucosamine transferase and HSP70 (Brown et al., 2005; Fricke et 

al., 2012; Lifland et al., 2012). O-linked N-acetylglucosamine transferase 

enables RSV to prevent stress granule (SG) formation (Ohn et al., 2008). 

SGs are aggregations of mRNA and proteins produced by the innate 

immune system when infected cells are under stress and protein kinase 

R (PKR) detects pathogen (Lindquist et al., 2011). PKR is a pathogen 

recognition receptor (PRR) and when is activated it shuts down the 

activity of eukaryotic initiation factor 2α (eIF2α), a necessary component 

of the translation initiation and therefore viral protein synthesis. RSV-N 

bypasses this mechanism by binding to PKR and preventing 

phosphorylation of eIF2α (Figure 1.12) (Groskreutz et al., 2010). 
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Figure 1.12 RSV-N aids in IBs and SGs formation. 

Achieved by preventing eIF2α and O-linked N-acetylglucosamine transferase phosphorylation 
(Griffiths et al., 2017). 

 

RSV has evolved mechanisms to overcome the stress granule (SG) 

response; notably, the 5′ trailer region of the genome—a non-coding 

sequence at the end of the negative-sense RNA—has been shown to 

actively inhibit SG formation in infected cells. In addition, the NS1 and 

NS2 proteins suppress both innate and adaptive immune responses 

(Hanley et al., 2010). NS1 blocks type I interferon signalling, T cell 

responses, and dendritic cell maturation, while NS2 inhibits RIG-I and 

promotes degradation of STAT-2 (Ling, Tran and Teng, 2009; Meng et 

al., 2014). 

 

1.5.5 Translation 

 

Transcribed viral genes are translated by host ribosomal machinery 

(Collins and Melero, 2011). Viral proteins M, N, P, L, M2-1, M2-2 and 

vRNA first accumulate and form RNPs in the IBs (Lindquist et al., 2010). 

The RNPs and matrix (M) protein then traffic to the apical membrane 

where they meet with F, G and SH proteins that arrive from the ER and 

Golgi apparatus (Figure 1.11). Virion assembly is enabled with the help 
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of Rab11 and apical recycling endosomes (ARE) (Goldenring et al., 

1996).  

 

1.5.6 Viral assembly and release 

 

RSV proteins must deform the cell membrane outwards to initiate bud 

formation, surround the bud with host membrane and release the 

membrane by scission (Chen and Lamb, 2008). For RSV the 

coordination of both internal and surface proteins is required for bud 

formation and release: the viral genome, N, P and L associate with M 

proteins which are in turn capable of associating with F and G surface 

proteins. The F protein is critical for the formation of filamentous virion 

structures and for stabilising the plasma membrane around the emerging 

viral bud. Lipid raft microdomains are areas of choice for viral bud 

assembly (Brown and Rose, 1992; Fearns and Deval, 2016). RSV 

proteins and vRNA assemble into viral filaments and after the bud 

formation, the vesicle membrane scission occurs (Utley et al., 2008). 

 

1.6 Influenza A and RSV 

 

Influenza’s haemagglutinin (HA) and RSV’s fusion glycoprotein (F) 

perform analogous roles in mediating host cell entry. HA confers host 

specificity by binding to sialic acids on the surface of epithelial cells 

(Gamblin and Skehel, 2010), while RSV F is responsible for viral 

attachment and membrane fusion, though unlike HA, it does not possess 
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haemagglutinating activity. RSV binds to host cell glycosaminoglycans 

(GAGs) and cellular receptors such as nucleolin (Figure 1.10) (Tayyari 

et al., 2011). In both viruses, neutralising antibodies targeting HA or F 

can effectively inhibit viral entry (Huang et al., 2010; Li, Ma and Wang, 

2015). Vaccination remains the most effective strategy for preventing 

IAV infection. In contrast, RSV vaccine development has historically 

faced challenges, but this landscape has changed recently. As of 2023–

2024, vaccines for RSV have been authorised and rolled out in several 

countries, including the UK, targeting older adults and pregnant women 

(Atkins and Hodgson, 2023; Kelleher, Subramaniam and Drysdale, 

2025). A key distinction between IAV and RSV lies in their replication 

kinetics and intracellular replication sites. IAV produces progeny virions 

within 4–6 hours post-infection, while RSV requires 30 to 48 hours, with 

viral titres typically peaking after 4 days (Collins and Graham, 2007). IAV 

replication occurs in the host nucleus, requiring host proteins such as 

importin-α, importin-β, and CRM1 for nuclear import and export of viral 

RNPs. RSV, in contrast, replicates entirely in the cytoplasm within viral 

inclusion bodies. Their genome structures also differ significantly: IAV 

has a segmented negative-sense RNA genome comprising eight 

segments, allowing for reassortment and a high capacity for genetic 

recombination. RSV possesses a non-segmented, negative-sense 

single-stranded RNA genome, which replicates as a continuous 

molecule and does not undergo reassortment. These differences have 

direct implications for viral evolution, antigenic variation, and pandemic 

potential. At the cell surface, IAV uses two glycoproteins—HA for 
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receptor binding and NA for cleavage of terminal sialic acids—to 

facilitate entry and release. RSV relies on a single surface glycoprotein, 

F, for both attachment and fusion. Both viruses enter the host primarily 

via the naso- and oro-pharyngeal mucosa, where mucus forms a 

protective barrier. However, only IAV is capable of cleaving sialic acid 

residues within the mucus layer using neuraminidase, thereby exposing 

target receptors for HA binding. RSV lacks sialidase activity and is 

therefore more affected by this mucosal barrier (Hamilton, Whittaker and 

Daniel, 2012). Although both viruses preferentially infect respiratory 

epithelial cells, they can also replicate in immune cells such as 

neutrophils, macrophages, and dendritic cells (Dakhama, Kaan and 

Hegele, 1998; de Graaff et al., 2005; Tregoning et al., 2008; Biondo et 

al., 2019). Despite some overlapping features in pathogenesis and host 

range, the differences in replication strategy, genome organisation, and 

immune evasion mechanisms underscore the need to consider these 

pathogens within their distinct biological frameworks. 

 

1.6.1 Escaping immunity 

 

Airway epithelial cells, neutrophils, alveolar macrophages (AMs), 

dendritic cells (DCs) and innate lymphoid cell (ILC) family members are 

the first line of immune protection against IAV and RSV. Both pathogens 

generate specific RNA intermediates known as pathogen-associated 

molecular patterns (PAMPs) which are sensed by host PRRs. Innate 

recognition through PRRs triggers type I and III interferon (IFN)-
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mediated antiviral response (Marr, Turvey and Grandvaux, 2013). The 

primary site of innate IFN response for IAV are epithelial cells and 

plasmacytoid DCs (Wu et al., 2016). RSV activates the interferon (IFN) 

response in epithelial cells and alveolar macrophages (Ascough, 

Paterson and Chiu, 2018). IFN initiation is followed by the release of 

proinflammatory cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-

8), and tumour necrosis factor-alpha (TNF-α), which contribute to 

immune cell recruitment, airway inflammation, and the development of 

RSV-associated pathology. Retinoic acid-inducible gene I (RIG-I) is the 

major sensing PRR in both IAV and RSV (Liu et al., 2015; Cervantes-

Ortiz, Zamorano Cuervo and Grandvaux, 2016). Besides RIG-I, IAV is 

recognized by TLR3, TLR7, TLR8 and TLR9 (in humans) as well as 

NLRP3. While the immune response to viral infection is generally 

protective, in severe cases—particularly during infection with highly 

pathogenic IAV strains or RSV—it may involve excessive production of 

proinflammatory cytokines and chemokines at the infection site. This 

dysregulated response, often referred to as a “cytokine storm,” can 

contribute to tissue damage and disease severity (Rosenberg and 

Domachowske, 2012; Liu, Zhou and Yang, 2015). 

Both IAV and RSV have evolved mechanisms to evade the host antiviral 

state. The NS1 protein of IAV and the NS1 and NS2 proteins of RSV 

antagonise the type I (IFN-α and IFN-β) and type III interferon responses 

(including IL-29 [IFN-λ1], IL-28A [IFN-λ2], and IL-28B [IFN-λ3]), which 

are crucial for initiating antiviral signalling (Kochs, Garcia-Sastre and 

Martinez-Sobrido, 2007; Barik, 2013; Rajsbaum et al., 2012). 
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1.7 Endoplasmic reticulum stress 

 

A common feature both viruses exhibit when interacting with the host is 

endoplasmic reticulum (ER) stress (Hassan et al., 2011; Cervantes-

Ortiz, Zamorano Cuervo and Grandvaux, 2016). The ER is a membrane-

bound compartment essential for calcium homeostasis, control of protein 

folding and post-translational modifications (Zhang and Wang, 2012; 

Koenig and Ploegh, 2014). The organelle therefore contains extremely 

high concentration of proteins (>100 mg/ml) (Stevens and Argon, 1999; 

Zhang and Wang, 2012). To manage this constant and heavy demand 

for protein folding and processing, the ER presents a unique cellular 

environment that enhances processing and prevents aggregation (Anelli 

and Sitia, 2008; Schönthal, 2012). As a calcium storage, the ER is 

central to intracellular signalling cascades that contribute to maintaining 

cellular homeostasis (Zhang and Wang, 2012; Hetz, 2012). Rich in 

calcium-dependent molecular chaperones, the ER hosts ER luminal 

binding proteins (BiP), calmodulin (CAM), and calreticulin (CRT), which 

assist in folding or refolding of proteins (Ellgaard and Helenius, 2003). 

Importantly, in certain situations the protein load can exceed the ER 

processing capacity due to changes in demand for protein synthesis and 

secretion. The result is the process known as ER stress (Zhang and 

Wang, 2012). ER stress can be achieved through a variety of external 

stimuli such as pathogen invasion, chemical imbalances, energy, or 

glucose deprivation (Ye et al., 2011). These stimuli lead to alterations of 
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redox equilibrium, changes in calcium homeostasis, failure of post-

translational changes and increased protein synthesis (Iwata and 

Koizumi, 2012; Zhang and Wang, 2012). Changes in ER homeostasis 

causes proteins to accumulate within the ER lumen. In order to restore 

balance an evolutionary conserved cytoprotective signalling pathway is 

activated, the unfolded protein response (UPR) (Zhang and Wang, 

2012). 

 

1.7.1 The unfolded protein response 

 

The UPR functions to restore homeostasis by preventing the cytotoxic 

effect of malformed proteins within the ER via mRNA translation 

inhibition and activation of adaptive mechanisms (Xu, 2005; Kim, Xu and 

Reed, 2008; Ye et al., 2011; Zhang and Wang, 2012). The adaptive 

mechanisms are the upregulation of certain genes aimed at increasing 

protein folding capacity and ER-assisted degradation (ERAD) (Meusser, 

Hirsch, Jarosch and Sommer, 2005; Kim, Xu and Reed, 2008). The UPR 

downstream signals are commonly associated with innate immunity and 

host defense (Kim, Xu and Reed, 2008; Ye et al., 2011). However, if the 

UPR cannot restore ER homeostasis the cell will undergo a programmed 

cell death (apoptosis) with the purpose of protecting nearby cells from 

the expansion of harmful pathogens and chemicals produced by the 

damaged cells (Ron and Walter, 2007; Zhang and Wang, 2012).  
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1.7.2 The three branches of the UPR 

 

The UPR relies on the coordinated response of inositol requiring kinase 

1 (IRE1), PKR-like endoplasmic reticulum kinase (PERK) and activating 

transcription factor (ATF6) (Figure 1.13) (Bernales, Papa and Walter, 

2006). When unstressed, the branches are held in check by the folding 

chaperone BiP/GRP78 (Smith, 2014). During ER stress BiP is released 

from IRE1, PERK and ATF6 (Ron and Walter, 2007; Smith, 2014). 

Dissociation of BiP from ATF6 enables ATF6 translocation. Upon transit 

to the Golgi, the site-specific proteases S1P and S2P cleave ATF6, 

releasing its cytosolic N-terminal domain, which translocates to the 

nucleus and functions as a transcription factor to upregulate UPR target 

genes such as GRP78, GRP94, ERP72, and P58IPK (Adachi et al., 

2008).  

IRE1 has both endonuclease and kinase activity (Hetz, Martinon, 

Rodriguez and Glimcher, 2011). Upon activation, the endonuclease 

domain of IRE1 cleaves a 26-nucleotide intron from XBP1 mRNA in the 

cytoplasm in an unconventional splicing event, removing a premature 

stop codon. This enables translation of the full-length XBP1 protein, 

which contains a transcriptional transactivation domain essential for 

UPR gene expression (Smith, 2014). Together and independently ATF6 

and XBP1 regulate proteins and chaperones involved in folding and 

ERAD (Lee, Iwakoshi and Glimcher, 2003). In a process known as the 

regulated IRE1 dependent decay (RIDD), the IRE1 nuclease activity 

degrades ER membrane associated mRNAs encoding secretory 
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proteins (Hollien and Weissman, 2006; Smith, 2014). The kinase activity 

of IRE1 is characterised by the formation of a multi-molecular complex 

comprising IRE1, TNF receptor-associated factor 2 (TRAF2), and 

apoptosis signal-regulating kinase 1 (ASK1), which activates 

downstream signalling pathways such as jun N-terminal kinase (JNK). 

This cascade contributes to cellular processes including autophagy and 

apoptosis regulation, as illustrated in the JNK signalling branch of the 

IRE1 pathway in Figure 1.13 (Woehlbier and Hetz, 2011). 

When BiP is released, PERK dimerizes and transphorylates to activate 

its kinase activity leading to PERK phosphorylation of eIF2α. The result 

is translational attenuation. The primary target of translational 

attenuation is the transcription factor ATF4 which regulates amino acid 

transport, protection against oxidative stress and apoptosis via C/EBP 

homologous protein (CHOP)(Walter and Ron, 2011). The negative 

feedback loop of PERK is mediated by the association of DNA damage-

inducible protein 34 (GADD34) with protein phosphatase 1, which 

enables dephosphorylation of eIF2α. The kinase activity of PERK can 

also be inhibited by XBP1-induced P58IPK (Lee, Iwakoshi and Glimcher, 

2003; van Huizen, Martindale, Gorospe and Holbrook, 2003). The UPR 

induce a gene transcriptional program that enables cells to cope with 

stress by enhancing folding of proteins and decreasing the protein load 

in the ER. If homeostasis cannot be restored the UPR initiates apoptosis 

(Smith, 2014). 
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Figure 1.13 UPR signalling pathways activated by ER stress sensors: IRE1, ATF6 and 
PERK. 

From Smith, 2014. 

 

 

 

1.7.3 The UPR and viruses  

 

The increase in ER protein load can be both detrimental and beneficial 

to viral pathogens. The UPR can be antiviral through translational 

attenuation, ERAD, host apoptosis, UPR-PRR synergy and increased 

IFN production as well as inflammation (He, 2006). However, viruses 

have evolved various ways to benefit from the increased protein folding 

capacity of the UPR (Smith, 2014). The pathway of virus-UPR interaction 

varies greatly between viruses as both influenza A and RSV have their 

own way of manipulating the UPR. For example, RSV selectively 

activates ATF6-dependent promoter activity and XBP1 splicing while 
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lacking PERK phosphorylation (Hassan et al., 2014). Influenza A 

selectively activates the IRE1 pathway with little or no activation of PERK 

and ATF6 (Hassan et al., 2011). Furthermore, as Hassan et al. (2011) 

has shown, replication of influenza A is decreased by inhibition of IRE1 

pathway. Induction of certain parts of the UPR appear to be essential for 

promoting viral replication (Smith, 2014). Interestingly, multiple parts of 

the UPR share evolutionary similarities with antiviral pathways: a) PERK 

is closely related to interferon induced PKR which responds to dsRNA 

via eIF2α phosphorylation in attempt to reduce viral protein synthesis 

and b) IRE1 is >40% similar to the antiviral molecule RNAse L both in 

structure and function. RNAse L and the endonuclease activity of IRE1 

can generate small RNA species with 5’OH and cyclic 2’3’ 

phosphodiester 3’ ends recognized by RIG-I (PRR) (Smith, 2014; 

Manivannan, Siddiqui and Malathi, 2020). PRR engagement leads to 

transcription of type I IFN genes, which function as an early-warning 

signal during viral infection. IFN binding to type I IFN receptor (IFNAR) 

induces Janus kinase 1/tyrosine kinase 2 signal activators of 

JAK1/Tyk2–STAT1/2 signalling that mounts an antiviral transcriptional 

program and enhances the innate immune response (Smith, 2014; 

Manivannan, Siddiqui and Malathi, 2020). Aside from UPR–PRR 

interaction, UPR activation can influence antiviral immunity through 

modulation of PRR pathways. Although the exact mechanisms are still 

being investigated, signalling through UPR sensors such as IRE1 and 

PERK can intersect with PRR-mediated pathways, affecting cytokine 

expression and viral clearance. UPR activation also triggers 
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inflammatory signal transduction pathways, including mitogen-activated 

protein (MAP) kinase signalling via ERK1/2, p38, and JNK, as well as 

upregulation of transcription factors such as the nuclear factor kappa-

light chain enhancer of activated B cells (NF-κB) (Zhang and Kaufman, 

2008). NF-κB translocation to the nucleus induces transcription of 

proinflammatory cytokines such as TNF-α and IL-6, which act to limit 

viral replication and spread (Hayden and Ghosh, 2008). 

A chemical agent widely used to induce ER stress, the UPR, and 

inflammatory cytokine production is thapsigargin (Peters and Raghavan, 

2011). 

My colleagues, Goulding et al. (2020), demonstrated that thapsigargin 

exhibits strong antiviral effects against IAV by activating the host’s innate 

immune response via UPR stimulation instead of directly targeting the 

virus. This approach could provide a superior alternative to traditional 

antivirals by reducing the likelihood of drug resistance. These findings 

have laid the groundwork for this project. 

 

1.8 Thapsigargin 

 

Thapsigargin (TG) is a naturally occurring sesquiterpene lactone, a 

class of compounds composed of three isoprene units and characterised 

by a lactone ring, many of which exhibit biological activity including 

cytotoxicity and ER stress induction. It was first isolated in 1978 from the 

Mediterranean plant Thapsia garganica L. (Figure 1.14) (Rasmussen et 

al., 1978). The abbreviation “L.” following the species name refers to Carl 
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Linnaeus, who first formally described and named the species. The plant 

belongs to the Thapsia genus (Apiaceae family), comprised of 

herbaceous perennials commonly known as “deadly carrots” due to their 

long history of toxicity (Gerard et al., 1597; Smitt et al., 1996; Weitzel et 

al., 2014). Thapsia garganica L. is native to the Mediterranean area 

where it grows on stony, sandy fields (Smitt et al., 1996). Citations 

referring to the plant date back to Ancient Greece where the name 

“thapsia” originates, transliterated from the Ancient Greek name "θαψία". 

The Greeks thought the genus was discovered on Thapsos island (Sicily, 

Italy). At the time Aristotle’s student, Theophrastus (372-287 B.C.), 

noted the plant's ability to purge “upwards and downwards” in his famous 

book series, Historia Plantarum (Theophrastus & Hort, 1916). The resin 

of the plant, extracted from its root, has been noted for medicinal use in 

both Arabian and European traditions. In 1857, in France, Thapsia 

garganica L. was recommended for treating lung diseases and 

rheumatic pain through the application of a revulsive plaster—a topical 

irritant used historically to draw blood to the skin surface and relieve 

inflammation in deeper tissues (Bertherand, 1857; Tschirch & Stock, 

1936; Perrot, 1943). Despite its well-documented toxicity, Thapsia 

garganica L. remains present in medicinal markets such as those in 

Morocco, consistent with the broader pharmacological principle that 

many toxic plants, when used in controlled doses, can yield potent 

therapeutic effects (Kool et al., 2012).  

TG is one of the three major herbivore-repelling compounds found in 

Thapsia garganica L., the other two being thapsigargicin and 
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nortrilobolide (Figure 1.15) (Rasmussen et al., 1978; Christensen et al., 

1982; Smitt & Christensen, 1991; Andersen et al., 2015). When topically 

applied, these compounds can cause erythema, small vesicles, and 

intense itching within 4-5 hours, which may persist for several days 

(Christensen et al., 1997). It was noted that TG and thapsigargicin are 

potent histamine liberators and stimulants of the immune system 

(Rasmussen et al., 1978; Ali et al., 1985). Towards the end of the 20th 

century, TG became widely used as a research tool for studying how 

cells regulate calcium dynamics. It was found to potently inhibit the 

sarco-endoplasmic reticulum Ca²⁺-ATPase (SERCA) in mammalian 

cells, leading to sustained ER stress, apoptosis, and—under certain 

conditions—tumour promotion (Thastrup et al., 1989; Thastrup et al., 

1990). Although SERCA inhibition leads to delayed cellular 

consequences, it has been suggested that the plant's production of TG 

may still contribute to herbivore deterrence through cumulative toxicity 

or physiological stress following ingestion (Martinez-Swatson et al., 

2019). Upon the discovery of TG's capacity to inhibit SERCA, it garnered 

significant interest within the research community, leading to 

investigations into its laboratory synthesis. Currently, three distinct 

methods for synthesising TG are reported in the scientific literature (Ball 

et al., 2007; Chu et al., 2016; Chen & Evans, 2017). Today, the 

compound is a vital research tool utilised in the study of Ca2+ 

homeostasis, ER stress responses and cell death (Christensen et al., 

2021). Firstly, it is essential to examine the mechanism of action, 
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followed by an assessment of its more recent application: the potent 

inhibition of viral replication. 

 

Figure 1.14 Thapsia garganica L. 

Adapted from Bauer, 2018 and Willing, 2017. 

 

 

 

Figure 1.15 Chemical structures of compounds found in Thapsia garganica L. 

Structural differences are highlighted in red (Martinez-Swatson et al., 2019). 
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1.9 Calcium Homeostasis 
 

 

 

Calcium ions play a critical role in many functions, influencing almost all 

cellular processes ranging from cell survival to cell death. In most cells, 

the cytosolic Ca2+ concentration is ~100 nM, while inside the 

endoplasmic/sarcoplasmic reticulum (ER/SR) the concentration is 100–

500 μM. The extracellular Ca2+ concentration is 1-2 mM (Berridge et al., 

2000). Maintaining a steady-state with orders of magnitude differences 

in Ca2+ concentrations between the ER, extracellular environment, and 

cytosol is crucial for cellular survival, as well as enabling the cellular 

response through calcium signalling coupled to external stimuli (Lee et 

al., 2006; Monteith et al., 2007; Berna-Erro et al., 2017). The 

concentration gradient is maintained mainly by Ca2+-ATPases, ion 

exchangers and calcium channels, which allow the gradient to stay 

constant (Monteith et al., 2007). ATPases such as SERCA pumps use 

the energy generated from ATP hydrolysis to move Ca2+ against the 

concentration gradient to the ER/SR, Golgi apparatus, or external 

environment (Xu & Van Remmen, 2021).  

 

1.9.1 SERCA 

 

The SERCA family of Ca2+ ion pumps (1-3) are transmembrane transport 

proteins found in the SR of skeletal and cardiac muscle cells and in the 

ER of non-muscle cells (Møller et al., 2010). SERCA pumps can be 

found in all eukaryotic cells (Primeau et al., 2018). They transport two 
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Ca2+ from the cytosol into the SR/ER lumen while exporting two protons 

from the lumen to the cytosol, using the energy from ATP hydrolysis (Yu 

et al., 1993; Zafar et al., 2008). The SERCA pump operates in two states: 

E1 and E2. In the E1 state, the pump binds Ca2+ ions from the cytosol 

with high affinity and transports them into the SR/ER lumen. The E2 state 

has a low affinity for Ca2+ ions, allowing them to be released into the 

lumen while two protons are transported to the cytosol. The pump then 

returns to the E1 state to repeat the cycle (Figure 1.16) (Toyoshima, 

2009).  

 

 

Figure 1.16 The pumping cycle of SERCA. 

From Christensen et al., 2021. 

 

TG is the most extensively utilized inhibitor of SERCA (Michelangeli & 

East, 2011). The transmembrane helix 3 (M3) was first proposed as 

target of TG-mediated SERCA inhibition (Hua & Inesi, 1997). Mutation 

of Phe 256 in M3 results in TG resistance (Yu et al., 1998). Later was 
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discovered that the binding site is a cavity near the cytoplasmic 

membrane of the SERCA pump, flanked by the M3, M5, and M7 helices, 

where bulky hydrophobic residues and a hydrogen bond between O8 of 

TG and the NH group of isoleucine 829 facilitate TG binding to the 

ATPase (Toyoshima & Nomura, 2002). Within these helices, Phe 256, 

Ile 765, and Tyr 837, located in M3, M5, and M7, respectively, are 

essential for TG binding (Figure 1.17) (Xu et al., 2004). It was thought 

initially that TG caused inhibition of SERCA by inhibiting Ca2+ binding 

and phosphorylation (Sagara & Inesi, 1991). Subsequently, it was found 

that TG inhibits the SERCA pump primarily in the E2 state, forming an 

enzymatically inert dead-end complex with the pump (Sagara et al., 

1992).  

 

Figure 1.17 TG blocking SERCA's Ca2+ cycle. 

(A) TG blocks SERCA pump in the [2Ca2+]E1-P ADP state. (B) TG is attached between M3, M5 
and M7. 

 

TG disrupts the calcium gradient by inhibiting the uptake of Ca2+ ions 

into the ER and preventing the refilling of calcium stores. The primary 
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mediators of Ca2+ efflux from the ER is the inositol 1,4,5-trisphosphate 

receptor (IP3R) and the ryanodine receptor (RyR) (Gillespie & Fill, 2008). 

Depletion of ER calcium stores activates the process of store-operated 

calcium entry (SOCE) in response (Smyth et al., 2010). 

 

1.9.2 SOCE 

 

SOCE was initially postulated in 1986, and subsequent experimental 

findings supported this concept (Putney, 1986; Takemura & Putney, 

1989). TG was used from the early beginnings to study the mechanism 

(Takemura et al., 1989). When the levels of Ca2+ decrease within the 

intracellular calcium stores, SOCE facilitates the influx of Ca2+ through 

channels present in the plasma membrane (PM) (Smyth et al., 2010). 

The CRAC current, also known as ICRAC, is a Ca2+-selective current that 

was first observed in mast cells when intracellular Ca2+ stores were 

depleted (Hoth & Penner, 1992). This current is mediated by the calcium 

release-activated calcium (CRAC) channel, a highly selective channel 

located in the plasma membrane, which is considered a prototypical 

store-operated calcium (SOC) channel incorporated in the PM (Prakriya 

& Lewis, 2003). The ER lumen detects Ca2+ depletion through stromal 

interaction molecule (STIM1), found nearby SERCA which then 

activates the SOC channels and allows for extracellular Ca2+ influx (Liou 

et al., 2005; Roos et al., 2005).  
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1.9.3 SOC channels 

 

The SOC channels, responsible for Ca2+ influx from the extracellular 

space into the cytosol upon ER Ca2+ store depletion, are tetrameric 

protein complexes composed of ORAI subunits that span the plasma 

membrane (Penna et al., 2008). Under normal physiological conditions, 

SOC channels exhibit high selectivity for Ca2+ ions when extracellular 

calcium ion concentration is within the range of 1-2 mM (Hou et al., 

2012). ORAI proteins have been well-established as crucial mediators 

of SOCE. The ORAI subunits consist of ORAI1 (also called CRACM1), 

ORAI2, and ORAI3. Among the ORAI subunits, ORAI3 is the most recent 

evolutionary development and is only present in mammals 

(Shuttleworth, 2012). Each ORAI subunit is composed of four 

transmembrane α helices (TM1-TM4), a C-terminal M4 extension helix, 

and an N-terminal M1 extension sequence (Rothberg et al., 2013). 

 

 

Figure 1.18 SOC channel structure. 
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1.9.4 Stromal interaction molecule  
 

In response to low calcium levels, a sensor inside cells detects the 

reduced levels. The stromal interaction molecule (STIM) is a crucial 

protein embedded in the ER membrane that senses and responds to 

these changes. STIM activates the calcium entry channels in the 

plasma membrane when calcium stores are depleted (Liou et al., 2005; 

Zhang et al., 2005). In mammals, there are two types of STIM proteins, 

STIM1 and STIM2, which monitor calcium levels in the endoplasmic 

reticulum/ER (Liou et al., 2005). STIM2 helps keep both cytosolic and 

ER calcium levels stable, while STIM1 primarily triggers the activation 

of calcium entry when stores are low (Brandman et al., 2007; 

Stathopulos et al., 2009; Gruszczynska-Biegala et al., 2011). 

When calcium stores are full, STIM1 is evenly distributed across the 

ER membrane (Zhou et al., 2015; Covington et al., 2010; Penna et al., 

2008). However, when it detects a drop in calcium levels through a 

specific domain, the EF hand domain, located adjacent to a sterile 

alpha motif (SAM), STIM1 undergoes a conformational change to 

reach the SOC channels and activate the CRAC activating domain 

(CAD), the region of STIM1 required for SOC channel activation (Park 

et al., 2009, Yuan et al., 2009). Evidence shows that STIM1 must 

cluster before it can move to the junctions between the ER and the 

plasma membrane, where it works to increase calcium entry from 

outside the cell (Liou et al., 2007; Luik et al., 2008; Palty et al., 2015 

Yamashita et al., 2017). STIM1 clusters form 10-25nm below the 

plasma membrane, and their development takes place just seconds 
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before the activation of the calcium entry channels (Wu et al., 2006). 

Once at the plasma membrane, STIM1 interacts with the SOC 

channels to help calcium flow into the cell from the outside. The 

complex formed by STIM1 and the SOC channels includes eight 

STIM1 proteins and a four-part ORAI channel. Each pair of STIM1 

SOAR domains connects with a single ORAI molecule (Penna et al., 

2008, Li et al., 2010, Soboloff et al., 2012). It has been suggested that 

STIM1's attachment to the N and C terminus of ORAI1 triggers 

structural changes in the ORAI1 TM1 and TM4 regions. These 

changes disrupt the hydrophobic gate and increase channel hydration, 

enhancing the movement of calcium through the channel (Yamashita et 

al., 2017, Palty et al., 2015). 

 

2 Antiviral Effects of TG-Mediated SOCE 

 

TG has emerged as a powerful antiviral agent due to its distinct 

mechanism of action, which disrupts calcium homeostasis within cells, 

triggering a cascade of downstream events such as ER stress and the 

activation of the UPR. These processes, crucial for maintaining cellular 

equilibrium and survival, become dysregulated upon TG administration, 

ultimately resulting in antiviral effects. During the COVID-19 pandemic, 

my colleagues and I demonstrated that TG is indeed a broad-spectrum 

antiviral, effective against SARS-CoV-2, Influenza A, OC43, and RSV 

(Al-Beltagi et al., 2021). Despite these promising findings, particularly 
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against a wide array of respiratory viruses, many questions remain 

unanswered and require further investigation. 

In the subsequent sections, I will provide an overview of how TG 

interacts with cellular machinery and potentiates an antiviral response. 

 

2.1 Steps by which TG may act as a potent antiviral  

 

The antiviral efficacy of TG begins with its inhibition of the SERCA pump, 

which is responsible for transporting Ca²⁺ from the cytosol into the ER. 

By blocking this pump, TG effectively depletes the ER's calcium stores, 

a crucial component of the organelle's functioning. This depletion 

disrupts the calcium gradient, triggering the activation of SOCE, a 

compensatory mechanism that facilitates the influx of extracellular 

calcium into the cell to replenish the depleted stores (Smyth et al., 2010). 

SOCE is mediated by the interaction of STIM proteins in the ER 

membrane with ORAI channels in the plasma membrane, which work 

together to restore calcium balance within the cell (Liou et al., 2005; 

Zhang et al., 2005). 

The depletion of ER calcium and subsequent activation of SOCE lead to 

ER stress, a condition where the protein-folding capacity of the ER is 

overwhelmed due to the accumulation of unfolded or misfolded proteins. 

This stress response triggers the unfolded protein response (UPR), 

which employs three complementary signalling branches—IRE1, PERK 

and ATF6—to restore ER homeostasis by enhancing folding capacity, 
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promoting degradation of misfolded proteins and attenuating overall 

protein synthesis (Smith, 2014; Ron & Walter, 2007). 

The antiviral effects of TG stem from its induction of ER stress and 

activation of the UPR, which research shows impairs viral replication by 

overwhelming the ER’s folding capacity and, in some contexts, 

promoting apoptosis in infected cells (Zhang & Wang, 2012; He, 2006). 

Emerging studies indicate that UPR activation may also bolster innate 

antiviral signalling: PERK-mediated phosphorylation of eIF2α can restrict 

translation in a manner analogous to PKR-driven responses, although 

its direct antiviral role in TG-treated systems remains under investigation 

(Manivannan et al., 2020). Likewise, IRE1’s endonuclease activity may 

generate RNA fragments that engage RIG-I and trigger type I interferon 

production, but this mechanism has so far been demonstrated primarily 

in vitro rather than in infected tissues (Smith, 2014; Manivannan et al., 

2020). 

 

2.2 The unknowns of TG as an antiviral 

 

Although TG has demonstrated significant potential as a broad-spectrum 

antiviral agent in vitro and in mice against influenza A (Goulding et al., 

2020), numerous uncertainties could influence its effectiveness in 

clinical settings. One major unknown is the precise mechanism through 

which TG exerts such a potent antiviral response. Further research is 

needed to clarify these pathways. A critical consideration is TG's function 

in the context of viral co-infections, which are common in respiratory 



 66 

illnesses where multiple viruses may infect the same host concurrently. 

Co-infections complicate antiviral therapy because different viruses 

interact with the host immune system in diverse ways, potentially 

interfering with immune signalling pathways or modulating antiviral 

defences. In some cases, interactions between co-infecting viruses may 

result in recombination or pseudo-typed viral particles, which can alter 

tropism or immune recognition, thereby challenging the effectiveness of 

innate immune responses. 

Another significant factor is the safety profile of TG. While the induction 

of ER stress and activation of the UPR is effective in restricting viral 

replication, these processes can also have cytotoxic effects on host 

cells, particularly when TG is administered in high doses. Excessive or 

prolonged activation of the UPR may lead to apoptosis, which, although 

beneficial in clearing infected cells, could also result in unintended 

damage to healthy tissues. Therefore, balancing TG's antiviral effects 

with its potential toxicity remains a crucial challenge. 
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Hypothesis 

 

Thapsigargin, by disrupting intracellular calcium homeostasis and 

triggering endoplasmic reticulum stress pathways, can effectively inhibit 

the replication of respiratory syncytial virus, influenza A virus, and their 

co-infections at non-cytotoxic doses in diverse cell systems. 

 

Aim 

 

This thesis focuses specifically on the antiviral effects of TG against 

RSV, building on the findings of our previous study (Al-Beltagi et al., 

2021). The data from our study demonstrated that TG exhibits potent 

antiviral activity against RSV by inducing ER stress and activating the 

UPR. However, this thesis will go further by exploring additional aspects 

of TG's antiviral potential, including its safety profile, its ability to inhibit 

co-infections, and its impact on the host immune response, with a 

particular emphasis on RSV and the UPR. 

The investigation will address several key matters:  

Establish TG’s Antiviral Efficacy - Determine the extent to which TG 

suppresses RSV and IAV across multiple cell models, including 

immortalised lines and primary human bronchial epithelial cells, under 

varying treatment and infection conditions. 

Investigate Mechanisms of Action- Elucidate how TG-induced ER stress 

and activation of the UPR curtail viral replication, particularly focusing on 

key host factors (e.g., PERK, IRE1, G3BP1, RNase L). 
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Assess Prophylactic and Therapeutic Potential - Evaluate whether short 

pulses of TG can establish a durable antiviral state against RSV and IAV, 

comparing its potency and safety profile to that of conventional antivirals 

such as ribavirin. 

Examine Efficacy in Co-infections - Determine how TG impacts dual 

RSV–IAV infections, including its effect on hybrid viral particles, overall 

viral load, and host innate immune responses in a co-infection setting. 

Through these objectives, this thesis aims to clarify TG’s broad-

spectrum antiviral value and appraise its viability as a host-centric 

therapeutic strategy for respiratory viruses. 
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2.        General materials and methods 
 

2.1 Materials 

 

All reagents, plasticware, consumables, and technical equipment are 

listed in the following tables. Reagents include the supplier and 

catalogue number from which they were obtained. Plasticware, 

consumables, and technical equipment indicate the manufacturer or 

their UK distributor. Gifts and donations from other institutions are 

acknowledged where applicable. 

 

2.1.1 Chemical reagents and kits 

Table 2.1 Laboratory kits and reagents used in experimental procedures. 

Reagent Company Catalogue 
Number 

4μ8C Sigma-Aldrich SML0949 
Bronchial epithelial growth 
media 

Promocell C-21060 

DMEM-Glutamax (high 
glucose) 

Gibco, 
ThermoFisher 

10569010 

Foetal calf serum (FCS) Gibco, 
ThermoFisher 

10270106 

Penicillin–streptomycin (P/S) Gibco, 
ThermoFisher 

15140122 

CellTiter-Glo 2.0 Cell Viability 
Assay 

Promega G9241 

DetachKit Promocell C-41200 
Thapsigargin (TG) Merck 586005 

Ribavirin Merck R9644 
PBS (Phosphate Buffered 
Saline) 

Gibco, 
ThermoFisher 

10010023 

Cryopreservation media 
(Hybri-Max DMSO) 

Sigma-Aldrich D2650 

ProFreeze-CDM Medium Lonza BEBP12F300 
TPCK Trypsin Sigma-Aldrich T1426 
0.25% Trypsin-EDTA Gibco, 

ThermoFisher 
25200056 
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Lipofectamine 2000 Invitrogen 11668019 
Opti-MEM Gibco, 

ThermoFisher 
31985062 

RNeasy Plus Minikit Qiagen 74134 
Superscript III First Strand 
synthesis kit 

ThermoFisher 
Scientific 

18080051 

Human ER stress primers 
(HSPA5, HSP90B1, DDIT3) 

Sigma-Aldrich Custom order 

Human IFNβ1 primers Sigma-Aldrich Custom order 
Human RNASEL primers Sigma-Aldrich Custom order 
QIAamp Viral RNA Mini Kit Qiagen 52906 
OneStep RT-PCR Kit Qiagen 210212 
Mouse anti-RSV antibody 
(2F7) 

Abcam ab43812 

Tryptose Phosphate Broth Sigma-Aldrich T9157 
β-Mercaptoethanol Sigma-Aldrich M6250 
SYBR Green PCR Kit Qiagen 204141 
Protein Assay Dye Reagent Bio-Rad 5000006 

NuPAGE LDS Sample Buffer 
4X 

Invitrogen NP0007 

NuPAGE Reducing Agent 
10X 

Invitrogen NP0009 

NuPAGE Bis-Tris Gel (4-12%) Invitrogen NP0322BOX 
SeeBlue Pre-stained Protein 
Standard 

Invitrogen LC5625 

Sunitinib (malate) Sigma-Aldrich 1642358 
ImmPRESS HRP Anti-Mouse 
IgG Polymer Kit 

Vector 
Laboratories 

MP-7402 

Liquid DAB+ Substrate 
Chromogen System 

Dako K346811 

 
 

2.1.2 Plasticware and Consumables 
 
Table 2.2 Plasticware and general laboratory consumables. 

Item Company Catalogue Number 

10 mL pipettes Corning  4488 
0.1-10 µL pipette tips   Alpha 

Laboratories 
ZP1010S 

1-40 µL pipette tips   Alpha 
Laboratories 

ZP1204S 

1-100 µL pipette tips   Alpha 
Laboratories 

ZP1200S 

1-200 µL pipette tips  
 

Alpha 
Laboratories 

ZP2250S 

10-1000 µL pipette tips  
 

Alpha 
Laboratories 

ZP2250S 

50 mL tubes  Falcon 352070 

96-well plates Fisher Scientific 12-565-501 
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Cell culture plasticware 
(e.g., flasks, plates) 

ThermoFisher 
Scientific 

136196 (Flasks), 
140675 (Plates) 

Serological pipettes ThermoFisher 
Scientific 

170358 

Sterile filters Millipore SLGP033RS  
Tubes for centrifugation 
and storage 

Falcon 352096 (15 mL) 

Cryovials (sterile) Nalgene 5000-0020 

Acetone Fisher Scientific A19-4  
Methanol Fisher Scientific M/4000/15 

 
 

2.1.3 Technical Equipment 
 
Table 2.3 Technical equipment utilised in the laboratory. 

Equipment Company Catalogue 
Number 

Class II Safety Cabinet  ThermoFisher 
Scientific 

51023608 
(herasafe KSP15) 

Cell culture incubator ThermoFisher 
Scientific 

51028210 

Unstirred water bath  Scientific 
Laboratory 
Supplies 

BAT2110 

Vortex Mixer Scientific 
Laboratory 
Supplies 

B2B06222 

Centrifuge 1 Fisher Scientific 13-100-675 

Centrifuge 2 Eppendorf 5810R 
PCR machine Bio-Rad 1851196 
0.5-10 µL pipette  Scientific 

Laboratory 
Supplies 

B2B06158 

2-20 µL pipette  Scientific 
Laboratory 
Supplies 

B2B06160 

5-50 µL pipette  Scientific 
Laboratory 
Supplies 

B2B06160 

10-100 µL pipette  Scientific 
Laboratory 
Supplies 

B2B06164 

20-200 µL pipette  Scientific 
Laboratory 
Supplies 

B2B06166 

100-1000 µL pipette  Scientific 
Laboratory 
Supplies 

B2B06168 
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20-200 µL 8-Channel 
pipette  

Scientific 
Laboratory 
Supplies 

B2B06180 

Automatic pipette filler Scientific 
Laboratory 
Supplies 

B2B06190 

Fluorescent microscope Leica DMi8 
Real-time PCR system 
(LightCycler−96) 

Roche 05815916001 

GloMax® Discover 
Microplate Reader 

Promega GM3000 

ChemiDoc MP Imaging 
System 

Bio-Rad 17001402 

Trans-Blot SD Semi-Dry 
Transfer Cell 

Bio-Rad 170-3940 

Freezing Container ThermoFisher 
Scientific 

5100-0001 

 

 

2.1.4 Cell Lines and Viruses 
 
Table 2.4 Cell lines and viral strains employed in experiments. 

Cell Line / 
Virus 

Full Name Company Catalogu
e Number 

NHBE cells Primary normal 
human bronchial 
epithelial cells 

Promocell C-12620 

NPTr cells Immortalised 
neonatal porcine 
tracheal 
epithelial cells 

University of 
Nottingham 

Stock 
supplied 
upon 
request  

HEp2 cells Human 
Epithelial type 2 
cells 

ATCC CCL-23 

A549 cells Adenocarcinomi
c human 
alveolar basal 
epithelial cells 

ATCC CCL-185 

Calu-3 cells Human lung 
adenocarcinoma 
epithelial cells 

ATCC HTB-55 

Vero cells African green 
monkey kidney 
epithelial cells 

ATCC CRL-1586 

MDCK cells Madin-Darby 
Canine Kidney 
cells 

ATCC CCL-34 
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Human 
RSV (A2 
strain) 

Respiratory 
Syncytial Virus, 
A2 strain 

ATCC VR-1540 

USSR H1N1 
(A/USSR/77
) 

Influenza A 
Virus, H1N1 
subtype 

Animal and Plant 
Health Agency   

Supplied 
by APHA 
upon 
request 

 

 

2.1.5 Statistical analysis and other software 
 
Table 2.5 Software tools used for statistical analysis, data processing and visualisation. 

Software Purpose Company Version / 
Catalogue 
Number 

Endnote Reference 
management 

Clarivate X9 

GraphPad 
Prism 

Statistical analysis 
and graphing 

GraphPad 9.0 

Microsoft 
Excel 

Spreadsheet 
software for data 
analysis 

Microsoft Office 365  

ImageJ Image processing 
and analysis 

NIH 1.53 

Primer 
Express 3.0 

Primer design for 
qPCR 

ThermoFisher 
Scientific 

4363991 

 

 

2.2 Cell culture methods 

 

2.2.1 Cell culture 

 
 
All procedures involving the use of cell lines were carried out under 

sterile conditions within a Class II microbiological safety cabinet. The 

NPTr, MDCK, HEp2, Vero E6, Calu-3, and A549 cell lines were cultured 

in DMEM-Glutamax (high glucose), supplemented with 10% foetal calf 

serum (FCS) and 100 U/ml penicillin-streptomycin (P/S) (Gibco). Normal 



 74 

human bronchial epithelial (NHBE) cells were cultured using specialised 

epithelial growth medium (Promocell). 

Cell cultures were monitored daily using an inverted light microscope to 

assess their condition. To maintain the cultures, the cells were gently 

rinsed with phosphate-buffered saline (PBS) and passaged via 

trypsinisation using 0.25% trypsin-EDTA. For NHBE cells, the DetachKit 

(Promocell) was utilised according to the manufacturer’s instructions. 

The cells were then diluted in pre-warmed culture medium, either DMEM 

supplemented with 10% heat-inactivated foetal bovine serum (FBS) and 

1% penicillin-streptomycin, or in the specialised epithelial growth 

medium for NHBE cells. Sub-culturing was performed at appropriate 

intervals depending on the growth rate and confluence of each cell line, 

typically using a split ratio between 1:3 and 1:6. Cell lines were 

maintained in 25 cm² or 75 cm² tissue culture flasks at 37°C in a 

humidified atmosphere with 5% carbon dioxide (CO₂). 

 

2.2.2 Cryopreservation  

 

Cryopreservation of NPTr, MDCK, HEp2, Vero E6, Calu-3, and A549 cell 

lines was carried out using sterile cryovials to store seed stocks. Cells 

were grown to a confluent monolayer in two 75 cm² tissue culture flasks. 

Following trypsinisation, the cells were diluted to 15 ml with culture 

media and transferred into 15 ml conical tubes. The cell suspensions 

were then centrifuged at 500x g for 4 minutes at 22°C. After 

centrifugation, the culture media was carefully removed, ensuring any 
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residual media near the lid was discarded. The cell pellets were 

resuspended in 0.5 ml of DMEM, followed by the addition of an additional 

2.2 ml of DMEM to reach a final volume of 2.7 ml. To this, 0.3 ml of 

dimethyl sulfoxide (DMSO) was added, and the suspension was 

thoroughly mixed by pipetting. 

For primary epithelial cells, the cryopreservation medium consisted of a 

1:1 ratio of growth media and freeze media (ProFreeze-CDM Medium, 

Lonza), supplemented with 15% DMSO. Cells were resuspended in this 

cryopreservation medium before aliquoting into cryovials. The primary 

epithelial cells were detached using the DetachKit (PromoCell) 

according to the manufacturer's recommended subcultivation protocol. 

The suspended cells were transferred to a bench-top centrifuge and 

centrifuged at 150x g for 2 minutes. Following centrifugation, the 

supernatant was removed, and the cells were resuspended in 3 ml of 

cryopreservation media per T75 flask. From this suspension, 1 ml of the 

cell mixture was transferred into sterile cryovials. 

The cryovials containing the cell suspensions were placed in a Mr. 

Frosty™ Freezing Container, which controls the rate of freezing at 

approximately 1°C per minute and stored at -80°C for at least 3 hours. 

After this initial freezing period, the cryovials were transferred to liquid 

nitrogen (N₂) for long-term storage. 
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2.2.3 Cell passage, counting and seeding 
 

 

To revive frozen cells, cryovials were removed from liquid nitrogen 

storage and rapidly thawed in a 37°C water bath. Once thawed, the cells 

were transferred into 10 ml of the appropriate culture medium and 

seeded into a T75 flask. Both immortalised cell lines and NHBE cells 

were incubated at 37°C in a 5% CO₂ atmosphere. The culture medium 

was replaced 24 hours after seeding, with further media changes carried 

out every 48 hours. When the cells reached approximately 60-70% 

confluence, they were passaged. 

For passaging, the medium was first removed, and the cells were 

washed with PBS. For MDCK, NPTr cells, and myoblasts, 5 ml of 1X 

0.25% trypsin was added to detach the cells from the culture surface, 

followed by incubation at 37°C. Once detached, 4 ml of growth medium 

(PM) was added to inactivate the trypsin. For primary epithelial cells, the 

DetachKit (PromoCell) was used in accordance with the manufacturer's 

subcultivation protocol. The entire cell suspension was transferred to a 

Falcon tube and centrifuged at 150x g for 2 minutes. The supernatant 

was discarded, and the cell pellet was resuspended in 1 ml of growth 

medium before being diluted to the required volume for reseeding. 

Viable cell counts were performed to ensure the correct number of cells 

was seeded into plasticware according to experimental requirements. 

For this, after trypsinisation, a 10 µl sample of the cell suspension was 

mixed with 10 µl of DMEM or Promocell medium (for NHBE cells) and 

allowed to equilibrate for 1 minute. The mixture was then transferred to 
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a haemocytometer for total cell counting. The total cell number was 

calculated based on the defined area of the counting chamber, and 

appropriate dilutions were prepared to achieve the desired seeding 

density. The volume of medium required for different tissue culture 

vessels was as presented in table 2.6.  

Table 2.6 Typical media volumes used in tissue culture vessels. 

Tissue Culture Vessel Volume of Medium Required 

T75 Flask 10-12 ml 

T25 Flask 4 ml 

6-Well Plate (per well) 2 ml 

12-Well Plate (per well) 1 ml 

24-Well Plate (per well) 0.5 ml 

48-Well Plate (per well) 0.25 ml 

96-Well Plate (per well) 0.1 ml 

 

 

2.2.4 Cell viability assay  

 

Cell viability was assessed by measuring ATP levels as an indicator of 

viable cells. The cells were treated with the specified chemicals, such as 

TG or DMSO, at the concentrations indicated in the experimental 

protocol. The treatments were administered for either 1 hour or 30 

minutes, depending on the experimental design. Following the chemical 

exposure, the cells were rinsed three times with PBS to remove any 

residual compounds, and the culture medium was replaced with fresh 
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media. After 24 hours, cell viability was measured using the CellTiter-

Glo® 2.0 Cell Viability Assay (Promega). 

The CellTiter-Glo® 2.0 Reagent was prepared according to the 

manufacturer's instructions. If the reagent was frozen, it was thawed 

overnight at 4°C, or alternatively in a 22°C water bath. Care was taken 

to avoid exposing the reagent to temperatures above 25°C. When the 

reagent was stored at –65°C, it was not directly transferred to a 22°C 

water bath to prevent potential cracking of the bottle due to rapid 

temperature changes. Instead, the reagent was allowed to rest at room 

temperature for 10-15 minutes before being placed in the water bath. 

Once thawed, the reagent was equilibrated to room temperature by 

keeping it in a 22°C water bath. Approximately 30 minutes were required 

to equilibrate 100 ml of thawed reagent, while 500 ml needed around 

100 minutes to reach 22°C. Before use, the contents of the reagent bottle 

were gently mixed by inverting to obtain a homogeneous solution. Care 

was also taken to prevent contamination during the removal of the seal 

from the reagent bottle. 

To perform the cell viability assay, opaque-walled multiwell plates were 

prepared with the indicated cell lines cultured in an appropriate medium. 

The volume of medium and the number of cells seeded were optimised 

based on the experimental conditions. Multiwell plates compatible with 

the luminometer used for luminescence detection were selected. Control 

wells containing only medium (without cells) were prepared to determine 

background luminescence. The test compounds were added to the 

experimental wells, and the plates were incubated according to the 
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specific culture protocol. Before adding the CellTiter-Glo® 2.0 Reagent, 

the plate and its contents were equilibrated to room temperature for 

approximately 30 minutes. 

An equal volume of CellTiter-Glo® 2.0 Reagent was added to each well, 

matching the volume of the cell culture medium present (e.g., 100 μl of 

reagent was added to 100 μl of medium in a 96-well plate). The plate 

was then gently mixed on an orbital shaker for 2 minutes to induce cell 

lysis. After lysis, the plate was incubated at room temperature for 10 

minutes to stabilise the luminescent signal. The luminescence was 

recorded using a luminometer (GloMax® Discover Microplate Reader, 

Promega) providing a direct measure of cell viability based on the ATP 

content of the samples.  

 

2.3 Viral infection and quantification methodology 

 

2.3.1 Influenza A subtype and stock use 

 

Human influenza A virus, specifically the USSR H1N1 (A/USSR/77) was 

used in this study. The virus was provided by the Animal and Plant 

Health Agency. The master virus stocks were propagated in 10-day-old 

embryonated chicken eggs and stored in liquid nitrogen (N₂) until 

needed. To minimise the possibility of egg adaptation, an aliquot of the 

master stock virus was thawed once and used to generate an 

experimental stock virus, which was stored at -80°C. Each aliquot of 

experimental stock virus underwent no more than three freeze–thaw 
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cycles to minimise loss of titre and was not used for further amplification. 

For each experimental replicate, a fresh aliquot of experimental stock 

virus was used.  

 

2.3.2 Influenza A propagation 

 

For the propagation of influenza virus, embryonated Dekalb white 

chicken eggs (Medeggs) were incubated at 37.5°C with humidity 

maintained between 40-50%. After 10 days, the eggs were inoculated 

with the virus. The seed virus was diluted in phosphate-buffered saline 

(PBS) supplemented with 2% tryptose phosphate broth (Sigma-Aldrich) 

and 5% penicillin-streptomycin (P/S), which had been filtered through a 

0.22 µm filter (Fisher Scientific). Small holes were carefully made in the 

eggshell at the allantoic cavity and air sac sites. Using a sterile 25-gauge 

needle and syringe, 0.1 ml of the virus dilution was injected into the 

allantoic cavity, and the holes were sealed with hot wax to prevent 

contamination. The inoculated eggs were returned to the incubator for 

an additional 72 hours. Following incubation, the eggs were chilled at 

4°C for 12-24 hours to allow for virus collection. 

The allantoic fluid containing virus was harvested, aliquoted and stored 

at –80 °C until use. Virus stocks were titrated by plaque assay, and viral 

suspensions were then prepared at a target multiplicity of infection (MOI) 

of 1.0—calculated from the plaque-forming unit titre—using 100 µl of 

inoculum per well of confluent MDCK cells in a 96-well plate. Infection 

efficiency was confirmed by staining for viral nucleoprotein, with this 
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dilution yielding consistently high (≈90 %) NP-positive cells. The diluted 

virus stock was stored at –80 °C and underwent no more than three 

freeze–thaw cycles to minimise loss of titre. To avoid cell adaptation of 

the influenza A virus, all experiments were conducted using virus stocks 

suspended in allantoic fluid. 

 

2.3.3 Influenza A infection media  

 

The infection medium (IM) for immortalised cells consisted of Opti-MEM 

I (Gibco) supplemented with 100 U/mL penicillin–streptomycin (P/S), 2 

mM glutamine and 200 ng/mL TPCK-treated trypsin (Sigma-Aldrich). 

The virus stock was titrated by focus-forming assay (FFA), and the 

multiplicity of infection (MOI) was calculated from the number of focus-

forming units. Cells were infected at this calculated MOI and incubated 

in IM for 2–3 hours. Following adsorption, monolayers were washed 

three times with PBS and overlaid with fresh, serum-free IM (no FCS) 

for 24–72 hours, or as specified by the experimental design.  

 

2.3.4 Influenza A spun supernatant and cell lysate collection 
 

After the incubation period, the cell culture medium or infection medium 

(IM) was carefully removed and centrifuged at maximum speed for 2 

minutes. The supernatant was then collected and stored at -80°C until 

further analysis. The supernatants were subsequently used to quantify 

progeny virus, either through a 6-hour focus forming assay (FFA) or by 

determining the viral copy number using RT-qPCR. The remaining cells, 



 82 

following supernatant removal, were treated with the appropriate lysis 

buffer for RNA extraction, and the lysates were collected. RNA extraction 

was performed immediately, or the lysate was stored at –80 °C until 

needed. 

 

2.3.5 Quantification of influenza A from spun supernatant 

 

The focus forming assay (FFA) was employed to quantify progeny virus 

via immunostaining methods, without the need for cell lysis. Madin-

Darby Canine Kidney (MDCK) cells were seeded into 96-well plates and 

allowed to reach 100% confluence. Once confluent, the cells were 

exposed to the appropriate volume of infected supernatant for 2 hours 

and incubated at 37°C in a 5% CO₂ atmosphere. 

The volume of infected supernatant utilised varied depending on the 

progeny viral output, with serial dilutions determining the minimum 

representative volume necessary to quantify virus titre. After the 2-hour 

incubation, the medium was removed, and the cells were washed twice 

with phosphate-buffered saline (PBS). Subsequently, 100 µl of infection 

medium was added to each well, and the cells were incubated for an 

additional 4 hours. Following this, the infection medium was discarded, 

and the wells were washed with 100 µl of 1X Tris-buffered saline (TBS) 

(Tris base in distilled water) per well. To fix the cells, a 1:1 

acetone:methanol mixture was added at room temperature for 10 

minutes, using 40 µl per well. The fixed cells were then washed three 
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times with 1X TBS to remove the acetone mixture and subsequently 

stored at 5-8°C in 1X TBS until ready for staining. 

 

2.3.6 Immunostaining Influenza A infected cells 

 

Immunostaining of the infected MDCK cells was conducted using the 

ImmPRESS HRP Anti-Mouse IgG (Peroxidase) Polymer Detection Kit 

(Vector Laboratories) and the Liquid DAB+ Substrate Chromogen 

System (Dako). Initially, the 1X TBS was removed, and 40 µl of 

ImmPRESS 2.5% normal goat serum blocking buffer was added to each 

well, followed by incubation for 20 minutes at room temperature. After 

this step, the blocking buffer was discarded, and the cells were washed 

three times with 1X TBS. The cells were then incubated for 1 hour at 

room temperature with 40 µl of primary antibody, Anti-Influenza-A NP 

(Abcam, ab20343), diluted at 1:8000 in 1X TBS. Once the incubation 

period was completed, the primary antibody was removed, and the cells 

were washed three times with 1X TBS. Next, 40 µl of undiluted 

ImmPRESS (Peroxidase) Polymer Anti-Mouse IgG reagent was added 

to each well and left to incubate at room temperature for 45 minutes. For 

the development of colour, one drop of DAB+ chromogen (Dako) was 

diluted in 1 ml of DAB substrate buffer to achieve the appropriate final 

volume. The wells were then washed four times with 1X TBS by filling 

each well with wash buffer, incubating for 5 minutes at room temperature 

with gentle agitation, and removing the buffer between washes. 

Subsequently, 40 µl of the prepared chromogen mix was added to the 
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wells and allowed to develop for approximately 5 minutes until the colour 

was visible. The cells underwent a final three washes with TBS before 

being imaged under an inverted light microscope at 100X magnification. 

Focal-forming units per millilitre (FFU/mL) of supernatant were 

calculated using the following formula: 

FFU/mL = (30 × average number of infected cells per field) ÷ µL of 

infectious supernatant. 

In this equation, the factor of 30 represents the approximate number of 

microscope fields required to cover the entire well surface at 10× 

magnification, thereby scaling the mean count of infected cells per field 

to the total well area. The “average number of infected cells per field” 

refers to the mean count of discrete infection foci observed across 

multiple, randomly selected fields. 

 

2.3.7 RSV subtype and stock use 

 

Human respiratory syncytial virus (RSV, A2 strain) was acquired from 

the American Type Culture Collection (ATCC, VR-1540) for use in this 

research. The master stock virus was propagated in HEp2 cells and 

stored in liquid nitrogen (N₂) until required. To ensure consistency and 

minimise the risk of adaptation, an aliquot of the master stock was 

thawed once and used to generate the experimental stock virus, which 

was stored at -80°C. Each aliquot of experimental stock virus was 

thawed slowly, with exposure to light minimised to reduce the likelihood 

of virus degradation. Experimental aliquots were subject to no more than 
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three freeze–thaw cycles overall, but for each experimental replicate a 

fresh thawed aliquot (i.e. in its first thaw) was used to maintain viral 

integrity and reliability of results. 

 

2.3.8 RSV propagation  

 

Respiratory syncytial virus (RSV, A2 strain) was propagated using HEp2 

cells, following established procedures. Prior to infection, 2 x 106 HEp2 

cells were seeded into a T75 flask containing 15 ml of Dulbecco's 

Modified Eagle Medium (DMEM) supplemented with GlutaMAX and 10% 

foetal calf serum (FCS). The flask was incubated overnight at 37°C in a 

humidified atmosphere of 5% CO₂ until the cells reached approximately 

50% confluence. Two flasks were prepared: one for infection with RSV 

and one as a control. 

For infection, the medium was carefully removed from the flask without 

allowing the cells to dry out, and the cell monolayer was gently washed 

with 10 ml of serum-free RPMI or serum-free DMEM (no FCS). An 

inoculum containing 4 × 10⁵ plaque-forming units (PFU) in 2 ml of serum-

free medium was prepared, corresponding to an intended multiplicity of 

infection (MOI) of 0.1, assuming the HEp2 cells had doubled overnight 

to 4 × 10⁶ cells. For example, 20 µl of virus stock (4 x 107 pfu/ml) was 

diluted in 4 ml of serum-free medium. In the control flask, 2 ml of serum-

free medium was added without virus. 

The virus-containing medium was gently distributed across the flask, and 

the flask was incubated at 37°C for 2 hours. During incubation, the flask 
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was rotated by 90 degrees every 15 minutes to ensure even temperature 

distribution and to counteract any potential uneven surface effects in the 

incubator. After the 2-hour incubation, the medium was topped up to a 

final volume of 15 ml with a final FCS concentration of 2%. 

The flasks were regularly monitored for cytopathic effects, such as the 

detachment of cells into the medium. Once approximately 50% of the 

cells exhibited cytopathic effects, usually after 72 hours, the infected 

cells were harvested using a rubber policeman. If multiple T75s were 

infected, virus stocks from identical treatments were pooled to reduce 

batch variability, and the cell debris was pelleted by centrifugation. The 

supernatant containing the virus was collected and transferred into 

separate tubes, leaving a small volume with the cell pellet. 

The virus stocks could either be stored immediately or further processed. 

For additional processing, the cell pellets were subjected to sonication 

for 20 seconds in a water bath sonicator or three freeze-thaw cycles 

using liquid nitrogen and a 37°C water bath. After further centrifugation 

to remove cell debris, the supernatant was collected and combined with 

the previously collected supernatant. The newly formed virus stock was 

aliquoted into 1 ml cryovials, rapidly snap-frozen in liquid nitrogen, and 

stored in a liquid nitrogen tank for long-term preservation. 

To determine the concentration of the RSV stock, a 96-well plate was 

seeded with HEp2 cells to full confluence. On Day 1, 2 x 104 cells per 

well were seeded in 100 µl of growth medium. On Day 2, the cells were 

infected using a serial dilution of the virus stock, starting with a 1:100 

dilution and continuing with 12 serial two-fold dilutions. The seeded cells 
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were washed twice with serum-free medium, and 50 µl of virus was 

added to each well according to the dilution scheme. Negative control 

wells received 50 µl of serum-free medium. The plate was incubated at 

37°C with 5% CO₂ for 1.5 hours before the medium was topped with 150 

µl of DMEM supplemented with 10% FCS. The plate was further 

incubated for 24 hours, as RSV replicates more slowly than Influenza A, 

with detectable levels of RSV remaining confined to the initially infected 

cells. 

On Day 3, RSV-infected cells were visualised and counted individually 

using a plaque-forming unit (PFU) assay, with viral detection achieved 

through immunostaining using a mouse anti-RSV (2F7) antibody 

(Abcam). This allowed for quantification of RSV-positive cells, enabling 

the determination of virus concentration in the stock and subsequent 

calculation of the volume required to achieve the desired MOI for further 

experiments. 

 

2.3.9 RSV infection  

 

 

The desired cell line was seeded into the appropriate plate based on the 

experimental design. Growth medium for immortalised cells consisted of 

DMEM supplemented with 10% foetal calf serum (FCS) and 1% 

penicillin-streptomycin (P/S), whereas normal human bronchial epithelial 

(NHBE) cells were cultured in Promocell media. The plates were 

incubated at 37°C in a 5% CO₂ atmosphere until the cells reached 70-
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80% confluence. The plates were examined daily using an inverted 

microscope. 

Once the cells were ready for infection, they were gently washed three 

times with phosphate-buffered saline (PBS) to remove any residual 

medium and then set aside. Meanwhile, the RSV stock, stored in liquid 

nitrogen, was slowly thawed to preserve viral viability. Once thawed, the 

virus was diluted in serum-free medium (DMEM without FCS for 

immortalised cells, or Promocell media for NHBE cells) to achieve the 

desired multiplicity of infection (MOI). Typically, an MOI of 0.1 was used 

for immortalised cells, while a lower MOI was applied for NHBE cells, 

depending on the experimental requirements. 

The prepared virus-containing medium was then added to the cells, 

ensuring even distribution across the wells. Control wells were treated 

with plain medium without the virus. The cells were incubated with the 

virus for 2 hours at 37°C to allow for infection, with gentle rotation every 

15-30 minutes to ensure even viral exposure across all cells. 

After the 2-hour incubation period, the virus-containing medium was 

carefully removed, and fresh culture medium was added to the wells. For 

immortalised cells, this consisted of DMEM supplemented with 2% FCS, 

while NHBE cells received fresh Promocell media. The infected cells 

were then incubated at 37°C in a 5% CO₂ atmosphere for the desired 

duration, typically 48-72 hours, depending on the downstream analysis 

planned. 
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2.3.10 RSV spun supernatant and cell lysate collection 

 

At the end of the incubation period, the cell culture or infection medium 

was carefully collected and centrifuged at maximum speed for 2 minutes 

to remove cellular debris. The supernatant was then aliquoted and 

stored at -80°C until further analysis. These supernatants were 

subsequently used to quantify progeny virus, either through a 24-hour 

focus plaque-forming unit (pfu) assay or by determining viral copy 

number using reverse transcription quantitative PCR (RT-qPCR). 

Following supernatant collection, the remaining cells were lysed with the 

appropriate lysis buffer to facilitate RNA extraction. The lysates were 

collected and either processed immediately or stored at -80°C for future 

RNA extraction. 

 

2.3.11 Quantification of RSV from spun supernatant 

 

Plaque-forming unit (pfu) for RSV was conducted using HEp-2 cells. 

Initially, HEp-2 cells were seeded into a 96-well plate containing DMEM-

Glutamax media, supplemented with 10% fetal calf serum (FCS) and 1% 

penicillin-streptomycin (P/S). The plate was incubated at 37°C in a 5% 

CO₂ atmosphere for 24 hours or until the cells reached 80-90% 

confluence. 

On the day of infection, the cells were washed once with serum-free 

medium to remove residual FCS. The RSV supernatants, stored in liquid 

nitrogen, were slowly thawed on ice to preserve viral integrity. Serial 
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dilutions of the supernatant were prepared in a separate 96-well plate by 

mixing the supernatants with serum-free medium. The dilutions ranged 

from neat (pure supernatant) to 1:5, 1:25, 1:125, 1:250, 1:500, 1:1000, 

and 1:2000, with each dilution performed in triplicate. This dilution series 

was used to better distinguish RSV plaques for accurate counting. 

In the primary 96-well plate containing HEp-2 cells, the media was 

removed and replaced with 50 µl of the infection media-supernatant 

mixture from the dilution plate. The cells were incubated for 2 hours at 

37°C to allow for viral infection. After this incubation period, 150 µl of full 

medium (DMEM-Glutamax supplemented with 10% FCS and 1% P/S) 

was added to each well to top up the volume, and the plate was returned 

to the incubator for 24 hours. 

The following day, the medium was removed from the wells, and the cells 

were washed once with phosphate-buffered saline (PBS). The cells were 

then fixed using acetone:methanol (1:1) solution at room temperature for 

5 minutes. After fixation, the wells were washed three times with 1X Tris-

buffered saline (TBS). The fixed cells were incubated with a 1:1000 

dilution of anti-RSV monoclonal antibody (Abcam, ab43812), 40 µl per 

well, and left at room temperature for 1 hour. Following antibody 

incubation, the wells were washed five times with 1X TBS. 

Next, 40 µl of undiluted ImmPRESS anti-mouse IgG (Vector 

Laboratories) was added to each well and incubated at room 

temperature for 45 minutes. The cells were washed again five times with 

1X TBS. The Liquid DAB+ Substrate Chromogen System (Dako) was 

then applied, with 40 µl added to each well, and the plates were left for 
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a few minutes until RSV plaques became visible. The reaction was 

stopped by washing the wells three times with 1X TBS. The plates were 

then stored at 5-8°C. 

Plaques were counted by capturing images of the most appropriate 

dilution under an inverted light microscope at 100X magnification. Three 

images per well were taken, with each dilution performed in triplicate.  

 

The plaque-forming units per millilitre (pfu/ml) of supernatant were 

calculated using the following formula: 

Titre (pfu/ml) = (average plaque count) x (dilution factor) x 20, where the 

factor 20 accounts for the use of 50 µl of virus inoculum per well (1 ml ÷ 

0.05 ml = 20). 

 

2.4 Quantification methodology 

 

2.4.1 Quantifying gene expression by RT-PCR 
 

RNA extraction for immortalised cells, as well as normal human 

bronchial epithelial (NHBE) cells, was conducted using the RNeasy Plus 

Mini Kit (Qiagen), adhering strictly to the manufacturer's protocol.  

The process began with cell lysis, achieved using Qiagen’s RLT buffer, 

which was supplemented with β-mercaptoethanol (β-ME) (Sigma-

Aldrich) at a concentration of 100 µl per 10 ml of RLT buffer, as per the 

manufacturer’s instructions. For each RNA extraction, two wells from a 

24-well plate were combined and processed as a single sample, or 

alternatively, one well from a 12-well plate was used per sample. After 
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extraction, RNA concentrations were determined using the NanoDrop 

8000 Spectrophotometer (Thermo Fisher Scientific), ensuring the quality 

and quantity of RNA were sufficient for downstream applications. This 

method ensured reliable and consistent RNA yield across different cell 

types and experimental conditions. 

 

2.4.2 cDNA conversion  
 

 

For the conversion of RNA to cDNA, 0.5 µg of RNA was first suspended 

in RNAase-free treated H₂O to achieve a final reaction volume of 11.5 

µl. The SuperScript™ III First-Strand Synthesis System (Invitrogen) was 

employed for the reverse transcription process. Each reaction mix 

contained 1 µl of 10 mM dNTPs, 1 µl of random hexamers (50 ng/µl), 4 

µl of first-strand buffer, 1 µl of 0.1 M DTT, 1 µl of RnaseOUT (40 U/µl), 

and 0.5 µl of SuperScript III reverse transcriptase (200 U/µl). The mixture 

was incubated at 50°C for 50 minutes to allow for efficient cDNA 

synthesis, followed by an incubation at 85°C for 5 minutes to inactivate 

the enzyme. The synthesised cDNA was subsequently stored at -20°C 

until required for further use in downstream applications. This method 

ensured the reliable synthesis of high-quality cDNA, which was critical 

for the success of subsequent molecular assays. 
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2.4.3 Quantitative real time PCR   

 

The expression levels of various genes were quantified using SYBR 

Green-based quantitative real-time polymerase chain reaction (qRT-

PCR). This was carried out on the LightCycler® 96 Real-Time PCR 

System (Roche) using the QuantiNova SYBR Green PCR Kit (Qiagen). 

Each PCR reaction was prepared in a white LightCycler 480 multiwell 

96-well plate (Roche) using the reaction described in Table 2.7. For each 

experimental condition, three biological replicates were analysed, each 

measured in three technical replicates to ensure both reproducibility and 

statistical robustness. The qPCR settings used with the LightCycler® 96 

Real-Time PCR System (Roche) are displayed in Table 2.8. This setup 

allowed for precise quantification and reproducibility of gene expression 

levels across multiple conditions and samples. 

 

Table 2.7 SYBR Green RT-qPCR reaction mix. 

SYBR green 

Master mix Volume 

1x SYBR Green master mix 10μl 

Forward primer (1:10 dilution of 100pmol/ μl 
stock) 

1μl 

Reverse primer (1:10 dilution of 100pmol/ μl 
stock) 

 

RNAse-free water 3μl 

cDNA (1:100 dilution) 5μl 
Volumes are representative for a single well. 
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Table 2.8 RT-qPCR thermal cycling programme and melt-curve conditions. 

Step Temperature (0C) Time (s) Cycle 

Initial denature 95 300 1 

3-step 

amplification 

Denature 95 10 45 

Annealing 60 10 

Extension1 72 10 

Melting Denature 95 5 1 

Annealing 60 60 

Extension 97 1 

Cooling 4 Hold 1 

¹⁾Fluorescence data were acquired at the 72 °C extension step during each cycle. 

 

2.4.4 Normalisation of target gene expression   

 

18S rRNA was employed as the housekeeping gene, using universal 

primers (F) 5’ ACGGCTACCACATCCAAGGA 3’, (R) 5’ 

CCAATTACAGGGCCTCGAAA 3’, to normalise the expression levels of 

target genes. This gene was selected based on published evidence 

showing that 18S rRNA expression remains stable and unaffected 

during both RSV and Influenza A (H1N1 USSR strain) infections in 

respiratory epithelial cell models, including HEp-2 cells (Kuchipudi et al., 

2012; Bakre et al., 2017). The ΔΔCq method (Livak & Schmittgen, 2001) 

was applied for this purpose. In this approach, the Cq value of 18S rRNA 

was subtracted from the Cq value of the target gene within the same 

sample, generating the ΔCq value. Next, the ΔCq of the control sample 
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was subtracted from the ΔCq values of other samples, resulting in the 

ΔΔCq value (x). The relative expression level of the target gene was then 

calculated using the formula 2−(x), providing a quantifiable comparison of 

gene expression across different samples. 

 

2.4.5 Quantifying viral gene expression from supernatant   

 

The quantification of viral RNA from the supernatant was conducted via 

RT-PCR using the QIAmp Viral RNA Mini Kit (QIAGEN) in conjunction 

with Carrier RNA (QIAGEN). The procedure commenced with warming 

the Buffer AVL to the appropriate temperature. Three rows of collection 

tubes were prepared to streamline the processing of samples. To initiate 

the RNA extraction process, a mixture of 3.36 ml of Buffer AVL and 33.6 

μl of Carrier RNA was prepared to accommodate six samples. 

Subsequently, 560 μl of the Buffer AVL and Carrier RNA mix was added 

to each sample, which was then vortexed for 15 seconds to ensure 

thorough mixing. The samples were incubated at room temperature for 

10 minutes to allow proper binding of the viral RNA to the buffer. 

Following incubation, 560 μl of pure ethanol was added to each sample, 

followed by another 15-second vortex to mix the ethanol with the sample. 

The resulting mixture (630 μl) was then carefully transferred to a spin 

column for the purification of viral RNA. The columns were centrifuged 

for 30 seconds to ensure efficient binding of the RNA to the membrane 

within the column, after which the flow-through was discarded, and the 

bottom collection tube was replaced. Another 630 μl of the mixture was 
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transferred to the same spin column, followed by another 30-second 

centrifugation. Upon completion, the spin columns were transferred to 

new collection tubes. To wash the bound RNA, 500 μl of AW1 buffer was 

added to each spin column, and the columns were centrifuged again for 

30 seconds. The bottom tubes were replaced once more, and 500 μl of 

AW2 buffer was applied to the columns. The columns were centrifuged 

again for 30 seconds, followed by a final spin of 1 minute to dry the 

membrane. After this, the spin columns were transferred to Eppendorf 

tubes, and 60 μl of AVE buffer was added directly to the membrane. This 

buffer was allowed to soak into the membrane for 1 minute before the 

columns were centrifuged for 1 minute with the caps down. Finally, 18 μl 

of the eluted RNA was transferred to a fresh Eppendorf tube for 

subsequent PCR analysis. 

For the RT-PCR, the Quantifast SYBR green (QIAGEN) was taken out 

and allowed to equilibrate to room temperature, followed by a brief 

centrifugation. A Master Mix was prepared for five samples, consisting 

of 281.25 μl of Quantifast SYBR Green, 56.25 μl each of Primer A 

(forward) and Primer B (reverse), 5.625 μl of Quantifast RT Mix, and 

108.125 μl of RNAse-Free Water. A total of 94.5 μl of this Master Mix 

was added to each sample, and the samples were mixed by gentle 

pipetting. Subsequently, 24 µl of the prepared mixture was dispensed 

into each well of a 96-well PCR plate, with four technical replicates per 

sample included at this stage to ensure reaction consistency. 

While three technical replicates were used for final quantification, a 

fourth was included initially to allow for the potential exclusion of any 
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outliers or pipetting errors. The plate was sealed with an optically clear 

film and centrifuged at 1500 rpm for 2 minutes to ensure even distribution 

of the contents. Finally, the plate was loaded into the LightCycler® 96 

Real-Time PCR System for amplification and analysis using the thermal 

profile described in Table 2.8. 

 

2.4.6 Western blot   

 

Protein lysates were obtained using RIPA lysis buffer (Santa Cruz), 

supplemented with a protease inhibitor cocktail, and prepared according 

to the manufacturer’s guidelines. For each sample, which was derived 

from either one or two wells of a 12-well plate depending on cell density, 

112μl of RIPA buffer was added, and the plate was incubated at 2-5°C 

for 15 minutes. During incubation, the plate was gently tapped every 5 

minutes to redistribute the buffer evenly across the wells. Any remaining 

cells were scraped from the well using a cell scraper, and the lysate was 

transferred to an Eppendorf tube. The lysate was centrifuged at 12,000 

rpm for 15 minutes at 4°C. 

To quantify the protein concentration, a standard curve was generated 

using serial dilutions of BSA (Thermo Scientific) at concentrations of 50, 

25, 12.5, 6.25, and 3.125 ng/μl. The 2 mg/ml BSA stock was diluted in 

distilled water containing 1% RIPA buffer. A 5μl aliquot of the protein 

sample was diluted in 500μl of distilled water. Protein Assay Dye 

Reagent Concentrate (Bio-Rad) was diluted to one-quarter strength, and 

100μl of the reagent was added to each well of a 96-well plate. Equal 
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volumes of standards, samples, and blanks were added to the reagent 

and thoroughly mixed. Absorbance at 595 nm was measured using a 

plate reader, and protein concentrations were calculated relative to the 

standard curve. 

For Western blotting, either 5, 10, or 20μg of protein was loaded per well, 

depending on the abundance of the proteins of interest. The protein 

samples were diluted in 3.75μl of pre-warmed NuPAGE LDS sample 

buffer 4X (Invitrogen) and 1.5μl of NuPAGE reducing agent 10X 

(Invitrogen), and the final volume was adjusted to 15μl with distilled 

water. The samples were heated for 10 minutes at 70°C and briefly 

centrifuged. NuPAGE MOPS SDS Running Buffer 20X (Invitrogen) was 

diluted in distilled water at a ratio of 1:20 (40ml of buffer in 800ml water), 

and 500μl of NuPAGE antioxidant (Invitrogen) was added to 200ml of 

the prepared running buffer. The NuPAGE 4-12% Bis-Tris Protein Gel 

(Invitrogen) was prepared by washing the wells with 10ml of 1X running 

buffer, after which the gel was placed in the running tank. The inner 

chamber was filled with 200ml of the running buffer and antioxidant 

mixture, while the outer chamber was filled with the remaining 1X 

running buffer. Fifteen microliters of the prepared sample were loaded 

into each well of the gel, and 7μl of SeeBlue Pre-stained Protein 

Standard (Invitrogen) was run in one lane. The gels were run at 200V 

and 115mA for 50 minutes. 

The proteins were transferred to a PVDF membrane using the Trans-

Blot SD semi-dry transfer cell (Bio-Rad). Whatman 3MM Chr 

chromatography paper (GE Healthcare Whatman) was cut to the size of 
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the gel, and sheets were soaked in the appropriate buffers. One sheet 

was soaked in anode buffer I (0.3M Tris, 10% methanol, pH 10.4), two 

sheets were soaked in anode buffer II (25mM Tris, 10% methanol, pH 

10.4), and three sheets were soaked in cathode buffer I (25mM Tris, 

40mM glycine, 10% methanol, pH 9.4). The PVDF membrane (Thermo 

Scientific) was rehydrated in methanol for 15 seconds, rinsed in water 

for 5 minutes, and then immersed in anode buffer II. The protein gel was 

removed from its plastic frame and immersed in cathode buffer I for 5 

minutes. The Trans-Blot SD transfer cell was assembled by layering the 

soaked filter paper, starting with the sheet in anode buffer I, followed by 

the sheets in anode buffer II, and then the PVDF membrane. The gel 

was placed on top of the PVDF membrane, and the final three sheets of 

cathode buffer I-soaked paper were layered over the gel. Air bubbles 

were carefully removed, and the unit was assembled. Protein transfer 

was carried out at a constant voltage of 10 V for 1 hour, with an initial 

current of approximately 70 mA. 

Following transfer, the PVDF membrane was marked to indicate protein 

orientation. The membrane was washed twice in 1X TBST (0.5M Tris, 

1.5M NaCl, 1% Tween 20, pH 7.4) for 5 minutes and then blocked at 

room temperature for 1 hour using blocking buffer (5% Marvel milk 

powder in 1X TBST) on a bench-top rocker set to approximately 30 rpm. 

After a further 5-minute wash in 1X TBST, the membrane was incubated 

overnight at 4°C with the primary antibody, diluted in blocking buffer. The 

following day, the membrane was washed three times for 5 minutes in 

1X TBST and then incubated for 1 hour with the appropriate HRP-



 100 

conjugated secondary antibody. The membrane was washed again 

three times for 5 minutes in 1X TBST. Excess buffer was blotted off, and 

500μl of the Amersham ECL Prime kit (GE Healthcare) detection 

solution was mixed and applied to the membrane. After 2-3 minutes of 

incubation, the membrane was sealed in saran wrap. Protein bands were 

visualised using the ChemiDoc MP Imaging System (Bio-Rad), following 

the manufacturer’s instructions. Protein quantification was performed 

using ImageJ software, with β-actin serving as the housekeeping gene 

for normalisation. 

 

2.4.7 Cell transfection 

 

 

Cell transfection was carried out using Lipofectamine-based reagents 

(Invitrogen) according to a modified version of the manufacturer’s 

recommendations. In preparation, cells were seeded into multi-well 

plates so that they would reach approximately 60–80% confluence at the 

time of transfection. On the day of transfection, the culture medium was 

replaced with either fresh complete medium or a reduced-serum/serum-

free medium (following the specific guidelines provided by the reagent 

manufacturer). Plasmid DNA or siRNA was then diluted in Opti-MEM 

(Gibco) to the desired final concentration for the particular well format in 

use (e.g., 24-well plates). In parallel, Lipofectamine reagent (e.g., 

Lipofectamine 2000 or Lipofectamine RNAiMAX) was also diluted in 

Opti-MEM at volumes specified by the manufacturer, typically ranging 

from 1 to 3 µL per well for 24-well plates. After five to ten minutes of 
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separate incubation at room temperature, the diluted DNA or siRNA was 

gently combined with the diluted Lipofectamine, ensuring a 1:1 ratio 

(vol:vol). This mixture was then incubated at room temperature for a 

further five to ten minutes to allow formation of lipid–nucleic acid 

complexes. The complexes were added dropwise onto the cells, which 

were swirled gently to achieve a uniform distribution. Cells were then 

returned to the incubator (37 °C, 5% CO₂) for 18–48 hours, although in 

some cases medium changes were performed four to six hours post-

transfection to minimise cytotoxicity. Downstream assays, such as 

measurement of gene or protein expression, were typically carried out 

between 24 and 72 hours after transfection, depending on whether 

plasmid DNA or siRNA had been introduced. For siRNA-mediated 

knockdown experiments, verification of gene silencing (e.g., by 

quantitative PCR or immunoblotting) was performed two to three days 

later. For DNA transfection, expression of the transgene (often 

monitored by fluorescence microscopy or Western blot) was usually 

assessed 24–48 hours post-transfection. Negative controls, such as 

scrambled siRNA or empty plasmids, were employed in parallel to rule 

out non-specific effects, and in most cases, antibiotics were omitted from 

the transfection medium to reduce cell toxicity. All volumes and 

concentrations were optimised for the specific cell line and experimental 

requirements, with reference to the reagent manufacturer’s instructions 

for accurate DNA/siRNA-to-Lipofectamine ratios in each chosen well 

format. 

 



 102 

2.5 Statistical analysis 

 

Statistical analyses were conducted using GraphPad Prism (GraphPad 

Software). All experiments included a minimum of three replicates, with 

the standard deviation calculated and represented in the graphical data. 

Data distribution was assessed using the Shapiro-Wilk normality test, 

and the appropriate statistical tests were selected based on the 

distribution outcome. The specific statistical tests employed are detailed 

within the figure legends. 

For comparisons between a single treatment group and the control, an 

unpaired t-test was applied, which examines the likelihood that the 

groups originated from the same population based on their means. 

When comparing multiple treatments to a control group, a one-way 

ANOVA was utilised, followed by Dunnett’s multiple comparisons test as 

indicated. In cases where the effects of two independent variables were 

evaluated, a two-way ANOVA was employed, accompanied by Sidak’s 

multiple comparisons test. The control group is identified in each figure 

legend. 

A significance threshold of p<0.05 was used. Statistical significance was 

indicated by asterisks: * for p<0.05, ** for p<0.01, *** for p<0.001, and 

**** for p<0.0001. 
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3. Chapter 3: Thapsigargin is a non-toxic and 

effective antiviral against RSV, Influenza A, 

and their co-infections 
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Respiratory infections caused by Influenza A virus and RSV present 

significant public health challenges, with the risk further exacerbated by 

the possibility of co-infection, which may lead to the formation of hybrid 

viral particles. Current antiviral treatments often struggle to manage 

these infections effectively, and the emergence of drug resistance 

complicates treatment strategies. Moreover, should a new hybrid virus 

emerge, the likelihood of rapidly developing an effective antiviral or 

vaccine remains low. Thapsigargin, a plant-derived compound, has 

shown promise as a potent, non-toxic antiviral agent with broad-

spectrum efficacy. Here, results demonstrate thapsigargin’s 

effectiveness against both Influenza A and RSV infections, and more 

importantly, against their co-infection, highlighting its potential as a 

powerful therapeutic option to mitigate the impact of these respiratory 

viruses and their potential hybrid forms. 
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3.1 Introduction 

 

Influenza A virus (IAV) and respiratory syncytial virus RSV represent 

significant global health burdens, particularly given their overlapping 

seasonal patterns and their ability to cause severe respiratory illnesses 

across various age groups. RSV is recognised as a leading cause of 

acute lower respiratory infections (ALRIs), particularly bronchiolitis and 

pneumonia, in young children. These infections contribute to substantial 

morbidity and mortality, with an estimated 3.2 million hospitalisations 

and over 118,000 deaths in young children worldwide in 2015 alone 

(Chadha et al., 2020). In addition to children, RSV poses a significant 

threat to the elderly and those with underlying conditions such as heart 

and lung diseases, leading to annual outbreaks of respiratory illnesses 

across all age groups. Despite the severity of these illnesses, effective 

treatments for RSV remain limited, and efforts to develop vaccines have 

so far been unsuccessful. Similarly, IAV continues to cause millions of 

infections annually, leading to a significant healthcare burden, especially 

during the winter months when both viruses typically co-circulate. 

The overlapping seasonality of RSV and IAV further complicates the 

public health challenge they present. The World Health Organization’s 

Global Influenza Surveillance and Response System (GISRS) has been 

monitoring influenza viruses for over six decades, and recent efforts 

have been made to integrate RSV surveillance within this existing 

framework (Chadha et al., 2020). Data from fourteen countries 

participating in the WHO RSV pilot surveillance programme during 

2017–2019 demonstrated that while RSV activity often overlapped with 
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influenza seasons, distinct patterns of RSV seasonality were observed 

depending on geographical region and climate. For instance, in 

temperate countries like the UK, Canada, and Russia, RSV activity 

typically peaked during the colder months, similar to influenza. However, 

in subtropical and tropical regions, RSV activity was more closely 

associated with rainy seasons, and unlike influenza, RSV activity often 

continued throughout the year, albeit at lower levels (Chadha et al., 

2020). These seasonal overlaps and variations underscore the 

complexity of managing respiratory viral infections during peak 

transmission periods, especially in the context of co-infections. 

Co-infections with IAV and RSV present unique clinical challenges, as 

they can lead to more severe outcomes than infections with either virus 

alone. Recent research has shown that co-infection of human lung cells 

with IAV and RSV can result in the formation of hybrid viral particles 

(HVPs) that harbour components of both viruses (Haney et al., 2022). 

These findings were observed in vitro, and while the formation of HVPs 

is mechanistically intriguing, their clinical significance remains to be 

determined. These hybrid particles have been shown to evade 

neutralising antibodies directed against IAV, allowing the virus to infect 

cells that lack IAV receptors by using the RSV fusion glycoprotein for 

entry. This viral cooperation suggests that co-infections may expand the 

tropism of each virus and enable them to evade immune responses more 

effectively, potentially leading to more severe disease outcomes and 

complicating treatment efforts. The formation of these hybrid viral 

particles raises critical questions about the nature of viral pathogenesis 
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and how co-infections may alter the dynamics of viral transmission and 

immune evasion. 

Given the significant health burden posed by both IAV and RSV, there 

is an urgent need for effective antiviral strategies that can address not 

only single infections but also co-infections with these viruses. Current 

antiviral treatments for IAV, such as neuraminidase inhibitors, directly 

target viral proteins, making them vulnerable to the development of 

resistance through viral mutations. This has led to a growing interest in 

host-centric antiviral strategies that target host cellular pathways instead 

of the virus itself, thereby reducing the likelihood of resistance (Goulding 

et al., 2020). TG, a sesquiterpene lactone, has emerged as a promising 

host-centric antiviral agent. TG acts by inhibiting the 

sarcoplasmic/endoplasmic reticulum Ca²⁺ ATPase (SERCA) pump, 

leading to the depletion of calcium stores in the endoplasmic reticulum 

(ER) and triggering the unfolded protein response (UPR). This ER stress 

response appears to activate a spectrum of host antiviral defences, 

including the enhancement of type I/III interferon responses, which are 

critical for controlling viral infections (Goulding et al., 2020). In our 

previous work, we demonstrated that brief, non-cytotoxic priming with 

TG induces a sustained antiviral state that effectively blocks replication 

of multiple major respiratory viruses — including IAV, RSV, and SARS-

CoV-2 — in vitro, and confers protection against lethal IAV infection in 

vivo (Al-Beltagi et al., 2021). These findings highlight TG’s broad-

spectrum antiviral potential and its ability to interfere with viral replication 

at different stages of the viral life cycle. 
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Studies have demonstrated that brief exposure to non-toxic doses of TG 

can induce a prolonged antiviral state that dramatically reduces IAV 

replication. Importantly, oral administration of TG has been shown to 

protect mice against lethal IAV infection, reducing viral titres in the lungs 

and improving survival rates (Goulding et al., 2020). These findings 

suggest that TG could be a viable therapeutic option for IAV infections, 

offering the potential for a broad-spectrum antiviral effect without the risk 

of resistance associated with direct-acting antivirals. However, while TG 

has shown promise against IAV, its efficacy against RSV remains less 

well established. 

The manipulation of intracellular calcium levels has been shown to 

impact RSV replication. For example, studies by Cui et al. (2016) 

identified cyclopiazonic acid (CPA), an intracellular calcium ATPase 

inhibitor, as an effective inhibitor of RSV replication. CPA and other 

calcium-modulating agents, such as TG, were found to inhibit RSV 

replication by increasing intracellular calcium concentrations, which 

interfered with the virus’s ability to replicate its genome and transcribe 

viral RNA. These findings suggest that intracellular calcium plays a 

critical role in the RSV life cycle and that modulating calcium levels could 

be a viable strategy for inhibiting RSV replication. However, the 

relationship between calcium homeostasis and viral replication is 

complex, and the effects of calcium modulation can vary depending on 

the specific virus and the cellular context. 

For instance, while studies have shown that increased intracellular 

calcium can inhibit RSV replication, other research has raised concerns 
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about the potential cytotoxicity associated with prolonged calcium 

modulation. Prolonged exposure to TG has been shown to induce 

apoptosis in various cell types by depleting ER calcium stores and 

triggering the UPR, which can lead to cell death (Jakobsen et al., 2001; 

Sehgal et al., 2017). This cytotoxicity is particularly relevant when 

considering the use of TG as a therapeutic agent, as the balance 

between antiviral efficacy and host cell toxicity must be carefully 

managed. In the context of RSV, while in a previous publication TG has 

been shown to reduce viral replication (Jakobsen et al., 2001), prolonged 

TG exposure can also lead to a significant reduction in cell viability, 

highlighting the need for careful dosing and timing of treatment. 

Further complicating the potential use of TG against RSV is evidence 

suggesting that ER stress induced by TG may not be universally 

effective against respiratory viruses. For example, Schögler et al. (2019) 

found that pre-treatment of human bronchial epithelial cells with TG did 

not reduce RSV replication, although it effectively inhibited rhinovirus 

replication. This raises questions about the specific mechanisms by 

which TG exerts its antiviral effects and whether it can be reliably used 

against RSV in different cellular contexts. These conflicting findings 

highlight the need for further investigation into the efficacy of TG as an 

antiviral agent against RSV and other respiratory viruses. 

In addition to its potential use against single infections, TG’s 

effectiveness against co-infections of IAV and RSV, remains an open 

question. Haney et al. (2022) demonstrated that IAV and RSV co-

infections can produce hybrid particles that incorporate structural 
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components from both viruses, allowing them to evade immune 

responses and potentially spread more effectively within the host. These 

hybrid particles pose unique challenges for antiviral therapy, as they may 

require targeting of both viral components simultaneously. Given TG’s 

broad-spectrum antiviral effects, it is important to explore whether it can 

inhibit the replication of both IAV and RSV during co-infections and 

therefore prevent the formation of hybrid viral particles. 

Finally, the safety and efficacy of TG as a prophylactic or treatment 

antiviral must be rigorously evaluated, particularly in the context of co-

infections. While brief, low-dose exposures to TG have shown promise 

in reducing IAV replication without significant cytotoxicity (Goulding et 

al., 2020), the potential for toxicity remains a concern, especially with 

prolonged exposure. Sehgal et al. (2017) have highlighted the dual role 

of calcium as both a regulator of vital cellular functions and a potent 

inducer of cell death when dysregulated. TG’s ability to deplete ER 

calcium stores and trigger apoptosis underscores the need for a careful 

balance between therapeutic efficacy and safety. 

In conclusion, while TG represents a promising host-centric antiviral with 

broad-spectrum efficacy against IAV and potential effects against RSV, 

its use as a treatment for co-infections involving both viruses remains 

uncertain. This chapter aims to investigate the efficacy and safety of TG 

as both a prophylactic and therapeutic antiviral agent against RSV, IAV, 

and their co-infections. Specifically, we will explore whether TG can 

effectively inhibit the replication of both viruses and provide a non-toxic 
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antiviral strategy that can be safely deployed to reduce the significant 

health burden posed by these respiratory pathogens. 

 

 

3.2 Materials and Methods 

 

3.2.1 Viability assay 

 

HEp-2, Calu-3, A549, NPTr, and NHBE cells were cultured in 96-well 

plates until near confluence under the conditions detailed in Section 

2.2.1. Once the cells reached the appropriate confluence, the medium 

was replaced with DMEM-Glutamax (high glucose) for HEp-2, Calu-3, 

A549, and Vero cells, or specialised epithelial growth medium for NHBE 

cells, containing various concentrations of TG or DMSO (fixed 0.5 μM) 

as a control for 30 minutes. TG concentrations used for HEp-2, Calu-3, 

A549, and Vero cells were 0.1, 0.25, 0.5, and 1.0 μM, while for NHBE 

cells, lower concentrations of 0.001, 0.005, and 0.01 μM were employed 

due to their sensitivity to TG. NPTr cells were exposed to the same 

concentrations as HEp-2, Calu-3, and A549. After 30 minutes, the cells 

were rinsed three times with phosphate-buffered saline (PBS). The cells 

were then incubated in fresh medium for viability measurements at 

different time points. For HEp-2, Calu-3, and A549 cells, cell viability was 

assessed at 24-, 48-, and 72-hours post-exposure to TG or DMSO, while 

for Vero cells, viability was measured at 24 and 48 hours. NPTr and 

NHBE cells had viability measured only at 24 hours due to the 
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experimental design, which dictated shorter exposure times for these 

cell types to be representative of the experiments carried out in this 

thesis. All assays were conducted using the CellTiter-Glo® 2.0 Cell 

Viability Assay (Promega) according to the manufacturer’s instructions, 

as described in detail in Section 2.2.4. The assay plates were 

equilibrated to room temperature before the addition of the CellTiter-

Glo® 2.0 reagent. The CellTiter-Glo® 2.0 reagent was added in equal 

volume to the culture medium in each well (e.g., 100 µL reagent to 100 

µL medium in a 96-well plate), followed by gentle shaking for two minutes 

to induce cell lysis. After a 10-minute incubation period to stabilise the 

luminescent signal, readings were taken using the luminometer. The 

ATP levels were measured as an indicator of cell viability by detecting 

the luminescence produced during the reaction using the GloMax® 

Discover Microplate Reader (Promega). This method provided a direct 

and quantitative measure of ATP production, correlating with the number 

of viable cells in each well, enabling comparisons between TG-treated 

groups and the DMSO control. 

 
 

3.2.2 IAV infection  

 

3.2.2.1 IAV Infection of Immortalised Cells 

 

Immortalised cell lines were infected with IAV following the protocol 

described in Section 2.3.3. Briefly, the infection media (IM) comprised 

Opti-MEM I (Gibco) supplemented with 100 U/mL penicillin-streptomycin 

(P/S), 2 mM glutamine, and 200 ng/mL L-1-tosylamide-2-phenylethyl 
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chloromethyl ketone (TPCK) trypsin (Sigma-Aldrich). Cells were 

exposed to the virus at specified multiplicities of infection (MOI), 

determined by focus forming assay (FFA), and incubated in IM for 2–

3 hours at 37 °C with 5% CO₂. Following incubation, cells were washed 

three times with phosphate-buffered saline (PBS) and maintained in 

fresh IM for 24–72 hours, as dictated by the experimental design. 

 

3.2.2.2 Collection of IAV Spun Supernatant and Cell Lysates 

 

Post-infection, the IM was carefully removed and centrifuged at 

maximum speed for 2 minutes to obtain spun supernatant, as outlined in 

Section 2.3.4. The supernatant was collected and stored at –80 °C for 

subsequent analysis. Progeny virus quantification was performed using 

a 6-hour FFA or by determining viral copy number via RT-qPCR, 

following methods described in Sections 2.3.5 and 2.3.4, respectively. 

Remaining cells were treated with the appropriate lysis buffer for RNA 

extraction, and lysates were either processed immediately or stored at –

80 °C until required. 

 

3.2.2.3 Quantification and Immunostaining of IAV Virus 

 

The FFA was employed to quantify progeny virus through 

immunostaining techniques without necessitating cell lysis, as detailed 

in Section 2.3.5. Madin-Darby Canine Kidney (MDCK) cells were seeded 

into 96-well plates and cultured to 100% confluence. Confluent cells 



 114 

were exposed to varying volumes of infected supernatant for 2 hours at 

37 °C in a 5% CO₂ atmosphere. After incubation, cells were washed 

twice with PBS and incubated with 100 µL of IM for an additional 4 hours. 

Cells were then fixed and immunostained using the ImmPRESS HRP 

Anti-Mouse IgG (Peroxidase) Polymer Detection Kit (Vector 

Laboratories) and the Liquid DAB+ Substrate Chromogen System 

(Dako), following the procedure in Section 2.3.6. The primary antibody 

used was Anti-Influenza-A NP (Abcam, ab20343), diluted 1:8000 in 1× 

Tris-buffered saline (TBS). Stained cells were imaged under an inverted 

light microscope at 100× magnification. 

 

3.2.2.4 RT-qPCR for IAV and RSV-infected cells  

 

Total RNA was extracted from Influenza A- or RSV-infected cells, treated 

separately (i.e., not co-infected), according to the protocol described in 

Section 2.4.1. Complementary DNA (cDNA) was synthesised from 0.5 

µg of RNA following the procedure outlined in Section 2.4.2. Quantitative 

real-time PCR (qRT-PCR) was conducted using SYBR Green chemistry 

and the conditions specified in Section 2.4.3. Relative gene expression 

levels were determined using the ΔΔCq method (Section 2.4.4), with 18S 

rRNA as the normalisation control. The primer pairs utilised for each 

target gene are listed in Table 3.1. 
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Table 3.1 Viral primers used in RT-qPCR quantification. 

Gene Sense Primer (5’-3’) Antisense Primer (5’-3’) 

18S  ACGGCTACCACATCCAA

GGA 

CCAATTACAGGGCCTCG-

AAA 

F gene 

(RSV) 

CAAGAACTGACAGAGG

ATGGTACTG 

CATGTTTCAGCTTGTGG

GAAGA 

L gene 

(RSV) 

AACACTTATCCTTCTTT

GTTGGAACTTA 

GCAACCGAAACTCACGA

TAGAAA 

M gene 

(RSV) 

ACTCAAGAAGTGCAGT

GCTAGCA 

AAGGACACATTAGCGCA

TATGG 

M gene 

(USSR) 

AGATGAGCCTTCTAACC

GAGGTCG 

TGCAAAAACATCTTCAA-

GTCTCTG 

 

 

3.2.2.5 RSV infection of immortalised cells 

 

HEp-2, Calu-3, A549, and Vero E6 cells were cultured until reaching 70-

80% confluence. Growth medium was removed, and cells were washed 

three times with PBS. RSV (A2 strain) was diluted in serum-free DMEM 

to achieve the appropriate MOI (0.1 MOI for immortalised cells). The 

virus inoculum was added to cells and incubated for 2 hours at 37°C in 

5% CO₂, with gentle agitation every 15-30 minutes. After infection, the 

inoculum was removed, cells were washed once with PBS, and fresh 

DMEM supplemented with 2% FCS was added. Infected cells were 

incubated at 37°C in 5% CO₂ for 24-72 hours. For virus quantification, 
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supernatants were collected and centrifuged at maximum speed for 2 

minutes to remove cellular debris. The clarified supernatants were 

stored at -80°C until analysis by plaque assay or RT-qPCR. Cell 

monolayers were processed for RNA extraction as described in Section 

2.3.10. 

 

3.2.2.6 Preparation for RSV infection of human primary NHBE cells 

 

Primary normal human bronchial epithelial (NHBE) cells were infected 

with RSV following the standardised protocol outlined in Section 2.3.9. 

NHBE cells were cultured using specialised epithelial growth medium 

(Promocell) supplemented with 2% FCS as described in Section 2.2.1. 

Cells were maintained in 25 cm² or 75 cm² tissue culture flasks at 37°C 

in a humidified atmosphere with 5% CO₂ and monitored daily using an 

inverted light microscope to assess their condition. Cells were passaged 

via trypsinisation using the DetachKit (Promocell) according to the 

manufacturer’s instructions and seeded into tissue culture plates (12 or 

24 well) to achieve 70–80% confluence prior to infection. 

 

3.2.2.7 TG Priming and Infection of NHBE Cells with RSV 

 

 
TG was previously prepared as a stock solution in DMSO and diluted in 

PromoCell epithelial growth medium supplemented with 2% FCS to final 

concentrations of 0.05, 0.025, and 0.1 μM for plates designated for direct 

immunostaining and protein quantification. For RT-qPCR plates, TG was 
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used at final concentrations of 0.01 and 0.025 μM, as lower doses were 

sufficient to elicit measurable transcriptional changes while minimising 

potential cytotoxic effects during prolonged incubation. Following 

priming with TG for 30 minutes at 37°C in a 5% CO₂ environment, the 

medium was removed, and cells were washed thrice with sterile PBS. 

Fresh medium (Promocell) containing RSV inoculum was added to the 

plates. For immunostaining and protein quantification, an MOI of 0.01 

was used, while for RT-qPCR experiments, an MOI of 0.1 was utilised. 

Plates were gently rocked to ensure even distribution of the virus and 

incubated at 37°C for 2 hours to facilitate viral attachment. 

After the attachment period, the virus-containing medium was removed, 

and cells were washed with PBS to remove unbound virus. Fresh 

PromoCell epithelial growth medium supplemented with 2% FCS was 

added, and the plates were incubated for 24–72 hours under standard 

culture conditions, depending on the experimental endpoint. 

 

3.2.2.8 Collection and processing of RSV-infected samples 

 

Samples from both immortalised cells and human primary cells infected 

with RSV were collected following the protocols outlined in Section 2.3.9 

and adapted for downstream immunostaining, RT-PCR, and western 

blot analysis. For immortalised cells, including HEp-2, Calu-3 and A549, 

culture and infection were performed as described in Section 2.3.9. At 

designated time points post-infection, supernatants were carefully 

aspirated and centrifuged at 10,000 × g for 2 minutes to remove cell 
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debris. The clarified supernatants were aliquoted and stored at –80 °C 

for viral quantification via plaque assays or RT-PCR, as detailed in 

Sections 2.3.10 and 2.3.11. Following supernatant collection, cells were 

washed three times with cold phosphate-buffered saline (PBS) to 

remove residual media. For RNA extraction, cells were lysed using RLT 

buffer supplemented with β-mercaptoethanol, as specified in Section 

2.4.1, and stored at –80 °C until further processing. For protein 

extraction, cells were lysed in RIPA buffer containing protease and 

phosphatase inhibitors, following the protocol described in Section 2.4.6. 

Lysates were immediately processed for western blot analysis or stored 

at –80 °C. For human primary cells, such as normal human bronchial 

epithelial (NHBE) cells, culture was maintained in specialised epithelial 

growth media (PromoCell), and infection was carried out as described in 

Section 2.3.9. At the conclusion of the infection period, supernatants 

were collected and processed similarly to those from immortalised cells, 

with clarified aliquots stored at –80 °C. NHBE cells were washed with 

PBS and detached using the DetachKit (PromoCell). Cell pellets 

intended for RNA extraction were lysed in RLT buffer and stored at –

80 °C, while those intended for protein analysis were lysed in RIPA buffer 

and prepared for SDS-PAGE and western blotting, as detailed in Section 

2.4.6. For immunostaining, NHBE cells were fixed in a 1:1 acetone-

methanol mixture at room temperature for 5 minutes, washed with PBS, 

and stored at 4 °C in PBS. To ensure consistency and quality, all lysates 

and supernatants were aliquoted into pre-cooled tubes and snap-frozen 

in liquid nitrogen prior to storage at –80 °C. RNA quality and 
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concentration were assessed using a NanoDrop spectrophotometer as 

described in Section 2.4.1, while protein concentrations were measured 

using the Bradford assay, following Section 2.4.6. 

 

3.2.2.9 Selectivity Index 

 

The selectivity index (SI) of TG was calculated as the ratio of the CC50 

over the EC50 (SI = CC50/EC50), representing the therapeutic window 

of TG in RSV-infected HEp-2 cells. HEp-2 cells were seeded in 96-well 

plates at a density of ~10,000 cells per well and allowed to adhere 

overnight. Cells were primed with TG at concentrations ranging from 

0.001 μM to 100 μM for 30 minutes, washed with PBS, and infected with 

RSV (A2 strain, MOI 0.1). Following a 48-hour infection period, viral titres 

were quantified as plaque-forming units per millilitre (pfu/mL) using 

immuno-detection with a monoclonal anti-RSV antibody (2F7, Abcam) 

according to Section 2.3.11. Viral titre data were used to determine the 

EC50 and EC90 values via non-linear regression analysis. Cytotoxicity 

(CC50) was determined using the CellTiter-Glo 2.0 Luminescent Cell 

Viability Assay (Promega). HEp-2 cells were incubated with the same 

TG concentration range (0.001 μM to 100 μM) for 48 hours, and cell 

viability was assessed as a percentage of DMSO control. Luminescence 

data were used to generate dose-response curves and calculate the 

CC50 value. All experiments were performed in triplicate, and statistical 

significance was determined using one-way ANOVA with Tukey’s 

multiple comparisons. 
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3.3 Results 

 

3.3.1 TG demonstrates potent antiviral activity against IAV virus 

without compromising cell viability 

 

To investigate the influence of TG priming duration and concentration on 

progeny virus output and cell viability, a stepwise experimental approach 

was undertaken using NPTr cells. Initially, the effect of TG priming for 

varying durations (15 or 30 minutes) on progeny virus production was 

evaluated. NPTr cells were treated with TG at concentrations of 0.5 μM 

and 1.0 μM, followed by a washing step with PBS three times and 

subsequent infection with USSR H1N1 virus at 0.5 MOI for 24 hours. 

Supernatants collected from infected cells were clarified via 

centrifugation and subsequently used to infect MDCK cells in focus 

forming assays (FFAs) to quantify progeny virus titres in ffu/μL. The 

results, presented in Figures 3.1A and 3.1B, demonstrated that TG 

treatment for both 15 and 30 minutes significantly reduced progeny virus 

output compared to the DMSO control, indicating a strong antiviral effect. 

Specifically, at 1.0 μM TG (Figure 3.1A), priming for 30 minutes led to a 

slightly greater reduction in viral titres compared to the 15-minute priming 

period. Similarly, at 0.5 μM TG (Figure 3.1B), the 30-minute priming 

duration yielded more pronounced antiviral activity than the shorter 15-

minute exposure. These observations suggested that 30 minutes of TG 

priming is the optimal duration for suppressing progeny virus production. 

To ensure that TG treatment did not compromise NPTr cell viability, a 
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subsequent experiment was conducted to assess cell viability under a 

range of TG concentrations (0.1, 0.25, 0.5, and 1.0 μM) following 30 

minutes of priming. Cell viability was determined via luminescence-

based assays, providing a sensitive measure of cellular metabolic 

activity. The results, presented in Figure 3.1C, revealed that TG at 0.1 

μM slightly increased cell viability compared to the untreated control, 

while higher concentrations (0.25, 0.5, and 1.0 μM) maintained cell 

viability without any significant cytotoxic effects. These findings confirm 

that TG treatment, particularly at the 30-minute priming duration, is non-

toxic to NPTr cells within the tested concentration range. Together, these 

experiments demonstrate that TG priming for 30 minutes not only 

optimally suppresses progeny IAV output but also maintains cellular 

viability, highlighting its potential utility in antiviral interventions. The 

luminescence-based viability assay provided further validation that TG 

concentrations up to 1.0 μM are well tolerated by NPTr cells, ensuring 

the observed antiviral effects are not confounded by cytotoxicity. 
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Figure 3.1 TG priming reduces progeny virus output and maintains NPTr cell viability. 

NPTr cells were treated with TG at varying concentrations and priming durations to determine its 

antiviral efficacy and impact on cell viability. (A) Progeny virus output was quantified following 30 

or 15 minutes of priming with 1.0 μM TG. NPTr cells were infected with USSR H1N1 at 0.5 MOI 

for 24 h, and supernatants were subsequently used to infect MDCK cells for 6 h in focus forming 

assays (FFAs). (B) Progeny virus output following 30 or 15 minutes of priming with 0.5 μM TG. 

Viral titres were similarly quantified via FFAs. (C) NPTr cell viability was assessed via the 

CellTiter-Glo® 2.0 Luminescent Cell Viability Assay after 30 minutes of TG treatment at 

concentrations ranging from 0.1 to 1.0 μM. Relative cell viability is representative for 

luminescence levels. Significance was determined by one-way ANOVA (Dunnett's multiple 

comparisons) relative to the DMSO control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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3.3.2 TG priming inhibits RSV replication in HEp-2 cells 

 

In this study, HEp-2 cells were chosen as a model to evaluate TG's 

efficacy against RSV (A2 strain). Cells were primed with TG at 

concentrations ranging from 0.001 μM to 0.5 μM for 30 minutes, 

immediately followed by infection with RSV at a multiplicity of infection 

(MOI) of 0.1. After 48 hours of infection (48 hpi), RSV replication was 

assessed by quantifying viral output in pfu/mL using immuno-detection 

methods. Cytotoxicity was evaluated using the CellTiter-Glo® 2.0 

Luminescent Cell Viability Assay to ensure that observed antiviral effects 

were not attributable to cellular toxicity. 

Results revealed that TG priming significantly reduced RSV replication 

in a concentration-dependent manner, with the greatest reductions 

observed at TG concentrations of 0.1 μM and 0.5 μM (Figure 3.2A). At 

these concentrations, viral titres were reduced to levels near the limit of 

detection, demonstrating TG's robust antiviral activity in this 

experimental model.  

Importantly, cytotoxicity assays confirmed that TG exhibited no toxic 

effects at any of the tested concentrations, as shown in Figure 3.2C. The 

absence of cytotoxicity ensures that the observed antiviral effects are 

attributable to TG's direct interference with RSV replication rather than 

off-target effects such as cell death or metabolic disruption.  
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Figure 3.2 TG priming immediately after treatment inhibits RSV replication in HEp-2 cells 
without cytotoxicity. 

HEp-2 cells were primed with TG at concentrations ranging from 0.001 μM to 0.5 μM for 30 

minutes, washing with PBS, followed immediately by infection with RSV (A2 strain, MOI 0.1). (A) 

RSV replication, expressed as pfu/mL, was quantified after 48 hours of infection from spun 

supernatant. (B) Immunostaining was performed using HEp-2 cells and anti-RSV antibody (2F7, 

Abcam) (dilution 1:125). (C) Cytotoxicity of TG in HEp-2 cells was assessed 48 hours post-

priming using the CellTiter-Glo® 2.0 Luminescent Cell Viability Assay. Relative cell viability is 

representative of luminescence levels. Statistical significance in all panels was determined by 

one-way ANOVA relative to the DMSO control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001). 
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3.3.3 TG exhibits a high selectivity index in HEp-2 cells against RSV 

infection 

 

The selectivity index (SI) is a critical parameter for evaluating the 

therapeutic potential of antiviral compounds, as it provides a measure of 

the compound’s efficacy relative to its cytotoxicity. A high SI indicates 

that a compound is highly effective at inhibiting viral replication while 

having minimal adverse effects on host cells. In this study, TG’s SI was 

determined in RSV-infected HEp-2 cells, a widely used model system 

for RSV research due to their permissiveness to RSV infection and 

reproducibility in antiviral assays. 

The effective concentration (EC50 and EC90) and the cytotoxic 

concentration (CC50) of TG were calculated from dose-response 

curves. Viral titres were measured as pfu/mL according to section 2.3.11, 

while cell viability was assessed using a luminescence-based viability 

assay. TG demonstrated an EC50 of 0.06447 μM and a CC50 of 63.43 

μM, resulting in an SI of 984 (SI = CC50/EC50). Compounds with SI 

values ≥10 are generally considered to have significant antiviral activity 

in vitro. Additionally, the EC90, representing the concentration required 

to achieve 90% antiviral efficacy, was determined to be 84.55 nM 

(0.08455 μM). These results highlight TG’s exceptional selectivity as an 

antiviral agent in HEp-2 cells, effectively inhibiting RSV replication at low 

concentrations while maintaining high cellular viability. The high SI value 

underscores TG’s potential as a therapeutic candidate for RSV 
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treatment, particularly in the context of HEp-2 cells, which are widely 

used for preclinical evaluation of RSV antivirals. 

 

 

Figure 3.3 TG displays a high selectivity index in HEp-2 cells against RSV infection. 

HEp-2 cells were primed with TG at a range of concentrations for 30 minutes, washed with PBS, 

and infected with RSV (A2 strain, MOI 0.1) for 48 hours. Viral titres were quantified as pfu/mL 

using immuno-detection with a monoclonal anti-RSV antibody (2F7, Abcam) and cell viability 

was measured using the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (Promega). Dose-

response curves for and antiviral efficacy (EC50) and TG cytotoxicity (CC50) were generated, 

with EC50 as 0.06447 μM (A) and CC50 calculated as 63.43 μM (B).  

 

3.3.4 TG establishes a long-lasting antiviral state in HEp-2 and A549 

cells 

 

Having demonstrated that TG can inhibit RSV replication immediately 

post-treatment, the next approach was to determine if TG could establish 

a durable antiviral state when administered prophylactically. To this end, 

HEp-2 and A549 cells were primed with TG at concentrations of 0.1 μM 

or 0.5 μM for 30 minutes, followed by washing with PBS to remove 

residual TG. After priming, cells were returned to normal culture 
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conditions for either 24 or 48 hours. Subsequently, cells were infected 

with RSV (A2 strain, MOI 0.1) for 2 hours, after which the infection 

medium was replaced with fresh DMEM containing 2% FCS. The 

infection was allowed to proceed for 72 hours, and spun supernatants 

were collected for viral quantification. 

Progeny virus titres were measured as pfu/mL on HEp-2 cells using 

immuno-detection with a mouse monoclonal anti-RSV antibody (F27, 

Abcam). The results, presented in Figures 3.4A and 3.4B, revealed that 

TG priming strongly inhibited RSV replication in both HEp-2 and A549 

cells, with significant reductions in viral titres compared to DMSO 

controls. TG concentrations of 0.1 μM and 0.5 μM were effective in 

reducing viral output, and the antiviral effect persisted regardless of 

whether RSV infection occurred 24- or 48-hours post-priming. Notably, 

HEp-2 cells were more permissive to RSV replication than A549 cells, 

resulting in higher viral titres in DMSO-treated controls for HEp-2 cells. 

To ensure that the observed antiviral effects were not due to cytotoxicity, 

cytotoxicity assays were performed on HEp-2 and A549 cells at 24-, 48- 

and 72-hours post-priming using the CellTiter-Glo® 2.0 Luminescent 

Cell Viability Assay. As shown in Figures 3.4C–F, TG treatment did not 

significantly impact cell viability at either concentration or time point, 

confirming that TG’s antiviral effects were independent of cellular 

toxicity. These findings demonstrate that TG induces a robust and 

durable antiviral state that effectively suppresses RSV replication up to 

48 hours post-priming. The ability of TG to maintain antiviral efficacy over 
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extended periods further highlights its potential as a prophylactic antiviral 

agent, particularly in settings where viral exposure may be anticipated. 

 

Figure 3.4 TG establishes a durable antiviral state in HEp-2 and A549 cells without 
cytotoxicity. 

HEp-2 and A549 cells were primed with TG at concentrations of 0.1 μM and 0.5 μM for 30 

minutes, washed with PBS, and cultured under normal conditions for 24 or 48 hours before 
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infection with RSV (A2 strain, MOI 0.1). Cells were infected for 2 hours, after which infection 

media were replaced with fresh DMEM containing 2% FCS for a total infection duration of 72 

hours. (A) RSV replication in HEp-2 cells was quantified from spun supernatants, expressed as 

log10 plaque-forming units per millilitre (log10 pfu/mL). Quantification was performed using 

immuno-detection with a mouse monoclonal anti-RSV antibody (F27, Abcam). (B) RSV 

replication in A549 cells was quantified similarly, using immuno-detection and expressed as 

log10 pfu/mL. Cytotoxicity of TG in HEp-2 cells was assessed at 24 (C), 48 (D), and 72 (E) hours 

post-priming using the CellTiter-Glo® Luminescent Cell Viability Assay. In a similar manner, 

cytotoxicity of TG in A549 cells was assessed at 24 (F), 48 (G), and 72 (H) hours post-priming. 

Relative cell viability in all cytotoxicity assays was determined by luminescence levels. Statistical 

significance in all panels was determined by one-way ANOVA relative to the DMSO control (*p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

3.3.5 TG demonstrates antiviral activity as a post-infection 

treatment in HEp-2 cells 

 

Having established TG’s efficacy as a prophylactic antiviral agent, this 

experiment aimed to investigate its potential as a post-infection 

treatment for RSV. HEp-2 cells were infected with RSV (A2 strain) at an 

MOI of 0.1. The infection was allowed to proceed for 2 hours under 

standard culture conditions, with gentle rotation every 15–30 minutes to 

ensure even viral exposure. After the 2-hour incubation period, the virus-

containing medium was carefully removed, and fresh DMEM 

supplemented with 2% FCS was added to the cells. Infection was then 

continued for a total of 24 hours to establish viral replication. 

After 24 hours of infection, the medium was removed and transferred to 

a separate plate, and TG was applied to the infected cells at 

concentrations of 0.1 μM and 0.5 μM for 30 minutes. Following TG 
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treatment, the compound was removed, cells were gently washed three 

times with PBS to eliminate residual TG, and the original infection 

medium was returned to the cells. The infection was allowed to continue 

for a further 48 hours, resulting in a total infection duration of 72 hours. 

Quantification of viral replication was performed by collecting spun 

supernatants and determining progeny virus titres using immuno-

detection with a monoclonal anti-RSV antibody (F27, Abcam). Viral titres 

were expressed as log10 plaque-forming units per millilitre (log10 

pfu/mL). The results, presented in Figure 3.5A, showed that both 

concentrations of TG (0.1 μM and 0.5 μM) effectively inhibited RSV 

replication compared to DMSO controls, with the highest inhibition 

observed at 0.5 μM TG. These findings confirm TG’s potent antiviral 

effects even when administered post-infection, highlighting its 

therapeutic potential for managing established RSV infections. 
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Figure 3.5 TG demonstrates antiviral activity post-infection in HEp-2 cells. 

HEp-2 cells were infected with RSV (A2 strain, MOI 0.1) for 2 hours, with gentle rotation every 

15–30 minutes to ensure even viral exposure. After 2 hours, the virus-containing medium was 

removed and replaced with fresh DMEM containing 2% FCS, and the infection was allowed to 

continue for 24 hours. Following the 24-hour infection period, the medium was removed and 

transferred to a separate plate, and TG was applied to the infected cells at concentrations of 0.1 

μM and 0.5 μM for 30 minutes. After TG treatment, cells were washed gently with PBS three 

times to remove residual TG, and the original infection medium was returned to the cells. 

Infection was then continued for an additional 48 hours, resulting in a total infection duration of 

72 hours. (A) RSV replication was quantified from spun supernatants using immuno-detection 

with a monoclonal anti-RSV antibody (F27, Abcam). Results are expressed as log10 plaque-

forming units per millilitre (log10 pfu/mL). Statistical significance was determined by one-way 

ANOVA relative to the DMSO control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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3.3.6 TG demonstrates superior efficacy compared to ribavirin, a 

standard RSV treatment 

 

Ribavirin remains the most widely used antiviral treatment for RSV in 

clinical settings due to its ability to inhibit viral replication, with activity 

against the viral RNA-dependent RNA polymerase. However, ribavirin's 

modest efficacy, cytotoxic effects, and requirement for continuous 

presence during infection pose challenges for its clinical application. This 

experiment aimed to compare ribavirin’s efficacy with TG.  By comparing 

these antivirals under similar experimental conditions, the goal was to 

evaluate TG’s potential as a safer and more potent alternative. For this 

comparison, HEp-2 cells were primed with TG as described above or 

treated with ribavirin at final concentrations of 15 µM and 30 µM, with 

DMSO alone as a control. The ribavirin doses were selected to be 

approximately 1.5× and 3× the EC₅₀ of ribavirin against RSV in HEp-2 

cells (EC₅₀ ≃ 11 µM), as determined by Mirabelli et al. (2018) in plaque-

reduction assays. Following the 30-minute priming, TG-treated cells 

were washed three times with phosphate-buffered saline (PBS) and 

overlaid with infection medium containing RSV (A2 strain) at a multiplicity 

of infection (MOI) of 0.1. Ribavirin-treated cells received infection 

medium supplemented with ribavirin at 15 µM or 30 µM throughout the 

assay. After 2 hours, all media were removed: TG-primed cells were 

given fresh infection medium without TG, while ribavirin-treated cells 

were given fresh medium containing ribavirin at the original 

concentrations. Infection was then allowed to proceed for a total of 96 
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hours. At 96 hours post-infection (hpi), media and cell lysates were 

collected. Progeny virus titres were determined using pfu/mL via 

immuno-detection with a monoclonal anti-RSV antibody (F27, Abcam). 

Viral transcription was assessed by detecting L-gene RNA using one-

step reverse transcription-qPCR. Immunostaining was performed to 

visualise the extent of RSV replication across treatments, enabling a 

qualitative comparison of viral inhibition. Progeny virus titres (Figure 

3.6A) showed that TG significantly reduced RSV replication compared 

to ribavirin, even at lower concentrations. At 0.1 μM, TG achieved 

greater viral suppression than ribavirin at 30 μM. Viral transcription, 

assessed by L-gene RNA levels (Figure 3.6B), showed a similar trend, 

with TG exhibiting superior inhibition of viral RNA synthesis. 

Immunostaining images (Figure 3.6C) visually confirmed these findings, 

revealing near-complete suppression of RSV-positive cells in samples 

treated with TG at 0.5 μM. These results further demonstrate TG’s 

antiviral potency and highlight its potential as an alternative to ribavirin 

for RSV treatment. 
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Figure 3.6 TG demonstrates superior antiviral efficacy compared to ribavirin. 

HEp-2 cells were primed with TG (0.1 μM and 0.5 μM), ribavirin (15 μM and 30 μM), or DMSO 

control for 30 minutes. Following TG priming, cells were washed three times with PBS, and fresh 

infection medium containing RSV (A2 strain, MOI 0.1) was added. For ribavirin-treated cells, 

ribavirin was added simultaneously with RSV at concentrations of 15 μM or 30 μM. After 2 hours 

of infection, the media were removed. TG-treated cells received fresh infection medium without 

TG, while ribavirin-treated cells received fresh medium containing ribavirin at the same 

concentrations. Infection was allowed to proceed for a total of 96 hours. (A) Progeny virus titres 

were quantified from spun supernatants at 96 hpi using immuno-detection with a monoclonal 

anti-RSV antibody (F27, Abcam), expressed as log10 plaque-forming units per millilitre (log10 

pfu/mL). (B) Viral transcription was assessed by quantifying RSV L-gene RNA using one-step 

reverse transcription-qPCR. (C) Representative immunostaining images of RSV-infected HEp-2 
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cells, captured at 100× magnification, demonstrate the effects of TG and ribavirin treatments on 

RSV-positive cells. Statistical significance was determined by one-way ANOVA with Tukey’s 

multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

3.3.7 TG inhibits RSV replication in human primary bronchial 

epithelial (NHBE) cells 

 

NHBE cells provide a physiologically relevant model for studying RSV 

infections in the human airway. However, due to their fragility and the 

virus's preference for replicating in the basal cell layer (Persson et al., 

2014), conventional quantification of RSV progeny in supernatants 

proved inadequate. Initial efforts failed to detect infectious RSV in the 

supernatant, despite clear syncytial cytopathic effects in the monolayer, 

in line with previously reported basal replication tropism. To overcome 

this limitation, experiments were performed using 12-well plates seeded 

with NHBE cells at ~80–90% confluence, typically between passages 3–

5. For each experimental condition, three 12-well plates were used in 

duplicate (i.e., two wells per condition per plate): one for direct 

immunostaining of RSV plaques, one for total protein extraction and 

immunoblotting, and one for RNA extraction to assess viral transcription. 

This approach allowed parallel quantification of viral replication across 

multiple biological levels despite the limitations in supernatant-based 

viral recovery. 
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3.3.7.1 TG reduces RSV plaque formation in NHBE cells 

 

The first 12-well plate was used to visualise RSV replication through 

plaque formation. NHBE cells were primed with TG at concentrations of 

0.025 μM, 0.05 μM, or 0.1 μM, or treated with DMSO as a control, for 30 

minutes. Following priming, cells were washed three times with PBS and 

infected with RSV (A2 strain, MOI 0.01) in infection medium consisting 

of airway epithelial cell media supplemented with TPCK-trypsin. The low 

MOI was selected to facilitate reliable plaque counting in this delicate 

primary cell model, particularly as the assay involved direct fixation with 

acetone-methanol. After 2 hours of infection, cells were washed twice 

with PBS and incubated in fresh PromoCell medium containing 2% FCS 

for 48 hours. 

Cells were then fixed using an acetone:methanol mixture (1:1) and 

immunostained with a monoclonal anti-RSV antibody (2F7, Abcam). 

Viral foci were visualised and quantified as plaque-forming units per mL 

(pfu/mL) (Figure 3.7A), with images captured at 10× magnification 

(Figure 3.7B). Although a focus forming immunodetection method was 

used, plaques were readily countable and expressed as pfu/mL to 

remain consistent with standard virological reporting. 

The assay demonstrated a clear, dose-dependent reduction in RSV 

replication in NHBE cells following TG treatment. At the highest 

concentration of 0.1 μM, TG treatment nearly abolished plaque 

formation, with only a few residual plaques detectable compared to the 

DMSO control. 



 137 

Importantly, TG was well tolerated by NHBE cells at all concentrations 

tested. Cell viability assays published by Goulding et al. (2020) 

demonstrated that short exposures to TG at nanomolar levels had no 

measurable cytotoxicity in NHBE cells, confirming the suitability of these 

conditions for antiviral testing in primary airway epithelium. 

Even at lower concentrations (0.025 μM and 0.05 μM), TG treatment 

significantly reduced plaque numbers, indicating strong antiviral activity. 

These findings highlight TG's potent ability to inhibit RSV replication at 

the level of infectious virus production, consistent with its mechanism of 

disrupting cellular processes necessary for viral replication. Importantly, 

the dose-dependence suggests that TG's efficacy is tightly linked to its 

concentration, with higher doses leading to greater suppression of viral 

replication. This reduction in plaque formation aligns with previous 

observations of TG’s antiviral effects in other cell types, supporting its 

broad-spectrum potential. The success of this approach also 

underscores the necessity of direct immunostaining for accurate 

quantification of RSV replication in NHBE cells, given the virus's basal 

cell tropism. 
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Figure 3.7 TG reduces RSV formation in NHBE cells. 

NHBE cells were primed with TG at concentrations of 0.025 μM, 0.05 μM, and 0.1 μM, or treated 

with DMSO as a control, for 30 minutes. Cells were washed three times with PBS, infected with 

RSV (A2 strain, MOI 0.1), and incubated for 2 hours with gentle rotation every 15 minutes. 

Following infection, cells were washed twice with PBS, and fresh PromoCell epithelial growth 

medium containing 2% FCS was added. After 48 hours of infection, cells were fixed with an 

acetone-methanol mixture (1:1 ratio) and immunostained with anti-RSV antibody (2F7, Abcam) 

diluted 1:1000 in TBS. Plaques were visualised under a light microscope and quantified as 
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pfu/mL. Statistical analysis was conducted using one-way ANOVA with Dunnett’s multiple 

comparisons relative to the DMSO control (***p < 0.001, ****p < 0.0001). Representative images 

of RSV plaques in NHBE cells were taken at 10x magnification using an inverted light microscope 

(Leica). 

 

3.3.7.2 TG reduces RSV F protein formation in NHBE cells 

 

The second plate was dedicated to protein extraction. NHBE cells were 

primed with TG at 0.025 μM, 0.05 μM, and 0.1 μM, or treated with DMSO 

as a control, for 30 minutes. Following infection and incubation as 

described for the first plate, cells were lysed using RIPA buffer 

supplemented with protease inhibitors. Proteins were separated via 

SDS-PAGE, transferred to PVDF membranes, and probed with anti-RSV 

F protein and β-actin antibodies. The chemiluminescent signals were 

quantified, and RSV F protein levels were normalised to β-actin. 

Densitometric analysis of Western blot results confirmed a dose-

dependent reduction in F protein levels, with the greatest suppression 

observed at 0.1 μM TG (Figure 3.8). This reduction suggests that TG 

inhibits RSV replication at the protein synthesis level, contributing to its 

antiviral efficacy. 
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Figure 3.8 TG reduces RSV F protein expression in NHBE cells. 

NHBE cells were primed with TG at concentrations of 0.025 μM, 0.05 μM, and 0.1 μM, or treated 

with DMSO as a control, for 30 minutes. Cells were washed three times with PBS, infected with 

RSV (A2 strain, MOI 0.01), and incubated in PromoCell epithelial growth medium supplemented 

with 2% FCS for 48 hours. At 48 hpi, cells were lysed using RIPA buffer, as described in Section 

2.4.6. Protein concentration was determined using the Bradford assay, and samples were 

prepared with NuPAGE LDS sample buffer and reducing agent, heated at 70°C for 10 minutes, 

and separated by SDS-PAGE using 4–12% Bis-Tris Protein Gels. Proteins were transferred to 

PVDF membranes and blocked in 5% milk in TBS-T. Membranes were probed with anti-RSV F 

protein (1:2000 dilution) and anti-β-actin (1:5000 dilution) primary antibodies overnight at 4°C. 

Blots were washed with TBS-T and incubated with HRP-conjugated secondary antibodies for 1 

hour. Enhanced chemiluminescence (ECL) was used for detection, and bands were visualised 

using a ChemiDoc MP Imaging System. F protein levels were normalised to β-actin using 

densitometric analysis. Statistical significance was determined using one-way ANOVA with 

Dunnett’s multiple comparisons relative to the DMSO control (***p < 0.001, ****p < 0.0001). 
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3.3.7.3 TG reduces RSV genes transcription in host cells 

 

The last plate was used to determine the transcription levels of three 

RSV genes—L-gene (viral polymerase), F-gene (attachment protein), 

and M-gene (matrix protein)—which were analysed to evaluate TG’s 

inhibitory effect on viral RNA synthesis in NHBE cells. Cells were primed 

for 30 minutes with TG at 0.01 μM and 0.025 μM or treated with DMSO 

as a control, washed, followed by RSV infection (0.1 MOI) and incubation 

for 48 hours. Reverse transcription-qPCR revealed significant reductions 

in L-gene and F-gene expression at both TG concentrations compared 

to the DMSO control. These reductions highlight TG’s ability to target 

critical components of RSV’s lifecycle, with the L-gene essential for RNA 

synthesis and the F-gene crucial for viral entry and attachment. The M-

gene, which exhibited the highest basal expression levels among the 

three genes, showed a significant reduction only at the higher TG 

concentration (0.025 μM). This result suggests that TG’s effects may 

vary depending on the transcriptional hierarchy or functional relevance 

of the viral genes. Overall, the robust inhibition of the L-gene and F-gene 

underscores TG’s ability to block the transcription of multiple viral genes, 

highlighting its multifaceted antiviral properties. 
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Figure 3.9 TG reduces RSV gene transcription in NHBE cells. 

NHBE cells were primed with TG at concentrations of 0.01 μM and 0.025 μM or treated with 

DMSO as a control, for 30 minutes. Cells were washed three times with PBS and infected with 

RSV (A2 strain, MOI 0.1) in serum-free medium. After 2 hours of infection, cells were washed 

twice with PBS and incubated in PromoCell epithelial growth medium containing 2% FCS for a 

total infection period of 48 hours.At 48 hpi, total RNA was extracted using the RNeasy Plus Mini 

Kit. RNA concentration and purity were confirmed using a NanoDrop spectrophotometer, 

ensuring A260/A280 ratios between 1.8 and 2.0. cDNA was synthesised from 500 ng of RNA 

using the SuperScript III First-Strand Synthesis System following Section 2.5.1. Reverse 

transcription-qPCR was performed using SYBR Green chemistry, with primers specific to RSV 

L-gene, F-gene, and M-gene. 18S ribosomal RNA was used as the internal control for 

normalisation. Relative expression levels of viral genes were calculated using the ΔΔCt method, 

comparing TG-treated samples to the corresponding DMSO control group. Statistical 

significance was determined using two-way ANOVA with Tukey’s multiple comparisons relative 

to the DMSO control (***p < 0.001, ****p < 0.0001). 
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Taking together the results from these complementary approaches, TG 

was shown to offer robust antiviral protection at multiple levels of the 

RSV replication cycle. Direct immunostaining revealed a significant 

dose-dependent reduction in plaque formation, demonstrating TG's 

ability to inhibit infectious virus production in NHBE cells. Western blot 

analysis further confirmed that TG effectively suppressed the expression 

of the RSV F protein, a key mediator of viral attachment and entry. 

Finally, reverse transcription-qPCR highlighted TG's capacity to inhibit 

transcription of essential RSV genes, including the L-gene and F-gene, 

which are critical for RNA polymerase activity and viral entry, 

respectively. These findings underscore TG’s multifaceted antiviral 

properties, targeting RSV replication at both the transcriptional and 

translational levels. By effectively reducing viral RNA synthesis and 

protein production, TG disrupts essential stages of the viral lifecycle, 

offering a potent antiviral effect in a physiologically relevant human 

primary cell model. Furthermore, the consistent efficacy of TG across 

distinct readouts—plaque assays, protein expression, and 

transcriptional analysis—provides compelling evidence of its broad-

spectrum antiviral potential. This study highlights TG's promise as a 

therapeutic agent, capable of offering significant protection against RSV 

in fragile and clinically relevant primary cell systems. 
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3.3.8 TG Demonstrates Broad-Spectrum Antiviral Efficacy Against 

RSV and IAV Co-Infections in Calu-3 Cells 

 

Calu-3 cells, a widely used in vitro model for respiratory pathogens 

including SARS-CoV-2, were employed to evaluate the antiviral potential 

of TG against co-infections of RSV and IAV. Before evaluating TG’s 

efficacy in co-infection, its cytotoxicity in Calu-3 cells was assessed. The 

toxicity of TG (0.5 μM) was measured at 24-, 48-, and 72-hours post-

treatment using the CellTiter-Glo® 2.0 Cell Viability Assay (Promega). 

As shown in figure 3.10A (24h), figure 3.10B (48h), and figure 3.10C 

(72h), TG treatment did not significantly impact Calu-3 cell viability over 

the tested time points, confirming its safety at the applied concentration. 

For the co-infection experiment, Calu-3 cells were first infected with RSV 

(MOI 0.1) for 48 hours, followed by sequential infection with IAV (MOI 

0.5) for 2 hours. TG treatment significantly reduced RSV replication, as 

evidenced by the reduction in progeny virus titres (pfu/mL), shown in 

figure 3.11A. Similarly, TG markedly reduced IAV replication, with a 

corresponding decrease in progeny virus titres (ffu/μL), as illustrated in 

figure 3.11B. RNA analysis revealed substantial suppression of RSV L-

gene transcription, shown in figure 3.11C, and IAV M-gene transcription, 

displayed in figure 3.11D, in TG-treated cells compared to the DMSO 

control. 
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Figure 3.10 TG demonstrates low cytotoxicity in Calu-3 cells. 

Calu-3 cells were primed with TG (0.5 μM) or DMSO for 30 minutes, washed with PBS, and 

incubated in PromoCell airway epithelial growth medium containing 2% FCS. Cytotoxicity was 

assessed at 24 (A), 48 (B), and 72 (C) hours post-treatment using the CellTiter-Glo® 

Luminescent Cell Viability Assay. Luminescence levels were measured using a luminometer and 

normalised to DMSO-treated controls. 
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Figure 3.11 TG reduces RSV and IAV replication in co-infected Calu-3 cells. 

Calu-3 cells were primed with TG (0.5 μM) or DMSO for 30 minutes, washed with PBS, and 

infected sequentially with RSV (MOI 0.1) for 48 hours and H1N1 (MOI 0.5) for 24 hours. (A) 

Progeny RSV titres were quantified from spun supernatants as pfu/mL using immuno-detection 

with a monoclonal anti-RSV antibody (2F7). (B) Progeny H1N1 titres from supernatants were 

measured as focus-forming units per microlitre (ffu/μL) using immuno-detection with an anti-NP 

antibody. (C) RSV L-gene transcription was quantified by reverse transcription-qPCR using 

cDNA synthesised from extracted RNA, normalised to 18S rRNA. (D) H1N1 M-gene transcription 

was similarly quantified using reverse transcription-qPCR. Significance by one-way ANOVA 

(Tukey’s multiple comparisons) is relative to the corresponding DMSO control (****p < 0.0001). 
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4. Chapter 4: Host-focused defence: 

Thapsigargin as a key modulator of innate 

immunity against RSV and IAV 
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4.1 Introduction 
 

TG has recently attracted considerable attention as a broad-spectrum 

antiviral candidate, an interest that mirrors the longstanding recognition 

that RNA viruses—particularly those infecting the respiratory tract—

represent an ever-present global health threat (Taubenberger and 

Morens, 2008; Woolhouse and Brierley, 2018). Past pandemics such as 

the 1918 influenza A/H1N1 “Spanish flu” (Johnson and Mueller, 2002; 

Taubenberger and Morens, 2010), the 2009 “Swine Flu” (WHO, 2010), 

and the worldwide spread of coronaviruses including SARS-CoV-1 

(Cheng et al., 2013) and SARS-CoV-2 (Cascella et al., 2022) underscore 

the capacity of RNA viruses to mutate, evade host immunity, and cause 

significant morbidity and mortality. Although antiviral drugs aimed at viral 

enzymes have saved millions of lives over the last several decades 

(Andrei, 2021), their efficacy can be undermined by the rapid evolution 

of drug-resistant variants (Littler and Oberg, 2005). As a result, research 

has increasingly pivoted towards host-targeted approaches, leveraging 

pivotal cellular defences such as the unfolded protein response (UPR) 

and the integrated stress response (ISR) (Smith, 2014; Hetz et al., 

2013). TG, as shown, epitomises this shift by inducing ER stress in ways 

that appear to thwart viral replication across multiple families of RNA 

viruses, including IAV, RSV, and coronaviruses (Al-Beltagi et al., 2021). 

The primary mechanism by which TG initiates ER stress stems from its 

inhibition of SERCA (Thastrup et al., 1990; Christensen et al., 2021). By 

blocking the re-uptake of calcium into the ER, TG lowers luminal calcium 

stores, thereby activating store-operated calcium entry (SOCE) at the 
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plasma membrane (Putney, 1986; Smyth et al., 2010). The downstream 

consequence is a state of pronounced ER stress, which in turn triggers 

the three main sensors of the UPR: inositol requiring kinase 1 (IRE1), 

PKR-like ER kinase (PERK), and activating transcription factor 6 (ATF6) 

(Ron and Walter, 2007; Zhang and Wang, 2012). Although these 

sensors typically function to restore homeostasis by upregulating 

chaperones, promoting ER-associated degradation (ERAD), and 

selectively reducing protein translation (Walter and Ron, 2011), viruses 

such as IAV and RSV have evolved ways to manipulate or partially hijack 

certain aspects of the UPR for their replication (Hassan et al., 2011; 

Cervantes-Ortiz et al., 2016). Among the key genes induced during TG-

mediated ER stress is HERPUD1, which encodes the ER-resident 

membrane protein HERP. This protein plays a pivotal role in ERAD, 

facilitating the removal of misfolded or unfolded proteins from the ER to 

maintain proteostasis (Kokame et al., 2000). By supporting degradation 

of aberrant proteins, HERPUD1 links UPR activation to the preservation 

of ER function during stress. Importantly, some viruses 

modulate HERPUD1 expression to benefit their replication (Chan et al., 

2008), making it a relevant marker for understanding how TG-driven ER 

stress intersects with antiviral defence. It appears, however, that TG 

pushes these stress pathways to a tipping point that undermines viral 

replication, either by restricting the availability of host resources, 

triggering apoptosis of infected cells (Zhang and Wang, 2012), or 

boosting innate immune sensors (Manivannan et al., 2020). One 

emerging question concerns how TG’s activation of ER stress merges 
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with canonical antiviral programmes orchestrated by retinoic acid-

inducible gene I (RIG-I), mitochondrial antiviral-signalling protein 

(MAVS), and interferon regulatory factor 3 (IRF3). Although these 

pathways typically respond to foreign RNA by amplifying interferon (IFN) 

production, growing evidence suggests that RNA cleavage activities 

within the UPR can feed directly into viral RNA detection (Smith, 2014; 

Malathi et al., 2007). Two ribonucleases underscore this possibility. The 

first is RNAse L, activated through the 2′-5′ oligoadenylate synthetase 

(OAS) pathway, which cleaves viral and host RNA to yield small 

fragments that further stimulate RIG-I (Chakrabarti et al., 2011). The 

second is the IRE1 branch of the UPR, whose regulated IRE1-

dependent decay (RIDD) function can degrade mRNAs and potentially 

generate similarly stimulatory RNA fragments (Hollien and Weissman, 

2006). Both RNase L and IRE1 thus occupy a nexus where cellular 

stress responses and innate immune sensing overlap, and TG’s broad-

spectrum antiviral efficacy might well hinge on how these two nucleases 

operate—individually or in tandem—to produce immunostimulatory 

RNAs. 

Chemical inhibition studies are needed to probe these hypotheses. One 

inhibitor, 4μ8C, selectively blocks IRE1’s endoribonuclease domain, 

allowing researchers to determine whether RIDD-driven RNA cleavage 

is indispensable for TG’s antiviral potency (Cross et al., 2012). Another 

agent, sunitinib, is known to suppress RNase L under certain conditions 

(Das et al., 2015). By systematically blocking either IRE1 or RNase L in 

TG-treated cells, the aim is to uncover whether one pathway 
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compensates for the other or whether TG’s antiviral mechanism 

becomes fully ablated only when both endoribonucleases are silenced. 

If an interplay exists—for example, if the cleavage fragments produced 

by IRE1 or RNase L are sequestered within stress granules or directly 

recognised by pattern recognition receptors such as RIG-I—it would 

clarify how TG-driven stress might amplify innate immune signalling 

through MAVS, IRF3, and interferon-β (IFNβ). Moreover, clarifying the 

contributions of these nucleases has implications for co-infections, since 

IAV and RSV can collude or compete for host machinery, making it more 

relevant that TG can direct multiple, parallel antiviral defences. 

TG’s relationship to the integrated stress response (ISR) offers 

additional explanatory power. The ISR converges on the 

phosphorylation of eukaryotic initiation factor 2 alpha (eIF2α), a key 

modification triggered by multiple kinases, including PERK (Harding et 

al., 2000) and the interferon-inducible protein kinase PKR (Garcia et al., 

2007). PERK, which responds directly to ER stress, diminishes global 

protein synthesis by phosphorylating eIF2α, thereby hindering both viral 

protein production and the translation of most host mRNAs (Walter and 

Ron, 2011). In parallel, PKR, when activated by viral RNA, also 

phosphorylates eIF2α in an effort to shut down viral replication (Garcia 

et al., 2007). TG-driven stress might thus synergise with PKR by creating 

conditions that further decrease viral protein output and push cells closer 

to an antiviral threshold. 

A fascinating extension of PERK-mediated eIF2α phosphorylation is its 

link to the formation of cytoplasmic stress granules—dynamic, phase-
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separated structures containing stalled mRNA-ribonucleoprotein 

complexes (Reineke and Lloyd, 2015). G3BP1, a crucial scaffolding 

protein within these granules, helps assemble and stabilise them, while 

also recruiting PKR and other immune factors. Many viruses, including 

RSV and IAV, actively disrupt or co-opt stress granules to enable their 

own replication (Lindquist et al., 2011; Hanley et al., 2010), 

demonstrating that stress granules pose a genuine threat to viruses. TG, 

by fuelling ER stress and bolstering the PERK–eIF2α axis, may promote 

robust stress granule assembly, sequestering viral RNAs and proteins. 

This phenomenon would tie the UPR even more tightly to classical 

antiviral defences, since G3BP1 granules can block viral replication, 

funnel immune activators to RIG-I and other pattern recognition 

receptors and reinforce the translation block that starves viral progeny 

formation (Reineke and Lloyd, 2015). 

Equally pertinent is the role of key chaperones, such as heat shock 70 

kDa protein 5 (HSPA5, also called BiP), which normally binds to IRE1 

and PERK, keeping them inactive under non-stress conditions (Bertolotti 

et al., 2000). When TG sequesters ER calcium stores, HSPA5 is 

displaced from these sensors, setting off the UPR signalling cascade 

(Ron and Walter, 2007). It remains to be elucidated whether enhanced 

HSPA5 expression in TG-treated cells might paradoxically assist some 

viruses by improving their protein folding or whether the global stress 

environment offsets any pro-viral chaperoning function. Recent findings 

have indeed suggested that certain viruses exploit HSPA5 to stabilise 

their proteins (Smith, 2014). Delineating how TG-mediated ER stress 
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shapes this chaperone function, and whether the integrated stress 

response ultimately overrides such pro-viral possibilities, is crucial for 

understanding the overall antiviral outcome. 

A further dimension that underscores the importance of this host-centred 

antiviral tactic is the increasing frequency and severity of co-infections. 

RSV and IAV have been shown to co-occupy the human respiratory tract 

and, in some instances, form hybrid viral particles (Haney et al., 2022). 

In clinical settings, individuals harbouring both viruses can suffer more 

severe disease than those infected by either pathogen alone (Cong et 

al., 2022). Strategies like TG that modulate fundamental host 

processes—rather than targeting specific viral enzymes—could prove 

uniquely suitable for limiting the replication of more than one virus at a 

time, diminishing the risk that the two viruses might swap genetic 

segments or manipulate shared host factors to exacerbate infection. 

Collectively, these threads raise key questions that will be addressed in 

this study: Does inhibition of IRE1 or RNase L meaningfully reduce TG’s 

broad-spectrum antiviral efficacy? Does PERK signalling—and its 

downstream formation of G3BP1-laden stress granules—represent a 

central hub in TG’s antiviral function, or do other branches of the UPR, 

such as ATF6, also contribute significantly? Might overlapping calcium 

dysregulation mechanisms feed directly into MAVS activation, thereby 

enhancing IFNβ production in TG-treated cells? And finally, to what 

extent can TG reshape the intracellular environment to counteract the 

complexities posed by simultaneous IAV and RSV infections? By 

scrutinising these pathways and molecules, this chapter seeks to 
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characterise the host-driven underpinnings of TG’s antiviral mechanism. 

A more granular understanding of how TG mobilises innate immunity 

and the UPR will not only inform efforts to refine TG-based strategies 

against persistent respiratory threats but could also foster new 

treatments that harness the formidable synergy of stress and immune 

responses in a manner adaptable to future pandemic challenges. 

 

 

4.2 Materials and Methods 

 

4.2.1 Viability assay 

 

Vero E6 cells were cultured in 96-well plates under the conditions 

described in Section 2.2.1 until they reached near confluence. Once 

confluent, the culture medium was replaced with DMEM supplemented 

with TG at concentrations of 0.25 μM or 0.5 μM, with DMSO (0.5%) 

serving as the vehicle control. Cells were exposed to TG for 30 minutes 

at 37°C in a humidified 5% CO₂ atmosphere. 

Following treatment, the cells were rinsed three times with PBS to 

remove residual TG or DMSO, and fresh DMEM was added. Cell viability 

was assessed at 48 hours post-treatment using the CellTiter-Glo® 2.0 

Cell Viability Assay, as detailed in Section 2.2.4. Equal volumes of the 

CellTiter-Glo® reagent and culture medium (100 µL each) were mixed 

in each well, followed by gentle shaking for 2 minutes to induce cell lysis. 

Plates were incubated at room temperature for 10 minutes to stabilise 

the luminescent signal, which was measured using the GloMax® 
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Discover Microplate Reader. The luminescence values, reflecting ATP 

levels, were used as an indicator of cell viability. 

 

4.2.2 IAV Infection of Immortalised Cells (Calu-3 and NPTr) 

 

Calu-3 and NPTr cells were cultured under conditions described in 

Section 2.2.1 until reaching 70–80% confluence. Following medium 

removal and washing with PBS, cells were infected with H1N1 (1 MOI) 

in infection media as detailed in Section 2.3.3. The cells were incubated 

with the virus for 1 hour at 37°C with gentle rocking every 15 minutes to 

ensure even viral exposure. After the incubation, the infection medium 

was replaced with fresh infection media. Infected cells were maintained 

at 37°C in a 5% CO₂ atmosphere for 24–72 hours, depending on the 

experimental design. 

 

4.2.3 Collection of IAV Spun Supernatant and Cell Lysates 

 

At the designated post-infection time points, cell culture supernatants 

were carefully collected and centrifuged at 10,000 × g for 2 minutes to 

remove cellular debris. The cleared supernatants were aliquoted and 

stored at –80°C for downstream viral quantification. Remaining cells 

were washed with PBS and lysed in RIPA buffer for protein analysis or 

RLT buffer supplemented with β-mercaptoethanol for RNA extraction, 

following methods described in Section 2.4.1. 
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4.2.4 Quantification and Immunostaining of IAV 

 

Viral progeny were quantified using immunostaining of infected MDCK 

cells seeded in 96-well plates, as detailed in Section 2.3.5. The infected 

supernatant was serially diluted and added to confluent MDCK cells, 

which were incubated for 6 hours. Following fixation with 

acetone/methanol (1:1), viral nucleoprotein (NP) was detected using an 

anti-NP antibody (Abcam) and the ImmPRESS anti-mouse Ig polymer 

HRP reagent. Development with DAB substrate allowed visualisation of 

infected cells, and infected foci were counted to determine focus-forming 

units (ffu). For single-step detection of viral output, RT-qPCR targeting 

the M gene was employed 

 

4.2.5 RT-qPCR for IAV and RSV-Infected Cells 

 

Total RNA from infected cells was extracted and converted to cDNA, 

as described in Section 2.4.2-2.4.4. Quantification of viral and host 

gene expression was performed using SYBR Green-based RT-qPCR. 

Host response to various stressors was analysed using the genes 

found in Table 4.1. Viral genes, including the M gene for IAV and F, L, 

and M genes for RSV, were amplified using primers listed in Table 3.1, 

following the steps from the section 2.4.5.  
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Table 4.1 Host-cell primers used in RT-qPCR quantification of host genes. 

Gene Sense Primer (5’-3’) Antisense Primer (5’-3’) 

18S  ACGGCTACCACATCCAA

GGA 

CCAATTACAGGGCCTCG-

AAA 

RIG-I 

(DDX58) 

(human)  

GAAGGCATTGACATTGC

ACAGT 

TGGTTTGGATCATTTTGATG

ACA 

RIG-I (pig) CCCTGGTTTAGGGACGA

TGAG 

AACAGGAACTGGAGAAAAG

TGA 

OAS1 

(human) 

AGGAAAGGTGCTTCCGA

GGTAG 

GGACTGAGGAAGACAACCA

GGT 

OAS1 (pig) GAGCTGCAGCGAGACTT

CCT 

GGCGGATGAGGCTCTTCA 

DDIT3 

(human) 

GGTATGAGGACCTGCAA

GAGGT 

CTTGTGACCTCTGCTGGTT

CTG 

HSPA5 

(human) 

CTGTCCAGGCTGGTGTG

CTCT 

CTTGGTAGGCACCACTGTG

TTC 

HSP90B1 

(human) 

GGAGAGTCGTGAAGCAG

TTGAG 

CCACCAAAGCACACGGAGA

TTC 

HERPUD1 

(human) 

TGGATTGGACCTATTCA

GCAGC 

GCAGGTACATAACAACGGT

GGC 

G3BP1 

(human) 

AGCCTGTTCAGAAAGTC

CTTAGC 

CGAAGGCGATTATCTCGTC

GGT 
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EIF2AK2 

(PKR) 

(human) 

GAAGTGGACCTCTACGC

TTTGG 

TGATGCCATCCCGTAGGTC

TGT 

MAVS 

(human) 

ATGGTGCTCACCAAGGT

GTCTG 

TCTCAGAGCTGCTGTCTAG

CCA 

IRF3 

(human) 

TCTGCCCTCAACCGCAA

AGAAG 

TACTGCCTCCACCATTGGT

GTC 

IFNβ 

(human) 

CTTGGATTCCTACAAAG

AAGCAGC 

TCCTCCTTCTGGAACTGCT

GCA 

 

 

4.2.6 Chemical Blocking of Host Pathways 

 

IRE1 Blocking with 4µ8C 

To investigate the role of IRE1 in the antiviral activity of TG, NPTr cells 

were seeded in 24-well plates (100,000 cells per well) and allowed to 

adhere overnight. On the following day, the cells were primed with 4µ8C 

(Sigma-Aldrich), a specific IRE1 ribonuclease inhibitor, at concentrations 

of 10 µM or 30 µM in full media for 30 minutes. After this priming, TG 

groups underwent a second 30-minute priming with TG (0.5 µM). Control 

cells were treated with DMSO (0.05% concentration) to match the 

experimental conditions. Between each treatment, cells were washed 

with PBS three times to remove residual compounds. 

After priming, cells were infected with H1N1 at an estimated MOI of 1.0 

for 1 hour in infection media (comprising CHO Ultraculture media, 1% 
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penicillin-streptomycin, 1% L-glutamine, and TPCK trypsin). The MOI 

was calculated based on prior viral titration using focus forming assays. 

Following the infection period, cells were washed three times with PBS, 

and fresh infection media was added to all wells. For groups treated with 

4µ8C, infection media contained the inhibitor at the respective 

concentration to maintain its effect throughout the infection period. 

Infected cells were incubated for 24 hours at 37°C in a humidified 

atmosphere with 5% CO₂. After this period, supernatants were collected, 

centrifuged to remove cell debris, and stored at –80°C for further viral 

quantification. Remaining cells were lysed with RLT buffer for RNA 

extraction or fixed with acetone-methanol (1:1) for immunostaining.  

 

RNAse L Blocking with Sunitinib 

The role of RNAse L in TG’s antiviral effects was examined by blocking 

its activity with Sunitinib (Sigma-Aldrich). HEp-2 cells were seeded in 24-

well plates at a density of 100,000 cells per well and allowed to adhere 

overnight. Cells were primed with 3 µM Sunitinib for 30 minutes in full 

media. After washing with PBS three times, cells were treated with TG 

(0.5 µM) or DMSO for an additional 30 minutes under the same 

conditions. Cells were again washed three times with PBS to remove 

residual compounds. 

Following priming, cells were infected with RSV at an MOI of 0.1 in 

serum-free media for 2 hours. During the infection period, cells were 

gently rocked every 15 minutes to ensure even distribution of the virus. 

After 2 hours, the infection media was removed, cells were washed twice 
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with PBS, and fresh media containing 2% FCS was added to the DMSO 

and TG groups. For Sunitinib-treated groups, media was supplemented 

with 3 µM Sunitinib to maintain inhibition of RNAse L throughout the 

infection. 

Infection was allowed to proceed for 72 hours, after which supernatants 

were collected, centrifuged, and stored at –80°C for further analysis. 

These supernatants were subsequently used to infect fresh HEp-2 cells 

for an additional 24 hours to assess progeny virus infectivity. RNA from 

the remaining cells was extracted using RLT buffer for RT-qPCR 

analysis, and fixed cells were subjected to plaque assays to quantify viral 

replication. Viral titres were determined using pfu/mL, and RT-qPCR 

targeted RSV L gene to assess viral RNA levels. 

 

4.2.7 Functional Knockdown of G3BP1 and PERK via siRNA 

 

siRNA knockdown experiments were performed to investigate the role 

of specific host genes, targeting G3BP1 and PERK, with negative control 

siRNAs used as a reference (Table 4.2). The transfection protocol was 

conducted as described in Section 2.4.7. For each well, 100 µL of Opti-

MEM reduced serum medium was mixed with 6 µL of Lipofectamine 

RNAiMAX in a 1.5 mL tube to create the RNAi Master Mix. Separately, 

100 µL of Opti-MEM was combined with 2 µL of 20 pM siRNA stock for 

G3BP1, PERK, or the negative control in individual tubes. The RNAi 

Master Mix was added to each siRNA-containing tube (100 µL per tube) 

and mixed thoroughly to form siRNA-reagent complexes, which were 

incubated at room temperature for 5 minutes. 
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Calu-3 Cells were seeded to achieve 60–80% confluence on the day of 

transfection. For each well, 100 µL of the siRNA-reagent complex was 

added directly. Medium replacement with fresh DMEM supplemented 

with 10% FCS was optional after 4–6 hours to minimise potential 

cytotoxicity. The cells were incubated at 37°C in a humidified 5% CO₂ 

atmosphere for 48 hours. At designated time points, cell lysates were 

collected for RNA extraction, as described in Section 2.4.1, and the 

knockdown efficiency of G3BP1, PERK, and negative control siRNAs 

was quantified using RT-qPCR (Section 2.4.5). RNA was converted to 

cDNA and subjected to quantitative PCR, with expression levels 

normalised to 18S rRNA and relative expression determined using the 

ΔΔCq method. Upon confirmation of target gene knockdown, the 

experiment was repeated with TG treatment and the appropriate 

infection protocols for IAV or RSV, as outlined in Sections 4.2.2 and 

4.2.7. Following siRNA transfection, cells were primed with TG (0.5 µM) 

for 30 minutes before being washed with PBS and infected with the 

respective virus at the specified MOI. Post-infection, cells were 

maintained under standard culture conditions with the relevant infection 

media. At the designated time points, supernatants and cell lysates were 

collected for viral quantification and gene expression analysis, as 

described in Sections 2.4.5 and 2.4.6.  
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Table 4.2 siRNAs used for gene knockdown. 

siRNA Gene Product type Manufacturer siRNA ID or 

catalogue no. 

G3BP1 

(human) 

Silencer® 

Select 

ThermoFisher 

Scientific, 

Massachusetts 

s19754 

EIF2AK3 

(PERK) 

(human) 

Silencer® 

Select 

ThermoFisher 

Scientific, 

Massachusetts 

s18102 

Negative 

Control No. 1 

siRNA 

Silencer® 

Select 

ThermoFisher 

Scientific, 

Massachusetts 

4390843 
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4.3 Results 

 

4.3.1 Evaluating the Role of Interferon Response in TG-Induced 

Antiviral Activity Using VERO E6 Cells 

 

TG has been shown to induce a potent antiviral state through 

endoplasmic reticulum (ER) stress and activation of the unfolded protein 

response (UPR), leading to increased type I and III interferon (IFN) 

production (Goulding et al., 2021). To investigate whether interferon 

production is essential for TG-mediated antiviral activity, VERO E6 cells 

were used. These cells are genetically deficient in interferon production 

due to a deletion in the IFN gene locus (Emeny and Morgan, 1979), 

providing a suitable system to distinguish between interferon-dependent 

and -independent antiviral mechanisms. 

VERO E6 cells were primed with DMSO (vehicle control), 0.25 µM TG, 

or 0.5 µM TG for 30 minutes, followed by PBS washing and infection with 

RSV at an MOI of 0.1. After a 2-hour incubation, the inoculum was 

removed, and cells were maintained in fresh DMEM supplemented with 

2% FCS for a further 72 hours. Viral replication was assessed by 

quantifying RSV L-gene RNA in cell supernatants using one-step RT-

qPCR. To assess cell health and rule out cytotoxicity as a confounding 

factor, viability was evaluated using a luminescence-based assay. 

Additionally, supernatants from infected VERO E6 cells were applied to 

HEp-2 cells for immunostaining to visualise viral spread. 
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TG treatment did not lead to a measurable reduction in RSV replication 

in VERO E6 cells, with L-gene RNA levels remaining comparable 

between TG- and DMSO-treated groups. Consistent with this, 

immunostaining of HEp-2 cells infected with VERO E6-derived 

supernatants showed no decrease in RSV spread. These observations 

suggest that the antiviral activity of TG relies on the presence of a 

functional interferon response, which is absent in VERO E6 cells. 

 

Figure 4.1 TG fails to inhibit RSV replication in interferon-deficient VERO E6 cells.  

(A) Viral replication was quantified by measuring L-gene RNA levels in supernatants collected 

72 hours post-infection using one-step RT-PCR, expressed as fold change relative to DMSO 

controls. (B) Cell viability was assessed using a luminescence-based assay after treatment with 

DMSO, 0.25 μM TG, or 0.5 μM TG for 30 minutes, showing no significant cytotoxicity. (C) HEp-

2 cells infected with supernatants derived from TG- or DMSO-treated VERO E6 cells were 

immunostained with anti-RSV antibody (10× magnification). Statistical significance was 

determined by one-way ANOVA relative to DMSO controls (*p < 0.05). 
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4.3.2 TG exposure enhances OAS1 and RIG-I expression in H1N1-

infected NPTr cells 

 

Exposure to TG has been shown to induce ER stress and activate 

antiviral pathways. To evaluate its effect on the expression of OAS1 and 

RIG-I, an experiment was conducted using NPTr cells under infected 

and uninfected conditions. Cells were exposed to 0.5 μM TG for 15 or 

30 minutes, followed by washing with PBS and recovery under normal 

culture conditions for 24 hours. RNA was extracted, and cDNA synthesis 

and qPCR were performed to measure relative mRNA levels of OAS1 

and RIG-I, normalised to 18S rRNA. 

Results demonstrated that TG-induced expression of OAS1 and RIG-I 

depended on viral infection. In uninfected cells, TG treatment did not 

significantly alter the expression of either gene, regardless of exposure 

duration. However, in cells infected with H1N1 (MOI 0.5), TG treatment 

significantly upregulated both genes, with a stronger response observed 

following 15 minutes of exposure compared to 30 minutes. This 

highlights the dependency of TG-mediated gene expression on 

infection-associated stimuli, reinforcing the role of viral presence in 

amplifying the cellular response to TG priming.  
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Figure 4.2 TG raises OAS1 and RIG-I expression levels in H1N1 infected cells.  

(A) OAS1 expression was quantified by qPCR in NPTr cells exposed to 0.5 μM TG for 15 or 30 

minutes, under uninfected or H1N1-infected conditions (MOI 0.5). Results are normalised to 18S 

rRNA and expressed as fold change relative to DMSO-treated controls. (B) RIG-I expression 

was measured under the same conditions. TG-induced upregulation of both genes was observed 

exclusively in infected cells, with 15 minutes of exposure eliciting a greater response than 30 

minutes. Statistical significance was determined by one-way ANOVA relative to DMSO controls 

(*p < 0.05, **p < 0.01, ***p < 0.001). 

 

4.3.3 TG induces ER-related host-gene response in NHBE cells 

 

 

4.3.3.1 DDIT3 and HSPA5 

 

Using the cDNA samples described in Section 3.3.7.3, the transcriptional 

response to TG was assessed in primary NHBE cells under uninfected 

and RSV-infected conditions (MOI 0.01). Cells were exposed to TG at 

0.01 μM or 0.025 μM for 30 minutes, washed with PBS, and then 

incubated for 24 hours under standard culture conditions. mRNA levels 

were quantified by qPCR and normalised to 18S rRNA. 
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For DDIT3 (encoding the pro-apoptotic transcription factor CHOP; 

Figure 4.3), TG increased expression relative to DMSO in both 

uninfected and infected cells. In uninfected cells, the induction was dose-

dependent, with higher transcript levels at 0.025 μM than at 0.01 μM. In 

infected cells, DDIT3 expression was already elevated in the DMSO 

condition and remained high following TG treatment, with only a modest 

further increase and limited dose dependence. Across all TG conditions 

(including DMSO), DDIT3 levels were higher in infected than in 

uninfected cells, indicating that RSV infection strongly elevates this arm 

of the stress response. For HSPA5 (encoding the chaperone 

BiP/GRP78; Figure 4.4), TG produced a clear dose-dependent 

upregulation in both uninfected and infected cells, with the largest 

increases observed at 0.025 μM. In contrast to DDIT3, infection alone 

did not appreciably increase HSPA5 compared with the uninfected 

DMSO control. However, at matched TG concentrations (0.01 μM and 

0.025 μM), HSPA5 transcript levels were higher in infected than in 

uninfected cells, consistent with infection amplifying the TG-driven 

induction of this UPR chaperone. 

Taken together, these data show divergent patterns for the two genes: 

RSV infection elevates baseline DDIT3 and blunts the dose dependence 

seen in uninfected cells, whereas HSPA5 is primarily driven by TG in a 

dose-dependent manner, with infection enhancing the magnitude of 

induction only when TG is present. This distinction suggests that the pro-

apoptotic branch marked by DDIT3 is highly responsive to infection, 

while the chaperone arm represented by HSPA5 is predominantly 
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responsive to pharmacological ER stress, yet further boosted by 

infection. 

 

 

Figure 4.3 TG induces DDIT3 expression in NHBE cells. 

DDIT3 mRNA expression was measured by qPCR in NHBE cells treated with TG at 0.01 μM, 

0.025 μM, and 0.1 μM for 30 minutes, under uninfected or RSV-infected conditions (MOI 0.01). 

Results are normalised to 18S rRNA and expressed as fold change relative to DMSO-treated 

controls. Statistical significance was determined by two-way ANOVA relative to DMSO controls 

(*p < 0.05, **p < 0.01, ***p < 0.001). 
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Figure 4.4 TG induces HSPA5 expression in NHBE cells.  

SPA5 mRNA expression was quantified by qPCR in NHBE cells treated with TG at 0.01 μM and 

0.025 μM for 30 minutes, under uninfected or RSV-infected conditions (MOI 0.01). Results are 

normalised to 18S rRNA and expressed as fold change relative to DMSO-treated controls. TG 

upregulated HSPA5 expression in a dose-dependent manner, with a stronger response 

observed at 0.025 μM. Statistical significance was determined by two-way ANOVA relative to 

DMSO controls (*p < 0.05, **p < 0.01, ***p < 0.001). 

 

4.3.3.2 HSP90B1 

 

The expression of HSP90B1, which encodes the chaperone GRP94, a 

key component of the UPR involved in protein folding and stress 

adaptation, was assessed in NHBE cells. Results demonstrated that TG 

treatment led to a slight increase in HSP90B1 expression in uninfected 

cells, indicating a mild activation of stress pathways even in the absence 

of infection. In RSV-infected cells, TG treatment significantly upregulated 

HSP90B1 expression in a dose-dependent manner, with the strongest 

induction observed at 0.025 μM TG (**** p < 0.0001). In uninfected cells, 

TG exposure did not produce a statistically significant change compared 
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to the DMSO control. These findings indicate that RSV infection 

enhances the host cell’s transcriptional response to TG, potentially 

through the combined activation of stress and immune pathways. 

 

 

Figure 4.5 TG induces HSP90B1 expression in NHBE cells with enhanced responses in 
infected samples. 

HSP90B1 mRNA expression was quantified by qPCR in NHBE cells treated with TG at 0.01 μM 

and 0.025 μM for 30 minutes, under uninfected or RSV-infected conditions (MOI 0.01). Results 

are normalised to 18S rRNA and expressed as fold change relative to DMSO-treated controls. 

TG treatment slightly increased HSP90B1 expression in uninfected cells, while a dose-

dependent upregulation was observed in infected cells, with the highest expression at 0.025 μM 

TG. Statistical significance was determined by one-way ANOVA relative to DMSO controls (*p < 

0.05, **p < 0.01, ***p < 0.001, ****p<0.001). 
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4.3.3.3 HERPUD1  

 

The expression of HERPUD1, a UPR-associated gene involved in ER-

associated degradation (ERAD) to mitigate protein misfolding, was 

assessed in NHBE cells. Cells were treated with TG at 0.01 μM and 

0.025 μM for 30 minutes, followed by washing with PBS and incubation 

under normal culture conditions for 24 hours. RNA was extracted, and 

qPCR was performed to measure HERPUD1 mRNA levels, normalised 

to 18S rRNA. TG treatment induced a strong, dose-dependent increase 

in HERPUD1 expression in uninfected cells, whereas the response in 

RSV-infected cells was markedly attenuated. At both TG 

concentrations, HERPUD1 levels were significantly higher in uninfected 

compared to infected cells, indicating that RSV infection dampens the 

transcriptional activation of this ER stress-related gene. 

 

 

 

 



 172 

 

 

Figure 4.6 TG induces HERPUD1 expression in NHBE cells with distinct dose responses 
in uninfected and infected samples. 

HERPUD1 mRNA expression was quantified by qPCR in NHBE cells treated with TG at 0.01 μM 

and 0.025 μM for 30 minutes, under uninfected or RSV-infected conditions (MOI 0.01). Results 

are normalised to 18S rRNA and expressed as fold change relative to DMSO-treated controls. 

Statistical significance was determined by two-way ANOVA relative to DMSO controls (*p < 0.05, 

**p < 0.01, ***p < 0.001). 

 

4.3.3.4 G3BP1 and EIF2AK2 

 

G3BP1 and EIF2AK2, two components of the integrated stress 

response (ISR), were quantified in NHBE cells after TG exposure (0.01 

μM or 0.025 μM for 30 min) under uninfected or RSV-infected conditions 

(MOI 0.01). qPCR values were normalised to 18S rRNA and expressed 

as fold change relative to DMSO. Two-way ANOVA (factors: TG 

concentration and infection status) showed a significant main effect of 

TG for both genes. For G3BP1 (Figure 4.7A), expression increased with 
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dose in both states; infected values were generally lower than uninfected 

at matched doses, but this separation was modest and not consistently 

significant after multiple-comparison correction. For EIF2AK2 (Figure 

4.7B), expression increased with dose in both states and was higher in 

infected than uninfected cells at each matched dose; the between-state 

separation widened with dose, consistent with an interaction between 

TG and infection. 

 

 

Figure 4.7 TG induces G3BP1 and EIF2AK2 expression in NHBE cells in a dose-
dependent manner. 

 (A) G3BP1 and (B) EIF2AK2 mRNA were measured by qPCR in NHBE cells treated with TG 

(0.01 or 0.025 μM, 30 min) under uninfected or RSV-infected conditions (MOI 0.01). Data are 

normalised to 18S rRNA and expressed as fold change relative to DMSO. Statistics: two-way 

ANOVA with TG concentration and infection status as factors, followed by Sidak’s multiple 

comparisons for within-state dose effects and for infected vs uninfected at each dose (* p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001). Note that the asterisks drawn on the panels indicate 

dose-wise comparisons; infected vs uninfected contrasts were tested but are not annotated on 

the plots. 
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4.3.3.5 MAVS and IRF3 

 

MAVS and IRF3 mRNA were quantified in NHBE cells after TG 

exposure (0.01 or 0.025 μM, 30 min) under uninfected or RSV-infected 

conditions (MOI 0.01). Transcript levels were normalised to 18S and 

expressed relative to DMSO. Two-way ANOVA (factors: TG 

concentration and infection status) showed small but statistically 

significant effects of TG. For MAVS (Figure 4.8A), uninfected cells 

showed an increase at both TG doses versus DMSO, while infected cells 

displayed a dose-dependent rise (0.025 μM > 0.01 μM). Between-state 

differences at matched doses were limited in magnitude. 

For IRF3 (Figure 4.8B), uninfected cells showed no clear dose effect, 

whereas infected cells increased at 0.025 μM compared with 0.01 μM. 

Overall, the changes were modest; therefore, while statistically 

significant, their biological impact should be interpreted cautiously. 
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Figure 4.8 TG produces modest changes in MAVS and IRF3 expression in NHBE cells. 

(A) MAVS and (B) IRF3 mRNA were measured by qPCR in NHBE cells treated with TG (0.01 or 

0.025 μM, 30 min) under uninfected or RSV-infected conditions (MOI 0.01). Data are normalised 

to 18S rRNA and expressed relative to DMSO. Statistics: two-way ANOVA with TG concentration 

and infection status as factors, followed by Sidak’s multiple comparisons for within-state dose 

effects and infected-versus-uninfected contrasts at each dose (* p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001). 

 

4.3.4 TG Enhances the Expression of Antiviral Genes in Co-Infected 

Calu-3 Cells 

 

The ability of TG to modulate antiviral responses during co-infections 

was assessed by examining the expression of key antiviral genes in 

Calu-3 cells under RSV, H1N1, and RSV + H1N1 co-infection conditions. 

Co-infections pose significant challenges to the host immune system, as 

simultaneous infections can exacerbate cellular stress and interfere with 

the coordinated activation of antiviral pathways. Using cDNA samples 

from Section 3.3.8, the experiment investigated whether TG could 

enhance the expression of these critical antiviral genes, which are 
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essential for viral recognition, interferon signalling, and downstream 

immune defence mechanisms. 

 

4.3.4.1 RIG-I, OAS1 and IFNB 

 

Using cDNA from Section 3.3.8, transcript levels were quantified after a 

30-minute pre-treatment with DMSO or 0.5 μM TG, followed by infection 

with RSV, H1N1 or RSV+H1N1. Values were normalised to 18S rRNA 

and expressed relative to DMSO. 

TG reduced the abundance of RIG-I mRNA across all infection 

conditions (Figure 4.9A). A similar reduction was observed 

for OAS1 (Figure 4.9B). For IFNβ, TG lowered expression in H1N1-

infected and co-infected cells, with little change from the low baseline in 

RSV-infected cells (Figure 4.9C). Two-way ANOVA with treatment 

(DMSO, TG) and infection group (RSV, H1N1, RSV+H1N1) as factors 

showed a significant main effect of treatment for all three transcripts; 

Sidak-corrected post-hoc tests confirmed lower TG versus DMSO within 

each infection group. Overall, TG treatment is associated with reduced 

expression of RIG-I, OAS1 and IFNβ under these infection conditions. 
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Figure 4.9 TG attenuates RIG-I, OAS1 and IFNβ transcript levels in infected Calu-3 cells. 

(A) RIG-I, (B) OAS1 and (C) IFNβ mRNA were quantified by RT-qPCR in Calu-3 cells pre-

treated with DMSO or 0.5 μM TG for 30 minutes, then infected with RSV, H1N1 or RSV+H1N1 

as in Section 3.3.8. Data are normalised to 18S rRNA and expressed as fold change relative to 

DMSO. Statistics: two-way ANOVA with treatment and infection group as factors, followed by 

Sidak’s multiple comparisons for DMSO vs TG within each infection group (* p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001). 
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4.3.4.2 G3BP1, IRF3 and PKR 
 

 

Using cDNA from Section 3.3.8, mRNA levels were quantified after a 30-

minute pre-treatment with DMSO or 0.5 μM TG, followed by RSV, H1N1 

or RSV+H1N1 infection as described in Section 3.3.8. Values were 

normalised to 18S rRNA and expressed relative to DMSO. 

For G3BP1 (Figure 4.10A), TG reduced expression in RSV-infected and 

co-infected cells (*** p < 0.001) and had no detectable effect in H1N1-

infected cells. For IRF3 (Figure 4.10B), TG decreased expression 

across all three infection groups (**** p < 0.0001). For EIF2AK2 (PKR) 

(Figure 4.10C), TG lowered transcript levels in each infection group (**** 

p < 0.0001). Two-way ANOVA with treatment (DMSO, TG) and infection 

group (RSV, H1N1, RSV+H1N1) as factors showed a significant main 

effect of treatment for IRF3 and EIF2AK2, and TG-by-group differences 

consistent with the patterns described above; Sidak-corrected post-hoc 

tests were used for DMSO vs TG within each infection group. 
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Figure 4.10 TG reduces G3BP1, IRF3 and PKR transcript levels in infected Calu-3 cells. 

(A) G3BP1, (B) IRF3 and (C) PKR mRNA were measured by RT-qPCR in Calu-3 cells pre-

treated with DMSO or 0.5 μM TG for 30 minutes, then infected with RSV, H1N1 or RSV+H1N1 

as in Section 3.3.8. Data are normalised to 18S rRNA and expressed as fold change relative to 

DMSO. Statistics: two-way ANOVA with treatment and infection group as factors, followed by 

Sidak’s multiple comparisons for DMSO vs TG within each infection group (* p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001). 
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4.3.5 Evaluating the Effect of RNAse L Inhibition via Sunitinib on 

TG-Induced Antiviral Activity Against RSV 

 

To determine whether RNAse L activity is essential for the antiviral 

effects of TG, HEp-2 cells were treated with the RNAse L inhibitor 

sunitinib (Su) prior to TG priming and subsequent RSV infection. RNAse 

L plays a critical role in degrading viral RNA as part of the host’s antiviral 

defence, and this experiment aimed to elucidate whether TG-induced 

antiviral activity relies on this pathway. Cells were first primed with 3 μM 

Su for 30 minutes, washed, and then exposed to DMSO (control) or 0.5 

μM TG for an additional 30 minutes. After repeated washing, cells were 

infected with RSV (MOI 0.1) for 2 hours in serum-free media. Following 

infection, the media was replaced with fresh media containing either 2% 

FCS (DMSO or TG) or 2% FCS with 3 μM Su (TG + Su). The infection 

was allowed to proceed for 72 hours, after which supernatants were 

collected for quantification via pfu/mL and used to infect fresh HEp-2 

cells. Viral infection was visualised through immunostaining of fixed cells 

using anti-RSV antibodies (2F7, Abcam). Quantification of viral titres in 

supernatants (Figure 4.11A) revealed no significant differences in 

pfu/mL between TG-treated groups with or without Su. While the viral L-

gene RNA levels appeared elevated with Su compared to TG alone, this 

did not translate into any observable changes in viral progeny output. 

Immunostaining results (Figure 4.11C) corroborated these findings, 

showing similar levels of RSV-positive cells across all groups, with no 
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discernible differences in viral spread between TG-treated cells with and 

without Su. 

 
Figure 4.11 Effect of RNase L inhibitor sunitinib on TG-mediated inhibition of RSV in 

HEp-2 cells. 

(A) Infectious RSV titres (pfu/mL) in supernatants from HEp-2 cells treated with DMSO, sunitinib 

3 μM, TG 0.5 μM, or TG 0.5 μM plus sunitinib 3 μM. (B) RSV L-gene RNA from the same 

conditions, measured by RT-qPCR and normalised to 18S rRNA. (C) Representative 

immunostaining of RSV antigen in HEp-2 cells infected with supernatants from the indicated 

treatments. Statistics: data were analysed by two-way ANOVA with TG (present/absent) and 

sunitinib (present/absent) as factors, followed by Sidak’s multiple comparisons. TG produced a 

significant main effect, reducing virus titres and L-gene RNA relative to DMSO; sunitinib alone 

had no effect on titres but increased L-gene RNA versus DMSO. There was no significant 

difference between TG and TG plus sunitinib for either readout (ns), indicating that sunitinib did 

not diminish the antiviral effect of TG. Asterisks denote Sidak-corrected pairwise comparisons (* 

p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns, not significant). 
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4.3.6 Synergistic Antiviral Effects of TG and the IRE1 Inhibitor 

4μ8C in Calu-3 Cells 

 

To investigate the role of the IRE1 pathway in that TG-induced antiviral 

activity, Calu-3 cells were treated with the IRE1 inhibitor 4u8C at varying 

concentrations and assessed for its impact on TG’s efficacy against IAV 

and RSV infections. IRE1 is a key component of the UPR and 

contributes to antiviral defences by regulating mRNA decay and stress 

responses. This experiment sought to clarify whether TG's antiviral 

effects are mediated via IRE1-dependent mechanisms. In IAV-infected 

cells, immunostaining of supernatants for viral foci (Figure 4.12A) 

demonstrated a significant reduction in progeny virus from supernatants 

in TG-treated samples, as expected. Treatment with 4μ8C alone at 10 

μM or 30 μM resulted in partial suppression of IAV replication, although 

less effectively than TG. However, combining TG with 4μ8C further 

suppressed viral foci, indicating a potential additive effect. One-step 

PCR detection of the M-gene from IAV supernatants (Figure 4.12B) 

showed a similar trend, with TG alone significantly reducing viral RNA 

levels. 4μ8C at both concentrations also lowered M-gene detection, 

while the combination of TG with 4μ8C yielded the strongest 

suppression of viral RNA, further supporting the additive antiviral effects 

of TG and IRE1 inhibition. In RSV-infected cells, the one-step PCR 

detection of the L-gene (Figure 4.12C) revealed a significant reduction 

in viral RNA levels in TG-treated cells. 4μ8C alone also reduced L-
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gene levels, albeit less effectively than TG. The combination of TG with 

4μ8C at both concentrations again exhibited a stronger reduction in RSV 

replication compared to TG or 4μ8C alone, suggesting that inhibiting 

IRE1 enhances TG’s antiviral efficacy against RSV. 

 
Figure 4.12 Effect of 4u8C on TG-induced antiviral activity in Calu-3 cells. 

 (A) Viral foci were quantified via immunostaining of supernatants from IAV-infected Calu-3 cells 

treated with DMSO, TG (0.5 μM), 4u8C (10 μM or 30 μM), or TG combined with 4u8C. (B) M-

gene RNA levels were measured via one-step PCR from IAV-infected supernatants under the 

same conditions. (C) L-gene RNA levels were quantified via one-step PCR from RSV-infected 

Calu-3 cells treated similarly. Statistical significance was determined using Sidak's multiple 

comparisons (****p < 0.0001). 
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4.3.7 Exploring the Role of G3BP1 and PERK in TG-Induced 

Antiviral Responses Using Gene Knockdown in Calu-3 Cells 

 

To investigate the contribution of G3BP1 and PERK to the antiviral 

effects of TG, gene knockdown experiments were performed in Calu-3 

cells using specific siRNAs. These experiments assessed whether the 

silencing of these key stress response genes altered TG’s capacity to 

suppress RSV replication. The efficacy of G3BP1 knockdown was first 

validated using qPCR (Figure 4.13A). At 20 pM 

siRNA, G3BP1 expression was significantly reduced compared to the 

negative control, confirming the success of the knockdown. Following 

this validation, RSV infection was conducted in the presence 

of G3BP1 siRNA with and without TG treatment. As shown in Figure 

4.13B, TG treatment significantly reduced RSV L-gene expression in 

control cells, demonstrating its antiviral activity. 

However, G3BP1 knockdown further amplified the suppression of the L-

gene, indicating that silencing G3BP1 enhanced TG’s antiviral efficacy. 

Similarly, the impact of PERK knockdown was evaluated by infecting 

Calu-3 cells with RSV and assessing viral L-gene (Figure 4.13C) and M-

gene (Figure 4.13D) expression. TG alone significantly reduced both 

viral genes in control cells, consistent with its established antiviral 

activity. PERK knockdown also suppressed viral gene expression 

independently of TG, suggesting that PERK contributes to RSV 

replication.  
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In contrast, in our IAV experiments, PERK knockdown alone was 

associated with an increase in viral M-gene expression, indicating that 

PERK can act as a restriction factor for IAV while appearing proviral for 

RSV in Calu-3 cells. This divergence likely reflects virus-specific 

dependencies on PERK–eIF2α signalling and differences in replication 

site and host-pathway usage (nuclear replication and cap-dependent 

translation for IAV versus cytoplasmic replication and ER-processing 

demands for RSV), as well as potential cell-type effects. 

When PERK knockdown was combined with TG treatment, the reduction 

in L-gene and M-gene expression in RSV-infected cells was more 

pronounced than with either intervention alone, consistent with at least 

an additive effect. 

These findings highlight the critical roles of G3BP1 and PERK in 

regulating stress responses during RSV infection and their interplay with 

TG-induced antiviral mechanisms. The enhanced suppression of viral 

replication following G3BP1 or PERK knockdown suggests that TG 

operates through both overlapping and independent pathways to inhibit 

viral replication. This underscores the potential for targeting these 

pathways in combination with TG to achieve maximal antiviral efficacy. 
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Figure 4.13 Role of G3BP1 and PERK in TG-induced antiviral responses in Calu-3 cells. 

 (A) G3BP1 knockdown was confirmed by qPCR, following siRNA treatment (20 pM) compared 

to the negative control. (B) Viral L-gene expression was measured via qPCR in RSV-infected 

cells with G3BP1 knockdown, treated with or without TG (0.1 μM). Knockdown 

of G3BP1 amplified TG’s antiviral suppression of L-gene expression. (C) Viral L-

gene expression was quantified in RSV-infected cells with PERK knockdown, treated with or 

without TG (0.5 μM). PERK knockdown and TG treatment each reduced L-gene expression, with 

a synergistic effect observed when combined. (D) Viral M-gene expression was similarly 

quantified in RSV-infected cells with PERK knockdown, treated with or without TG. Both PERK 

knockdown and TG reduced M-gene expression, with the greatest suppression seen when 

combined. Statistical significance was determined using Sidak's multiple comparisons (****p < 

0.0001). Note: "DMSO control" is a representative label for "Negative control siRNA." 
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5.                        Discussion 
 

 

 

This thesis explored how TG, a plant-derived sesquiterpene lactone, 

exerts potent antiviral activity against both RSV and IAV, including in 

conditions of co-infection. The primary motivation behind these 

investigations stemmed from longstanding concerns over rapidly 

evolving RNA viruses and their capacity to cause substantial health and 

economic burdens worldwide, as highlighted by numerous historical 

outbreaks (Burnet and Clark, 1942; Johnson and Mueller, 2002; 

Taubenberger and Morens, 2006; Wan and Perez, 2006). Despite the 

availability of selective antivirals, issues around drug resistance and the 

tendency of many viruses to adapt to virus-directed therapies have 

created an imperative to develop robust strategies that capitalize instead 

on host-specific mechanisms (Monteith et al., 2007). A central 

hypothesis of the present research was that TG’s capacity to disrupt 

sarco-endoplasmic reticulum Ca²⁺-ATPase (SERCA) activity and trigger 

endoplasmic reticulum (ER) stress could be harnessed to inhibit viral 

replication—an approach that does not rely on direct binding to a viral 

protein but on manipulation of host pathways essential for viral 

propagation. Across a variety of in vitro systems, the results 

systematically demonstrated TG’s effectiveness against RSV and IAV, 

clarified some of the underlying cellular processes, and revealed its 

capacity to impede viral co-infection. Because co-infections may enable 

genetic exchange or modify tropism (Wan and Perez, 2006), a treatment 

that simultaneously curtails multiple viruses represents a significant step 
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forward in mitigating the challenges of emerging and re-emerging 

respiratory pathogens. 

Central to the antiviral findings was a series of experiments confirming 

that short pulses of TG, in the micromolar or even submicromolar range, 

significantly reduced viral output without inducing major cytotoxicity. 

Historically, TG was discovered as a potent inhibitor of SERCA 

(Rasmussen et al., 1978; Smitt et al., 1996), a pump that maintains ER 

calcium levels critical to proper protein folding (Monteith et al., 2007). 

Depleting ER calcium stores forced cells into a state of stress that was 

evidently incompatible with efficient viral replication. Notably, it can be 

observed that different concentrations and durations of TG priming 

achieved consistently strong inhibition of both RSV and IAV replication, 

underscoring how interfering with calcium homeostasis appears to 

disrupt essential events in the viral life cycle. Although influenza A virus 

exploits host nuclear machinery during mRNA synthesis, both influenza 

A virus and RSV depend on host translation and ER-dependent protein 

processing (Cox and Subbarao, 1999). By contrast, RSV synthesises its 

mRNAs with its own polymerase complex in the cytoplasm. Consistent 

with this, our data show that even brief disruption of ER function severely 

impairs the viruses’ ability to produce or properly fold their proteins. The 

results illustrate that viruses depend acutely on stable calcium gradients 

and the correct operation of the host’s protein quality-control systems. 

One of the most compelling outcomes emerged from experiments 

investigating the prophylactic angle: TG pretreatment of cells—often for 

just 30 minutes—was enough to suppress viral replication for extended 
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periods, even when infection was initiated a day or two afterward. This 

phenomenon provides insight into how triggering ER stress or the UPR 

early on can establish a durable antiviral state (Takemura et al., 1989; 

Putney, 1986). In effect, it was observed that once cells were “primed” 

by TG, they mounted innate defences that significantly reduced both 

RSV and IAV yields. The phenomenon persisted long after TG removal, 

which is notable because it suggests that even if TG itself is cleared from 

the system, the downstream effects—such as the expression of antiviral 

factors or changes in protein translation—can remain active. As 

infections with respiratory RNA viruses often spread rapidly (Cox and 

Subbarao, 1999), having a robust antiviral state that does not require 

continuous drug presence could be highly advantageous for both 

prophylactic and early post-exposure prophylaxis scenarios. 

Further deepening the scope of the present work were assays with 

multiple cell types, including classic immortalised lines such as HEp-2 

(for RSV), Calu-3, A549, NPTr and MDCK (for IAV quantification), as 

well as NHBE cells. The latter hold strong physiological relevance, given 

that RSV and IAV target the respiratory epithelium, and they also present 

higher sensitivity to external stressors than do immortalised lines. 

Although NHBE cells indeed required somewhat lower doses of TG for 

safe exposure, the same fundamental outcome prevailed: viral 

replication was substantially reduced, as evidenced by fewer plaques, 

lower gene transcription levels, and diminished viral protein expression. 

Such consistency across multiple in vitro models supports the view that 

TG’s activity is not an artefact confined to a single cell line but rather a 
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broader phenomenon relevant to the actual cells in the human 

respiratory tract (Amorim et al., 2011). Importantly, the congruence of 

the cytotoxicity data—showing that the TG concentrations with antiviral 

activity did not compromise cell viability—reinforces the notion that TG 

can be safely deployed at carefully controlled doses. Translation to 

therapeutic use in vivo, however, will depend on achieving effective 

airway exposure with minimal systemic distribution. A brief exposure can 

induce an antiviral programme that persists for at least 48 hours, 

suggesting that intermittent (pulsatile) dosing could maintain efficacy 

while limiting off-target exposure (Al-Beltagi et al., 2021). Because TG 

inhibits SERCA, inadvertent exposure of excitable and contractile 

tissues—particularly cardiomyocytes reliant on SERCA2a—could 

disturb Ca2+ handling and contractility; similar considerations apply to 

vascular and airway smooth muscle (Periasamy and Kalyanasundaram, 

2007). These risks could be minimised by lung-targeted delivery (for 

example, inhaled formulations), short-contact dosing that exploits the 

durable antiviral state, and, where appropriate, tissue-selective prodrugs 

analogous to mipsagargin to restrict systemic activation (Mahalingam et 

al., 2016). In parallel, this thesis shows how TG compares with existing 

antivirals. Ribavirin is used as a benchmark for RSV, as it remains one 

of the few treatments clinically used against that virus. However, 

ribavirin’s efficacy can be inconsistent, often requires prolonged 

exposure, and may entail toxicity (Knobler et al., 2005). The data showed 

that TG consistently outperformed ribavirin in terms of viral gene 

suppression and subsequent reduction in viral progeny, even though TG 
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was only applied briefly and then removed. This is a notable finding, not 

only because it demonstrates the pronounced potency of TG but also 

because it aligns with the principle that, if one successfully hinders the 

host pathways essential for viral replication rather than focusing on virus-

specific targets, one might see more enduring antiviral effects with fewer 

opportunities for the virus to mutate away from drug pressure (Burnet 

and Clark, 1942; Monteith et al., 2007). The fact that a brief host-targeted 

stress induction can achieve levels of inhibition beyond those realised by 

a conventional antiviral underscores the potentially transformative 

character of TG and may prompt future optimisation of this strategy. 

A central mechanistic question was how TG-induced ER stress disables 

viruses. From the literature, it is known that viruses like RSV or IAV can 

manipulate certain aspects of the UPR for replication (Wan and Perez, 

2006). For instance, moderate IRE1 activation may facilitate viral protein 

synthesis or assembly, whereas partial PERK activation might 

paradoxically help viruses by supporting folding of viral glycoproteins 

and transiently stabilising ER homeostasis. Nevertheless, once triggered 

beyond a certain threshold, the UPR can lead to translational 

attenuation, degrade the quality or quantity of nascent viral proteins, and 

even promote apoptosis of infected cells (Johnson and Mueller, 

2002). The findings support this multi-stage interplay. A strong 

downregulation of viral transcription was observed in multiple readouts, 

and this can be mechanistically linked to UPR output as follows. First, 

PERK-mediated phosphorylation of eIF2α depresses global translation, 

which is expected to reduce synthesis of viral replicase components; 
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with fewer polymerase/cofactor proteins available, ongoing transcription 

and genome replication fall, giving lower L- and M-gene transcript levels. 

Second, IRE1 activation both splices XBP1 mRNA to enhance 

chaperone capacity and engages RNase-dependent decay (RIDD) of 

select ER-associated transcripts, a process that can reduce the stability 

of viral mRNAs directed to the secretory pathway. Third, ATF6 signalling 

augments ER-associated degradation and chaperone expression, 

limiting the maturation of viral glycoproteins (RSV F/G; IAV HA/NA) and 

thereby constraining assembly and budding. When sustained, these 

pressures also increase the probability of apoptosis in infected cells, 

further reducing the pool of cells capable of producing 

virus. Additionally, manipulation of selected host factors indicated that 

coordinated activation across IRE1, PERK and related stress/immune 

pathways is critical; the combined engagement produced a greater block 

to replication than single-pathway perturbation, consistent with the 

additive effects seen when PERK knockdown was combined with 

TG. Once these pathways are simultaneously engaged by a robust 

stress signal, it appears viruses cannot easily circumvent the blockade 

(Rota et al., 1990; Wan and Perez, 2006). An overview of this sequence 

is provided in Figure 5.1. 
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Figure 5.1 Schematic overview of TG-mediated UPR response against viral pathogen 
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Another fascinating piece of the data set pertains to co-infections. 

Experiments tested whether TG remained effective in inhibiting both 

RSV and IAV simultaneously, particularly because co-infected cells can 

exhibit enhanced or altered viral progeny profiles (Wan and Perez, 

2006). In severe influenza seasons, patients may be susceptible to co-

infection by RSV or other respiratory viruses. Co-infections have 

historically been underappreciated, yet they can facilitate gene segment 

reassortments or at least synergy that modifies virulence.  

TG effectively limited replication of both viruses, lowering IAV and RSV 

gene output and final titres. In the co-infection model, each virus partially 

constrained the other, and TG further reduced the combined viral output. 

These in vitro data indicate that TG does not preferentially favour one 

virus; however, extrapolation to in vivo co-infection dynamics is not 

warranted from this system alone. From a broader perspective, a host-

directed agent with activity against more than one respiratory virus could 

be valuable when multiple pathogens co-circulate. Historical 

observations suggest that concurrent pathogens may worsen outcomes 

in vulnerable hosts (Burnet and Clark, 1942). The critical requirement, 

therefore, is that antiviral activity is maintained across targets without 

unintentionally shifting the competitive balance between them—an 

attribute supported here by the absence of virus-specific escape in the 

co-infection assays. The durability of the antiviral state in post-infection 

settings was also examined. Prophylactic application prevented 
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subsequent infection, and post-infection administration retained 

substantial efficacy within a defined window. When infection was already 

well established, the benefit was reduced relative to prophylaxis, 

consistent with replication processes having progressed beyond points 

most sensitive to TG-induced stress responses. Even so, delayed 

administration within the first 24–48 hours still reduced viral titres, 

implying that once triggered, the host stress response can restrict 

replication at multiple steps. This aligns with the biology of acute 

respiratory infections, which typically have short incubation periods, and 

supports the rationale that early therapy is likely to be the most impactful 

(Knobler et al., 2005). Even if a fraction of cells had begun producing 

new virions, subsequent infection cycles in neighbouring cells appeared 

constrained by TG-induced stress. 

Looking toward the broader relevance of these findings, an essential 

consideration is safety. Although ER stress induction is beneficial in 

undermining viral replication, it might pose risks if pushed too far, as pro-

apoptotic cascades can become widely activated, threatening healthy 

tissue (Monteith et al., 2007). The consistent demonstration that certain 

concentrations of TG did not compromise cell viability suggests a broad 

therapeutic index in vitro, yet the real question is how this translates in 

vivo. In some earlier contexts, TG was noted for tumour cell cytotoxicity 

and has even been tested as a chemotherapeutic lead, precisely 

because it can kill cells with unbridled protein-folding demands (Smitt et 

al., 1996). But for an antiviral approach, one must carefully select or 

modulate dose regimens so as to hamper viral replication without 
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indiscriminately harming normal tissues. The in vitro success in 

calibrating TG exposure to safe and efficacious ranges is encouraging, 

as is the robust antiviral effect observed even at modest 

doses. Importantly, in vivo efficacy has already been shown: in lethal 

influenza A mouse challenge models, oral thapsigargin administered 

after infection reduced lung virus titres and improved survival, consistent 

with an acid-stable formulation suitable for brief dosing (Al-Beltagi et al., 

2021; Goulding et al., 2020).  These data support the feasibility of a 

short, pulsatile dosing strategy to trigger a transient antiviral state without 

prolonged exposure. Further exploration of pulmonary delivery, for 

example via nebulisation or dry-powder inhalation, could concentrate the 

drug in the lungs while limiting systemic exposure, as demonstrated for 

inhaled zanamivir (Peng, Milleri and Stein, 2000) and supported by trials 

of nebulised interferon-β (Monk et al., 2021), while still conferring strong 

localised protection. 

Additionally, future directions might incorporate synergy with other host 

factors or established antivirals that target discrete stages of virus entry 

or assembly (Knobler et al., 2005). By combining TG-induced stress with 

a direct neuraminidase inhibitor or an RSV fusion blocker, for example, 

one might further minimize viral spread while lowering the dose of each 

agent—potentially reducing toxicity and limiting the emergence of 

resistance. The data in this thesis strongly suggest that host-based 

approaches can unify with virus-specific inhibitors in a complementary 

way, a strategy that, historically, has been deployed far less frequently 

than single-agent therapies. However, given the complexities of real-
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world infection, especially in older adults or immunocompromised 

individuals, such combination strategies may prove valuable. 

Besides the immediate translational angle, the present body of work 

opens a line of inquiry into precisely which stress or immune pathways 

most powerfully underlie TG’s actions on RSV or IAV. Although TG is 

expected to perturb ER calcium via SERCA inhibition, ER Ca2+ depletion 

was not directly measured here; rather, the data show activation of ER-

stress pathways linked to reduced viral replication, with virus-specific 

mechanisms still to be defined. The results found consistent outcomes 

across multiple assays—reduced ffu/ml, decreased viral mRNA, 

diminished protein expression—but do these viruses attempt to counter 

or modulate the host response in different ways? RSV, for instance, is 

known for forming large syncytia and for leveraging specialized inclusion 

bodies in the cytoplasm (Cox and Subbarao, 1999). IAV, meanwhile, 

coordinates a nuanced interplay of nuclear export signals, splicing 

events, and surface glycoprotein assembly (Rota et al., 1990). The fact 

that both viruses succumb strongly to TG indicates that their replication 

cycles converge on certain essential host dependencies that become 

unavailable under robust ER stress. Identifying precisely which steps in 

the life cycle are first affected—whether it is polymerase function, 

glycoprotein handling, or egress—could be crucial for further 

improvements in drug design. 

It was also observed that the relevant host pathways may extend beyond 

the canonical branches of the UPR. For instance, the synergy or 

crosstalk between innate immune sensors (RIG-I–like receptors, for 
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example) and stress-induced factors (such as chaperones or redox 

modulators) likely amplifies the overall suppression of viruses. 

Historically, viruses have evolved ways to block or hijack innate immunity 

(Monteith et al., 2007). Our findings show that TG treatment consistently 

suppresses viral replication across assays. This suggests that further 

experimentation on TG might illuminate a continuum of host defences 

that link stress detection, immune surveillance, and metabolism. The 

conclusion from our studies of the co-infection scenario is that the 

baseline changes in the cell’s translational environment and the 

structural changes in compartments critical to viral assembly (like the 

Golgi or ER) matter at least as much as direct induction of interferons 

(Burnet and Clark, 1942). Indeed, many of these results were consistent 

with the idea that broad disruptions in viral protein accumulation, rather 

than mere blocking of a single gene or protein, lead to the consistently 

powerful antiviral effect. From an epidemiological perspective, the 

consistent action of TG across viruses of such distinct families 

(Paramyxoviridae for RSV versus Orthomyxoviridae for influenza) is a 

strong argument for continuing to refine host-based approaches. 

Influenza A has long been recognized as a threat for pandemic 

emergence (Johnson and Mueller, 2002), while RSV causes significant 

illness in infants and the elderly (Cox and Subbarao, 1999). The diversity 

of these viruses’ replication cycles is partly why so few broad-spectrum 

antivirals exist, particularly in the context of co-infections (Monteith et al., 

2007). If the crucial factor uniting them is their reliance on an intact 

protein-folding environment, it follows that transiently biasing cells 
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towards a high-stress state that is less permissive to viral protein 

production may provide broad coverage. Because this strategy targets 

host processes rather than virus-encoded determinants, its activity may 

be less sensitive to sequence variation; however, this remains to be 

demonstrated across diverse strains and in appropriate in vivo models. 

Furthermore, if new emergent respiratory viruses—like certain 

coronaviruses—depend similarly on ER homeostasis, TG could hamper 

them as well (Al-Beltagi et al., 2021). This as relevant to future pandemic 

preparedness: a host-centric antiviral does not need prior knowledge of 

a virus’s structural antigens or polymerase motifs. Instead, it preys on an 

unchanging Achilles heel of viral biology—namely, the requirement for 

correct protein handling in the host. 

Of course, the leap from promising in vitro data to actual clinical 

interventions requires considering how well these results will translate in 

animals and, ultimately, in humans. Standard toxicology studies would 

need to confirm the margin between antiviral doses and cytotoxic 

thresholds in tissues. Pharmacokinetic analyses would clarify how 

quickly TG is distributed or cleared, and whether localized lung delivery 

via inhalation is feasible. Notwithstanding these practical constraints, the 

stability of TG-induced antiviral states that was observed in cell culture 

suggests that short exposures may suffice. That alone is an attractive 

property: rather than subjecting patients to continuous infusions or 

repeated dosing, one might administer a short pulse of TG in a controlled 

manner to produce an extended period of cellular resistance to infection. 

Coupling that approach with broad surveillance could, in theory, forestall 
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an outbreak at early stages. Indeed, short-stint prophylaxis for health 

care workers or vulnerable individuals might help them avoid infection in 

high-risk scenarios. 

What stands out from the data collected is how frequently a single, 

relatively short TG priming induced a multi-day inhibition of RSV or IAV. 

The morphological shift to a “stress-laden” state, which was observed in 

certain cell lines, correlates well with the decreased production of viral 

particles. Although it remains to be validated that the same 

morphological or molecular changes operate in the complex 

environment of a living lung, the strong parallels observed across the 

different cell lines tested—NHBE, A549, HEp-2, Calu-3, and others—

provide reassurance that the phenomenon is not restricted to an 

experimental anomaly (Monteith et al., 2007). It should also be noted 

that in everyday life, airway epithelial cells do endure a variety of mild 

insults, including changing oxygen levels, pollutants, and inflammatory 

signals. Our demonstration that these cells can cope with TG stress 

while mounting antiviral defences adds to the plausibility that carefully 

dosed TG therapy would be tolerated in the actual airway environment. 

Perhaps most revealing is the perspective gleaned from co-infection 

experiments. Dual RSV–IAV infections, while not the most common 

scenario, can enhance morbidity if they do occur, and they exemplify the 

challenge of dealing with multiple pathogens at once. Conventional 

direct-acting antivirals have to be carefully combined to cover more than 

one virus, and each virus could still evolve resistance to its specific 

inhibitor (Wan and Perez, 2006). Our data, by contrast, showed that TG 
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effectively suppressed both viruses in tandem, thus diminishing overall 

viral loads in co-infected cells and presumably reducing the probability 

of synergy or pseudotyping. In real-world epidemics, it is not unusual for 

individuals to harbour more than one respiratory virus, especially in 

crowded or high-contact settings (Knobler et al., 2005). Having a single 

drug that blocks multiple viruses is, therefore, a major advantage. Even 

if some respiratory viruses are partially or minimally affected, the overall 

burden and risk of viral complementation might be lower. 

Taking a historical lens, one can see that the largest and most 

consequential influenza outbreaks, such as the 1918 “Spanish flu,” the 

1957 “Asian flu,” and others, were associated with co-infections by 

bacterial or viral agents exacerbating disease severity (Burnet and Clark, 

1942; Johnson and Mueller, 2002). Although the primary impetus for 

many vaccine and therapeutic efforts has been to target single 

pathogens, our findings serve as a reminder that broad-spectrum 

strategies remain crucial in preparedness. The data here thus feed into 

a larger conversation: the future of antiviral development might not rely 

exclusively on virus-specific small molecules, but rather on harnessing 

stress or innate immunity in a measured manner. While it is undeniable 

that virus-specific strategies continue to be essential—particularly for 

post-exposure prophylaxis or in advanced infection—these results 

showcase that a host-based approach like TG can function in 

prophylaxis, early-stage, and co-infection contexts with a single 

mechanistic principle. 
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In summary, this thesis has demonstrated the robust antiviral effects of 

TG against RSV and IAV across multiple in vitro models. Short pulses of 

TG at non-cytotoxic doses strongly suppress viral protein synthesis, 

reduce viral plaque formation, and curtail gene expression associated 

with progeny virions. The efficacy extends to co-infection scenarios, 

suggesting that the therapy could limit complications arising from the 

simultaneous presence of more than one virus. The crux of TG’s success 

appears to lie in its capacity to elevate ER stress to levels that viruses 

cannot withstand, thereby preventing them from efficiently folding and 

assembling their structural and enzymatic proteins. By leveraging a 

fundamental host function, TG essentially places the virus at a 

disadvantage that is difficult for it to circumvent by simple mutational 

changes. Yet challenges remain in precisely calibrating the drug’s 

dosage to ensure safety in a complex organism, and more data are 

needed about how TG might be administered in a targeted fashion to 

spare healthy tissues from excessive stress. Still, the body of data 

compiled here strongly positions TG among the leading candidates for a 

new wave of host-centric antivirals, demonstrating that controlled ER 

stress can decisively hinder multiple respiratory RNA viruses. The 

broader implications for pandemic preparedness, prophylactic 

interventions, and synergy with existing inhibitors are substantial, and 

they point the way to clinical evaluations of TG formulations, potentially 

in combination with protective strategies against other viruses or 

secondary pathogens. Ultimately, the findings underscore the power of 

turning the cell’s own stress machinery against invading viruses, setting 
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a precedent for novel antiviral strategies that strike at the interface of 

protein homeostasis and immunity. 
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