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Abstract 

 Positive strand RNA ((+)ssRNA) viruses are some of the most important pathogens that 

impact the public health, economy, and quality of life. The interferon (IFN) response plays a 

critical role in innate immune response targeting (+)ssRNA viruses, which in turn have evolved 

various strategies to circumvent this response in order to establish infection. In this thesis, I 

investigated how two emerging (+)ssRNA viruses, Mayaro virus (MAYV) and severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), affect the host IFN response and determined 

the mechanisms by which specific viral proteins antagonize this pathway.  

  MAYV infection was found to significantly impair the induction phase of the IFN 

response and mapping studies revealed that non-structural protein 2 (NSP2) was responsible for 

this effect. Expression of MAYV NSP2 depleted DNA-directed RNA polymerase II subunit A 

(Rpb1) and transcription initiation factor II E subunit 2 (TFIIE2) which are indispensable for host 

mRNA synthesis. This indicated that NSP2-mediated transcriptional shutoff was the primary 

mechanism by which MAYV blocks IFN induction.  

 Induction of IFNs and IFN-stimulated genes (ISGs) were also blocked during SARS-CoV-

2 infection. The viral proteins NSP1 and nucleocapsid (N) both blocked the IFN response 

indicating that SARS-CoV-2 employs multiple mechanisms to subvert the host antiviral defenses. 

Translational shutoff by NSP1 resulted in depletion of key IFN signaling proteins, such as tyrosine 

kinase 2 (Tyk2) and signal transducer and activator of transcription 2 (STAT2).  

 Together, this research provides new insights into the mechanisms by which two recently 

emerged (+)ssRNA viruses antagonize the host IFN response. Current findings should be taken 

into account when developing and administering antiviral therapeutics.   



 iii 

Preface 

 Many findings presented in this thesis are the result of collaborative works.  

 Chapter 3 of this thesis is published as Ishida, R., Cole, J., Lopez-Orozco, J., Fayad, N., 

Felix-Lopez, A., Elaish, M., Luo, S.Y., Julien, O., Kumar, A., and Hobman, T.C. 2021. Mayaro 

Virus Non-Structural Protein 2 Circumvents the Induction of Interferon in Part by Depleting Host 

Transcription Initiation Factor IIE Subunit 2. Cells 10 (12). doi: doi.org/10.3390/cells10123510. 

Project was conceived by T.C. Hobman and A. Kumar. J. Moore performed mass spectrometry 

analyses. A. Felix-Lopez performed the Molecular Interaction Search Tool (MiST) analysis, while 

N. Fayed performed the Gene Ontology (GO) enrichment analysis. I was responsible for 

experimental design and performance, data collection and analysis, and composition and revision 

of manuscript. T. C. Hobman was supervisory author and contributed to concept formation and 

manuscript composition. 

 Chapter 4 of the thesis is published as Kumar, A., Ishida, R., Strilets, T., Cole, J., Lopez-

Orozco, J., Fayad, N., Felix-Lopez, A., Elaish, M., Evseev, D., Magor, K.E., Mahal, L.K., Nagata, 

L.P., Evans, D.H., and Hobman, T.C. 2021. SARS-CoV-2 Nonstructural Protein 1 Inhibits the 

Interferon Response by Causing Depletion of Key Host Signaling Factors. J Virol 95 (13): doi: 

10.1128/JVI.00266-21. Project was conceived by T.C. Hobman and A. Kumar. A. Kumar, T. 

Strilets, and I contributed equally to experimental design and performance, data collection and 

analysis, and composition and revision of manuscript. T. C. Hobman was supervisory author and 

contributed to concept formation and manuscript composition.  

 

  



 iv 

Acknowledgements 

 To my supervisor Dr. Tom Hobman, for welcoming me to his team and for providing 

guidance and support throughout my MSc studies. I am truly grateful for the opportunity for 

carrying out my research in virology and growing in the field of scientific research. 

 To my supervisory committee members Dr. Jim Smiley and Dr. Amit Bhavsar, for their 

constructive criticism and insights which helped shape my research. I would also like to thank Dr. 

Paul LaPointe for serving as a defense examiner and reading my thesis.  

 To my wonderful colleagues Dr. Anil Kumar, Dr. Joaquin Lopez-Orozco, Dr. Zaikun Xu, 

Dr. Daniel Limonta, Dr. Mohamed Elaish, Dr. Adriana Airo, Valeria Mancinelli, Eileen Reklow, 

Alberto Felix-Lopez, Nawell Fayad, Cheung Pang Wong, for creating such a positive work 

environment. Thank all of you for your technical support and insights which were indispensable 

for my thesis work. I truly enjoyed all the conversations and discussions we have shared.  

 To my parents for being loving and supportive throughout my life. You have taught me to 

be curious, adventurous, hardworking, and most importantly encouraged to pursue my passion. 

Thank you to the rest of my family members for their love and support as well.  

 Last but not least, to my wife Sarah, for supporting me in countless ways over the years. It 

is your love and companionship which made my everyday more enjoyable. Thank you for always 

being loving, kind, hardworking, and supportive throughout this journey.   



 v 

Table of Contents  

Chapter 1 Introduction .................................................................................................................... 1 

1.1 The Interferon Response .................................................................................................... 2 

1.1.1 Types of IFNs ................................................................................................................. 2 

1.1.2 IFN induction during positive-strand RNA virus infection ............................................ 3 

1.1.3 IFN signaling and ISGs ................................................................................................. 7 

1.1.4 Viral strategies of evading the IFN response .............................................................. 11 

1.2 Alphavirus ......................................................................................................................... 12 

1.2.1 Mayaro virus ................................................................................................................ 13 

1.2.1.1 Epidemiology and clinical significance of MAYV ................................................ 14 

1.2.1.2 Biology and replication cycle of MAYV ................................................................ 15 

1.2.1.3 Antagonism of IFN response by MAYV ................................................................ 19 

1.3 Coronavirus ....................................................................................................................... 19 

1.3.1 SARS-CoV-2 ................................................................................................................. 20 

1.3.1.1 Epidemiology and clinical significance of SARS-CoV-2 ...................................... 21 

1.3.1.2 Biology and replication cycle of SARS-CoV-2 ...................................................... 23 

1.3.1.3 Antagonism of IFN response by SARS-CoV-2 ...................................................... 27 

1.4 Objectives of thesis ............................................................................................................ 28 

Chapter 2 Materials and Methods ................................................................................................. 29 

2.1 Materials ............................................................................................................................ 30 

2.1.1 Reagents ....................................................................................................................... 30 

2.1.2 Commonly used buffers and solutions ......................................................................... 33 

2.1.3 Antibodies .................................................................................................................... 34 

2.1.4 Oligonucleotides .......................................................................................................... 35 

2.1.5 Detection systems and software ................................................................................... 43 

2.1.6 Cell lines and viruses ................................................................................................... 43 

2.2 Methods .............................................................................................................................. 44 

2.2.1 Molecular biology ........................................................................................................ 44 

2.2.1.1 Isolation of plasmid DNA from Escherichia coli .................................................. 44 

2.2.1.2 Polymerase chain reaction (PCR) ........................................................................ 44 

2.2.1.3 Agarose electrophoresis........................................................................................ 45 



 vi 

2.2.1.4 Restriction endonuclease digestion....................................................................... 45 

2.2.1.5 Purification of DNA fragments ............................................................................. 45 

2.2.1.6 Ligation reaction ................................................................................................... 46 

2.2.1.7 Transformation of E. coli ...................................................................................... 46 

2.2.1.8 Construction of recombinant plasmids ................................................................. 46 

2.2.1.9 Site directed mutagenesis ...................................................................................... 47 

2.2.2 Cell culture and transfection ....................................................................................... 48 

2.2.2.1 Cell culture maintenance ...................................................................................... 48 

2.2.2.2 Transfection of mammalian cell lines ................................................................... 48 

2.2.3 Virology techniques ..................................................................................................... 49 

2.2.3.1 Virus infection ....................................................................................................... 49 

2.2.3.2 Plaque assay ......................................................................................................... 49 

2.2.4 Protein gel electrophoresis and immunoblotting ......................................................... 50 

2.2.4.1 Sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) ....... 50 

2.2.4.2 Immunoblotting ..................................................................................................... 51 

2.2.5 Analysis of protein-protein interactions ...................................................................... 51 

2.2.5.1 Co-immunoprecipitation (co-IP) .......................................................................... 51 

2.2.6 Microscopy ................................................................................................................... 52 

2.2.6.1 Indirect immunofluorescence confocal microscopy.............................................. 52 

2.2.7 RNA techniques ............................................................................................................ 53 

2.2.7.1 RNA isolation ........................................................................................................ 53 

2.2.7.2 cDNA synthesis ..................................................................................................... 53 

2.2.7.3 Quantitative real time polymerase chain reaction (qRT-PCR) ............................ 53 

2.2.8 Luciferase reporter assay ............................................................................................ 54 

2.2.9 Enzyme-link immunosorbent assay (ELISA) for IFN-β detection ................................ 55 

Chapter 3 Mayaro virus non-structural protein 2 circumvents the induction of interferon in part by 

depleting host transcription initiation factor IIE subunit 2. .......................................................... 56 

3. 1 Rationale ........................................................................................................................... 57 

3.2 Results ................................................................................................................................ 58 

3.2.1 MAYV suppresses production of type I and III IFNs ................................................... 58 



 vii 

3.2.2 MAYV suppresses the IFN induction pathway downstream of IRF3 nuclear 

translocation. ........................................................................................................................ 62 

3.2.3 Cloning of 3xFLAG-tagged MAYV proteins into pcDNA3.1(-) ................................... 64 

3.2.4 MAYV NSP2 reduces interferon induction downstream of IRF3 activation ............... 66 

3.2.5 The effect of NSP2 on interferon induction is partially mediated by transcriptional 

shutoff .................................................................................................................................... 68 

3.2.6 NSP2 interacts with and downregulates the levels of host transcription mediators 

Rpb1 and TFIIE2 .................................................................................................................. 72 

3.2.7 Some but not all alphaviruses reduce levels of TFIIE2 ............................................... 75 

3.2.8 MAYV suppresses global transcription during infection ............................................. 78 

3.3 Summary ............................................................................................................................ 80 

Chapter 4 SARS-CoV-2 non-structural protein 1 inhibits the interferon response by causing 

depletion of key host signaling factors. ........................................................................................ 81 

4.1 Rationale ............................................................................................................................ 82 

4.2 Results ................................................................................................................................ 83 

4.2.1 SARS-CoV-2 blocks IFN induction .............................................................................. 83 

4.2.2 Cloning of 3XFLAG-tagged SARS-CoV-2 proteins into pcDNA3.1(-) ........................ 88 

4.2.3 SARS-CoV-2 NSP1 and N block IFN induction ........................................................... 90 

4.2.4 SARS-CoV-2 N protein interacts with TRIM25, but does not block ubiquitination of 

RIG-I. .................................................................................................................................... 94 

4.2.5 SARS-CoV-2 blocks ISG induction .............................................................................. 96 

4.2.6 Tyk2 and STAT2 are depleted during SARS-CoV-2 infection ...................................... 99 

4.2.7 SARS-CoV-2 NSP1 blocks IFN signaling .................................................................. 102 

4.3 Summary .......................................................................................................................... 107 

Chapter 5 Discussion .................................................................................................................. 108 

5.1 Synopsis ............................................................................................................................ 109 

5.2 Antagonism of IFN induction by MAYV ...................................................................... 109 

5.2.1 Interaction between MAYV and the IFN induction pathway ..................................... 110 

5.2.2 Suppression of IFN induction and host transcription by MAYV NSP2 ..................... 111 

5.3 Evasion of IFN response by SARS-CoV-2 .................................................................... 114 

5.3.1 Suppression of IFN induction by SARS-CoV-2 .......................................................... 114 



 viii 

5.3.2 Suppression of IFN signaling by SARS-CoV-2 .......................................................... 120 

References ................................................................................................................................... 123 

 

 

List of Tables 

Table 2.1 Sources of commercially prepared reagents ................................................................. 30 

Table 2.2 Molecular markers ........................................................................................................ 32 

Table 2.3 Enzymes used for manipulation of nucleic acid ........................................................... 32 

Table 2.4 Commercially available kits ......................................................................................... 33 

Table 2.5 Buffers and solutions .................................................................................................... 33 

Table 2.6 Primary antibodies ........................................................................................................ 34 

Table 2.7 Secondary antibodies .................................................................................................... 35 

Table 2.8 Primers used for cloning reactions ................................................................................ 35 

Table 2.9 Primers used for qRT-PCR ........................................................................................... 42 

Table 2.10 Detection system and analysis software ..................................................................... 43 

Table 2.11 Cell lines ..................................................................................................................... 43 

Table 2.12 Viruses ........................................................................................................................ 43 

Table 5.1 SARS-CoV-2 proteins involved in subversion of IFN induction ............................... 116 

Table 5.2 SARS-CoV-2 proteins reported to antagonize IFN signaling .................................... 120 

  



 ix 

List of Figures  

Figure 1.1 The IFN induction pathway induced by (+)ssRNA viruses. ......................................... 6 

Figure 1.2 The IFN signaling pathway. ........................................................................................ 10 

Figure 1.3 Replication cycle of MAYV. ....................................................................................... 18 

Figure 1.4 Replication cycle of SARS-CoV-2. ............................................................................. 26 

Figure 3.1 MAYV is sensitive to pre-treatment of type-I IFNs. ................................................... 60 

Figure 3.2 MAYV suppresses induction of type I and III IFNs.. ................................................. 61 

Figure 3.3 MAYV does not block nuclear translocation of IRF3. ................................................ 63 

Figure 3.4 MAYV NSP2 antagonizes the induction of IFNs.. ..................................................... 65 

Figure 3.5 MAYV NSP2 blocks IFN induction downstream of IRF3 activation. ........................ 67 

Figure 3.6 Schematic representation of 3xFLAG-tagged MAYV NSP2 constructs. ................... 69 

Figure 3.7 Inhibition of IFN induction by MAYV NSP2 is partially mediated by transcriptional 

shutoff.. ......................................................................................................................................... 71 

Figure 3.8 MAYV NSP2 interacts with key transcription mediators, Rpb1 and TFIIE2. ............ 73 

Figure 3.9 MAYV NSP2 downregulates Rpb1 and TFIIE2.. ....................................................... 74 

Figure 3.10 Rpb1 and TFIIE2 is reduced during MAYV infection. ............................................. 76 

Figure 3.11 Some but not all alphaviruses downregulate TFIIE2. ............................................... 77 

Figure 3.12 MAYV blocks global transcription during infection................................................. 79 

Figure 4.1 SARS-CoV-2 blocks IFN induction. ........................................................................... 85 

Figure 4.2 SARS-CoV-2 blocks IRF3 phosphorylation and nuclear translocation. ..................... 87 

Figure 4.3 Expression of pcDNA3.1(-) 3XFLAG-tagged SARS-CoV-2 protein constructs. ...... 89 

Figure 4.4 SARS-CoV-2 NSP1 and N block IFN induction. ....................................................... 91 

Figure 4.5 SARS-CoV-2 blocks activation of IRF3. .................................................................... 92 

Figure 4.6 SARS-CoV-2 NSP1 blocks IFN induction through translational shutoff. .................. 93 

Figure 4.7 SARS-CoV-2 N protein interacts with TRIM25 without blocking RIG-I ubiquitination.

....................................................................................................................................................... 95 

Figure 4.8 SARS-CoV-2 block ISG induction. ............................................................................ 97 

Figure 4.9 SARS-CoV-2 downregulates Tyk2 and STAT2 protein levels. .................................. 98 

Figure 4.10 STAT2 is depleted during SARS-CoV-2 infection. ................................................ 100 

Figure 4.11 SARS-CoV-2 mediated translational shutoff can reduce Tyk2 and STAT2 during 

infection. ..................................................................................................................................... 101 



 x 

Figure 4.12 SARS-CoV-2 NSP1 blocks IFN signaling. ............................................................. 104 

Figure 4.13 SARS-CoV-2 NSP1 reduces STAT2 through translational shutoff. ....................... 105 

Figure 4.14 SARS-CoV-2 NSP1 interferes with host translational machinery. ......................... 106 

  



 xi 

Abbreviations 

°C Degree Celsius  

A549  Human alveolar basal epithelial 549 cells 

ACE2 Angiotensin converting enzyme 2 

APS Ammonium persulphate  

ATP Adenosine triphosphate  

BSA Bovine serum albumin  

C protein Capsid protein 

C6/36 Aedes albopictus clone C6/36 cells 

CARD Caspase recruitment domain  

cDNA Complementary deoxyribonucleic acid  

CHIKV Chikungunya virus  

CIP Calf intestinal alkaline phosphatase  

CMV Cytomegalovirus  

CoV Coronavirus  

COVID-19 Coronavirus infectious disease 2019 

DENV Dengue virus  

DMEM Dulbecco’s Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid  

dsRNA Double-stranded ribonucleic acid  

DTT Dithiothreitol 

E protein  Envelope protein 

EDTA Ethylenediaminetetraacetic acid 

EGTA Ethylene glycol-bis (β-aminoethyl ether)-N, N, N‘, N‘-

tetraacetic acid 

eIF Eukaryotic translation initiation factor  

ELISA Enzyme-linked immunosorbent assay  

FBS Fetal bovine serum  

GAF Interferon-ɣ (gamma) activated factor  

GAS Interferon-ɣ (gamma) activated site  



 xii 

GFP Green fluorescent protein  

GO Gene ontology 

HAU Hemagglutinating unit 

HEK 293T Human embryo kidney 293T cells 

HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 

Hpi Hour post-infection  

Huh7 Human hepatoma 7 cells  

IAV Influenza A virus  

IF Immunofluorescence  

IFITM Interferon-inducible transmembrane  

IFN  Interferon  

IFNAR Interferon-α/β receptor  

IFNGR Interferon-ɣ receptor  

IFNLR Interferon-λ receptor  

IKK IκB kinase  

IP Immunoprecipitation  

IRES Internal ribosome entry site  

IRF Interferon regulatory factor  

ISG Interferon stimulated gene 

ISGF ISG factor  

ISRE Interferon-stimulated response element  

IκB Inhibitor of NFκB 

Jak Janus kinase  

kb Kilo base  

kDa Kilo Daltons  

L Liter  

m Mili (10-3) 

M protein Membrane protein 

M Moles per liter  

MAVS Mitochondrial antiviral signaling protein  

MAYV  Mayaro virus  



 xiii 

MDA5 Melanoma differentiation associated gene 5 

MEM Minimal Essential Media 

MERS Middle East respiratory syndrome  

MiST Molecular Interaction Search Tool 

MOI Multiplicity of infection  

mRNA Messenger ribonucleic acid  

Mxra Matrix remodeling-associated protein  

MyD88 Myeloid differentiation primary response gene 88 

n Nano (10-9) 

N protein Nucleocapsid protein 

NEAA Non-essential Amino Acids 

NEMO NFκB essential modulator  

NFκB Nuclear factor κ B 

NLS Nuclear localization signal  

NS Non-structural  

NSP Non-structural protein  

OAS Oligoadenylate synthetase  

ONNV O’nyong nyong virus  

ORF Open reading frame  

PAMP Pathogen-associated molecular pattern  

PBS Phosphate buffered saline  

PCR Polymerase chain reaction  

PFA Paraformaldehyde  

PFU Plaque forming unit  

pH Power hydrogenii 

PKR Protein kinase R 

Poly(I:C) Polyinosinic-polycytidylic acid 

PP1 Protein phosphatase 1 

PRR Pattern recognition receptor  

PVDF Polyvinylidene difluoride  

qRT-PCR Quantitative real-time polymerase chain reaction 



 xiv 

RdRp RNA-dependent RNA polymerase  

RIG-I Retinoic acid inducible gene I 

RLR RIG-I-like receptor  

RNA Ribonucleic acid  

RNase Ribonuclease  

Rpb1 DNA-directed RNA polymerase II subunit A 

RRV Ross River virus  

RTC Replication and transcription complex  

S protein Spike protein 

SARS Severe acute respiratory syndrome  

SDS Sodium dodecyl sulphate 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis  

SeV  Sendai virus  

SFV Semliki Forest virus  

SINV Sindbis virus  

SOC medium  Super Optimal broth with Catabolite repression medium 

SOCS Suppressor of cytokine signaling  

ssRNA Single-stranded ribonucleic acid  

STAT Signal transducer and activator of transcription  

TAE Tris-acetate-EDTA 

TBK1 TANK-binding kinase 1 

TEMED N, N, N’, N’-tetramethylethylenediamine 

Th1 T helper type 1 

TLR Toll-like receptor  

TMPRSS2 Transmembrane serine protease 2 

TF Transframe  

TFIIE2 Transcription initiation factor II E subunit 2 

TRAF Tumor necrosis factor receptor-associated factor 

TRIF  TIR domain-containing adaptor-inducing IFN 

TRIM25 Tripartite motif-containing protein 25 

Tyk Tyrosine kinase  



 xv 

U Unit  

USP18 Ubiquitin specific peptidase 18 

V Volt  

v/v Volume per volume  

VERO African green monkey kidney cells  

VOC Variant of concern  

WB Western blot  

w/v Weight per volume  

ZIKV Zika virus  

µ Micro (10-6) 



 1 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction  

  



 2 

1.1 The Interferon Response  

 The interferon (IFN) response is one of the most important arms of innate immunity for 

controlling viral infection. This response entails two signaling pathways: 1) the IFN induction 

pathway which involves the sensing of pathogen-associated molecular patterns (PAMPs) and the 

production and secretion of IFN molecules, and 2) the IFN signaling pathway, initiated by binding 

of IFNs on to cell surface receptors, resulting in the expression of IFN-stimulated genes (ISGs) 

which collectively restrict viral infection (Reviewed in (Fensterl 2015)). Furthermore, IFNs play 

an important role in activating and shaping the adaptive immune response, which is required for 

the clearance of viral infections (McNab et al., 2015).  

 

1.1.1 Types of IFNs  

 Interferons are small peptides that can be divided into three classes: type I, II and III IFNs, 

according to the cell surface receptors they bind to. Type I IFNs comprise IFN-α, -β, -κ, -ω, -ɛ, -τ, 

-δ, and -ζ, and they bind to IFN-α/β receptors (IFNAR), which consist of IFNAR1 and IFNAR2. 

The only known member of type II IFNs is IFN-ɣ, which binds to tetrameric IFN-ɣ receptors 

(IFNGR), consisting of two subunits of each of IFNGR1 and IFNGR2. Type III IFNs include IFN-

λ1, -λ2, -λ3, and -λ4, and they signal through IFN-λ receptors (IFNLR), consisting of IFNLR1 and 

interleukin 10 receptor B (de Weerd and Nguyen 2012; O'Brien et al., 2014). As secreted IFNs 

bind to receptors in an autocrine and/or paracrine manner, the effects of IFNs are usually limited 

to the site where IFN-inducing stimuli are present (Mesev et al., 2019).  

 In addition to the difference in the cell surface receptors that each class of IFNs binds, cells 

that produce and respond to a given class of IFN vary widely. Given that all nucleated cells have 
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the capacity to produce type I IFNs and almost all cell types express IFNARs (McNab et al., 2015; 

Mesev et al., 2019), type I IFNs provide a first line of protection against microbes at the site of 

infection. Type II IFNs are mainly produced by leukocytes (de Weerd and Nguyen 2012) and their 

expression is induced by type I IFNs, a subset of interleukins, and pattern recognition receptor 

(PRR)-mediated PAMP recognition (Bogdan and Schleicher 2006; Lee and Ashkar 2018). IFN-ɣ 

plays an important role in the activation of the adaptive immune response against intracellular 

pathogens as it activates antigen presenting cells and promotes T cells to differentiate into the T 

helper type 1 (Th1) lineage (Kak et al., 2018). Similar to type I IFNs, type III IFNs are produced 

by various cell types (Witte et al., 2010). However, IFNLR expression is limited to a small subset 

of cell types, such as epithelial cells, which allows them to respond to these IFNs (Mesev et al., 

2019). Overall, cell type-specific expression of IFNs and IFN-receptors results in a targeted and 

complex IFN response in vivo in concert with the rest of the immune response. 

 

1.1.2 IFN induction during positive-strand RNA virus infection  

 All classes of IFNs are induced by PRR-mediated detection of microbial PAMPs (Figure 

1.1) although type II IFNs are mainly upregulated by cytokines (Bogdan and Schleicher 2006; Lee 

and Ashkar 2018)). In mammals, these PRRs include Toll-like receptors (TLRs) and retinoic acid-

inducible gene 1 (RIG-I)-like receptors (RLRs), which sense common structures of pathogens 

(Fensterl 2015). Certain endosomal TLRs and cytosolic RLRs are particularly important for 

detecting infection by positive-strand RNA ((+)ssRNA) viruses and the subsequent upregulation 

of IFNs. For example, TLR3 senses double-stranded RNA (dsRNAs) intermediates that are 

produced by (+)ssRNA viruses during replication, and TLR7/8 recognizes single-stranded RNA 

(ssRNA). While TLRs are expressed in different cell types, they are highly expressed in innate 
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immune cells and play significant roles in their cell signaling (Kawai and Akira 2009). Converesly, 

RLRs, such as RIG-I and melanoma differentiation-associated gene 5 (MDA5) are ubiquitously 

expressed and are predominantly involved in the detection of infection by (+)ssRNA viruses. 

While both RIG-I and MDA5 sense cytosolic dsRNA, they bind to different RNA structures. RIG-

I preferentially binds to dsRNA with 5’-triphosphate or 5’-diphosphate structures instead of the 

5’-7-methylguanosine cap found on cellular messenger RNA (mRNA) (Hornung et al., 2006; 

Pichlmair et al., 2006). MDA5 has greater affinity for dsRNAs that are relatively long compared 

to RIG-I substrates (Kato et al., 2008).  

 The recognition of PAMPs by the aforementioned PRRs leads to downstream signaling 

that culminates in the upregulation of IFNs. Ligand binding of TLR3 and TLR7/8 leads to the 

recruitment of TIR domain-containing adaptor-inducing IFN (TRIF) and myeloid differentiation 

primary response gene 88 (MyD88) adaptor proteins, respectively (Kawasaki and Kawai 2014). 

These adaptor proteins recruit tumor necrosis factor receptor-associated protein (TRAF) family 

members, which then recruit kinases such as the inhibitor of NFκB kinase (IKK) family and 

TANK-binding kinase 1 (TBK1). TRAF3 mediates the recruitment of IKKɛ and TBK1 together 

with nuclear factor κB (NFκB) essential modulator (NEMO; also known as IKKɣ) which 

phosphorylate interferon regulatory factor 3 and/or 7 (IRF3/7) (Kawai and Akira 2009). Upon 

phosphorylation, the antiviral transcription factors IRF3 and IRF7 form homodimers or 

heterodimers which then translocate to the nucleus where they upregulate IFN expression (Honda 

et al., 2006). Of note, IRF7 is particularly important for MyD88-dependent type I IFN induction 

by plasmacytoid dendritic cells (Honda et al., 2005). Another signaling cascade involves TRAF6 

which recruits IKKα, IKKβ, and NEMO that phosphorylate inhibitor of NFκB (IκB) (Kawai and 

Akira 2009). IκB normally retains NFκB in cytoplasm, thereby preventing the transcription factor 
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function of NFκB. However, phosphorylation of IκB results in its subsequent polyubiquitination 

and proteasomal degradation, thereby releasing NFκB, which translocates to the nucleus and 

mediates the expression of proinflammatory cytokines including IFNs (Liu et al., 2017).  

 RLRs such as RIG-I and MDA5 have caspase activation domains (CARD) that are exposed 

once they bind their dsRNA substrates (Brisse and Ly 2019). In addition to binding dsRNA, RIG-

I activation requires dephosphorylation by protein phosphatase 1 (PP1) and ubiquitination by 

tripartite motif-containing protein 25 (TRIM25) (Gack et al., 2007; Wies et al., 2013). Once these 

RLRs are in their active conformations, they oligomerize and interact with mitochondrial antiviral 

signaling protein (MAVS) through CARD-CARD interactions (Brisse and Ly 2019). MAVS is an 

adaptor protein that is present on mitochondria and peroxisomes (Seth et al., 2005; Dixit et al., 

2010) and recruits TRAF3 and TRAF6 following interaction with RLRs. TRAF3 and TRAF6 then 

recruit TBK1/IKKɛ/NEMO and IKKα/IKKβ/NEMO, respectively, resulting in activation of 

IRF3/7 and NFκB that facilitate the transcription of IFN genes. IFNs are secreted from infected 

cells, after which they bind to IFN-receptors in an autocrine and/or paracrine manner.  
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Figure 1.1 The IFN induction pathway induced by (+)ssRNA viruses. During infection by 

(+)ssRNA virus, genomic RNA and/or its dsRNA replication products are sensed by PRRs such 

as RIG-I, MDA5, TLR3, TLR7, and TLR8. RIG-I and MDA5 are cytoplasmic RLRs with affinity 

towards dsRNA. Upon binding dsRNAs and subsequent activation, these RLRs expose their 

CARD domains, which associate with CARD domains on MAVS adaptor protein. MAVS recruits 

TRAF3 and TFAF6 which further recruit kinase complexes: IKKα/IKKβ/NEMO that 

phosphorylate IκB and activate NFκB, and TBK1/IKKɛ/NEMO which phosphorylate and activate 

IRF3/7. TLR3 and TLR7/8 recognize endosomal ssRNA and dsRNA, and recruits TRIF and 

MyD88 adaptor proteins, respectively. These adaptor proteins further recruit TRAF3 and TRAF6, 

thereby mediate activation of NFκB and IRF3/7. These transcription factors bind to promoters of 

IFNs and facilitate their transcription. IFN-transcripts are subsequently translated and secreted 

outside of the cell where they can bind to IFN receptors in autocrine and/or paracrine manner. 

(Figure created with Biorender.com)  
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1.1.3 IFN signaling and ISGs 

 Secreted IFNs bind to their respective cell surface receptors and initiate IFN signaling, 

which results in the upregulation of ISGs (Figure 1.2). Although type I and III IFNs bind to 

different IFN receptors, IFNARs and IFNLRs, respectively, they activate the same IFN signaling 

pathway and thus induce a similar set of ISGs (Bolen et al., 2014). Ligand binding by IFNAR and 

IFNLR leads to autophosphorylation of IFN-receptor-associated kinases Janus kinase 1 (Jak1) and 

tyrosine kinase 2 (Tyk2) which phosphorylate tyrosine residues on IFN receptors. Signal 

transducer and activator of transcription 1 (STAT1) and 2 (STAT2) associate with 

phosphotyrosines on IFN receptors where they are then phosphorylated by Jak1 and Tyk2, 

respectively (Heim et al., 1995). Phosphorylation of STAT1 and STAT2 leads to the formation of 

a complex called ISG factor 3 (ISGF3), which consists of STAT1, STAT2, and IRF9 (Fu et al., 

1990). ISGF3 translocates to the nucleus and facilitates transcription of ISGs using an IFN-

stimulated response element (ISRE) promoter (Levy et al., 1988). Of note, while type I and III 

IFNs induce a similar group of ISGs, type I IFN-mediated signaling leads to a higher expression 

of ISGs due to their higher receptor binding affinity (Bolen et al., 2014; Mesev et al., 2019). The 

binding of type II IFNs to IFNGRs leads to autophosphorylation of Jak1 and Jak2 which together 

phosphorylate STAT1. STAT1 subsequently homodimerizes, forming IFN-ɣ-activated factor 

(GAF), and induces expression of ISGs with an IFN-ɣ-activated sequence (GAS) in their promoter 

(Decker et al., 1991). Of note, in addition to ISGF3, GAF can also form during type I and III IFN 

signaling after STAT1 phosphorylation by Jak1. However, during type I and III IFN signaling, 

IKKɛ-dependent phosphorylation of serine residues on STAT1 prevents GAF formation but not 

ISGF3 formation (Ng et al., 2011).  
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 ISGF3- and GAF-induced ISGs have three main functions: antagonism of viral infection, 

increased sensitivity to viral infection, and regulation of IFN signaling (Reviewed in (Schneider et 

al., 2014)). Many ISGs inhibit multiple steps in the virus lifecycle such as cell entry, transcription, 

translation, and viral egress. For instance, IFN-inducible transmembrane (IFITM) proteins prevent 

membrane fusion, thereby blocking the entry of various enveloped viruses (Li et al., 2013). Viperin 

and tetherin block viral egress respectively by altering cell membrane composition and by 

anchoring enveloped viruses to the plasma membrane (Wang et al., 2007; Sauter et al., 2010). 

Oligoadenylate synthase (OAS) is an ISG that produces 2’,5’-oligoadenylates that activate 

ribonuclease L (RNaseL) after recognition of dsRNA. Active RNaseL indiscriminately degrades 

viral and cellular transcripts, thereby halting protein synthesis as well as degrading the genomes 

of RNA viruses (Floyd-Smith et al., 1981; Chakrabarti et al., 2011). The ISG protein kinase R 

(PKR) also senses dsRNA but its antiviral effect involves phosphorylation of the translation 

initiation factor eIF2α, thereby impeding translation of cellular and viral transcripts (Dar et al., 

2005).  

 The expression of various PRRs and their signaling components are also induced by IFNs, 

thus enhancing viral recognition and IFN production. These ISGs include RIG-I, MDA5, TRIM25, 

and IRF7, all of which augment the PRR-mediated induction of IFNs (Schoggins and Rice 2011). 

Thus sustained PAMP-recognition can lead to a positive feedback loop resulting in robust 

production of IFNs. However, since the induction of IFNs still requires the presence of PAMPs, 

the production of IFNs is proportional to the viral load.  

 Lastly, a subset of ISGs is involved in downregulating IFN signaling to avoid further ISG 

induction in cells that have already undergone IFN signaling. Notably, cells lose their ability to 

respond to IFN for several days after treatment with IFNs (Larner et al., 1986). For example, 
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suppressor of cytokine signaling (SOCS) proteins inhibit Jak-STAT signaling by sequestering 

phosphotyrosine residues on IFN receptors and Jak proteins, thereby impeding STAT recruitment 

and phosphorylation (Krebs and Hilton 2001). Furthermore, ubiquitin specific peptidase 18 

(USP18) binds to IFNAR2 and prevents Jak from binding the IFN receptor, thus disrupting Jak-

STAT signaling (Malakhova et al., 2006). Evidence suggests that while an acute, robust IFN 

response is effective in clearing viral infection, a chronic IFN response can have pathogenic effects 

and is less productive in clearing viral infections (reviewed in (Teijaro 2016)). Therefore, ISG-

mediated downregulation of IFN signaling is critical for controlling infection and resolving 

inflammation.  
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Figure 1.2 The IFN signaling pathway. Secreted IFNs bind to cell surface IFN receptors and 

activate the IFN signaling pathway. Type I IFNs bind to IFNARs, which are composed of IFNAR1 

and IFNAR2, while type III IFNs bind to IFNLRs, which are composed of IL10RB and IFNLR1. 

Intracellular domains of both IFNAR and IFNLR are associated with Jak1 and Tyk2, and these are 

autophosphorylated upon binding of IFN to its receptor. Jak1 and Tyk2 further phosphorylate 

intracellular domains of IFN receptors, where STAT1 and STAT2 are recruited. Here, STAT1 and 

STAT2 are phosphorylated and forms STAT1/2 heterodimer, which further associates with IRF9 

to form ISGF3. ISGF3 binds to ISRE, thus mediates transcription of ISGs with ISRE promoters. 

Type II IFNs bind to IFNGRs, which consist of two subunits of each IFNGR1 and IFNGR2. 

Receptor binding of type II IFNs result in autophosphorylation of Jak1 and Jak2 which further 

phosphorylate IFNGR and STAT1. Phosphorylated STAT1 forms a homodimer (GAF), which 

mediates transcription of ISGs with GAS-containing promoters. ISG-transcripts are subsequently 

translated and collectively antagonize viral infection, increase cell’s sensitivity to viral infection, 

and desensitize cell to further stimulation by IFNs. (Figure created with Biorender.com) 
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1.1.4 Viral strategies of evading the IFN response  

 As the IFN response is integral for antiviral immunity, RNA viruses that infect mammals 

have evolved strategies to evade and hinder this response to effectively establish infection. Three 

common strategies which viruses use to circumvent the IFN response are: sequestration of the viral 

genome and replication complex, disruption of IFN induction and/or signaling, and interfering of 

host protein synthesis (reviewed in (Garcia-Sastre 2017)).  

 As viral RNA genomes and their dsRNA replication products are susceptible to detection 

by PRRs, RNA viruses in turn have evolved strategies to circumvent this detection. Some RNA 

viruses such as picornaviruses and flaviviruses carry out their genome replication in membranous 

organelles, thereby making their dsRNA intermediates inaccessible to cytoplasmic RLRs 

(Dorobantu et al., 2015; Paul and Bartenschlager 2015). Others, such as influenza virus and 

bornaviruses carry out replication in the nucleus where RLRs are absent (Schlee et al., 2009; Herrel 

et al., 2012). Some RNA viruses also modify or sequester the 5’-end of their genomes and 

transcripts (Habjan et al., 2008; Daffis et al., 2010; Goodfellow 2011) to evade detection by RIG-

I that senses RNA with 5’-triphosphate.  

 Many RNA viruses also express viral proteins that directly interfere with IFN induction 

and/or signaling pathways, thereby preventing the secretion of IFNs and the induction of ISGs. To 

mount a robust IFN response, the functions of adaptors, kinases, phosphatases, ubiquitin ligases, 

and transcription factors involved in the pathways must be intact. Viruses can impede the IFN 

induction and/or signaling pathways by disrupting the functions of host proteins in these pathways. 

For instance, non-structural protein 5 (NS5) of yellow fever virus binds STAT2, thereby 

preventing ISGF3-dependent ISG transcription (Laurent-Rolle et al., 2014). Additionally, the 

nucleoprotein of arenaviruses prevents IRF3 phosphorylation by interacting with the kinase 
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domain of IKKɛ (Pythoud et al., 2012). Another example involves Influenza A virus (IAV) NS1, 

which sequesters TRIM25 from RIG-I, thus preventing the activation of RIG-I which relies on 

ubiquitination (Gack et al., 2007; Gack et al., 2009).  

 Viruses can also limit the expression of IFNs and ISGs by disrupting entire host 

transcription and/or translation machineries. For many viruses with their own RNA polymerases, 

transcriptional shutoff is beneficial for replication as it prioritizes translation of viral transcripts 

over host mRNA, including IFN and ISG transcripts. Poliovirus encoded protease 3C has been 

shown to proteolytically cleave TATA-binding protein, thereby suppressing RNA polymerase II-

mediated transcription (Kundu et al., 2005). While both viral and host transcripts rely on ribosomes 

for their protein expression, many viral transcripts do not require certain host translation factors. 

Therefore, viruses exploit these differences to facilitate translation of viral transcripts and suppress 

host protein translation. For example, hepatitis C virus induces host translational shutoff through 

PKR dependent inactivation of eIF2α (Garaigorta and Chisari 2009). The transcripts of hepatitis 

C virus have internal ribosomal entry sites (IRES) that do not require eIF2α, thus their protein 

expression is not affected.  

 

1.2 Alphavirus  

 Alphaviruses are enveloped, (+)ssRNA viruses that belong to the genus Alphavirus and 

family Togaviridae. Many alphaviruses are mosquito-transmitted arboviruses that infect different 

vertebrate hosts, including humans. Alphaviruses can be further classified as “New World” and 

“Old World” alphaviruses based on genetic similarities and the diseases they cause in humans. 

New World alphaviruses such as eastern, western, and Venezuelan equine encephalitis viruses 

often cause serious neurological diseases when they infect humans. Old World alphaviruses 
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include chikungunya virus (CHIKV), Ross River virus (RRV), Semliki Forest virus (SFV), 

O’nyong-nyong virus (ONNV), and Mayaro virus (MAYV). Most of these viruses cause rheumatic 

diseases and are also referred to as arthritogenic alphaviruses. Old World alphaviruses such as 

CHIKV, RRV, and ONNV have caused significant epidemics in the past, collectively infecting 

~10 million people (Suhrbier et al., 2012).  

 Most alphaviruses are maintained in rural or isolated areas via the sylvatic cycle where 

they circulate between mosquito vectors and wild animals such as non-human primates. However, 

many of these viruses also have the potential to cause large outbreaks by spreading via the urban 

cycle where they circulate between mosquito species such as Aedes and Anopheles mosquitoes and 

humans. For instance, a single mutation in the envelope (E1) protein of CHIKV led to increased 

fitness and transmission in the Aedes albopictus vector (Tsetsarkin et al., 2007). In turn, this was 

associated with epidemics in peri-urban settings. Habitats of these alphavirus-transmitting 

mosquitos are expanding due to climate change (Cao-Lormeau and Musso 2014; Leal Filho et al., 

2017), driving further spread of these viruses in new geographical regions. As such, there is 

concern that emerging alphaviruses may cause large epidemics similar to what was observed with 

arboviruses such as CHIKV, Zika virus (ZIKV), and Dengue virus (DENV) in the recent past.  

 

1.2.1 Mayaro virus  

 Mayaro virus (MAYV) is an emerging Old World alphavirus that was first discovered in 

Trinidad in 1954 (Casals and Whitman 1957). Similar to CHIKV, SFV, and ONNV, MAYV is 

transmitted by mosquitos and causes debilitating rheumatic disease (Lavergne et al., 2006). There 

are three distinct MAYV genotypes: the most prevalent disseminated (D), limited (L), and new 

(N) genotypes (Auguste et al., 2015). MAYV is currently endemic in rural communities of Central 
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and South America, where it is maintained via the sylvatic cycle. However, recent human-driven 

phenomena such as climate change, international travel, deforestation, and land development is 

driving the spread of MAYV to new environments including urban settings. Indeed, data show that 

the prevalence of MAYV has increased in recent decades (Diagne et al., 2020), potentiating the 

risk of global spread and future outbreaks.  

 

1.2.1.1 Epidemiology and clinical significance of MAYV 

 The main vectors for MAYV in Central and South America are Haemagogus mosquitos 

(Tasso de Oliveira Mota et al., 2015). Accurate tracing of human infections is hindered by the 

sporadic nature of the outbreaks and low level of diagnostic testing in endemic areas (Ganjian and 

Riviere-Cinnamond 2020). As such, the actual prevalence of MAYV may be significantly 

underestimated. Recent studies have shown that MAYV can be transmitted by Aedes and 

Anopheles mosquito species which have comparatively wide global distributions and can support 

an urban transmission cycle (Brustolin et al., 2018; Wiggins et al., 2018). Imported cases of 

MAYV infections have already been reported in Europe and North America (Taylor et al., 2005; 

Theilacker et al., 2013; Slegers et al., 2014; Llagonne-Barets et al., 2016) but the virus has not 

become endemic in these areas yet.  

 MAYV is the causative agent of Mayaro fever, which is characterized as a debilitating flu-

like disease. After inoculation of MAYV through a mosquito bite, the incubation period is typically 

7 to 12 days, followed by viremia, which coincides with acute symptoms such as fever, chills, skin 

rashes, arthralgia, and myalgia (Torres et al., 2004). These symptoms are very similar to the acute 

symptoms caused by CHIKV, ZIKV, and DENV, which are also prevalent where MAYV 

circulates, thus complicating the diagnosis of Mayaro fever. Additionally, approximately 50% of 
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MAYV infections are thought to be asymptomatic (Nakkhara et al., 2013), further contributing to 

the underestimation of MAYV infection in humans. Conversely, more than half of the patients 

with acute Mayaro fever experience long-term arthritis, which can persist for over a year (Halsey 

et al., 2013). MAYV-associated arthritis is due to persistent viral infection and/or a prolonged 

proinflammatory response initiated by the virus (Hoarau et al., 2010; Santiago et al., 2015; Uhrlaub 

et al., 2016; Figueiredo et al., 2019) but further studies are required to elucidate the mechanism of 

this chronic condition. There is considerable interest in developing therapeutics against MAYV 

(Langendries et al., 2021; Powers et al., 2021; Hoque et al., 2021; Rafael et al., 2020; Campos et 

al., 2020) but so far, no vaccines or specific antiviral treatments have been licensed.  

 

1.2.1.2 Biology and replication cycle of MAYV 

 Similar to other arthritogenic alphaviruses, MAYV infects a wide range of cell types which 

include macrophages and monocytes, dendritic cells, synovial and dermal fibroblasts, endothelial 

cells, muscle cells, osteoblasts, chondrocytes, and keratinocytes (Suhrbier et al., 2012). A cellular 

receptor for MAYV entry was recently identified as matrix remodeling-associated protein 8 

(Mxra8), which is highly expressed in dermal and synovial fibroblasts, osteoblasts, chondrocytes, 

and skeletal muscle cells (Zhang et al., 2018). MAYV is thought to have additional receptors since 

it can infect keratinocytes, which express little to no Mxra8 on their cell surface (Zhang et al., 

2018).  

 MAYV is first introduced to the host through the bite of an infected mosquito. The virus 

initially infects local keratinocytes in the skin and further multiplies in dermal fibroblasts (Fong et 

al., 2018). Viral replication in these cells activates the innate immune response and results in 

recruitment of phagocytes such as dendritic cells and macrophages, which are also susceptible to 
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MAYV infection. Infected phagocytes travel to lymph nodes where the virus further multiplies 

and activates the innate and adaptive immune response. Thereon, MAYV spreads to other tissues, 

such as muscle and joints, through blood circulation or the lymphatic system. At this stage, viremia 

and symptoms of acute MAYV fever are observed. Viral RNA were found in joints, especially in 

synovial fibroblasts and macrophages, months after infection when no viremia is observed, causing 

long-term arthralgia (Suhrbier and Mahalingam 2009).  

 MAYV has a ~11.5 kb (+)ssRNA genome with two open reading frames (ORFs). The 5’ 

ORF encodes four nonstructural proteins (NSP1, 2, 3, and 4), which together form the viral RNA-

dependent RNA polymerase (RdRp) replication complex. The 3’ ORF encodes the viral structural 

proteins: capsid (C), envelope (E1, 2, and 3), 6K, and transframe (TF) protein which are the 

building blocks of infectious virions. Mature virions contain a single RNA genome surrounded by 

nucleocapsid proteins, a host plasma membrane-derived envelope, and E1-E2 heterodimer surface 

glycoproteins. The nucleocapsid adopts an icosahedral symmetry and interacts with the 

intracellular domains of E1 and E2 proteins (Ribeiro-Filho et al., 2021).  

 MAYV entry is mediated by the interaction between MAYV E2 and Mxra8 at the cell 

surface. This protein interaction initiates clathrin-dependent endocytosis of the virion (Carvalho et 

al., 2017; Zhang et al., 2018). Upon exposure to the low pH of the endosome, the envelope of 

MAYV fuses with the endosomal membrane, releasing its (+)ssRNA genome into the cytoplasm 

(Figure 1.3). The viral genome contains a 5’cap and 3-poly(A) tail which allows immediate 

translation of 5’-end ORF to yield the nonstructural polyproteins, P123 and P1234. There is an 

opal stop codon at the 3’-end of the NSP3-encoding sequence which is occasionally readthrough 

(Strauss et al., 1983). As a result of this stop codon, only ~10% of nonstructural polyproteins are 

full length (P1234), while most nonstructural polyproteins do not contain NSP4 (P123) (Pietila et 
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al., 2017). The viral NSP2 protease is responsible for cleaving the non-structural polyproteins into 

individual NSPs (de Groot et al., 1990). However, since NSP2 cannot access adjacent cleavage 

sites within the same polyprotein, NSP2 only mediates cis-cleavage at the site between NSP3 and 

NSP4. Thus, NSP4 is promptly released from the nonstructural polyprotein during the early phase 

of the infection when the concentrations of both P123 and P1234 are low. NSP4 and P123 form 

the early RdRp complex, which is responsible for minus strand synthesis from genomic (+)ssRNA 

(Lemm et al., 1994). When P123 reaches a high enough concentration, NSP2 can mediate trans-

cleavage of neighboring nonstructural polyproteins, now being able to release all the individual 

NSPs. A late replication complex, composed of fully processed NSP1, 2, 3, and 4, synthesizes 49S 

genomic and 26S subgenomic RNAs from the minus strand RNA template. Of note, the minus 

strand RNA and the dsRNA replication intermediates are encased in structures called spherules 

(Pietila et al., 2017), which are plasma or endosomal membrane protrusions created by the late 

replication complex and some host proteins. Spherules protect the viral RNA from degradation by 

host RNases and recognition by RLRs.  

 The viral structural polyprotein is translated from 26S subgenomic RNA. C is promptly 

released from the polyprotein by its C-terminal auto-protease activity (Hahn et al., 1985). With the 

release of C, a signal peptide is exposed at the N-terminus of the E3-E2-6K-E1polyprotein or the 

translational frameshift product E3-E2-TF and these proteins are translated on and inserted into 

membranes of the endoplasmic reticulum (ER) (Jose et al., 2009). The structural polyproteins are 

further processed by furins and glycosyltransferases as move through the trans-Golgi network to 

plasma membrane. At the plasma membrane, E1-E2 heterodimers and nucleocapsids assemble to 

form mature virions which bud out of the cell.  
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Figure 1.3 Replication cycle of MAYV. MAYV virion is internalized in the endosome after 

attachment to host target cell, mediated by interaction between E2 and Mxra8. As the endosome 

acidifies, the viral E1 proteins are exposed which mediate the fusion of viral envelope with 

endosomal membrane, releasing the viral (+)ssRNA genome into the cytoplasm. The 5’-proximal 

ORF encoding the viral non-structural proteins are promptly translated from the viral genome, 

yielding the non-structural polyproteins (P123 and P1234). NSP4 is immediately released from 

the polyprotein through the protease activity of NSP2 and associates with P123. The P123+NSP4 

(early RdRp complex) is responsible for the synthesis of minus strand RNA, which serves as a 

template for genomic and subgenomic RNA synthesis. Once P123 are substantially abundant, all 

individual NSPs are released from polyproteins via proteolytic cleavage and forms the late RdRp 

complex, which synthesizes 49S genomic and 26S subgenomic RNAs. The latter RNAs are 

translated to yield the structural polyproteins (C-E3-E2-6K-E1 and C-E3-E2-TF). C is promptly 

released into the cytoplasm after translation due to its autoprotease activity, while the rest of the 

polyproteins are embedded into the ER membrane as translation proceeds. E1 and E2 are processed 

by furins and glycosyltransferases as they are traffic through the trans-Golgi network to the plasma 

membrane. Here, C-encapsidated genomic (+)ssRNA, E1, and E2 are assembled into infectious 

viral particle, which buds out to the extracellular environment. (Modified from Diagne et al., 2020)  
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1.2.1.3 Antagonism of IFN response by MAYV  

 Despite the clinical relevance of MAYV, how this pathogen affects the IFN response is not 

well understood. However, studies on how other arthritogenic alphaviruses interact with the IFN 

response may apply to MAYV in some respects. Alphavirus RNAs are sensed by both RIG-I and 

MDA5 during infection (Akhrymuk et al., 2016), however little to no IFN secretion occurs during 

infection of fibroblasts (Burke et al., 2009; Bhalla et al., 2019; Akhrymuk et al., 2018). 

Alphaviruses are sensitive to IFN pretreatment in which ISGs are upregulated prior to infection, 

but are resistant to IFN treatment once they have established infection (Fros et al., 2010; Reynaud 

et al., 2015; Lane et al., 2018). Indeed, several studies have revealed mechanisms used by 

alphaviruses to suppress IFN signaling. CHIKV and SFV NSP2 proteins dampen the IFN response 

by inducing degradation of host DNA-directed RNA polymerase II subunit A (Rpb1), thereby 

impeding host mRNA transcription (Akhrymuk et al., 2019; Fros et al., 2013; Frolova et al., 2002; 

Gorchakov et al., 2005; Breakwell et al., 2007). Moreover, CHIKV NSP2 stimulates nuclear export 

of STAT1 which in turn blocks IFN signalling (Goertz et al., 2018). However, very little is known 

regarding how alphaviruses block IFN induction.  

 

1.3 Coronavirus  

 Coronaviruses are enveloped viruses with the largest genomes among (+)ssRNA viruses. 

They are members of the subfamily Coronavirinae, family Coronaviridae, and the order 

Nidovirales. The subfamily is composed of four genera: Alphacoronavirus, Betacoronavirus, 

Gammacoronavirus, and Deltacoronavirus. Alphacoronaviruses (α-CoV) and betacoronaviruses 

(β-CoV) exclusively infect mammals and they include pathogens that are of significance to humans 

and livestock. Human coronaviruses (HCoV), such as HCoV-NL63 (α-CoV), HCoV-229E (α-
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CoV), HCoV-OC43 (β-CoV), and HCoV-HKU1 (β-CoV), infect the upper respiratory tracts of 

humans and are associated with the common seasonal cold (Forni et al., 2017). Porcine enteric 

diarrhoea virus (α-CoV), porcine transmissible gastroenteritis virus (α-CoV), and swine acute 

diarrhoea coronavirus (β-CoV) are all threats to the swine industry (Lin et al., 2016; Zhou et al., 

2018; Chen et al., 2019). Since the beginning of the 21st century, there have been three spillover 

events of highly pathogenic β-CoVs from bats to humans that resulted in significant 

epidemics/pandemics. Severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in 

2002 in the Guangdong province of China and rapidly spread human-to-human via respiratory 

droplets, resulting in more than 8,000 human cases and 774 deaths (Zhong et al., 2003; Anderson 

et al., 2004). Middle East respiratory syndrome coronavirus (MERS-CoV) emerged in 2012 and 

is a highly pathogenic virus with a mortality rate of 35% (Zaki et al., 2012; Dighe et al., 2019). 

While MERS-CoV is inefficient at transmitting human-to-human, this virus continues to infect 

humans primarily due to close contacts to camels, which are reservoir hosts. SARS-CoV-2 

emerged in 2019 in the Hubei province of China (Huang et al., 2020) and rapidly spread globally, 

resulting in the ongoing pandemic.  

 

1.3.1 SARS-CoV-2  

 SARS-CoV-2 is a recently emerged betacoronavirus and the causative agent of the 

currently ongoing coronavirus infectious disease 2019 (COVID-19) pandemic. As the name 

suggests, SARS-CoV-2 is closely related to SARS-CoV and other bat SARS-like coronaviruses 

(Wu et al., 2020). Most SARS-CoV-2 infections result in asymptomatic or mild illness, however 

up to 20% of infections lead to a severe form of the disease, causing irreversible damage to lungs 

and other organs (Wu and McGoogan 2020; Tsai et al., 2021). While there are vaccines and 
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therapeutics available against SARS-CoV-2, it is important to understand the biology of the virus 

to guide the development of novel antivirals that may be used for future pandemics and vaccine-

resistant variants.  

 

1.3.1.1 Epidemiology and clinical significance of SARS-CoV-2  

 The SARS-CoV-2 outbreak was first detected in the city of Wuhan, within the Hubei 

province of China in December of 2019 (Huang et al., 2020). While its origins have been debated, 

SARS-CoV-2 was likely passed onto humans from bats with or without an intermediate animal 

host (Casadevall et al., 2021; Sallard et al., 2021). Since its emergence, human-to-human 

transmission was apparent as the virus spread exponentially across the globe, forcing the World 

Health Organization to declare a Public Health Emergency of International Concern on January 

30th, 2020 and a global pandemic on March 11th of the same year. SARS-CoV-2 is primarily 

transmitted through respiratory droplets during periods of close contact with infected individuals. 

SARS-CoV-2 outbreaks are particularly difficult to contain since the virus can be transmitted from 

asymptomatic and pre-symptomatic individuals (Buitrago-Garcia et al., 2020), as opposed to 

SARS-CoV, which is primarily transmitted from symptomatic patients. As of this writing, SARS-

CoV-2 is responsible for over 250 million infections and over 5 million deaths. Recently, several 

viral variants of concern (VOCs) have emerged and have completely replaced the contemporary 

SARS-CoV-2 strains (Khateeb et al., 2021; Bano et al., 2021; Kumar, Singh, et al., 2021). These 

VOCs are highly transmissible and some variants are less susceptible to neutralization by 

antibodies that target contemporary SARS-CoV-2 strains (Krause et al., 2021). Additionally, as 

more adults have gained vaccine-induced immunity against SARS-CoV-2, the latest VOCs are 

circulating and affecting younger children, particularly in developed countries.  
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 The incubation period for COVID-19 is normally 2 to7 days, after which a myriad of 

symptoms is observed (reviewed in (Wiersinga et al., 2020)). About a third of infected individuals 

never develop symptoms, but can still transmit SARS-CoV-2 to others (Johansson et al., 2021). 

Approximately 80% of symptomatic people experience only mild symptoms such as fever, dry 

cough, shortness of breath, diarrhea, and loss of smell/taste, while others experience more severe 

symptoms that require hospitalization. Severe complications of COVID-19 include pneumonia and 

acute respiratory distress syndrome which cause patients to become hypoxic, thus requiring 

mechanical ventilation or oxygen supplementation (Wiersinga et al., 2020). Severe complications 

can also manifest in tissues outside the lungs, such as in the liver, kidney, heart, brain, and the 

vascular system which are associated with multi-organ failure, encephalitis, hypercoagulations, 

and septic shock (Mir et al., 2021). COVID-19 can also lead to what is known as “long COVID”, 

where the individual is no longer infected with SARS-CoV-2 but continues to experience 

symptoms (Mahase 2020). Up to 90% of hospitalized patients experience long COVID, which 

manifests as fatigue, shortness of breath, arthralgia, and chest pain (Carfi et al., 2020), debilitating 

these individuals and worsening their quality of life.  

 Age and sex are important determinants of severe COVID-19 outcomes, where the highest 

hospitalization rates are observed in males that are > 65 years (Wiersinga et al., 2020). On the 

other hand, SARS-CoV-2 infections in younger age groups are often asymptomatic or very mild 

as the infection is usually limited to the upper respiratory tract. However, the latest VOCs are more 

likely to cause disease in these demographics since vaccinations have yet to be approved for 

younger individuals in many countries (Khateeb et al., 2021; Kumar, Singh, et al., 2021). Other 

risk factors for severe COVID-19 include diabetes, hypertension, cardiovascular disease, 

pulmonary disease, and malignancy (Wiersinga et al., 2020).  
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1.3.1.2 Biology and replication cycle of SARS-CoV-2 

 Similar to SARS-CoV and bat SARS-like coronaviruses, SARS-CoV-2 uses angiotensin 

converting enzyme 2 (ACE2) as a receptor for host cell entry (Figure 1.4) (Li et al., 2003; 

Menachery et al., 2015; Lan et al., 2020). Cell surface expression of type 2 transmembrane serine 

protease (TMPRSS2) can further promote entry of SARS-CoV-2 (Hoffmann et al., 2020). ACE2 

and TMPRSS2 are expressed on the surface of many cell types, particularly on type II alveolar 

epithelial cells of the lungs (Wiersinga et al., 2020). ACE2 and TMPRSS2 are also expressed in 

cells of the liver, kidney, heart, and gastrointestinal tract (Sungnak et al., 2020; Zou et al., 2020). 

Expression of these proteins in multiple tissues broadens SARS-CoV-2 tropism and correlates with 

the various symptoms observed in individuals with COVID-19.  

 SARS-CoV-2 has a ~29.8 kb (+)ssRNA genome that encodes 15 non-structural proteins 

(NSP1-10 and NSP12-16), 4 structural proteins (spike (S); envelope (E); membrane (M); 

nucleocapsid (N)), and 9 accessory proteins (ORF10, ORF14, P6, NS3A, NS3B, NS7A, NS7B, 

ORF8, and NS9B) (Wu et al., 2020). Infectious virions contain a single (+)ssRNA genome 

encapsulated by N, M and E proteins that are embedded in the viral envelope, and S glycoprotein 

trimers which protrude out of the viral envelope and give the infectious particle a crown-like 

(corona) appearance (V'Kovski et al., 2021). Virion binding to target cells is mediated by the 

interaction between S and ACE2. SARS-CoV-2 S is cleaved by cell surface TMPRSS2 or 

endosomal proteases to allow for fusion of the viral envelope and host membrane at the cell surface 

or within endosomes, respectively (Hoffmann et al., 2020; Ou et al., 2020). SARS-CoV-2 S protein 

can be divided into domains S1 and S2: S1 contains the receptor-binding domain and is exposed 

on the surface of a virion, while S2 is mostly embedded in the viral envelope and mediates fusion 

of membranes (Letko et al., 2020). A polybasic cleavage site exists between the two S domains, 



 24 

which is cleaved by the host protease furin (Walls et al., 2020). The pre-processing of SARS-CoV-

2 S improves viral infection and is also associated with greater zoonosis potential (Letko et al., 

2020; Walls et al., 2020).  

 Once the viral and host membranes fuse, the viral (+)ssRNA genome is released to the 

cytoplasm where the viral non-structural polyproteins (pp1a and pp1ab) are directly translated 

from the genome (V'Kovski et al., 2021). Pp1a contains NSP1-10, while pp1ab, which results from 

a programmed ribosomal frameshift product, contains all 15 NSPs. There are two viral proteases, 

NSP3 (papain-like protease; PLpro) and NSP5 (main protease; Mpro), that are responsible for 

releasing individual NSPs from polyproteins. The viral NSP1 is promptly released from 

pp1a/pp1ab through proteolytic cleavage by PLpro (Denison and Perlman 1986). PLpro releases 

NSP1-3, while Mpro releases the remaining non-structural proteins. NSP2-16 form the viral 

replication and transcription complex (RTC) which synthesizes the viral genomic and subgenomic 

RNAs. Notably, NSP14 of coronaviruses have 3’-5’ exonuclease activity and mediate 

proofreading during RNA synthesis (Eckerle et al., 2007). Thus, unlike other RNA viruses, RNA 

synthesis by coronaviruses is less prone to errors, allowing for large RNA genomes. Negative-

strand RNA synthesis is frequently disrupted following transcription regulatory sequences located 

3’ of each negative-sense ORF. These negative-strand RNAs are used as templates for subgenomic 

RNA synthesis. As a result, subgenomic RNAs have different ORFs on their 5’-ends, depending 

on where the negative-strand RNA synthesis was disrupted. Only the most 5’ ORF will be 

translated from a given viral transcript, hence the viral protein expression profile is governed by 

this arbitrary transcription process (V'Kovski et al., 2021).  

 Viral structural proteins, except N, are translated and embedded at the ER membrane, and 

virion assembly occurs at the ER-Golgi intermediate compartment (ERGIC) where the 
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encapsulated genome is also incorporated (Klein et al., 2020). Once mature SARS-CoV-2 virions 

are assembled, they are released through exocytosis. Accessory proteins of coronaviruses are not 

required for viral replication or virion formation. However, their sequences are conserved among 

many coronavirus species which suggests that they are beneficial to these viruses (V'Kovski et al., 

2021). Elucidating the functions of accessory proteins which may suppress the host immune 

response has been challenging (Li et al., 2020; Miorin et al., 2020; Xia et al., 2020; Yuen et al., 

2020; Rashid et al., 2021; Shemesh et al., 2021). While their existence within SARS-CoV-2-

infected cells is debated, there have been dozens of additional accessory proteins proposed to be 

expressed by the virus (Finkel et al., 2021), however further investigations are required to 

understand their roles during infection.  

 

  



 26 

 

Figure 1.4 Replication cycle of SARS-CoV-2. The attachment of SARS-CoV-2 to target cell is 

mediated through the interaction between viral S and ACE2. Cell surface TMPRSS2 cleaves viral 

S and allows the viral envelope to fuse with plasma membrane and the subsequent release of 

encapsidated (+)ssRNA genome to the cytoplasm. Alternatively, the virion is endocytosed and S 

is cleaved by endosomal proteases and mediate fusion of viral envelope with endosomal membrane. 

The genome are immediately translated to yield non-structural polyproteins (pp1a and pp1ab). 

Pp1a and pp1ab are processed by viral NSP3 and NSP5 proteases, releasing individual NSPs. All 

NSPs except for NSP1 form the replicase complex, which synthesizes genomic and subgenomic 

RNAs. Structural proteins (S, M, E, N) and accessory proteins (NS3A, NS3B, P6, NS7A, NS7B, 

NS8B, NS9B, ORF10, and ORF14) are translated from subgenomic RNAs. The structural proteins 

and SARS-CoV-2 genome is assembled at the ER-Golgi intermediate compartment (ERGIC) to 

form infectious virion, which is trafficked across Golgi. Here the viral S proteins are processed by 

furins and glycosyltransferases, after which the virion is released to the extracellular environment 

via exocytosis. (Modified from V’Kovski et al., 2021)  
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1.3.1.3 Antagonism of IFN response by SARS-CoV-2  

 Since the emergence of SARS-CoV-2, extensive studies have focused on understanding 

how this virus affects the host IFN response. Mounting evidence suggests that SARS-CoV-2 is a 

poor inducer of IFNs and ISGs during infection (Neufeldt et al., 2020; Israelow et al., 2020; 

Hadjadj et al., 2020; Blanco-Melo et al., 2020; Vanderheiden et al., 2020b; Miorin et al., 2020). 

SARS-CoV-2 and other coronaviruses replicate their genomes in double-membrane vesicles, 

thereby protecting their dsRNA replication intermediates from recognition by RLRs (van Hemert 

et al., 2008; Knoops et al., 2008; Snijder et al., 2020). Thus far, more than half of SARS-CoV-2 

proteins (NSP1, NSP3, NSP6, NSP7, NSP12, NSP13, NSP14, NSP15, N, M, S, NS3A, NS3B, P6, 

NS7A, NS7B, NS8B, and NS9B) have been implicated to suppress IFN induction and/or IFN 

signaling, however many studies report conflicting results (Li et al., 2020; Xia et al., 2020; Lei et 

al., 2020; Yuen et al., 2020; Shin et al., 2020; Jiang et al., 2020; Miorin et al., 2020; Zheng et al., 

2020; Gori Savellini et al., 2021; Shemesh et al., 2021; Zhao et al., 2021; Oh and Shin 2021; Wang 

et al., 2021; Rashid et al., 2021; Mu et al., 2020a).  

 Notably, SARS-CoV-2 NSP1, N, and P6 are consistently reported as an antagonist of the 

IFN response. NSP1 has been shown to impede host translation, thereby limiting the expression 

of IFNs and ISGs (Banerjee et al., 2020; Thoms et al., 2020). N protein was recently reported to 

interfere with RIG-I activation by sequestering TRIM25, while high concentrations of N lead to 

upregulation of IFN signaling (Zhao et al., 2021). Lastly, P6 (also known as ORF6) disrupts 

bidirectional nuclear transport of proteins through its interaction with Nup98 and Rae1, thereby 

blocking the nuclear translocation of IRF3 and STAT1/2 (Miorin et al., 2020; Xia et al., 2020; 

Addetia et al., 2021).  
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1.4 Objectives of thesis  

 The IFN response is critical for controlling infections by (+)ssRNA viruses, which in turn 

have evolved multiple strategies to overcome this cellular antiviral response. Due to their broad 

spectrum antiviral activity, IFNs are often considered for treating viral infections, especially by 

emerging (+)ssRNA viruses. Therefore, understanding the relationships between (+)ssRNA 

viruses and the IFN response is important for determining the therapeutic options against these 

viruses. The objective of this thesis is to characterize how two emerging (+)ssRNA viruses, 

MAYV and SARS-CoV-2, interact with the host IFN response during infection.  

 Chapter 3 describes how MAYV antagonizes the IFN induction pathway through general 

transcriptional shutoff. The NSP2 of MAYV downregulated Rpb1 and transcription initiation 

factor II E subunit 2 (TFIIE2), both of which are required for host RNA polymerase II-mediated 

transcription. As a result, MAYV disrupts host mRNA synthesis, including that of IFNs during 

infection.  

 Chapter 4 describes how SARS-CoV-2 robustly subverts both induction and signaling arms 

of the IFN response. Mapping analysis revealed that the viral NSP1 and N block IFN induction, 

while only NSP1 antagonizes IFN signaling. Specifically, NSP1-mediated host translational 

shutoff limits the expression of key IFN response mediators such as Tyk2 and STAT2, in addition 

to IFNs and ISGs, aggravating the inhibition of the IFN response.  
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Chapter 2 

Materials and Methods  
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2.1 Materials  

 

2.1.1 Reagents  

 The reagents listed below were used according to the manufacturers’ instructions unless 

specified otherwise.  

 

Table 2.1 Sources of commercially prepared reagents 

Reagent  Source 

30% Acrylamide/Bis solution (29:1) Bio-Rad  

Adenosine triphosphate (ATP) Boeheringer Mannheim  

Agar Sigma-Aldrich  

Agarose, Ultrapure  Invitrogen  

Ammonium persulphate (APS) Invitrogen  

Ampicillin  Sigma-Aldrich  

Anti-Flag M2 Magnetic Beads Millipore  

Bafilomycin A1 Sigma-Aldrich  

Bovine Serum Albumin (BSA) Sigma-Aldrich  

Bovine Serum Albumin (BSA) Endotoxin-free Millipore  

Bromophenol Blue  Sigma-Aldrich 

Coelenterazine  Gold Biotechnology USA 

cOmpleteTM EDTA-free Protease Inhibitor Cocktail  Roche  

Crystal Violet Sigma-Aldrich  

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dithiothreitol (DTT) Sigma-Aldrich 

D-luciferin  Gold Biotechnology USA 

DNA Gel Loading Dye (6X) Thermo Fisher Scientific  

Dulbecco’s Modified Eagle Medium (DMEM) Gibco 

Ethanol Commercial Alcohols 

Ethidium bromide solution  Sigma-Aldrich  

Ethylenediaminetetraacetic acid (EDTA) EMD Chemicals  
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Reagent  Source  

Ethylene glycol-bis (β-aminoethyl ether)-N, N, N‘, N‘-

tetraacetic acid (EGTA) 

Sigma-Aldrich  

Epoxomicin Sigma-Aldrich  

Fetal Bovine Serum (FBS) Invitrogen  

40% Formaldehyde (v/v) Sigma-Aldrich 

Glycerol Thermo Fisher Scientific  

Glycine  EM Science  

Glycylglycine  Sigma-Aldrich  

Hydrochloric acid Thermo Fisher Scientific 

Isopropanol  Sigma-Aldrich  

Immobulin®-P PVDF Membrane  EMD Millipore  

Kanamycin  Sigma-Aldrich  

LB agar  Invitrogen 

L-glutamine  Invitrogen  

Lipofectamine 2000 Invitrogen  

Magnesium sulphate (MgSO4) BDH Inc. 

Methanol Sigma-Aldrich 

Methylcellulose  Sigma-Aldrich  

Minimal Essential Media (MEM) Gibco 

N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 

(HEPES) 

Gibco 

N, N, N’, N’-tetramethylethylenediamine (TEMED) Sigma-Aldrich 

Non-essential Amino Acids (NEAA) Gibco 

OptiMEM Gibco 

16% Paraformaldehyde (PFA) EM Grade  Electron Microscopy Science  

Penicillin-streptomycin solution (100X) Invitrogen  

Polyinosinic-polycytidylic acid (Poly(I:C)) Invivogen  

Potassium chloride (KCl) Becton Dickinson & Company  

Potassium phosphate (K2PO4) BDH Inc.  
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Reagent  Source  

ProLong Gold Antifade Reagent without DAPI Invitrogen  

Random Oligonucleotide Primers  Invitrogen  

Sodium azide  Sigma-Aldrich  

Sodium chloride (NaCl) Sigma-Aldrich 

Sodium dodecyl sulphate (SDS) Bio-Rad 

Sodium fluoride (NaF) Sigma-Aldrich 

Sodium hydroxide (NaOH) Sigma-Aldrich 

Super Optimal broth with Catabolite repression (SOC) 

medium 

Invitrogen 

TransIT-LT1 Mirus Bio 

Tris base  EMD Chemicals  

Triton X-100 Thermo Fisher Scientific  

0.25% Trypsin-EDTA Invitrogen  

Tween 20 Thermo Fisher Scientific 

 

Table 2.2 Molecular markers 

Molecular marker  Source  

GeneRuler 1kb Plus DNA Ladder  Thermo Fisher Scientific  

PageRulerTM Prestained Protein Ladder  Thermo Fisher Scientific  

 

Table 2.3 Enzymes used for manipulation of nucleic acid  

Enzyme  Source  

Alkaline Phosphatase, Calf Intestinal (CIP) New England Biolabs  

Benzonase  Millipore  

Improm-II Reverse Transcriptase System  Promega  

PerfeCTa SYBR Green Super Mix, Low Rox Quanta Biosciences  

PlatinumTM Taq DNA Polymerase High Fidelity  Invitrogen  

Restriction Endonucleases  New England Biolabs and Thermo 

Fisher Scientific 

T4 Ligase (EL0011) Thermo Fisher Scientific 

SuperScriptTM III Reverse Transcriptase  Invitrogen  
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Table 2.4 Commercially available kits  

Kit  Source  

Human IFN-beta Quantikine ELISA Kit  R&D Systems 

NucleoBond Xtra Maxi Kit for Plasmid DNA Macherey-Nagel 

NucleoSpin RNA, Mini Kit for RNA Purification  Macherey-Nagel 

QIAEX II Gel Extraction Kit  QIAGEN 

QIAprep Spin Miniprep Kit  QIAGEN 

QIAquick PCR Purification Kit  QIAGEN 

 

2.1.2 Commonly used buffers and solutions  

Table 2.5 Buffers and solutions 

Buffer/Solution Ingredients  

Blocking Buffer  5% (w/v) BSA, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 

(pH 7.4), 0.05% (v/v) Tween-20 

IP Buffer  150 mM NaCl, 50 mM Tris pH 7.5, 1% Triton X-100, 1 mM 

NaF, 1 mM DTT, and protease inhibitor cocktail 

LB Growth Media  1% (w/v) Bacto Tryptone, 0.5% (w/v) Bacto-yeast Extract, 0.5% 

(w/v) NaCl, 1 mM NaOH 

Luciferase Assay Buffer  25 mM Glycylglycine (pH 7.8), 15 mM K2PO4 (pH 7.8), 15 mM 

MgSO4, 4 mM EGTA 

Luciferase Lysis Buffer  0.1% (v/v) Triton X-100, 25 mM Glycylglycine (pH 7.8), 15 mM 

MgSO4, 4 mM EGTA and fresh 1mM DTT 

Phosphate buffered saline 

(PBS) 

137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 (pH 7.4) 

PBS-Tween  137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 (pH 7.4), 0.05% 

(v/v) Tween-20 

SDS-PAGE Running 

Buffer  

192 mM Glycine, 0.1% (w/v) SDS, 25 mM Tris Base (pH 8.3) 

5X SDS Sample Buffer  62.5 mM Tris-HCl (pH 6.8), 50% (v/v) Glycerol, 2% (w/v) SDS, 

0.01% (w/v) Bromophenol blue, 100mM DTT 

Tris-acetate-EDTA (TAE) 

Buffer  

40 mM Tris acetate, 1 mM EDTA (pH 8.0) 

Transfer Buffer  200 mM Glycine, 25 mM Tris base (pH 8.3), 20% (v/v) 

Methanol, 0.1% (w/v) SDS 
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2.1.3 Antibodies  

Table 2.6 Primary antibodies  

Antibody  Catalog # Dilution  Application  Source  

Goat anti-ACE-2 AF933-SP 1:200 FC R&D Systems 

Goat anti-GFP ab6673 1:1000 WB Abcam  

Mouse anti-CHIKV-E2  1:200 IF Dr. M. Diamond, 

Washington 

University School 

of Medicine  

Mouse anti-FLAG M2 F3165 1:2000, 1:500 WB, IF Sigma Aldrich 

Mouse anti-HA-HRP A01244 1:2000 WB GenScript  

Mouse anti-Jak1 sc-1677 1:1000 WB Santa Cruz  

Mouse anti-Rpb1  GTX60342 1:1000, 1:250 WB, IF GeneTex 

Mouse anti-SARS-CoV/ 

SARS-CoV-2 Spike  

GTX632604 1:2000, 1:250 WB, IF GeneTex 

Mouse anti-V5 R96025 1:2000 WB Invitrogen 

Mouse anti-β-Actin A3853 1:5000 WB Sigma Aldrich 

Rabbit anti-CHIKV-

Capsid 

 1:1000/10,000 IF/WB Dr. A. Merit, 

University of Tartu 

Rabbit anti-GST G7781 1:2000 WB Sigma Aldrich 

Rabbit anti-GTF2E2 ab187143 1:500/2000 IF/WB Abcam 

Rabbit anti-IFNAR1 ab124764 1:1000 WB Abcam 

Rabbit anti-IRF3 #11904 1:250/1000 IF/WB Cell Signaling 

Rabbit anti-Phospho-

IRF3 

#4947 1:500 WB Cell Signaling 

Rabbit anti-SFV-Capsid   1:2000 WB Dr. A. Merit, 

University of Tartu 

Rabbit anti-STAT1 sc-346 1:500/2000 IF/WB Santa Cruz  

Rabbit anti-STAT2 sc-476 1:500/2000 IF/WB Santa Cruz  
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Table 2.7 Secondary antibodies  

Antibody  Catalog # Dilution  Application  Source  

Donkey anti-Goat 

Alexa680 

A21084 1:10000 WB Invitrogen  

Donkey anti-Mouse 

Alexa488 

A10038 1:1000 IF Invitrogen  

Donkey anti-Mouse 

Alexa546 

A21202 1:1000 IF Invitrogen  

Donkey anti-Mouse 

Alexa680 

A10038 1:10000 WB Invitrogen  

Donkey anti-Mouse 

IRDye800 

926-32212 1:10000 WB Li-COR 

Donkey anti-Rabbit 

Alexa488 

A21206 1:1000 IF Invitrogen  

Donkey anti-Rabbit 

Alexa546 

A10040 1:1000 IF Invitrogen  

Donkey anti-Rabbit 

Alexa680 

A21076 1:10000 WB Invitrogen  

 

2.1.4 Oligonucleotides  

Table 2.8 Primers used for cloning reactions 

Name Sequence (5’→3’) 

MAYV NSP1 NheI 

Fwd 

ATATATGCTAGCATGTCGAAAGTCTTTGTAGATATC 

 

MAYV NSP1 FseI 

Rev 

ATATATGGCCGGCCAAACTCCAACTCTTCCACATCCAC 

MAYV NSP2 NheI 

Fwd 

ATATATGCTAGCATGCGAGCGGGAGCCGGTGTTGTCGAGA 

MAYV NSP2 FseI 

Rev 

ATATATGGCCGGCCGCAACCAGCTGCCTGCAGCACTGT 
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Name Sequence (5’→3’) 

MAYV NSP3 NheI 

Fwd 

ATATATGCTAGCATGGCTCCAGTGTATGCCGTTAAAAGG 

MAYV NSP3 FseI 

Rev 

ATATATGGCCGGCCTCAAGATGAATTACTAATGGTTTC 

MAYV NSP4 NheI 

Fwd 

ATATATGCTAGCATGCTAGGCCGTGCGGGGGCCTATATT 

MAYV NSP4 FseI 

Rev 

ATATATGGCCGGCCTTTAGGACCGCCGTACAGATGTAT 

MAYV C NheI 

3xFLAG Fwd 

GCTGGCTAGCATGGACTACAAAGACCATGACGGTGATTATA 

AAGATCATGACATCGACTACAAGGATGACGATGACAAGGGC 

GGGAGCGGCGGGATGGACTTCCTACCAACTCAAGTGTTATAT 

ATGCTAGCATGGCGGCCTCGACAGTGACAGCTATG 

MAYV C BamHI 

Rev 

GTTTAAACTTAAGCTTGGATCCTACCACTCCACAGTGCCT 

TCAGGTGT 

MAYV E3-E2 NheI 

Fwd 

ATATATGCTAGCATGGCGGCCTCGACAGTGACAGCTATG 

MAYV E3-E2 FseI 

Rev 

ATATATGGCCGGCCTGCATGTGCTTTCGGTGCGCAACA 

MAYV 6K-E1 NheI 

Fwd 

ATATATGCTAGCATGGCAACAAATGTCTGACACCATATG 

MAYV 6K-E1 NheI 

Rev 

ATATATGGCCGGCCCCTTCTCAAAGTTATGCAAGTAAC 

MAYV NSP2Δprotease 

NheI Fwd 

CAAGCTGGCTAGCATGCGAGCGGG 

MAYV NSP2Δprotease 

FseI Rev 

CCGCCGGGCCGGCCCACATCCAAAGGAGCTGCTTCCTG 

MAYV NSP2Δhelicase 

NheI Fwd 

AGCTGGCTAGCATGTTCCAGAATAAAGCTAAAGTGTGC 
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Name Sequence (5’→3’) 

MAYV NSP2Δhelicase 

FseI Rev 

CGCCGGGCCGGCCGCAACCAGCTG 

MAYV NSP2K197N 

NheI Fwd 

CAAGCTGGCTAGCATGCGAGCGGG 

MAYV NSP2K197N 

KpnI Rev 

TTCCAAAACGGGTACCAGGCATTT 

MAYV NSP2K197N 

Fusion Fwd 

GTCTTGGGCGTGCCCGGATCTGGAAATTCAGGTATAATCAA 

GAGCCTGGTT 

MAYV NSP2K197N 

Fusion Rev 

AACCAGGCTCTTGATTATACCTGAATTTCCAGATCCGGGCA 

CGCCCAAGAC 

MAYV NSP2C478A 

NheI Fwd 

CAAGCTGGCTAGCATGCGAGCGGG 

MAYV NSP2C478A 

KpnI Rev 

AAAACGGGTACCAGGCATTTGGCCCAGGCCACTTTAGCTTT 

ATTCTGGAAC 

MAYV NSP2RK653AA 

KpnI Fwd 

AAATGCCTGGTACCCGTTTTGGAA 

MAYV NSP2RK653AA 

FseI Rev 

CGCCGGGCCGGCCGCAACCAGCTG 

MAYV NSP2RK653AA 

Fusion Fwd 

GAGTACAACCTCATCTTGCCGAGGGCAGCGGTGACGTGGAT 

TGCTCCGCCGACT 

MAYV NSP2RK653AA 

Fusion Rev 

AGTCGGCGGAGCAATCCACGTCACCGCTGCCCTCGGCAAGA 

TGAGGTTGTACTC 

MAYV NSP2P722S 

KpnI Fwd 

AAATGCCTGGTACCCGTTTTGGAA 

MAYV NSP2P722S 

FseI Rev 

CGCCGGGCCGGCCGCAACCAGCTG 

SARS-CoV-2 NSP1 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGAGAGCCTTGTCC 

CTGGTTTC 
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Name Sequence (5’→3’) 

SARS-CoV-2 NSP1 

FseI Rev 

CGCCGGGCCGGCCCCCTCCGTTAAGCTCACGCATGAG 

SARS-CoV-2 NSP2 

PasI Fwd 

TAGCCCCAGGGGCCACCATGGCATACACTCGCTATGTCGA 

TAAC 

SARS-CoV-2 NSP2 

FseI Rev 

CGCCGGGCCGGCCACCGCCTTTGAGTGTGAAGGTATT 

SARS-CoV-2 NSP3 

PasI Fwd 

CTAGCCCCAGGGGCCACCATGGCACCAACAAAGGTTA 

CTTTTGGT 

SARS-CoV-2 NSP3 

FseI Rev 

CGCCGGGCCGGCCACCACCCTTAAGTGCTATCTTTGT 

SARS-CoV-2 NSP4 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAAAATTGTTAAT 

AATTGGTTGAAG 

SARS-CoV-2 NSP4 

FseI Rev 

CGCCGGGCCGGCCCTGCAAAACAGCTGAGGTGATAGA 

SARS-CoV-2 NSP5 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAGTGGTTTTAG 

AAAAATGGCATTC 

SARS-CoV-2 NSP5 

FseI Rev 

CGCCGGGCCGGCCTTGGAAAGTAACACCTGAGCATTG 

SARS-CoV-2 NSP6 

FseI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAGTGCAGTGAAA 

AGAACAATCAAG 

SARS-CoV-2 NSP6 

FseI Rev 

CGCCGGGCCGGCCCTGTACAGTGGCTACTTTGATACA 

SARS-CoV-2 NSP7 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGTCTAAAATGTCAG 

ATGTAAAGTGC  

SARS-CoV-2 NSP7 

FseI Rev 

CGCCGGGCCGGCCTTGTAAGGTTGCCCTGTTGTCCAG 

SARS-CoV-2 NSP8 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGCTATAGCCTCAG 

AGTTTAGTTCC 

 



 39 

Name Sequence (5’→3’) 

SARS-CoV-2 NSP8 

FseI Rev 

CGCCGGGCCGGCCCTGTAATTTGACAGCAGAATTGGC 

SARS-CoV-2 NSP9 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAATAATGAGCTTA 

GTCCTGTTGCA 

SARS-CoV-2 NSP9 

FseI Rev 

CGCCGGGCCGGCCTTGTAGACGTACTGTGGCAGCTAA 

SARS-CoV-2 

NSP10 NheI 

3xFLAG Fwd 

AAGCTGGCTAGCCCCAGGGGCCACCATGGACTACAAAGAC 

CATGACGGTGATTATAAAGATCATGACATCGACTACAAGG 

ATGACGAGACAAGGGCCGGCCCGGCGGGAGCGGCGGGGC 

TGGTAATGCAACAGAAGTGCCT 

SARS-CoV-2 

NSP10 FseI Rev 

AAGCTTGGATCCTACTGAAGCATGGGTTCGCGGAGTTG 

SARS-CoV-2 

NSP12 PasI Fwd 

CTAGCCCCAGGGGCCACCATGTCAGCTGATGCACAATCGT 

TCCTAAACCGGGTTTGCGGTGTAAGTGCAGCC 

SARS-CoV-2 

NSP12 FseI Rev 

CGCCGGGCCGGCCCTGTAAGACTGTATGCGGTGTGTA 

SARS-CoV-2 

NSP13 NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGCTGTTGGGGCTT 

GTGTTCTTTGC 

SARS-CoV-2 

NSP13 FseI Rev 

CGCCGGGCCGGCCTTGTAAAGTTGCCACATTCCTACG 

SARS-CoV-2 

NSP14 NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGCTGAAAATGTA 

ACAGGACTCTTT 

SARS-CoV-2 

NSP14 FseI Rev 

CGCCGGGCCGGCCCTGAAGTCTTGTAAAAGTGTTCCA 

SARS-CoV-2 

NSP15 NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAGTTTAGAAAAT 

GTGGCTTTTAAT 

SARS-CoV-2 

NSP15 FseI Rev 

CGCCGGGCCGGCCTTGTAATTTTGGGTAAAATGTTTC 
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Name Sequence (5’→3’) 

SARS-CoV-2 

NSP16 PasI Fwd 

CTAGCCCCAGGGGCCACCATGTCTAGTCAAGCGTGGCAA 

CCGGGT 

SARS-CoV-2 

NSP16 FseI Rev 

CGCCGGGCCGGCCGTTGTTAACAAGAACATCACTAGA 

SARS-CoV-2 N 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGTCTGATAACGGA 

CCCCAAAATCAGCGAAAT 

SARS-CoV-2 N FseI 

Rev 

CGCCGGGCCGGCCAGCCTGAGTTGAGTCAGCACTGCTC 

SARS-CoV-2 

ORF10 PasI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGGCTATATAAAC 

GTTTTCGCT 

SARS-CoV-2 

ORF10 FseI Rev 

CGCCGGGCCGGCCTGTGAGATTAAAGTTAACTACATC 

SARS-CoV-2 

ORF14 NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGCTGCAATCGTGC 

TACAACTTC 

SARS-CoV-2 

ORF14 FseI Rev 

CGCCGGGCCGGCCATCTGTCAAGCAGCAGCAAAGCAA 

SARS-CoV-2 P6 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGTTTCATCTCGTTG 

ACTTTCAG 

SARS-CoV-2 P6 

FseI Rev 

CGCCGGGCCGGCCATCAATCTCCATTGGTTGCTCTTC 

SARS-CoV-2 S 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGTTTGTTTTTCTT 

GTTTTATTG 

SARS-CoV-2 S FseI 

Rev 

CGCCGGGCCGGCCTGTGTAATGTAATTTGACTCCTTT 

SARS-CoV-2 E 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGTACTCATTCGT 

TTCGGAAGAG 

SARS-CoV-2 E FseI 

Rev 

CGCCGGGCCGGCCGACCAGAAGATCAGGAACTCTAGA 
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Name Sequence (5’→3’) 

SARS-CoV-2 M 

PasI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGCAGATTCCAAC 

GGTACTATT 

SARS-CoV-2 M 

FseI Rev 

CGCCGGGCCGGCCCTGTACAAGCAAAGCAATATTGTC 

SARS-CoV-2 NS3A 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGATTTGTTTATGA 

GAATCTTC 

SARS-CoV-2 NS3A 

FseI Rev 

CGCCGGGCCGGCCCAAAGGCACGCTAGTAGTCGTCGT 

SARS-CoV-2 NS3B 

PasI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGATGCCAACTAT 

TTTCTTTGCT 

SARS-CoV-2 NS3B 

FseI Rev 

CGCCGGGCCGGCCCACTATTGTAAGGTATACAATAGT 

SARS-CoV-2 NS7A 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAAAATTATTCTT 

TTCTTGGCA 

SARS-CoV-2 NS7A 

FseI Rev 

CGCCGGGCCGGCCTTCTGTCTTTCTTTTGAGTGTGAA 

SARS-CoV-2 NS7B 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGATTGAACTTTCAT 

TAATTGAC 

SARS-CoV-2 NS7B 

FseI Rev 

CGCCGGGCCGGCCGGCGTGACAAGTTTCATTATGATC 

SARS-CoV-2 NS8B 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGAAATTTCTTGTTT 

TCTTAGGA 

SARS-CoV-2 NS8B 

FseI Rev 

CGCCGGGCCGGCCGATGAAATCTAAAACAACACGAAC 

SARS-CoV-2 NS9B 

NheI Fwd 

AGCTGGCTAGCCCCAGGGGCCACCATGGACCCCAAAATC 

AGCGAAATG 

SARS-CoV-2 NS9B 

FseI Rev 

CGCCGGGCCGGCCTTTTACCGTCACCACCACGAATTC 
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Name Sequence (5’→3’) 

SARS-CoV-2 NSP1-

KH164AA Fusion Fwd 

TTTCAAGAAAACTGGAACACTGCAGCAAGCAGTGGTGTT 

ACCCGTGAA 

SARS-CoV-2 NSP1-

KH164AA Fusion Rev 

TTCACGGGTAACACCACTGCTTGCTGCAGTGTTCCAGTTT 

TCTTGAAA 

 

Table 2.9 Primers used for qRT-PCR 

Target Gene  Sequence (5’→3’) 

MAYV NSP1 Fwd TTCCGAACCAAGTGGGATTC 

MAYV NSP1 Rev CACTTTACGTAYGGKGATGG 

Actb Fwd CCTGGCACCCAGCACAAT 

Actb Rev GCCGATCCACACGGAGTACT 

Ifnb Fwd TAGCACTGGCTGGAATGAGA 

Ifnb Rev TCCTTGGCCTTCAGGTAATG 

Ifnl2 Fwd AGTTCCGGGCCTGTATCCAG 

Ifnl2 Rev GAGCCGGTACAGCCAATGGT 

SeV HN Fwd AAAATTACATGGCTAGGAGGGAAAC 

SeV HN Rev GTGAATGGAATGGTTGTGACTCTTA 

GAPDH Fwd ACAGTCAGCCGCATCTTCTT 

GAPDH Rev GTTAAAAGCAGCCCTGGTGA 

Tuba1a Fwd GCAACAACCTCTCCTCTTCG 

Tuba1a Rev GAATCATCTCCTCCCCCAAT 

Ifit1 Fwd AGAAGCAGGCAATCACAGAAAA 

Ifit1 Rev CTGAAACCGACCATAGTGGAAAT 

SARS-CoV-2 Spike Fwd CCTACTAAATTAAATGATCTCTGCTTTACT 

SARS-CoV-2 Spike Rev CAAGCTATAACGCAGCCTGTA 

GFP Fwd AAGCTGACCCTGAAGTTCATCTGC 

GFP Rev CTTGTAGTTGCCGTCGTCCTTGAA 
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2.1.5 Detection systems and software 

Table 2.10 Detection system and analysis software  

System/Software  Source  

CFX96 Real-Time PCR Detection System Bio-Rad 

Image StudioTM Lite Version 5.2 LI-COR 

IX-81 spinning-disk confocal microscope Olympus  

Moxi Z Mini Automated Cell Counter  ORFLO 

NanoDrop ND-1000 Spectrophotometer  Thermo Scientific  

Odyssey Infrared Imaging System  LI-COR 

T100 Thermo Cycler  Bio-Rad 

Synergy HTX Plate Reader Biotek 

Ultraviolet Transilluminator  Thermo Fisher Scientific 

Volocity Acquisition and Analysis Software 6.2.1 Perkin-Elmer 

 

2.1.6 Cell lines and viruses  

Table 2.11 Cell lines 

Cell line  Source  

A549  American Type Culture Collection  

C6/36 Dr. Sonia Best (NIH Rock Mountain Laboratory) 

HEK 293T  American Type Culture Collection  

Huh 7 American Type Culture Collection  

Vero (CCL81) American Type Culture Collection  

Vero E6 (CRL-1586) American Type Culture Collection 

 

Table 2.12 Viruses 

Virus  Source  

Mayaro virus (MAYV) serotype D (strain 

07-18066-99) 

Brandy Russell (Center for Disease Control 

and Prevention) 

Semliki Forest virus (SFV; strain SFV6.1) Dr. Andres Merit (University of Tartu)  
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Virus  Source  

Sendai virus (SeV; Cantell Strain 

#10100774) 

Charles River Laboratories  

Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2; strain 

CANADA/VIDO01/2020) 

Dr. Darryl Falzarano (Vaccine and Infectious 

Disease Organization)  

Sindbis virus (SINV; Toto1101 molecular 

clone) 

Dr. Charles Rice (Rockefeller University) 

 

2.2 Methods  

2.2.1 Molecular biology 

2.2.1.1 Isolation of plasmid DNA from Escherichia coli 

 E. coli cultures harboring desired plasmids were grown in LB media (Table 2.5) containing 

ampicillin (100 µg/ml; Table 2.1) or kanamycin (50 µg/ml; Table 2.1) at 37 °C on a shaker at 225 

rpm for 16 h. Plasmid DNA from small batch cultures (5 ml) were isolated using QIAprep Spin 

Miniprep Kit (Table 2.4). Plasmid DNA from large batch (400 ml) cultures were isolated using 

NucleoBond Xtra Maxi Kit (Table 2.4). The concentration of isolated plasmid DNA were 

measured using a NanoDrop ND-1000 Spectrophotometer (Table 2.10) and then stored at -20°C 

until required for use.  

 

2.2.1.2 Polymerase chain reaction (PCR) 

 PCR amplification of DNA was performed using Platinum Taq Polymerase High Fidelity 

(Table 2.3). Typical reactions consisted of 1X High Fidelity PCR buffer, 2 mM of MgSO4, 200 

µM of dNTP mix, 200 nM of forward and reverse primers, 50 ng/ml of template DNA, and 0.02 

U/µl of Platinum Taq Polymerase High Fidelity. The annealing temperature was set according to 
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the predicted melting temperature of the primers, while the duration of extension was set according 

to the length of the PCR product. The reaction performed for 25 to 35 cycles using T100 Thermo 

Cycler (Table 2.10).  

 

2.2.1.3 Agarose electrophoresis  

 Ultrapure agarose (0.8-1% [w/v], Table 2.1) was dissolved in TAE buffer with 0.5 µg/ml 

of ethidium bromide. After solidification, the agarose gels were submerged into electrophoresis 

tank containing TAE buffer. DNA samples were mixed with 6X loading dye (Table 2.1), loaded 

into wells adjacent to GeneRuler 1kb Plus (Table 2.2), and then separated by running gels at 100 

V for 45-60 min. The DNA bands were visualized using a ultraviolet Transilluminator (Table 2.10) 

and then excised for further manipulations such as ligation.  

 

2.2.1.4 Restriction endonuclease digestion 

 Restriction digestion of PCR products and plasmid DNA were typically performed at 37°C 

for 1 h in 50 µl reactions containing 2 µg of DNA, 2 U of restriction endonucleases (Table 2.3) 

and the corresponding manufacturer-supplied digestion buffers. In some cases, digested DNA 

fragments were dephosphorylated using CIP (Table 2.3) at 37°C for 45 min.  

 

2.2.1.5 Purification of DNA fragments 

 PCR products were purified using QIAquick PCR Purification Kits (Table 2.4). DNA 

fragments from restriction endonuclease digestion were separated by agarose gel electrophoresis 
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and the desired DNA fragments excised from gel and purified using QIAEX II Gel Extraction Kit 

(Table 2.4).  

 

2.2.1.6 Ligation reaction 

 Inserts and vectors were combined in 1:1 and 1:5 molar ratios (20 to 100 ng of vector) in a 

20 µl reaction containing ligase buffer (1X) and 1 U of T4 DNA ligase (Table 2.3). The mixtures 

were incubated at 22°C for 30 min prior to transformation of bacteria. 

 

2.2.1.7 Transformation of E. coli 

 Subcloning Efficiency DH5α Competent Cells (Invitrogen) and One Shot Stbl3 

Chemically Competent E. coli (Invitrogen) were used for transformation of plasmid DNA. Plasmid 

DNA (up to 100 ng) was added to 50 µl of competent cells on ice, then heat-shocked for 45 sec in 

42°C water bath. SOC medium (Table 2.1) was then added to the transformation mixtures and then 

incubated at 37°C for 45 min in an orbital shaker (225 rpm). The transformed cells were plated 

onto LB agar containing appropriate antibiotics and then incubated at 37°C for 16 h.  

 

2.2.1.8 Construction of recombinant plasmids 

Construction of 3XFLAG-tagged MAYV protein expression plasmids 

 MAYV protein expression plasmids were generated from cDNA templates prepared from 

RNA isolated from MAYV-infected Vero cells using SuperScript III Reverse Transcriptase (Table 

2.3). Viral gene-specific cDNAs with C-terminal 3XFLAG-tags were cloned between NheI and 
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FseI restriction sites in pcDNA 3.1(-) 3XFLAG plasmid (Kumar et al., 2016). Due to the auto-

protease activity of capsid protein which cleaves tags off of its C-terminus, a 3XFLAG sequence 

was added in frame to the N-terminal region of the protein. The primers used for these PCR 

reactions are listed in Table 2.8. The sequence integrities of all constructs were confirmed by 

Sanger sequencing. 

 

Construction of plasmids encoding 3XFLAG-tagged SARS-CoV-2 proteins 

 SARS-CoV-2 protein expression plasmids were generated from cDNA template prepared 

from RNA extracted from SARS-CoV-2 infected Vero E6 cells using SuperScript III Reverse 

Transcriptase (Table 2.3) and PCR. Viral gene-specific cDNAs with C-terminal 3X FLAG tag 

cassettes were cloned between NheI and FseI restriction sites in pcDNA 3.1(-) 3XFLAG plasmid 

(Kumar et al., 2016). Due to the instability of the C-terminally tagged NSP10 construct in bacteria, 

a 3XFLAG sequence was added in frame to the coding region for the N-terminal region of the 

protein. The primers used for cloning are listed in Table 2.8. All constructs were verified by Sanger 

sequencing. 

 

2.2.1.9 Site directed mutagenesis  

 To generate MAYV NSP2 and SARS-CoV-2 NSP1 mutants, two-step PCR was used for 

site directed mutagenesis. In addition to the flanking primers used for cloning wild type viral gene 

constructs, fusion primers (Table 2.8) that contained desired mutant sequence were used for these 

reactions. Two PCR reactions were performed for the first step, using pcDNA3.1(-) 3XFLAG 

plasmid with the wild type gene and either combination of flanking and fusion primers. For the 
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second PCR step, the two PCR products from the first step were used as templates, while only 

using the flanking primers. The PCR products from the second step which contained the introduced 

point mutation were cloned back into pcDNA3.1(-) 3XFLAG plasmid between NheI and FseI 

restriction sites. All constructs were verified by Sanger sequencing. 

 

2.2.2 Cell culture and transfection  

2.2.2.1 Cell culture maintenance  

 A549, HEK 293T, Huh7, Vero (CCL-81), and Vero E6 (CRL-1586) cells were cultured in 

DMEM (Table 2.1) supplemented with 100 U/ml penicillin and streptomycin (Table 2.1), 1 mM 

HEPES (Table 2.1), 2mM glutamine (Table 2.1), and 10% (v/v) heat-inactivated FBS (Table 2.1) 

at 37°C in 5% CO2. C6/36 cells were cultured in MEM (Table 2.1) containing 100 U/ml penicillin 

and streptomycin, 2mM glutamine, 10% (v/v) heat-inactivated FBS, and 1x non-essential amino 

acid (Table 2.1) at 32°C in 5% CO2. 

 

2.2.2.2 Transfection of mammalian cell lines  

 Transient transfection of A549, HEK 293T, and Huh7 cells were performed using 

Lipofectamine 2000 or TransIT-LT1 (Table 2.1). Cells were seeded 24 h prior to transfection so 

that they would be 80% confluent at the time of transfection. For A549 and Huh7 cells in 12-well 

plates, 1 µg of DNA and 2 µl of Lipofectamine 2000 or 0.5 µg of DNA and 1 µl of TansIT-LT1 

were added to OptiMEM (Table 2.1). For HEK 293T cells in 12-well plates, 2 µg of DNA and 4 

µl of Lipofectamine 2000 were mixed in OptiMEM. Where indicated 2 µg of poly(I:C) and 3 µl 
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of TransIT-LT1 in OptiMEM were used for transfection of cells. Transfected cells were incubated 

for 12 to 24 h, after which media was changed.  

 

2.2.3 Virology techniques  

2.2.3.1 Virus infection  

 Cells were infected with viral stocks diluted in DMEM (Table 2.1) media containing 3% 

FBS for 1 h at 37°C in a 5% CO2 atmosphere. Virus-containing media were replaced with complete 

growth media and incubated at 37°C in a 5% CO2 until the endpoint of the infection experiments. 

Infection with MAYV, SeV, SFV, and SINV were performed following CL-2 procedures. 

Infection with SARS-CoV-2 was performed following CL-3 procedures.  

 

2.2.3.2 Plaque assay  

 Vero (CCL-81) or Vero E6 (CRL-1586) cells (1.5 x 105 cells/well) were seeded onto 24-

well plates 24 h before infection with MAYV or SARS-CoV-2, respectively. The culture media 

containing MAYV or SARS-CoV-2 were serially diluted in serum-free DMEM. To each well, 100 

µl of serum-free DMEM and 100 µl of virus-containing dilution were added. After 1 h at 37°C in 

a 5% CO2 atmosphere, the virus-containing media were aspirated and replaced with 1 ml of 

DMEM containing 0.5% methylcellulose followed by incubation at 37°C in a 5% CO2 atmosphere 

for two (MAYV) or three (SARS-CoV-2) days. Cells were then fixed by adding 1 ml of 10% 

formaldehyde to each well. After 30 min at room temperature, formaldehyde-containing culture 

media were removed after which the wells were rinsed with water and then dried by tapping the 

plates over a paper towel before staining with 1% (w/v) crystal violet (Table 2.1) in 20% (v/v) 
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methanol (Table 2.1) for 30 min at room temperature. After removing the staining solution, the 

wells were rinsed with water and then air-dried. Plaques in each well were counted to determine 

the number of infectious viral particles (plaque forming unit (PFU)/ml) in the original sample using 

the formula below. To accurately estimate the number of infectious viral particles in a given sample, 

wells that were appropriate to account for had more than three plaques, while no more than 30 of 

them in a single well.  

Average # of plaques

dilution factor × volume of diluted virus added
 = PFU/ml 

 

2.2.4 Protein gel electrophoresis and immunoblotting  

2.2.4.1 Sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

 Unless otherwise indicates, cell lysates for immunoblotting were washed once with PBS 

(Table 2.5) followed by lysis with SDS-Sample buffer (Table 2.5) supplemented with 0.1% (v/v) 

of Benzonase (Table 2.1). The acrylamide gels were prepared by overlaying 5% stacking gel (5% 

(v/v) acrylamide/bis-acrylamide, 0.1% (v/v) SDS, 125 mM Tris (pH 6.8), 0.1% (v/v) APS, and 

0.1% (v/v) TEMED) on 8-15% resolving gels (8~15% (v/v) acrylamide/bis-acrylamide, 0.1% (v/v) 

SDS, 375 mM Tris (pH 8.8), 0.1% (v/v) APS, and 0.1% (v/v) TEMED). Cell lysates were heated 

at 95°C for 10 min and then loaded onto acrylamide gels which were bathed in SDS-PAGE running 

buffer (Table 2.5). To separate proteins, gels were subjected to 100 V until the dye front reached 

the resolving gel after which the voltage was increased to 150 V and ran until the dye fronts reached 

the bottom of the gels.  
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2.2.4.2 Immunoblotting  

 Following SDS-PAGE, proteins were transferred from the gels to PVDF membranes 

(Table 2.1). PVDF membranes were activated by incubating in methanol (Table 2.1) for 10 min 

and protein transfer was carried out by subjecting the gel and membrane under 40 mA in Transfer 

buffer (Table 2.5) for 16 h at room temperature. The PVDF membranes were then incubated in 

Blocking buffer (Table 2.5) for 30 min at room temperature before incubating with primary 

antibodies (Table 2.6) diluted in Blocking buffer for at least an hour at room temperature. 

Membranes were washed three times with PBS-Tween (Table 2.5) for 10 min each and then 

incubated with secondary antibodies (Table 2.7) diluted in Blocking buffer for 1 h at room 

temperature in the dark. The membranes were washed three more times with PBS-Tween and 

proteins were visualized using an Odyssey Infrared Imaging System (Table 2.10). Processing of 

the images and quantification of proteins were performed using Image Studio Lite (Table 2.10).  

 

2.2.5 Analysis of protein-protein interactions 

2.2.5.1 Co-immunoprecipitation (co-IP) 

 HEK 293T cells were seeded into T25 flasks for 24 h such they were 80% confluent at the 

time of transfection. Cells were transfected with 6 µg of FLAG-tagged viral protein encoding 

plasmids and 12 µl of Lipofectamine 2000 (Table 2.1) mixed in OptiMEM (Table 2.1). Twenty-

four hours later, cells were lysed by with ice-cold IP buffer (Table 2.5) and then placed on a rotator 

at 4°C for 30 min. During cell lysis, 10 µl of anti-Flag magnetic beads (Table 2.1) were incubated 

in Blocking buffer (Table 2.5) at 4°C for 10 min, then washed twice with IP buffer by rotating at 

4°C for 10 min each. The lysates were clarified by centrifugation at 16,000 g for 15 min at 4°C, 
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after which the supernatants were incubated with beads on a rotator at 4°C for 2 h. After three 

washes with IP buffer, proteins bound to magnetic beads were processed for mass spectrometry 

(LC-MS/MS), or SDS sample buffer (Table 2.5) was added to the beads, which were then 

incubated at 95°C for 10 min, separated by SDS-PAGE and analyzed by immunoblotting.  

 

2.2.6 Microscopy  

2.2.6.1 Indirect immunofluorescence confocal microscopy  

 A549 and Huh7 cells were seeded onto 12-well plate (4.5 x 104 cells/well) with coverslips 

24 h prior to transfection using TransIT-LT1 (Table 2.1) or virus infection. After experimental 

endpoints, cells were washed three times with PBS (Table 2.5), fixed with 4% PFA (Table 2.1) in 

PBS for 10 min at room temperature, then washed three more times with PBS. Cells were 

permeabilized with 0.5% (v/v) Triton X-100 (Table 2.1) in PBS for 10 min, followed by three 

washes in PBS. Cells were incubated in Blocking buffer (Table 2.5) for 30 min, after which they 

were incubated in primary antibodies (Table 2.6) diluted in Blocking buffer for 1 h at room 

temperature. Cells were then washed three times with PBS and incubated with secondary 

antibodies (Table 2.7) and 1 µg/ml of DAPI (Table 2.1) in Blocking buffer for 45 min at room 

temperature in darkness. After staining with secondary antibodies, coverslips were washed three 

more times with PBS and mounted on microscope slides using ProLong Gold Antifade Mounting 

Reagent (Table 2.1) and then stored at 4°C protected from light. Cells on coverslips were imaged 

using an IX-81 spinning-disc confocal microscope (Table 2.10) equipped with 60X/1.42 numerical 

aperture (NA) PlanApo N oil objective. Images were acquired, processed, and analyzed using 

Volocity software (Table 2.10).  
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2.2.7 RNA techniques  

2.2.7.1 RNA isolation  

 RNA was isolated from cells using NucleoSpin RNA Mini Kit (Table 2.4) and then 

quantitated with a NanoDrop ND-1000 Spectrophotometer (Table 2.10) before use in cDNA 

synthesis reactions or storage at -80°C.  

 

2.2.7.2 cDNA synthesis  

 Purified RNA was reverse transcribed into cDNA using SuperScript III Reverse 

Transcriptase (Table 2.3) or Improm-II Reverse Transcriptase System (Table 2.3) which were used 

for cloning viral genes into plasmids or for qRT-PCR, respectively. cDNAs that were to be 

analyzed by qRT-PCR were diluted 1:5 with water and stored at -20°C.  

 

2.2.7.3 Quantitative real time polymerase chain reaction (qRT-PCR) 

 Typically, qRT-PCR reaction mixtures (15 µl) contained 5 µl of cDNA template, 100 nM 

of appropriate forward and reverse primers (Table 2.9) and 1X PerfeCTa SYBR Green Super Mix 

with Low ROX (Table 2.3) and were amplified for 40 cycles (30 sec 94°C, 40 sec at 55°C, and 20 

sec at 68°C) in CFX96 Real-Time PCR Detection System (Table 2.10). The CT values were 

normalized to that of ACTB mRNA which served as an internal control (ΔCT). The ΔΔCT values 

were determined by normalizing to the appropriate control group ΔCT values and the relative RNA 

levels were calculated using the formula 2(-ΔΔCT).  
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2.2.8 Luciferase reporter assay 

 HEK 293T cells were seeded onto 12-well plates (4 x 105 cells/well) 24 h prior to 

transfection. To assess IFN induction, cells were transfected with viral protein-encoding plasmids, 

CMV promoter-controlled Renilla luciferase construct (pRL-TK; Promega), and either IFN-β 

promoter-driven (p125-Luc; provided by T. Taniguchi, University of Tokyo Japan), IRF3-

controlled promoter-driven (p55-CIB-Luc; provided by T. Taniguchi, University of Tokyo Japan), 

or NFκB-controlled promoter-driven (pNF-kB-Luc; Stratagene) Firefly luciferase construct. The 

IFN induction pathway was activated by infecting cells with 50 hemagglutinating units (HAU)/ml 

of SeV (Table 2.12) for 16 h. Cells were transfected with viral protein-encoding plasmids, CMV 

promoter-controlled Renilla luciferase construct, and either IFN-stimulated responsive element 

(ISRE) promoter-driven (pGL4-ISRE; Promega) or IFN-ɣ-activated site (GAS) promoter-driven 

(pGAS-Luc; Stratagene) Firefly luciferase constructs to measure IFN signaling potentiated by type 

I (100 U/ml of IFN-α) or type II IFNs (10 U/ml of IFN-ɣ), respectively. To activate the IFN 

signaling pathway, cells were treated with the indicated IFN types for 16 h. At experimental 

endpoints, cells were lysed with 250 µl of Luciferase lysis buffer (Table 2.5) and either rocked in 

room temperature for 15 min or stored at -80°C until analysis.  

 For luciferase assays, 50 µl of lysate were aliquoted into 96-well microplates in duplicate 

for measuring each Firefly and Renilla luminescence activity. To measure Firefly luciferase 

activity, 100 µl of luciferase assay buffer (Table 2.5) supplemented with 70 µM D-luciferin (Table 

2.1) and 2 mM ATP (Table 2.1) was added into each well which were then incubated for 5 min at 

room temperature after which luciferase activities were measured using a Synergy HTX Plate 

Reader (Table 2.10) using an exposure time of 1 sec. For Renilla luciferase, 100 µl of Luciferase 

assay buffer supplemented with 1.4 µM of coelenterazine (Table 2.1) was added to each well and 
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luciferase activities was measured immediately with a Synergy HTX Plate Reader using an 

exposure time of 0.5 sec. The Firefly luciferase reporter values were normalized against Renilla 

luciferase reporter values and further normalized to appropriate negative control groups in which 

IFN pathways were not stimulated.  

 

2.2.9 Enzyme-link immunosorbent assay (ELISA) for IFN-β detection 

 A549 cells (1.2 x 105) and HEK 239T cells (4 x 105) were seeded onto 12-well plate 24 h 

prior to viral infection or transfection of viral protein-encoding plasmids. At indicated time points, 

50 HAU/ml of SeV (Table 2.12) were added to each well to activate the IFN induction pathway. 

Sixteen hours later, cell culture supernatants were collected and the concentrations of IFN-β were 

measured using a Human IFN-beta Quantikine ELISA kit (Table 2.4) according to manufacturer’s 

protocol. The absorbance were measured using a Synergy HTX Plate Reader (Table 2.10).  
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Chapter 3 

Mayaro virus non-structural protein 2 circumvents the induction of interferon in part by 

depleting host transcription initiation factor IIE subunit 2.  
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3. 1 Rationale 

 Mayaro virus (MAYV) is an emerging mosquito-transmitted alphavirus that is anticipated 

to cause large outbreaks as other arboviruses such as Zika, Dengue, and Chikungunya (CHIKV) 

viruses have in the past. Most MAYV infections in human lead to debilitating arthralgia and 

myalgia that persist for several months to years (Yue et al., 2019). Despite these concerns, our 

understanding of MAYV biology is very limited there are no specific treatments or vaccines 

available to control outbreaks.  

 One important aspect of MAYV biology that is poorly understood is how it affects the IFN 

response; virtually no studies have looked at this process thus far (Figueiredo et al., 2019). It is 

known that viral RNAs from other alphaviruses are sensed by both RIG-I and MDA5 (Akhrymuk 

et al., 2016), while the secretion of IFNs is almost completely blocked during infection of 

fibroblasts (Burke et al., 2009; Bhalla et al., 2019; Akhrymuk et al., 2018). Furthermore, the non-

structural protein 2 (NSP2) of CHIKV and Sindbis virus (SINV) is directly linked to the 

proteasomal degradation of Rpb1, a component of cellular RNA polymerase II (Akhrymuk et al., 

2019; Fros et al., 2013; Frolova et al., 2002; Gorchakov et al., 2005; Breakwell et al., 2007). This 

is thought to mediate global shutoff of host transcription, including IFN and ISG mRNAs. Lastly, 

a recent study by Goertz et al. revealed that NSP2 of CHIKV interferes with the IFN signaling 

pathway by facilitating nuclear export of STAT1 (Goertz et al., 2018). While some IFN response 

evasion strategies may be conserved among all alphaviruses, it is possible that MAYV and other 

alphaviruses have evolved additional mechanism(s) of suppressing this host antiviral defence 

system.  

 Since MAYV is closely related to other alphavirus that suppress IFN induction and can 

establish productive infections in mammals (Powers et al., 2001; Forrester et al., 2012; Roundy et 
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al., 2017), we hypothesized that one or more proteins encoded by this virus is able to efficiently 

block IFN induction. I dissected the IFN induction pathway during MAYV infection and was able 

to identify the viral protein responsible for suppressing IFN induction during infection. I was also 

able to elucidate a novel mechanism by which MAYV antagonizes this cellular pathway.  

 

3.2 Results  

3.2.1 MAYV suppresses production of type I and III IFNs  

 To determine if/how IFN induction is affected during MAYV infection, type I IFN (Ifnb) 

and viral genomic RNA were quantitated by qRT-PCR at 4, 8, 12 and 24 hours after A549 cells 

were infected with MAYV or Sendai virus (SeV). Despite robust virus replication, induction of 

Ifnb mRNA in MAYV-infected cells was delayed and dramatically suppressed compared to cells 

infected with SeV (Figure 3.1A-B), a potent inducer of IFN production (Elco et al., 2005). 

However, treatment of cells with type I IFN prior to infection significantly inhibited MAYV in a 

dose-dependent manner (Figure 3.1C) indicating that the virus is sensitive to IFN.  

 Next, we assessed whether the relatively low levels of Ifnb mRNA in MAYV-infected cells 

are the result of active suppression of IFN induction pathways. MAYV infected cells were 

transfected with poly(I:C), a dsRNA analog that induces IFN following detection by RIG-I-like 

receptors (Okamoto et al., 1998). Transcripts encoding type I (Ifnb) and type III (Ifnl2) IFNs were 

then quantified by qRT-PCR. Poly(I:C) transfection robustly induced Ifnb and Ifnl2 but levels of 

these transcripts were ~50-fold lower in MAYV-infected cells compared to mock-infected cells 

(Figure 3.2A and B). MAYV infection alone resulted in a relatively modest increase (~100-fold) 

in Ifnb and Ifnl2 which were further increased ~10-fold by poly(I:C) challenge. In comparison, 
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SeV infection resulted in ~10,000-fold increased levels of Ifnb but this effect was dampened in 

cells that were first infected with MAYV (Figure 3.2C). IFN-β was not detected in the media of 

MAYV-infected cells regardless of whether they were challenged with SeV or not (Figure 3.2D). 

The observation that levels of SeV genomic RNA were higher in MAYV-infected cells suggests 

that impaired IFN induction during MAYV infection was not due to poor replication of SeV in 

those cells (Figure 3.2E).  
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Figure 3.1 MAYV is sensitive to pre-treatment of type-I IFNs. A and B. A549 cells were 

infected with either MAYV (MOI=3) or SeV (50 HAU/ml). Total RNA was collected at 4-hour 

intervals for up to 24-hours post-infection (hpi). Viral RNA (A) and Ifnb mRNA (B) were 

quantitated by qRT-PCR and expressed as fold mock infected cells normalized to Actb mRNA 

levels. N = 3. C. A549 cells were treated with IFN-α (0, 10, 100, and 100 U/ml) for 6 h and infected 

with MAYV (MOI=1). At 24 hpi, relative levels of MAYV RNA in total cellular RNA samples 

were quantitated by qRT-PCR (normalized to Actb) and expressed as folds of replication to cells 

not treated with IFN-α. *** P < 0.001, **** P < 0.0001; N = 3.  
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Figure 3.2 MAYV suppresses induction of type I and III IFNs. A and B. A549 cells were 

infected with MAYV (MOI=3) for 24 h, then treated with 2 µg/ml of poly(I:C). After 16 h, total 

RNA was collected and Ifnb (A) and Ifnl2 (B) mRNA were measured by qRT-PCR and normalized 

to Actb mRNA level and expressed as folds to mock infected cells. ** P < 0.01, *** P < 0.001, 

**** P < 0.0001; N = 3. C and D. A549 cells were infected with MAYV (MOI=3) for 24 h, then 

challenged with (SeV) (50 HAU/ml) for 16 h. Ifnb transcripts in cells and IFN-β in cell culture 

supernatants was measured by qRT-PCR (C) and enzyme linked immunosorbent assay (D) 

respectively. *** P < 0.001, **** P < 0.0001; N = 3. E. A549 cells were infected with MAYV 

(MOI=3) for 24 h, then infected with SeV (50 HAU/ml) for 16 h. Total RNA was collected and 

SeV viral RNA level were measured by real time qRT-PCR and normalized to Actb mRNA level 

and expressed as folds of mock infected cells. N = 3.  
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3.2.2 MAYV suppresses the IFN induction pathway downstream of IRF3 nuclear translocation.  

 Next, we examined whether nuclear translocation of the antiviral transcription factor IRF3, 

which is required for production of IFN-β mRNA, was affected by MAYV infection. In contrast 

to SeV infection which induced translocation of IRF3 into nuclei, IRF3 remained in the cytoplasm 

of MAYV-infected cells (Figure 3.3). However, when MAYV infected cells were subsequently 

infected with SeV, IRF3 localized to the nucleus (Figure 3.3), indicating that the IFN induction 

pathway is at least partially intact in MAYV infected cells up to the IRF3 nuclear translocation 

step. Taken together, these data are compatible with a scenario where MAYV efficiently avoids 

detection of its RNA by RIG-I-like receptors (RLRs), and/or partially blocks the IFN induction 

pathway upstream of IRF3 nuclear transport to prevent IFN production in infected cells. Since SeV 

induced IRF3 nuclear translocation was unaffected (Figure 3.3) but the production of IFN 

transcripts and secreted IFNs were blocked in MAYV infected cells (Figure 3.2A, B, C and D), 

the virus likely targets additional steps in the IFN induction pathway, downstream of IRF3 nuclear 

translocation.  
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Figure 3.3 MAYV does not block nuclear translocation of IRF3. A549 cells were infected with 

MAYV (MOI=1) for 24 h and then infected with 50 HAU/ml of SeV for 8 h. The subcellular 

localization of IRF3 in MAYV-infected cells was assessed by confocal microscopy after staining 

with antibodies against IRF3 and MAYV E2 protein.  
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3.2.3 Cloning of 3xFLAG-tagged MAYV proteins into pcDNA3.1(-) 

 To identify the viral protein(s) responsible for suppression of the IFN induction pathway 

during MAYV infection, we generated expression plasmids encoding individual epitope-tagged 

MAYV proteins. With the exception of the capsid protein which was tagged on the N-terminus, 

all MAYV proteins were tagged at their C-termini with 3xFLAG epitope. It was not feasible to tag 

the C-terminus of MAYV capsid because like other alphavirus capsid proteins, it has auto-protease 

activity which cleaves the hydrophobic signal peptide at its C-terminus (Melancon and Garoff 

1987). Expression of the tagged viral proteins in transfected HEK 293T cells was authenticated by 

immunoblotting (Figure 3.4A).  
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Figure 3.4 MAYV NSP2 antagonizes the induction of IFNs. A. HEK 293T cells were 

transfected with pcDNA 3.1 (-) plasmids encoding the indicated 3xFLAG-tagged MAYV proteins. 

After 24 h, cell lysates were subjected to immunoblotting with anti-FLAG antibody. The positions 

of the epitope tagged viral proteins are indicated with arrowheads. A non-specific protein 

recognized by the anti-FLAG or secondary antibody is indicated by *. B. HEK 293T cells were 

co-transfected with plasmids encoding the indicated MAYV proteins, empty vector (pcDNA) or 

Influenza A virus NSP1 as well as a plasmids encoding IFN-β Firefly luciferase and constitutively 

expressed control Renilla luciferase. After 24 h, cells were infected with 50 HAU/ml of SeV and 

then Firefly and Renilla luciferase activities were measured 16h later. *** P < 0.001, **** P < 

0.0001; N = 3.  
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3.2.4 MAYV NSP2 reduces interferon induction downstream of IRF3 activation 

 Next, the effect of MAYV protein expression on IFN induction in response to SeV 

infection was evaluated using a IFN-β-promoter-based luciferase reporter assay. NSP2 was the 

only MAYV protein whose expression significantly blocked IFN-β promoter activity (Figure 

3.4B). Despite its relatively low expression compared to the other Flag-tagged MAYV proteins 

(Figure 3.4A), NSP2 suppressed IFN-β promoter activity almost as efficiently as the NS1 protein 

of Influenza A virus (IAV), a known suppressor of the IFN induction (Gack et al., 2009) and the 

positive control for these experiments. Because activation of IRF3 and NFκB is critical for 

induction of Ifnb (Fensterl 2015), we assessed whether NSP2 blocks the activities of these two 

transcription factors using IRF3 and NFκB promoter-based luciferase reporters. Compared to the 

vector control and MAYV capsid protein, NSP2 reduced IRF3- and NFκB-dependent luciferase 

expression by as much as 10-fold (Figure 3.5A and B). To determine the step in the IFN induction 

pathway targeted by NSP2, we assessed how overexpressing individual components in the 

pathway (RIG-I (2xCARD), TBK1, IKKɛ, IRF3, and constitutively active IRF3 (IRF3-5D)) 

affected NSP2-dependent inhibition. None of these components rescued the NSP2 blockade of the 

IFN induction pathway (Figure 3.5C), suggesting that this viral protein acts downstream of the 

IRF3 phosphorylation step. Interestingly, IRF3 nuclear translocation in response to SeV infection 

was not affected by NSP2 expression though (Figure 3.5D and E). These data are consistent with 

those shown in Figure 3.2 and 3.3 in which MAYV infection was able to block IFN induction 

downstream of IRF3 nuclear translocation. 

  



 67 

 

Figure 3.5 MAYV NSP2 blocks IFN induction downstream of IRF3 activation. A and B. HEK 

293T cells were co-transfected with plasmids encoding NSP2 or capsid proteins and Firefly 

luciferase under the control of IRF3- (A) or NFκB- (B) responsive promotors as well as a plasmid 

encoding constitutively expressed Renilla luciferase. After 24 h, cells were challenged with 50 

HAU/ml of SeV for 16 h after which Firefly and Renilla luciferase activities were measured. ** P 

< 0.01, **** P < 0.0001; N = 3. C. HEK 293T cells were co-transfected with plasmids encoding 

NSP2, and RIG-I (2xCARD), IKKε, TBK1, IRF3, IRF3-5D or empty vector, IRF3-promotor 

Firefly luciferase and constitutively expressed Renilla luciferase. Samples were harvested at 24 h 

post transfection after which Firefly and Renilla luciferase activities were measured. *** P < 0.001, 

**** P < 0.0001; N = 3. D and E. A549 cells were transfected with indicated 3xFLAG-tagged 

protein-encoding plasmids. After 24 h, cells were challenged with SeV infection (50 HAU/ml) for 

8 h, then fixed and stained with antibodies against FLAG and IRF3 followed by confocal 

microscopy. The cytoplasmic and nuclear IRF3 signals were quantified using Volocity software. 

*** P < 0.001, **** P < 0.0001; N = 20.  
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3.2.5 The effect of NSP2 on interferon induction is partially mediated by transcriptional shutoff 

 Alphavirus NSP2 proteins contain a helicase domain at the N-terminus with RNA-

dependent NTPase activity (Gomez de Cedron et al., 1999; Vasiljeva et al., 2000), a papain-like 

cysteine protease domain (Strauss et al., 1992), and a C-terminal methyltransferase domain (Russo 

et al., 2006) (Figure 3.6A). To determine which domain(s) of NSP2 was important for blocking 

IFN induction, expression constructs encoding NSP2 lacking NTPase (NSP2K197N) (Vasiljeva et 

al., 2000), protease activity (NSP2C478A) (Strauss et al., 1992), helicase domain (NSP2Δhelicase) or 

protease domain (NSP2Δprotease) were generated (Figure 3.6A). Both NSP2K197N and NSP2C478A 

reduced IFN induction in response to SeV infection similar to wildtype NSP2 and IAV NS1 protein 

(Figure 3.7A), indicating that NTPase and protease activities are not required to block IFN 

induction. However, constructs lacking the protease (NSP2Δprotease) or helicase (NSP2Δhelicase) 

domains were unable to block IFN induction in response to SeV infection (Figure 3.7A).  
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Figure 3.6 Schematic representation of 3xFLAG-tagged MAYV NSP2 constructs. From top, 

3xFLAG-tagged wild type NSP2, NTPase mutant NSP2K197N, protease-dead NSP2C478A, helicase 

only NSP2Δprotease, protease only NSP2Δhelicase, NLS-deficient NSP2RK653AA, and host transcription 

shutoff deficient NSP2P722S. 
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 Previous studies have shown that other alphavirus NSP2 proteins translocate to the nucleus 

and inhibits host transcription by depleting Rpb1, a component of the RNA polymerase II complex 

(Akhrymuk et al., 2012; Fros et al., 2013). To determine if these processes were important for the 

ability of MAYV NSP2 to antagonize IFN induction, site-directed mutagenesis was used to 

generate nuclear localization signal (NLS)-deficient (NSP2RK653AA) (Breakwell et al., 2007) and 

transcriptional shutoff deficient (NSP2P722S) (Akhrymuk et al., 2012) mutants of NSP2 (Fig 3.6A). 

Confocal microscopy analyses confirmed that NSP2RK653AA was not able to translocate into the 

nucleus whereas wildtype and NSP2P722S were detected in nuclei and the cytoplasm (Figure 3.7C). 

However, while both NSP2RK653AA and NSP2P722S significantly blocked IFN induction, NSP2P722S 

was ~4-fold less effective than wildtype NSP2 (Figure 3.7B). Furthermore, in cells over-

expressing a constitutively active form of IRF3 (IRF3-5D) and NSP2RK653AA or NSP2P722S, levels 

of IFN transcripts were higher than in cells expressing wild type NSP2 (Figure 3.7D). Unlike 

wildtype NSP2 and NSP2RK653AA, NSP2P722S did not reduce IRF3-5D expression in co-transfected 

cells (Figure 3.7E and F). While these data suggest that NSP2 supresses IFN induction in part by 

mediating host cell transcriptional shutoff, it appears to function through a second mechanism that 

is independent from its nuclear function or ability to abrogate transcription.  
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Figure 3.7 Inhibition of IFN induction by MAYV NSP2 is partially mediated by 

transcriptional shutoff. A and B. HEK 293T cells were transfected with the indicated viral NSP2 

constructs, IFN-β Firefly luciferase reporter and a control Renilla reporter. After 24 h, cells were 

infected with 50 HAU/ml of SeV for 16 h, after which relative Firefly and Renilla luciferase 

activities were measured. ** P < 0.01, *** P < 0.001, **** P < 0.0001; N = 3. C. A549 cells were 

transfected with indicated MAYV NSP2 constructs. After 24 h, cells were fixed and stained using 

α-FLAG antibody and imaged by confocal microscopy. Nuclei are stained with DAPI. D-F. HEK 

293T cells were transfected with indicated viral NSP2 constructs, FLAG-IRF3-5D, IRF3-promotor 

Firefly luciferase reporter and a control Renilla reporter. After 24 h, Firefly and Renilla luciferase 

activities were measured (D). Cell whole lysate were also analyzed by immunoblotting using 

antibodies against FLAG and actin (E and F). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001; N = 3.  

 

  

pcD
N
A

N
SP2

N
SP2

R
K
65

3A
A

N
SP2

P
722S

IA
V N

S1

0.0

0.5

1.0

1.5

R
e

la
ti
v

e
 IF

N
-b

 r
e

p
o

rt
e

r 
a

c
ti
v

it
y

 

***

**
***

****

**

pcD
N
A

N
SP2

N
SP2

R
K
65

3A
A

N
SP2

P
722S

10-3

10-2

10-1

100

101

R
e

la
ti
v

e
 IR

F
3

 r
e

p
o

rt
e

r 
a

c
ti
v

it
y

 

****

***

****
****

***

pcD
N
A

N
SP2

N
SP2

R
K
65

3A
A

N
SP2

P
722S

0.0

0.5

1.0

1.5

R
e

la
ti
v

e
 IR

F
3

-5
D

 p
ro

te
in

 le
v

e
l 

****

*

**

NS

*

A B

FLAG DAPI Merged

N
S

P
2

N
S

P
2

R
K

6
5

3
A

A
N

S
P

2
P

7
2

2
S

C

D
E

F

pcD
N
A

N
SP2

N
SP2

K
19

7N

N
SP2

C
47

8A

N
SP2
Δ
pro

te
as

e

N
SP2
Δ
hel

ic
as

e

IA
V N

S1

0.0

0.5

1.0

1.5

2.0

2.5

R
e

la
ti
v

e
 IF

N
-b

 r
e

p
o

rt
e

r 
a

c
ti
v

it
y

 

***

****
****

****



 72 

3.2.6 NSP2 interacts with and downregulates the levels of host transcription mediators Rpb1 

and TFIIE2 

 To further investigate how MAYV affects the host antiviral response, co-

immunoprecipitation (co-IP) followed by tandem mass spectrometry (LC-MS/MS) was used to 

identify host cell proteins that interact with NSP2. Putative NSP2-binding host proteins were 

subjected to analyses using Molecular Interaction Search Tool (MiST) and key cellular processes 

associated with NSP2 interactors were assessed through Gene Ontology (GO) enrichment analysis. 

One of the key enriched GO terms was “RNA polymerase II holoenzyme complex” (Figure 3.8A), 

which consists of proteins involved in transcription by RNA polymerase II. Two members of this 

complex were identified in the NSP2 co-IP. Specifically, Rpb1 (also known as POLR2A), a 

component of RNA polymerase II that was previously shown to interact with other alphavirus 

NSP2 proteins (Akhrymuk et al., 2012; Fros et al., 2013), and TFIIE2, an integral factor that 

functions in transcription initiation (Vannini and Cramer 2012). Until this study, TFIIE2 was not 

known to interact with alphavirus NSP2. Interestingly, the transcriptional shutoff mutant 

NSP2P722S formed a stable interaction with Rpb1 but not TFIIE2 (Figure 3.8B-C). Confocal 

microscopy analyses revealed that in cells transfected with NSP2, expression levels of Rpb1 and 

TFIIE2 were significantly reduced (Figure 3.9A, B, C, and D). The NLS mutant NSP2RK653AA 

reduced TFIIE2 but not Rpb1 levels, whereas the transcriptional shutoff mutant NSP2P722S did not 

affect levels of either protein (Figure 3.9A, B, C, and D). Accordingly, nuclear localization of 

NSP2 appears to be important for depleting Rpb1 but not for suppressing TFIIE2 expression.  
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Figure 3.8 MAYV NSP2 interacts with key transcription mediators, Rpb1 and TFIIE2. A. 

Heatmap of GO term enrichment analysis. HEK 293T cells were transfected with pcDNA empty 

vector or NSP2 for 24h, after which whole cell lysates were immunoprecipitated using magnetic 

beads coated with anti-FLAG. NSP2-interacting proteins were identified by liquid 

chromatography-tandem mass spectrometry and the protein-protein interactions from three 

independent experiments were scored by MiST analysis. NSP2 interacting host proteins with MiST 

score of ≥0.8 were selected to perform the GO enrichment analysis using the Metascape software. 

B and C. HEK 293T cells were transfected with the indicated viral protein constructs and 24h later, 

whole cell lysates were immunoprecipitated with magnetic beads coated with anti-FLAG and then 

subjected to immunoblot analysis using antibodies against FLAG, RPB1, and actin (B), or FLAG, 

TFIIE2, and actin (C). Representative blots from three independent experiments are shown. 
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Figure 3.9 MAYV NSP2 downregulates Rpb1 and TFIIE2. A and B. WT MAYV NSP2 

downregulates Rpb1. A549 cells were transfected with NSP2 WT or NSP2RK653AA (NLS-deficient), 

or NSP2P722S (host transcription shutoff deficient) constructs. After 24h, cells were fixed and 

stained using α-FLAG and α-Rpb1 antibodies and imaged by IF microscopy. The total Rpb1 

fluorescent intensities were quantified using Volocity software. ** P < 0.01, NS= not significant; 

N = 11. C and D. A549 cells were transfected with indicated NSP2 constructs. After 24 h, cells 

were fixed and stained using antibodies to FLAG and and TFIIE2 followed by confocal 

microscopy imaging. The total TFIIE2 fluorescent intensities were quantified using Volocity 

software. ** P < 0.01, NS= not significant; N = 11.  
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3.2.7 Some but not all alphaviruses reduce levels of TFIIE2  

 Quantitative confocal analyses confirmed that MAYV infection resulted in significant loss 

of Rpb1 and TFIIE2 proteins at 24 hpi (Figure 3.10 A, B, C, and D). To elucidate how this occurs, 

MAYV-infected cells were treated with inhibitors of proteasomal- (epoxomicin) and lysosomal- 

(bafilomycin A1) dependent degradation followed by immunoblot analyses. Loss of Rpb1 protein 

during MAYV infection was significantly inhibited by epoxomicin (Figure 3.10E and F), which is 

consistent with previous findings that old world alphavirus NSP2-dependent depletion of Rpb1 

involves the proteasome (Akhrymuk et al., 2012). Conversely, neither epoxomicin nor bafilomycin 

significantly blocked MAYV-induced loss of TFIIE2 protein (Figure 3.10E and G). Next, we 

examined the levels of Rpb1 and TFIIE2 proteins in SFV- and Sindbis virus (SINV)-infected cells. 

Similar to what was observed during MAYV infection, Rpb1 and TFIIE2 levels were both reduced 

at 24 hpi in SFV-infected cells (Figure 3.11A, B, and C). However, in cells infected with SINV, 

Rpb1 but not TFIIE2 levels were lower (Figure 3.11A, B, and C).  
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Figure 3.10 Levels of Rpb1 and TFIIE2 are reduced during MAYV infection. A-D. A549 cells 

were infected with MAYV (MOI=1) for 24 h and then fixed and stained with antibodies to CHIKV-

Capsid and Rpb1 (A, B) or TFIIE2 (C, D) followed by confocal imaging. The total Rpb1 and 

TFIIE2 fluorescent intensities were quantified using Volocity software. **** P < 0.0001; N = 20. 

E-G. A549 cells were infected with MAYV (MOI=3) for 8 h, then treated with epoxomicin or 

bafilomycin (100 µM) for 24 h. Cell lysates were then subjected to immunoblotting using 

antibodies to Rpb1, TFIIE2, actin, CHIKV-capsid, and SFV-capsid proteins. The intensities of the 

protein bands were quantified using Image Studio software and then normalized to actin levels and 

expressed as folds of mock infected control. * P < 0.05, NS= not significant; N = 3.  
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Figure 3.11 Some but not all alphaviruses downregulate TFIIE2 protein levels. A-C. A549 

cells were infected with either MAYV, SFV, or SINV (MOI=1) for 24 h after which cell lysates 

were processed for immunoblotting using antibodies against Rpb1, TFIIE2, actin, CHIKV-capsid, 

and SFV-capsid proteins. The intensities of the protein bands were quantified using Image Studio 

software and then normalized to actin levels and expressed as folds of mock infected control. * P 

< 0.05, ** P < 0.01, *** P < 0.001; N = 3. 
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3.2.8 MAYV suppresses global transcription during infection 

 Finally, as a first step toward understanding how MAYV infection affects host cell 

transcription, we assessed bulk levels of RNA as well as transcripts of housekeeping genes 

following infection. As expected, total cellular RNA was greatly reduced at 48 hpi (Figure 3.12A), 

while housekeeping gene transcripts were lower at 24 hpi (Figure 3.12B, C, and D). One possibility 

to explain the lack of substantial decrease in total RNA level at 24 hpi may be due to increasing 

levels of viral RNA during this time period. Indeed we observed a significant increase in viral 

RNA from 8 to 24 hpi (Figure 3.12E). Together, these results suggest that MAYV infection 

circumvents IFN induction in part by blocking global transcription through NSP2-mediated 

depletion of transcription factors TFIIE and Rpb1.  

  



 79 

 

Figure 3.12 MAYV blocks global transcription during infection. A-E. A549 cells were infected 

with MAYV (MOI=3) for 8, 24, and 48 h after which total cellular RNA was extracted and 

quantified using a spectrophotometer (A). Relative levels of ACTB (B), GAPDH (C), Tuba1a (D), 

MAYV RNA (E) were measured by qRT-PCR and normalized by cell count and expressed as fold 

mock infected cells. * P < 0.05, ** P < 0.01, *** P < 0.001. NS= not significant; N = 3.  

 

  

8 hpi 24 hpi 48 hpi
103

104

105

106

107

M
A

Y
V

 R
N

A
 le

v
e

l 

8 hpi 24 hpi 48 hpi
0.0

0.5

1.0

1.5

R
e

la
ti
v

e
 G

A
P

D
H

 m
R

N
A

 le
v

e
l

Mock MAYV

*** **

8 hpi 24 hpi 48 hpi
0.0

0.5

1.0

1.5

R
e

la
ti
v

e
 T

u
b

a
1

a
 m

R
N

A
 le

v
e

l

Mock MAYV

*** **

A B

8 hpi 24 hpi 48 hpi
0.0

0.5

1.0

1.5

F
o

ld
 t
o

ta
l R

N
A

 p
e

r 
c

e
ll 
 

NS *

Mock MAYV

8 hpi 24 hpi 48 hpi
0.0

0.5

1.0

1.5

2.0

R
e

la
ti
v

e
 A

c
tb

 m
R

N
A

 le
v

e
l

Mock MAYV

*** **

D

E

C



 80 

3.3 Summary  

 In this chapter, I analyzed how MAYV affects the induction phase of the IFN response. I 

observed that MAYV infection inhibits production of Ifnb transcripts and secretion of IFNs. 

Intriguingly, MAYV did not block SeV-induced IRF3 nuclear translocation, suggesting that it 

blocks IFN induction at a post-IRF3 nuclear translocation step. NSP2 was the only MAYV protein 

that prevented IFN induction. In parallel to what was observed in MAYV-infected cells, expression 

of NSP2 did not block nuclear translocation of IRF3 but did subvert IRF3-5D-mediated IFN 

induction. This evidence suggests that NSP2 blocks induction IFN downstream of IRF3 

phosphorylation and nuclear translocation. Mutational analyses indicated that the transcriptional 

shutoff function of NSP2 is at least in part responsible for blocking IFN induction. NSP2 was 

found to bind and downregulate Rpb1 and TFIIE2; two host proteins that are important for RNA 

polymerase II mediated transcription. Rpb1 is depleted via a proteasomal-dependent mechanism, 

during MAYV infection whereas the mechanism by which TFIIE2 levels are decreased is not clear. 

Interestingly, unlike Rpb1 which is depleted during infection with MAYV, SFV and SINV, 

targeted loss of TFIIE2 was not observed during SINV infection. Together, these results provide 

novel insight into how MAYV suppresses the induction arm of the IFN response. This information 

may be important when considering development of therapeutics against MAYV and other 

alphaviruses.  
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Chapter 4 

SARS-CoV-2 non-structural protein 1 inhibits the interferon response by causing depletion 

of key host signaling factors. 
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4.1 Rationale  

 The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first 

reported in 2019 in Wuhan, China, is responsible for the ongoing COVID-19 pandemic (Wang et 

al., 2020; Zhu et al., 2020), which has resulted in over 5 million deaths thus far. The virus is readily 

transmitted via respiratory droplets (Prem et al., 2020), and as it continues to spread among the 

human population, genetic drift drives the rise of new variants of concern (VOCs) that can be more 

transmissible and/or virulent (Khateeb et al., 2021; Bano et al., 2021; Kumar, Singh, et al., 2021). 

While most SARS-CoV-2 infections are asymptomatic or mild, severe cases can manifest as acute 

respiratory distress syndrome, thromboembolism, and multiorgan failure (Mir et al., 2021). 

Although multiple SARS-CoV-2 vaccines are now licensed for use, it remains important to further 

understand the biology of the virus in order to guide development of novel antivirals and to make 

informed decisions for disease management. 

 Extensive research efforts have focused on understanding how SARS-CoV-2 affects the 

host IFN response. In cell culture models, the virus is highly sensitive to pre-treatment with IFNs 

(Vanderheiden et al., 2020a; Miorin et al., 2020), consistent with the observation that early 

administration of type I IFNs has some therapeutic benefit (Davoudi-Monfared et al., 2020; Monk 

et al., 2021; Alavi Darazam et al., 2021). Moreover, a significant number of patients with severe 

COVID-19 have either underlying defects in their capacity to produce IFNs or have auto-

antibodies that neutralize type I IFNs (Zhang et al., 2020; Bastard et al., 2020; Bastard et al., 2021), 

thereby further highlighting the importance of the IFN response during SARS-CoV-2 infection. 

Data from many studies suggest that more than half of the proteins encoded by the virus can 

interfere with the immune response (Banerjee et al., 2020; Shin et al., 2020; Thoms et al., 2020; 

Li et al., 2020; Jiang et al., 2020; Lei et al., 2020; Yuen et al., 2020; Acharya et al., 2020; Miorin 
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et al., 2020; Xia et al., 2020; Mu et al., 2020b; Shemesh et al., 2021; Gori Savellini et al., 2021; 

Zhao et al., 2021). However, the data in these studies are not consistent among each other, and the 

complete picture by which SARS-CoV-2 suppresses the IFN response is not clear. 

 To further understand how SARS-CoV-2 infection affects the IFN response, we analyzed 

both IFN induction and signalling during SARS-CoV-2 infection as well as in transfected cells 

expressing individual viral proteins. Our study was the first to assess the suppression of IFN 

response using plasmids encoding bona fide SARS-CoV-2 proteins as opposed to codon-optimized 

plasmids used in other studies (Li et al., 2020; Xia et al., 2020; Lei et al., 2020; Yuen et al., 2020; 

Shin et al., 2020; Jiang et al., 2020; Miorin et al., 2020; Shemesh et al., 2021). As such, it can be 

argued that our strategy better represents the viral protein expression levels seen during infection. 

As part of this work, we describe mechanisms by which the SARS-CoV-2 non-structural protein 

1 (NSP1) and nucleocapsid protein (N) suppress the IFN response.  

 

4.2 Results  

4.2.1 SARS-CoV-2 blocks IFN induction  

 To understand how the host cell responds to SARS-CoV-2 infection, we assessed the 

transcriptional induction of Ifnb mRNA and secretion of IFN- from ACE2-expressing HEK 293T 

(HEK 293T-ACE2) cells using qRT-PCR and ELISA, respectively. While robust replication of 

the virus was observed in these cells, similar to levels seen in Vero E6 cells, by 24 and 48 hpi 

(Figure 4.1A), no significant increase in Ifnb mRNA (Figure 4.1B) or secreted IFN- (Figure 4.1C) 

were observed. Conversely, infection of these cells with Sendai virus (SeV) resulted in increased 

secretion of IFN- into culture media. In contrast, cells which were first infected with SARS-CoV-
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2 secreted very low levels IFN-β in response to SeV infection (Figure 4.1C). Similarly, no 

induction of the ISG IFIT1 was observed in SARS-CoV-2 infected cells and significantly lower 

levels were induced when challenged with SeV or poly(I:C) (Figure 4.1D and E). These results 

are in agreement with a recent study describing human airway epithelial cell cultures infected with 

SARS-CoV-2 (Vanderheiden et al., 2020a).  
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Figure 4.1 SARS-CoV-2 blocks IFN induction. A. Vero E6 and HEK 293T-ACE2 cells were 

infected with SARS-CoV-2 (MOI=1) and total RNA was harvested at 0, 8, 16, 24, and 48 hours 

post infection (hpi). Viral RNA level was measured by qRT-PCR and normalized to ACTB mRNA 

level and expressed as folds of mock-infected cells. N = 3. B. HEK 293T-ACE2 cells were infected 

with SARS-CoV-2 (MOI=1) and total RNA was harvested at 24 and 48 hours post infection (hpi). 

Ifnb level was measured by qRT-PCR and normalized to ACTB mRNA level and expressed as 

folds of mock-infected cells. N= 3. C. Mock or SARS-CoV-2 infected (30 hpi) HEK 293T-ACE2 

cells were challenged with 50 HAU/ml Sendai virus (SeV) for 16 h. IFN-β in cell culture 

supernatants was measured by enzyme linked immunosorbent assay (ELISA). * P < 0.05, ** P < 

0.01; N = 3. D and E. HEK 293T-ACE2 cells were infected with SARS-CoV-2 (MOI=1). After 

24 h, the cells were transfected with IFIT1 Firefly luciferase reporter and control Renilla reporter 

plasmids and then challenged with 100 HAU/ml of SeV (D) or 2 g/ml of poly(I:C) (E) for 16 h. 

Firefly and Renilla luciferase activities were measured in cell lysates after which the IFIT1 reporter 

luciferase activity was normalized against Renilla reporter values and were further normalized to 

uninduced mock infected cells. * P < 0.05, ** P < 0.01, NS = not significant ; N = 3. F. HEK 

293T-ACE2 cells infected with SeV (50 HAU/ml) for 8 h pre-infection (pre-treatment) or 16 h 

post-infection (post-treatment) were subsequently infected with SARS-CoV-2 (MOI=1). Total 

RNA was harvested 48 hpi. SARS-CoV-2 genomic RNA was measured by qRT-PCR and 

normalized to ACTB mRNA level and expressed as folds of mock-infected cells. ** P < 0.01; N = 

3. G. HEK 293T cells were infected with SARS-CoV-2 (MOI=1). After 24 h, cells were infected 

with SeV (50HAU/ml) for 16 h, after which total RNA was harvested. SeV genomic RNA was 

measured by qRT-PCR and normalized to ACTB mRNA level and expressed as folds of mock-

infected cells. N = 3.  

Mock SARS-CoV-2
0

1

2

3

4

5

R
e

la
ti
v

e
 IF

IT
1

 r
e

p
o

rt
e

r 
a

c
ti
v

it
y

 

- + SeV

***

**

Mock SARS-CoV-2
0

5

10

15

R
e

la
ti
v

e
 IF

IT
1

 r
e

p
o

rt
e

r 
a

c
ti
v

it
y

 

- + Poly (I:C)

***

NS

Pre-treatment Post-treatment
0.0

0.5

1.0

1.5

2.0

R
e

la
ti
v

e
 S

A
R

S
-C

o
V

-2
 R

N
A

 le
v

e
l

- + SeV

**

Mock SARS-CoV-2
0

5

10

15

20

25

IF
N

-b
 (
p

g
/m

l)

- + SeV

*
*

**

D F 

A C B

Mock 24 hpi 48 hpi
0.0

0.5

1.0

1.5

R
e

la
ti
v

e
 I
fn

b
 m

R
N

A
 le

v
e

l 

SARS-CoV-2

E 

Mock + SeV SARS-CoV-2
+ SeV

103

104

105

106

107

R
e

la
ti
v

e
 S

e
V

 R
N

A
 le

v
e

l

SARS-CoV-2:

SeV:

- +

++

G

0 8 16 24 32 40 48
100

102

104

106

108

1010

Time (hpi)

S
A

R
S

-C
o

V
-2

 R
N

A
 le

v
e

l 
Vero E6 293T-ACE2 



 86 

 Next, we examined the ability of SARS-CoV-2 to infect cells in which type I IFN had been 

induced by SeV either 8 h pre-infection or 16 h post-infection. Replication of SARS-CoV-2 was 

significantly impaired in cells that were previously infected with SeV for 8 h (Figure 4.1F). In 

contrast, addition of SeV to cells 16 h post-infection with SARS-CoV-2 had little effect on its 

replication indicating that this coronavirus actively blocks IFN induction (Figure 4.1F). Of note, 

similar amounts of intracellular SeV RNA were detected in mock- and SARS-CoV-2-infected cells 

(Figure 4.1G), indicating that SARS-CoV-2-infected cells are as permissive for SeV infection as 

mock-infected cells. The suppression of IFN induction during SARS-CoV-2 infection was further 

evident from the lack of phosphorylation of IRF3 (Figure 4.2A) and absence of SeV-induced-IRF3 

transport into the nucleus (Figure 4.2B).  
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Figure 4.2 SARS-CoV-2 blocks IRF3 phosphorylation and nuclear translocation. A. HEK 

293T-ACE2 cells were infected with SARS-CoV-2 (MOI=1) for 16 h, then infected with mock or 

50 HAU/ml of SeV for 8 h. Cell lysates were subjected to immunoblotting using antibodies against 

Spike, IRF3, phospho-IRF3 and actin. B. A549 were electroporated with plasmid encoding ACE2 

and then infected with SARS-CoV-2 (MOI=1) for 16 h followed by challenge with 50 HAU/ml of 

SeV for 8 h. Cells were fixed and Spike and IRF3 localization were determined by indirect-

immunofluorescence analysis. 
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4.2.2 Cloning of 3XFLAG-tagged SARS-CoV-2 proteins into pcDNA3.1(-) 

 To determine which viral proteins were responsible for antagonizing type I IFN induction, 

we constructed expression plasmids for all known proteins of SARS-CoV-2 with C-terminal 

3XFLAG tags using cDNA generated from infected cell lysates. NSP10 was tagged with 3X FLAG 

on its N-terminus due to the instability of the C-terminally tagged version. The expression and 

molecular weights of most sequence-verified constructs was determined by immunoblotting 

(Figure 4.3A). Expression of NSP6 and ORF10 were verified by immunoprecipitation coupled 

with immunoblotting (Figure 4.3B) whereas expression of NSP3 (>250 kDa) was confirmed by 

indirect immunofluorescence (IF) (Figure 4.3C). 
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Figure 4.3 Expression of pcDNA3.1(-) 3XFLAG-tagged SARS-CoV-2 protein constructs. A. 

Huh7 cells were transfected with plasmids encoding the indicated viral proteins with 3XFLAG 

tags. After 24 h, cell lysates were subjected to immunoblotting with antibodies against FLAG. The 

positions of the FLAG-tagged viral proteins are indicated with red arrowheads. B. HEK 293T cells 

were transfected with plasmids encoding FLAG-tagged SARS-CoV-2 NSP3, NSP6, and ORF10 

which protein expressions were not confirmed by western blot. Cells were harvested 24 h post-

transfection, immunoprecipitated with anti-FLAG antibody, and subjected to western blot analysis 

immunostaining with antibody against FLAG. C. Huh7 cells were transfected with NSP3, NSP6, 

and ORF10 for 48 h, fixed and imaged by IF microscopy after staining using antibody against 

FLAG. 
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4.2.3 SARS-CoV-2 NSP1 and N block IFN induction 

 The effect of SARS-CoV-2 proteins on SeV-induced IFN induction was assessed using an 

IFN- luciferase reporter assay and ELISA. Expression of the N and NSP1 proteins reduced IFN-

 reporter activity by 70% and 30% respectively (Figure 4.4A). Secretion of IFN- was also 

significantly impaired in cells expressing these viral proteins (Figure 4.4B). As the antiviral 

transcription factors IRF3 and NFB are important for IFN induction (Fensterl 2015), we assessed 

whether N or NSP1 affected their activities. Whereas both viral proteins inhibited IRF3-dependent 

transcription by >50%, NFB reporter activity was more strongly affected by NSP1 (64% 

reduction) (Figure 4.4C and D). We next examined whether localization of IRF3 was affected in 

SeV-infected cells expressing N protein or NSP1. IRF3 did not translocate to the nuclei of NSP1 

expressing cells which is consistent with the observation that this viral protein inhibits IFN 

induction (Figure 4.5A and B). Conversely, nuclear accumulation of IRF3 was not significantly 

affected in cells expressing N protein nor the control protein NS3A (Figure 4.5A and B). Mapping 

studies using overexpression of IFN induction pathway components suggest that a critical step 

targeted by NSP1 is the phosphorylation of IRF3 (Figure 4.5C). Specifically, NSP1-mediated 

reduction in IRF3 signaling was rescued by expression of a constitutively active form of IRF3 

(IRF3-5D). We also tested how expression of an NSP1 mutant (KH164AA) that is unable to 

suppress translation (Narayanan et al., 2008) affected induction of type I IFNs. The KH164AA 

mutant did not reduce IFN- reporter activity (Figure 4.6A and B) which was consistent with the 

observation that it did not block translocation of IRF3 into nuclei (Figure 4.6C and D). Together, 

these data suggest that NSP1 mediated suppression of IFN production is linked to its ability to 

block host cell translation and inhibit nuclear transport of IRF3.  
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Figure 4.4 SARS-CoV-2 NSP1 and N block IFN induction. A. HEK 293T cells were transfected 

with plasmids encoding the indicated viral proteins, IFN-β Firefly luciferase reporter and control 

Renilla reporter. Twenty-four hours later cells were infected with 100 HAU/ml of SeV for 16 h 

after which Firefly and Renilla luciferase activities were measured in cell lysates. IFN-β reporter 

activity was normalized against Renilla reporter values and the data are presented as folds activity 

to pcDNA empty vector control. * P < 0.05, *** P < 0.001; N = 3. B. HEK 293T cells were 

transfected with plasmids encoding NSP1, NS3A or N, and 24 h later challenged with 100 HAU/ml 

of Sendai virus for 16 h. The culture supernatants were harvested and IFN-β levels determined by 

ELISA. * P < 0.05, ** P < 0.01; N = 3. C and D. HEK 293T cells were transfected with plasmids 

encoding NSP1 or N proteins and Firefly luciferase under the control of IRF3- (C) or NFκB- (D) 

responsive promotors as well as a constitutively expressed Renilla luciferase reporter. Twenty-

four hours later cells were challenged with 100 HAU/ml of SeV for 16 h after which Firefly and 

Renilla luciferase activities were measured in cell lysates. The Firefly luciferase activity was 

normalized against Renilla luciferase values and the data is presented as folds activity to pcDNA 

empty vector control. * P < 0.05, ** P < 0.01; N = 3. 
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Figure 4.5 SARS-CoV-2 blocks activation of IRF3. A and B. A549 cells were transfected with 

plasmids encoding NSP1, N, or NS3A and 24 h later challenged with 100 HAU/ml of SeV for 8 

h. The cells were then processed for indirect immunofluorescence using antibodies against FLAG 

and IRF3. The cytoplasmic and nuclear IRF3 signal were quantitated using Volocity software. 

**** P < 0.0001, NS = not significant; N = 30. C. HEK 293T cells were transfected with plasmids 

encoding NSP1 or N and RIG-I, IKKε, TBK1, IRF3, or IRF3-5D, IRF3-promotor Firefly luciferase 

reporter, and constitutively expressed Renilla luciferase reporter. Samples were harvested at 24 h 

post transfection after which Firefly and Renilla luciferase activities were measured in cell lysates. 

The Firefly luciferase activity was normalized against Renilla luciferase values and the data are 

presented as folds activity to pcDNA empty vector control. * P < 0.05, ** P < 0.01, **** P < 

0.0001, NS = not significant; N = 3.  
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Figure 4.6 SARS-CoV-2 NSP1 blocks IFN induction through translational shutoff. A. HEK 

293T cells were transfected with either empty vector and plasmids encoding wild type NSP1 or 

mutant NSP1-KH164AA for 24 h. Cell lysates were then subjected to immunoblotting with 

antibodies against FLAG. B. HEK 293T cells were transfected with empty vector or plasmids 

encoding wild type NSP1 or mutant NSP1-KH164AA, IFN-β-responsive Firefly luciferase 

reporter and control Renilla reporter. After 24 h, the cells were challenged with 100 HAU/ml of 

SeV for 16 h and then harvested for luciferase assays. The Firefly reporter activities were 

normalized against Renilla reporter values and the data are presented as folds activity to uninduced 

empty vector control. * P < 0.05, ** P < 0.01; N = 3. C and D. A549 cells were transfected with 

plasmid encoding wild type NSP1, mutant (KH164AA) NSP1 or NS7B for 24 h after which cells 

were challenged with 100 HAU/ml of SeV for 8 h. Samples were then processed for indirect 

immunofluorescence microscopy using antibodies against FLAG and IRF3. The fluorescent 

intensities in the nucleus and cytoplasm were measured using Volocity software. ** P < 0.01, *** 

P < 0.001; N = 20.  
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4.2.4 SARS-CoV-2 N protein interacts with TRIM25, but does not block ubiquitination of RIG-

I. 

 To further understand how N protein blocked IFN induction, we probed for interaction 

between SARS-CoV-2 N protein and TRIM25. Previously it was reported that the N protein of the 

closely related coronavirus SARS-CoV, inhibits TRIM25-mediated ubiquitination of RIG-I (Hu 

et al., 2017), an essential step in RIG-I activation. Stable interaction between N protein and 

TRIM25 was observed by co-immunoprecipitation (Figure 4.7A) and the importance of TRIM25 

in restricting SARS-CoV-2 replication was demonstrated by overexpression of TRIM25 (Figure 

4.7B and C). However, N protein did not impair ubiquitination of RIG-I by TRIM25 in vitro 

(Figure 4.7D). Accordingly, the mechanism of N-mediated suppression of IFN- induction 

remains to be elucidated.  

  



 95 

 

Figure 4.7 SARS-CoV-2 N protein interacts with TRIM25 without blocking RIG-I 

ubiquitination. A. HEK 293T cells were transfected with plasmids encoding SARS-CoV-2 N or 

NS3A proteins or empty vector. After 48 h, cell lysates were immunoprecipitated with anti-FLAG 

antibody and then subjected immunoblot analysis using antibodies against FLAG, TRIM25, and 

actin. B. HEK 293T cells were transfected with a plasmid encoding FLAG-TRIM25 or empty 

vector for 48 h after which cell lysates were subjected to immunoblot analysis using antibodies 

against TRIM25 and actin. C. HEK 293T-ACE2 cells were transfected with a plasmid encoding 

FLAG-tagged TRIM25 or empty vector for 48 h. Cells were then infected with SARS-CoV-2 

(MOI=1) for 48 h, after which total RNA was harvested and subjected to qRT-PCR to quantify 

viral genomic RNA which was normalized to ACTB mRNA level and expressed as folds of pcDNA 

empty vector transfected cells. *** P < 0.001; N = 3. D. HEK 293T cells were transfected with 

plasmids encoding GST-tagged human RIG-I CARD domains (GST-h2CARD) or GST alone, 

together with HA-tagged ubiquitin (HA-Ub), V5-tagged human TRIM25 (hTRIM25-V5), and the 

indicated FLAG-tagged viral proteins. Clarified whole cell lysates were subjected to GST 

pulldown (IP: GST), followed by immunoblot analysis with anti-GST, anti-HA, anti-V5, and anti-

FLAG antibodies. Influenza A virus (IAV) NS1 serves as a positive control for blocking TRIM25-

mediated ubiquitination of the RIG-I CARD domains. 
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4.2.5 SARS-CoV-2 blocks ISG induction 

 To investigate how SARS-CoV-2 affects the signaling arm of the IFN response, we first 

assessed induction of ISGs in SARS-CoV-2 infected HEK 293T-ACE2 cells. While robust viral 

replication was observed in these cells (Figure 4.1A), no significant induction of the ISG Ifit1 

mRNA was detected (Figure 4.8A). Treatment of HEK 293T-ACE2 cells with IFN- strongly 

upregulated Ifit1 expression indicating the presence of a functional IFN signaling pathway in these 

cells (Figure 4.8B). Next, we examined the sensitivity of SARS-CoV-2 to pre- and post-infection 

treatment with IFN-, IFN- and IFN-. Consistent with recent reports (Mantlo et al., 2020; 

Felgenhauer et al., 2020; Miorin et al., 2020; Vanderheiden et al., 2020a), replication of SARS-

CoV-2 was strongly inhibited by pre-treatment with IFN-, whereas post-treatment had only a 

moderate effect (Figure 4.8B). Interestingly, neither pre- nor post-treatment of cells with IFN- 

reduced viral replication whereas IFN- inhibited virus replication but not to the same degree as 

IFN-. These results were further confirmed by IFN-stimulated response element (ISRE) promoter 

reporter assays where strong inhibition was observed in SARS-CoV-2 infected cells (Figure 4.8C). 

In contrast, GAS promotor activity was not inhibited in SARS-CoV-2 infected cells treated with 

IFN- (Figure 4.8D). We next examined how SARS-CoV-2 affected levels of cellular proteins 

involved in type I IFN signaling. Immunoblot analysis revealed that levels of STAT2 and Tyk2 

were significantly reduced during infection whereas IFNAR1, Jak1 and STAT1 levels were largely 

unaffected (Figure 4.9A and B).  
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Figure 4.8 SARS-CoV-2 block ISG induction. A. HEK 293T-ACE2 cells were infected with 

SARS-CoV-2 (MOI=2) and total RNA was harvested at 24 and 48 hpi. Mock-infected cells were 

treated with IFN-α (100 U/ml) for 16 hours as control. Ifit1 level was measured by qRT-PCR and 

normalized to ACTB mRNA level. ** P < 0.01, **** P < 0.0001; N = 3. B. HEK 293T-ACE2 cells 

treated with IFN-α (100 U/ml), IFN-λ (100 ng/ml), or IFN-γ (10 U/ml) for 6 h pre-infection 

(pretreatment) or 16 hpi (post-treatment) of SARS-CoV-2 (MOI=1). Total RNA was harvested 48 

hpi and viral genomic RNA was measured by qRT-PCR. All values are expressed as fold of mock 

infected samples. * P < 0.05, ** P < 0.01; N = 3. C. HEK 293T-ACE2 cells were infected with 

SARS-CoV-2 (MOI=1) and 24 h later transfected with ISRE Firefly luciferase reporter and control 

Renilla reporter plasmids and then induced with 100 U/ml of IFN-α for 16 h. The samples were 

harvested and processed by luciferase assay. The ISRE reporter activity was normalized against 

Renilla reporter values which were further normalized to the uninduced mock infected cells. * P 

< 0.05, ** P < 0.01; N = 3. D. HEK 293T-ACE2 cells were infected with SARS-CoV-2 (MOI=1) 

and then 24 h later transfected with IFN-γ-responsive (GAS) Firefly luciferase reporter and control 

Renilla reporter and induced with 10 U/ml of IFN-γ. After 16 h, luciferase activities were measured 

and GAS-dependent luciferase activities were normalized against Renilla reporter values and the 

data are presented as folds activity to mock samples. ** P < 0.01, NS = not significant; N = 3. 
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Figure 4.9 SARS-CoV-2 downregulates Tyk2 and STAT2 protein levels. A and B. HEK 293T-

ACE2 cells were infected with SARS-CoV-2 (MOI=1) and cell lysates collected 24 and 48 hpi 

were subjected to immunoblotting using antibodies against Spike, IFNAR1, Jak1, Tyk2, STAT1, 

STAT2, and actin. The intensities of the protein bands were measured using Image Studio software, 

normalized to actin level and expressed as folds of mock infected control. * P < 0.05, ** P < 0.01; 

N = 3. 
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4.2.6 Tyk2 and STAT2 are depleted during SARS-CoV-2 infection 

 Next, infected cells were treated with IFN- or IFN- for 2 h, after which localization of 

STAT1 and STAT2 were examined by confocal microscopy. Compared to uninfected cells, 

STAT2 fluorescence was greatly diminished in infected cells, and nuclear translocation of the 

protein in response to IFN treatment was not observed (Figure 4.10A). In contrast, neither the 

STAT1 fluorescent signal nor its nuclear translocation were noticeably affected by SARS-CoV-2 

infection (Figure 4.10B). To determine the mechanism by which STAT2 depletion occurred during 

infection, we treated infected cells with inhibitors of proteasomal- (epoxomicin) and lysosome- 

(bafilomycin A1) dependent degradation. Epoxomicin treatment partially rescued STAT2 levels 

suggesting that depletion of this transcription factor during SARS-CoV-2 infection is mediated at 

least in part by proteasomal degradation (Figure 4.10C and D). As SARS-CoV-2 is known to 

suppress host cell translation (Schubert et al., 2020), we assessed whether the loss of STAT2 and 

potentially other antiviral host factors were due to this effect. When green fluorescent protein 

(GFP)-expressing cells were infected with SARS-CoV-2, there was no reduction in GFP mRNA 

but a 30% decrease in protein levels was observed (Figure 4.11A, B, and C). Treatment of 

uninfected cells with cycloheximide resulted in reduction of STAT2 and Tyk2 protein levels 

comparable to those seen during infection (Figure 4.11D and E), suggesting that virus-mediated 

suppression of host cell translation is important for blocking IFN signaling. 
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Figure 4.10 STAT2 is depleted during SARS-CoV-2 infection. A and B. Huh7 cells were 

infected with SARS-CoV-2 (MOI=0.5) and at 46 hpi treated with IFN-α (100 U/ml) for 2 h. Cells 

were then processed for indirect immunofluorescence using antibodies against Spike and STAT2 

(A) or STAT1 (B). C and D. HEK 293T-ACE2 cells were infected with SARS-CoV-2 (MOI=2) 

and 16 hpi treated with either DMSO, 100 µM of epoxomicin or Bafilomycin A1 for 36 h. Cell 

lysates were subjected to immunoblotting using antibodies against Spike, STAT2 and actin. The 

intensities of the protein bands were measured using Image Studio software, normalized to actin 

level and expressed as folds of uninfected control * P < 0.05, ** P < 0.01, *** P < 0.001; N = 5. 
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Figure 4.11 SARS-CoV-2 mediated translational shutoff can reduce Tyk2 and STAT2 during 

infection. A-C. HEK 293T-ACE2 cells were transduced with a lentivirus encoding AcGFP for 4 

h and then infected with SARS-CoV-2 (MOI=1). Total RNA and proteins were extracted at 24 and 

48 hpi and relative GFP transcript (normalized to ACTB mRNA; A) and protein (normalized to 

actin; B and C) levels were determined by qRT-PCR and immunoblotting, respectively. * P < 0.05, 

** P < 0.01; N = 3. D and E. HEK 293T cells were treated with 100 µM of cycloheximide for 24 

or 48 h, after which cell lysates were subjected to immunoblotting using antibodies against STAT2, 

Tyk2, and beta-actin. The intensities of the protein bands were measured using Image Studio 

software, normalized to β-actin level and expressed as folds of uninfected control. * P < 0.05, ** 

P < 0.01; N = 3. 
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4.2.7 SARS-CoV-2 NSP1 blocks IFN signaling 

 To identify the viral proteins that inhibit IFN signaling, we performed ISRE reporter assays 

in cells expressing individual SARS-CoV-2 proteins. NSP1 was the only viral protein that 

significantly suppressed ISRE reporter activity (Figure 4.12A). To examine the mechanism behind 

this phenomenon, we again employed the NSP1 mutant KH164AA that is unable to inhibit host 

cell translation. The mutant NSP1 did not block ISRE-dependent transcription (Figure 4.12B) 

which is consistent with a role for viral translational suppression in preventing IFN induction 

(Banerjee et al., 2020; Kamitani et al., 2006; Narayanan et al., 2008). STAT2 expression in cells 

expressing NSP1 was also examined by confocal microscopy. Compared to cells expressing 

SARS-CoV-2 NS7B or NSP1 KH164AA mutant, the STAT2 signal was significantly reduced in 

cells expressing wild type NSP1 (Figure 4.12C and D). These results are consistent with 

immunoblotting data in which levels of ectopically expressed STAT2-GFP were reduced by wild 

type NSP1, but not by the KH164AA mutant (Figure 4.13A and B). Furthermore, in cells co-

expressing Renilla luciferase and wild type NSP1, a 40% reduction in luciferase reporter activity 

was observed (Figure 4.14A). Similarly, in cells expressing GFP and NSP1, there was no 

significant reduction in mRNA level but a 40-45% reduction GFP protein level was observed 

(Figure 4.14B, C, and D) demonstrating an inhibitory effect of NSP1 on overall protein production. 

NSP1-mediated depletion of STAT2 could be partially rescued by treatment with epoxomicin 

(Figure 4.14G and H) indicating that proteasome-mediated degradation plays a role in STAT2 

depletion. However, although statistically insignificant, epoxomicin treatment also increased 

STAT2 protein levels in control samples (Figure 4.14G and H), indicating that STAT2 is normally 

turned over via the proteasomal machinery. Our data are consistent with a scenario where virus-
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induced global translational shutdown leads to depletion of critical host antiviral factors with short 

half-lives, such as STAT2 and Tyk2 that are needed for induction of ISGs.  
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Figure 4.12 SARS-CoV-2 NSP1 blocks IFN signaling. A. HEK 293T cells were transfected with 

plasmids encoding the indicated viral proteins, ISRE Firefly luciferase reporter and control Renilla 

luciferase reporter. Twenty-four hours later cells were induced with 100 U/ml of IFN-α for 16 h. 

Firefly and Renilla reporter activity was measured by luciferase assay. The ISRE reporter activity 

was normalized against Renilla reporter values and the data is presented as folds activity to empty 

vector control. ** P < 0.01; N = 3. B. HEK 293T cells were transfected with pcDNA carrying 

indicated proteins, and ISRE Firefly luciferase reporter and control Renilla reporter. 24 h later the 

cells were induced with 100 U/ml of IFN-α for 16 h and then Firefly and Renilla luciferase 

activities were measured. The ISRE reporter activity was normalized against Renilla reporter 

values and the data are presented as folds activity to pcDNA empty vector control. *** P < 0.001, 

**** P < 0.0001; N = 3. C and D. Huh7 cells were transfected with plasmids encoding the 

indicated SARS-CoV-2 proteins. Twenty-four hours later cells were induced with 100 U/ml of 

IFN-α for 2 h and then processed for indirect immunofluorescence microscopy with antibodies 

against FLAG and STAT2. The total fluorescent intensity of STAT2 was measured using Volocity 

software. **** P < 0.0001; N = 20. 
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Figure 4.13 SARS-CoV-2 NSP1 reduces STAT2 through translational shutoff. A and B. HEK 

293T cells were transfected with plasmids encoding wild type or mutant (KH164AA) NSP1 

proteins and STAT2-GFP for 24 h after which lysates were subjected to immunoblotting with 

antibodies against FLAG, STAT2, and actin. The intensities of the bands were calculated using 

Image Studio software, normalized to actin levels and expressed as folds compared to empty vector 

transfected samples. ** P < 0.01; N = 3. 
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Figure 4.14 SARS-CoV-2 NSP1 interferes with host translational machinery. A. HEK 293T 

cells were transfected with plasmids encoding NSP1 or N protein or empty vector and Renilla 

luciferase reporter. After 24 h, cell lysates were subjected to luciferase assay. The data are 

presented as folds activity to empty vector control. * P < 0.05, ** P < 0.01; N =3. B-D. HEK 293T 

cells were transduced with lentivirus encoding AcGFP for 4 h and then transfected with plasmids 

encoding NSP1 or N protein for 24 h. Total RNA and protein were harvested and GFP transcript 

(normalized to ACTB mRNA; B) and protein (normalized to actin; C and D) levels were 

determined by qRT-PCR and immunoblotting, respectively. * P < 0.05, NS = not significant; N 

=3. E and F. HEK 293T cells were transfected with plasmids encoding NSP1 or NS3A and 

STAT2-GFP. After 24 h, cells were treated with either DMSO or 100 µM of epoxomicin for 24 h. 

Cell lysates were then processed by immunoblotting with antibodies against FLAG, STAT2 and 

actin. * P < 0.05, ** P < 0.01; N =3. 
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4.3 Summary  

 In this chapter, the effect of SARS-CoV-2 infection on the IFN response was systematically 

analyzed. Circumvention of both induction and the signaling arms of the IFN response was 

observed during SARS-CoV-2 infection. While the virus was sensitive to pre-treatment of cells 

with SeV and IFNs, it was impervious to these treatments once infection was established. With 

respect to the underlying mechanisms, nuclear translocation of IRF3 and STAT2 were impaired in 

SARS-CoV-2-infected cells. Furthermore, levels of STAT2 and Tyk2 were significantly reduced 

during infection.  

 SARS-CoV-2 NSP1 and N suppressed the induction of IFNs, however only NSP1 inhibited 

the IFN signaling pathway. N protein was shown to interact with TRIM25, but without impairing 

its function of activating RIG-I, which is normally required to initiate IFN induction. Expression 

of NSP1 inhibited nuclear translocation of IRF3 and blunted the effects of IRF3 overexpression 

on IFN induction suggesting that this viral protein interferes with activation of IRF3. Analyses 

indicated that translational shutoff by NSP1 is indispensable for antagonizing IFN and ISG 

induction. Indeed, similar to what was observed in SARS-CoV-2-infected cells, ectopic expression 

of NSP1 led to the abrogation of STAT2, while the mutant NSP1-KH164AA did not reduce 

STAT2 in transfected cells. Together, our study demonstrates that during SARS-CoV-2 infection, 

NSP1-mediated translational shutoff leads to the reduction of key IFN response mediators 

including STAT2 and Tyk2, thereby efficiently blocking the expression of IFNs and ISGs.  
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Chapter 5 
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5.1 Synopsis  

 Emerging positive-strand RNA viruses have the potential to cause great damage to public 

health systems and the global economy. These viruses account for the majority of emerging human 

pathogens (Carrasco-Hernandez et al., 2017), which can be attributed to their high mutations rates 

(Duffy et al., 2008; Holmes 2009) that allow them to adapt to new hosts more readily than other 

pathogens. Proactively studying these pathogens will undoubtedly leave us in a better position for 

future epidemics and pandemics. For my thesis work, I studied how two emerging positive-strand 

RNA viruses from two different families, namely MAYV (Togaviridae) and SARS-CoV-2 

(Coronaviridae), affect the IFN response, a critical arm of the antiviral immune response. In 

chapter 3, I showed that MAYV antagonizes the induction of IFNs in part by viral NSP2-mediated 

transcriptional shutoff. Expression of MAYV NSP2 reduces level of Rpb1 and TFIIE2, two key 

proteins necessary for RNA polymerase II-dependent transcription, thereby limiting host gene 

expression including transcription of IFNs. In chapter 4, I investigated how SARS-CoV-2 infection 

affects the IFN response. While viral NSP1 and N proteins suppressed IFN induction, NSP1 was 

the only viral protein that impeded ISG induction. Finally, it was shown that SARS-CoV-2 NSP1-

mediated shutoff of host translation is important for suppression of the IFN response.  

 

5.2 Antagonism of IFN induction by MAYV  

 Given that the IFN response is critical for controlling viral infection, viruses have evolved 

strategies to evade and suppress this response to infect mammalian cells (reviewed in (Garcia-

Sastre 2017)). The IFN response is also critical for controlling alphavirus infections, including 

MAYV (Figueiredo et al., 2019; Gardner et al., 2010; Schilte et al., 2010; Couderc et al., 2008; 

Lane et al., 2018; Fros et al., 2010; Reynaud et al., 2015). While substantial research has focused 
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on how alphavirus suppress the signaling arm of the IFN response (Fros et al., 2010; Fros et al., 

2013; Goertz et al., 2018), comparatively little is known on how these viruses suppress the 

induction arm of the IFN responses.  

 

5.2.1 Interaction between MAYV and the IFN induction pathway  

 My data showed that pre-treatment of cells with type I IFNs significantly impairs MAYV 

replication which is in agreement with previous studies on other alphaviruses (Fros et al., 2010; 

Reynaud et al., 2015; Lane et al., 2018). I also observed that induction of Ifnb transcripts in 

MAYV-infected cells was delayed and suppressed compared to cells infected with another RNA 

virus, SeV. Earlier studies showed that multiple alphaviruses including CHIKV, SINV, RRV, 

Easter Equine Encephalitis virus, and Venezuelan Equine Encephalitis virus also suppressed IFN 

induction during infection (Assi et al., 2015; Burke et al., 2009; Schilte et al., 2010). It is worth 

noting that while MAYV activated the IFN induction later during infection, these IFNs will have 

little impact on MAYV infected cells since alphaviruses are known to suppress ISG induction 

(Fros et al., 2010; Fros et al., 2013; Goertz et al., 2018).  

 Our team was the first to assess how IFN induction was affected in alphavirus-infected that 

were challenged with potent IFN inducers such as poly(I:C) treatment or SeV infection. We 

observed that MAYV actively suppresses the transcription of type I IFN genes and secretion of 

IFN. Lack of IFN secretion during alphavirus infection was reported earlier but these studies 

suggest that this effect is cell type-dependent. Specifically, it was only observed in fibroblasts and 

epithelial cells but not in monocytes (Burke et al., 2009; Akhrymuk et al., 2018; Bhalla et al., 

2019). Type I IFN secretion in immune cells is reportedly IRF7-dependent and MAVS-

independent (Webster et al., 2018; Bhalla et al., 2019). Therefore, induction of type I IFNs in 
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innate immune cells is likely mediated by TLR7/8, which signals through MyD88 (Kawai and 

Akira 2009). It will be of interest to systematically study the interaction between MAYV and the 

IFN induction pathway in their in vivo target cells such as synovial fibroblasts, monocytes, and 

macrophages.  

 The observation that MAYV does not block SeV-induced nuclear translocation of IRF3 

suggest that the virus blocks the IFN induction downstream of this step. Similarly, SFV which 

blocks IFN induction, does not affect nuclear translocation of IRF3 and NFκB (Breakwell et al., 

2007). This leaves transcription and translation of IFNs as the steps that could be affected by 

MAYV and SFV. Since Ifnb and Ifnl2 levels are lower in MAYV-infected cells, it is reasonable to 

assume that the virus interferes with the transcription of IFN genes.  

 

5.2.2 Suppression of IFN induction and host transcription by MAYV NSP2  

 Several studies have implicated alphavirus NSP2 proteins as important suppressors of the 

IFN response (Bae et al., 2019; Akhrymuk et al., 2019; Breakwell et al., 2007; Goertz et al., 2018; 

Fros et al., 2010; Fros et al., 2013). Similarly, we found that expression of MAYV NSP2 in the 

absence of other viral proteins was sufficient to block IFN induction (Ishida et al, 2021). Of note, 

a study by Bae et al. found that CHIKV envelope protein also suppresses IFN induction in addition 

to NSP2 (Bae et al., 2019), but this was not the case with our MAYV envelope protein expression 

constructs. This discrepancy may be due to the differences between MAYV and CHIKV envelope 

proteins and/or the fact that our viral protein constructs are made of bona fide sequences rather 

than the codon-optimized ones used by Bae et al. It is also worth noting that the transmembrane 

protein (TF; transframe protein) of SINV has been reported to compromise the IFN response 
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(Rogers et al., 2020). However, this ribosomal frameshift product of MAYV was not included in 

our assays.  

 Expression of MAYV NSP2 blocks IFN induction but does not prevent IRF3 nuclear 

translocation, a result that mirrored what occurs during MAYV infection. Based on these 

observations, NSP2 likely affects one or more steps downstream of IRF nuclear translocation such 

as transcription, nuclear export of transcripts, and/or translation of IFNs. Indeed, IFN induction 

was less affected by a transcriptional shutoff mutant of NSP2 (NSP2P722S). These observations are 

consistent with other reports that found that shutoff of host transcription by alphavirus NSP2 is 

necessary for suppressing the host IFN response (Frolova et al., 2002; Gorchakov et al., 2005; Fros 

et al., 2013; Akhrymuk et al., 2019). Of note, NSP2P722S suppressed IFN induction significantly, 

but not as efficiently as wild-type NSP2, suggesting a transcriptional shutoff-independent 

mechanism of IFN antagonism. While a few studies reported that alphavirus NSP2 proteins 

interfere with host translation (Frolova et al., 2002; Bhalla et al., 2016), others suggest that this 

effect is due to sequestration of translational machinery by viral RNA (Sanz et al., 2015; Carrasco 

et al., 2018). Although results from my thesis work showed that MAYV completely blocked the 

translation and/or secretion of IFNs (Ishida et al., 2021), future studies are required to determine 

exactly how this occurs. 

 NSP2 proteins of Old World alphaviruses impede host transcription by depleting Rpb1, a 

component of RNA polymerase II, through proteasomal degradation (Akhrymuk et al., 2012). Our 

analyses found that MAYV NSP2 binds and depletes not only Rpb1 (Ishida et al., 2021), but also 

TFIIE2, which is required for initiating RNA polymerase II-mediated transcription (Vannini and 

Cramer 2012). Interestingly, while the transcriptional shutoff mutant NSP2P722S binds Rpb1, it did 

not form a stable complex with TFIIE2, suggesting that the interaction between NSP2 and TFIIE2 
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is important for transcriptional shutoff. Of note, while NSP2 must translocate to the nucleus to 

deplete Rpb1, the NLS of NSP2 is dispensable for depleting TFIIE2. Therefore, unlike Rpb1, the 

interaction between NSP2 and TFIIE2 may occur in both the cytoplasm and the nucleus.  

 MAYV infection or expression of NSP2 alone reduced expression of levels of Rpb1 and 

TFIIE2. Moreover, we found that the degradation of Rpb1 during MAYV infection was dependent 

on the proteasome (Ishida et al., 2021) which is consistent with an earlier study (Akhrymuk et al., 

2012). However, I was unable to discern how MAYV infection results in depletion of TFIIE2 as 

neither proteasomal nor lysosomal inhibitors rescued levels of this host protein. Furthermore, it is 

unlikely that TFIIE2 is cleaved by the protease activity of NSP2 since the protease-dead NSP2C478A 

suppressed IFN induction as efficiently as wildtype NSP2. It should also be noted that TFIIE2 

lacks the cleavage site that is normally targeted by alphavirus NSP2 (Saisawang et al., 2015).  

 Rpb1 is also depleted during infection by other alphaviruses such as SFV and SINV 

(Akhrymuk et al., 2012). Interestingly, while I observed that levels of TFIIE2 were lower in 

MAYV- and SFV-infected cells, SINV infection did not result in loss of this host protein. Thus, 

while NSP2-mediated depletion of Rpb1 appears to be ubiquitous during alphavirus infection, this 

is not the case for TFIIE2. A comprehensive pan-alphavirus study is required to understand the 

difference in host transcriptional shutoff strategies used by different alphaviruses. 

 In summary, our study demonstrated that the induction arm of the IFN response is strongly 

suppressed by MAYV, a process that is mediated largely by NSP2. Transcriptional shutoff plays 

an integral role in suppressing the IFN induction pathway, and the viral NSP2 mediates this by 

depleting key host transcription mediators, namely Rpb1 and TFIIE2. Given that this emerging 

alphavirus has the potential to cause large outbreaks similar to CHIKV (Hotez and Murray 2017; 

Brustolin et al., 2018; Wiggins et al., 2018), there is considerable interest in developing therapeutic 
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and prophylactic therapies against MAYV (Langendries et al., 2021; Powers et al., 2021; Hoque 

et al., 2021; Rafael et al., 2020; Campos et al., 2020). The findings presented in this thesis further 

our understanding of the biology of MAYV and may be of help when developing therapeutics 

against this pathogens and potentially other alphaviruses.  

 

5.3 Evasion of IFN response by SARS-CoV-2  

 In the early days of the COVID-19 pandemic, much of the studies on SARS-CoV-2 were 

guided by what we knew about the closely related pathogen SARS-CoV, which emerged in 2002 

(Sun et al., 2020; Wu et al., 2020). The pathogenesis of SARS-CoV is closely tied to the IFN 

response (Cameron et al., 2007; Cameron et al., 2008; Channappanavar et al., 2016) and of note, 

almost half of known SARS-CoV proteins were implicated in suppressing this antiviral system 

(Totura and Baric 2012; Kindler et al., 2016). As such, we predicted that outcomes of SARS-CoV-

2 infection are also affected by the IFN response, and that this virus employs multiple strategies to 

circumvent this immune response. Since many reports on SARS-CoV-2 and the IFN response have 

now been published, here I will compare them with findings from my thesis research.  

 

5.3.1 Suppression of IFN induction by SARS-CoV-2  

 SARS-CoV, and in recent studies SARS-CoV-2, evade host antiviral defenses by multiple 

mechanisms. First, coronaviruses, including SARS-CoV and SARS-CoV-2, replicate their 

genomes in double-membrane vesicles, thereby preventing the recognition of dsRNA by PRRs 

(van Hemert et al., 2008; Knoops et al., 2008; Snijder et al., 2020). In addition, multiple viral 

proteins including NSP1, NSP3, NSP6, NSP12, NSP13, NSP14, NSP15, N, M, NS3B, P6, NS7B, 
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NS8B, and NS9B of SARS-CoV-2 have been reported to suppress IFN induction through different 

independent mechanisms (Table 5.1) (Li et al., 2020; Xia et al., 2020; Lei et al., 2020; Yuen et al., 

2020; Shin et al., 2020; Jiang et al., 2020; Miorin et al., 2020; Zheng et al., 2020; Gori Savellini et 

al., 2021; Shemesh et al., 2021; Zhao et al., 2021; Oh and Shin 2021; Wang et al., 2021; Rashid et 

al., 2021). While there are many consistencies among these studies, discrepancies remain and 

therefore, additional studies are required to elucidate exactly how SARS-CoV-2 antagonizes the 

IFN induction pathway.  
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Table 5.1 SARS-CoV-2 proteins involved in subversion of IFN induction  

Viral Protein Mechanism Reference 

NSP1 Suppression of nuclear export of 

mRNA, inhibition of mRNA 

translation 

(Banerjee et al., 2020; Lei et al., 2020; 

Thoms et al., 2020; Xia et al., 2020; 

Yuan et al., 2020; Shemesh et al., 2021; 

Zhang et al., 2021) 

NSP3 Proteolytic cleavage of ISG15 from 

IRF3 

(Shin et al., 2020; Lei et al., 2020) 

NSP5 Unknown  (Shemesh et al., 2021) 

NSP6 Binds TBK1 and prevent IRF3 

phosphorylation  

(Xia et al., 2020; Shemesh et al., 2021) 

NSP12 Disrupts IRF3 nuclear translocation (Lei et al., 2020; Wang et al., 2021) 

NSP13 Binds TBK1 and block its 

phosphorylation  

(Xia et al., 2020; Yuen et al., 2020; Lei 

et al., 2020) 

NSP14 Unknown  (Yuen et al., 2020; Lei et al., 2020) 

BSP15 Unknown  (Yuen et al., 2020; Shemesh et al., 2021) 

N Sequester TRIM25, preventing RIG-I 

activation  

(Li et al., 2020; Gori Savellini et al., 

2021; Oh and Shin 2021; Zhao et al., 

2021) 

M Binds RIG-I, MDA5, and TBK1 and 

prevent activation of IRF3 

(Lei et al., 2020; Zheng et al., 2020) 

NS3B Unknown (Konno et al., 2020) 

P6 Binds Rae1-Nup98 complex and 

disrupts IRF3 nuclear transport  

(Lei et al., 2020; Li et al., 2020; Miorin 

et al., 2020; Xia et al., 2020; Yuen et al., 

2020; Addetia et al., 2021; Shemesh et 

al., 2021) 

NS7B Unknown (Shemesh et al., 2021)  

NS8B Unknown (Li et al., 2020) 

NS9B Sequester TOM70, impeding MAVS-

mediated IFN induction  

(Jiang et al., 2020) 
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 There is a growing consensus among studies that SARS-CoV-2 is a poor inducer of IFNs 

and ISGs during infection, as observed in cell culture, animal models, and in patients (Neufeldt et 

al., 2020; Israelow et al., 2020; Hadjadj et al., 2020; Blanco-Melo et al., 2020; Vanderheiden et 

al., 2020b; Miorin et al., 2020). Our team’s findings are consistent with these studies as we found 

very little induction of IFNs during SARS-CoV-2 infection. Moreover, we found that SARS-CoV-

2 infection is sensitive to pre-treatment with IFN-inducing stimuli, but resistant to the same stimuli 

once infection has been established. Similarly, several studies have indicated that SARS-CoV-2 is 

very sensitive to IFN pre-treatment, while resistant to post-infection treatment with IFNs (Mantlo 

et al., 2020; Felgenhauer et al., 2020; Miorin et al., 2020; Vanderheiden et al., 2020b; Lokugamage 

et al., 2020). Using SeV and poly(I:C) as IFN agonists, we confirmed that SARS-CoV-2 impairs 

the induction of IFNs during infection in part by inhibiting phosphorylation and nuclear 

translocation of IRF3.  

 In our studies, only NSP1 and N proteins were found to significantly block the IFN 

response, far fewer than what has been reported by other groups (Li et al., 2020; Xia et al., 2020; 

Lei et al., 2020; Yuen et al., 2020; Shin et al., 2020; Jiang et al., 2020; Zheng et al., 2020; Shemesh 

et al., 2021; Wang et al., 2021; Rashid et al., 2021). Some of these discrepancies may be explained 

by the differences in protein expression constructs employed. Our study used original SARS-CoV-

2 protein-encoding sequences to create the expression constructs, in contrast to the codon-

optimized viral protein constructs used in most other studies. The expression level of codon-

optimized viral protein constructs was higher than that observed from our constructs and likely 

bona fide viral protein levels during viral infection. Specifically, our NSP3, NSP6, NSP12, NSP13, 

and NSP14 constructs expressed poorly compared to other studies that found these proteins 

suppress the induction of IFNs (Yuen et al., 2020; Lei et al., 2020; Shin et al., 2020; Xia et al., 
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2020; Shemesh et al., 2021). Furthermore, proteins expressed from codon-optimized plasmids may 

have altered conformations since the expedited translation alters the kinetics of protein folding 

(Liu 2020). On the other hand, by not optimizing codon usage in our expression constructs, we 

may have limited the expression of certain SARS-CoV-2 proteins, especially for ones with cryptic 

splice sites. Indeed, Hosseini et al. have found cryptic splice sites in SARS-CoV-2 NSP3, 12, 13, 

and 14 (Hosseini Rad Sm and McLellan 2020), which were poorly expressed in our hands. 

Nevertheless, further investigations are required to determine whether proteins from codon-

optimized constructs truly play a role in suppressing IFN induction during SARS-CoV-2 infection. 

Another variable that may have affected the outcomes of these studies is the type, size, and location 

of epitope tags that were used to label the viral proteins. For instance, the C-terminal region of 

SARS-CoV-2 P6 is important for binding Nup98-Rae1 complex which is necessary for blocking 

the bidirectional nucleocytoplasmic transport of molecules including IRF3 and STAT1/2 (Miorin 

et al., 2020; Xia et al., 2020; Addetia et al., 2021). We may have prevented this interaction by 

attaching a 3xFLAG tag to the C-terminus of our P6 construct, therefore compromising P6-

mediated inhibition of IFN response.  

 My findings indicate that SARS-CoV-2 NSP1 blocks IFN induction via a mechanism that 

is dependent on host translational shutoff. NSP1 proteins of coronaviruses have been reported to 

suppress host translation through a number of different mechanisms. NSP1 of SARS-CoV and 

MERS-CoV target host mRNA for degradation by an as yet unknown mechanism, while sparing 

viral transcripts from the same fate (Narayanan et al., 2008; Huang et al., 2011; Lokugamage et 

al., 2015). NSP1 of SARS-CoV and SARS-CoV-2 can also disrupt nuclear translocation of host 

mRNAs by sequestering Nup93, which is normally found at the nuclear pore complex (Gomez et 

al., 2019; Zhang et al., 2021). Lastly, NSP1 of SARS-CoV and SARS-CoV-2 directly binds to 40S 
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ribosomal subunit, preventing host translation while allowing translation of leader sequence-

containing viral transcripts (Kamitani et al., 2006; Narayanan et al., 2008; Kamitani et al., 2009; 

Thoms et al., 2020; Banerjee et al., 2020; Yuan et al., 2020; Schubert et al., 2020). Here, we found 

that SARS-CoV-2 NSP1 prevents nuclear translocation of IRF3 in response to IFN inducers such 

as SeV by blocking phosphorylation of IRF3. A translational shutoff mutant NSP1KH164AA did not 

inhibit nuclear translocation of IRF3 or IFN induction. The NSP1-mediated block in translation 

may result in rapid depletion of labile factors that are required for IRF3 phosphorylation but it is 

also important to consider the possibility that mutations that affect the translational shutoff ability 

of NSP1 could alter other functions of this protein. Indeed, Jauregui et al. found that most 

mutations in SARS-CoV NSP1 resulted in altering more than one of its functions (Jauregui et al., 

2013). As such, understanding how NSP1 hinders nuclear translocation of IRF3 requires further 

investigations.  

 Unfortunately, we were unable to pinpoint the precise mechanism by which SARS-CoV-2 

N antagonized IFN induction. While we showed that N protein stably interacted with TRIM25, 

unlike SARS-CoV N protein which disrupts activation of RIG-I by sequestering TRIM25 (Hu et 

al., 2017), N protein of SARS-CoV-2 did not affect ubiquitination of RIG-I in our hands. Of note, 

two recent studies showed that the SARS-CoV-2 N protein also suppressed RIG-I activation by 

sequestering TRIM25 (Gori Savellini et al., 2021; Oh and Shin 2021). Yet another group reported 

that low concentrations of N of SARS-CoV and SARS-CoV-2 inhibits of IFN induction by 

sequestering TRIM25, when present at higher levels, N protein accentuates the IFN response 

resulting in the production of proinflammatory cytokines (Zhao et al., 2021).  
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5.3.2 Suppression of IFN signaling by SARS-CoV-2  

 Thus far NSP1, NSP3, NSP6, NSP7, NSP13, NSP14, N, M, S, NS3A, P6, NS7A, NS7B, 

and NS8B of SARS-CoV-2 have been reported to impede IFN signaling (Table 5.2) (Li et al., 

2020; Yuen et al., 2020; Lei et al., 2020; Xia et al., 2020; Miorin et al., 2020; Mu et al., 2020a). 

As with reports of how the virus affect the induction arm of the IFN pathway, many of these reports 

are inconsistent with each other, hence further studies are required to learn more about how SARS-

CoV-2 affect expression of ISGs.  

Table 5.2 SARS-CoV-2 proteins reported to antagonize IFN signaling 

Viral Protein Mechanism Reference 

NSP1 Suppression of nuclear export of mRNA, 

inhibition of mRNA translation, 

disruption of STAT1 phosphorylation 

(Banerjee et al., 2020; Lei et al., 

2020; Thoms et al., 2020; Xia et al., 

2020; Yuan et al., 2020; Zhang et 

al., 2021) 

NSP3 Unknown (Lei et al., 2020) 

NSP6 Suppression of STAT1/2 phosphorylation (Xia et al., 2020) 

NSP7 Unknown (Xia et al., 2020) 

NSP13 Suppression of STAT1/2 phosphorylation (Lei et al., 2020; Xia et al., 2020) 

NSP14 Unknown (Lei et al., 2020) 

N Suppression of STAT1/2 phosphorylation (Lei et al., 2020; Mu et al., 2020a) 

M Suppression of STAT1 phosphorylation (Xia et al., 2020) 

S Unknown (Lei et al., 2020) 

NS3A Suppression of STAT1 phosphorylation (Xia et al., 2020) 

P6 Binds Rae1-Nup98 complex and disrupts 

STAT1/2 nuclear transport 

(Lei et al., 2020; Li et al., 2020; 

Miorin et al., 2020; Xia et al., 2020; 

Yuen et al., 2020; Addetia et al., 

2021; Shemesh et al., 2021) 

NS7A Suppression of STAT2 phosphorylation (Xia et al., 2020) 
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NS7B Suppression of STAT1/2 phosphorylation (Xia et al., 2020) 

NS8B Unknown (Lei et al., 2020) 

 

 Consistent with other reports (Neufeldt et al., 2020; Israelow et al., 2020; Hadjadj et al., 

2020; Blanco-Melo et al., 2020; Vanderheiden et al., 2020b; Miorin et al., 2020), we observed 

little to no induction of ISGs during SARS-CoV-2 infection, suggesting that the virus actively 

blocks IFN signaling. This was further corroborated by our observation that SARS-CoV-2 is 

resistant to treatment with type I, II, and III IFNs once the virus has established infection. 

Nevertheless, the virus is sensitive to pre-treatment of cells with type I and III IFNs, thus indicating 

that SARS-CoV-2 replication is inhibited by ISGs. Interestingly, SARS-CoV-2 infection does not 

block ISG induction by IFN-ɣ, but is resistant to ISGs induced by this type of IFN (Kumar, Ishida, 

et al., 2021), suggesting the virus does not need to suppress type II ISG induction in non-immune 

cell lines. In the course of my studies, I observed significant loss of Tyk2 and STAT2 during 

SARS-CoV-2 infection which could explain how the virus affects type I and III IFN signaling. 

Furthermore, the depletion of Tyk2 could explain the decreased STAT-phosphorylation in SARS-

CoV-2 infected which was observed by others (Miorin et al., 2020; Xia et al., 2020; Yang et al., 

2020).  

 In our hands, NSP1 was the only viral protein that significantly blocked IFN signaling 

(Kumar et al, 2021). Again, other reports suggest that there are more SARS-CoV-2 proteins that 

antagonize this pathway (Li et al., 2020; Yuen et al., 2020; Lei et al., 2020; Xia et al., 2020; Miorin 

et al., 2020; Mu et al., 2020a), but the above-mentioned variables, such as codon-optimization and 

the size/location of the epitope tag may explain these discrepancies. One of the SARS-CoV-2 

proteins that is consistently reported to suppress ISG induction is accessory protein P6, which 
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binds to Nup98-Rae1 complex and blocks the nuclear translocation of STAT1/2 (Miorin et al., 

2020; Xia et al., 2020; Addetia et al., 2021). While several other SARS-CoV-2 proteins are 

reported to antagonize induction of ISGs, the mechanism by which they suppress this pathway 

requires further investigation.  

 The NSP1 of SARS-CoV and SARS-CoV-2 have been consistently reported as potent 

antagonist of ISG induction by blocking the phosphorylation of STAT1 and shutting down host 

translation (Kamitani et al., 2006; Wathelet et al., 2007; Kamitani et al., 2009; Huang et al., 2011; 

Banerjee et al., 2020; Lei et al., 2020; Thoms et al., 2020; Xia et al., 2020). Similarly, we observed 

that SARS-CoV-2 NSP1 effectively impairs IFN signaling through translational shutoff. By 

impeding host translation, SARS-CoV-2 infected cells will produce less IFNs and ISGs. In 

addition, translational shutoff will result in the depletion of proteins with shorter half-lives such as 

Tyk2 and STAT2, thereby further impairing the IFN signaling pathway.  

 Overall, the present study with others shows that SARS-CoV-2 effectively suppresses the 

IFN response during infection. Several SARS-CoV-2 proteins are reported to be involved in 

suppressing the induction of IFNs and ISGs, including NSP1 and N which we described here. 

These findings should be taken into account when considering therapeutic options against SARS-

CoV-2 and in the event of future coronavirus outbreaks. Lastly, given the rise of SARS-CoV-2 

VOCs (Khateeb et al., 2021; Bano et al., 2021; Kumar, Singh, et al., 2021), it will of interest to 

study their interactions with the IFN system, since new strategies to antagonize this response may 

alter our treatment options against these variants.  
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