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ABSTRACT 

 Cross-subtype neutralizing single domain antibodies against influenza 

present new opportunities for immunoprophylaxis and pandemic preparedness.  Their 

simple modular structure and single open reading frame format are highly amenable 

to gene therapy-mediated delivery.  R1a-B6, an alpaca-derived single domain antibody 

(nanobody), that is capable of potent cross-subtype neutralization in vitro of H1N1, 

H5N1, H2N2, and H9N2 influenza viruses, through binding to a highly conserved 

epitope in the influenza hemagglutinin stem region, was previously described.  To 

evaluate the potential of R1a-B6 for immunoprophylaxis via adeno-associated viral 

(AAV) vector delivery, it was reformatted as Fc fusions of mouse IgG1 (ADCC-) and 

IgG2a (ADCC+) isotypes.  This is also to extend R1a-B6’s half-life and to assess the 

requirement for ADCC for efficacy of R1a-B6 in vitro and in vivo.  It was found that 

reformatted R1a-B6 of either mouse IgG isotype retained its potent binding and 

neutralization activity against different Group I influenza A subtypes in vitro.  The 

findings in this study also demonstrate that a single intramuscular injection in mice of 

AAV encoding R1a-B6-Fc was able to drive sustained high-level expression (0.5–1.1 

mg/mL) of the nanobody-Fc in sera with no evidence of reduction for up to 6 months. 

R1a-B6-Fc fusions of both isotypes gave complete protection against lethal challenge 

with both pandemic A/California/07/2009 (H1N1)pdm09 and mouse-adapted avian 

influenza A/Vietnam/1194/2004 (H5N1).  These data suggest that R1a-B6-Fc 

delivered via AAV is capable of cross-subtype protection and ADCC was not essential 

for protection.  These findings reveal that AAV delivery of cross-subtype neutralizing 

nanobodies may be an effective strategy to prevent influenza infection and provide 

long-term protection independent of a host induced immune response. 
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IMPACT STATEMENT 

 Although vaccines are the main countermeasure against pandemic influenza, 

their timely implementation and ineffectiveness in vulnerable patient groups present 

challenges.  We need a pro-active and pre-emptive approach in tackling influenza 

especially in the case of a pandemic emergency.  Novel interventions using broadly 

neutralizing monoclonal antibodies (mAbs) are under clinical development, however 

their structural complexity, expensive production and requirement for repeated 

injections are limitations to widespread use. Adeno associated virus (AAV) vectors 

were used to deliver a much simpler broadly neutralizing single domain antibody 

(nanobody R1a-B6) specific for a highly conserved epitope in the influenza 

hemagglutinin stem region.  A one-time intramuscular delivery route aiming for longer 

expression and stricter dosing control in preference to intranasal delivery that may be 

obstructed due to congestion and a reflex sniffing response of the recipient leading to 

reduced efficacy of delivery was evaluated.  Findings demonstrate high level, long-

term expression in vivo, which protected mice from lethal challenge by both pandemic 

H1N1 and highly pathogenic avian influenza H5N1. Surprisingly, Fc-mediated antibody 

dependent cellular cytotoxicity (ADCC) was not essential for R1a-B6 efficacy when 

expressed at high levels in vivo which contrasts with that described previously for 

similar stem binding human mAbs when injected as purified protein. These findings 

have implications in developing the optimum antibody format and delivery option to 

provide safe, long-term protection, independent of the patient’s immune response and 

prior exposure to influenza, that can be utilized in the instance of a pandemic. 

 

 

  



6 
 

ACKNOWLEDGEMENTS 

 I would like to extend my gratitude to the following people who have made this 

PhD a unique and positive learning experience.  The support of these amazing people 

has been vital in the most challenging and humbling of times. 

My supervisors, Dr. Yasuhiro Takeuchi and Dr. Simon Hufton, for really taking 

on the job and teaching, correcting, and guiding me every step of the way.  I finish this 

PhD, hopefully a better scientist, and definitely a better person, than I was before, 

because of your training, encouragement, patience, kindness and friendship.  I have 

been very blessed to have you as my advisers. 

The DPSM faculty and team, and the Chemistry unit of the University of the 

Philippines Manila for their unwavering support from start to finish of my PhD.  None 

of this would have been possible without you.  

Professor Mary Collins for helpful insight and advice.  I would not have been 

here if you and Yasu did not take a chance on me. 

Professor Paul Digard and Dr. Laura McCoy, whose extensive examination 

have helped make this piece of work better.  I have learned so much in those 4 hours. 

Dr. Matthew Smith for all the exciting influenza work that you taught me.  It has 

been a pleasure sharing the bench with such an awesome scientist like you.   

Christina Ball, Paul Risley, Dr. Kam Zaki and Dr. Ilaria Nisoli for sharing your 

expertise and time with me. 

Dr. Othmar Engelhardt and Dr. Nigel Temperton for being supportive and 

critical collaborators, who have enriched this body of work.   

Rose, Alan, Shaun, Christine, Vicky and all the wonderful people in the 

Biological Services Division at NIBSC for going over and beyond to help me with the 

animal work. 

Our colleagues at the Biotherapeutics Division and the Influenza Resource 

Center at NIBSC for help and advice with this project. 



7 
 

My former students, for always cheering me on.  Your belief in me has made 

me become more of what I already am. 

The friends that I have made here in London especially Bea, Jasmine and 

Pedro, and Chris’s family who have made being in another country an incredibly fun, 

uplifting and a most rewarding experience.  And all my friends back in the Philippines 

and scattered all around the world who have always cheered me on and believed in 

me even at times when I doubt myself.  

Gabby, Ciara, Andrea (x2) and Diana, for listening to all my ranting, and for 

always calming me down when things don’t go as planned. 

Jules, Kevin, Dem, Jireh and Hermie, eternal friends, rambunctious supporters, 

together we are untouchable. 

Arlou, it is finally done!  And I share this victory with you, one of many in our 

bright future. 

Tom, Ryan and Martin, NIBSC became home because you were there.  Work 

did not feel like work, and we fostered a happy, productive, supportive environment, 

that I would always cherish. 

Teki, for being my rock.  I have borrowed from your strength so much and you 

have kept me standing through the best and worst of it. 

My family and my Bicho for your unconditional love and faith in me.  Being away 

from you has not been easy but I thank you for sharing my dreams and helping me in 

making them happen, and always, always, praying for me.  This is the product of all 

our sacrifices. 

Chris, my clever boy, for all the late nights, stimulating discussions and inspiring 

banter.  For suffering and rejoicing with me and holding my hand through our inflatable 

bed journey.  Everything will be worth it in the end.  Smart ka talaga for sharing this 

incredible adventure with me. 

  And finally, infinite thanks to HIM, the Giver of all good things. 



8 
 

TABLE OF CONTENTS 

DECLARATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   3 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    4 

IMPACT STATEMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    5 

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   6 

TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   8 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 

ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 

CHAPTER 1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

 1.1 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

 1.2 Influenza . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

  1.2.1  Influenza A Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

  1.2.2  Replication cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

  1.2.3  Pathogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

  1.2.4  Burden and Epidemiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 

  1.2.5  Pandemic threats  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 

  1.2.6  Prevention and Treatment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

 1.3 Innate Immune Response to Influenza  . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

 1.4 Antibody Immune Response to Influenza  . . . . . . . . . . . . . . . . . . . . . . . .  38 

 1.5 Passive Immunotherapy against Influenza  . . . . . . . . . . . . . . . . . . . . . . .  42 

  1.5.1  Broadly neutralizing Antibodies (bnAb)  . . . . . . . . . . . . . . . . . . . . . 44 

  1.5.2  Nanobodies (Nb)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 

    1.5.2.1 Nanobody Re-Formatting to increase Half-Life  . . . . . . . . . . 52 

    1.5.2.2 Nanobodies with Effector functions  . . . . . . . . . . . . . . . . . . . 56 

    1.5.2.3 Nanobodies against Influenza  . . . . . . . . . . . . . . . . . . . . . . .  59 

 1.6 Gene Therapy and Viral Vectors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 

  1.6.1  Recombinant Adeno-Associated Virus (rAAV)  . . . . . . . . . . . . . . . 64 

  1.6.2  rAAV in clinical trials  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 

  1.6.3  rAAV and influenza  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71 



9 
 

 1.7 Universal Influenza Vaccine  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 

 1.8 Thesis Objectives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 

CHAPTER 2.  MATERIALS AND METHODS  . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 

 2.1 General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

  2.1.1  Propagation and maintenance of cell cultures  . . . . . . . . . . . . . . . . 77 

    2.1.1.1 ExpiCHO-S™ cells  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

    2.1.1.2 Human embryonic kidney (HEK) 293T cells  . . . . . . . . . . . . . 77 

    2.1.1.3 Madin-Darby canine kidney (MDCK) cells  . . . . . . . . . . . . . .  77 

  2.1.2  Restriction Digestion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

  2.1.3  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis  . . . . 78 
  
  2.1.4  Western Blotting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 

  2.1.5  Enzyme-Linked Immunosorbent Assay (ELISA)  . . . . . . . . . . . . . . 79 

  2.1.6  Statistical Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 

 2.2 Production and purification of nanobody-Fc fusion proteins  . . . . . . . . . . 80 

  2.2.1  Cloning of nanobody-Fc in mammalian expression vector  . . . . . .  80 

  2.2.2  Transfection in ExpiCHO-S™ cells  . . . . . . . . . . . . . . . . . . . . . . . . 81 

  2.2.3  Protein A Affinity Chromatography  . . . . . . . . . . . . . . . . . . . . . . . . . 82 

  2.2.4  Dialysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 

 2.3 In vitro assays for nanobody-Fc specificity and neutralization activity  . . . 83 

  2.3.1  Influenza ELISA panel  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 

  2.3.2  Antibody Dependent Cell Cytotoxicity (ADCC) reporter assay  . . .  84 

  2.3.3  Growth of Challenge Virus A/California/07/2009(H1N1)pdm09  . .  84 

  2.3.4  Hemagglutination Assay  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 

  2.3.5  Hemagglutination Inhibition Assay (HAI)  . . . . . . . . . . . . . . . . . . . . 86 

  2.3.6  Determination of Viral Tissue Culture Infectious Dose 50%  . . . . .  86 
 
  2.3.7  Influenza Microneutralization Assay (MN)  . . . . . . . . . . . . . . . . . . . 88 

  2.3.8  Lentiviral Pseudotype Neutralization Assay  . . . . . . . . . . . . . . . . . . 88 

 2.4 AAV production and characterization  . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 



10 
 

  2.4.1  Plasmid transformation and DNA preparation  . . . . . . . . . . . . . . . . 89 

  2.4.2  Transient Transfection of 293T cells for cell factory production  . .  90 

  2.4.3  Viral harvest  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 

  2.4.4  AAV Purification  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 

    2.4.4.1 Benzonase treatment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 

    2.4.4.2 Iodixanol gradient  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 

    2.4.4.3 Virus concentration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

  2.4.5  AAV Characterization and Titration  . . . . . . . . . . . . . . . . . . . . . . . . 94 

    2.4.5.1 Quantification of Capsid particles via SDS-PAGE  . . . . . . . . 94 

    2.4.5.2 Determination of Viral Genome Size and Integrity via  
       Alkaline Gel Electrophoresis  . . . . . . . . . . . . . . . . . . . . . . . . . 95 
 
    2.4.5.3 Measurement of Vector Genomes via qPCR  . . . . . . . . . . . . 96 
 
 2.5 Mouse experiments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 

  2.5.1  MLD50 determination of CA/09 by in vivo titration  . . . . . . . . . . . . .  97 

  2.5.2  Mouse Tolerability studies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 

  2.5.3  Mouse Protection studies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 

  2.5.4  Lung Homogenization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

  2.5.5  Histology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

  2.5.6   Ethics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     100 

CHAPTER 3. PRODUCTION, PURIFICATION AND CHARACTERIZATION  
     OF NANOBODY-Fc FUSIONS AGAINST INFLUENZA . . . . . . .     101 
 
 3.1 Overview  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     101 

 3.2 Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    103 

  3.2.1  Production and purification of nanobody-Fc proteins  . . . . . . . .     103 

  3.2.2  Binding of R1a-B6-Fc against Group I influenza A Subtypes  . .    108 
 
  3.2.3  Binding and activation of mouse FcγRIV effector cells by  
     nanobody-Fc fusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    110 
 
  3.2.4  Production of challenge virus and viral pseudotypes  . . . . . . . . .    113 
 
    3.2.4.1 Validation and TCID50 Determination of CA/09  . . . . . . . . .    113 
 



11 
 

    3.2.4.2 Production and titration of influenza A pseudotypes  . . . . .     115 

  3.2.5  Neutralization of representative influenza A subtypes by R1a-B6    117 

 3.3 Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     121 

CHAPTER 4. PRODUCTION, PURIFICATION AND TITRATION OF AAV     
     ENCODING NANOBODY-Fc FUSIONS AGAINST INFLUENZA      125 
 
 4.1 Overview  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     125 
 
 4.2 Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     129 

  4.2.1  Production of AAV of high titer and purity  . . . . . . . . . . . . . . . . .     129 

  4.2.2  Visualization of AAV capsid protein content for absolute  
     quantification of viral particles  . . . . . . . . . . . . . . . . . . . . . . . . . .     132 
 
  4.2.3  Physical characterization of the size and integrity of genomes . .     134 
 
  4.2.4  AAV vector genome quantification via qPCR  . . . . . . . . . . . . . . .     136 
 
  4.2.5  Summary of AAV vector titers  . . . . . . . . . . . . . . . . . . . . . . . . . .      138 
 
 4.3 Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     139 
 
CHAPTER 5. PROTECTION OF MICE AGAINST INFLUENZA BY AAV- 
     MEDIATED DELIVERY OF R1a-B6  . . . . . . . . . . . . . . . . . . . . . .     142 
 
 5.1 Overview  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     142 
 
 5.2 Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     145 
 
  5.2.1  Determination of Mouse Lethal Challenge Dose of CA/09  . . . . .     145 
 
  5.2.2  In vivo expression of nanobodies following (IM) AAV delivery  . .     148 
 
  5.2.3  In vitro neutralization of CA/09 by sera from mice receiving  
     AAV transgenes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     152 
 
  5.2.4  Cross-subtype binding and neutralization activity against IAV  
     Group 1 strains by R1a-B6 produced via AAV-mediated delivery     153 
 
  5.2.5  Protection of mice from lethal influenza challenge via AAV- 
     mediated delivery of nanobodies  . . . . . . . . . . . . . . . . . . . . . . . .      156 
 
    5.2.5.1 A/California/07/2009(H1N1)pdm09 (CA/09) challenge  . .      157 

    5.2.5.2 NIBRG-14ma (VN/04) challenge  . . . . . . . . . . . . . . . . . . . .     166 
 
 5.3 Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .      171 

CHAPTER 6. CONCLUSION AND FUTURE DIRECTIONS  . . . . . . . . . . . . . .      177 

CHAPTER 7. REFERENCES  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .      185 



12 
 

LIST OF FIGURES 

NO. TITLE PAGE 
 

1.1 Schematic representation of influenza A virus (IAV) and its 
components  
 

20 

1.2 Schematic representation of naturally occurring antibodies in sera of 
camelids 
 

49 

1.3 Surface structure model of hemagglutinin (HA) showing important 
R1a-B6 epitope residues. 
 

61 

3.1 Graphical representation of R1a-B6 reformatted for in vivo gene 
delivery 
 

103 

3.2 RE digestion using EcoRI and BamHI of pcDNA™3.4-TOPO® 
(vector) containing nanobody-Fc (insert) from DNA plasmid midi 
preparations 
 

104 

3.3 Activity in vitro of nanobody-Fc as tested via ELISA after specified 
harvest points 
 

106 

3.4 Detection of nanobody-Fc fusion proteins in SDS-PAGE and 
Western blot analysis 
 

107 

3.5 Binding of different R1a-B6 formats against a broad range of 
influenza A subtypes as tested by ELISA 
 

109 

3.6 In vitro ADCC activation of nanobody-Fc fusion proteins 
 

112 

3.7 Representative plates for TCID50 determination of 
A/California/09/2009 (H1N1)pdm09 stock using an HA readout 
 

114 

3.8 Titration of influenza virus pseudotypes 
 

116 

3.9 Neutralization of different influenza A strains in vitro by R1a-B6 118 

4.1 AAV construct design to test protective effect of recombinant anti-flu 
neutralizing nanobody R1a-B6 against influenza by AAV vector 
delivery 
 

127 

4.2 Schematic diagram of the triple transfection method to produce rAAV 
 

128 

4.3 Restriction enzyme (RE) digestion using NcoI of AAV constructs from 
DNA plasmid preparations 
 

130 

4.4 SmaI digest of AAV plasmid constructs 
 

131 

4.5 Visualization of capsid proteins and quantification of viral particle 
titers in Sypro® Ruby Protein Gel-stained SDS-PAGE gels 
 

133 

4.6 Characterization of genome size and viral integrity by alkaline gel 
electrophoresis 

135 



13 
 

NO. TITLE PAGE 
 

4.7 Determination of AAV genome copy number via CMV standard curve 
qPCR linear regression analysis 
 

137 

4.8 Summary of vector titers obtained via different AAV vector 
characterization techniques 
 

139 

5.1 Survival of BALB/c mice after infection with different doses of CA/09 
 

146 

5.2 Weight monitoring in individual mice post-challenge with different 
doses of CA/09 
 

146 

5.3 Residual viral titers as indicated by TCID50 per gram lung tissue and 
HAI titers obtained from harvested terminal mouse lung samples 
 

147 

5.4 Representative recombinant nanobody standard curves for detection 
of nanobodies in mouse sera 
 

149 

5.5 AAV dose ranging study of nanobody constructs in mice 
 

150 

5.6 CA/09 neutralizing activity of mouse sera 
 

152 

5.7 Evaluation of cross-subtype binding activity of R1a-B6 in mouse sera 
39 days after IM injection of 1.0 x 1011 vg AAV encoding nanobodies 
 

154 

5.8 In vitro neutralization of influenza pseudotypes by nanobodies from 
mouse sera 
 

155 

5.9 Study schedule of influenza challenge 
 

156 

5.10 Prophylactic efficacy of AAV expressed nanobodies in a mouse 
challenge model of pandemic H1N1 CA/09 
 

158 

5.11 Recovered viral titers as indicated by TCID50 per gram lung tissue 
and HAI titers obtained from harvested mouse lung samples at the 
end of the CA/09 challenge experiment 
 

160 

5.12 Representative histological lung sections from mice post-infection 
with CA/09 
 

162 

5.13 Binding and activation of mouse FcγRIV effector cells in mice given 
nanobody-Fc fusions delivered by AAV 
 

165 

5.14 Prophylactic efficacy of AAV expressed nanobodies in a mouse 
challenge model of pandemic H5N1 VN/04 
 

167 

5.15 TCID50 per gram lung tissue obtained from harvested lung samples 
from mice after VN/04 challenge 
 

169 

5.16 Representative histological lung sections from mice post-infection 
with VN/04 NIBRG-14ma 
 

170 

 



14 
 

LIST OF TABLES 

NO. TITLE PAGE 
 

2.1 List of influenza antigen standards 83 

2.2 Amounts of individual AAV transfection components 
 

91 

2.3 Components of solutions making up the Iodixanol Gradient 
 

93 

2.4 qPCR primer and probe sequences for CMV 
 

96 

3.1 IC50 values of nanobody constructs against different influenza 
subtypes in vitro 
 

119 

5.1 Summary of relevant values and clinical observations of mice with 
unusual results that were given R1a-B6 via IM AAV delivery and 
challenged with CA/09 

163 

 

 

  



15 
 

ABBREVIATIONS 

Aap     AAV Assembly Protein 

AAV      Adeno-associated virus 

AAVR    AAV Receptor 

ACIP     Advisory Committee on Immunization Practices  

Ad      Adenovirus 

ADCC    Antibody dependent cell cytotoxicity 

ADCP    Antibody-dependent cell-mediated phagocytosis 

ADIN     Antibody-dependent intracellular neutralization 

AID     Activation-induced cytidine deaminase  

ALT     Alanine aminotransferase  

AmpR     Ampicillin resistance gene 

ANOVA    Analysis of variance  

ARP-1    Anti-rotavirus protein 1 

aTTP     Acquired Thrombotic Thrombocytopenic Purpura  

bGH polyA   Bovine growth hormone polyadenylation signal 

bnAb     Broadly neutralizing antibody 

BSA     Bovine serum albumin  

BSL     Biosafety level 

Cap     Capsid (protein) 

CD     Cluster of differentiation 

CDC     Complement dependent cytotoxicity 

CDR     Complementarity determining region 

CHO     Chinese hamster ovary 

CMV     Cytomegalovirus  

cRNA    Complementary RNA 

Ct      Threshold Cycle 

CTL     Cytotoxic T lymphocyte 

CV     column volumes  

DC     Dendritic cell 

DMEM    Dulbecco’s Modified Essential Medium  

dpi     days post infection 

EC50     Half maximal effective concentration 

ELISA    Enzyme-Linked Immunosorbent Assay 

ER     Endoplasmic reticulum 

F      forward 



16 
 

Fab     Antigen binding fragment 

Fc      Fragment crystallizable 

FCS     Fetal calf serum 

FcγR     Fc gamma Receptor 

FcRn     Neonatal Fc Receptor 

FDA     (US) Food and Drug Administration 

FGFR    Fibroblast growth factor receptor  

FIX     coagulation factor IX 

FMD     Foot and Mouth Disease 

FR     Framework region 

FVIII     coagulation factor VIII 

GPCR    G-protein coupled receptor 

HA      Hemagglutinin 

HAI     Hemagglutination inhibition assay  

HAU     Hemagglutination units 

HCAb    Heavy chain only antibody 

H&E     Hematoxylin and Eosin  

HEK     Human embryonic kidney 

HPAI     Highly pathogenic avian influenza  

HRP     Horseradish Peroxidase 

HSV-2    Herpes Simplex Virus-2  

IAV     Influenza A virus 

IBV     Influenza B virus 

IC50     half-maximal inhibitory concentration 

IFN     Interferon 

Ig      Immunoglobulin 

IIV      Inactivated influenza vaccine 

IL      Interleukin 

ILZ     Isoleucine zipper domain 

IM      Intramuscular 

IN       Intranasal 

ITR     Inverted terminal repeat 

IV      Intravenous 

LAIV     Live Attenuated Influenza Vaccine 

LB      Luria-Bertani 

LCA     Leber congenital amaurosis  

LPAI     Low pathogenicity avian influenza  



17 
 

LPL     Lipoprotein lipase 

LV      Lentivirus 

M      Matrix 

mAb     Monoclonal antibody 

MCS     Multiple cloning site 

MDAb    Multidomain antibody 

MDCK    Madin-Darby canine kidney 

MEM     Minimum Essential Medium  

MERS-COV  Middle East Respiratory Syndrome Coronavirus 

MHC     Major histocompatibility complex 

MLD50    Mouse 50% Lethal Dose 

MLV     Moloney murine leukaemia virus 

MN     Microneutralization Assay  

MPER    Membrane proximal external region 

mRNA    Messenger RNA 

MW     Molecular Weight 

MWCO    Molecular Weight Cut-Off  

NA     Neuraminidase 

nAb     Neutralizing antibody 

NAI     Neuraminidase Inhibitor 

Nb      Nanobody 

NC     Nitrocellulose 

NEP     Nuclear export protein  

NFAT-RE   Nuclear Factor of Activated T cells-Response Element 

NK     Natural Killer cells 

NP     Nucleoprotein 

NS2     Non-structural protein 2  

OAS     Original Antigenic Sin 

PA     Acidic Polymerase 

PAMP    Pathogen associated molecular pattern 

PB     Basic Polymerase 

PBS     Phosphate Buffered Saline 

PBS-T    Phosphate Buffered Saline-Tween20 

PDGF-R    Platelet-derived growth factor receptor (PDGF-R) 

PEG     Polyethylene Glycol 

PEI     Polyethylene Imine 

PFA     Paraformaldehyde  



18 
 

PRR     Pathogen recognition receptor 

qPCR    quantitative real-time polymerase chain reaction  

R      Reverse 

rAAV     Recombinant Adeno-Associated virus 

RDE     Receptor Destroying Enzyme 

RdRp     RNA-dependent RNA polymerase  

Rep      Replication (protein) 

RIV     Recombinant Influenza vaccine 

RLU     Relative Luminescence Unit 

RPE65     Retinal pigment epithelium-specific 65-kDa 

RPMI     Roswell Park Memorial Institute  

RSV     Respiratory Syncytial Virus (RSV) 

rt-PCR    Reverse transcription polymerase chain reaction 

SCID     Severe combined immunodeficient  

sddH2O    Sterile double distilled water 

SDS-PAGE  Sodium Dodecyl Sulfate Polyacylamide Gel Electrophoresis 

SERCA2a   sarcoplasmatic calcium ATPase 

sIgA     Secretory IgA 

SHM     Somatic hypermutation 

shRNA    small hairpin RNA  

SMA     Spinal muscular atrophy 

SMN     Survival of motor neuron protein  

TAE     Tris-Acetate-EDTA 

TCID50    Tissue Culture Infectious Dose 50% 

TF      Triple flask 

TKpA     Thymidine kinase polyadenylation 

TLR     Toll-like receptor 

TNF     Tumor necrosis factor 

TPCK    Tosyl phenylalanyl chloromethyl ketone  

t-RBC    Turkey red blood cells 

TRIM21    Tripartite-motif containing protein 21 

UTR     Untranslated region 

VLP     Virus-Like particle 

vRNA    Viral RNA 

vRNP    Viral ribonucleoprotein complexes 

WHO     World Health Organization 

WPRE     Woodchuck posttranscriptional regulatory element 



19 
 

CHAPTER 1 

INTRODUCTION 

 

1.1 Thesis Overview 

 This thesis will have the following content: 

Chapter 1 presents a review of literature of influenza and strategies for its 

prevention and treatment using immunotherapy, with an emphasis on nanobodies and 

gene therapy using Adeno-associated Virus (AAV) vector delivery. 

Chapter 2 describes in detail the materials and methods employed in this study. 

Chapter 3 demonstrates the production, characterization, ability to activate 

antibody dependent cell cytotoxicity (ADCC), cross-subtype binding and neutralizing 

activity of the nanobody R1a-B6 in different formats against various Group I influenza 

A subtypes in vitro as a preliminary step to in vivo studies.  

Chapter 4 shows the production, purification and characterization of high titer 

AAV viruses expressing R1a-B6 transgenes and negative control nanobody for use in 

in vivo influenza mouse challenge experiments. 

Chapter 5 provides evidence of broadly protective humoral immunity against 

influenza generated by AAV delivery of R1a-B6-Fc independent of ADCC activity 

through in vivo challenge studies in mice.  

Chapter 6 offers concluding remarks and ideas for future work. 

1.2 Influenza  

1.2.1 Influenza A Virus (IAV) Biology 

Influenza viruses are segmented, negative sense, single-stranded, enveloped 

RNA viruses belonging to the Orthomyxoviridae family [1, 2]  Within this family, there 

are three influenza types that circulate in humans, influenza A, B, and C [3, 4].  They 

are further classified into subtypes based on the host range and the combination of 

their surface protein components or antigens.  Of great significance to humans are 
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influenza A (IAV) and B (IBV) viruses, which rapidly spread around the world in 

seasonal epidemics; imposing considerable economic burden in terms of lost 

productivity in affected individuals and in some cases causing death [4, 5].     

     

Figure Error! No text of specified style in document.  Schematic representation of 
influenza A virus (IAV) and its components.  Adapted from [6]. 

Influenza contains a lipid membrane studded with the two major membrane 

glycoproteins, hemagglutinin (HA) and neuraminidase (NA) [1, 2, 7] (Figure 1.1).  The 

surface glycoprotein HA is responsible for viral cell attachment and entry into host cells 

via sialic acid receptors [7-9].  NA, the other major glycoprotein, is a glycosidase [10] 

that cleaves sialic acids during the later stages of infection allowing efficient release of 

virion progeny [11].  The matrix (M2) ion channels traverse the lipid envelope [7], and 

together with the two other integral membrane proteins, HA and NA, they overlay a 

matrix of M1 protein, which encloses the virion core [1].  The influenza A virus genome 

is made up of eight negative-sense, single-stranded viral RNA (vRNA) segments 

encoding structural and functional proteins [2].  These vRNAs are found as individual 

viral ribonucleoprotein complexes (RNP) which are made up of the nucleoprotein (NP) 

and the heterotrimeric RNA-dependent RNA polymerase, composed of two basic 

polymerases (PB1 and PB2) and one acidic polymerase (PA) subunit [2, 6, 12-14]. 
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Together with the RNPs, the nuclear export protein (NEP) also called the non-structural 

protein 2 (NS2), are found inside M1 [2] (Figure 1.1).  

The surface influenza glycoproteins HA and NA are recognized by the immune 

system and can trigger an immune response.  As a result, influenza is subject to 

continuous immune-driven selection especially in the exposed globular HA head 

domain with distinct epitopes undergoing constant antigenic drift [15-20].  Antigenic 

drift is the gradual accumulation of nucleotide mutations and amino acid substitutions 

in influenza HA, resulting in the emergence of new antigenic variants or strains [9].  

The changes associated with antigenic drift happen continually and randomly over time 

as the virus replicates [21].  A segmented genome enables antigenic shift, wherein an 

influenza A virus strain acquires an HA or sometimes an NA segment from another 

IAV of a different subtype in a zoonotic reservoir [9, 22].  This reassortment may give 

rise to a completely novel virus to which the human population has no pre-existing 

immunity, with the potential to become pandemic influenza.  The most recent example 

is the pandemic A(H1N1)2009 strain, a quadruple-reassortant virus, containing genes 

from Asian and European swine influenza, North American avian influenza and human 

influenza virus [23].   

Influenza A viruses (IAV) infect the widest host range – human, other mammals 

including pigs, horses, cats, ferrets, rodents, seals and bats, and most commonly, 

avian species, inflicting the most severe morbidity among influenza A-C [24-26].  

According to the diversity of the influenza HA and NA genes, IAVs have been classified 

into 18 antigenic HA subtypes (H1-H18) and 11 antigenic NA subtypes (N1-N11) [4, 

27, 28].  Based on phylogenetic analysis, HA subtypes are divided into two groups: 

Group 1 - H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17 and H18 subtypes, and 

Group 2 - H3, H4, H7, H10, H14 and H15 [29].  Furthermore, the influenza A virus is 

divided into different serotypes, combinations of HA and NA, based on serological 

reactivity against hyperimmune anti-HA and anti-NA sera to these viruses [27, 30].   



22 
 

From its reservoir of wild birds, IAVs are able to transmit from domestic poultry, 

which is the gateway to infection of mammals, most notably, swine and humans [22].  

These zoonotic viruses are not easily transmitted between humans; however, some 

viruses acquire the capacity to spread to humans through adaptation or acquisition of 

new genes from human influenza viruses leading to the emergence of a novel virus 

that can start a pandemic [4].  IAV serotypes H1N1, H1N2, H2N2, H3N2, H5N1, H7N2, 

H7N3, H7N9, H10N7 have been confirmed in humans in the past [25, 30-34].  While 

there are many genetically distinct subtypes from recombination of HA and NA in IAV, 

only three HA (H1, H2, and H3) and two NA (N1 and N2) subtypes have caused human 

pandemics that have been recorded in history [2, 31, 35].   

1.2.2 Replication Cycle  

The influenza virus life cycle can be divided into the following stages: i) viral 

attachment and entry into host cells, ii) entry of viral ribonucleoproteins (vRNP) into 

the nucleus facilitating synthesis of viral RNA and proteins, iii) RNA packaging and 

virion assembly, and lastly, iv) virus budding and release [31, 36]. 

Viral attachment and entry into host cells is facilitated by the influenza virus’ 

hemagglutinin (HA).  Studies of the crystal structure of the HA molecule reveals it as a 

trimer with two structurally distinct regions: a globular head, an antiparallel β-sheet 

containing the receptor-binding site, and a stem region comprised of a triple-stranded 

coiled-coil of α-helices [7, 37].  It initially exists as a HA precursor, HA0, made up of 

two subunits: HA1, which contains the receptor binding domain, and HA2, which 

contains the fusion peptide. These subunits are linked by disulfide bonds [7, 37].  

Influenza viruses recognize sialic acid on the host cell surface such as N-

acetylneuraminic acid in humans [9, 22, 37].  Two major linkages between sialic acid 

and the penultimate galactose residues of carbohydrate side chains are found in 

nature, Neu5Ac α(2,3)-Gal and Neu5Ac α(2,6)-Gal [7].  HA on the surface of the 

influenza virus recognizes these sialic acid residues and depending on the type of 
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influenza, will have preferential specificity for either α(2,6) linkages on ciliated epithelial 

cells of the upper respiratory tract for human IAV or α(2,3) linkages on epithelial cells 

of duck intestines for avian IAV [2, 38, 39].  These differences in HA receptor specificity 

define IAV host range [39].  However, expression of either sialic acid receptor is also 

possible in humans, avian and swine [40] facilitating bidirectional transmission and 

generation of novel influenza viruses [1].   

Following attachment to host cell receptors, IAV is taken up by the cell mainly 

through clathrin-coated receptor-mediated endocytosis or by macropinocytosis [41].  

The metastable HA is first cleaved by host proteases into the fragments HA1 and HA2, 

making it susceptible to an irreversible conformational change that promotes fusion of 

the viral and cellular membranes [42, 43].  Cleavage is required to enable exposure of 

the hydrophobic domain on the N-terminus of HA2 or the “fusion peptide”.  Fusion of 

the viral envelope with the endosomal membrane is then triggered by the low pH 

environment of the endosome (pH 5-6) [42].  The M2 ion channel is then opened, 

allowing proton influx from the endosome that acidifies the interior of the virus particles 

and disrupting internal protein-protein interactions [44].  This allows packaged viral 

ribonucleoprotein (vRNP) complexes to dissociate from M1 into the cellular cytoplasm 

[44]. 

The vRNPs enter the nucleus, site of influenza virus RNA synthesis, through 

the nuclear pores via an active mechanism mediated by nuclear localization signals 

from NP and using an array of host nuclear factors [12, 22, 36, 44, 45].  In the nucleus, 

the RNA-dependent RNA polymerase (RdRp) of influenza virus, made up of PA, PB1 

and PB2, creates messenger RNA (mRNA) templates for viral protein synthesis, and 

complementary RNA (cRNA) intermediates, exact copies of viral RNA (vRNA), to be 

used as templates for further transcription of genomic vRNA [46, 47]. 

Both vRNA and mRNA are transported to the cytoplasm, where viral proteins 

are generated in the ribosome and in endoplasmic reticulum (ER)-associated 

ribosomes for the membrane proteins HA, NA, and M2 [12, 31].  RNPs are then formed 
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in the nucleus and are later transported to the cell membrane.  IAVs are able to target 

the complete set of vRNPs to appropriate sites in the plasma membrane where they 

are localized and aggregate to produce infectious viral particles [12, 36].   

Budding occurs at the cell membrane, initiated by HA and NA which can alter 

membrane curvature [48].  HA and NA cytoplasmic tails then recruit M1 via tail binding, 

facilitating the formation of filamentous virions [48, 49]. M2 is then recruited to the 

budding site causing membrane scission and the final release of the budding 

assembled virion [48].  NA then liberates the virions by enzymatically cleaving sialic 

acids from cell surface receptors and from carbohydrate side chains on nascent 

virions, thereby preventing HA aggregation and viral clumping at the cell surface [10, 

11, 50, 51].   

1.2.3 Pathogenesis 

Pathogenesis is the consequence brought about by a virus essentially hijacking 

its host, using its biosynthetic machinery to replicate [52].  Influenza virus replication is 

subject to the defence mechanisms developed by the host against the infection, and 

disease severity is the result of this interplay [53].  In infections caused by the 1918 

H1N1 or the H5N1 influenza virus, excessive inflammatory reactions known as 

“cytokine storm” with markedly higher levels of pro-inflammatory cytokines such as 

interferons (IFNs), tumor necrosis factors (TNFs), interleukins (ILs), and chemokines, 

have been detected [54-58].  These results indicate that chemokine levels correlate 

strongly with disease severity.  Host specificity and pathogenicity are therefore the 

result of the interaction of numerous host factors with all viral proteins [59-61].   

It is generally accepted that wild aquatic birds are the major reservoir for 

influenza A viruses.  In avians, low pathogenicity avian influenza (LPAI) is an infection 

of the gastro-intestinal tract and is usually asymptomatic [1, 39, 62, 63].  Transmission 

is predominantly though feces [1, 63].  Moreover, the presence of avian influenza in 

water supplies aids its transmission to shore birds and aquatic mammals such as seals 
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and whales [53, 64].  Migratory transmission via feces results in the spread of influenza 

to domestic poultry over a wide area [32].   

Occasionally, highly pathogenic strains of the virus (HPAI), H5 and H7, cause 

disease and high fatality rates in birds [65]. These pathogenic types of influenza not 

only infect gastrointestinal epithelial cells but also have the capacity to replicate in 

internal organs via systemic infection and are shed in feces in high concentrations [65].  

LPAI and HPAI are differentiated by their cleavage sequence, the sequence of a few 

amino acids where the HA0 is cleaved into HA1 and HA2 during viral membrane fusion 

[43, 59, 66, 67].  In HPAI, there are several basic amino acids at this cleavage 

sequence, allowing HA cleavage by ubiquitous host cellular proteases [59, 68].  This 

polybasic cleavage sequence allows activation of the HA in virtually all cell types, 

resulting in high pathogenicity in birds [59, 68].   

On the other hand, LPAIs contain a single arginine residue at the cleavage site 

of HA, which is cleaved only by trypsin-like proteases and only produce localized 

infection of the respiratory and/or intestinal tracts, causing asymptomatic or mild 

infection with restricted pathogenicity [65, 67, 69].  However, it has been shown that 

LPAIs are often able to acquire multiple nucleotide mutations to create codons for basic 

amino acids at the HA cleavage site, thereby rendering the virus capable of causing 

systemic infection with fatal outcomes in birds and poultry [70-73]. 

Viruses containing polybasic cleavage sites can be highly pathogenic in 

humans, however a panoply of other factors are probably involved as well [65].  

Pandemic viruses from 1918, 1957, and 1968, had a protein in their repertoire, PB1-

F2, that is associated with increased virulence in humans [74].  The degree of identity 

between the new strain and those of other circulating human viruses is also a factor.  

If viruses are antigenically distinct, exposure and subsequent immunity to one does 

not mean immunity to the other strains, giving rise to morbidity. 

HA stability, as measured by IAV’s ability to cause membrane fusion, also 

appears to be essential for adapting emerging influenza viruses to humans [22].  In H5 
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HPAI, it was found that mutations in the viral HA receptor-binding domain conferred 

binding to human type receptors over the preferred avian type receptors but reduced 

HA stability that was reverted by compensatory mutations [75].  Other studies have 

also shown that ferret-adapted respiratory droplet-transmissible H5N1 viruses 

exhibited a shift to human-type specificity via mutations in the HA head [76, 77].  HA 

mutations in H7N9 have also indicated H7 HA receptor preference to a predominantly 

human binding specificity, however the H7 IAV still remains a weak binder to human 

glycan receptor analogs due to loss of HA stability [72].  These findings suggest that 

the acquisition of human-type receptor-binding specificity results in an unfavorable 

change in HA stability that requires compensatory mutations to offset the reduction in 

virus fitness.  As such, the viral hemagglutinin protein, which dictates tissue tropism 

and thereby systemic spread, serves as one of the major determinants for IAV 

pathogenicity by limiting interspecies transmission and the establishment of virus 

lineages in new hosts [22, 24, 25, 61, 78, 79].   

Although there is evidence for the direct transmission of influenza from avian 

to other animals [32, 71, 80-82], adaptation of the virus is essential for onward 

transmission in a new host species [53, 60, 61].  This can occur through direct 

interspecies transmission of avian viruses to humans, either after time in an 

intermediate host, or after a reassortment event with one or more different viruses that 

gives rise to a virus capable of replicating and subsequently spreading in humans.  

Influenza also affects other mammals aside from humans.  Pigs have been 

hypothesized to be “mixing vessels” for human and avian influenza viruses [83] as their 

respiratory epithelium contain receptors for either influenza type, with Neu5Ac α(2,3)-

Gal and Neu5Ac α(2,6)-Gal extensively detected in the major porcine organs [84].  It 

was also shown that there is high similarity of sialic acid expression patterns in the 

respiratory tract between pig and human, making reassortment of multiple viruses of 

human and swine origin possible in either species.  Pigs infected with IAV show 

symptoms such as acute respiratory disease characterized by fever, inactivity, 
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decreased food intake and malaise, within the disease incubation period of 1 and 3 

days with rapid recovery beginning 4–7 days after onset [1].  Equine influenza also 

shares the same symptoms as that described for pigs and humans [1, 62, 85]. 

1.2.4 Burden and Epidemiology 

In 2020, the currently circulating IAV strains (“seasonal”) in humans are 

subtypes A(H1N1) and A(H3N2) influenza viruses [5].  Despite a certain level of 

immunity conferred by past infections and vaccination, influenza still causes significant 

morbidity and mortality in humans.  The World Health Organization (WHO) estimates 

that seasonal influenza is responsible for 1 billion cases of flu, 3–5 million cases of 

severe illness, and 300,000 to 645,000 deaths worldwide annually [5, 86].  In the US, 

the burden of influenza is currently estimated to be 25–50 million cases per year, 

leading to about 250,000 hospitalizations and 37,000 deaths [87].  The estimated 

average annual total economic burden of seasonal influenza to the healthcare system 

and society was $11.2 billion ($6.3–$25.3 billion) in 2018 [87].   

In developed countries, annual seasonal influenza epidemics infect about 10–

20% of the population each season, causing febrile illness that ranges in severity from 

mild to debilitating and can lead in some instances to hospitalization and even cause 

death [5].  Hospitalization and death occur mainly in high risk groups, people aged 65 

or over, pregnant women, children under 5 years of age, individuals with chronic 

medical conditions, immunocompromised patients, and to some extent, health care 

workers who are at high risk of acquiring infection due to increased exposure to the 

virus [5, 54, 86, 88].  The highest mortality rates are in sub-Saharan Africa, southeast 

Asia, and among people aged 75 years or older [86].  

However, the greatest risk to human life and livelihood is the occurrence of an 

influenza pandemic [35, 89, 90].  Influenza pandemics occur when a novel influenza 

virus, often of zoonotic origin, emerges and infects a naive human population giving 

rise to sustained human to human transmission [3, 4, 22].  Their quick global spread 
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comes with an abrupt upsurge in illness, leaving response capacity insufficient.  The 

last century saw pandemic influenza viruses belonging to only three subtypes, H1, H2 

and H3 [35, 89], and will be discussed herein.   

The “Spanish influenza” pandemic of 1918 still stands as one of the most fatal 

events in human history, killing an estimated 50 million people globally [91].  The 

causative agent was an avian-like H1N1 subtype and is thought to be the common 

ancestor of circulating human H1N1 and swine H1N1 influenza [74].  What was unique 

about this pandemic was that it mostly affected people from the 25–34 age group with 

mortality brought about by co-morbidity with bacterial pneumonia particularly 

devastating [65, 74].  

In 1957, an influenza virus acquired three novel avian gene segments, H2, N2, 

and PB1, giving rise to the “Asian influenza” pandemic [65].  This pandemic resulted 

in an estimated 1-4 million deaths globally from 1957-1959, with the brunt of the impact 

of the pandemic delayed to the last two years in 44% of the countries it affected [92].  

The “Hong Kong influenza” pandemic arrived 11 years later, and affected people from 

1968-1969 [65].  Part of the population born in 1968 or later did not have any protective 

immunity to the circulating H2N2 from the previous pandemic.  The 1968 pandemic 

virus replaced the previous H2N2 subtype, as the H2 and PB1 gene segments were 

replaced by reassortment with an avian-like H3 HA and PB1, with its’ neuraminidase 

remaining the same [65].  Its’ sporadic nature and milder impact in terms of morbidity 

and mortality (1 million deaths worldwide from 1968-1970 [93]) compared to its 

ancestors in different regions of the world is hypothesized to be mediated by N2 

immunity from the previous pandemic in all age groups and to the HA antigen in the 

elderly [93].  This H3N2 virus has now circulated globally for 52 years as seasonal 

influenza [5].   

The most recent global pandemic in 2009 was caused by an IAV H1N1 strain, 

now called A(H1N1)pdm09 or “swine flu” [4].  This virus possesses NA (N1) and M 

genes of Eurasian avian-like swine virus origin, HA (H1), NP, and NS genes of classical 
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swine virus origin (1918), PB2 and PA of avian origin from a swine triple reassortant 

lineage, and a PB1 of human H3N2 virus origin [94].  What is interesting is that in the 

case of A(H1N1)pdm09, many of the molecular markers associated with high 

pathogenicity or pandemic potential are not present such as the polybasic cleavage 

site found in HPAI [94, 95], nonetheless, it was still able to create much havoc. 

In recent years, swine flu has spread from continent to continent, killing 

livestock and causing many human deaths [5].  In the United States alone, it is 

estimated that there were approximately 60.8 million cases (range: 43.3–89.3 million), 

274,304 hospitalizations (195 086–402 719), and 12,469 deaths (8868–18 306) due to 

pandemic A(H1N1) in 2009 [96].  There was higher mortality among children and 

young adults, with only 10% of deaths reported for those over 65 years of age [97].  

The virus continues to co-circulate globally today, along with H3N2 influenza A viruses 

descended from the 1968 pandemic [5]. 

1.2.5 Pandemic threats 

Over the past 30 years the continuous spread of H5 and H7 HPAI viruses in 

poultry and wild bird populations in several continents has led to devastating effects in 

poultry, and in the case of sporadic human infection, death [35, 63, 65, 79, 98-101].  

Viruses that are categorized as HPAI are currently restricted to the H5 and H7 

subtypes as they are known to acquire the requisite polybasic insertional mutation at 

the HA cleavage site that makes them highly pathogenic in poultry [35, 80].  Although 

H5 and H7 avian viruses were shown to cause death in humans, none of these strains 

was easily transmitted from person to person [33, 70, 72, 80, 81, 99, 102-105] and 

their acquisition of genes from circulating human influenza viruses does not seem to 

be prevalent [90].  The danger is when these HPAI viruses evolve rapidly, mutating 

over an unpredictable period, into a highly lethal version that can sustain human to 

human transmission [65].  Studies have revealed that both H5 and H7 have the ability 
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to become transmissible among mammals, however these viruses require further 

adaptation in order to adapt fully to humans [89, 106].  

Low pathogenic avian influenza (LPAI) viruses such as H9 or H10 have also 

been reported, but their effects are not as pronounced or widespread as HPAI [35, 74].  

However, current H9N2 viruses, some with the ability to bind to human receptors, and 

already capable of causing human disease, are another potential source of a future 

pandemic [35, 79].   

It is difficult to predict where and when the next pandemic will occur, and the 

ease of global travel means the risk from pandemic influenza can only increase.  

However, it is prudent to think of influenza circulating in both human and animal 

reservoirs as requiring vigilant surveillance [82].  The 2009 H1N1 pandemic became a 

public health emergency that exposed vulnerabilities in preparedness responses on a 

local and global scale.  The WHO, the only global agency that can lead a pandemic 

response, is hampered by structural impediments [107].  It relies on funding from 

member states, each of which have vested interests that may limit a coherent and 

coordinated response during a global health emergency.  At the time, the WHO’s 

biggest failure was being unable to distribute enough influenza vaccine to all affected 

countries in a timely manner [107]. 

Today, questions remain regarding implementation of essential policies to limit 

damages to life and livelihood in a pandemic.  As outlined by the WHO, pandemic 

preparedness involves strategies to reduce human exposure, intensifying capacity for 

rapid containment, stockpiling of antiviral drugs for prophylaxis, strengthening early 

warning systems, rapid investigation of cases and clusters, and building general 

capacity for healthcare [108].  Most importantly, we have to fill in the gaps of our 

scientific understanding of the influenza virus, inter-species transmission, host 

response and immunity, and environmental factors [89, 107].  This will enable us to 

predict novel influenza pandemics and develop more effective influenza vaccines and 

therapies that can protect against antigenically diverse influenza viruses.    
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Modern developments in DNA and protein biotechnologies have facilitated the 

discovery and engineering of cross-neutralizing/broadly neutralizing antibodies (bnAb) 

in different formats against influenza.  During a pandemic, wherein vaccines are still 

unavailable, bnAb therapy could be useful in lowering morbidity and mortality.  An 

alternative means of generating broadly protective humoral immunity against influenza 

is the employment of gene therapy vectors to express bnAbs.  This strategy does not 

require the individual to mount an immune response against influenza akin to 

vaccination but protects via production of bnAbs without involving the immune system 

and may be a plausible approach to protect vulnerable patients against pandemic 

influenza. 

1.2.6 Prevention and Treatment 

Influenza prevention is still centered on vaccination [5, 109-112].  The nature 

of influenza viruses, constantly undergoing minor genetic changes in their globular 

hemagglutinin (HA) head region, requires annual reformulation of influenza vaccines 

to match the circulating strains [113, 114].  The current strategy for vaccine strain 

selection is to choose a virus that is antigenically representative of circulating viruses 

as determined by hemagglutination inhibition assay (HAI) and then subsequent testing 

against a panel of ferret antisera that was raised by infection with only a single virus.  

The WHO Global Influenza Surveillance and Response System (GISRS) recommends 

seasonal influenza vaccine compositions to be developed biannually for the Northern 

and Southern hemispheres that can protect the population against influenza viruses 

that are predicted to circulate during the upcoming season [5].  Influenza vaccination 

zones are decided by grouping countries with a similar onset period of their main 

influenza season where the circulating influenza viruses are closely related to the 

recommended vaccine viruses [115].  These zones are also in place to observe 

seasonal patterns and virus antigenic characteristics to decide which of the Northern 

or Southern hemisphere vaccines should be given to countries in the tropics and 
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subtropics.  Currently, there are 8 geographical influenza zones, with Kenya and 

Malaysia categorized as an additional zone having year-round influenza activity 

without any distinct peaks [115].   

Seasonal influenza vaccines must protect against and restrict virus 

transmission of H1N1, H3N2 and Influenza B viral strains currently circulating in 

humans globally [109].  The US Centers for Disease Control and Prevention’s (CDC) 

Advisory Committee on Immunization Practices (ACIP) recommend the use of 

recombinant influenza vaccines (RIV), inactivated influenza vaccines (IIV) and live 

attenuated influenza vaccines (LAIV) for target groups to protect against influenza 

[109, 116].  The recommendations for influenza vaccination generally include people 

under 65 years of age who are at high risk of complications from influenza, individuals 

over the age of 65, pregnant women, health care workers with high exposure to the 

disease and high-risk cases such as those with chronic cardiac, respiratory metabolic, 

neurological conditions and morbidly obese people [117]. 

Recombinant flu vaccines (RIV) are created synthetically by combining HA 

DNA with baculovirus and growing this in a host cell line to produce large quantities of 

viral HA in a shorter time [109].  An advantage of RIVs is that they do not require the 

presence of a candidate vaccine virus or embryonated chicken eggs for production.  

The more popular choices are the Inactivated Influenza Vaccine (IIV) and the Live 

Attenuated Influenza Vaccine (LAIV).  The Inactivated Influenza Vaccine (IIV), 

administered intramuscularly, is the most common type of vaccine given and is 

prepared from purified inactivated influenza viruses [118]. IIVs are recommended for 

adults aged 18 to 64 [119].  Live Attenuated Influenza vaccines (LAIV), on the other 

hand, contain influenza virus strains that are adapted to grow at a lower temperature 

[6] and are administered intranasally to mimic the natural route of virus infection.  LAIVs 

are recommended for children aged 2 to 17 and is given as a nasal spray [119]. 

The most established correlate of protection from vaccination remains to be the 

Hemagglutination Inhibition (HAI) titer that measures IgG antibody titers pre- and post-
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vaccination [120].  Vaccine response is then measured by determining 

seroconversion—the percentage of subjects with a 4-fold increase in antibody titres, 

and seroprotection—the percentage of subjects with HAI antibody titres ≥ 1:40 post-

vaccination [121].  IIV has been shown to elicit protective humoral immunity by 

producing neutralizing antibodies that target epitopes on influenza HA [110, 122, 123].  

LAIV on the other hand gives rise to more rapid and efficient innate and adaptive 

immune responses [123, 124].   

In a study of young children 6 to 36 months of age, it was shown that HAI 

antibody responses were similar for both IIV and LAIV, however, only LAIV induced 

significant increases in T cell responses [125].  In adult subjects, 18 to 49 years of age, 

it was found that LAIV induced only minimal increases in serum HAI responses which 

were significantly lower than the responses induced by IIV, and both LAIV and IIV 

induced minimal and transient T cell responses to replication-competent whole virus 

[126].  In another study with adult subjects, it was also found that there was a 50% 

reduction in laboratory-confirmed influenza among subjects who received IIV 

compared with those given LAIV [123].  In a study comparing antibody responses of 

the elderly versus young adults after IIV vaccination, it was found that the adjusted 

odds-ratio (OR) of responses from 0.24 to 0.59 in terms of seroconversion and 

seroprotection in the elderly to vaccination with H1, H3 and Influenza B, corresponding 

to a clinical efficacy of 17–53% compared to 70-90% in young adults [121].  These 

results show that LAIV is more protective in children probably because they have not 

been previously exposed to either influenza virus or had no history of influenza 

vaccination enabling an increased vaccine-induced T cell response.  In adults with pre-

existing influenza immunity, LAIV immunogenicity may be limited resulting in a less 

impressive immune response [126].  It is also known that the elderly do not respond 

well to vaccination largely due to their less adaptable antibody responses to influenza, 

immune senescence and previous exposure that affects the cross-reactivity of 
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vaccine-induced antibodies. [88, 127, 128].  These findings imply that the elderly may 

need a more immunogenic vaccine than the ones available. 

Although vaccines have been shown to be efficient for protection against 

seasonal influenza, several pitfalls are still associated with vaccination [112, 123, 124, 

129-131].  There is no influenza vaccine that directly protects infants <6 months of age 

[116], or optimally protects the elderly population [88, 127].  Seasonal vaccination will 

also not be able to protect in the instance of a pandemic as it is designed to target 

circulating not emerging strains.  Analyses from 2009 have shown that previous 

seasonal vaccination may either decrease or increase the risk of pandemic A(H1N1) 

pdm09 infection depending on the existing cross-subtype immunity in the community 

[132].  It was further shown that IIV vaccination in children prior to the 2009 pandemic, 

resulted in lower rates of serologically confirmed seasonal A/H1N1 and A/H3N2 

infection but higher rates of pandemic A/H1N1 infection compared to the placebo group 

[133].  These findings bear implications for the use of seasonal vaccines during a 

pandemic and still warrant further investigation. 

In more practical terms, the entire vaccination process is a complex global 

collaboration between regulators and manufacturers that puts huge pressure on the 

system to get it right within such a demanding time frame [110, 112, 131].  In a 

pandemic, it is estimated that a delay of 6 months is to be expected until the vaccine 

for the matching pandemic strain is rolled out to the public [132, 134].  In year 2000, 

about 85% of the world’s supply of influenza vaccine was produced by only 9 vaccine 

companies located in 9 countries [134].  Also, this tedious process does not always 

guarantee a perfect match between the circulating influenza strain and the 

manufactured vaccine.  As an example, during the 2016-2017 vaccination season, 

there was a single mutation in the egg-grown A(H3N2) vaccine’s HA region leading to 

a mismatch with the circulating A(H3N2) strain, resulting in the vaccine’s limited 

efficacy [135].   
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There are also additional factors that determine vaccine efficacy aside from 

circulating strain and vaccine mismatch.  The theory of “original antigenic sin” (OAS) 

hypothesizes that the antigens on influenza strains encountered in childhood 

permanently shape the antibody response, boosting immune response upon exposure 

to related strains at the expense of responding to novel antigens [129, 136].  Moreover, 

variation in vaccine immunogenicity, individual suitability and response, clinical history, 

and instigating herd immunity are critical factors in the success of vaccination in any 

given season [109, 123, 129, 130].   

Although vaccination is the main method to control the spread of influenza in 

humans, the use of antiviral drugs for treatment or chemoprophylaxis of influenza is 

also recommended [137, 138].  Antivirals offer an additional countermeasure against 

new rapidly spreading and/or potentially pandemic influenza viruses.  Early treatment 

with antivirals reduces the duration of symptoms and risk of some complications 

(bronchitis, otitis media, and pneumonia) and hospitalization, and may decrease 

mortality among high-risk populations [138].  Prophylaxis with antivirals is also possible 

but depends on several factors including individual patient differences [109].  Patients 

that are not from high risk groups are managed via symptomatic treatment while those 

with severe or progressive clinical illness associated with or diagnosed as influenza 

are prescribed with antiviral drugs as soon as possible [109, 138].   

In most countries, antivirals to control influenza infection are currently limited 

neuraminidase inhibitors that target the sialidase active site of neuraminidase [137, 

139, 140].  These drugs are known to reduce the duration of viral replication and 

improve prospects of survival [109, 141].  Neuraminidase inhibitors, zanamivir, 

oseltamivir, and peramivir, block the release of newly formed virus particles, preventing 

viral spread [137, 139, 140].  They have all been proven to be highly potent inhibitors 

of influenza neuraminidase and can be delivered via different routes, inhalation 

(zanamivir), oral (oseltamivir) and intravenous (peramivir) [138]. 
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However, as in the case of antibiotic resistance, antiviral drug resistance to 

influenza is now a major concern.  All currently circulating influenza viruses 

are resistant to adamantane antiviral drugs, M2 ion channel inhibitors, due to 

mutations in the viral genome rendering these antivirals ineffective and obsolete as 

treatment options [141-143].  As for the NAI inhibitors, prior to the 2009 H1N1 

pandemic, almost 100% of the globally circulating H1N1 subtypes were resistant to 

oseltamivir, the most commonly used NAI [141, 142].  This has changed following the 

2009 IAV H1N1 pandemic, with this subtype which is oseltamivir-sensitive, becoming 

one of the dominant seasonal influenza virus strains [142].  As such, NAIs are now 

being given as first-line therapy because of historically low resistance rates, relatively 

infrequent side effects, and versatility as to different routes of administration and 

dosage formulations [138-140].  This, however, comes with caveats, as cases of 

resistance against H5N1 [144] and significant neuropsychiatric events in children of 

varying ages in Japan [140] have been reported.  In 2018, a new class of antiviral drug 

for influenza, baloxavir marboxil (Xofluza), has been approved in Japan and the US 

[145].  Baloxavir marboxil targets the endonuclease function of the influenza viral PA 

polymerase subunit preventing the transcription of viral mRNA [145].  It is now 

recommended for the treatment of both IAV and IBV for patients aged 12 and above 

[138]. 

With the antivirals approved and available for dissemination, we now have 

prospects for combination therapy employing antivirals with different mechanisms of 

action [145].  The search for and development of new antivirals must also be prioritized 

and strengthened to ensure protection against seasonal influenza and as an 

emergency response in the case of a pandemic [139]. 

Currently, our options to prevent and treat influenza are rather limited when it 

comes to dealing with a pandemic threat.  Vaccination provides little protection against 

highly diverged influenza strains since the precise antigenic properties of a new 

pandemic strain cannot be predicted, so stockpiled vaccines for seasonal influenza 
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may be poorly antigenically matched to the pandemic virus.  Practical considerations 

for pandemic influenza vaccine development include isolation and characterization of 

the pandemic strain, manufacturing capacity, the ability of candidate vaccine strains to 

grow well in eggs, and biological safety containment of parent strains for vaccine 

development [5, 63].  The use of antiviral drugs is a more reactive rather than proactive 

solution to influenza; one that is a step behind an ever-changing virus.  Given these 

difficulties, alternative approaches and various treatment options that can elicit 

effective broad-strain immunity regardless of influenza antigenic variation especially in 

high-risk groups is a welcome and most sought-after possibility. 

1.3 Innate Immune Response to Influenza  

The innate immune system is the first line of defense after a virus has overcome 

the external physical protective barriers of the body such as skin and mucus 

membranes.  In IAV, the host’s airway epithelial cells are first targeted.  During IAV 

entry, viral conserved components called pathogen associated molecular patterns 

(PAMP) are recognized by host pathogen recognition receptors (PRR) and toll-like 

receptors (TLR) in innate immune effector cells [55].  This gives rise to an acute 

inflammatory response that is marked by activation of pro-inflammatory cytokines or 

chemokines that rapidly recruit innate effector cells such as natural killer cells (NK), 

monocytes, macrophages, dendritic cells and neutrophils [56].   

Some of these cytokines have proven immunoregulatory and antiviral 

properties.  Tumor necrosis factor (TNF) such as TNF-α [146] and Interleukins (IL) 

such as IL-1 [56] and IL-6 [147] were found necessary to lessen severity of illness due 

to H1N1 infection, with downregulation or loss of these pro-inflammatory cytokines 

leading to pronounced lung damage and, ultimately, death in mice.  IL-22 on the other 

hand, although not playing a direct role in survival against H3N2 infection in mice, 

protects against pulmonary damages associated with subsequent bacterial 

superinfections [148]. 
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However, cytokines can also contribute to the symptoms and pathology 

associated with the infection as in the case of cytokine storms which are associated 

with disease severity [56].  Severe cytokine storm, with markedly higher levels of IFN, 

TNF-α, IL-6, and chemokines, has been detected in patients hospitalized with severe 

influenza infections [149].  It was found that infection with highly pathological avian 

influenza H5N1 gave rise to production of IFN-α, IL-1β and TNF-α, to name a few, and 

IFN-β, IL-1β, and IL-6 are specific to infections with H9N2 [150].  These results show 

that chemokines and cytokines play a role in inflammation and histopathological 

changes, that are also dependent on the serotype of infecting IAV. 

Dendritic cells (DC) and macrophages are also known to bridge the innate and 

adaptive immune response by recognizing foreign antigens at the site of infection and 

displaying them on their cell surface for recognition of B and T cell lymphocytes [55, 

151].  The adaptive immune response then commences when T lymphocytes 

recognize viral antigens presented by DCs.  Cytotoxic T Lymphocytes (CTL) produce 

cytokines and chemokines and effectively eliminate infected respiratory epithelial cells 

by granule exocytosis and engagement of TNF [151, 152]. CD4+ (Cluster of 

differentiation 4) T cells or Helper T cells (TH) exert their effects on IAV indirectly mainly 

through cytokine production and B cell stimulation for antibody production [153, 154].  

1.4 Antibody Immune Response to IAV 

The humoral immune system, via its mucosal and systemic arms, is mainly 

responsible for lasting immunity against influenza [118, 155, 156].  It is at the helm of 

inducing virus-specific antibody responses against various influenza antigens, 

especially against the two surface glycoproteins HA and NA [118], with the presence 

of these antibodies correlating with protective immunity.  As such, different 

immunoglobulin (Ig) isotypes play different roles in protection and influenza 

pathogenesis [157, 158]. 
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Influenza infection, like that of most pathogens, activates an acute humoral 

response, stimulating secretion of antibodies by membrane-anchored immunoglobulin 

on the B-cell surface [159].  Antigen-specific IgM is widely accepted as the primary 

humoral response, appearing as early as 2 days after symptom onset [160], and 

diminishes quickly when long-lived IgG-secreting plasma cells and influenza-specific 

B memory cells are produced [158, 161, 162].  IgM is also co-expressed with IgD on 

the surface of mature B cells prior to antigenic stimulation [163], but the function of IgD 

still remains unclear to this day [164].  IgD appears to be evolutionary conserved within 

species but is suggested to be involved in microbial sensing and immune activation 

[164].  IgM antibodies are usually of lower affinity than IgGs but their pentameric nature 

compensates for this by enabling simultaneous binding to multivalent antigens, 

conferring high overall avidity [165].  IgM is mainly thought to contribute to virus control 

by activating the complement cascade and complement-mediated opsonization and 

increasing IgG responses [161, 162, 165].  IgM, however, may only play a minor role 

in viral clearance during influenza infection [162]. 

Differentiation into plasma cells usually occurs in germinal centers of lymph 

nodes, the spleen, or mucosa-associated lymphoid tissue driven by antigenic 

recognition and T-cell cytokines [166].  During differentiation, isotype switching 

involving deletion of intervening DNA sequences between specific recombination sites 

occurs, allowing antibodies to switch from IgM and IgD to another isotype such as IgA 

and IgG [166].  This isotype/class switch is thought to change the effector function of 

the antibody and improve its ability to eliminate the pathogen that induced the response 

[167]. 

The mucosal tissues are the main entry point of influenza and provides the first 

line of defence against infection together with the innate immune system.  Mucosal or 

secretory IgA (SIgA) antibodies are produced locally by plasma cells in the lymphoid 

tissue at the site of infection and travel along the respiratory tract to airway epithelial 

cells [55, 156].  Nasal secretions contain neutralizing antibodies primarily of the IgA 
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isotype target influenza HA and NA [155].  SIgA prevents influenza virions from 

adhering to susceptible cells, thus inhibiting host invasion by the virus [55].  The 

antibody response in the upper respiratory tract is governed by IgA, and it is assumed 

that the mucosal IgA response targets approximately the same antigens as the IgG 

response that comes much later [160, 168, 169].  The local IgA response stimulated 

by natural infection lasts for at least 3–5 months, and is influenza-specific [155]. 

Additionally, during influenza infection, serum antibodies of the IgG subtype 

can be found in the mucosal respiratory tract and afford long-lived protection [55, 118, 

159, 170].  IgG accounts for about 10–20% of plasma protein in human serum, of which 

there are four subtypes, IgG1, IgG2, IgG3 and IgG4 [171].  In humans, the majority of 

IgG antibodies targeting influenza virus are of the IgG1 subtype [158, 160, 162, 168], 

which is thought to interact strongly with Fcγ receptors (FcγRs) [172], making this IgG 

subtype effective at virus neutralization and activation of FcγR-mediated effector 

functions [168].  In mice, inactivated influenza (IIV) vaccination induces high IgG2a, 

low IgG1 and IgG2b, and very low IgG3 levels of antibody in serum [173, 174].  Mouse 

IgG2a is the murine equivalent of human IgG1 [172]. 

Typically, it is assumed that majority of antibodies induced by natural infection 

or vaccination will target influenza HA, with lower-level responses to NA, M2 and 

internal proteins also being induced [20, 55, 118, 168].  This preference for HA is due 

to them being present in larger numbers on the surface of the virus relative to other 

virus proteins, and as such, are easily accessible to antibodies and B cell receptors 

[17, 20, 175, 176].  Because of their ability to block virus attachment and entry into 

host cells, neutralizing antibodies directed against the trimeric globular head of the HA 

molecule are thought to mediate resistance to influenza infection [160].  Immune 

response induced by natural infection protects against reinfection with the same virus 

or an antigenically similar viral strain and may lead to long-lasting immunity to the 

infecting virus [118, 168, 177]. 



41 
 

Serum anti-HA antibodies are the most commonly measured correlate of 

protection against influenza [117, 156, 178], as measured by the hemagglutination 

inhibition (HAI) assay [179].  A protective serum antibody HAI titer ≥ 40 is the 

universally accepted seroprotective titer, which corresponds to 50% protection from 

influenza as demonstrated in numerous studies, with higher serum HAI titers 

associated with higher rates of protection [120, 180-182].  This threshold was first 

established in 1972 [120], and is still yet to be replaced to this day, even with findings 

that correlates of protection may differ depending on the infecting virus strain, age and 

health status of recipient and history of exposure to nature influenza infection and/or 

vaccination to name a few [88, 121, 160, 182]. 

In mice, it was found that both vaccination and infection produced influenza 

subtype specific IgG antibodies that persisted up to 18 months even without re-

exposure [165].  These antibodies which persisted in circulation still protected mice 20 

months later after a lethal challenge with the same virus subtype [165].  In the case of 

natural infection or vaccination, neutralizing titers against the infecting or vaccine strain 

were high enough to meet the protective threshold [165, 183].   

The isotype-specific antibody response has also been documented in human 

subjects undergoing either primary or secondary infection with IAV.  Studies have 

shown serum antibody increase in IgM (~86%), IgG (~100%), and IgA (~96%) during 

primary infection in healthy adults [158, 184].  Secondary infection of the same IAV 

gave rise to a serum antibody titer increase in only IgG (68%) and IgA (74%), but this 

was less than was observed during primary infection [184].  An increase in IgG and 

IgA antibodies with increasing age of the serum donor was also observed, with serum 

titers for both isotypes showing correlation [158, 160, 185].  These findings are 

interesting in the context of vaccination, as there is evidence that location of infection 

influences the correlate of protection being observed, with systemic immunization 

inducing protective IgG whilst intranasal immunization induces protective IgA, however 
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it is suggested that both IgG and IgA work together to prevent infection [125, 126, 169, 

182, 185].  

Post-vaccination or infection, a strong correlation between the levels of isotype-

switched IgG detected in the blood and the serological response showing antibody 

responsiveness demonstrate seroconversion [186].  However, these antibody titers 

can decline in time as was observed in adults and especially the elderly post pandemic 

2009, giving rise to possible re-infection and recurrent epidemics by the same strain 

[187]. 

1.5 Passive Immunotherapy against Influenza 

Antibody-based protection underlies passive transfer, whereby the 

administration of sera or purified antibodies into naïve patients transiently confers 

immunity [188].  Passive immunotherapy has long been employed for prophylaxis, 

intervention, and treatment of diseases caused by various microorganisms such as 

bacteria, fungus, parasites and viruses [189-191].  Antibodies have been administered 

in different forms, such as plasma or serum, pooled human immunoglobulin for 

intravenous (IV) or intramuscular (IM) use from immunized or convalescent donors, 

and as monoclonal antibodies that provide immediate immunity and protection from 

infection to at-risk individuals [26, 189-194].  

Passive transfer of serum from convalescing influenza patients is one option 

which has been deployed with some success [195, 196]. Even with advances in 

vaccine development [110, 113, 197] and small molecule antiviral therapeutics [198-

200], there is still no established way of conferring complete protection against a 

pandemic threat or dealing with severe influenza especially in high risk groups.  

Passive immunotherapy using antibodies with potent neutralizing capacity may be an 

ideal rapid treatment strategy for influenza infection [194].  This strategy provides the 

opportunity to protect at-risk segments of the population, most importantly, first 

responders to a novel strain, as well as those who respond poorly to vaccination [193, 
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201].  However, this comes with practical caveats.  Convalescent plasma collection is 

highly dependent on the availability and eligibility of donors, and the time constraints 

from collection to fractionation and production, make it a rather tedious process with 

inherent safety issues such as adventitious contamination [202].  The scalability of this 

process during a global pandemic is also a limitation. 

Nonetheless, other antibody-based therapies aside from convalescent plasma 

are available.  Because antibodies are naturally produced by the immune system in 

response to infection, they are known to have low toxicities [189].  Antibodies are also 

versatile in that they could bind to a single epitope using their fragment antigen binding 

region (Fab) and perform a variety of functions such as toxin and virus neutralization, 

complement activation, engage in antibody-dependent cellular cytotoxicity and 

opsonization in conjunction with other cellular and host mediators via their fragment 

crystallizable (Fc) region  [26, 193, 203, 204].   

However, the use of antibodies especially against infectious is beset with safety 

issues in the form of immunogenicity, hypersensitivity, treatment-related infusion and 

anaphylactic reactions, high specificity leading to a probable exaggeration of the 

intended pharmacology, generation of anti-drug antibodies and other adverse effects 

due to clearance and efficacy [205].  The clinical consequences of these reactions 

range from local to life-threatening [206].  One of the most infamous examples of failed 

antibody therapy was that of anti-CD28 antibody TGN1412 [207].  In the first human 

clinical trial, TGN1412 triggered a cytokine storm that caused near fatal systemic 

inflammations due to massive production of pro-inflammatory cytokines resulting in 

pulmonary infiltrates, lung and renal failure and disseminated intravascular coagulation 

in 6 patients [207].  Therapy employing antibodies with immunomodulatory properties 

like B-cell depleting anti-CD20 Rituximab and epidermal growth factor receptor 

inhibitors Cetuximab and Bevacizumab, has also led to adverse infusion reactions in 

most/all lymphoma patients, usually within hours of starting the first infusion, thereby 

requiring hospitalization [206].  This highlights the need for conducting longer term 



44 
 

chronic toxicity studies depending on the intended duration of treatment.  Another issue 

is a mismatch of tolerability parameters when an antibody intended for human use is 

tested for safety in an animal model.  This makes findings in animal toxicology studies 

not entirely predictive of potential immunogenicity in humans. 

In the case of influenza, neutralizing antibodies against the major surface 

glycoproteins of IAV, HA, NA, and M2 have been shown to be effective in protection 

from disease in mice and ferrets [192, 208-210].  Moreover, immunotherapy with 

antibodies for influenza was not shown to interfere with the development of antiviral 

adaptive immunity, allowing the formation of memory responses to influenza viruses in 

future [192, 194]. 

Much of antibody efficacy depends on which part of the virus the antibody binds 

to [175, 192, 211, 212].  Antibodies usually bind to the HA head domain to block viral 

attachment to host cells or the HA stem to inhibit virus fusion after endocytosis [26, 

175, 212].  Antibodies generated by vaccination generally induce a narrow, strain-

specific response against the highly variable head domain of HA and thus will have 

little or no efficacy against drifted or shifted strains [88, 116, 158, 160, 168, 213, 214].  

Conversely, the hemagglutinin stalk domain has been identified to harbor neutralizing 

epitopes that are conserved among influenza A virus subtypes [215].  These epitopes,  

that have been found to be cross-reactive [208, 215-219] evolve at a significantly 

slower rate than the HA head domain, with evolution not directed at evading 

neutralizing antibody responses [16].  Targeting these sites will improve antibody 

efficacy against rapidly evolving influenza viruses [9, 22, 210, 215, 216, 220, 221].   

Given the overall promise and current limitations of passive immunization in 

influenza, it is highly desirable to identify and/or engineer antibodies that bind with high 

affinity and are cross-subtype neutralizing against many or all influenza strains that are 

capable of infecting humans [193]. 

1.5.1 Broadly neutralizing antibodies (bnAb)  
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The hemagglutinin glycoprotein (HA) is subject to continuous mutation driven 

by the selective pressure of the antibody response, which is primarily directed against 

the globular HA head [16, 198, 222-228].  Most antibodies that bind to the HA head 

recognize antigenically similar strains within a single HA subtype and are prone to 

selecting escape mutants [208, 223, 225].  In contrast, heterosubtypic antibodies 

should be capable of neutralizing multiple subtypes of influenza A, making them 

attractive options for future development.  

Mammalian species’ IgGs are heterodimeric four-chain antibodies composed 

of two identical heavy chains and two identical light chains.  The heavy chain, the larger 

of the two chains, is a single polypeptide that contains four Ig domains, consisting of 

VH and CH1 which form part of the variable antigen binding region (Fab) domain and 

two constant Fc domains (CH2 and CH3).  The light chain is composed of two Ig 

domains, VL and CL.  The heavy and light chains are linked such that the VH – CH1 

domains are paired with the VL – CL domains to make up the variable region (Fab), 

which is responsible for antigen recognition.  The N-terminal regions of VH and VL are 

characterized by extensive variability in their amino acid sequence [229, 230].  

Disulfide bonds at a flexible hinge region separates the Fab and Fc domains [171].  

The fragment crystallizable/constant region (Fc) is the part of the antibody that 

interacts with effector molecules by binding to Fcγ receptors on their surface [171].  

The Fc region, in contrast to the Fab region, is less variable and differs only between 

distinct immunoglobulin classes and subclasses [171].  Because they are structurally 

built in this manner, antibodies are at the crossroads of the human immune response 

against infection as they can also link up with the effector arm of the immune system.  

This includes activation of the complement system, phagocytosis, degranulation and 

cell cytotoxicity [55, 159, 168].   

Each antibody variable region heavy and light chain is organized into four 

framework regions (FR1-FR4) that are relatively invariant and three complementarity 

determining regions (CDR1-CDR3) that are hypervariable and participate in antigen 
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binding [166].  The CDRs of both the heavy and light chain participate in the formation 

of the antigen-binding pocket [166], with the CDR3 regions of VH and VL localized at 

the center of the antigen- binding site [229].  During affinity maturation, genes encoding 

for the V regions of the antibody heavy and light chain undergo mutations after antigen 

stimulation, to produce antibodies with higher affinity for the antigen [166, 231].  

Because the CDR3 regions are localized at the centre of the antigen- binding site, 

incorporation of mutations in CDR3 during affinity maturation is thought to be 

predominantly responsible for improved antibody specificity [229]. 

The diversity of antibody repertoires is generated by genetic recombination and 

somatic mutation of the immunoglobulin genes [166, 229].  The immunoglobulin loci 

contain gene fragments coding for the variable domains of the antibody heavy and light 

chain. The light chain loci have only variable (V) and joining (J) gene segments, 

whereby the heavy chain locus additionally has a diversity (D) gene segment [166, 

232].  These gene segments randomly recombine in the “joining” process generating 

diverse loci combinations [232].  V-D-J recombination in the variable heavy chain 

potentially results in greater diversity compared to V-J recombination of the variable 

light chain.  Additionally, the antibody repertoire is further diversified in germinal 

centers by introduction of mutations in the variable domains of the heavy and light 

chain by activation-induced cytidine deaminase (AID) in a process called somatic 

hypermutation (SHM) [232].  This involves stabilizing mutations in FRs and CDRs, 

enabling them to evolve in real time to defend against infection [229, 233-236].     

The isolation of broadly neutralizing antibodies against influenza A viruses has 

been a long sought-after goal for influenza therapy [6, 193, 197].  Antibody libraries 

can be constructed by cloning genes directly from lymphocytes of immunized animals 

and expressing them as a single-domain library of antibody heavy- or light-chain 

variable regions or as a combinatorial library of antigen-binding (Fab) fragments in 

bacteria [210, 235, 237, 238].  Using phage or yeast display technology, broadly 
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neutralizing antibodies can be isolated by a series of steps involving antigen selection 

and repeated rounds of binding, washing, elution and amplification [239, 240].  

Libraries such as these were constructed to isolate monoclonal antibodies 

(mAb) with broad heterosubtypic neutralizing activity against influenza [34, 210, 238].  

These studies have yielded several broadly reactive neutralizing antibodies from 

various sources: non-immune [210] and immune [209] human antibody phage display 

libraries, human IgM+ memory B cells of seasonal influenza vaccines [238] and H5N1 

outbreak survivors [34], that could be used for passive immunization.  Findings from 

these studies reveal that all broadly neutralizing antibodies that were isolated use the 

same germ-line encoded CDR’s (VH1-69) and interact with influenza virus in similar 

fashion [34, 209, 210, 217, 234, 238].  

Rather than functioning by steric hindrance by blocking viral access to cellular 

receptors as in HA head-binding neutralizing antibodies, these antibodies inhibit viral 

fusion by inserting themselves into a hydrophobic site on the helical stem of the HA 

trimer thereby preventing the conformational change that initiates the fusion process 

[34, 217, 238].  A plethora of broadly neutralizing human monoclonal antibodies (mAb) 

against the HA stalk domain have been isolated ever since [208-210, 218, 241-245].  

As opposed to anti-HA head mAbs, stalk-reactive antibodies do not show 

hemagglutination inhibition activity but are still able to neutralize virus [110, 209, 222, 

227].   

Aside from neutralization, antibody-dependent cell-mediated cytotoxicity 

(ADCC) by employing Fc-mediated effector functions and complement-dependent 

cytotoxicity are thought to contribute to protection conferred by these antibodies 

against influenza in vivo [111, 208, 209, 227, 246, 247].  Strong evidence of the need 

for Fc effector engagement was demonstrated in a study by DiLillo et al. [246], with 

results showing that all neutralizing and non-neutralizing anti-HA and anti-NA Abs that 

are heterosubtypic that were tested required Fc-γ-receptor (FcγR) interaction when 

given at low doses for protection of mice in vivo, while strain-specific mAbs did not.  



48 
 

Additionally, mice that were Fcer1g–/– (lacking the FcR-γ chain and do not express 

activating FcγRs, were not protected from influenza challenge even with administration 

of a broadly-neutralizing mAb that was shown to protect in wild type mice [246].  

Furthermore, it has been shown that Fc-mediated effector functions contribute to in 

vivo prophylactic efficacy of anti-HA stem antibodies at low antibody doses, while at 

high antibody doses protection is primarily mediated by virus neutralization [208, 247], 

leading us to speculate that FcγR engagement may compensate for low 

concentrations of these mAbs in the serum.  Other studies have shown that M2e-

specific mAbs that could activate human NK cells in vitro were able to provide 

protection from lethal influenza challenge in mice via an Fc-receptor dependent 

mechanism [248].  

Isolation of these cross-neutralizing monoclonal antibodies has led to the 

exploration of their therapeutic use aimed at generating long-term humoral activity in 

vivo especially in immunocompromised populations [141].  What is unusual is that in 

the case of CR6261 [209], and F10 [210], broadly-neutralizing human mAbs against 

influenza, antibody binding is mediated only by their heavy-chain domains, with no 

contact with the antigen being made by the light chains.  This has prompted our interest 

in naturally occurring “heavy-chain only” antibodies such as those that can be isolated 

from camelid species as possible immunotherapeutics against influenza. 

1.5.2 Nanobodies (Nb) 

Camelid species (Camelus dromedarius, Camelus bactrianus, Lama glama, 

Lama guanoco, Lama alpaca and Lama vicugna), in addition to conventional IgG (of 

the IgG1 isotype) (Figure 1.2), also have naturally-occurring heavy-chain-only 

antibodies (HCAb), that lack the light chain VL-CL (camelid IgG2 and IgG3) [249].  The 

heavy chain of the HCAb is composed of three instead of four globular domains with 

the CH1 domain of classical antibodies missing (Figure 1.2) [249, 250].  Light chains 

do not associate with the CH1-free heavy chains; however, the heavy chains still pair 
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up through their constant domains.  A single variable domain in the HCAb serves as 

the smallest part of the antibody that can recognize antigens and is referred to as VHH 

(~15 kDa) [251] also known as nanobodies (Nbs) or single domain antibodies (sdAb) 

[250] (Figure 1.2).  This single N-terminal domain (VHH) binds antigen without requiring 

domain pairing [252].  These heavy-chain dimers are devoid of light chains, but 

nevertheless have an extensive antigen-binding repertoire [249, 253].  

 

   

Figure 1.2.  Schematic representation of naturally occurring antibodies in sera 
of camelids.  (A) Conventional heterotetrameric antibody found in mammalian species 
containing two light chains (L) and two heavy chains (H).  (B) Homodimeric heavy-
chain antibody (HCAbs), which comprise only H chains with a deleted CH1 region that 
can be found in camelid species.  Indicated by an arrow is the VHH, the smallest 
antigen-binding fragment of an HCAb, also called Nanobody (Nb).  Fab, antigen 
binding fragment (variable domain); Fc, crystallizable fragment.   

Similar to conventional VH domains, VHH contain four framework regions (FRs) 

that form their core structure and three complementarity-determining regions (CDRs) 

that are involved in antigen binding [254].  Camelid heavy-chain IgGs compensate for 

their lack of a VL domain by somatic hypermutation in their complementarity 

determining regions (CDR) [250, 251].  This leads to an extended hypervariable loop 

region that enables their CDRs to increase diversity and adopt novel conformations 

that increase binding surface and allow access to occluded epitopes [250, 251, 255].  

Moreover, in comparison with the VH of conventional antibodies that have conserved 

hydrophobic framework-2 (FR-2) residues, HCAbs have these hallmark amino acids in 

FR-2 frequently mutated into more hydrophilic amino acids, enabling them to avoid 

A                                                  B                                  
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association with the variable light chain domain [250, 256].  In some cases, their longer 

CDR3 folds back on the VHH framework, burying amino acids which are primarily 

involved in association with antibody light chains [252, 256, 257].  Because of this, they 

are usually not hampered by solubility and aggregation problems typical of single VH 

domains from conventional antibodies [258].   

VHH display full antigen-binding specificity and can be isolated and produced 

separately as nanobodies (Nb) [250, 259].  Nanobodies have several advantages over 

conventional IgGs making them attractive options for immunotherapy.  A nanobody’s 

small size and their elongated and protruding CDR3 loops allow them to recognize 

hidden and hard to reach epitopes and cavities [250, 251, 259, 260].  Because it is in 

single domain format, it also leaves a smaller footprint on the antigen compared to 

classical antibodies [219, 253, 261].   They also have the advantage of high 

physicochemical stability and high solubility making them easier to manipulate [254, 

256, 259, 262, 263].  Due to these useful physical properties, nanobodies can be 

formulated as long shelf-life, ready-to-use solutions.  Additionally, as they can survive 

harsh conditions of temperature and pH and remain biologically active [260], they can 

be used for oral delivery and topical applications. 

The ease by which genes coding for these nanobodies can be cloned and 

expressed in bacterial systems combined with the recent advances in mammalian 

protein production have encouraged engineering of these single-domain antibodies for 

use as research tools in biotechnology and medicine [253, 260, 264].  The flexibility 

provided by employing different expression strategies is critical because the fusion 

moieties might require specific conditions for correct folding or post-translational 

modifications that can only be achieved in eukaryotic systems and not in prokaryotic 

cells.  The conventional procedure of obtaining mAbs requires cloning of two antibody 

gene fragments, generation of a combinatorial library and expression requiring 

glycosylation in appropriate host systems [252, 253].  The use of VHH is more 
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straightforward as only one domain has to be cloned and expressed to generate an 

intact antigen-binding fragment [251]. 

Nowadays, nanobodies can be easily cloned and selected for antigen 

specificity using immune libraries [254].  Immune libraries are based on peripheral 

blood lymphocytes isolated from a camelid that has been immunized with antigen of 

interest to generate high affinity VHH [265].  Natural somatic antibody maturation then 

creates an enormous diversity of affinity-matured nanobodies.  Antigen-specific VHH 

are then isolated by phage, yeast or ribosome display [266]. 

As an example, immune single-domain libraries from camelids can be 

generated by immunization of the camelid by repeated subcutaneous injections in 

presence of adjuvant.  After some time, peripheral blood lymphocytes are recovered 

from collected blood samples.  An rt-PCR step is performed to obtain cDNA by 

amplifying the VHH gene segments from lymphocyte RNA. The VHH repertoire 

generated is then cloned in a phage display vector and transformed in a bacterial host.  

The VHHs are expressed at the tip of the phage particles and after 2–3 rounds of 

panning, individual clones producing antigen-specific VHH can be obtained [267, 268].  

Recently, Golden Gate Cloning has been employed for the cloning step; yielding 

greater than 108 transformants with near 100% of the clones containing a phage 

display vector with the correct insert length of a VHH, an improvement from the classic 

procedure [269]. 

Naïve and synthetic libraries can also be used to generate VHH [254]. The 

advantage of using these libraries is that no experimental animal handling is involved 

as they are built based on a well characterized VHH and in synthetic libraries, CDR 

alterations are due to saturating site-specific mutagenesis, making the process more 

controlled [251, 254].  However, naïve and synthetic libraries often recognize the 

antigen with low affinity, hence the preference for immune libraries [253].   

However, one of the disadvantages of using VHH is that due to their small size, 

they rapidly pass the renal filter, which has a cutoff of about 60 kDa, resulting in their 
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faster blood clearance [254].  This shorter serum half-life compared to conventional 

antibodies limits the efficacy of VHH in many parenteral applications.  Therefore, the 

success of nanobodies in therapy will come down to the specific applications or targets 

as some treatments would require improved blood levels over a prolonged time whilst 

others may only require transient or localized nanobody expression [260].  Another 

consideration is that nanobodies may have to be “humanized” to reduce possible 

immunogenicity for further therapeutic applications.  This requires mutation of camelid-

specific amino acid sequences, mostly in the FR-2 region, to their human heavy chain 

variable domain equivalent without compromising on their expression level, affinity, 

solubility, and stability [270].  Depending on the intended downstream application, 

nanobodies may require reformatting and further improvement to be employed as 

effective therapeutics.   

1.5.2.1  Nanobody Re-Formatting to increase Half-Life 

 Human IgGs have an elimination half-life (t1/2) of 10-21 days, and murine IgGs 

have a t1/2 ~5 days [271, 272].  In contrast, employing mouse models, it was found that 

nanobodies are cleared rapidly from the blood, with a t1/2 of 1.5 hours [273]. The highest 

initial levels of VHH were found in kidneys (15 minutes post-intravenous injection), 

which is characteristic of a renal excreted protein [273]. This rapid clearance can 

hamper the nanobody’s efficiency, as maintaining its levels in circulation is necessary 

to optimally achieve its functions.  VHH can be administered by repeated dosing or 

injection, but this is restrictive and not cost-efficient.  Nonetheless, it is possible to 

manipulate the nanobody’s intrinsic affinity properties, increase its valency, or add an 

antibody Fc domain to prolong half-life and maintain therapeutic threshold 

concentrations for a longer period [266].  The circulating half-life of IgGs is dependent 

on its association with the neonatal Fc receptor (FcRn) [274].  FcRn which binds all 

IgG isotypes in mice and humans, plays a central role in regulating the catabolism and 

thus the half-life of IgG as well as its functions in the immune system [204]. 
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Oligomerization of nanobodies commonly via flexible glycine–serine linkers, 

can easily be employed without the mispairing and solubility issues inherent to single-

chain variable fragment-based dimers and multimers [258].  Two similar or different 

HCAbs can also be tethered to the structural upper hinge of a natural antibody to 

generate bivalent or bispecific constructs, respectively [275].  VHH can be displayed or 

anchored on the surface of stable proteins such as ferritin, which is widely produced 

in bacteria and mammals, to make a low molecular-weight polymer called “fenobodies” 

[276].  Chemical modification of nanobodies with polyethylene glycol (PEG), a water-

soluble polymer to increase their molecular weight but maintain therapeutic efficiency 

can also be explored.  In a study that aimed to determine distribution of different 

molecular weight PEG molecules after IV administration in mice, it was found that PEG 

samples of higher molecular weight were retained in the blood circulation for a longer 

period than those of lower molecular weight [277].  Low MW PEG however, showed a 

larger volume of distribution [277].  This was shown to decrease blood clearance of 

VHH delivered via passive immunization in guinea pigs [278]. 

A successful strategy to improve the pharmacokinetic profile of VHH is by 

coupling it to serum albumin.  Albumin, with a molecular weight of 66.5 kDA, is the 

most abundant human plasma protein (35–50 g/L serum) [279].  It has an average half-

life of 19 days, making it an attractive conjugate for therapeutic molecules with shorter 

half-lives [279].  Albumin has an extended t1/2 due to its binding to FcRn in a pH-

dependent manner, similar to IgG [280].  Studies were done to test clearance rates in 

monkeys and mice of nanobodies fused to serum albumin when given intravenously, 

and results were very similar between the two species.  In mice and monkeys, 

nanobodies linked to albumin resulted in a 167 and 376-fold decrease in clearance 

compared to the monovalent counterpart and a terminal half-life of 0.82 and 4.9 days, 

respectively, close to the actual t1/2 of albumin in the species [281].  

The strategy to extend half-life by binding to serum albumin was tested for anti-

rabies nanobodies in a mouse challenge model [282].  Half-life of the nanobody 
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constructs was increased through linkage with a third VHH targeted against albumin 

[282].  This intervention was found to significantly prolong survival or even completely 

rescue mice from rabies with the therapeutic effect depending on the dose, affinity and 

brain and plasma half-life of the VHH construct [282].   

To treat rheumatoid arthritis by inhibiting cytokine interleukin-6 (IL-6)-induced 

inflammation, ALX-0061, composed of an affinity-matured interleukin-6 receptor (IL-

6R)-targeting VHH domain fused to another VHH albumin-binding domain, was tested 

in vitro and in vivo [283].  It was shown to have high affinity for IL-6R; a dose-dependent 

and complete inhibition of IL-6-induced inflammatory parameters, and a plasma half-

life of 6.6 days after a single intravenous administration in cynomolgus monkeys [283].  

These studies show that albumin binding as a half-life extension technology resulted 

in expected pharmacokinetics that increased the duration of nanobodies in circulation. 

All nanobodies mentioned previously came from immune libraries and 

displayed high affinity towards the antigen, however, this may not always be the case.  

Nanobodies exhibiting low-affinity interactions may acquire enhanced breadth and/or 

potency through an avidity effect by joining two or more VHH into multivalent constructs 

using flexible linkers [228, 275].  In a broad study to determine effects of VHH avidity 

on virus neutralization by Hultberg et. al [284], llama-derived nanobodies were tested 

against envelope proteins of Respiratory Syncytial Virus (RSV), Rabies virus and 

H5N1 Influenza.  They found that making the VHH bivalent, trivalent or biparatopic 

significantly improved neutralization potencies by about 4,000-fold for RSV, 1,500-fold 

for Rabies virus and 75-fold for influenza H5N1, compared to monovalent VHH [284]. 

IC50 values obtained via reformatted VHH were also lower than attained by marketed 

mAb Synagis (Palivizumab) against RSV [284].   

In the same vein, Palomo et. al [285] improved on monovalent nanobody 

Nb017 that binds to the human respiratory syncytial virus (hRSV) fusion (F) 

glycoprotein, by making it the trivalent nanobody ALX-0171.  Following results from 

Hultberg et. al, ALX-0171 is about 6,000 to 10,000 times more potent than Nb017 in 
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neutralization tests with strains of hRSV antigenic groups A and B, even outperforming 

palivizumab, a monoclonal humanized IgG1 antibody directed against the same 

epitope of the RSV F protein and currently used as a prophylactic anti-RSV treatment 

[285]. 

Available bnAbs against HIV-1 target the membrane proximal external region 

(MPER) of the HIV-1 glycoprotein gp41, however these MPER-specific neutralizing 

antibodies are not induced upon immunization [286].  Lutje Hulsik et. al aimed to 

produce MPER-specific VHH by immunizing llamas with proteoliposomes containing 

trimeric gp41 consisting of the HIV-1 Env transmembrane region and MPER [286].  

They selected a VHH, 2H10 and made it bivalent, observing an approximate 20-fold 

increase in affinity in neutralization of various sensitive and resistant HIV-1 strains 

compared to its monovalent counterpart [286].  

The same approach was employed by Matz et. al [287] to generate a panel of 

broadly neutralizing single domain antibodies (sdAb) that bind to either the CD4 or the 

coreceptor binding site of HIV-1.  They found that there was no significant improvement 

in neutralizing activity as measured by IC50 values when sdAbs were made multivalent 

compared to monovalent [287].  However, several multivalent sdAbs could neutralize 

a broader spectrum of pseudoviruses including HIV-1 subtypes A, B, C, and G, while 

monovalent sdAbs could only neutralize the HIV-1 envelope used for initial llama 

immunization and further selection [287]. 

Another approach to extend nanobody half-life for downstream immunotherapy 

is “piggy-backing” onto an IgG molecule that is known to have a longer half-life [266].  

To treat Foot and Mouth Disease (FMD), Harmsen et. al [288] developed “VHH2”, a 

structure involving two VHH domains separated by a small flexible linker, with one VHH 

that is FMD virus-neutralizing, and the other VHH binding to porcine IgG.  They showed 

that VHH2 can bind bifunctionally to both targets with the molecule having an 

elimination half-life of 280±53 hours, a 100-fold increase from the projected t1/2 of the 

FMDV-neutralizing VHH on its own [288].  
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Stalin Raj et. al. [289] isolated nanobodies from dromedaries immunized and 

subsequently challenged with Middle East respiratory syndrome coronavirus (MERS-

Cov).  These VHH from immune libraries demonstrated highly potent neutralizing 

activity against the virus by binding to the receptor binding domain of the viral spike 

protein in vitro [289]. These VHH were then linked to a human Fc domain lacking the 

CH1 exon, forming an HCAb.  Intraperitoneal injection of VHH and HCAb 6 hours before 

lethal MERS-Cov challenge in mice, resulted in death of all mice given the monovalent 

VHH around 7 days post infection and survival of all mice that received the HCAb [289].  

Serum half-life of the HCAb was found to be approximately 4.5 days [289]. 

CXCR4-specific nanobodies, that are involved in G protein-coupled receptor 

(GPCR) signalling associated with survival and recurrence of certain types of blood 

cancers were made bivalent and fused with the Fc domain of human IgG1 [290].  

These nanobody-Fc molecules were found to exhibit better antagonistic properties in 

tumor-mediated signalling and anti-HIV activity through binding to the HIV-co-receptor 

CXCR4 than their monovalent counterparts and the clinically approved antagonist 

already in the market [290].  These findings are in line with what was described 

previously with bivalent nanobodies and with incorporation of an Fc domain further 

enhancing their therapeutic potency. 

All approaches presented were designed to improve binding affinity and extend 

the half-life in vivo of very potent highly specific nanobodies.  Further optimization could 

potentially lead to more pronounced therapies against cancers, tumors, viruses and 

other infectious diseases. 

1.5.2.2  Nanobodies with Effector Functions 

 Aside from increasing plasma half-life of nanobodies to prolong their 

therapeutic activity, attachment of an Fc domain also enables molecules to interact 

with Fcγ-receptors (FcγR) found on immune cells [203].  Attachment to cellular 

receptors by the appended antibody Fc region leads to recruitment of innate immune 
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effector cells via antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-

dependent cell-mediated phagocytosis (ADCP) and complement-dependent 

cytotoxicity (CDC) [171, 172, 291].  Fc function therefore links the adaptive immune 

system to the potent effector functions provided by the innate immune system [203]. 

IgG subclasses differ in their ability to bind to FcR, which in turn dictate how 

they mediate effector functions [171, 291].    Activating Fcγ Receptors in mice are 

FcγRI, FcγRIII and FcγRIV which favorably interact with mouse IgG2a, and in humans, 

FcγRI, FcγRIIA and FcγRIIIA, which interact with human IgG1 and IgG3; with FcγRIIB 

inhibitory in both mice and humans [172, 291].  Furthermore, activating FcγRIV in mice 

is closely related to FcγRIIIA in humans [292].   

In the study by Bobkov et. al [290], nanobody-Fc (fused to human IgG1) that 

inhibited tumor signalling and HIV entry induced ADCC and CDC-mediated cell death.  

Binding of the Fc region of the nanobody to FcγRIII of effector cells such as natural 

killer (NK) cells resulted in their degranulation [290].  As such, these constructs were 

able to combine the excellent tumor and viral inhibiting properties of llama-derived 

single-domain antibodies with Fc-mediated effector functions of conventional 

antibodies. 

A VHH anti-rotavirus protein 1 (ARP1) was shown to confer protection against 

rotavirus induced-diarrhea in a neonatal mouse model by binding to the most abundant 

and highly conserved rotavirus inner capsid protein VP6 [293].  However, the 

mechanism of ARP1 neutralization is not yet understood.  Gunaydin et. al [294] fused 

ARP1 to mouse IgG1 Fc, and was given at a suboptimal dose known to be non-

protective in the mouse model to evaluate the role of Fc-mediated effector functions 

and avidity in in vivo rotavirus infection.  When given in equimolar amounts, among 

monovalent ARP1, bivalent ARP1 and Fc-ARP1, only Fc-ARP1 reduced the 

prevalence, duration and severity of diarrhea, suggesting that protection is due to Fc-

mediated neutralization of rotavirus [294]. 
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Another lesser known Fc receptor that is found in all cells, the tripartite-motif 

containing protein 21 (TRIM21), is also involved in “antibody-dependent intracellular 

neutralization” (ADIN) [295].  TRIM21 binds virus-antibody complexes in the cytoplasm 

and targets virions for degradation by proteasomes [295].  In the same study by 

Gunaydin [294], they also investigated the role of FcRn and TRIM21 mediated 

recognition of (Fc-ARP1)-rotavirus immune complex, by inserting an amino acid 

mutation in Fc-ARP1, at a position that was previously shown to be crucial for TRIM21 

and FcRn activity [295].  They found that this mutation completely prevented the 

binding of Fc-ARP1 to FcRn leading to reduced protection conferred by the Fc-ARP1 

mutant against rotavirus in mice.  Neutralization of rotavirus by the mutant Fc-ARP1, 

however, was not completely inhibited suggesting different mechanisms of 

neutralization aside from ADCC or ADIN [294]. 

Equipping VHH with effector functions that do not rely on the host’s response 

has also been investigated [266].  In the case of Herpes Simplex Virus-2 (HSV-2), VHH 

R33 that binds to HSV-2 glycoprotein D, was identified from an immune llama derived-

library, but was found to not have any neutralizing activity in vitro [296].  However, 

when expressed with the cytotoxic domain of Pseudomonas aeruginosa exotoxin A, 

making it an immunotoxin, R33 then went on to potently kill HSV-2-infected cells, with 

an IC50 in the nanomolar range [296].  VHH have also been used in dual function 

liposomes for the prophylaxis of HIV/AIDS [297].  Liposomes were coated with anti-

gp120 nanobodies conjugated via either non-covalent metal chelation or a covalent 

linkage and were also used to encapsulate the hydrophobic antiviral drug dapivirine; 

both strategies resulted in reduction of HIV-1 replication in vitro [297].  

The many advantages that single-domain antibodies confer due to their 

robustness and the ease by which they can be reformatted into better versions to 

improve their therapeutic efficacy is something that we can exploit going forward in our 

quest to develop highly versatile and effective treatments against disease. 
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1.5.2.3  Nanobodies against Influenza 

 It is fitting that single domain antibodies have become attractive therapeutic 

molecules against infectious diseases, most notably influenza.  Influenza poses 

several targets for nanobody therapy such as the HA head, HA stem, NA and M2 

proteins.  With reformatting and delivery, these nanobodies may be implemented as 

prophylaxis or therapy that can be used in cases of an influenza pandemic, to mitigate 

health and economic impacts. 

A study by Wei et. al [298] generated VHH from synthetic camel libraries 

specifically targeting native M2 ion channel (ectodomain of M2, M2e), thought to be 

conserved in human IAV.  The isolated VHH, M2-7A, showed neutralization against 

both amantadine-sensitive and resistant IAV in vitro, with a modicum of protection 

observed for mice treated with 200 µg 24 hours after lethal viral challenge followed by 

an additional treatment at 48 hours [298].  Since the VHH did not have an Fc fragment, 

activity against influenza is mainly attributed to blockage of M2 ion channel on the 

virion.  This shows us that repeated dosing of an effective VHH is a viable treatment 

option against influenza infection. 

Ibanez et. al [299] showed that intranasal administration of a nanobody specific 

for the receptor binding site of H5N1-HA suppresses replication of H5N1 virus in vivo, 

with bivalency making the VHH 60-fold more effective in vivo and a thousand-fold in 

vitro, than its monovalent counterpart. Prophylactic or therapeutic administration of the 

bivalent VHH with as little as 25 µg/kg was also able to protect mice from H5N1 

challenge, despite mice losing weight initially but later recovering [299].  However, a 

K189E substitution in HA1 was found to abolish the neutralizing effect of H5-VHH, 

indicating that the conserved positively charged lysine residue is essential for H5-VHH 

binding [299]. 

Tillib et. al [300] employed the same approach by immunizing a two-hump 

camel (C. bactrianus) with a mouse-adapted H5N2 strain, obtaining a panel of VHH 

with modest neutralizing activity.  Neutralizing activity was later increased by addition 
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of a camel hinge-originated spacer sequence and an isoleucine zipper domain (ILZ) to 

the nanobody.  In vivo, the formatted nanobodies demonstrated complete protection 

in mice, when given 100 µg intraperitoneally or intranasally, 2 hours before of 24 hours 

after lethal challenge [300].   

Cardoso et. al [301] isolated and characterized 13 H5N1 neuraminidase-

binding nanobodies generated by a VHH phage display library from an alpaca 

immunized with N1.  Of these 13, 11 showed binding to NA, and 4 had neutralization 

activity in vitro [301].  They reformatted the most promising candidates into bivalent 

VHH (N1-VHHb) and/or fused them to a mouse IgG2a Fc domain (N1-VHH-Fc), with the 

bivalent constructs demonstrating a 2- to 3-log-fold further increase in viral inhibitory 

potential compared to their monovalent counterparts [301].  Intranasal administration 

of a high dose of N1-VHHb 24 hours before an H5N1 challenge protected mice against 

death, but significant body weight was still lost [301].  They also observed that the N1-

VHH-Fc formats were able to provide greater protection than the N1-VHHb formats with 

a single dose resulting in 100% survival, even if the administered molar amount of the 

N1-VHH-Fc was 10 to 50 times less than the bivalent constructs.  However, the best 

N1-VHH did not have any antiviral activity against the oseltamivir-resistant H5N1 

H274Y virus in vitro, but one N1-VHH-Fc was able to protect mice against a challenge 

with the same H5N1 mutant virus [301].  This indicates that protection by NA-based 

antibodies is not strictly reliant on neuraminidase inhibition (NAI) activity, provided that 

an Fc domain is present to contribute Fc receptor-dependent effector functions. 

Hufton et. al. isolated nanobodies capable of neutralizing different influenza 

strains by immunizing alpacas with recombinant HA of 

A/California/07/2009(H1N1)pdm09 and using phage antibody library technology [268].  

Following immunization, VHH genes were cloned into a phage display vector for E. coli 

expression and library production [240].  Antigen-specific VHH were then selected via 

phage display against A(H1N1)pdm09.  From these VHH antibodies, R1a-B6 was found 

to have broad cross-subtype neutralizing activity in vitro against pandemic H1N1, 
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highly pathogenic H5N1, H9N2, and when made bivalent, against H2N2.  It was further 

shown to bind to a highly conserved epitope in the hemagglutinin stem region 

overlapping with the fusion peptide (Figure 1.3) suggesting its mechanism of action 

takes place post-attachment via inhibition of viral membrane fusion.  This is 

demonstrated by the lack of hemagglutination inhibition activity, loss of binding to HA 

at acidic pH and absence of binding to the HA head domain [219, 268].  Furthermore, 

R1a-B6 has its epitope overlapping [219] with that of CR6261 [238] and F10 [210], 

human monoclonal antibodies that have been proven to have broad cross-subtype 

protection against influenza, suggesting that R1a-B6 may have similar potential as an 

immunotherapeutic. 

      

Figure 1.3.  Surface structure model of hemagglutinin (HA) showing R1a-B6 
epitope residues. HA trimer of A(H1N1)pdm09 (PDB structure 3AL4) showing the key 
epitope residues of R1a-B6, Gly20, Trp21, and Ile45 (shown in red) located in the HA 
stem region (cyan). The receptor binding site (magenta), fusion peptide (orange), and 
head domain (green) are also illustrated [302]. 

 
Although the use of nanobodies against influenza is an attractive approach, 

several drawbacks must also be considered.  Nanobodies are a less-validated format 

compared to human or humanized mouse antibodies that are in clinical development.  

Twenty-five years after the discovery of nanobodies, Caplacizumab™, a bivalent 

nanobody targeting von Willebrand factor to treat acquired Thrombotic 

Thrombocytopenic Purpura (aTTP) [303] was approved in Europe in 2018, and later 
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by the US FDA in 2019.  Currently licensed mAbs have a typical half-life ranging from 

two days to one month in vivo, requiring frequent or repeated dosing and/or delivery at 

high concentrations [272].  The nanobody must be reformatted in such a way that it 

will be retained in the peripheral circulation long enough to neutralize virus and have a 

clinical effect.  Camelid nanobodies also have to be humanized as stated previously 

for them to proceed further as human therapies.  To this effect, the recent availability 

of numerous expression systems for mAb production, half-life extension technologies, 

and alternative delivery mechanisms using DNA, RNA or virus vectors are paving the 

way for more effective and long-lasting immunotherapy with broadly neutralizing 

antibodies and nanobodies [222].  

1.6  Gene Therapy and Viral Vectors  

 Gene therapy is a process that involves modification, addition, silencing or 

replacement of faulty genes with non-defective ones with the goal of curing or 

preventing disease or medical conditions brought about by defective genes.  The 

earliest gene therapy approaches were aimed at correction of hereditary single gene 

disorders [304].  Today, gene therapy has come a long way, and is employed to correct 

complex multigenic and multifactorial diseases, to restore metabolic functions, for 

targeted drug or small molecule delivery and to treat infectious diseases [305, 306].  

The general aim has not changed through the years, it remains to be direct, targeted 

and safe in vivo gene delivery. 

In order to insert new genes directly into cells, vehicles called “vectors” which 

are genetically engineered to deliver genes are employed [307, 308].  Viruses have 

been exploited as vectors for many years owing to their highly evolved mechanisms 

for efficient delivery of genetic material to host cells [308].  The success of gene 

therapy is still built on understanding the molecular basis of how viruses when 

engineered as viral vectors interact with the host [309].  For gene therapy to work, 

vectors must be reproducibly and stably propagated and purified to high titers, attach 
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and enter target cells, deliver transgenes specifically to the tissue or organ of interest  

and mediate gene delivery and transgene expression for a prolonged period with no 

or very minimal toxicity [308-310]. 

Engineered viral vectors should ideally harness the viral infection pathway but 

avoid the subsequent expression of viral genes that leads to replication and/or toxicity.  

To accomplish this, viral particles encapsulate a modified genome carrying a 

therapeutic gene cassette in place of the coding regions of the viral genome [310].  

Only sequences that are required in cis for functions such as packaging the vector 

genome into the virus capsid are left intact.  The deleted genes encoding proteins that 

are involved in replication or capsid/envelope proteins are included in a separate 

packaging construct to provide helper functions in trans [310].  This separation 

between cis and trans coding elements prevents recombination into productive viral 

particles but instead leads to the production of replication-defective particles able to 

specifically transduce new genetic information into target cells [309]. 

There are numerous viral vectors that are under development for gene therapy 

with some of them able to integrate into the host genome and others persisting 

extrachromosomally as episomes [308].  In choosing the most suitable vector system 

for therapeutic applications, vector tropism, transgene size, duration of transgene 

expression and vector immunogenicity are the most important factors to consider [307].  

Gammaretroviruses were the earliest vectors for gene therapy, with the first 

viral vector based on Moloney murine leukaemia virus (MLV) [309].  Retroviruses tend 

to establish persistent gene infection only in dividing cells; this is usually well tolerated 

by the host but may also cause latent diseases such as malignancy and 

immunodeficiency [308].  Lentiviruses (LV) such as human immunodeficiency virus 

type 1 (HIV-1) are also members of the retrovirus family [308].  A breakthrough in 1996 

showed lentiviral vectors as capable of transduction of both mitotic and nondividing 

cells and mediate stable in vivo gene transfer into terminally differentiated neurons 

[311, 312].   
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Adenoviruses (Ad) have been classified into six species (A–F) that infect 

humans with over 50 serotypes able to cause infection [313].  Of these, human 

adenovirus serotypes 2 (Ad2) and 5 (Ad5) of species C are the most widely used for 

gene delivery [313].  Ads offer many advantages as gene therapy vectors as they are 

known to infect both dividing and non-dividing cells, are stable, can accommodate 

large transgenes and can be produced at high titers [308, 309, 313, 314].  However, 

the use of recombinant Ad2 and Ad5-based vectors have been found to be non-

targeted, resulting in humoral and cellular immune response from high vector doses 

[307].  This has been partially rectified by the advent of first, second and third 

generation Ads with almost all viral genes contributing to immunogenicity deleted [308, 

313].  

Currently, lentiviral vectors (LV) and adenovirus vectors (Ad) are popular viral 

vector choices for the treatment of several diseases [315].  LVs integrate transgenes 

into the host genome, enabling long term gene expression in a wide variety of both 

dividing and non-dividing cells [308], whereas Ads exhibit transient, but rapid gene 

expression which may be ideal for responding to infectious disease outbreaks [188, 

308].  LVs encoding a mixture of broadly neutralizing HIV antibodies have been proven 

to be efficacious in the treatment of HIV infection in humanized mice [316].  Genetic 

delivery of an anti-RSV antibody to protect against pulmonary infection with RSV [317] 

and immunotherapy with a recombinant adenovirus expressing an HA (H5)-specific 

single-domain antibody that protected mice from lethal influenza infection [318] were 

both made possible using adenoviral vectors.  At the time of writing, there have been 

546 registered clinical trials employing Adenovirus, with 19 in Phase III and 2 in Phase 

IV involving gene therapy in advanced malignant tumors [315].  For lentiviruses, there 

are 302 listed clinical trials, with 13 of them in Phase III trials to treat β-thalassemia, 

multiple myeloma and B-cell non-Hodgkin lymphoma [315]. 

1.6.1 Recombinant Adeno-Associated Virus (rAAV)  
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Alongside the viruses mentioned previously, recombinant Adeno-associated 

virus is one of the most popular vectors for gene therapy [319, 320].  First discovered 

as a contaminant of Adenovirus stocks, wild type adeno-associated viruses (AAVs) are 

members of the Dependovirus genus of the parvovirus family which rely on co-infection 

with other viruses, mainly adenoviruses (Ad) or herpes simplex virus (HSV), to 

replicate [321-324].   

AAV has a single-stranded DNA genome of approximately 4.8 kilobases (kb) 

coding for three genes, rep (Replication), cap (Capsid), and aap (Assembly) [308, 325].  

The rep gene encodes four proteins (Rep78, Rep68, Rep52, and Rep40), which are 

required for viral genome replication and packaging, while cap expression gives rise 

to the viral capsid proteins (VP1, VP2 and VP3) [319, 320, 324-326].  It is estimated 

that the viral coat is comprised of 60 proteins arranged into an icosahedral structure 

with the capsid proteins in a molar ratio of 1:1:10 (VP1:VP2:VP3) [325, 326].  Of these 

three capsid proteins, VP3 (61-kDa) constitutes majority of the capsid’s protein content 

[326], making it the choice protein to assess vector quantity [327].  The aap gene 

encodes the assembly activating protein (AAP) that is thought to provide a framework 

for capsid assembly [325].  These coding sequences are flanked by inverted terminal 

repeats (ITRs); T-shaped, base-paired hairpin structures that are required for genome 

replication and packaging [100, 321, 324, 325].   

The AAV life cycle begins by binding to host cell surface receptors/coreceptors 

such as heparan sulfate, fibroblast growth factor receptor 1 (FGFR1), sialic acid, 

platelet-derived growth factor receptor (PDGF-R) [321], and the recently discovered 

AAV Receptor (AAVR), universal receptor involved in AAV infection of all serotypes 

[328].  The virus is then endocytosed and transferred through the endosomal 

compartment; from there it is trafficked intracellularly to the nucleus where the virus 

uncoats [319, 323].  In the presence of helper virus (adenovirus or herpesvirus), the 

lytic stage ensues [321] where the genome is replicated, and virions are produced.  

DNA replication is thought to involve a self-priming single-strand displacement 
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mechanism that is initiated by DNA polymerization via host polymerases at the 3' 

hairpin primer of the single-stranded genome to produce duplex monomers.  These 

structures are nicked on the parental strand opposite the original 3' end position to 

generate free 3' hydroxyl groups to provide a primer for the next round of replication 

[323].  Without a helper virus, AAV establishes latency by undergoing specific 

integration into a genome site, termed as the adeno-associated virus integration site 1 

(AAVS1), a 4kb region on chromosome 19 (q13.4) [319]. 

There are different AAV serotypes isolated from various species offering 

diverse antigenicity and a broad range of tissue tropism, receptor usage, host 

specificity [319, 324, 325] and immunogenicity of the vector in vivo [329].  Much of the 

diversity amongst different AAV isolates can be traced to the major capsid protein 

(VP3) [326].  It is this variation in VP3 surface topologies that determines the 

differences in cell surface attachment and receptor usage, intracellular trafficking 

pathways, gene transfer efficiencies and antigenicity between closely related 

serotypes [326, 329].   

Although widespread in the human population, wild type AAV has not been 

associated with any human disease, which makes it more convenient and safer to work 

with [319, 323, 324, 330].  rAAV vectors, derived from wild type AAV, have been 

modified to improve safety and are suitable vectors for clinical gene therapy [307, 308, 

324].  In rAAV, the rep and cap genes have been deleted, leaving only the 145 bp 5’ 

and 3’ inverted terminal repeats (ITRs) [319, 320, 331].  This then allows the insertion 

of a transgene with transcriptional control elements in between the ITRs as 

replacement for the deleted rep and cap genes [188].  This important deletion greatly 

reduces AAV integration into the host genome because the sequences coding for the 

native AAV proteins needed for integration are not present, further improving its safety 

profile.  Wild-type AAV is also known to integrate into a specific locus on chromosome 

19, AAVS1, but this natural occurrence is eliminated in rAAV, with the virus forming 

circular concatemers that persist as episomes in the nucleus of transduced cells 
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instead [114, 188, 319, 320].  rep and cap genes are then supplied in trans and can 

be of a different serotype to that of the ITRs, essentially creating a “pseudotyped” virus. 

Most, if not all, rAAVs contain AAV2 ITRs as it is the most characterized, and 

the capsid can be the same or a different serotype (AAV2/x) [320, 332].  The 

differences in transduction efficiency and immune responses among rAAV serotypes 

has been well-documented in various animal models [333, 334].  Zincarelli et al did a 

comparative study on luciferase transgene expression of AAV2 pseudotyped with 

serotypes 1–9 after systemic delivery by tail vein injection in mice [329].  They found 

that expression can be detected at 7 days post injection (dpi) for AAV serotypes 1, 6, 

7, 8, and 9, 14 dpi for AAV4 and AAV5, and 29 dpi for AAV2 and AAV3.  Liver was the 

most transduced organ for all serotypes, with AAV8 having uniform expression 

throughout the hindlimb, abdominal, and thoracic regions, and AAV9 showing the 

highest expression in heart.  It was also shown that AAV8 and AAV9 transduce tissues 

more ubiquitously than the other serotypes do, with AAV9 having the most robust 

tissue expression, although this comes with several safety issues [329].  

A limitation to the effective use of AAV as a gene therapy vector is the 

prevalence of pre-existing neutralizing antibodies (nAbs) to AAV capsids in humans 

[335, 336].  A worldwide epidemiology study by Calcedo et. al revealed that 

neutralizing antibodies to AAV2 were the most prevalent in all regions tested followed 

by AAV1, with seroprevalence of nAbs significantly lower for AAV7 and AAV8 [337].  It 

was found that this pre-existing AAV vector immunity hinders gene expression of 

secreted proteins in mouse liver diminishing therapeutic capacity [338].  It was 

hypothesized that preformed capsid that was able to enter hepatocytes at the time of 

transduction, but was not being actively synthesized by the cell, can gain access to 

major histocompatibility complex class I (MHC I) presentation pathways [336].  This 

resulted in expansion of a pre-existing pool of capsid-specific CD8+ memory T cells, 

generated via prior exposure to wild-type AAV [336].  The impact of these nAbs could 

potentially be minimized by using less prevalent AAV serotypes, such as AAV5 or 
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AAV8 over AAV2, intramuscular (IM) vector administration as opposed to intravenous 

(IV), and the prudent choice of promoters that will preferentially direct transgene 

expression in muscle rather than liver [336, 338, 339].   

1.6.2 rAAV in clinical trials 

Alongside LVs and Ads, AAV is also widely used in gene therapy clinical trials; 

with about 244 studies listed at the time of writing [315].  Of these, there have been 24 

registered Phase III clinical trials using different AAV serotypes to treat various 

diseases such as Leber Hereditary Optic Neuropathy, Leber Congenital Amaurosis, 

advanced metastatic prostate cancer, X-linked Chloroideremia, enzymatic 

deficiencies,  spinal muscular atrophy, and hemophilia A and B [315]. 

One of the most prominent studies involving AAV is for the treatment of human 

lipoprotein lipase (LPL) deficiency that causes elevated levels of serum triglycerides 

leading to recurrent and life-threatening pancreatitis [340].  Successful AAV2/1 

intramuscular delivery of alipogene tiparvovec, Glybera, to replace the defective 

lipoprotein lipase in patients, has led to its approval in Europe as the first ever gene 

therapy product for humans in 2012 [341].  However, it was pulled out of the market in 

2017 due to low demand and its hefty price tag.  Nonetheless the story of Glybera has 

highlighted the challenges of gene therapy, that of balancing efficacy, safety, and 

economy, to produce the next generation of gene therapy products for future use. 

Many rAAV clinical trials have been focused on the treatment of monogenic 

inherited disorders.  The disease known as Leber congenital amaurosis (LCA) 

develops due to mutations in the RPE65 (retinal pigment epithelium-specific 65-kDa) 

gene, causing a severe form of inherited retinal blindness in infants and children [342].  

Voretigene neparvovec-rzyl is composed of human RPE65 incorporated into AAV2/2 

and is injected into the subretinal space, facilitating expression of RPE65 in retinal 

pigment epithelial cells [342].  It was found to be safe and to improve functional vision 
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in previously medically untreatable cases, leading to its approval as Luxturna™ by the 

US Food and Drug Administration (FDA) in December 2017 [342].   

Spinal muscular atrophy (SMA) is a rare genetic disease resulting in 

progressive muscle wasting and loss of motor neuron function caused by a mutation 

in the survival motor neuron 1 (SMN1) gene [343].  A study in 2018 by Hinderer et al 

[344] revealed that high dose intravenous (2x1014 vg/kg) gene therapy of human 

survival motor neuron protein (SMN) via AAV2/9 in monkeys and piglets led to 

instances of severe life-threatening toxicity via hepatocellular injury and intravascular 

coagulation within five days of vector administration.  These findings are particularly 

worrying as the same AAV2/9 vector had been successfully used by AveXis to treat 

infants with SMA Type 1 in clinical trials of AVXS-101 (Zolgensma) [345].  However, 

caution must be used in interpreting results of these animal studies and their relevance 

to human clinical trials [344].  Nonetheless, in May 2019, the US FDA approved 

onasemnogene abeparvovec, Zolgensma, a one-time AAV-delivered therapy for SMA 

treatment [343].  The treatment price is $2.125 million, making it one of the costliest 

drugs ever made.  This treatment is a potential lifeline for newborns and infants but at 

the same time this also highlights how expensive this kind of therapy is.  This drives 

our efforts to improve gene therapy solutions and their associated costs. 

The most common clinical trials based on AAV therapy in recent years have 

been in Hemophilia A and B, rare X-linked blood clotting disorders caused by mutations 

in the genes encoding coagulation factor VIII (FVIII) for Hemophilia A and factor IX 

(FIX) for Hemophilia B leading to deficiency [346].  Disease severity is classified 

according to the plasma level of FVIII or FIX activity, with the only treatment available 

being lifelong intravenous infusion of these coagulation factors [346].  Clinical trials 

employing intramuscular injection of rAAV2-hFIX indicated that muscle tissue 

transduction was successful; however, circulating plasma FIX levels in all patients 

were less than the required level for a therapeutic effect [347].  An improvement to this 

was the use of AAV2/8-hFIX vector which became the first liver-directed AAV gene 
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therapy trial to show sustained therapeutic FIX levels and improved clinical outcomes 

in patients with hemophilia B [348].  However, in patients who received the highest 

dose of vector, T cell-mediated clearance of AAV-transduced hepatocytes was 

observed, with associated elevation of liver enzyme levels. This response has been 

overcome by a short course of glucocorticoids, without the loss of hFIX expression 

[348].   

In a follow-up study, improvements were made to the vector to evaluate the 

long-term safety and efficacy of AAV2/8-hFIX therapy in the same cohort of hemophilia 

B patients. They found that a single intravenous injection of vector resulted in an 

increase in plasma FIX activity from less than 1% to a sustained level of up to 6% of 

the normal value in all 10 patients, and this remained stable for up to a period of 4 

years [349].  Substantial clinical improvements were achieved in all patients; however 

this was also coupled with a dose-dependent, increase in anti-AAV capsid neutralizing 

antibody levels which did not have direct clinical consequences [349].  These findings 

will prevent subsequent gene transfer with vector of the same serotype in future.  A 

rise in serum alanine aminotransferase (ALT) which is associated with a decline in FIX 

levels, suggesting a loss of transduced hepatocytes, was also observed [349].  It 

occurred consistently at 7 to 10 weeks post gene delivery but was also resolved after 

intervention with steroids. 

Unlike inherited disorders, the magnitude of transgene expression required for 

therapeutic intervention in non-inherited disease may be substantially higher.  

Nevertheless, AAV vector-derived cardiac gene therapy of cardiac specific isoform of 

the sarcoplasmatic calcium ATPase (SERCA2a) has emerged as a new platform to 

treat cardiac disorders by improving calcium handling by cardiomyocytes [350].  AAV 

can also effectively transduce cancer cells in vitro and has been employed to deliver 

transgenes such as anti-angiogenesis genes, cytotoxic or suicide genes, cytokines for 

stimulating the immune system, tumor suppression and anti-tumor genes, DNA 
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encoding small hairpin RNAs (shRNA), antigens to stimulate antigen-presenting cells, 

and antibodies that block signalling in cancer cells and various tumor models [351]. 

With the concept already proven, rAAV technology should expand into broader 

indications with a larger patient base.  Given their clinical efficacy and favorable 

expression profile, the use of rAAV vectors is a promising platform for delivering 

therapeutics and/or prophylaxis against infectious diseases such as influenza in vivo.  

1.6.3 rAAV and influenza 

Following the 2009 H1N1 influenza virus pandemic, the first study utilizing a 

recombinant trivalent AAV vaccine to protect against influenza was carried out [352].  

Codon-optimized genes for HA, NP and M1 of A/Mexico/4603/2009 (pH1N1) of 

pandemic swine origin influenza virus were expressed via an AAV2/9 vector to 

demonstrate the induction of virus-specific T and B-cell responses in mice and 

protection from divergent influenza strains [352].  They found that mice immunized with 

trivalent AAV vaccine produced high titer neutralizing antibodies to the 

A/Hamburg/08/2009(H1N1v), a homologous H1N1 strain to vaccinating influenza 

virus, but could not cross-neutralize the heterologous A/Puerto Rico/8/34(H1N1) (PR8) 

strain in vitro [352].  Additionally, only 40% of mice that were vaccinated were protected 

from a lethal PR8 challenge in vivo, suggesting that the immune response to NP, not 

the humoral response to H1 played a more pivotal role in partial protection against PR8 

[352].  Based on their data, the authors argued that although this vaccine candidate 

did not induce sterilizing immunity it may mitigate the clinical symptoms, diminish the 

transmission rate, and, thus, generate a “basic level” of immunity before the strain-

specific vaccines have been made available.  

Borrowing from a successful study involving HIV treatment using 

immunotherapy [353], a remarkable study in 2013 utilized AAV to systemically produce 

antibodies against influenza even without exposure to the virus, in a process vastly 

different from vaccination in which the body's own immune system generates 
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antibodies against the disease.  Aptly called “vectored immunoprophylaxis”, this 

strategy aimed to generate broadly protective humoral immunity against diverse 

influenza strains in mice [354].  Using this approach, broadly neutralizing anti-influenza 

antibodies, F10 [210] and CR6261 [238], were cloned in an AAV2/8 vector and given 

intramuscularly to mice resulting in antibody expression (150-200 µg/mL) for more than 

a year.  This led to neutralization of different influenza subtypes in vitro and protection 

against challenge with different H1N1 strains (A/California/07/2009, A/Solomon 

Islands/3/2006, A/Puerto Rico/8/1934) in vivo in Balb/C and severe combined 

immunodeficient (SCID) mice [354].   

Limberis et. al [355], evaluated the potential of intranasal delivery via AAV2/9 

in mice, ferrets and macaques of FI6 [208], a broadly neutralizing antibody, in 

protecting against various strains of influenza.  They estimated 0.5 µg/ml in the nose, 

2.0 µg/ml in the lung, and about 120 ng/mL of FI6, 14 days post-AAV administration in 

mice.  In macaques, onset of expression was 14 days post administration, with levels 

peaking around day 60 and declining thereafter until ~ 100 days.  Lethal challenge with 

PR8 in mice given 1011 vg AAV resulted in complete protection.  Ferrets given 1012 vg 

AAV that were challenged with A/Vietnam/1203/2004 (H5N1) showed minor weight 

loss but fully recovered, while in those infected with A/Mexico/InDRE4487/2009 

(H1N1), a highly virulent strain in ferrets, 50% survived [355]. 

As a follow-up to address the need for an alternative strategy against influenza 

in high risk groups, the same group as above conducted passive immunization of FI6 

using AAV9 administered intranasally to young, old, and severe combined 

immunodeficient (SCID) mice.  Mice were protected and exhibited no signs of disease 

following A/Puerto Rico/8/1934 (H1N1) (PR8) challenge [356].   

In a landmark study in 2018, a consortium harnessed broadly neutralizing llama 

single domain antibodies for passive immunotherapy and delivery via gene therapy 

against influenza A and B [357].  They isolated two influenza A (SD36 and SD38) and 

two influenza B (SD83 and SD84) sdAbs that were able to neutralize a panel of 
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influenza viruses in vitro.  They found that linking all 4 VHH together and appending 

human IgG1-Fc to create multi-domain antibody (MDAb) MD3606 generated more 

potent and broader cross-reactivity than the individual sdAbs [357].  Prophylactic 

treatment of mice via intravenous administration of various doses of MD3606 a day 

before challenge protected them from lethal infection with diverse influenza A and B 

viruses.  Antibody-dependent cellular cytotoxicity (ADCC) also contributed to in vivo 

efficacy, as MDAbs with ADCC activating Fc regions  protected all mice from a lethal 

influenza challenge when given a high (5 mg/kg) or low dose (1 mg/kg) of MDAb, while 

mice given 1 mg/kg MDAb with a non-ADCC activating Fc region were not protected 

[357].  This highlights the contribution of Fc effector functions for protection via passive 

immunotherapy in vivo.  They also inserted MD3606 in an AAV9 vector which was 

administered to mice intranasally 7 days before challenge with 5 LD50 A/Puerto 

Rico/8/34-MA (H1N1), 5 LD50 A/Hong Kong/1/68-MA (H3N2), or 5 LD50 B/Lee/40-MA.  

Results showed that intranasal delivery of AAV9 MD3606 provided full protection in 

mice at doses as low as 5 x 108 vg [357]. These results are promising and may prove 

useful if translated for human use or as an alternative strategy to annual influenza 

vaccination and for pandemic preparedness plans. 

These studies suggest that the ability of rAAV vectors to provide long term 

stable transgene expression in different animal cells, their low immunogenicity, and 

overall versatility, make them attractive gene therapy tools for vaccine delivery and 

immunoprophylaxis vectors against influenza. 

1.7  Universal Influenza Vaccine 

 The World Health Organization, in its global influenza strategy for 2019-2030 

has set up lofty goals that come under the mantra of “Prevent, Control and Prepare” 

[108].  This involves reducing the burden of seasonal influenza, minimizing the risk of 

zoonotic influenza, and mitigating the impact of pandemic influenza.  Strategic 

objectives include promotion of research and innovation, strengthening of global 
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influenza surveillance, expansion of seasonal influenza prevention and control 

policies, and strengthening pandemic preparedness and response [108].  

As such, development of a universal influenza vaccine is now, more than ever, 

a top priority.  At a workshop spearheaded by Anthony Fauci, David Baltimore and 

Peter Palese at the US National Institutes of Health in 2017, influenza experts from 

around the world tried to identify knowledge gaps in influenza research and develop 

strategies to fill them [358].  They have agreed on the minimum requirements for a 

universal influenza vaccine: ‘‘Thus, a reasonable target for a universal influenza 

vaccine would be: A vaccine with ~75% protection against symptomatic disease 

caused by group 1 and group 2 influenza A viruses lasting at least 12 months in all 

populations.’’ [358]. It was surmised that protection against influenza A was 

paramount, as it causes significant seasonal morbidity and mortality and all major 

pandemics have derived from influenza A strains, but influenza B will also be a 

component of the vaccine. Protection for at least 12 months was considered essential, 

to provide protection for a full season. However, a target of 5 to 10 years, common with 

many vaccines, would be preferable. The vaccine should ideally be effective in all age 

groups, although different vaccines might be needed to provide optimal protection in 

certain populations and would depend on the characteristics of pre-existing immunity 

and epidemiology in the area [358].   

Approaches targeting novel antigens in influenza, usually conserved epitopes 

of the HA stem and head, NA, M2, and NP, should be prioritized, as well as finding a 

better correlate of protection than the classic HAI titer [359, 360].  The integral part of 

these strategies involve skewing of the antibody response towards these conserved 

regions to generate a more broadly-neutralizing response that would potentially protect 

against all circulating influenza strains and emerging subtypes [215, 361, 362].  The 

use of virus-like particles (VLP) that mimic aspects of native influenza, synthetic 

viruses, nucleic-acid based platforms, and viral vectors, as new paradigms for 

vaccination have been put forward [6, 110, 197].  
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Although targeted research to improve current vaccine antigens, platforms, and 

manufacturing will most likely lead to enhanced effectiveness of influenza vaccination, 

the ultimate objective of a universal influenza vaccine still requires development of a 

completely transformative approach involving design, strategy and implementation 

[360].  Until then, evidence from studies and literature presented in this chapter present 

a strong argument for an alternative, faster strategy that can be used against seasonal 

influenza and emerging novel pandemic viruses.  Delivery of broadly neutralizing 

nanobodies against influenza via specially engineered recombinant AAV would enable 

production of these powerful molecules in our bodies to generate systemic immunity 

independent of natural or induced immune response to influenza or vaccination 

respectively. 

1.8 Thesis Objectives 

The work presented in this thesis aimed to test whether R1a-B6, re-formatted 

with a mouse Fc region, when given prophylactically as a single intramuscular injection 

via AAV-mediated delivery, would be able to generate broadly protective humoral 

immunity against different Influenza A viral subtypes in mice.  The relative importance 

of the Fc region and its ability to activate effector functions with the objective of 

mitigating some of the safety concerns associated with ADCC was also investigated.  

Findings are discussed in the context of designing the optimum transgene for AAV 

vector delivery of R1a-B6 to accomplish long term, safe, broad protection from 

pandemic influenza in vulnerable patient groups.  Specifically, the main points of 

investigation are as follows: 

i) Assessment of cross-subtype binding and neutralizing activity of nanobody-

Fc fusion proteins against influenza in vitro. 

ii) Production of highly purified and well-characterized recombinant AAV 

vectors to be utilized as carriers of cross subtype neutralizing single domain 

antibodies for in vivo studies. 
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iii) Demonstration of protection of mice from lethal A/California/07/2009 

(H1N1)pdm09 and A/Vietnam/1194/2004 (H5N1) NIBRG-14ma via AVV-

mediated delivery of nanobody-Fc. 

iv) Exploration of the necessity of the Fc domain for half-life extension and 

effector function in vectored immunoprophylaxis against influenza. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 General  

2.1.1 Propagation and maintenance of cell cultures 

2.1.1.1 ExpiCHO-S™ cells 

Originating from the Chinese hamster ovary (CHO) cell line, ExpiCHO-S™ 

(Thermo Fisher Scientific A21933) cells were utilized to transiently produce nanobody-

Fc proteins.  Cells were maintained in ExpiCHO™ expression medium (Thermo Fisher 

Scientific A21933) at 37°C and 8% CO2 with shaking at 125 rpm and passaged upon 

reaching a density of 4x106 – 6 x106 viable cells/mL. 

2.1.1.2 Human embryonic kidney (HEK) 293T cells 

HEK293T cells, kind gifts from Dr. Els Henckaerts (King’s College London), 

were utilized for AAV virus production, generation, and neutralization of influenza 

pseudotypes.  They were maintained in complete medium, Dulbecco’s Modified 

Essential Medium (DMEM) (Sigma D6546) supplemented with 10% (v/v) heat-

inactivated Fetal Calf Serum (FCS) (Sigma 14A138), 1% (v/v) L-glutamine (Sigma 

G7513), and 1% (v/v) Penicillin-Streptomycin (PenStrep) (Sigma P0781).  Cells were 

incubated at 37°C and 5% CO2.   

2.1.1.3 Madin-Darby canine kidney (MDCK) cells 

MDCK cells were utilized in influenza TCID50 and microneutralization assays.  

They were maintained in complete medium supplemented with 1% (v/v) Amphotericine 

B (Sigma A2942).  Cells were incubated at 37°C and 5% CO2.   

2.1.2 Restriction Digestion 

Restriction digest of plasmids was done using EcoRI-HF (New England 

Biolabs) and BamHI-HF (New England Biolabs) unless otherwise stated.  For every 

restriction digest, the restriction cocktail consisting of 5 µL 10X CutSmart Buffer (New 
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England Biolabs), 10 U each of the restriction enzyme, 1 µg of plasmid DNA to be 

digested, and the appropriate volume of nuclease-free water, to make a 50 µL volume 

final solution was prepared.  Restriction cocktails were incubated at 37°C for 1 hour 

and aliquots were run on a 1% (w/v) agarose gel in 1X Tris-Acetate-EDTA (TAE) 

running buffer (1 mM Na2EDTA (Sigma), 40 mM Tris base (Sigma), 20 mM glacial 

acetic acid).  Bands corresponding to the empty vector and released insert were 

visualized via staining with SYBR™ Safe DNA Gel Stain (Invitrogen S33102). 

2.1.3 Sodium Dodecyl Sulfate Polyacylamide Gel Electrophoresis (SDS-PAGE) 

A discontinuous Laemmli SDS-PAGE setup was carried out using a 4% (w/v) 

polyacrylamide-bis-acrylamide stacking gel and a 12% (w/v) polyacrylamide-bis-

acrylamide separating gel (1.5 mm plates).  Gels were loaded with up to a total of 30 

uL consisting of sample and 6X Reducing SDS Page Loading Buffer (40% (v/v) 10% 

SDS, 25% (v/v) 1.5 M Tris, pH 6.8, 20% (v/v) glycerol, 0.02 % (w/v) bromophenol blue, 

6% (v/v) β-mercaptoethanol) (BioRad) for reducing gels or 5X Non-Reducing SDS 

PAGE Loading Buffer (40% (v/v) 10% SDS, 25% (v/v) 1.5 M Tris, pH 6.8, 20% (v/v) 

glycerol, 0.02 % (w/v) bromophenol blue) for non-reducing gels. 

Precision Plus Protein™ Dual Color Standards (BioRad 1610374) was 

employed as protein marker.  All samples were heated for 5 minutes at 95°C prior to 

loading.  The gels were initially run in 1X Running Buffer (25 mM Tris, 192 mM Glycine, 

0.1% SDS, pH 8.3) at 80 V and increased to 150 V after the loading dye reached the 

separating gel.  The gel was then run until the loading dye reached the bottom of the 

gel.   

The gel was then taken out of the glass cassette and fixed in 100 mL of fixing 

solution (50% (v/v) methanol, 7% (v/v) acetic acid) for 30 minutes.  Fixing solution was 

discarded and a fresh 100 mL of fixing solution was added followed by incubation for 

30 minutes.  For routine SDS PAGE gels, gels were stained with 0.1 % (w/v) 

Coomassie® R-250 (Thermo Fisher Scientific) in 40% (v/v) ethanol and 10% (v/v) 
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glacial acetic acid, overnight.  The next day gels were then destained (10% (v/v) 

methanol, 7% (v/v) glacial acetic acid) until bands were clearly seen and background 

staining was minimal. 

2.1.4 Western Blotting 

SDS-PAGE gels were rinsed with Phosphate Buffered Saline (PBS) (Sigma 

D8662), pH 7.0 to remove any trace of SDS.  Each gel was then sandwiched with filter 

papers and put on top of a piece of Amersham™Protran™ Premium 0.45 µm 

nitrocellulose (NC) membrane (GE Healthcare 10600008).  The sandwich was soaked 

in cold Transfer Buffer (20% (v/v) methanol, 25 mM Tris, 192 mM glycine, pH 8.3) and 

put in a cassette in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BioRad).  

The immunoblot was run at 350 mA for 2 hours at 4°C.  NC membrane was extracted 

from the sandwich and washed with PBS-T (0.1% (v/v) Tween20 in PBS).  It was then 

blocked with 5% (w/v) skimmed milk in PBS-T for 1 hour with constant shaking at room 

temperature.  Membrane was then incubated with a 1:5000 dilution of Anti-mouse IgG 

(Fc Specific)-Peroxidase (Sigma A0168) in 5% (v/v) skimmed milk in PBS-T overnight 

at 4°C.  The next day, membrane was washed five times with PBS-T for 5 minutes 

each time.  Membrane was then stained with SigmaFast™ 3,3’-diaminobenzidine 

(Sigma D4293). 

2.1.5 Enzyme-Linked Immunosorbent Assay (ELISA) 

A 96-well clear flat-bottom plate (Nunc 269620) was coated overnight at 4°C 

with 50 µL/well of 5 µg/mL influenza virus antigen standard diluted in PBS.  The next 

day, plates were washed three times with wash buffer (0.1% (v/v) Tween in PBS).  

Plates were then blocked with 50 µL blocking buffer (0.2 M Tris, 1% (w/v) BSA, 0.02% 

(w/v) Kathon pH 7.5) and incubated for 1 hour at 37°C.  One hundred µL of serial two-

fold dilutions in blocking buffer ranging from 4 µg/mL to 1 ng/mL of purified R1a-B6-

mIgG1, R1a-B6-mIgG2a, R1a-B6, and cAb1-mIgG2a were tested in duplicate.  Plates 

were then incubated for 2 hours with shaking at 225 rpm at 37°C.  Plates were again 
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washed three times.  Secondary antibody, anti-mouse IgG (Fc Specific)-Peroxidase 

(Sigma A0168) at a 1:2000 dilution was used to detect R1a-Bg-mIgG1, R1a-B6-

mIgG2a and cAb1-mIgG2a; while monoclonal anti-polyHistidine-Peroxidase clone 

HIS-1 (Sigma A7058) at a 1:1000 dilution was used to detect R1a-B6. One hundred 

µL of the secondary antibody was added and plates were incubated for 1 hour.  Plates 

were again washed three times.  One hundred µL per well of TMB substrate (Thermo 

Scientific 34029) was added to the plate and the reaction was stopped with 0.5 M HCl 

or 0.5 M H2SO4. Plates were read on a SpectraMax M5 ELISA plate reader using 

SoftMax Pro software.  Absorbance at 450 nm was taken.   

2.1.6 Statistical analysis 

All analyses were performed with GraphPad Prism 8.12 for Windows 

(GraphPad Software).  The Student’s t test was used to determine differences between 

the means of two groups.  To determine whether differences exist among the means 

of three or more groups, analysis of variance (ANOVA) was carried out.  If differences 

were found, the post-hoc Tukey multiple comparison test was performed to identify if 

there is a significant difference between pairs of experimental groups.  

2.2 Production and purification of nanobody-Fc fusion proteins 

2.2.1 Cloning nanobody-Fc in mammalian expression vector 

Gene sequences for R1a-B6-mIgG1 and R1a-B6-mIgG2a, designed by Dr. 

Simon Hufton and Dr. Tiziano Gaiotto, and cAb1-mIgG2a [252], were released from 

pIRESneo (Clontech) vector by restriction digestion (Section 2.1.2).  Released inserts 

were then excised and extracted using QIAquick Gel Extraction Kit (Qiagen 28704) 

as per manufacturer’s instructions.  Destination vector, pcDNA™ 3.4-TOPO® 

(Invitrogen A14697) with a multiple cloning site (MCS) inserted, was also digested with 

EcoRI-HF (New England Biolabs) and BamHI-HF (New England Biolabs) to 

accommodate inserts.  Digested pcDNA™ 3.4-TOPO® (Invitrogen) was purified using 

a QIAquick PCR Purification kit (Qiagen 28104) and eluted in nuclease-free H2O.  
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Samples were again viewed via gel electrophoresis and DNA concentration of inserts 

and destination vector were determined by measuring Absorbance at 260 nm (A260) 

via NanoDrop™ (Thermo Fisher Scientific).  Digested pcDNA™ 3.4-TOPO® 

(Invitrogen) plasmids were then dephosphorylated by incubation for 30 minutes at 

37°C with Antarctic Phosphatase (New England Biolabs M0289S).  Phosphatase was 

then heat-inactivated at 65°C for 5 minutes.  Dephosphorylated pcDNA™ 3.4-TOPO® 

(Invitrogen) plasmids and R1a-B6-mIgG1, R1a-B6-mIgG2a, and cAb1-mIgG2a inserts 

were ligated overnight at room temperature in a 1:3 vector to insert molar ratio (50 ng 

vector:20 ng nanobody-Fc) with T4 DNA Ligase (New England Biolabs M0202S).  

Afterwards, samples were run on a MinElute Reaction Cleanup Kit (Qiagen 28204).  

Vectors now containing inserts were then electroporated into TG1 electroporation 

competent cells (Agilent Technologies 200123) in a 1 mm cuvette using Gene Pulser 

Xcell™ (BioRad) with the following conditions: 1.8 kV, 25 µF, 200 Ω.  One hundred 

microliters of competent cell transformants were then plated on Luria Bertani (LB)-

carbenicillin plates and left to grow overnight.  The following day, a single colony was 

cultured in 3 mL of LB broth-carbenicillin.  For plasmid DNA mini preparations, 2 mL of 

the overnight cultures were transferred to microcentrifuge tubes and centrifuged at 

>12,000xg for 2 minutes.  Supernatant was decanted before proceeding to plasmid 

DNA extraction using the Plasmid Mini Kit (Qiagen 12125).  For DNA midi-

preparations, 100 mL of Lb-broth-carbenicillin was inoculated with 100 µL of the 

cultures from the DNA mini preparation. Large-scale preparation of endotoxin-free 

plasmid DNA using NucleoBond® Xtra Midi EF Kit (Macherey Nagel 740420.10) was 

also carried out the next day.  Extracted DNA from both mini and midi preparations 

then underwent restriction digestion (Section 2.1.2).  Inserts were then sequenced via 

the Sanger method by GATC Biotech.  

2.2.2 Transfection in ExpiCHO-S™ cells 
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Cells were transiently transfected using the Max Titer protocol as described in 

the ExpiCHO™ Expression system (Thermo Fisher Scientific A21933) user guide.  

Briefly, cells of a density of 6x106 cells/mL were transfected with 1 µg total plasmid 

DNA per mL of culture medium and incubated at 32°C, 5% CO2 for 14 days.  On the 

day of harvest, suspension cultures (125 mL – 1 L) were centrifuged at 3000xg for 5 

minutes.  The crude supernatant was transferred to appropriate tubes and kept at 4°C.  

2.2.3 Protein A Affinity Chromatography  

Cell supernatants were purified using a 1 mL HiTrap™ Protein A HP (GE 

Healthcare 17040203) chromatography column.  For R1a-B6-mIgG1, a high salt 

binding buffer (1.5 M glycine, 3 M sodium chloride, pH 8.9) and an elution buffer made 

up of 0.1 M sodium citrate, pH 3.5 were used.  For R1a-B6-mIgG2a and cAb1-mIgG2a, 

the Ab Buffer Kit (GE Healthcare 28-9030-59) consisting of Binding Buffer (0.2 M 

sodium phosphate, pH 7.0) and Elution Buffer (1 M glycine-Cl, pH 2.7) was utilized.  

Briefly, the column was first washed with 10 column volumes (CV) of binding buffer 

before application of around 30 mL of sample.  Column was again washed with 5 CV 

of binding buffer before eluting with 5 CV of elution buffer.  Samples were then 

neutralized with 1 M Tris-Cl, pH 9. 

Eluted 1 mL fractions were checked for presence of protein by measuring 

absorbance at 280 nm (A280) factoring in a correction for absorbance at 340 nm via 

NanoDrop™.  Presence of protein was confirmed using SDS-PAGE (Section 2.1.3).  

2.2.4 Dialysis 

Eluted fractions with high A280 readings that showed bands of appropriate size 

in SDS-PAGE gels were pooled and injected into 20,000 Molecular Weight Cut-Off 

(MWCO) Slide-A-Lyzer® Dialysis Cassettes (Thermo Fisher Scientific 66003) for 

removal of low molecular weight contaminants, buffer exchange, and desalting via 

dialysis in a 10 L solution of 1X PBS overnight at 4ºC.  Purified and dialyzed nanobody-

Fc fusion proteins were again analyzed by SDS-PAGE (Section 2.1.3) in both reducing 
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and non-reducing conditions and Western Blotting (Section 2.1.4).  A280 readings were 

again taken to determine protein concentration. 

2.3 In vitro assays for nanobody-Fc specificity and neutralization activity 

2.3.1 Influenza ELISA Panel 

The nanobody-Fc constructs were tested for binding to influenza antigen 

standards from the National Institute for Biological Standards and Control (NIBSC) as 

listed in Table 2.1 via ELISA (Section 2.1.5).   

Table 2.1.  List of influenza antigen standards from NIBSC used in this study.  

Influenza Antigen Standard 
NIBSC 
code 

Abbreviation 

A/Brazil/11/78(H1N1) 79/560 BL/78(H1N1) 

A/Johannesburg/82/96(H1N1) NIB-39 97/518 JHB/96(H1N1) 

A/Beijing/262/95(H1N1) NYMC X-127 97/760 BX/95(H1N1) 

A/New Caledonia/20/99(H1N1) IVR-116 06/170 NC/99(H1N1) 

A/Solomon Islands/3/2006(H1N1) IVR-145 07/102 SI/06(H1N1) 

A/Brisbane/59/2007(H1N1) IVR-148 08/100 BR/07(H1N1) 

A/California/07/2009(H1N1)pdm09 NYMC 
X-179A 

09/174 CA/09(H1N1) 

A/Michigan/45/2015(H1N1) NYMC X-275 17/182 MI/15(H1N1) 

A/Brisbane/02/2018(H1N1) IVR-190 18/238 BR/18(H1N1) 

A/Singapore/1/57(H2N2) 99/714 SG/57(H2N2) 

A/Uruguay/716/2007(H3N2) NYMC X-175C 08/278 UY/07(H3N2) 

A/Texas/50/2012(H3N2) NYMC X-223A 13/116 TX/12(H3N2) 

A/Vietnam/1194/2004(H5N1) NIBRG-14 09/184 VN/04(H5N1) 

A/Anhui/01/2005(H5N1) BCD-RG6 07/290 AH/05(H5N1) 

A/turkey/ Turkey/01/2005(H5N1) 07/112 turkey/TR/05(H5N1) 

A/duck/Singapore/Q/F119-3/1997(H5N3) 
NIB-40 
 

00/552 duck/SG/Q/F119-
3/97(H5N3) 

 

A/chick/Hong Kong/G9/97(H9N2) NIBRG-91 08/228 chick/HK/G9/97(H9N2) 

A/Hong Kong/1073/99(H9N2) 08/208 HK/99(H9N2) 

A/Brisbane/10/2010(H1N1) cell derived 
antigen 
 

11/134 BR/10(H1N1) 

A/Christchurch/16/2010(H1N1) NIB-74 10/258 CX/10(H1N1) 

B/Brisbane/60/2008 13/234 B/BR/08 
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2.3.2 Antibody Dependent Cell Cytotoxicity (ADCC) reporter assay   

White opaque 96-well Nunclon™ plates (Thermo Fisher Scientific 136101) 

were coated overnight at 4ºC with 5 µg/mL A/California/07/2009(H1N1) (NIBSC 

09/174).  R1a-B6-mIgG1, R1a-B6-mIgG2a, and cAb1-mIgG2a serial dilutions ranging 

from 10 µg/mL to 0.25 ng/mL were made in assay diluent (Roswell Park Memorial 

Institute (RPMI) medium 1640 supplemented with 4% low-IgG serum) provided in the 

mFcγRIV ADCC Reporter Bioassay Kit (Promega M1201).  Twenty-five µL of the 

nanobody-Fc (protein) and/or mouse serum dilutions were added to the coated plates.  

A vial of mFcγRIV Effector cells (Promega M1201) kept in liquid N2 was thawed in a 

37°C water bath with gentle agitation.  Cell suspension was then mixed by pipetting 

gently 3 times.  Six hundred twenty-five µL of the cell suspension was then transferred 

to 3.6 mL of prewarmed (37°C) assay diluent to a 15ml conical tube.  Twenty-five μL 

of the cell suspension was then transferred to each wells of the 96-well plate coated 

with HA antigen and nanobody-Fc (protein) and/or mouse serum dilutions.  Assay 

plates were covered and incubated at 37°C, 5% CO2 for 6 hours.  The assay plate was 

then removed from the incubator and equilibriated to ambient temperature.  Seventy-

five μL of Bio-Glo™ Reagent (Promega M1201) was then added to each well.  Plate 

was then incubated at room temperature for 30 minutes.  Plate was read using the 

GloMax® Navigator (ProMega).  Activation of mouse FcγRIV by proteins or mouse 

sera was then reported as Relative Luminescence Units/mL (RLU/mL).   

2.3.3 Growth of Challenge Virus A/California/07/2009(H1N1)pdm09 (CA/09)  

A dozen embryonated chicken eggs (9-11 days old) were placed in a tray with 

the blunt end up and examined for any damage prior to inoculation via candling.  For 

each egg, a line was drawn to separate the air sac and to identify the least venous part 

on its side for inoculation.  The blunt end of the egg was then cleaned by wiping with 

70% (v/v) ethanol and two small holes were punched using a sterile 22-gauge needle, 

one on top to release pressure and another on the side of the egg.  Using PBS as a 
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diluent, stock A/California/07/2009/(H1N1)pdm09 (107 TCID50/mL) was diluted tenfold 

five times to make a 10-5 working solution.  One hundred microliters (100 µL) of the 

virus dilution was inoculated by inserting the needle about half an inch in the hole on 

the egg’s side via a short stabbing motion and piercing the amniotic membrane to 

reach the allantoic cavity.  Holes on top of the egg and the side were then sealed with 

melted wax.  Eggs were incubated for 48 hours at 35°C.  The night before harvest, 

eggs were chilled at 4°C.  The next day, the blunt ends of the eggs were cracked open 

using an egg topper.  The broken shell was removed using sterile forceps.  Using a 

sterile spatula, the allantoic membrane was pushed aside and the allantoic viral fluid 

aspirated and transferred to a 15 mL falcon tube.  The collected allantoic fluid from all 

eggs was then centrifuged at 1500xg for 20 minutes to remove excess blood and 

tissues that might be present.  Viral RNA was extracted using Trizol LS (Invitrogen 

10296010) and segments of hemagglutinin (H1) and neuraminidase (N1) were 

amplified by reverse transcription PCR (rtPCR) using an in-house protocol at the 

Influenza Resource Center (IRC) at NIBSC.  Standard rtPCR reactions were performed 

using the Biometra TRIO Combi Multi Block Thermal Cycler (Analytik Jena).  For both 

the HA and the NA genes, a final volume of 20 µL containing 0.25 µM each of Forward 

(F) and Reverse (R) primers, 12.5 µL 2X Reaction Mix SuperScript™ III One-Step RT-

PCR System with Platinum™ Taq High Fidelity DNA Polymerase (Invitrogen 

12574030), 0.5 µL SuperScript™ III One-Step RT-PCR System with Platinum™ Taq 

High Fidelity DNA Polymerase (Invitrogen 12574030) and 5 µL of RNA template was 

prepared.  Reverse transcription was carried out for at 42°C for 60 minutes followed 

by reverse transcriptase deactivation at 94°C for 2 minutes.  The PCR was carried out 

with 30 cycles of denaturation at 94°C for 30 seconds, annealing at 50°C for 30 

seconds and extension at 68°C for 3 minutes.  A final extension at 68°C for 5 minutes 

was also included.  PCR amplicons for HA and NA were sequenced by GATC Biotech 

via the Sanger method.   
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2.3.4 Hemagglutination Assay  

A hemagglutination assay was performed to ascertain which harvested virus 

aliquots should be pooled to get the highest viral titer.  A row of a 96-well U-bottom 

plate was dedicated to a single sample.  One hundred microliters of each viral sample 

was aliquoted onto column 1.  Samples were then diluted two-fold across the plate 

until column 11 by transferring 50 µL of the virus sample and mixing with 50 µL PBS.  

Column 12 was left as a negative control containing PBS only.  Fifty microliters of 0.7% 

(v/v) turkey red blood cells in PBS (t-RBCs) were added to each well of the plate 

followed by incubation for 30 minutes at room temperature.  The hemagglutination 

titration endpoint is defined as the highest dilution of virus that still causes complete 

hemagglutination. The hemagglutination titre in hemagglutination units (HAU) is the 

reciprocal of this dilution. Viruses with the highest HAUs were pooled together in a 50 

mL tube and centrifuged at 1500xg for 20 minutes at 4°C.  They were then aliquoted 

in 1.5 mL pre-labelled tubes and stored at -80°C. 

2.3.5 Hemagglutination Inhibition Assay (HAI) 

All sera were treated with Receptor Destroying Enzyme (RDE) (Seiken) in a 

1:4 dilution and incubated overnight at 37°C.  The next day, sera were again incubated 

at 56°C for another 30 minutes to deactivate complement.  Twenty-five microliters of 

mouse sera was aliquoted into duplicate wells of a V-bottom 96-well plate and serially 

diluted two-fold in PBS across one row before the addition of 4 HAU 

A/California/07/2009(H1N1)pdm09 or A/Vietnam/1194/2004(H5N1) NIBRG-14ma to 

all wells.  After 90 minutes incubation at room temperature, 50 µL 0.5% (v/v) t-RBCs 

was added to each well and HAI titer was determined as described previously (Section 

2.3.4).   

2.3.6 Determination of Viral Tissue Culture Infectious Dose 50% (TCID50)  

All TCID50 assays were carried out in duplicate plates per virus.  Virus diluent 

consisting of complete DMEM supplemented by 1% (v/v) Amphotericin B (v/v) (Sigma 
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A2942) was prepared.  For every assay, a fresh ampule of virus kept at -80°C was 

thawed.  A 10-4 dilution of virus was made and 150 µL of this was plated on row A of 

columns 1 to 10 of a 96-well U-bottom plate.  One-hundred eighty microliters of virus 

diluent was then distributed to all the remaining wells of the plate.  Twenty microliters 

of the starting 10-4 dilution from columns 1 to 10 of row A were transferred serially to 

the next row (A1 to B1, A2 to B2, etc. up until A10 to B10), making dilutions of 10-4, 10-

5, 10-6, and so on until 10-11.  Pipette tips were changed after each dilution.  Column 11 

contained virus diluent only and column 12, MDCK cells only.  Plates were incubated 

for 30 minutes at room temperature. 

MDCK cells seeded the night before at about 70-90% confluency in 96-well 

plates were washed three times with PBS to remove any trace of FCS.  One hundred 

microliters of the virus dilutions prepared previously were then transferred to the plate 

containing the MDCK cells (A1 to A1, B1 to B1 and so forth).  The plate was then 

incubated for 1 hour at room temperature.  Afterwards, the viral dilutions were 

discarded and replaced with 100 µL of freshly-prepared Infection Medium (10% (v/v) 

10X Minimum Essential Medium (MEM) (Sigma M0275), 0.7% (v/v) Bovine Serum 

Albumin fraction V solution 7.5% (Sigma 10735078001), 2% (w/v) NaHCO3 (Sigma 

S8761), 1% (v/v) HEPES (Sigma H0887), 0.5% (w/v) DEAE dextran (Sigma 93556), 

1% (v/v) Pen-Strep (Sigma P0781), 1% (v/v) L-glutamine (Sigma G7513), 1% (v/v) 

Amphotericine B (Sigma A2942), 0.7% (v/v) Tosyl phenylalanyl chloromethyl ketone 

(TPCK)-treated trypsin (Sigma T4376)).  Plates were then incubated for 72 hours at 

37°C and 5% CO2. 

Supernatants were then transferred to round-bottom 96-well plates and 50 µL 

of 0.7% (v/v) turkey red blood cells (t-RBCs) in PBS were added (Section 2.3.4) and 

the highest dilution with complete hemagglutination in 10 wells in a single row was 

recorded.  The number of hemagglutination positive wells after this row was also 

recorded and TCID50 was calculated using the Reed-Muench method [363].   
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2.3.7 Influenza Microneutralization (MN) Assay 
 

Terminal mouse sera were heat inactivated for 30 minutes at 56°C to deactivate 

complement.  Assay diluent was prepared as in the TCID50 assay (Section 2.3.6).  One 

hundred µL of either nanobody-Fc (serially diluted two-fold from 256 nM to 128 pM) or 

heat-inactivated sera from mice treated with AAV encoding transgenes (diluted 1:25 to 

1:3200) was added to 100 µL of 103 TCID50/mL A/California/07/2009/(H1N1)pdm09.  A 

positive control of ferret antiserum against A/California/07/2009/(H1N1)pdm09 was 

included.  The assay was carried out and neutralization titer was obtained using HA 

readout (Section 2.3.4).  The MN titre was defined as the last well showing complete 

inhibition of hemagglutination. 

2.3.8 Lentiviral Pseudotype Neutralization Assay 

The plasmid containing A/Vietnam/1194/2004(H5N1) HA pseudotype with 

luciferase reporter [364] was obtained from Dr. Nigel Temperton at the Medway School 

of Pharmacy.  For the H5 pseudotype, three-plasmid co-transfection was carried out 

as described previously [312].  Briefly, 3x106 HEK 293T cells in complete DMEM were 

seeded in 10 cm2 plates and incubated at 37°C, 5% CO2 overnight.  The next day they 

were transfected using Opti-MEM™ (Thermo Fisher Scientific 31985062) and 

Polyethylene Imine (PEI) with the following plasmids: pI.18 HA plasmid 

(A/Vietnam//1194/2004(H5)) [364], luciferase reporter plasmid pCSFLW [364], and 

p8.91 gag-pol (Gag-Pol expression plasmid [312]).  Plates were incubated at 37°C, 

5% CO2.  At least 8 hours post-transfection, medium was replaced and 3 U of 

exogenous Neuraminidase (Sigma N2876) was added.  Forty-eight hours post-

transfection, supernatant was collected, passed through a 0.45 μm filter and stored at 

−80°C. 

The following pseudotypes with luciferase reporters [364], 

A/Korea/426/68(H2N2) (KR/68) and A/Hong Kong/1073/99(H9N2) (HK/99) were also 
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provided by Dr. Nigel Temperton.  All three pseudotypes (H2, H5 and H9) were used 

for the pseudotype neutralization assays.   

Pseudotypes were first titrated on HEK293T cells by making a two-fold serial 

dilution of 100 µL of the viral pseudotype across a 96-well plate in duplicate.  One 

hundred µL of 1x104 HEK 293T cells was added to each well and plates were incubated 

at 37ºC, 5% CO2 for 48 hours.  Supernatant was harvested and transferred to white 

opaque Nunc 96-well plates (Thermo Scientific 165306) and read using the GloMax® 

Navigator (ProMega) using the Promega GloMax® Luminiscence Quick-Read 

protocol.  Viral pseudotype titer was then determined in Relative Luminescence 

Units/mL (RLU/mL).   

For viral pseudotype neutralization assays, serial two-fold dilutions of 

nanobody-Fc were made ranging from 32 nM to 1 pM on a 96-well tissue culture plate.  

Influenza pseudotypes at a concentration of 1.0x106 RLU/well were then added to the 

nanobody-Fc dilutions and this mixture was incubated for 1 hour at 37ºC.  Afterwards, 

1.0x104 293T cells were added to each well.  Pseudotype virus only controls (no 

neutralization) and cell only controls with no virus (which served as the 100% 

neutralization control) were included in the test plate.  Plates were incubated for 48 

hours at 37ºC and 5% CO2.  Supernatant was then harvested and virus titered as 

above.  Half-maximal inhibitory concentration (IC50) values were calculated using 

GraphPad Prism 8.   

2.4 AAV production and characterization 

2.4.1 Plasmid transformation and DNA preparation 

Four plasmid constructs, AAV-R1a-B6-mIgG1, AAV-R1a-B6-mIgG2a, AAV-

R1a-B6 and AAV-cAb1-mIgG2a, were generated by Dr. Kam Zaki by cloning the 

nanobody transgenes (Figure 3.1) into the AAV2 inverted terminal repeat (ITR)-

containing plasmid pTRUF11 (Figure 4.1) via restriction digest with EcoRI and BamHI 

(Section 2.1.2).   
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The rAAV plasmids were transformed in XL-1 Blue (Stratagene 200249) 

competent cells via heat shock and plated on Luria Bertani (LB) agar plates with 50 

µg/mL ampicillin (Amp) (Sigma A5354) (LB-Amp).  After overnight incubation at 37°C, 

five colonies from each plate were picked and transferred to separate 15 mL falcon 

tubes with 3 mL LB-Amp broth.  Cultures were incubated overnight at 37°C with 

shaking at 225 rpm. 

For plasmid DNA mini-preps, 2 mL of the overnight cultures were transferred 

to microcentrifuge tubes and centrifuged at 15,000xg for 2 minutes.  Supernatant was 

decanted before proceeding to plasmid DNA extraction using the Plasmid Mini Kit 

(Qiagen 12125).  Extracted DNA was digested (Section 2.1.2) with NcoI (Promega) to 

check for integrity. 

For plasmid DNA midi-preps, 100 mL of LB-Amp broth was inoculated with 100 

µL of the cultures from the mini-preps.  These cultures were incubated overnight at 

37°C with shaking at 225 rpm.  The next day cultures were centrifuged at 2000xg for 

30 minutes and the supernatant was decanted before proceeding to extraction of 

endotoxin-free plasmid DNA using the NucleoBond® Xtra Midi EF Kit (Macherey Nagel 

740420.10).  Extracted DNA was again digested (Section 2.1.2) with NcoI (Promega) 

to check for integrity. 

To check for ITR integrity, which is necessary for AAV replication, all plasmid 

DNA obtained from both DNA mini and midi-preps were digested with SmaI (Promega) 

(Section 2.1.2). All DNA extracts were quantified using NanoDrop™ (Thermo 

Scientific) and transgenes were sequenced by GATC Biotech via the Sanger method. 

2.4.2 Transient Transfection of 293T cells for cell factory production  

Twelve triple flasks (TF) were used per AAV construct to make a cell factory.  

HEK293T cells were grown to a density of 4.0x107 293T cells in a final volume of 100 

mL per triple flask of complete DMEM.  Cells were incubated at 37°C, 5% CO2 

overnight.  Transfection was carried out at approximately 80% cell confluency (around 



91 
 

24 hours post-seeding).  Recombinant AAV vectors pseudotyped with serotype 8 

capsid containing AAV2 ITRs (AAV2/8) were generated by transient transfection of 

293T cells.  For each triple flask, a plasmid DNA mix (Table 2.2) composed of pHelper, 

pAAV construct (Figure 4.1), and pAAV2/8/Rep-Cap (pLT2-AAV8) was first made.  A 

polyethyleneimine (PEI)-OptiMem mixture (Table 2.2) was also made and combined 

with the plasmid DNA mix.  For every µg of plasmid in the previously prepared plasmid 

DNA mix, 3.5 µL of PEIMax (1 mg/mL) (PolySciences 24765-1) was added to 

OptiMem™ (Thermo Fisher Scientific 31985062).  The plasmid DNA mix and the PEI-

OptiMem mixtures were combined and incubated for 20 minutes at room temperature 

with constant mixing.  Culture medium in the triple flasks from the day of seeding was 

discarded.  The plasmid DNA Mix and PEI-Optimem mix were combined with 100 mL 

complete DMEM and added to each triple flask.  Flasks were incubated at 37°C, 5% 

CO2 for 72 hours. 

Table 2.2.  Amounts of individual AAV transfection components. 

Solutions Amount in µg or µL OptiMem™ (mL) 

Plasmid DNA Mix   

pHelper 41.5 µg 

5.1 pAAV 13.8 µg 

pAAV2/8/Rep-Cap 13.8 µg 

PEI-OptiMem Mix   

PEIMax 241.85 µL 4.9 

2.4.3 Viral Harvest  

After 72 hours, media was poured out of each triple flask and into a 2 L 

collection vessel.  Cells in triple flasks were washed with 20 mL PBS, and this wash 

was also added to the 2 L collection vessel.  The volume of supernatant collected 

including the wash liquid was measured.  For every 100 mL of supernatant, 31.3 g 

(NH4)2SO4 (Sigma) was added and dissolved in sterile double distilled water (sddH2O) 
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via a magnetic stirrer on a mixing plate for 10-15 minutes to ensure complete 

solubilization of (NH4)2SO4.  The mixture was then transferred to 1 L conical tubes and 

incubated for 30 minutes on ice.  Afterwards, the tubes were centrifuged (Beckman 

Coulter Avanti J-26S XP) at 8300xg for 30 minutes.  Supernatant was discarded and 

the pellet from all 12 TFs was resuspended in 20 mL AAV Lysis Buffer (150 mM NaCl, 

50 mM Tris pH 8.5) and marked as “supernatant”.   

To cells in the triple flask, 15 mL of 0.25% Trypsin-EDTA (1X) (Sigma T4049) 

was added.  TFs were incubated for 5 minutes at 37°C with frequent vigorous tapping 

until complete cell detachment was observed.  Twenty mL complete DMEM was added 

to each TF to deactivate the trypsin.  Contents of all 12 triple flasks were collected in 

50 mL conical tubes and centrifuged at 1800xg for 15 minutes.  Supernatant was 

discarded.  All pellets were combined and resuspended in 20 mL AAV Lysis Buffer.  

This mixture was marked as the “crude lysate”.   

Cells were lysed by subjecting the “supernatant” and “crude lysate” to three 

freeze/thaw cycles (alternating -80°C for 30 minutes and 37°C water bath for 15 

minutes).  Supernatant and crude lysate were stored at -80°C after the last freeze-

thaw cycle. 

2.4.4 AAV Purification 

2.4.4.1 Benzonase treatment 

MgCl2 (Sigma) was added separately to crude lysate and supernatant to make 

a final concentration of 1 mM MgCl2.  For a cell factory (12 TFs), 10,000 U Benzonase® 

(Novagen 70746-4) was added (split between supernatant and crude lysate).  The 

tubes were mixed by inversion several times and incubated on a 37°C water bath for 

1 hour.  Tubes were then centrifuged at 1800xg for 20 minutes to clarify the lysate by 

pelleting the cell debris. 

2.4.4.2 Iodixanol gradient 
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Different solutions with varying amounts of iodixanol (OptiPrep™ Sigma 

D1556) were prepared to make a gradient for AAV purification (Table 2.3).  The 

solutions were pipetted in the following order in SV141Ti ultraclear centrifuge tubes 

(Beckman Coulter); (i) 1.55 mL 60% iodixanol, (ii) 1.55 mL 40% iodixanol, (iii) 1.88 mL 

25% iodixanol, and (iv) 2.8 mL 15% iodixanol.  Solutions were pipetted very slowly and 

gently to ensure that layers were well-formed with clear and distinct boundaries.  

Afterwards, the gradient was topped up with 3 mL of the virus fluid (crude lysate and/or 

supernatant) per tube.  

The tubes were then centrifuged at 273,620xg for 3 hours at 18°C in a 

Beckmann Coulter Optima L-90K Ultracentrifuge using the SW41 rotor.  After 

centrifugation, the clear band that can be seen between the 60% and 40% iodixanol 

layers was extracted via aspiration using a needle connected to a plunger.  Typically, 

around 5-10 mL of virus fluid was obtained from this procedure.   

Table 2.3.  Components of solutions making up the Iodixanol Gradient [365].  

Percentage 
(v/v) 

OptiPrep™ 
(Sigma) 

(mL) 

5M 
NaCl 
(mL) 

5x TD*  
(mL) 

ddH2O 
(mL) 

Phenol 
Red 

(Sigma) 
(µL) 

Total 
volume 

(mL) 

15% 7.5 6.0 6.0 10.5 - 30.0 

25% 8.3 - 4.0 7.7 50.0 20.0 

40% 10.2 - 3.0 1.8 - 15.0 

60% 15.0 - - - 37.5 15.0 

* 5X TD buffer is made up of 1 M MgCl2 and 2.5 M KCl.  (-) indicates no amount. 

2.4.4.3 Virus concentration 

Virus bands extracted from the iodixanol gradient were concentrated using 

VivaSpin20 MWCO 100 kDa (Sartorius VS20S1).  Briefly, 5 mL of PBS was added to 

the VivaSpin20 column to clean and wet the membranes.  This was aspirated, after 

which 10 mL of PBS was added and the column was centrifuged at 500xg for 2 



94 
 

minutes.  Flowthrough was discarded and the remaining PBS was aspirated.  Six mL 

of virus fluid was added to the column and topped up with PBS to 20 mL.  The tube 

was centrifuged at 500xg for 5 minutes.  The remaining virus fluid was added, and the 

solution topped up again with PBS to 20 mL.  In between centrifugation steps, the 

solution was completely homogenized by pipetting up and down several times.  The 

tube was again centrifuged at 500xg for 5 minutes until only 5 mL of liquid was left.  

The flowthrough was collected in a 50 mL falcon tube and labelled “flowthrough #1”.  

The tube (with the remaining 5 mL virus) was again topped up with PBS to 20 mL.  The 

tube was again centrifuged at 500xg for 5 minutes until only 5 mL of liquid was left.  

The flowthrough was collected in another 50 mL falcon tube and labelled “flowthrough 

#2”.  The tube (with the remaining 5 mL virus) was again topped up with PBS to 20 mL 

and centrifuged at 500xg for 5 minutes until only 1 mL of liquid was left.  The 

flowthrough was collected in another 50 mL falcon tube and labelled “flowthrough #3”.  

The remaining 1 mL of virus fluid inside the chamber was collected and sterilized using 

a 0.45 µm filter in the hood.  Virus was stored at 4°C.    

2.4.5 AAV Characterization and Titration 

2.4.5.1 Quantification of Capsid particles via SDS-PAGE 

A discontinuous Laemmli SDS-PAGE setup was carried out as described 

previously (Section 2.1.3).  Standards of Bovine Serum Albumin (BSA) (Pierce 

Biotechnology/Thermo Scientific 23209) were made starting from 2000 ng and serially 

diluted two-fold down to 62.5 ng.  Standards loaded on gels ware made up of 10 µL 

BSA, 5 µL sddH2O, and 3 µL 6X Loading Buffer.   

Instead of Coomassie staining, the gel was stained overnight with Sypro® Ruby 

Protein Gel Stain (Supelco S4942) on a container wrapped with aluminum foil to 

protect from light with gentle agitation.  After destaining (Section 2.1.3) and prior to 

imaging, the gel was rinsed twice in ultrapure water for 5 minutes. 
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The gel was viewed using “GeneSnap from Syngene” and analyzed using the 

“GeneTools from Syngene” program.  In brief, rectangular boxes were drawn enclosing 

the region of the bands to be quantified which included all BSA standards and the VP3 

band from each sample.  All values were reported as integrated intensity values.  A 

standard curve was generated by plotting the amount of BSA versus the integrated 

fluorescence intensity.  Capsid titers were quantified via linear regression in GraphPad 

Prism 8.12. 

2.4.5.2 Determination of Viral Genome Size and Integrity via Alkaline Gel 

Electrophoresis 

A 1X alkaline electrophoresis buffer was prepared from a stock of 50X (2.5 M 

NaOH, 50 mM EDTA).  The 1X buffer was cooled down to 4°C.  A 0.8% (w/v) agarose 

gel was made and while cooling down, enough 50X alkaline electrophoresis buffer to 

make it 2% (v/v) was added.  Twelve microliters of AAV virus was combined with 4 µL 

of 4X Alkaline Sample Loading Buffer (20% (v/v) glycerol (Sigma), 4X alkaline 

electrophoresis buffer, 1.2% (w/v) SDS (Sigma), ~2 mg xylene cyanol (Sigma)) and 

loaded into wells.  Five µL of HyperLadder™ 1 kb (Bioline 33053) was added as 

Molecular Weight marker for DNA quantitation.  The gel was run at 20 V overnight at 

4°C.  The next day, the gel was incubated in 3 gel volumes of 0.1 M Tris (Sigma), pH 

8.0 for 1 hour with gentle agitation.  The Tris buffer was then discarded and replaced 

with 1 gel volume of GelRed™ Nucleic Acid Gel Stain, 3X in Water (Biotium 41001) in 

0.1 M NaCl (Sigma) and incubated for 2 hours with gentle rocking in the dark.  

Afterwards, the gel was rinsed briefly in ultrapure water twice. 

The agarose gel was viewed using “GeneSnap from Syngene” and analyzed 

using the “GeneTools from Syngene” program.  For the standards, the first 8 bands of 

HyperLadder™ 1 kb were quantitated with the 10 kb band corresponding to 100 ng, 8 

kb band to 80 ng, 6 kb band to 60 ng, 5 kb band to 50 ng, 4 kb band to 40 ng, 3 kb to 

30ng, 2.5 kb to 25ng, and 2 kb to 20ng.  Values were reported as integrated intensity 
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values.  A standard curve was generated by plotting the mass of the different 

HyperLadder™ 1 kb bands versus the integrated fluorescence intensity.  Viral genome 

titers were quantified via linear regression in GraphPad Prism 8.12. 

2.4.5.3 Measurement of Vector Genomes via Quantitative Real Time PCR (qPCR) 

Vector genome titers were quantified by amplifying rAAV genome sequences 

corresponding to a 129 bp fragment of the Cytomegalovirus (CMV) promoter upstream 

of the transgene.  AAV samples were diluted 1:10, 1:100, 1:1000 and 1:10000 in 

sddH2O.  For the standard curves, plasmids obtained from the previous midi preps 

were digested for 3 hours with EcoRI (Promega) to linearize them (Section 2.1.2).  

Linearized plasmids were then purified using a QiaQuick PCR Purification Kit (Qiagen 

28104) and the concentrations determined using NanoDrop™.  The mass of one copy 

of each plasmid was calculated by multiplying the number of bases with 1.096 x 10-21 

g (the average mass of one nucleotide).  Plasmid dilutions of 109 copies to 101 copies 

were made for the standard curve.   

 
Table 2.4.  qPCR primer and probe sequences for CMV.  

Target 
Amplicon 

size (bp) 
ID Sequence 5’→3’ 

TM 

(°C) 

CMV 

[366] 
129 

CMV-F TTC CTA CTT GGC AGT ACA TCT ACG 70 

CMV-R GTC AAT GGG GAG ACT TGG 66 

 

Probe 

 

FAM – TGA GTC AAA CCG CTA TCC ACG 

CCC A - TAMRA 

78 

 

qPCR was performed using the Mx3005P™ (Stratagene).  For the CMV 

reaction, a final volume of 20 µL containing 20 µM each of Forward (F) and Reverse 

(R) primers, 10 µM of CMV probe (Table 2.4), 10 µL 2X Quantitect (Qiagen 204443) 

and 1 µL of DNA template was prepared.  The PCR was carried out with initial 

denaturation at 95°C for 15 minutes followed by 40 cycles of denaturation at 94°C for 
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15 seconds and annealing/extension at 60°C for 30 seconds.  All samples and 

standards were tested in duplicate. 

2.5 Mouse experiments 

All mouse experiments and husbandry were conducted by the Biological 

Services Division (BSD) of the National Institute for Biological Standards and Control 

(NIBSC).  I assisted in the culling of mice at the end of each in vivo study conducted 

at Biosafety Level 2 (BSL2) (tolerability and A(H1N1) challenges) and processed all 

biological samples obtained.  Lung homogenization, TCID50 determination and 

hemagglutination inhibition assay for mice challenged with A(H5N1) were conducted 

by colleagues at the Influenza Resource Center (IRC) at NIBSC. 

2.5.1 Mouse 50% Lethal Dose (MLD50) determination of CA/09 by in vivo 

titration  

Twenty (20) female BALB/c mice, 6-8 weeks old were obtained from Charles 

River Laboratories and housed at the Biological Services Division (BSD) at NIBSC.  

The following virus dilutions of A/California/07/2009/(H1N1)pdm09 (CA/09) in PBS 

were prepared, 105 TCID50/mL, 104 TCID50/mL, 103 TCID50/mL, and 102 TCID50/mL.   

Mice were divided into five groups of four for each dilution series of virus.  One 

group was given the negative control, PBS.  Mice were then individually identified, and 

weights were recorded daily for three days prior to virus inoculation.  On the day of 

viral challenge, mice were sedated and inoculated with 50 µL of specified virus dilution 

or PBS per group by the intranasal (IN) route.  Remaining inoculum was stored on ice 

and back titrated on the day for confirmation of viral activity.  Weights and clinical 

observations were carried out twice daily from day 1 of infection to day 14. 

Animals at severity limit for the study (20% weight loss) and/or showing 

physical and behavioral symptoms or distress were euthanized.  At day 14 post-

infection, all remaining mice were culled and lungs were harvested.  Collected blood 

was left to clot for 1 hour at room temperature.  Serum was separated via centrifugation 



98 
 

at 2,000xg for 10 minutes at 4°C and stored at -20°C.  A lung from each mouse was 

snap-frozen.  The other lung was washed in PBS and fixed in 4% (v/v) 

paraformaldehyde (PFA) for histology. 

2.5.2 Mouse tolerability studies 

Twenty-eight (28) female BALB/c mice, 6-8 weeks old were obtained from 

Charles River Laboratories and housed at BSD, NIBSC.  Mice were divided into four 

groups of six for each of the AAV constructs.  For every group, the following AAV doses 

in vector genomes (vg) were prepared via dilution with PBS (Sigma D8662) to a 50 µL 

volume: (i) 1.0 x 1011, (ii) 3.3 x 1010, and (iii) 1.0 x 1010.  Each dose was given to 2 mice 

via intramuscular (IM) injection.  A control group consisting of 4 mice was given 50 µL 

PBS.  Mice were weighed daily and monitored for any signs of disease or distress.  

Animals that exhibited behavioral and physical signs of distress or lost 20% of their 

initial body weight were culled.  Mice were bled (~50 µL) at 0, 2, 4, 6, 8, 10, 12, 16, 20, 

and 24 weeks post-AAV administration.  Collected blood was left to clot for 1 hour at 

room temperature and serum was separated via centrifugation at 2,000xg for 10 

minutes at 4°C and stored at -20°C.  At the end of 24 weeks, all mice were culled, 

terminal bleeds (~500 µL) collected, and lungs harvested. 

2.5.3 Mouse protection studies 

For each of the challenge experiments, 40 female BALB/c 6-8 week old mice 

were obtained from Charles River Laboratories and housed at BSD, NIBSC.  Mice 

were divided into five groups of eight.  All groups were weighed and observed for 2 

days before being pre-bled on day -2.  On day 0, mice from groups 1-4 were injected 

intramuscularly (IM) with a 50 µL volume of 1 x 1011 vg AAV-R1a-B6-mIgG1, AAV-R1a-

B6-mIgG2a, AAV-R1a-B6, and AAV-cAb1-mIgG2a respectively.  Mice from group 5 

were given 50 µL PBS.  Thirty-nine (39) days later, mice were bled to determine serum 

antibody titers.  Six weeks after the start of the study, mice were challenged 

intranasally (IN) with 21 MLD50 A/California/07/2009/(H1N1)pdm09 (CA/09) or 10 
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MLD50 A/Vietnam/1194/2004(H5N1) NIBRG-14ma (VN/04).  Weights and clinical 

observations were made twice daily for 14 days or until the endpoint of loss of 20% of 

initial body weight was observed and/or clinical symptoms of poor health such as 

abnormal behavior and appearance, difficulty in breathing, sunken abdomen, pinched 

waist, and ocular symptoms were deemed too severe for mice to remain in the study.  

Lungs were harvested, immediately snap-frozen, and stored at -80°C.  Terminal bleeds 

were also collected.  For the H5N1 challenge experiment, an additional 3 mice per 

group, were added and culled 3-days post-challenge, to quantify influenza titers in the 

lungs and for histological analysis.   

2.5.4 Lung Homogenization 

Bijoux were pre-weighed prior to transfer of snap-frozen lungs.  Lungs and 

bijoux were then weighed together, and mass of the lungs determined by difference.  

To each bijoux, 2 mL of virus diluent (Section 2.3.6) was added and lungs were 

homogenized using a blender.  The mixture was centrifuged at 18,000xg for 2 minutes 

and the supernatant was used to quantify residual virus in lung tissue via TCID50 

determination (Section 2.3.6).   

2.5.5 Histology 

Mouse lungs were washed in PBS and fixed with 4% paraformaldehyde (PFA).  

Following fixation, tissues underwent standard paraffin embedding and processing. 

Four-micron-thick sections were then cut using the Leica RM2125 RTS Microtome.  

Slides were prepared and stained with hematoxylin and eosin (H&E) (Vector 

Laboratories Inc. H-3502).  High definition scans were taken using Pannoramic Digital 

Slide Scanner (3D HISTECH) and analyzed using CaseViewer 2.3 (3D HISTECH). 

Inflammation was scored in blinded fashion as follows: 0 = no to minimal inflammation, 

1 = occasional infiltration in bronchioles, 2 = infiltration of bronchioles and slight 

thickening of perivascular walls; 3 = mass infiltration of bronchioles, thickening of 

perivascular walls, and lung rupture.   
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2.5.6 Ethics 

AAV mouse tolerability studies were peformed under United Kingdom Home 

Office project license # PPL70/8091 under the “Vector Immunogenicity” protocol.  

Influenza challenge studies using A/California/07/2009(H1N1)pdm09 were performed 

under United Kingdom Home Office project license # P856F6831 under the protocol 

for “Protection from Infection with Influenza virus”.  Influenza challenge studies using 

A/Vietnam/1194/2004(H5N1) NIBRG-14ma were performed under United Kingdom 

Home Office project license # P30D4C513 under the protocol for “Protection from 

Infection with Influenza virus or virulent influenza virus”. 
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CHAPTER 3 

PRODUCTION, PURIFICATION, AND CHARACTERIZATION OF  

NANOBODY-FC FUSIONS AGAINST INFLUENZA  

3.1 Overview 

In addition to vaccination and antiviral drugs, the use of recombinant 

monoclonal antibodies (mAbs) that are broadly neutralizing against influenza is a 

promising strategy to counter annual epidemics and pandemic threats.  These mAbs, 

several of which are already in clinical development, bind to functionally conserved 

epitopes such as those in the influenza hemagglutinin (HA) stem, thereby providing 

strain independent protection [192, 201, 209, 210, 238]. 

Structural analysis of several of the earliest human mAbs against the influenza 

HA stem revealed that they employ only their heavy chains for antigen recognition 

[209, 210]. This implies that the light chains were not required for binding to these 

difficult to access epitopes.  In a single domain antibody, the target-binding module is 

composed of a single VHH domain as opposed to non-covalently associated variable 

domains, VH and VL in a conventional antibody.  The longer CDR3 loop in a VHH 

enlarges the potential interaction surface with the target antigen contributing to the 

diversity and specificity of the paratope [260].  In addition, some of the most potent 

cross-neutralizing human mAbs described reveals somatic hypermutation constrained 

to particular germline genes [34, 209, 210, 236, 238].   This prompted our interest in 

naturally occurring “heavy-chain only” antibodies from camelids and our isolation of 

high affinity broadly neutralizing single domain antibodies (sdAb) or nanobodies 

against influenza A and B [268, 367].   

R1a-B6, a potent alpaca derived nanobody capable of cross subtype 

neutralization of pandemic A(H1N1)2009, highly pathogenic avian influenza H5N1, 

H2N2 and H9N2 [219, 268] has been previously described.  R1a-B6 neutralizes 

influenza through binding to a highly conserved epitope in the HA stem and blocking 
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the low pH induced conformational change required for viral membrane fusion.  As a 

single domain antibody fragment of approximately 15 kDa, R1a-B6 would be rapidly 

cleared from circulation in a matter of hours, which would prohibit any activity in vivo 

[281, 283].  To achieve maximum protective levels in the systemic circulation, 

additional strategies to enhance its pharmacokinetics are required [294].  In this study, 

R1a-B6 was fused to both a mouse IgG1 (ADCC-) and IgG2a (ADCC+) Fc domain to 

both extend half-life and to evaluate to what extent ADCC might be required for efficacy 

of R1a-B6 in vitro and in vivo.  The Fc domain is largely responsible for the extended 

serum persistence of mAbs by pH dependent interaction with FcRn and recycling 

through the kidneys [368].  In addition, the Fc domain mediates interactions with the 

effector arm of the immune system and recent reports have suggested ADCC is 

required for efficacy of human mAbs specific for the influenza HA stem [246, 247].   

The work presented in this chapter was aimed towards demonstrating the 

protective efficacy of the reformatted nanobody R1a-B6 against different Group I 

influenza A subtypes in vitro.  Additionally, it was aimed to show that fusion of the 

nanobody to a mouse Fc region would enable it to recruit effector functions, which may 

be essential for its protective effect in vivo, by performing surrogate ADCC assays.  

The overall goal is to design and evaluate an optimal nanobody format that can be 

employed for immunotherapy which can then be an alternative option in the prevention 

and treatment of influenza.   

In this chapter, the following objectives were accomplished: 

(i) production and purification of nanobody-Fc fusions, 

(ii) demonstrated cross-subtype binding against influenza A Group I strains in 

vitro of nanobody-Fc fusions, 

(iii) binding and activation of mouse FcγRIV effector cells by nanobody-Fc 

fusions, 

(iv) production and TCID50 determination of A/California/07/2009 

(H1N1)pdm09, 
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(v) production and titration of representative lentiviral vector-based influenza A 

Group I pseudotypes, and  

(vi) neutralization of live A/California/07/2009(H1N1)pdm09 and representative 

influenza A Group I pseudotypes in vitro by nanobody-Fc fusions. 

3.2 Results 
 
3.2.1 Production and purification of nanobody-Fc proteins 

For this study, plasmid constructs encoding nanobodies that were previously 

designed and synthesized by Simon Hufton and Tiziano Gaiotto.  The nanobody 

sequences were reformatted as Fc fusions separated by a mouse hinge region. The 

mouse CH1 domain was removed and the C-terminal end of the nanobody was directly 

fused to the N-terminus of the mouse hinge region followed by the CH2-CH3 domains 

of either mouse IgG2a or mouse IgG1.  In total, four constructs, (i) R1a-B6 mouse Fc 

IgG1, (ii) R1a-B6 mouse Fc IgG2a, (iii) monovalent R1a-B6 [268] and (iv) negative 

control mouse Fc IgG2a fusion carrying a nanobody cAb1 specific for chicken egg 

white lysozyme [252], were cloned into a mammalian expression vector.  

Figure 3.1.  Graphical representation of R1a-B6 reformatted for in vivo gene 
delivery.  Constructs were cloned into the multiple cloning site (MCS) of pcDNA™3.4-
TOPO® (Thermo Fisher Scientific) and produced in vitro in ExpiCHO™ (Thermo 
Fisher Scientific) cells. These constructs were also cloned into an AAV expression 
system for protein expression in vivo (Chapter 5).   
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The pcDNA™3.4-TOPO® (Thermo Fisher Scientific) vector contains the 

Woodchuck posttranscriptional regulatory element (WPRE) to enhance transcript 

expression under the full-length human cytomegalovirus (CMV) immediate-early 

promoter/enhancer (Figure 3.1). It also contains the Herpes Simplex Virus thymidine 

kinase polyadenylation (TKpA) signal for proper termination and processing of the 

recombinant transcript and an Ampicillin resistance (AmpR) gene for selection in E. coli 

(Figure 3.1).  These different versions of R1a-B6 (Figure 3.1) were designed to test 

antigen-antibody binding, virus neutralization, requirement for half-life extension, and 

the possible contribution of ADCC on the antiviral effect of the nanobody Fc in vitro 

and in vivo.   

Production of R1a-B6-mIgG1, R1a-B6-mIgG2a, and cAb1-mIgG2a plasmid 

DNA that is pure, high-yield, and endotoxin-free for protein production was first 

accomplished.  R1a-B6 plasmid DNA and proteins were already produced previously 

[268].  Plasmid DNA containing nanobody-Fc was extracted from bacterial cultures 

after several rounds of scale-up production and endotoxin-free DNA midi preparations. 

DNA concentrations for all plasmid constructs were determined and were on average 

around 5-10 µg/µL.  This is sufficient for large-scale transfection in ExpiCHO™ cells.   

 

 

Figure 3.2.  RE digestion using EcoRI and BamHI of pcDNA™3.4-TOPO® (vector) 
containing nanobody-Fc (insert) from DNA plasmid midi preparations.  For all 
constructs, bands at ~6000 bp showing the vector and another band at ~1200 bp 
showing the released insert were observed.  Promega 1 kb DNA Molecular Weight 
(MW) ladder was used as reference. 

 
          R1a-B6-mIgG1           R1a-B6-mIgG2a         cAb1-mIgG2a 

               

vector  
 
 
 
 
insert 
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Upon digestion with BamHI and EcoRI (Figure 3.2), the restriction enzymes 

used to clone the nanobody-Fc inserts, the carrier plasmid (6068 bp) and the released 

inserts (~1100 bp) appear as bands on the gel consistent with theoretical fragment 

sizes after restriction enzyme digestion.  Nanobody-Fc inserts were sequence verified 

against original nanobody sequences designed and produced previously (unpublished 

data from Hufton lab) and results adhered to expected sequence profiles. 

The extracted DNA was then utilized for transfection in the ExpiCHO™ 

expression system (Thermo Fisher Scientific) which employs suspension-adapted 

Chinese hamster ovary (CHO) cells for high yield transient protein production.  Since 

the nanobody-Fc fusions were being expressed for the first time, a pilot time course 

study, utilizing 30 mL ExpiCHO™ suspension cultures per construct was performed 

first.  Cells and/or media were harvested at several time points post-transfection to 

identify the optimal duration of the expression run (Figure 3.3).  For the ExpiCHO™ 

“Max” expression protocol, the manufacturer recommended harvesting proteins 12 to 

14 days post-transfection, with the protocol supporting protein expression for a 

maximum of 14 days.  

Protein expression can be observed in the crude supernatant as early as day 

3 for all nanobody-Fc constructs and increases thereafter for R1a-B6-mIgG2a and 

cAb1-mIgG2a, with the highest absorbance seen in supernatant collected on day 14 

(Figure 3.3).  For R1a-B6-mIgG2a, absorbance against CA/09 picked up as the 

expression run went on, increasing from day 3 to day 14 (Figure 3.3).  Absorbance 

was uniform throughout for R1a-B6-mIgG1 which was unusual (Figure 3.3).  It can be 

attributed to being unable to dilute the supernatant further to show a more complete 

titration. However, expression and functionality of R1a-B6-mIgG1 seems to be 

unaffected by this as observed and presented later in the chapter.  From this, it can be 

gathered that protein expression was successful, with nanobody-Fc fusions generated 

from transient transfection correctly folded and functional.  This is evidenced by 

proteins being able to bind to influenza HA (CA/09) for R1a-B6-mIgG of both subtypes 
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and lysozyme for cAb1-mIgG2a.  The highest yield of nanobody-Fc can be obtained 

by harvesting on day 14 post-transfection (Figure 3.3).  

 

 

 

  

 From 30 mL pilot studies, a scale-up transfection of 500 mL for each 

nanobody-Fc was carried out.  Supernatant was harvested on day 14 and purified in 

batches by running it through a Protein A affinity column.  Protein absorbance at 280 

nm was taken via nanodrop and eluates with the highest readings were run on SDS-

PAGE gels to confirm presence of protein.  Eluates containing proteins of the right size 

Figure 3.3.  Activity in vitro of nanobody-Fc as tested via ELISA after specified 
harvest points.  Supernatant from ExpiCHO™ cultures transfected with R1a-B6-
mIgG1, R1a-B6-mIgG2a, and cAb1-mIgG2a were harvested at days indicated and 
activity was tested against reference standard A/California/07/2009(H1N1)pdm09 for 
R1a-B6-mIgG and chicken egg white lysozyme for cAb1-mIgG2a.  Mock indicates 
supernatant from transfection with no DNA and serves as the negative control in this 
experiment.  Points are shown as the mean and standard error of two replicates.   
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were pooled together and dialyzed overnight in PBS.  They were then analyzed on 

12% polyacrylamide gels in reducing and non-reducing conditions and transferred to 

nitrocellulose membranes and detected with anti-mouse-Fc IgG HRP (GE Healthcare) 

(Figure 3.4).   

 

Figure 3.4.  Detection of nanobody-Fc fusion proteins in SDS-PAGE and Western 
blot analysis.  Detection of proteins in reducing (a,c) and non-reducing (b,d) 
conditions in Coomassie blue-stained SDS-PAGE gels (top,a,b) and by an anti-
mouse-IgG-Fc-HRP in Western blots (bottom,c,d).  Theoretical molecular weights 
(MW) for R1a-B6-mIgG1, R1a-B6-mIgG2a, and cAb1-mIgG2a are ~37 kDa under 
denaturing (reducing) conditions, and ~75 kDa under non-reducing conditions.  
  

After purification, a product of approximately 75 kDa was seen under non-

reducing conditions demonstrating the formation of a dimeric Fc fusion protein (Figure 

3.4).  As only single domain variable fragments were produced, nanobodies fused to 

the Fc region of a mouse IgG with a deleted CH1 domain, the proteins produced (~75 

kDa) are approximately half the size of ordinary mouse IgGs which are around 150 
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kDa.  The nanobody-Fc fusions are encoded by single gene fragments and translated 

from one open reading frame, and this is a distinct advantage over two-chain 

monoclonal antibodies.  No other bands were seen aside from the expected nanobody-

Fc proteins in all gels and blots showing the purity of the preparation (Figure 3.4).   

3.2.2 Binding of R1a-B6-Fc against a broad range of Group I influenza A 

subtypes 

Influenza viruses infect humans mainly because of their ability to undergo 

antigenic variation via antigenic shift and drift of the globular hemagglutinin (HA) head 

domain [110, 112].  Within each influenza subtype, there is a continuous antigenic drift 

[369].  Seasonal vaccination generates subtype-specific antibodies that will have little 

or no efficacy against drifted strains [110].  It is desired to have antibodies that will elicit 

a broad, cross-subtype specific response in order to address a pandemic threat. 

Hufton, et.al previously reported the cross-reactivity of R1a-B6 against 

A(H1N1) and A(H5N1), and when present in a bivalent format, also against A(H2N2), 

and A(H9N2) [268].  In this study, bivalent R1a-B6 with an appended Fc region (Figure 

3.1), in addition to monovalent R1a-B6 were employed to investigate the breadth of 

reactivity of the nanobody-Fc fusions via binding in an ELISA against a panel of 

influenza A reference standards (Table 2.1).  The influenza antigen reference reagents 

used in this study were made at the Influenza Resource Centre (IRC) at the National 

Institute for Biological Standards and Control (NIBSC), one of the four WHO Essential 

Regulatory Laboratories (ERLs) that manufacture these preparations of inactivated 

whole virus.  Reference antigens are freeze-dried, calibrated and assigned a potency 

value via rigorous methods that have been globally standardized [370].  These 

influenza reference reagents are then used for vaccine manufacture and 

standardization worldwide. 
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Figure 3.5.  Binding of different R1a-B6 formats against a broad range of 
influenza A subtypes as tested by ELISA.  (a)  Standard curves showing binding of 
nanobody constructs from concentrations of 4 µg/mL to 2 ng/mL against representative 
Influenza A Group I, Group II and influenza B reference reagents.  Binding was 
measured in duplicate and average absorbance was plotted against purified nanobody 
Fc dilutions.  (b)  Binding as shown by half maximal effective concentration (EC50) of 
nanobody-Fc was measured in duplicate.  All values above the dotted line indicate no 
binding activity.     
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To test for binding, a panel of influenza reference reagents composed of 

representative A(H1N1) strains that were present in a 40 year time span from 

A/Brazil/11/78(H1N1) to A/Brisbane/02/2018(H1N1), H2N2, H5N1, and the more 

distant H9N2 strain, all from group I influenza A, was employed.  H3N2 from group II 

influenza A and an influenza B virus served as negative controls.    

R1a-B6 appended with a mouse Fc region of either IgG1 or IgG2a isotype 

retained the binding activity of monovalent R1a-B6 as shown previously [268].  Binding 

was strongest against BR/18(H1N1) for both R1a-B6-Fc and R1a-B6 (Figure 3.5a).  

R1a-B6-mIgG2a seems to show better binding to all strains tested compared to R1a-

B6-mIgG1, but this may be just down to preferential binding of the secondary antibody 

used in the ELISA to mouse IgG2a over mouse IgG1.  R1a-B6-mIgG showed strong 

binding to all A(H1N1) and A(H5N1) strains regardless of year of circulation (Figure 

3.5a).   

The EC50 values against H1-HA and H5-HA were in the same range, around 

~20-160 ng/mL for R1a-B6-mIgG1, and ~12-90 ng/mL for R1a-B6-mIgG2a.  Binding 

to the more divergent subtype, H2, was generally lower for R1a-B6-mIgG as compared 

to that for H1 and H5, with EC50 values of 930 ng/mL for R1a-B6-mIgG1 and 155 ng/mL 

for R1a-B6-mIgG2a, but still better than monovalent R1a-B6 which showed no binding 

(Figure 3.5b).  R1a-B6-mIgG and monovalent R1a-B6 strongly bound to H9N2 

(chick/HK/97 and HK/99) (Figure 3.5b), with EC50 values of ~30-450 ng/mL for R1a-

B6-mIgG1, ~12-20 ng/mL for R1a-B6-mIgG2a, and ~80-250 ng/mL for R1a-B6, better 

than previously reported [268].  The negative control nanobody construct, cAb1-

mIgG2a did not bind to any of the influenza HA reference standards as expected.  

There was also no binding observed against the H3N2 strain which belongs to 

influenza A group II and also the influenza B virus (Figure 3.5b). 

3.2.3 Binding and activation of mouse FcγRIV effector cells by nanobody-Fc 

fusions 
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 It was previously believed that neutralizing antibodies against influenza, both 

HA head and stem-binding, provide protection exclusively through engagement of their 

variable region but this has been challenged in recent years with the contributions of 

mechanisms conferred by the Fc domain of the antibody proving vital to survival 

against lethal influenza infection in mice in vivo [208, 246, 247].  To test the 

requirement for half-life extension and to address the need for effector activation in the 

case of antibody dependent cell cytotoxicity (ADCC) in the prophylactic efficacy of R1a-

B6, three single gene encoding proteins (Figure 3.1) were fused to a mouse Fc 

fragment of either an IgG1 or IgG2a isotype.  Mouse IgG isotypes differentially interact 

with Fc gamma receptors (FcγR) on effector cells, with mouse IgG2a being the most 

potent having high affinity for activating FcγR, whereas mouse IgG1 is the least potent, 

preferentially interacting with inhibitor FcγR [292].   

Available ADCC assays today usually measure antibody-mediated killing of 

target cells by activated NK effector cells [128, 248].  This requires the use of peripheral 

blood mononuclear cells and purified NK cells from donors, which may be hard to 

obtain.  Surrogate assays that do not directly measure killing but instead rely on the 

NK cell degranulation [371-373] and the release of perforins, granzymes, cytokines 

and chemokines from effector cells as measured by modern fluorometric techniques 

to indirectly calculate cytotoxicity [373] have also been employed.  

Here a mouse FcγRIV ADCC Reporter Bioassay (Promega) to test whether the 

nanobody-Fc fusion proteins are functionally capable of inducing ADCC was 

employed.  This ADCC reporter bioassay allows our nanobodies equipped with a 

mouse Fc region to be tested with their respective FcγRs, in this case FcγRIV, the 

predominant receptor involved in ADCC in mouse [172, 291].  However, whether the 

nanobody-Fc proteins actually induce ADCC or not in vitro or in vivo to protect against 

influenza can not be answered by this approach. 

Briefly, 5 µg/mL of CA/09 antigen per well was plated on a 96-well plate and 

incubated this overnight at 4°C.  This is a departure from the Promega protocol that 



112 
 

uses adherent target cells, either a Jurkat T cell line or Raji cells, that are transfected 

with and express the target antigen.  Nanobody-Fc dilutions were then made and were 

incubated with the HA antigen for 2 hours, similar to an ELISA.  The supplied mFcγRIV 

Effector cells are then incubated for 6 hours with the nanobody-Fc dilutions and the 

HA antigen coated on the plate.  These effector cells then bind to the Fc domain of 

ADCC activating nanobodies resulting in mFcgRIV signalling and Nuclear Factor of 

Activated T cells-Response Element (NFAT-RE) mediated luciferase activity.  This 

bioluminescent signal is then detected and quantified using Bio-Glo™ Luciferase 

Assay System (Promega). 

 

Figure 3.6.  In vitro ADCC activation of nanobody-Fc fusion proteins.  Activation 
of luciferase reporter gene is shown in (a) relative luminescence units (RLU) and (b) 
fold induction of luminescence.  Both (a) and (b) are measured as a function of 
nanobody-Fc concentration against A/California/07/2009(H1N1)pdm09 reference 
standard.  Points are shown as the mean and standard deviation of three replicates.   

Nanobody-Fc fusions in a range of concentrations from 10 µg/mL to 4 ng/mL 

as determined by A280 protein readings were then tested for ADCC activity.  As 

expected, only R1a-B6-mIgG2a which is specific against the H1N1 antigen and with 

an activating mouse Fc region, showed substantial ADCC activity, about 200,000 RLU 

(Figure 3.6a).  R1a-B6-mIgG2a also demonstrated ~70-fold induction in luminescence 

activity compared to R1a-B6-mIgG1 and cAb1-mIg2a (Figure 3.6b).  There was no 

induction of luciferase activity by R1a-B6-mIgG1(Figure 3.6), as this mouse IgG 
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isotype does not bind to mFcγRIV [172, 291].  Likewise, there was no luciferase signal 

for cAb1-mIgG2a, as it is unable to bind to the target antigen CA/09 HA (Figure 3.5).   

The RLU values reported here are relatively less than that reported elsewhere 

(1x106 RLU) [357] and the manufacturer’s technical manual (8x105 RLU) (Promega).  

However, the difference between the fold induction of luminescence, about ~60-70-

fold increase, between the mouse-Fc IgG2a (ADCC+) and mouse-Fc-IgG1 (ADCC-) 

antibodies is reflected in our findings (Figure 3.6b).  Transient expression of HA by 

target cells results in higher assay sensitivity [374], which can explain the difference 

between absolute RLU values that were observed and that of previous studies.  As a 

cell line expressing HA was not employed, there was no need to optimize parameters 

such as the effector:target cell ratio, number of target cells per well or cell density, and 

incubation time with the effector cells, all of which may have given a stronger RLU 

signal.  These parameters are dependent on and will change with the target system 

employed.  Nonetheless, these results show very little background noise as observed 

with the ADCC negative constructs R1a-B6-mIgG1 and cAb1-mIgG2a having RLU 

values <2000 (Figure 3.6a), and with the fold induction the same as that reported by 

the manufacturer using control antibodies and their own target cell line (Promega).  

These results demonstrate that the nanobody-Fc fusion induces reporter gene 

expression only when target antigen and mFcγRIV are cross-linked, as in the case of 

R1a-B6-mIgG2a, and that clearly, R1a-B6-mIgG1 and cAb1-mIgG2a are unable to 

activate FcγR. 

3.2.4 Production of challenge virus and viral pseudotypes for in vitro 

neutralization assays 

3.2.4.1 Validation and TCID50 Determination of A/California/07/2009(H1N1)pdm09 

(CA/09) 

For validation, PCR amplification of the full length H1 (1700 bp) and N1 (1400 

bp) genes of the live A/California/07/2009/H1N1(pdm09) grown in eggs was carried 
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out.  Sequences of the HA and NA genes produced were then verified to establish that 

there were no mutations in these genes that could possibly affect the virus’s 

immunogenic or antigenic profile.  DNA sequence of CA/09 HA gene was compared 

against Influenza A virus (A/California/07/2009(H1N1)) segment 4 hemagglutinin (HA) 

gene, with NCBI Reference Sequence: NC_026433, and CA/09 NA gene was 

compared to Influenza A virus (A/California/07/2009(H1N1)) segment 6 neuraminidase 

(NA) gene, with NCBI Reference Sequence: NC_026434.  Verification showed no 

mutations in the HA and NA genes of live virus we produced.   

A hemagglutination assay was then carried out to determine which viral fluid 

from the 24 individual eggs that were inoculated could be combine for use in in vitro 

and in vivo assays.  Samples that scored 256 Hemagglutinin Units (HAU) or higher 

were pooled and a TCID50 assay on this stock was carried out to determine working 

concentrations and challenge dose.  Via an HA readout (Figure 3.7) and the Reed-

Muench method [363], the TCID50 of the A/California/07/2009/H1N1(pdm09) stock 

produced was found to be 107.95 TCID50/mL (average of 6 independent trials). 

 

 

 

Figure 3.7.  Representative plates for TCID50 determination of 
A/California/09/2009 (H1N1)pdm09 stock using an HA readout.  Wells with sunken 
t-RBCs at the bottom are negative for virus, while wells that have hemagglutinated t-
RBCs are positive for virus.  The highest dilution with complete hemagglutination in 10 
wells in a single row was recorded as well as the number of hemagglutination positive 
wells after this row for TCID50 determination. -v indicates cell only (MDCK) controls 
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We then used this stock of A/California/07/2009(H1N1)pdm09 (CA/09) for our 

in vitro microneutralization assay (3.2.5) and our in vivo mouse challenge experiment 

(Chapter 5).   

3.2.4.2 Production and titration of influenza A pseudotypes 

To correlate with binding activity data (Figure 3.5), nanobody-Fc functionality 

via in vitro neutralization assays against selected Group I influenza A strains was 

tested.  Aside from CA/09, a pandemic H1N1 strain, A/Vietnam/1194/2004 (H5N1) 

(VN/04), a highly pathogenic avian influenza H5N1 virus, A/Korea/426/1968 (H2N2) 

(KR/68), an H2N2 virus that genetically diverged from the human H2N2 virus that 

caused the 1957 Asian pandemic, and A/Hong Kong/1073/1999 (H9N2) (HK/99), an 

H9N2 human influenza virus of avian origin, were also tested.  While it is logistically 

easy to deal with low pathogenic strains of influenza, studies on strains that are 

uncommon and not widespread in the population such as  VN/04, KR/68 and HK/99, 

are considerably hampered by availability of BSL facilities and highly trained and 

qualified people required for handling and processing these viruses. 

The use of pseudotyped viruses presents a good alternative to live viruses for 

research.  Viral pseudotypes or chimeric viral particles, are generated via the 

incorporation of surface glycoproteins from one virus (in this case, influenza) onto the 

core of another virus either by coinfection or cotransfection of specific genes inserted 

into plasmids [364].  Pseudotyping has been employed to great effect as a substitute 

for live viruses in influenza serological and neutralization assays [68, 364, 375, 376].  

Perhaps the greatest advantage of using these viral pseudotypes is that they are safer 

than wild type and/or reassortant viruses as they undergo abortive replication and do 

not give rise to replication-competent progeny [311, 312]. 

As live influenza viruses KR/68, VN/04 and HK/99 were unavailable for use in 

in vitro neutralization assays due to BSL3/4 restrictions, lentiviral-based influenza virus 

pseudotyupes, consisting of a surrogate virus core, in this case HIV, that can integrate 
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into cells [312] were instead produced.  We used the p8.91 gag-pol plasmid, a second 

generation vector derived from pCMVΔR9 [312], as the packaging construct, which 

contains the human cytomegalovirus (hCMV) immediate early promoter, which drives 

the expression of all viral proteins required in trans.  This plasmid is defective for 

production of its own viral envelope and the accessory protein Vpu.  The virus core is 

then surrounded by a lipid envelope with the hemagglutinin (HA), the major influenza 

glycoprotein on its surface.  The HA envelope (sourced from Nigel Temperton of the 

Viral Pseudotype Unit, Medway School of Pharmacy) was supplied as a separate 

plasmid in trans.  A plasmid encoding a firefly luciferase reporter gene was also 

supplied.  The decrease in expression of luciferase in response to the presence of our 

nanobody-Fc constructs is then measured in influenza neutralization assays [364]. 

 

Figure 3.8.  Titration of influenza virus pseudotypes.  Pseudotyped lentiviral 
particles with HA envelopes of A(H2N2), A(H5N1), and A(H9N2), and firefly luciferase 
reporter genes, were titrated in HEK293T cells.  Each point represents the mean and 
standard error of four replicates per dilution.  Readout is expressed in relative 
luminescence units (RLU). 

Plasmid DNA of p8.91, pHA (envelope) and pCSFLW (reporter) and co-

transfected DNA from these three plasmids to 293T cells were first produced.  

Supernatant containing virus was harvested after 48 hours.  Pseudotype titers were 

then obtained via subsequent infection of HEK293Tcells.  After 48 hours of incubation, 
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to permit cell transduction and expression of firefly luciferase, cells were lysed in the 

presence of a luciferase substrate prior to assessing luciferase activity.   

A dilution-dependent luciferase signal was observed for all pseudotypes that 

were produced and titrated, with the no envelope control showing very low background 

noise (Figure 3.8).  The titers obtained (Figure 3.8) were comparable to those of 

Temperton, et. al for H5N1 pseudotypes with an HIV core [68], and are suitable for use 

in pseudotype neutralization assays employing nanobody-Fc as prescribed [68, 284].  

The final titers obtained for the viral pseudotypes as expressed in RLU/mL were as 

follows: (i) 2.27 x 109 RLU/mL A/Korea/426/1968(H2N2) (KR/68), (ii) 8.49 x 107 

RLU/mL A/Vietnam/1194/2004(H5N1) (VN/04), and (iii) 5.28 x 109 RLU/mL A/Hong 

Kong/1073/1999(H9N2) (HK/99).   

3.2.5 Neutralization of representative influenza A subtypes by R1a-B6 

The influenza microneutralization (MN) assay is highly sensitive and specific 

for detecting virus-specific neutralizing antibodies against influenza viruses [179].  

Moreover, it is also an excellent test of antibody functionality in vitro.  We performed 

the MN assay using a hemagglutination readout for live virus 

A/California/07/2009(H1N1)pdm09 (CA/09).  It was attempted to produce a CA/09 

pseudotype, but the viruses obtained had very low titers (data not shown) that would 

be insufficient for use in an MN assay.  The pseudotype neutralization assay with 

luciferase readout was employed for the pseudotyped A/Korea/426/1968(H2N2) 

(KR/68), A/Vietnam/1194/2004(H5N1) (VN/04), and A/Hong Kong/1073/1999(H9N2) 

(HK/99) influenza strains.  

Different ranges of nanobody concentrations that were serially diluted two-fold 

for neutralization against each influenza subtype were prepared.  Against the live virus 

CA/09(H1N1), the starting dilution was 5 µM, and for the pseudotypes, 32 nM for 

KR/68(H2N2), 128 nM for VN/04(H5N1), and 4 nM for HK/99(H9N2).  This variation is 

due to the differences in neutralization activity of the nanobodies against the specific 
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influenza subtype.  As such, it was necessary to titrate out the nanobodies to see the 

definitive endpoints of complete (100%) and no (0%) neutralization activity.   

     

Figure 3.9.  Neutralization of different influenza A strains in vitro by R1a-B6.  
Neutralization of live virus CA/09(H1N1) (103 TCID50/mL) was measured via an 
influenza microneutralization assay HA readout.  Neutralization of pseudotypes 
KR/68(H2N2), VN/04(H5N1) and HK/99(H9N2) A/Korea was measured by a luciferase 
reporter assay.  Proteins are serially diluted two-fold from a starting concentration 
ranging from 128 nM to 1 pM for all pseudotypes.  1.0x106 RLU of influenza pseudotype 
was then added to each well.  For all plots, each point represents the mean and 
standard error of two replicates per dilution. 

R1a-B6-mIgG was able to neutralize key Group I Influenza A subtypes, 

A(H1N1), A(H2N2), A(H5N1) and A(H9N2) in vitro while cAb1-mIgG2a showed no 

neutralization activity against any of the influenza A strains (Figure 3.9).  Both R1a-

B6-mIgG1 and R1a-B6-mIgG2a showed similar trends in neutralization of all influenza 
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subtypes.  Monovalent R1a-B6 was able to neutralize H1N1 and H5N1 but was unable 

to neutralize H2N2 and H9N2 effectively (Figure 3.9), similar to previous reports [268].  

Some neutralization activity can be seen for R1a-B6 against KR/68(H2N2) at very high 

concentrations (~10 nM); increasing the concentration further seems to have no effect 

on neutralization.  There was an anomalous trend observed for R1a-B6 against 

HK/99(H9N2), with neutralization in the figure constant at around ~30-40% regardless 

of nanobody concentration (Figure 3.9).  This experiment has been repeated several 

times with the same result.  Experiments involving further dilution of R1a-B6 to get a 

baseline value against HK/99(H9N2) is recommended.  As such neutralization against 

this subtype by R1a-B6 remains inconclusive.    

Half-maximal inhibitory concentration (IC50) of each nanobody construct 

against the viral strains tested via GraphPad Prism 8.1.2 was determined.  Standard 

curves (Figure 3.9) were obtained by normalizing the RLU values against that of the 

pseudotype only controls corresponding to no neutralization and cell-only (no virus) 

controls corresponding to 100% neutralization.  A non-linear regression (curve fit) 

analysis on the normalized data using a log [inhibitor] versus normalized response 

variable slope equation to compute for the IC50 values was then carried out. 

Table 3.1.  IC50 values of nanobody constructs against different influenza 
subtypes in vitro.  

Influenza  

Virus Subtype 

IC50 (nM) 

R1a-B6- 

mIgG1 

R1a-B6-

mIgG2a 
R1a-B6 

cAb1- 

mIgG2a 

A/CA/09(H1N1)* 5.20 ± 0.01 7.99 ± 0.01 4.27 ± 0.01  -  

A/KR/68(H2N2) 0.146 ± 0.040 0.110 ± 0.006  -  -  

A/VN/04(H5N1) 3.621 ± 0.030 2.431 ± 0.014 0.650 ± 0.002  -  

A/HK/99(H9N2) 0.027 ± 0.002 0.082 ± 0.001  -  - 

* A/CA/09(H1N1) neutralization assay was carried out using a standard cell-
based assay with hemagglutination readout and using live virus.  All other 
assays were carried out using a Luciferase reporter assay and influenza 
pseudotype viruses (n=3).  IC50 is half maximal inhibitory concentration.  ( - ) 
indicates no neutralization activity. 
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IC50 values obtained for the nanobody-Fc fusions that were neutralizing in the 

luciferase pseudotype assay were in the picomolar range for KR/68(H2N2) and 

HK/99(H9N2) compared to the IC50 values obtained using the hemagglutination 

readout and live virus which was in the nanomolar range in the case of CA/09(H1N1) 

(Table 3.1).  The IC50 values obtained for VN/04(H5N1) was in the same range as that 

of CA/09(H1N1).  It is hypothesized that in a pseudotype virus, the HA glycoprotein is 

more readily available and present at lower densities on the viral surface as compared 

to the wild type virus, and that the neutralizing epitopes more accessible to the 

neutralizing nanobody-Fc due to the absence of the other major surface glycoprotein, 

NA [377, 378].  In comparison, the whole virus containing all its subunits, may present 

a more challenging route for attachment of neutralizing nanobodies.  However, this 

may vary depending on the virus subtype and the mode of action of the neutralizing 

antibody.  At present, this theory is still under investigation, but findings in this thesis 

adhere to the presented hypothesis.   

Previously, it was demonstrated that bivalency increased the breadth of 

neutralizing activity of R1a-B6 enabling it to neutralize H2N2 (NIBRG-147) and 

increasing its potency against the more divergent strain H9N2 (NIBRG-91) [268].  Our 

findings here corroborate that evidence of monovalent R1a-B6 showing little to no 

neutralizing activity against A(H2N2) and A(H9N2).  R1a-B6 exhibited strong 

neutralization activity against A(H1N1) and A(H5N1) (Figure 3.9, Table 3.1).  Bivalent 

R1a-B6-mIgG1 and R1a-B6-mIgG2a showed comparable potency with each other and 

monovalent R1a-B6 against A(H1N1) and A(H5N1), and very good potency against 

A(H2N2) and A(H9N2), better than R1a-B6, for which IC50 values were unable to be 

obtained (Table 3.1).  The nanobodies, being bivalent are also able to functionally 

interact with HA more easily, leading to robust neutralization activities against all 

representative Influenza A viruses tested here.  On this basis, we can deduce that 

making R1a-B6 bivalent and appending an Fc region to it, have improved its 

neutralizing activity against A(H2N2) and the drifted A(H9N2) (Figure 3.9, Table 3.1). 
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The strong neutralizing activity observed for R1a-B6, in its’ revised Fc format 

and original monovalent form demonstrates its functionality and utility against different 

subtypes of influenza in vitro.   

3.3 Discussion  

This chapter aimed at showing the therapeutic potential of R1a-B6 mouse Fc 

fusion nanobodies against influenza in vitro as a preliminary step before in vivo testing.  

R1a-B6 was improved by making it bivalent [268], increasing its half-life and 

introducing possible antibody-dependent effector functions by fusing the second and 

third constant domains (CH2-CH3) of a mouse IgG1 or IgG2a heavy chain to it.  This 

resulted in a bivalent nanobody-Fc dimer that consisted of two 37.5 kDa subunits, as 

compared to the 15 kDa size of a monovalent nanobody (Figures 3.1 and 3.4).  

Because of their size, nanobodies delivered via passive transfer are rapidly cleared 

from circulation by free glomerular filtration in the kidney (molecular weight cut-off 66 

kDa) [281].  Prolonging the nanobody’s half-life will not only maintain the therapeutic 

threshold for a longer time but will also reduce the frequency of drug administration 

which will significantly benefit the patient [266, 281].    Expression of nanobody-Fc 

constructs in ExpiCHO™ cells, followed by Protein A chromatography and dialysis 

yielded relatively pure proteins with the anticipated molecular weights (Figure 3.4) that 

are still able to bind to CA/09 (Figure 3.3). 

Purified R1a-B6-Fc fusion proteins were then shown to bind to a broad panel 

of whole influenza virus reference reagents (Figure 3.5) and neutralize key Group I 

Influenza A subtypes, A(H1N1), A(H2N2), A(H5N1) and A(H9N2) (Figure 3.9 and 

Table 3.1).  As reported previously [268], converting R1a-B6 into a bivalent format was 

shown to increase the breadth of neutralizing activity to include the more divergent 

influenza subtype A(H2N2) rather than increasing maximum levels of potency on 

A(H1N1) and A(H5N1).  It was previously speculated that this is related to the 

mechanism of action of R1a-B6 which mediates its effect after the virus has already 
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attached to the cell surface and been internalized, as opposed to HA-head binding 

antibodies that usually inhibit viral attachment and entry [268]. It was suggested that 

internalization of the virus nanobody complex may be a rate limiting step in the potency 

of stem binding antibodies, so conversion to a bivalent format does not increase 

potency above a certain maximum threshold. As such, converting R1a-B6 from a 

monovalent to bivalent Fc fusion is seen to enhance potency for more divergent 

subtypes (i.e. A(H2N2) and A(H9N2)) with a lower affinity interaction, thereby 

extending the breadth of binding and neutralization of the nanobody [228].  Whereas 

for higher affinity interactions against A(H1N1) and A(H5N1), no further enhancement 

is seen as a maximum level of potency has already been reached. 

Neutralization assays employing viral pseudotypes were carried out at BSL2 

level and allowed a rapid, reliable, safe and easy assessment of the cross-neutralizing 

response of our nanobody-Fc fusions against influenza subtypes which are difficult to 

obtain and handle.  Results were generated as digital readouts that are sensitive to 

picomolar quantities (Figure 3.9 and Table 3.1).  It was previously reported that 

neutralizing antibody titers against H5N1 determined by the pseudotype assay, 

strongly correlated with titers obtained via traditional HAI assays using horse 

erythrocytes and the MN for human, ferret and avian sera [68].  It was also found to be 

significantly more sensitive than the turkey erythrocyte HAI, the traditional method 

[179], for the detection of antibodies to H5 HA [68].  Comparing R1a-B6 IC50 values 

obtained against reverse genetics reassortants [268], results here show that 

neutralizing activity was ten-fold higher for H5N1, while there was no IC50 generated 

for H9N2 using the viral pseudotype.  Hufton et. al used the reverse genetics 

reassortant of A/chicken/Hong Kong/G9/1997 (H9N2) (chick/HK/97(H9N2)) strain for 

their neutralization assay [268] whereas the human A/Hong Kong/1073/1999 (H9N2) 

(HK/99) pseudotype was employed here.  Looking at the generated ELISA data, we 

can see that binding activity as shown by EC50 values was lower for chick/HK/97(H9N2) 

compared to that for HK/99(H9N2) for R1a-B6 (Figure 3.5), suggesting that 
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neutralization activity will probably be similar, with lower IC50 values being observed 

against chick/HK/97(H9N2) over HK/99(H9N2). 

In humans, it was found that HA-specific ADCC mediating antibodies are 

induced by vaccination and/or infection with influenza virus [128, 372, 379].  It is also 

generally accepted that monoclonal anti-stem antibodies given via passive 

immunotherapy can induce ADCC in vitro and further require FcγR interaction for 

optimal in vivo protection suggesting ADCC activity may assist in protective immunity 

to influenza [246, 247, 380, 381].  In this study, R1a-B6 fused to mouse IgG1 which is 

ADCC negative, and to mouse IgG2a which is ADCC positive (Figure 3.6) were 

employed to test for FcγR interaction.  An engineered effector cell line with luciferase 

reporter activity (FcγRIV ADCC Reporter Bioassay Promega) created for single assay 

thaw and use format to further reduce variability was utilized to test whether the 

nanobody-Fc fusion proteins are functionally capable of activating FcγR resulting in 

intracellular luciferase production.  R1a-B6-mIgG2a was shown to be capable of 

activating ADCC.  It was also revealed that there is no difference in the in vitro binding 

activity (Figure 3.5) and neutralizing activity (Figure 3.9) of R1a-B6-mIgG1 and R1a-

B6-mIgG2a to various influenza A subtypes regardless of their Fc region (Figure 3.5).  

How these findings affect the in vivo prophylactic efficacy of R1a-B6 is presented in 

Chapter 5.  

The ADCC assay employed here was used for convenience and economy and 

simply answers the question of whether the nanobody-Fc can engage effector 

functions.  It must be pointed out that this assay does not directly measure antibody-

mediated killing of influenza-infected target cells, as do all surrogate assays and results 

must be interpreted with caution [382].  If the nanobody-Fc fusions can actually engage 

effector cells in vitro and in vivo to protect against influenza can not be satisfactorily 

answered by this assay.  However, it is a starting point for ADCC studies that may 

improve the potency and efficiency of the final therapeutic product. 
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The efficient production and characterization of reformatted R1a-B6 fused to a 

mouse Fc region was shown here.  R1a-B6 appended with a mouse IgG2a Fc was 

capable of activating ADCC in vitro, in contrast to R1a-B6-mIgG1 and cAb1-mIgG2a.  

Most importantly, R1a-B6-Fc retains and improves on monovalent R1a-B6’s binding 

and cross-subtype neutralizing activity against different influenza A group I subtypes 

in vitro.  The findings in this chapter show that the potent in vitro characteristics of R1a-

B6 make it a promising candidate for immunotherapy against influenza in vivo. 
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CHAPTER 4 

PRODUCTION, PURIFICATION, AND TITRATION OF AAV ENCODING 

NANOBODY-FC FUSIONS AGAINST INFLUENZA  

4.1 Overview 

Passive immunotherapy using monoclonal antibodies (mAbs) with broad cross-

subtype neutralizing activity against influenza has stimulated much interest in recent 

years with several mAbs currently in clinical development [192, 201, 209, 210, 238].  

Broadly neutralizing antibodies (bnAb) are very rare in infected humans as stem 

reactive memory B cells normally exist at very low frequencies and are only boosted 

in the context of exposure to a very different HA protein, and immune response to 

vaccines is almost always strain specific [168].  Nonetheless bnAbs have been isolated 

from humans infected with influenza [210, 245] as well as from influenza vaccinees 

[122, 208, 241, 242, 383] in the past.  It was also found that under certain conditions, 

they can make up a major part of the immune response, as exemplified by the 

response after being vaccinated/infected by A(H1N1)pdm09 [241, 245]. 

People who have a more diverse history of influenza infection have higher titers 

of broadly neutralizing antibodies, suggesting that prior encounters with diverse 

influenza virus strains greatly impact the kind of antibodies that can be generated [384].  

These rare antibodies usually bind to conserved epitopes such as those in the 

hemagglutinin (HA) stem, thereby providing strain independent protection. However, 

for passive immunotherapy to provide sufficient long-term protection, frequent 

repeated injections are required which would be prohibitively expensive in low 

resource areas with no public health infrastructure.  A more practical and cost-effective 

strategy would be to use antibody gene therapy.  With a single administration, gene 

immunotherapy may potentially provide long term sustainable protection through 

antibody production in situ, within the patient.   
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Viruses are highly evolved natural gene vectors that have emerged as efficient 

delivery vehicles for therapeutic genes in clinical gene therapy [307].  Recombinant 

Adeno-Associated virus (rAAV) vectors have been modified to improve safety and are 

able to provide long term stable transgene expression in different animal cells [319, 

320, 334, 385].   AAV-mediated delivery of broadly neutralizing human monoclonal 

antibodies against the HA stem has already been proposed as a possible approach to 

protect from influenza [354, 355, 357].  Despite these findings, significant challenges 

remain for the successful development of vectored immunoprophylaxis for influenza.  

The use of AAV is still hampered by limitations to the size and complexity of antibody 

transgenes that it can express [386].  This is a challenge for antibody gene therapy 

given that mAbs are large complex glycoproteins comprising four separate chains.  As 

such, smaller, simpler binding molecules expressed from a single open reading frame 

would be a significant advantage [320, 323].   

In this study, single domain antibodies as an alternative to conventional mAbs 

for gene therapy delivery via AAV against influenza were employed.  This is distinct to 

previous studies that have tried the same approach in that intramuscular delivery of an 

alpaca-derived cross-neutralizing nanobody instead of AAV9 intranasal delivery [355, 

357, 387] was utilized.  Direct intramuscular injection of AAV8 allows for a simple 

method for crossing the blood vessel barrier to attain systemic gene transfer in muscle 

tissue [388, 389].  Muscle then becomes a biofactory for expressing antibodies against 

influenza.  This strategy has previously been shown to be effective in mice against HIV 

[353] and influenza [354].   

Additionally, immune response following AAV administration poses a 

significant barrier to gene transfer in humans [336, 390].  Neutralizing antibodies to 

AAV2 are prevalent worldwide [337] and this is problematic because AAV2 is the most 

widely characterized and used rAAV vector [365, 391, 392]. This limitation can be 

overcome by using different serotypes such as AAV8 or AAV9.  However, in the case 

of AAV9, low levels of protein expression and genome copy numbers of AAV2/9 has 
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been detected in the brain and testes after systemic injection in mice [329].  This is an 

important safety issue for future clinical investigation of this serotype as it could 

possibly alter germline genes [329].  As such, it was decided to instead use AAV8 

capsid in this study.  The use of AAV8 for efficient gene therapy in muscle, heart and 

liver has been well documented [334, 389, 393].  And here, the choice of muscle 

specific delivery and AAV2/8 as vector serotype is expected to provide higher level, 

more sustainable transgene expression over a longer period of time, in comparison to 

AAV2/9 mediated intranasal delivery which has been shown to decrease in macaques 

after 3-4 months [336, 338, 355].   

 

 

 

 

 

The nanobody constructs (Figure 3.1) (i) R1a-B6 mouse Fc IgG1, (ii) R1a-B6 

mouse Fc IgG2a, (iii) R1a-B6 and (iv) cAb1-mouse IgG2a were previously cloned by 

Dr. Kam Zaki into an AAV2-based transfer vector plasmid containing two 145 bp 

inverted terminal repeats (ITR) (pAAV) (Figure 4.1).  Expression of transgenes is 

a                                        b                                  

Figure 4.1.  AAV construct design to test protective effect of recombinant anti-
flu neutralizing nanobody R1a-B6 against influenza by AAV vector delivery. (a)  
Nanobody constructs were cloned into an AAV expression system with AAV2 
inverted terminal repeats (ITR) under a CMV promoter and a polyA region for protein 
expression.  Transgenes are then packaged into AAV virions with an AAV8 capsid.  
(b)  Representative map of AAV plasmid containing important elements, the left (L) 
and right (R) ITRs, CMV promoter, transgene (R1a-B6-hinge-mouse Fc IgG), and 
restriction sites for NcoI, EcoRI and SmaI used for diagnostic digestion.  Plasmid map 
not drawn to scale. 
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under the control of a CMV promoter with a β-globin intron and leader sequence 

preceding the coding sequence and a bovine growth hormone polyadenylation signal 

(bGH polyA) following it (Figure 4.1).   

These constructs were then used to produce recombinant AAV viruses for 

influenza immunoprophylaxis via the triple transfection method [365] (Figure 4.2).  In 

this method, three plasmids are utilized for transfection: an AAV helper plasmid, the 

ITR transgene cassette (pITR), and the plasmid containing rep and cap that lack ITRs 

to circumvent packaging of the wild type genome.  AAV containing the transgenes are 

then packaged into pre-formed empty capsids within the nucleus of producer cells 

(Figure 4.2).  

 

Figure 4.2.  Schematic diagram of the triple transfection method to produce 
rAAV.  rAAV is produced by transfection of three plasmids: transgene plasmid (pITR) 
containing the nanobody Fc fusion construct, the pHelper plasmid (adenoviral proteins 
E2a and E4orf6 [394]) and pAAV2/8/Rep-Cap (pLT2-AAV8 codes for serotype 2 
Rep78 and serotype 8 VP1, VP2 and VP3 capsid proteins) in adherent 293T cells. 
Newly synthesized DNA in ssDNA format is incorporated into pre-formed capsids and 
the infectious AAV particles are released from producer cells. 

Crucially, after high yield production, AAV vectors must be purified to support 

downstream therapeutic and/or clinical applications.  Popular methods of purification 

include gradient centrifugation using iodixanol or cesium chloride [365], ion exchange 

chromatography, receptor-specific affinity purification, traditional affinity 

chromatography, and gel filtration [325].  Following purification, AAVs containing the 

desired transgenes were then characterized for genome titer and integrity, before in 
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vivo studies were conducted.  AAV vectors can be characterized as follows: a) physical 

presence of genomes in viral particles via dot-blot assay and quantitative real-time 

polymerase chain reaction (qPCR), b) infectivity of the viral particles using an infectious 

center assay, c) ability to transduce an infected cell via a transduction assay, c) 

physical observation of the viral particles as a population using electron microscopy, 

d) physical characterization of the size and integrity of genomes using alkaline gel 

electrophoresis, and e) physical characterization of amount of viral capsids using 

ELISA or SDS-PAGE [332, 365, 395].  A combination of two or more characterization 

methods is enough for accurate assessment of AAV titer prior to further studies. 

In this chapter, the following objectives were accomplished:  

(i) production and purification of high titer AAV viruses expressing R1a-B6-

mouse-Fc fusion transgenes and negative control nanobody for in vivo 

gene therapy 

(ii) characterization of AAV in terms of number of capsid particles, genome 

size, and gene copy numbers.  

4.2 Results 
 
4.2.1 Production of AAV of high titer and purity  

AAV vector plasmid DNA containing the gene of interest that is pure, high-yield, 

and endotoxin-free was first produced as these will be used in downstream 

applications involving mice.  Nanobody constructs (Figure 3.1) with the following sizes: 

(i) R1a-B6-mIgG1, 1110 bp, (ii) R1a-B6-mIgG2a, 1128 bp, (iii) R1a-B6, 504 bp, and 

(iv) cAb1-mIgG2a, 1170 bp, were previously cloned into an AAV vector (Figure 4.1).  

All AAV vector plasmids containing nanobody transgenes are approximately 5.8 kb in 

size, with the AAV-R1a-B6 plasmid being slightly smaller at 5.1 kb as the transgene 

does not include a mouse Fc region.   

After scale-up production in E. coli (500 mL - 1 L cultures), plasmid DNA was 

extracted via an endotoxin-free preparation.  DNA concentrations obtained were in the 
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range of 2-5 µg/µL for all AAV constructs.  Diagnostic digestion was performed using 

NcoI that cuts within the CMV promoter and the multiple cloning site preceding the 

transgene for all constructs (Figure 4.1).  Results showed that the digested DNA bands 

had sizes consistent with theoretical fragment sizes (Figure 4.3).  DNA extracts were 

sequence-verified against R1a-B6 sequences by Hufton et. al (unpublished), and all 

samples adhered to expected sequence profiles.  

 

 

 

 

 

 

 

 

 

 

 

After sizes of AAV plasmid DNA were confirmed, AAV plasmid DNA integrity 

was then checked.  AAV vectors are designed to consist of an appropriately sized 

expression cassette flanked by ITRs, the origin of replication and primer for second-

strand synthesis by DNA polymerase [319, 325].  During bacterial transformation in E. 

coli, these ITRs become unstable and are prone to deletion [325].  Before transfection 

into host cells it is necessary to check for ITR integrity with an enzyme such as SmaI 

which cuts within unstable portions of the ITR.  The sizes of the resulting fragments 

are then determined via gel electrophoresis. 
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Figure 4.3.  Restriction enzyme (RE) digestion using NcoI of AAV constructs 
from DNA plasmid preparations.  For all constructs digested with NcoI, bands at 
~819 bp and another band at ~4900 bp for AAV-R1a-B6-mIgG1, AAV-R1a-B6-
mIgG2a, and AAV-cAb1-mIgG2a, and ~4300 bp for AAV-R1a-B6 were observed. 
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Expected band sizes after SmaI digestion were observed for all AAV constructs 

(Figure 4.4).  However, bands corresponding to about 5000 bp (indicated by red 

boxes) can also be seen for all constructs except for AAV-R1a-B6-mIgG1.   These 

bands most probably represent a population that contains small deletions in the ITR 

region in this plasmid preparation.  It has been reported that this is a frequent 

occurrence and even the best plasmid preparations contain about 5–15% of DNA 

containing small deletions in the ITR [325].  The problems that this will pose for further 

downstream applications are not deemed to be significant [325].  Results of the SmaI 

digest suggest that majority of the population for each plasmid preparation have intact 

ITRs (Figure 4.4). 

AAV was then produced via triple transfection in adherent HEK293T cells. 

Harvesting the virus involves lysing cells via three freeze/thaw cycles to fully release 

AAV.  Digestion with benzonase was then carried out to degrade all nucleic acid 

impurities, both DNA and RNA that have not been packaged into virions.  Purification 

             L    2h    4     6     8     u/c    2h   4     6     8    u/c   2h    4     6     8  u/c    2h    4     6      8   u/c    

Expected  
digest sizes 

(bp) 

2681 
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1134 

3048 
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2681 
2424 
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                            AAV-                        AAV-                   AAV-                     AAV- 
          R1a-B6-mIgG1    R1a-B6-mIgG2a         R1a-B6            cAb1-mIgG2a 

5 kbp 

   3 kbp 

1.5 kbp 

1 kbp 

Figure 4.4.  SmaI digest of AAV plasmid constructs.  Aliquots were taken after 
2, 4, 6 and 8 hours (h) to monitor progress of digestion.  Bands in red boxes indicate 
unexpected bands from the RE digest.  U/C stands for uncut plasmids, L for the 
molecular weight ladder.   
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was then carried out using a discontinuous iodixanol gradient.  Affinity chromatography 

can also be done, and is a popular choice [314].  However, a major disadvantage of 

affinity chromatography is the indiscriminate purification of both empty and vector-

containing AAV particles in the virus preparation [332].  The presence of empty 

particles contributes to the antigenicity of the viral prep and is deemed problematic for 

gene therapy applications.  The iodixanol gradient can separate out contaminants from 

an impure AAV preparation owing to differences in apparent density of 

macromolecules in iodixanol solutions.  An iodixanol gradient consisting of 15% (v/v), 

25% (v/v), 40% (v/v) and 60% (v/v) iodixanol solutions and phenol red to distinguish 

each gradient were prepared for this purpose.  The 15% (v/v) iodixanol band contains 

1M NaCl to destabilize ionic interactions between macromolecules [365]. The 25% 

(v/v) and 40% (v/v) bands are used to separate contaminants with lower densities, 

including empty capsids, from full capsids.  Around 80% of the AAV can be recovered 

between the 40% (v/v) and 60% (v/v) fractions [392].  And as such, the 60% (v/v) band 

served as a cushion for genome-containing virions.  Typically, 5-8 mL of AAV fluid was 

recovered per cell factory. 

The recovered AAV viruses underwent buffer exchange using Vivaspin20®, 

which employs a semi-permeable vertical membrane that separates the virus from low 

molecular-weight compounds and salts that might have contaminated the preparation 

after iodixanol gradient purification.  Unlike dialysis, which relies on passive diffusion, 

this diafiltration step forces substances and water through the membrane by 

centrifugation, purifying and concentrating the AAV virus in one step.  From the ~8 mL 

fluid post-iodixanol gradient purification, the volume of the AAV virus is reduced to 

around 1 mL.  Purified AAV virus containing the transgenes were then characterized 

and titered prior to in vivo use. 

4.2.2 Visualization of AAV capsid protein content for absolute quantification 

of viral particles 
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The presence of intact and abundant capsids is required for AAV containing 

the gene of interest to proliferate in host cells.  A highly-purified virus preparation 

should result in an SDS PAGE gel with only VP1, VP2, and VP3 capsid proteins visible, 

with VP3, the most abundant capsid protein, quantified to determine capsid titers [327].   

 
 

 
 

 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5.  Visualization of capsid proteins and quantification of viral particle 
titers in Sypro® Ruby Protein Gel-stained SDS PAGE gels.   The indicated volume 
of AAV particles was separated on a 12 % (v/v) reducing SDS–polyacrylamide gel.  
Positions of the viral capsid proteins, VP1 (87 kDa), VP2 (72 kDa), and VP3 (61 kDa) 
and BSA standards (66 kDa) are indicated.  The linear equation of the BSA standard 
curve for each gel is shown on the right.  Regression analysis demonstrated the 
linearity of the band intensities over the entire range of BSA masses.   

 

Bovine serum albumin (BSA) was employed as reference material in the 

standard curve analysis for absolute AAV particle titer determination.  To obtain the 

amount of VP3 present in each AAV sample, a standard curve was generated by 

plotting the amount of BSA in nanograms (ng) against the background-corrected 

luminescence intensity of the BSA band.  Regression analyses yielded an equation of 

the line that allowed the calculation of the mass of VP3 for each AAV construct.  

Assuming that there is an estimated 50 VP3 molecules per capsid [327], Kohlbrenner 

et. al calculated that each viral particle contains 4.987 x 10–9 ng of VP3 for AAV2 [396].  
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AAV8 shares ~84% amino acid sequence homology to AAV2 [397, 398], and thus the 

same mass for our approximations was employed.  To estimate the number of viral 

particles present in the gel, the mass of VP3 (in ng) generated from the standard curve 

was divided by the mass in ng of VP3 per viral particle (4.987 x 10–9 ng).  Finally, to 

calculate the viral titer in particles per mL, the viral particle number was divided by the 

volume of virus loaded onto the gel. 

No other prominent bands for all viruses tested aside from the three main 

capsid proteins, VP1, VP2, and VP3 (Figure 4.5) was observed in the gel.  VP1, VP2, 

and VP3 also appeared in the expected 1:1:10 ratio as per band intensity analyses.  

Based on the BSA standard curves generated, the viral titer for each AAV construct is 

as follows: (i) 1.50 x 1013 AAV-R1a-B6-mIgG1 particles/mL; (ii) 8.85 x 1012 AAV-R1a-

B6-mIgG2a particles/mL; (iii) 6.65 x 1012 AAV-R1a-B6 particles/mL, and (iv) 2.42 x 1012 

AAV-cAb1-mIgG2a particles/mL. 

4.2.3 Physical characterization of the size and integrity of genomes 

Viral genomes were extracted from virions and analyzed using alkaline gel 

electrophoresis under denaturing conditions to determine if genomes were intact and 

pure [365].  The assay which is carried out in alkaline conditions (~pH 12.7) enables 

denaturation of double-stranded DNA.  As a result, DNA is maintained in a 

conformation where secondary structures are disrupted.  Hence, migration through the 

alkaline gel is solely based on size. 

Bands of the following sizes were obtained: (i) ~3.1 kb AAV-R1a-B6-mIgG1; (ii) 

~3.1 kb AAV-R1a-B6-mIgG2a; (iii) ~2.5 kb AAV-R1a-B6, and (iv) ~3.2 kb AAV-cAb1-

mIgG2a (Figure 4.6).  These bands represent the transgene cassette flanked by left 

and right ITRs (Figure 4.1a) and are the expected full sizes of the packaged genomes 

if they were intact.  Unexpected bands that are approximately 5 kb in size also appear 

for all virus samples (Figure 4.6).  As these stocks were digested extensively with 

benzonase, these bands represent encapsidated genomes that are bigger than the 
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full-sized product. Single-stranded AAV with genomes smaller than 4.7 kb, which is 

the case here (~3.1 – 2.5 kp), can load more DNA into the capsid until it is no longer 

energetically favorable for Rep to do so [323].  It has also been observed that in some 

cases a dimer-sized vector genome band can be present when the vector genome size 

is less than half the size of wild-type AAV (<2.5 kb) [399].  Nevertheless, bands of the 

correct size were present at much higher densities than the unexpected bands.   

 

 
   
 
  
 
       
 
 
 
 
 
 
    

 

 

 

Figure 4.6.  Characterization of genome size and viral integrity by alkaline gel 
electrophoresis.  The indicated volume of AAV samples was separated on a 0.8% 
(w/v) alkaline agarose gel.  The first 8 bands of the Hyperladder I (Bioline) was used 
for standard curve quantitation with the 10 kb band corresponding to 100 ng, 8 kb band 
to 80 ng, 6 kb band to 60 ng, 5 kb band to 50 ng, 4 kb band to 40 ng, 3 kb to 30ng, 2.5 
kb to 25ng, and 2 kb to 20ng.  PBS was used as a negative control.  Bands enclosed 
in red boxes indicate full-size viral genomes. 
 

Viral titers obtained via alkaline gel electrophoresis were expressed in terms of 

viral genomes per mL (vg/mL).  To obtain viral genomes per mL present in each AAV 

sample, a standard curve was generated by plotting the amount of DNA present in the 

Hyperladder I bands in nanograms (ng) against the background-corrected net pixel 

density of the band.  Regression analyses yielded an equation of the line that allowed 

the calculation of the mass of DNA present for each AAV construct.  This mass was 

then divided by the theoretical weight of the AAV construct and the volume of AAV 
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sample used to determine the titer based on viral genomes per mL.  The viral titer for 

each AAV construct is as follows: (i) 1.24 x 1013 AAV-R1a-B6-mIgG1 vg/mL; (ii) 3.89 x 

1012 AAV-R1a-B6-mIgG2a vg/mL; (iii) 6.96 x 1012 AAV-R1a-B6 vg/mL, and (iv) 5.78 x 

1012 AAV-cAb1-mIgG2a vg/mL. 

4.2.4 AAV Vector Genome Quantification via qPCR 

A general qPCR protocol was employed that allows the genome titer 

determination of vectors independent of transgene by using primers that anneal within 

the cytomegalovirus (CMV) promoter [366, 400, 401].  A 129 bp fragment of the CMV 

promoter was amplified to obtain viral titers expressed in terms of copies or viral 

genomes per mL (vg/mL).  The quantitative PCR assay was validated by generating 

standard calibration curves for CMV PCR products (Figure 4.7).  Standard curves 

were prepared for each construct by first linearizing the AAV plasmid with EcoRI.  The 

mass of 1 copy of the AAV plasmid was then calculated by multiplying the size of the 

plasmid (in bp) to the mass of one DNA base pair (1.09 x 10-21 g).  This amount was 

then multiplied with 109, to obtain the mass of DNA that should be present in 1 µL of 

109 copies of plasmid.  This amount is the final concentration of our 109 copies standard 

solution.  This amount was then divided with the initial concentration of the linearized 

plasmid, with the resulting amount multiplied by 100 to obtain the volume of linearized 

plasmid needed to prepare 100 µL of the standard at 109 copies.  A ten-fold serial 

dilution was then made from 109 to 103 copies to generate a set of standards for 

quantification. 

All AAV samples were diluted 1:10, 1:100, 1:1000, and 1:10000 in nuclease-

free water.  Linear regression analysis was then performed using CMV copies of 

standards versus Ct.  From the equation of the line generated (Figure 4.7), copy 

number of samples based on their Ct was estimated.  qPCR analysis of CMV 

amplification of AAV standards revealed a linearity correlation coefficient (R2) of ~0.99 

for all samples (Figure 4.7).  Difference in Ct values within duplicates was <0.5 Ct for 
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both standards and samples.  For all AAV samples, initial CMV copies of 1.00 x 109 

were detected at around cycle 10 (Figure 4.7).  The negative control, PBS, had Ct 

values > 32 Ct showing very low background amplification.  Regression analysis 

demonstrated linearity over the entire range of copies for CMV for all AAV-nanobody 

constructs.   

 

 
Figure 4.7.  Determination of AAV genome copy number via CMV standard curve 
qPCR linear regression analysis.  CMV copies were plotted against the Threshold 
Cycle (Ct).  Black dots represent standards (linearized AAV plasmid DNA) and red dots 
represent AAV-nanobody viruses at different dilutions.  Equation of the line and R2 

values are also indicated. All qPCR measurements were done in triplicate. 
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Based on CMV amplification via qPCR, the viral titer for each AAV construct is 

as follows: (i) 8.69 x 1012 AAV-R1a-B6-mIgG1 vg/mL; (ii) 1.45 x 1013 AAV-R1a-B6-

mIgG2a vg/mL; (iii) 6.87 x 1012 AAV-R1a-B6 vg/mL, and (iv) 1.66 x 1013 AAV-cAb1-

mIgG2a vg/mL. 

4.2.5 Summary of AAV vector titers 

AAV vector titers obtained using three different methods per construct were 

tabulated and statistical tests were employed to assess differences among 

quantification methods.  At a significance level (α) of 0.05, a value of p ≤ α indicates a 

significant difference.  Based on two-way analysis of variance (ANOVA) (α = 0.05), it 

can be concluded that the titers obtained employing different methods are significantly 

different per construct (p=0.0258).  This finding is expected as titers will vary based on 

the construct and not on the methods used to quantify them.  This is further 

corroborated by findings via 2-way ANOVA that there is no significant difference in the 

means of the titers regardless of method used to obtain them (p=0.0854).  Given this, 

what can be looked at is how titers vary per quantification method within the constructs.  

To accomplish this, a post hoc multiple comparison Tukey test at 95% Confidence 

Interval (α=0.05) was performed.   

Results showed that there was no significant difference in the titers obtained 

using all three methods for AAV-R1a-B6-mIgG1 and AAV-R1a-B6 (Figure 4.8).   For 

AAV-R1a-B6-mIgG2a, there is a significant difference between the genome titers 

(vg/mL) obtained from alkaline gel electrophoresis and qPCR of the CMV gene 

fragment (*p = 0.0054) (Figure 4.8).  For AAV-cAb1-mIgG2a, there is a significant 

difference between the capsid particles and vector genomes based on CMV analysis 

(**p=0.0375), and genome titers (vg/mL) obtained from alkaline gel electrophoresis 

and qPCR of the CMV gene fragment (***p = 0.0405) (Figure 4.8).  For all constructs, 

there was no significant difference between titers obtained via quantification of capsid 

particles and alkaline gel electrophoresis.  The titers we produced show high 
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correlation with each other and appear to be sufficient for in vivo experiments (Figure 

4.8) based on previous studies using the same AAV serotype [353, 354].   

 

 

Figure 4.8.  Summary of vector titers obtained via different AAV vector 
characterization techniques.  Capsid particles were obtained via SDS-PAGE and 
genome titers via alkaline gel electrophoresis and qPCR.  Significant differences 
between titers obtained for each group via Tukey test are shown via brackets 
(*p=0.0054, **p=0.0375, ***p=0.0405).  Error bars show mean and standard error of 
three replicates. 

4.3 Discussion 

The strategy presented here to protect mice against influenza using cross-

neutralizing nanobody-Fc fusions requires a vector that would provide robust long-term 

transgene expression in systemic circulation without substantial toxicity.  Of all 

currently available viral vectors, AAV is unique because of its safety profile and broad 

tissue tropism.  Unlike recombinant adenoviral vectors which yield high initial gene 

expression that diminishes rapidly due to immune clearance, AAV vector-based gene 

expression is persistent [393]. 

Muscle has been targeted in gene therapy not only for correction of muscle 

diseases, but also as a biofactory to produce and secrete therapeutic proteins into the 
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bloodstream for treatment of diseases in trans in distant organs  [388, 393].  This is 

true in the case of Glybera, the first approved AAV gene therapy treatment designed 

to reverse lipoprotein lipase deficiency [340].  For this purpose, an AAV2 ITR plasmid 

pseudotyped with an AAV8 capsid was chosen to be delivered intramuscularly.  It has 

been shown that AAV8 can efficiently cross the blood vessel barrier to attain systemic 

gene transfer in a variety of organs including muscle [388, 389], and can transduce 

tissues more ubiquitously compared to other AAV serotypes [329, 393].  The low 

turnover rate of muscle cells should, in principle, mean that the AAV transgenes can 

be maintained for much longer [388, 389]. This delivery method is also simpler to 

implement in resource poor settings alongside other immunizations.  The choice of 

localized muscle delivery and AAV8 as vector serotype is expected to provide higher 

level, more sustainable transgene expression over a longer time.  

In this chapter, AAV of high titer, around 1013 vector genomes per milliliter, was 

produced using the triple transfection method.  Purification is via iodixanol gradient 

followed by diafiltration involving buffer exchange, concentration and desalting. 

Iodixanol gradients allow a fast, simple, non-toxic, and reproducible rAAV purification 

protocol that yielded AAV virus stocks of high titer and purity.  It can be estimated that 

our AAV preparations with a titer of ~1x1013 vg/mL per construct are sufficient for 

intramuscular delivery of 50 µL of 1x1011 vg AAV into 100 mice for in vivo experiments. 

Establishing viral titers is crucial for in vivo use.  With the time and resources 

available, it was decided to characterize the virus according to its physical properties.  

Results show a high purity virus preparation with only VP1, VP2, and VP3 capsid 

proteins visible in an SDS gel (Figure 4.5).  Encapsidated particles were also in the 

range of 1013-1012 particles/mL for all four constructs, indicating similar packaging 

efficiency.  The genome size of AAV vector stocks analyzed by alkaline gel 

electrophoresis gives a number of how much vector genomes are encapsidated.  It is 

desirable that purified viruses have virions containing the full-size genome, however, 

irregular-sized genomes can sometimes contaminate viral preparation as was 
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observed (Figure 4.6).  However, it is argued that densities of the bands containing 

the correct packaged vector genomes are much higher than those of the packaged 

irregular-sized genomes.  It is unlikely that this will have a substantial effect on titers 

obtained using this method. 

Viral titers by determining genome copies of encapsidated genome products 

via qPCR were also obtained.  This is the most widely accepted method for determining 

dosage of AAV products for in vivo testing [325, 365, 395].  This is also particularly 

useful when rAAV vectors have difficulty in infecting cell lines in vitro, leading to an 

inexact infectious titer [324, 365].  In this case, the vector genome titer and the 

infectious titer ratio can be extremely high, as there are a lot of vectors detected but 

infection is low, giving an unclear picture of AAV yield from manufacturing.  

All in all, viruses were successfully produced with satisfactory titers (Figure 

4.8).  For each AAV construct, number of capsid particles per mL and vector genomes 

per mL were in the range of 1012 to 1013.  Titers obtained via qPCR were slightly higher 

than that obtained using capsid quantification and alkaline gel electrophoresis.  This 

may be attributed to the sensitivity of the method used, as qPCR relies on real-time 

gene quantification, while the other two methods use pixel densitometry and manual 

assignment of areas on the gel to be quantified.  Nonetheless, a combination of the 

above characterization and titration procedures with their own advantages and 

disadvantages have given us confidence in our estimation of AAV viral titers for in vivo 

use.  For future experiments, we will employ the titers obtained from qPCR of the CMV 

gene fragment. 

In summary, the adaptable production, purification, and characterization 

methods described here can be used for production of high-purity and high-titer AAV 

vectors suitable for preclinical testing in an animal model of disease. 
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CHAPTER 5 

PROTECTION OF MICE AGAINST INFLUENZA BY  

AAV-MEDIATED DELIVERY OF R1a-B6 

5.1 Overview  

The work presented in this chapter was aimed towards generation of 

broadly protective humoral immunity independent of the natural or vaccine induced 

immune response against influenza in mice.  This was achieved via a single 

intramuscular injection of AAV encoding R1a-B6-Fc, a cross-neutralizing, HA stem-

binding nanobody fused to a mouse Fc region of either IgG1 or IgG2a isotype.  This 

approach may be adapted as a treatment strategy for high-risk or 

immunocompromised groups that do not respond well to vaccination.  Moreover, it can 

be a proactive measure against pandemics, wherein pre-existing immunity and 

immunity generated via seasonal vaccination may be unable to protect against 

emerging divergent HA subtypes. 

R1a-B6 was previously described as an alpaca derived nanobody capable of 

cross subtype neutralization of pandemic A(H1N1)2009, highly pathogenic avian 

influenza H5N1, and divergent strains H2N2, and H9N2 [219, 268].  In this chapter, it 

was evaluated if R1a-B6’s potent in vitro neutralizing activity (Chapter 3) can translate 

into in vivo efficacy.  In addition, by delivering R1a-B6 in different formats via AAV, the 

importance of the Fc domain for half-life extension and effector function to R1a-B6’s 

prophylactic efficacy in vivo was explored.  Previous findings suggest that anti-

influenza antibodies, both hemagglutinin head and stalk-binding, necessitate 

interactions with FcγRs on effector cell populations to mediate in vivo protection [246].  

It was already observed that R1a-B6-mIgG2a produced in vitro is able to activate 

ADCC (Figure 3.6).  Thus, whether ADCC as mediated by the nanobody’s Fc region 

is necessary for protection of mice in an influenza challenge is investigated.   
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Evaluation of promising anti-influenza prophylactic therapies utilizes multiple 

steps before proceeding to clinical studies.  This includes testing in in vitro assays to 

check for functionality, and importantly, employment in in vivo assays using 

appropriate animal models.  Popular laboratory animal models used for study of 

potential influenza virus inhibitors include the ferret and the mouse, with a variety of 

parameters used to indicate the severity of infection and its inhibition by therapy [85, 

402, 403].  The administered treatment should be safe, tolerable and not adversely 

affect the test animal’s health before any further studies pertaining to efficacy can be 

carried out.   

The ferret has been a preferred animal model for influenza researchers mainly 

because they exhibit many of the typical signs of human influenza infection, most 

notably, fever [85, 402, 403].  However, ferrets are expensive, and require special 

housing requirements, limiting sample size in experiments where large animal-to-

animal variability may hamper significant trends of efficacy among treatment groups 

[402].  It has also been shown that data obtained in ferrets may not always be predictive 

of clinical antiviral efficacy due to differences in dosing, pharmacokinetics, 

bioavailability, and systemic toxicity [404-407].  Route of administration for both 

influenza virus or therapeutic has also been shown to be a major consideration in the 

ferret model, with procedures other than intranasal delivery unable to result in any 

observable effect [354, 405]. 

Due to these considerations and the initial aims of the study, influenza mouse 

models were utilized, allowing the use of a larger number of subjects to obtain 

statistically robust data.  Their small size, reduced cost, highly characterized and well-

studied immune system, and the wide availability of commercial kits for measurement 

of immune factors, make mice useful for influenza research [62, 85, 408].  The success 

of mouse models for initial in vivo safety and efficacy studies for antiviral drugs 

approved for use against influenza viruses have been reviewed by Bouvier et. al [408], 

cementing their value in in vivo work.  
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Another factor to consider is the route of administration and the immune 

response that will be generated both against the AAV vector and the nanobody 

transgene.  Seroprevalence of pre-existing neutralizing antibodies to AAV vector 

capsids remains a problem [336, 337, 390] that may prevent a percentage of the 

population from receiving gene therapy in a clinical setting.  The choice of AAV8 for 

intramuscular (IM) administration has been shown to circumvent this issue [338].  It 

was found that the presence of naturally occurring pre-existing neutralizing antibodies 

against AAV8 had no effect on transgene expression in the muscle, only interfering in 

gene expression in the liver in mice [338].  They also discovered that IM re-

administration of the same AAV8 vector in mice and rhesus macaques had no effect 

on transgene expression.  This makes the choice of IM AAV8 delivery of therapeutic 

transgenes against influenza a preferable option.  As for nanobody immunogenicity, 

several studies in mice have shown that there is an absence of circulating 

immunoglobulins directed against camelid nanobodies after intravenous injection, 

even after repeated doses [251, 273].  Additionally, there was no T-cell response 

generated against the nanobodies in treated mice [251, 273].  A mouse Fc region 

instead of a human Fc has also been appended to the nanobody to lessen 

immunogenicity in murine challenge models.  A mouse Fc is also compatible with  

mouse FcγR, allowing the assessment of the probable role of Fc effector activation in 

protection of mice from an influenza challenge. 

In this chapter, the following objectives were accomplished:  

(i) MLD50 determination of challenge virus A/California/07/2009(H1N1)pdm09,  

(ii) demonstration of nanobody-Fc expression in vivo after intramuscular 

delivery via AAV, 

(iii) neutralization of A/California/07/2009(H1N1)pdm09 in vitro by sera from 

AAV-treated mice  

(iv) exploration of cross-subtype binding and neutralization activity of sera from 

AAV-treated mice against Influenza A Group I strains in vitro, 
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(v) demonstration of binding and activation of FcγRIV effector cells in mice 

given nanobody-Fc fusions delivered by AAV,  

(vi) established protection of mice from lethal influenza pandemic H1N1 

challenge via AAV-mediated delivery of nanobody-Fc, and 

(vii) shown cross-subtype influenza protection via AAV-mediated delivery of 

nanobody-Fc in an H5N1-mouse adapted challenge model. 

Findings are discussed herein in the context of designing the optimum 

transgene for AAV vector delivery of R1a-B6 to accomplish long term, safe, broad 

protection from pandemic influenza in vulnerable patient groups. 

5.2 Results  

5.2.1 Determination of Mouse Lethal Challenge Dose (MLD) of 

A/California/07/2009(H1N1)pdm09 (CA/09) 

To determine the mouse lethal challenge dose of CA/09 that was successfully 

produced and titrated (Figure 3.7), dilutions of 102, 103, 104 and 105 TCID50/mL (50 µL) 

of the live virus were given intranasally to 4 groups consisting of 4 mice each.  A control 

group was given PBS.  The mandated endpoint of the study was loss of 20% or more 

of initial body weight and/or severe symptoms of influenza infection such as difficulty 

in breathing, sunken abdomen, and pinched waist.    

All mice that were given 105 TCID50/mL and 104 TCID50/mL of CA/09 rapidly lost 

weight by day 2 and were all culled by day 6 (Figure 5.1-5.2).    Mice that were given 

102 TCID50/mL of virus all lost weight by day 5 post-challenge but recovered around 

day 9 and regained their initial weight by day 14 (Figure 5.2).  Similar to mice given 

the higher viral doses, mice given 103 TCID50/mL of CA/09 rapidly lost weight around 

day 5, with three out of four mice culled by day 8 (Figure 5.1).  However, one mouse 

from the 103 TCID50/mL group followed the trend of mice given 102 TCID50/mL CA/09 

and survived until day 14 (Figure 5.2).   
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Figure 5.1.  Survival of BALB/c mice after infection with different doses of CA/09.  
BALB/c mice were infected intranasally with 50 µL of CA/09 at the indicated doses and 
were monitored for survival (a) and weight loss (b) for 14 days.  For (b), the plots show 
mean and standard error of four recipient mice per viral dose.  Blue (days 4-6) and 
green (days 8-14) series represent weights from surviving mice only on days indicated. 

  

 

 

Figure 5.2.  Weight monitoring in individual mice post-challenge with different 
doses of CA/09.  The plots show weights of four recipient mice per viral dose.  The 
mean weights of four mice given PBS were included in each plot as healthy controls.  
Mice were monitored for 14 days.   
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From this data, it was concluded that 50 µL of 104 TCID50/mL of virus would be 

a sufficient lethal challenge dose for our in vivo experiment to test the ability of AAV-

nanobody-Fc to protect mice against influenza.  Using the Reed-Muench method [179, 

363], 102.67 TCID50/mL was calculated to be the mouse lethal dose 50% (MLD50) of this 

batch of A/California/07/2009(H1N1)pdm09, and 21 MLD50 CA/09 to be equivalent to 

50 µL of 104 TCID50/mL, the identified mouse lethal challenge dose. 

Lungs were harvested from all mice as they were culled and a TCID50 assay 

was performed on the homogenized lung samples to determine the amount of virus 

present.  This would give an idea of the viral load in mice that were untreated, and a 

comparative value for future challenge studies can be obtained.  No virus was detected 

in all mice that were given 102 TCID50/mL and in 2 mice that were given 103 TCID50/mL 

of CA/09 (Figure 5.3a).  For mice infected with 104 TCID50/mL and 105 TCID50/mL 

CA/09, all of which were culled by day 6, the average TCID50 was 105.3 TCID50 CA/09 

/g tissue.  These findings correlate viral load and survival, with all mice with no viral 

load surviving until the end of the study. 

 

Figure 5.3. Recovered viral titers as indicated by TCID50 per gram lung tissue and 
HAI titers obtained from harvested terminal mouse lung samples. (a) Viral titers 
were determined for homogenized lung samples after challenge with different doses 
of CA/09.  Significant differences in residual virus titers in lung tissue are shown in 
brackets (*p < 0.05). (b) Antibodies inhibiting HA hemagglutination were detected via 
HAI.  HAI titers are expressed as the highest dilution of serum that inhibited 
hemagglutination.  For both plots, each dot represents an individual mouse.   
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Neutralizing antibodies directed against the globular HA head block virus 

attachment to host cells by disrupting the binding of the virus to host receptors.  The 

hemagglutination inhibition assay (HAI) is a surrogate assay for the presence of 

neutralizing antibodies which bind to the HA head domain and block the receptor 

binding site [120].  This assay is based on the tendency of influenza HA to bind to red 

blood cells (RBCs) causing them to agglutinate [179].  In the presence of antibodies 

specific to influenza HA, potential binding of HA to RBCs is blocked, inhibiting 

hemagglutination.  From the 1970s up to this day, an HAI titer ≥40 is considered the 

primary immune correlate of protection, with higher serum HAI titers associated with 

higher rates of protection [120, 181].  The HAI assay was conducted to ascertain if 

mice produced specific anti-hemagglutunin head antibodies post-challenge.  

Mice that survived influenza challenge, all four from the 102 TCID50/mL and a 

single mouse from the 103 TCID50/mL groups, cleared the virus (Figure 5.3a) and 

showed HAI titers of 8-32 (Figure 5.3b).  No HAI titers were detected for groups given 

104 and 105 TCID50/mL CA/09, as mice from these groups were culled by day 6, and 

this might not be enough time to generate antibodies (Figure 5.3b).  Our results show 

a direct relationship between HAI titer and survival in this challenge model. 

Colleagues at the Influenza Resource Center (IRC) at the National Institute for 

Biological Standards and Control (NIBSC) have previously determined the mouse 

lethal dose 50% (MLD50) for our other challenge virus, the mouse-adapted 

A/Vietnam/1194/2004 (H5N1) NIBRG-14ma (VN/04).  They found this to be 105.8 

TCID50/mL, and the challenge dose to be 20 µL or 10 MLD50 of this virus stock with a 

titer of 107.5 TCID50/mL (unpublished data). 

5.2.2 In vivo expression of nanobodies following intramuscular (IM) AAV 

delivery  

To test the ability of AAV-mediated delivery to express the nanobody constructs 

and to determine the optimum AAV dose for mouse challenge models, a dose ranging 
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study of a single IM injection of 1.0 x 1010 vg (vector genomes), 3.3 x 1010 vg and 1.0 x 

1011 vg of each AAV vector was given to BALB/c mice.  Expression levels in mouse 

sera was tested for a duration of 24 weeks while observing for any symptoms of stress 

or discomfort to assess tolerability and long-term safety.    

 

Figure 5.4.  Representative recombinant nanobody standard curves for 
detection of nanobodies in mouse sera.  Absorbance at 450 nm of nanobody protein 
standards against CA/09 reference standard or lysozyme was plotted and fitted to non-
linear dose response curves.  For all plots, each point represents mean and standard 
error of two replicates. 

Binding of R1a-B6-(Fc) to CA/09 and cAb1-mIgG2a to lysozyme was detected 

via ELISA.  For each construct, a set of nanobody constructs that was previously 

produced and characterized (Chapter 3) of known concentrations (range of 1 ng/mL 

to 1000 ng/mL) was transferred to a plate coated with CA/09 or lysozyme.  This served 

as the set of standards.  The log concentration of these standards was then plotted as 

X values and their absorbance signal as Y values and these data were fit to a dose-

response variable slope model: Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-

X)*HillSlope)), where the “Top” is the maximal response and the “Bottom” is the basal 

response (Figure 5.4).  Concentration of recombinant nanobody produced in vivo that 

bound to reference antigen (CA/09 or lysozyme) was then estimated by non-linear 

regression.   
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Figure 5.5.  AAV dose ranging study of nanobody constructs in mice.  Different 
R1a-B6 constructs and the control nanobody, cAb1, were given via AAV in vector 
genome (vg) doses of 1.0 x 1010 vg (green series), 3.3 x 1010 vg (blue series), and 1.0 
x 1011 vg (red series).  Mice that were given PBS are indicated by the black series.  
Nanobodies in serum of BALB/c mice were measured from week 0 to 24.  Each 
individual series corresponds to a single mouse.  The dotted line represents the point 
(2 weeks) at which nanobody expression levels were first measured.  A mouse given 
1.0 x 1010 vg of R1a-B6-mIgG2a was culled before the end of the study on welfare 
grounds.  Post-mortem examination did not reveal anything study or procedure related 
and concluded that this was an unfortunate and unrelated event. For all plots, each 
point represents mean and standard error of two replicates. 

Detectable levels of nanobody-Fc fusion were seen for all vector doses in 

mouse sera within 2 weeks of injection (Figure 5.5). Beyond 2 weeks, nanobody-Fc 

levels increased, reaching a plateau during weeks 6-12, with concentrations being 

maintained at high stable levels with no reduction for the duration of the 24-week study.  

Peak concentrations of ~560 µg/mL for R1a-B6-mIgG1, ~1100 µg/mL for R1a-B6-

mIgG2a, and ~600 µg/mL for cAb1-mIgG2a, were detected (Figure 5.5).  These 
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results are comparable to the IgG concentration in mouse sera of around 50-200 µg/mL 

after 64 weeks of human mAbs CR6261 and F10 delivered intramuscularly via AAV 

[354].  Monovalent R1a-B6 showed very low levels in serum compared to the Fc 

fusions, reaching a peak concentration of around 0.36 µg/mL by week 6 which 

remained for the duration of the study (Figure 5.5).  In all cases, mice did not show 

any symptoms of distress or ill health that could be attributed to AAV or transgene 

expression for the full 24 weeks.   

Appending a mouse Fc region to these nanobodies and expression via AAV 

allowed the nanobody-Fc constructs to persist in circulation at the levels observed for 

up to 24 weeks (Figure 5.5).  This is apparent when comparing the serum 

concentration of constructs with an Fc region to that of monovalent R1a-B6.  It was 

stated previously that due to their small size, nanobodies rapidly pass the renal filter, 

resulting in their faster blood clearance [254], which is evident here.  Detectable levels 

of R1a-B6 even after 24 weeks, albeit ~2000 times less relative to the nanobody-Fc 

constructs, is solely due to its’ continuous expression via AAV. 

Mice given the highest vector dose of 1.0 x 1011 vg produced the highest 

nanobody titers (Figure 5.5, red series).  The difference is substantial compared to 

that of the lowest dose, 1.0 x 1010 vg (Figure 5.5, green series), with mice given this 

dose having nanobody-Fc concentrations unable to breach the 100 µg/mL level.  As 

there are appreciable nanobody-Fc levels detected in serum at 6 weeks post-AAV 

administration (Figure 5.5), we decided to challenge mice with influenza (CA/09 and 

VN/04) at this time point, with weeks 6-8 as the study window. 

In healthy adults, the normal range of IgG at any one time is accepted to be 

700–1600 mg/dL [409].  The observed levels of nanobody-Fc in serum in this study is 

on average around 10% of the acceptable range, and so the findings here have 

implications for actual clinical treatment in future.  Immunoglubulin is one of the safest 

biological products available, however adverse side effects although rare, ranging from 

mild to severe, have still been documented [410].  Majority of adverse effects are 
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associated with high doses of immunoglobulin [410].  Thus, determining a dose that 

will guarantee the efficacy of therapy and will minimize adverse effects is an urgent 

focus prior to clinical therapy.   

5.2.3 In vitro neutralization of CA/09 by sera from mice receiving AAV 

transgenes  

To determine if mice that received AAV were expressing functional R1a-B6, in 

vitro neutralization assays against pandemic A/California/07/2009(H1N1) (CA/09) 

were performed.  It should be noted that these mice were naïve and have not been 

exposed to influenza, hence it is assumed that neutralization of CA/09 will be due to 

nanobody-Fc and not a natural immune response to infection.   

 

Figure 5.6.  CA/09 neutralizing activity of mouse sera.  Serum was taken from mice 
24 weeks after they were injected with different doses of AAV encoding (a) R1a-B6-
mIgG1 and (b) R1a-B6-mIgG2a and neutralizing activity was tested against 103 
TCID50/mL of CA/09.  The serum neutralizing titer is expressed as the reciprocal of the 
highest dilution at which influenza infection is completely blocked. For all plots, each 
point represents an individual mouse serum sample. 

 

Terminal sera (24 weeks) from mice expressing R1a-B6-mIgG1 and R1a-B6-

mIgG2a were able to neutralize CA/09 (Figure 5.6).  The level of neutralization directly 

correlated with serum concentration as detected by ELISA which in turn correlated with 

AAV vector genome dose (Figure 5.6).  In contrast, mice expressing the control 

nanobody against lysozyme, cAb1, did not show any neutralization of CA/09, as 
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expected (data not shown).  Similarly, no neutralization of CA/09 was seen with 

monovalent R1a-B6, which correlated with serum levels being approximately 1000-

fold less in molar equivalence than the levels attained by the Fc fusions (data not 

shown).  The AAV vector dose of 1.0 x 1011 vg gave the highest nanobody serum 

concentrations (Figure 5.5) and serum neutralizing titer (~300-400) against CA/09 

(Figure 5.6) and was chosen for protection studies. 

5.2.4 Cross-subtype binding and neutralization activity against Influenza A 

Group 1 strains of R1a-B6 produced via AAV-mediated delivery  

Mouse sera 6-weeks post AAV IM administration of 1.0 x 1011 vg of each 

nanobody construct (Figure 3.1) (n=8/group) was obtained and tested for cross- 

influenza subtype binding activity.  These mice were naïve and had not been exposed 

to influenza so binding to heterologous strains can be attributed solely to R1a-B6 

expressed in vivo and not to naturally produced antibodies that are usually induced via 

vaccination or exposure to virus.  Binding activity in serum to different reference 

standards was detected via ELISA.  For each reference reagent, a set of protein 

standards was prepared and run on the same ELISA plate as the serum samples.  

Binding is indicated by the concentration of recombinant proteins estimated from 

standard curves of the corresponding activity (Section 5.2.2). 

Sera from mice expressing R1a-B6-mIgG1 (Figure 5.7a) and R1a-B6-mIgG2a 

(Figure 5.7b) had binding activity against all Group I Influenza A subtypes tested.  For 

both R1a-B6-Fc constructs, binding was similar against all H1N1, H2N2, H5N1, and 

H9N2 subtypes.  Mice expressing monovalent R1a-B6 showed lower binding against 

the panel of whole influenza virus antigen standards (Figure 5.7c), and this is most 

probably due to very low serum levels of monovalent R1a-B6 compared to mice 

receiving the R1a-B6 Fc fusions.  Serum from mice expressing cAb1-mIgG2a and 

those given PBS for binding to different influenza HA did not show any binding activity 

against all influenza subtypes tested (data not shown).
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Figure 5.8.  In vitro neutralization of influenza pseudotypes by nanobodies from mouse sera.  Neutralization was carried out via a 
Luciferase-reporter assay.  Mouse sera was diluted to obtain neutralization dose response curves.  For all plots, each point represents the mean 
and standard error of two replicates per dilution.  Each series corresponds to a single mouse.  n=8 mice/group.
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In addition to cross-subtype binding, R1a-B6-Fc in mouse sera also 

demonstrated potent cross-neutralizing activity against Group I Influenza A 

pseudotypes H2, H5, and H9 (Figure 5.8).   Similar to previous findings [268], serum 

from mice that received AAV-R1a-B6 was not able to neutralize the H2N2 pseudotype 

but was able to potently neutralize H9N2 (Figure 5.8).  The same serum samples did 

not show any neutralization against H5N1, a departure from recombinant R1a-B6’s 

potent in vitro neutralizing activity as shown previously (Figure 3.9 and Table 3.1).  

However, this is probably due to R1a-B6’s limited serum concentration (Figure 5.5) 

and not because of lack of potency.  Sera from mice that received cAb1-mIgG2a were 

also tested, and all samples showed no neutralization at any cAb1-mIgG2a 

concentration (data not shown).  These results demonstrate that R1a-B6-Fc has 

retained its in vitro cross-subtype binding and neutralizing activity when produced in 

vivo.   

5.2.5 Protection of mice from lethal influenza challenge via AAV-mediated 

delivery of nanobodies  

    

Figure 5.9.  Study schedule of influenza challenge.  Groups 1-5 indicate mice given 
AAV-R1a-B6-mIgG1, AAV-R1a-B6-mIgG2a, AAV-R1a-B6, AAV-cAb1-mIgG2a, and 
PBS, respectively in this order, intramuscularly.  Mice were challenged on day 42 with 
either A/California/07/2009(H1N1)pdm09 (CA/09) or A/Vietnam/1194/2004(H5N1) 
NIBRG-14ma (VN/04).   

Following successful tolerability studies which lasted 6 months, survival of mice 

undergoing prophylactic administration of R1a-B6 using AAV delivery before challenge 

with CA/09 and VN/04 was evaluated.  For both challenges (Figure 5.9), 1.0 x 1011 vg 
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AAV encoding R1a-B6-mIgG1, R1a-B6-mIgG2a, R1a-B6, cAb1-mIgG2a, and PBS 

(negative control), was injected intramuscularly into different groups of BALB/c mice 

(n=8/group).  Thirty-nine days post-AAV injection, nanobody expression was quantified 

prior to lethal challenge with influenza.  Mice were challenged with either 21 MLD50 

CA/09 or 10 MLD50 VN/04 and observed for 14 days. 

5.2.5.1 A/California/07/2009(H1N1)pdm09 (CA/09) challenge 

Prior to the challenge, 300-500 µg/mL of nanobody Fc fusions via CA/09 H1N1 

ELISA for R1a-B6-Fc and against lysozyme for cAb1-mIgG2a (Figure 5.10a) was 

detected, whereas for monovalent R1a-B6, we were unable to detect any substantial 

levels in the sera tested on day 39 (Figure 5.10a).  This range is still consistent with 

previous findings (Figure 5.5) and differences may be due to mouse to mouse 

variability.  After confirmation of transgene expression in mouse sera, we proceeded 

with CA/09 challenge via intranasal delivery.  Weight loss and clinical symptoms of 

influenza were observed during the 14-day study window or until mice were culled.   

There was no weight loss or symptoms of influenza infection observed in mice 

given R1a-B6-mIgG1 and R1a-B6-mIgG2a (n=16) for the duration of the study 

demonstrating complete protection from influenza (Figure 5.10b-e).  In contrast, 

animals expressing the control anti-lysozyme specific nanobody cAb1-mIgG2a and 

those given PBS showed symptoms of influenza including difficulty in breathing, 

pinched waists and sunken abdomen 3 days post-challenge. These mice lost 20% of 

their initial body weight and were all culled by day 6 of the study (Figure 5.10b-c,g).   
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In addition, there was no observable difference in the prophylactic efficacy of 

mice receiving R1a-B6-mIgG2a compared to R1a-B6-mIgG1 (Figure 5.10d-e).  Mice 

given monovalent R1a-B6 without a mouse Fc, showed symptoms of influenza 

infection 6 days post-challenge, which was a delay of 3 days compared to control 

groups given cAb1-mIgG2a and PBS (Figure 5.10b-c,f).  Seven mice (n=7) from the 

monovalent R1a-B6 group eventually succumbed to infection and were culled on days 

7-8 due to rapid weight loss.  However, a single mouse (Mouse 3) from this group 

started gaining weight around day 9 and survived until the end of the study (Figure 

5.10f, Table 5.1).  It was also noted that this mouse was of a higher than average 

starting weight, which may have contributed to it surviving the challenge. 

Terminal mouse lung samples were processed, and viral titers in the lung at 

the time of sacrifice was determined and differences in the mean determined by 

Student’s t-test.  Mice expressing R1a-B6-mIgG1, R1a-B6-mIgG2a, and R1a-B6 had 

significantly lower TCID50/g CA/09 than mice given cAb1-mIgG2a and PBS (*p < 0.05).  

All mice that were given cAb1-mIgG2a and PBS, with lungs harvested on days 4-6, 

had high viral loads with titers in the range of 103-106 TCID50/g lung tissue (Figure 

5.11a).  For mice given AAV encoding R1a-B6-mIgG1 and R1a-B6-mIgG2a, with lungs 

harvested on day 14, the end of the study, no virus was detected in lung homogenates 

except for one mouse in the R1a-B6-mIgG2a group that had ~103 TCID50/g CA/09  

(Figure 5.11a, Table 5.1).  Mice given AAV-R1a-B6 (7 mice culled on days 7-8, 1 

mouse culled on day 14) had significantly lower viral titers than mice given PBS 

(*p<0.05) (Figure 5.11a).  The single surviving mouse, Mouse 3 (lung harvest on day 

14), and Mouse 8 (lung harvest at day 8), from the group expressing R1a-B6 did not 

appear to have any virus present in the lungs (Figure 5.11a, Table 5.1).  This implies 

that R1a-B6 mediated clearance of virus occurs in the lungs via mechanisms different 

from IgG transcytosis which is governed by FcRn interaction [411]. 
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Figure 5.11. Recovered viral titers as indicated by TCID50 per gram lung tissue 
and HAI titers obtained from harvested mouse lung samples at the end of the 
CA/09 challenge experiment.  Lungs were harvested and terminal bleeds were 
obtained at 14 days for all mice given AAV-R1a-B6-mIgG1 and AAV-R1a-B6-mIgG2a, 
and for Mouse 3 in the AAV-R1a-B6 group, at days 7-8 for the rest of the mice in this 
group, and at days 4-6 in mice given AAV-cAb1-mIgG2a and PBS. (a) Viral load was 
determined as indicated by TCID50 per gram of tissue from lung homogenates as mice 
were culled during the 14-day challenge window.  Comparisons are shown via brackets 
(*p<0.05) as determined by Student’s t-test.  (b) Naturally induced immune response 
in mice pre- and post-CA/09 challenge was assessed via Hemagglutination Inhibition 
(HAI) titers 39 days post-AAV administration and 3 days pre-challenge (•), and from 
post-challenge terminals bleeds (ₒ).  HAI titers are expressed as the highest dilution of 
serum that inhibited hemagglutination completely.  Points below the solid line 
represent no HAI activity.    For (a-b), each point represents an individual mouse.  Mean 
and standard error of eight recipient mice per treatment is shown in (a).   

To compare anti-influenza immune response pre- and post-CA/09 challenge, 

we employed a hemagglutination inhibition (HAI) assay on terminal mouse serum 

samples (Figure 5.11b).  As expected, pre-challenge samples did not show any HAI 

activity as the only anti-influenza antibody present was R1a-B6 which has previously 

been shown to be negative for HAI [219, 268].  Post-H1N1 challenge, mice that 

received AAV encoding cAb1-mIgG2a and PBS, culled on days 4-6, showed similar 

HAI titers to groups given AAV encoding R1a-B6-mIgG1 and R1a-B6-mIgG2a.  HAI 

titers for mice given R1a-B6 were higher than those of the other 4 groups (Figure 

5.11b).  Unlike groups given R1a-B6-mIgG1 and R1a-B6-mIgG2a, which have cleared 

the virus completely, mice given R1a-B6 probably needed to mount a stronger immune 

response because of sustained presence of the virus and R1a-B6 not being present in 



161 
 

concentrations sufficient for protection.  Mice from this group also survived for longer 

than mice given cAb1-mIgG2a and PBS (Figure 5.10b-c), producing more antibodies 

in response to the presence of virus in the process.  Two mice given AAV encoding 

R1a-B6-mIgG1 did not have any HAI titers post-challenge (Figure 5.11b).  These mice 

did not show any symptoms of infection during the 14-day study window as well.  

Coupled with the TCID50 data, of which there was no virus recovered in the lungs, it 

can be gathered that these two mice were probably not infected by influenza at all, and 

that the virus was already eliminated before the immune response was activated.  It 

can be concluded that after influenza challenge, both viral exposure-induced anti-head 

HA antibodies and anti-stem R1a-B6 nanobodies were present in mouse sera (Figure 

5.11b).  These results suggest that naïve mice are still able to mount a natural immune 

response against a CA/09 challenge even after the administration of AAV encoding 

transgenes, and that this natural immune response acts in parallel with R1a-B6 to 

protect mice from influenza. 

The level of inflammation in terminal lung tissue was compared by Hematoxylin 

and Eosin (H&E) staining.  At the end of the study (14 days post-challenge), mice 

expressing R1a-B6-mIgG1 and R1a-B6-mIgG2a (n=16) showed clear bronchioles and 

air sacs with no signs of inflammation (Figure 5.12) which was consistent with them 

showing no signs of illness and having no virus recovered from their lungs (Figure 

5.11a).  In contrast, H&E staining revealed marked inflammation in the perivascular 

and alveolar spaces accompanied by thickening of the alveolar walls (arrows) in lungs 

of all mice given cAb1-mIgG2a and PBS (untreated), and 6 mice given R1a-B6 (n=22) 

(Figure 5.12).  These mice showed symptoms of influenza as early as day 4 post-

challenge (Figure 5.10 c,f-g).  Slight lung infiltration can be seen in lung tissue in mice 

given R1a-B6 that was culled on day 7.  Two mice from the group given R1a-B6 

(Mouse 3 and Mouse 8) showed no signs of lung inflammation (Figure 5.12, Table 

5.1) which correlated with the absence of residual virus (Fig. 5.11a). 
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Figure 5.12.  Representative histological lung sections from mice post-infection with CA/09.  Lungs were harvested from mice as 
they were culled at the days indicated and stained with H&E.  Untreated mice were given PBS.  (*) represents mouse 3 (Figure 5.10f), 
the only mouse that survived the CA/09 challenge from the R1a-B6 group.  Thickening of alveolar walls are indicated by arrows.  Scale 
bar = 100 µm. 
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Table 5.1.  Summary of relevant values and clinical observations of mice with unusual results that were given R1a-B6 via IM AAV delivery 

and challenged with CA/09.  

Mouse 

Number 

Day of 

start of 

symptoms 

Clinical Symptoms 
Day 

culled 

TCID50 

/g 

tissue 

HAI TITER         

(pre-

challenge) 

HAI 

TITER 

(terminal) 

Serum 

Neutralizing 

Titer 

*Degree of 

Inflammation 

(0-3) 

R1a-B6-

mIG2a 

Mouse 8 

N.D. N.D. 

14 

(end 

of 

study) 

103.06 N.D. 80 640 0 

R1a-B6         

Mouse 3 
6 

Poorly appearance from 

day 6, difficulty in 

breathing from days 7-9, 

abdominal contractions 

day 7-8, lost 15% initial 

body weight by day 7, 

started gaining weight day 

10 

14    

(end 

of 

study) 

N.D. N.D.  320.00 80 0 

R1a-B6        

Mouse 8 
6 

Poorly appearance from 

day 6, difficulty in 

breathing from days 7-8, 

abdominal contractions 

day 7-8, lost 20% initial 

body weight by day 8 and 

was culled 

8  N.D.  N.D. 320.00 160 0 

* Degree of inflammation is scored from 0-3 (Section 2.5.5) with 0 showing no to minimal inflammation and 3 showing the highest degree 
of inflammation as observed via H&E staining.  Lung sections were taken on the day of culling (terminal).  N.D. = not detected.



 
 

A table was compiled showing mice with unusual results from the CA/09 

challenge experiment.  In the case of Mouse 8 given R1a-B6-mIgG2a (Table 5.1), virus 

was recovered from its lungs when it was culled on day 14 (Figure 5.11a).  This mouse 

did not show any symptoms of influenza throughout the study.  However, in 

comparison to mice given cAb1-mIgG2a and PBS, viral titers obtained from this mouse 

are still lower (Figure 5.11a), showing that even though there is residual virus present, 

it may not have been enough to produce any disease symptoms.  For Mouse 8 given 

R1a-B6 (Table 5.1), there was no recovered virus or any inflammation in lung tissue, 

despite this, the mouse was still culled on day 6. It is possible that this mouse could 

have survived if we had let it remain in the study past day 6 (Figure 5.10f), which 

seemed to be the turning point between survival and culling.  It is impossible to predict 

whether this mouse would have gained or lost more weight, as is the case for all mice 

given R1a-B6.  It was observed all mice given R1a-B6 still got sick, but the viral titers 

were still lower compared to those given PBS (Figure 5.11a) and HAI titers showed 

that mice were fighting off an active infection (Figure 5.11b). 

Binding and activation of FcγRIV effector cells in mice given nanobody-Fc 

fusions delivered by AAV was tested to see if there was any observable difference in 

the prophylactic efficacy of mice given an ADCC(+) (R1a-B6-mIgG2a) or ADCC(-) 

(R1a-B6-mIgG1) nanobody-Fc fusion.  Despite the known in vitro differences in ADCC 

ability as tested in Chapter 3 (Figure 3.6), there was no evidence of this altering in vivo 

functionality of nanobody-Fc.  All mice that received R1a-B6-mIgG2a and R1a-B6-

mIgG1 survived the CA/09 challenge with mice showing no symptoms of influenza 

(Figure 5.10b-e), although it was determined that R1a-B6-mIgG2a produced in vivo 

was capable of mediating ADCC (Figure 5.13).  This is in contrast to previous reports 

that broadly neutralizing monoclonal antibodies targeting the hemagglutinin stem 

requires FcγR interactions to confer protection against a lethal H1N1 challenge [246, 

247].  Similar to in vitro results from Chapter 3 (Figure 3.6), serum from mice given 

R1a-B6-mIgG2a, but not R1a-B6-mIgG1 and cAb-mIgG2a, demonstrated activation of 
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FcγRIV pre-challenge (Figure 5.13a). This suggested that ADCC was not an essential 

component of the protective mechanism of action of R1a-B6.  However, these 

observations may also be due to the high concentration of R1a-B6-Fc in circulation 

that was achieved via AAV delivery (Figure 5.10a).  These findings agree with previous 

results that show that at high doses of anti-influenza mAb, in vivo protection is FcγR 

independent [247].   

  

Figure 5.13.  Binding and activation of mouse FcγRIV effector cells in mice given 
nanobody-Fc fusions delivered by AAV.  Representative mouse sera were tested 
for ADCC activity via activation of mFcγRIV (a) 39 days post-AAV administration and 
pre-challenge and (b) terminally, after CA/09 challenge.  Activity is shown in relative 
luminescence units (RLU) against dilutions of mouse sera containing nanobody Fc 
fusions expressed in vivo.  Each point is shown as the mean and standard error of 
three replicates.  (Error bars that are not visible are shorter than the size of the point 
symbol and have automatically been removed by the graphing software.) 

The ADCC assay was repeated using terminal bleeds post CA/09 challenge 

and interestingly, a slight activation of FcγRIV effector cells in representative mice from 

groups given R1a-B6-mIgG1 and R1a-B6 was observed.  Both these mice survived 

until the end of the study (Figure 5.13b).  R1a-B6-mIgG1, with an ADCC(-) mouse Fc, 

and monovalent R1a-B6, are both negative for ADCC activity by themselves, 

suggesting that the slight activation observed may be due to the natural immune 

response to the virus in mice which we have observed (Figure 5.11b).  There was no 

ADCC activity observed for cAb1-mIgG2a, as this representative mouse was culled by 

day 5 (Figure 5.13b).  These data demonstrate that protection is not inhibited or 
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diminished by absence of ADCC activity as we have observed in all mice given R1a-

B6-mIgG1 that survived the H1N1 challenge (Figure 5.10b-d).  This seems to be true 

in the case of R1a-B6-Fc delivery via AAV with nanobody-Fc persisting in circulation 

at concentrations greater than 100 µg/mL (Figure 5.10a).  

It is interesting to speculate how these findings will translate if the nanobodies 

were equipped with a human-Fc rather than a mouse-Fc, which it would be ideally 

fused with if this therapy is to advance to the clinic.  It has been found that human IgG 

subclasses bind FcγR with similar relative affinity to the mouse FcγR, and that human 

IgG binds mouse FcγR with very similar affinities as mouse IgG [172, 292, 412].  This 

suggests that preclinical testing of human IgG in mouse models may mimic FcγR-

mediated effector functions surprisingly well, and these results will possibly be 

reproducible if the nanobodies were fused to a human instead of a mouse Fc. 

5.2.5.2 A/Vietnam/1194/2004(H5N1) NIBRG-14ma (VN/04) challenge 

To assess if the prophylactic efficacy of R1a-B6 can extend to a different 

influenza subtype, an H5N1 influenza challenge model was utilized.  The study design 

is the same as the CA/09 challenge (Figure 5.9) with mice receiving 10 MLD50 of 

NIBRG-14ma (VN/04), a mouse-adapted strain of a re-assortant virus derived from 

A/Vietnam/1194/04(H5N1).  Additionally, an extra 3 mice per group were culled 3 days 

post-challenge for analysis of lung parameters. 

Pre-challenge, 39 days post-IM AAV injection, it was found that mice given 

nanobody-Fc fusions have significantly higher concentration in serum than mice given 

vectors encoding R1a-B6 or PBS (*p < 0.05) (Figure 5.14a).  Via VN/04 H5N1 ELISA, 

80-1000 µg/mL levels of nanobody (Figure 5.14a) was detected in groups receiving 

nanobody-Fc, while there was no substantial level of monovalent R1a-B6 in the sera 

tested (Figure 5.14a).  Nanobody levels in all groups are similar to those obtained pre-

CA/09 challenge (Figure 5.10a).   
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Symptoms of influenza and rapid weight loss were observed 2-days post-

challenge in mice given AAV encoding R1a-B6, cAb1-mIgG2a and PBS, which was 

earlier than those observed after the CA/09 challenge (Figure 5.14c,f-g).  All mice 

from these groups (n=24) were culled by day 4 (Figure 5.14b-c).  Similar to the CA/09 

challenge, all mice given R1a-B6-mIgG1 and R1a-B6-mIgG2a (n=16)  did not show 

any symptoms of influenza or any appreciable weight loss for the 13 day challenge 

window, demonstrating the cross-subtype prophylactic efficacy of the R1a-B6 Fc 

fusions.  There was also no difference between the two different isotype variants of 

R1a-B6 as both provided complete protection (Figure 5.14b-e).  However, unlike the 

CA/09 challenge, there was no delay in the onset of infection in the group that received 

monovalent R1a-B6 suggesting that the level of R1a-B6 sustained in mouse sera 

(Figure 5.14a) was not sufficient to protect mice against the H5N1 challenge.  This 

may be due to the higher pathogenicity of wild type H5N1, from which our mouse-

adapted strain is derived, compared to CA/09, with the virus having a higher replication 

rate resulting in more severe clinical outcomes [52, 98], similar to what we have 

observed (Figure 14b-c).   It was also previously shown that treatment of H5N1 viruses 

required higher doses of antiviral to obtain and maintain sufficient systemic drug 

concentrations [144], something that cannot be achieved with monovalent R1a-B6.  

This is opposed to what was observed in the CA/09 challenge (Figure 5.10b-c).   

The extent of protection against NIBRG-14ma (VN/04) conferred by AAV 

delivery of R1a-B6 was further characterized by determining TCID50 and scoring the 

level of inflammation in lung tissue via H&E staining.  To this effect, 3 mice per group 

3-days post-challenge were culled in addition to the 8 mice per group as they reached 

the mandated study endpoint.  For both time points, 3 days-post-challenge and when 

mice were culled during the study, R1a-B6-mIgG1 and R1a-B6-mIgG2a were found to 

have significantly lower TCID50/g of VN/04 than mice given R1a-B6, cAb1-mIgG2a, 

and PBS (*p < 0.05) (Figure 5.15).  Specifically, no virus was detected in the lungs of 

mice receiving R1a-B6-Fc fusions at either time point (Figure 5.15).  In contrast, virus 
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could be detected in groups given R1a-B6, cAb1-mIgG2a, and PBS for both time 

periods (Figure 5.15).  These mice (n=24) were culled on days 3-4 post-challenge and 

had average viral titers of 106.7 TCID50/g of NIBRG-14ma (Figure 5.15). In contrast to 

the CA/09 challenge study, there was no HAI activity against H5N1 either pre- or post-

challenge in any of the groups (data not shown). It is speculated that the absence of 

head specific antibodies, which would be a surrogate indication of a natural immune 

response to influenza, is due to mice needing to be culled earlier, 3-4 days post-

infection, which is insufficient time for mice to mount an immune response.  For mice 

receiving the R1a-B6-Fc fusions, it is hypothesized that the virus was cleared before 

any immune response could be elicited, which is supported by the complete absence 

of detectable virus 3 days post challenge (Figure 5.15a).   

 

 

Figure 5.15.  TCID50 per gram lung tissue obtained from harvested lung samples 
from mice after VN/04 challenge.  Viral titer was determined as indicated by TCID50/g 
tissue from lung homogenates at (a) 3 days post-challenge (n=3 mice/group) and (b) 
as mice were culled during the 13-day challenge window (n=8 mice/group).  For (b), 
lungs were harvested at 13 days for all mice given AAV-R1a-B6-mIgG1 and AAV-R1a-
B6-mIgG2a, and on days 3-4 for mice given AAV-R1a-B6, AAV-cAb1-mIgG2a and 
PBS.  Comparisons are shown via brackets (*p<0.05) as determined by Student’s t-
test.   

 

  



 
 

 

Figure 5.16.  Representative histological lung sections from mice post-infection with VN/04 NIBRG-14ma.  Lungs harvested 3 days post 
challenge are shown in the top row and terminal lung harvests on the bottom row.  Terminal harvests were carried out on day 13 for mice given 
R1a-B6-mIgG1 and R1a-B6-mIgG2a, and on day 4 for mice given R1a-B6, cAb1-mIgG2a, and PBS.  Lungs were then stained with Hematoxylin 
and Eosin (H&E).  Lung ruptures are indicated by dashed lines and thickening of alveolar walls by arrows.  Scale bar = 100 µm



 
 

At 3-days post-challenge, lungs taken from mice expressing R1a-B6-mIgG1 

and R1a-B6-mIgG2a (n=6) showed no signs of inflammation with clear bronchioles 

and air sacs which is consistent with them having no viral load (Figure 5.16 top row), 

indicating full protection from influenza infection.  In contrast, mice expressing R1a-B6, 

cAb1-mIgG2a, and those given PBS (n=9) demonstrated extensive infiltration of the 

bronchioles and air sacs, thickening of the perivascular wall, and lung ruptures as seen 

in the accumulation of red blood cells (RBCs) in the alveolar space three days post-

infection and terminally (Figure 5.16 top and bottom rows).  All mice given R1a-B6-

mIgG1 and R1a-B6-mIgG2a survived until day 13, and H&E staining showed no 

inflammation in the lungs (n=16).     

5.3 Discussion 

Vaccination is the main strategy for influenza control, however, high-risk patient 

groups such as the elderly and immune-compromised, do not always respond well to 

vaccines.  As such, the overall aim of the study was to provide an alternative 

prophylactic or therapeutic approach against influenza that is independent of the 

patient’s immune system and the prior availability of the matching influenza strain.  To 

accomplish this, gene therapy or vectored prophylaxis to deliver broadly neutralizing 

nanobody mouse Fc fusions which bind to conserved epitopes on influenza HA was 

employed. 

The choice of Adeno-associated virus (AAV) as gene delivery vector was 

mainly due to its versatility and excellent safety profile [320, 342, 413].  AAV’s flexibility 

enables it to transduce a wide array of tissues including skeletal muscle, which can 

serve as a production site for protein products that can act locally or systemically [329, 

389].  This figures predominantly in the strategy to deliver the nanobody R1a-B6 [268], 

reformatted with a mouse Fc region (Figure 3.1) intramuscularly to protect mice from 

influenza. 
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Intramuscular delivery of AAV was explored instead of intranasal as others 

have chosen [355, 356, 387] as this has been reported to produce higher and more 

durable expression levels in systemic circulation [353, 354].  For example, in 

macaques, AAV expression in the nasal cavity was shown to decrease after 3-4 

months likely due to the turnover of nasal epithelial cells and loss of transgene 

expression [355].  In contrast, the low turnover rate of muscle cells should, in principle, 

mean that the AAV transgenes can be maintained for much longer [336, 338]. This 

delivery method is also simpler to implement in a community setting alongside other 

immunizations. 

R1a-B6 was expressed both as a single domain and as an Fc fusion of either 

mouse IgG1 or IgG2a isotype to evaluate the importance of half-life extension and 

effector function for in vivo efficacy.  It was shown that a single IM injection gave robust 

expression of R1a-B6-Fc fusions (0.3 – 1.1 mg/mL) (Figures 5.10a, 5.14a) in the 

systemic circulation.  High levels of nanobody Fc fusions were sustained for a minimum 

of 6 months with no observable ill effects (Figure 5.5). There was no reduction over 

time which suggests that there was no significant loss of transgenes, transfected cells 

or immune mediated clearance of R1a-B6 or AAV vector.  The level of production is 

higher than previously reported for conventional human mAbs delivered 

intramuscularly (50-200 µg/mL) [354] or intranasally (1 µg/mL) [355, 387].  The very 

high serum concentration seen in this study might reflect the simpler nanobody 

transgene as compared to a conventional monoclonal antibody which requires the 

stable assembly of two light chains and two heavy chains inside the cell for successful 

secretion. It will be interesting to directly compare the impact of route of vector delivery 

on antibody efficacy because at present, it is unclear if localized AAV gene delivery in 

the nasal passages will be able to provide long term durable expression.  

Complete protection of mice by R1a-B6 Fc fusion in challenge models covering 

two different influenza subtypes of pandemic potential was demonstrated.  

A(H1N1)pdm09 is now the existing seasonal influenza strain with vaccines being 
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manufactured annually to accommodate antigenic drift.  A(H5N1) together with 

A(H7N9), highly pathogenic avian influenza viruses, are emerging pandemic threats 

[65, 89, 98], with various outbreaks already being documented.  The choice of 

challenge virus was down to which strain is relevant now, in the case of 

A(H1N1)pdm09, and which strain will pose as an imminent problem in future in the 

case of A(H5N1).   

The mice that survived from both challenges had no residual virus in their lungs 

and showed normal lung morphology with complete viral clearance (Figures 5.11a, 

5.12, 5.15, 5.16).  An HAI response post challenge with A(H1N1)pdm09 (Figure 5.11b) 

was also seen, suggesting that AAV delivery and expression of R1a-B6, which 

neutralizes virus after it has attached to host cells, and is itself HAI negative, did not 

interfere with the natural immune response against the virus.  However, two mice given 

AAV-R1a-B6-mIgG1 survived the CA/09 challenge, did not show any influenza 

symptoms, and were negative for HAI antibodies post-infection.  The same can be said 

for all mice that survived the VN/04 NIBRG14-ma challenge.  Additionally, mice that 

survived the CA/09 MLD50 titration experiment had HAI titers that were less than 40, 

but still managed to survive.  Herein lies the problem of the HAI assay as the main 

correlate of protection from influenza – as you do not need an HAI titer of ≥40 to be 

protected.  A very efficient and fast-acting antibody as given prophylactically or 

passively, may be able to clear the virus right away, without the need for the immune 

system to mount a response.  HA stem-binding antibodies are also known to be unable 

to inhibit hemagglutination, and their discovery was hampered by this bottleneck in 

previous years.  The findings here therefore highlight the need for a better correlate of 

protection against influenza. 

For the CA/09 challenge, monovalent R1a-B6 which was only detectable at 

very low levels in circulation (Figure 5.10a), was able to delay the onset of infection 

by at least 3 days after a lethal challenge with H1N1 (Figure 5.10b), with one mouse 

surviving until the end of the study.  It can be inferred that continuous AAV production 
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of R1a-B6 partially offsets the rate of clearance by glomerular filtration in the kidneys, 

providing some protection even in the absence of Fc mediated half-life extension. 

However, fusion of R1a-B6 to an Fc fragment dramatically improved its 

pharmacokinetic and pharmacodynamic properties allowing protective levels to be 

reached over an extended period. The mechanism is expected to be due to FcRn-

mediated recycling or Fc-mediated distribution and retention in tissues [368]. 

All these findings are satisfactory in this context and very encouraging going 

forward.  However, several caveats need be considered if this therapy is to be brought 

to the clinic against an infectious disease such as influenza.  The first is the use of an 

AAV2/8 vector to deliver broadly neutralizing antibodies.  More people will then be 

exposed to this AAV vector, which would most likely lead to an increased 

seroprevalence of neutralizing antibodies against this serotype, decreasing its’ utility 

for gene therapy as re-administration of the same serotype might lead to its’ ablated 

function.  This has been observed before upon repeated vector administration of the 

same serotype in immunocompetent mice, with neutralizing antibodies correlating with 

the amount of vector dose [414].  The second is the unabated high production of these 

monoclonal antibodies against influenza even without the presence of antigen.  Given 

the serum concentrations of nanobody-Fc observed (Figures 5.5, 5.10a, 5.14a), this 

monoclonal antibody would make up about 10% of accepted serum IgG levels in a 

healthy adult.  This has not been seen in a clinical setting, as usually it is very hard to 

get transgene levels up [339, 347, 348], nonetheless some form of AAV regulation is 

required.  rAAV has been known to last in circulation for years [349], however, how 

permanent gene expression can be is yet to be determined. 

Monoclonal antibodies which bind to the HA stem have been described as 

utilizing additional mechanisms to neutralize influenza virus in vivo through recruitment 

of the effector arm of the immune system via Fc-Fcγ receptor interaction [246, 247].  

For instance, HA stem-binding antibodies have been reported to inhibit virus 

propagation by binding HA on virally infected cells and recruiting NK cells to mediate 
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ADCC [380, 415].  As R1a-B6 is functionally equivalent to other HA stem binding 

human mAbs [209, 210], it may also have the potential to utilize these additional 

mechanisms of action. To evaluate the extent ADCC might contribute to the in vivo 

efficacy of R1a-B6, the nanobody was re-formatted as either a mouse IgG2a-Fc fusion 

(ADCC +) or a mouse IgG1-Fc fusion (ADCC -) to ensure compatibility with mouse 

FcγRs as confirmed in vitro (Figure 3.6).  As protection was complete with R1a-B6 

formatted with either isotype we were not able to see any obvious difference in efficacy 

between R1a-B6-Fc fusions in vivo (Figure 5.13).  This contrasts with previous studies 

using passive transfer of the stem binding human mAb FI6 which was similarly tested 

as a mouse IgG1 and IgG2a in the context of the mouse FcγR system, wherein only 

mice that received FI6-mouse-IgG2a showed 100% survival from lethal PR8 (H1N1) 

challenge and mice that received FI6-mouse-IgG1 were all culled [247].  However, 

further studies by the same group showed that the requirement for FcγR interactions 

and ADCC was dose dependent with the inference being that efficacy through passive 

transfer of high doses of FI6 was FcγR interaction independent [246].  It is speculated, 

as very high stable concentrations in serum of nanobody-Fc were generated using 

intramuscular AAV delivery of R1a-B6-mIgG2a and R1a-B6-mIgG1, that viral 

neutralization via inhibition of viral membrane fusion is sufficient to provide protection 

with no need for FcγR interactions. In addition, the protective effect of monovalent R1a-

B6, albeit limited (Figure 5.10b-c,f), is an unexpected finding and again suggests 

continual expression in vivo may to some extent offset the need for Fc effector 

functions. 

In this study it was shown that the use of adeno-associated virus (AAV) vectors 

to deliver R1a-B6 through a single IM injection is an attractive approach to confer 

cross-subtype protection against important influenza subtypes [89] which can enhance 

preparedness against future potential influenza pandemics.  In addition, the data 

suggest that the potency of R1a-B6 does not depend on the coupling of Fc effector 

functions for recognition and neutralization of influenza HA.  Highly pathogenic avian 
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influenza H5N1, as well as viruses of subtype H1N1, H2N2, and H9N2, continue to 

represent pandemic threats and, while pre-pandemic vaccines against these strains 

have been stockpiled by some governments, there is uncertainty as to exactly what 

strain could emerge or if these vaccines would be sufficiently effective particularly in at 

risk patient groups. This alternative approach mitigates these risks and combines the 

advantages of AAV mediated gene therapy with highly potent cross-neutralizing 

nanobodies against influenza to provide broad protection independent of the prior 

availability of the influenza strain and the need for a natural host induced immune 

response. 
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

Influenza infection still contributes to morbidity and mortality in humans and 

livestock worldwide even with successful vaccination paradigms already in place.  

There is also the ever-present threat of a pandemic brought about by novel influenza 

subtypes to which the population has no pre-existing immunity and of which seasonal 

vaccines may be unable to protect against.  Several studies post A(H1N1) 2009 

pandemic have shown that seasonal vaccination may have increased the risk of being 

infected by the pandemic A(H1N1) strain with illness being associated with the receipt 

of the inactivated influenza seasonal vaccine [132, 133, 416].  These findings warrant 

further investigation on the utility of seasonal vaccines to alleviate pandemic impact.  

Lessons from the past have shown us, that despite our efforts, we are still unprepared 

to mitigate the devastating loss of life and livelihood when the next pandemic comes 

around.   

Current seasonal influenza virus vaccines are hampered by limitations such as 

annual reformulation to counter antigenic drift, timely production and distribution.  

Protection provided by these vaccines is partial if any at all against novel strains which 

arise from antigenic shift or viral gene reassortment in susceptible hosts such as 

occurs in a pandemic.  Ideally, vaccines should be able to protect against both drifted 

and shifted strains, and this is the goal of a universal influenza vaccine.  Efforts towards 

its development have been encouraged by the discovery of broadly neutralizing 

antibodies (bnAb) against influenza that target conserved epitopes on the 

hemagglutinin (HA) stem region.  However, antibodies produced via seasonal 

vaccination are mostly targeted against the immunodominant HA head domain 

producing a narrow strain-specific response [16, 168, 170].  As such, efforts have been 

made to produce vaccines that target conserved regions of the influenza virus including 

the HA stalk domain, the ectodomain of the M2 ion channel or the internal matrix and 
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nucleoproteins to confer broad protection against all influenza A and B viruses [111].  

Harnessing the cross-subtype neutralizing potential of antibodies produced via these 

targeted vaccinations may be enough to contain seasonal influenza and to prepare 

against a future pandemic [213].  

Moreover, bnAbs can also be utilized as prophylactic or therapeutic tools that 

may prove useful to patient populations that do not respond well to vaccination. Most 

of the earliest bnAbs discovered bind to conserved HA stem epitopes using only their 

heavy chains [210, 238].  In this study, R1a-B6 [268], a novel alpaca-derived nanobody 

that was previously found to have cross-subtype neutralizing ability against Group I 

Influenza A strains, was employed as an alternative to conventional mAbs to combat 

influenza.  The nanobody’s beneficial biochemical and physical properties such as 

size, affinity and specificity to antigen, stability, and cheaper production costs and ease 

of engineering make them attractive tools for research and medicine [254, 260, 417]. 

In this study, an alternative strategy to vaccination and passive immunotherapy 

employing bnAbs against influenza that involves the use of gene therapy via AAV 

delivery of R1a-B6 was presented.  This is to provide sufficient long-term protection 

through antibody production within the patient.  R1a-B6 was also reformatted with a 

mouse Fc of IgG1 and IgG2a isotype to improve its half-life and in the case of mouse 

IgG2a, to enable it to recruit effector functions such as ADCC in vivo.  This is in line 

with our overall goal to design and evaluate an optimal nanobody format that can be 

employed for immunotherapy against influenza.   

R1a-B6-Fc demonstrated cross-subtype binding and neutralization of different 

Group I influenza A subtypes in vitro.  The gene therapy approach employed here is 

also distinct to recent studies that have tried AAV delivery [355, 357, 387] in that 

intramuscular (IM) delivery via AAV8 of nanobody-Fc genes was explored, instead of 

AAV9 intranasal (IN) delivery to achieve substantial levels of nanobody-Fc (0.5-1 

mg/mL) in circulation for up to 6 months without decline.  In vitro findings also 

translated to in vivo protection against lethal challenge with pandemic H1N1 and avian 
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influenza H5N1 in mice.  The activation of effector functions did not seem to play a role 

in protection afforded by R1a-B6-Fc when given via IM AAV delivery, as both R1a-B6-

mIgG1 (ADCC-) and R1a-B6-mIgG2a (ADCC+) nanobodies provided complete 

protection from influenza in our mouse challenge models.  Mice did not show any 

symptoms of influenza during the study window and there was no difference in survival 

between groups of mice given R1a-B6-mIgG1 and R1a-B6-mIgG2a.  It could be that 

the serum titers at the time of challenge were too high to see any effect in the levels of 

protection so any patterns related to ADCC function could not be distinguished.   

To further develop anti-influenza nanobody-based prophylaxis via AAV towards 

clinical use, several improvements or probable additions to the nanobody construct 

and AAV vector in future must be made.  This method should also be validated both 

as a prophylactic via AAV delivery and as a therapeutic treatment option via passive 

immunotherapy for high risk and vulnerable groups, the targets of the study. Several 

follow-up experiments to achieve these goals are highlighted below. 

Increasing the influenza viral challenge dose to sublethal doses or decreasing 

the AAV dose in the mouse challenge models can be done next to see if a 

differentiating response between R1a-B6-mIgG1 and mIgG2a Fc fusion constructs can 

be found.  Moreover, as protection was seen in immunocompetent mice, it would be 

good to assess if the same strategy would be effective in immunocompromised 

animals that can represent the primary target population. For these experiments, 

severe combined immunodeficient (SCID) BALB/c mice will be utilized in place of 

immunocompetent mice in a lethal A/California/07/2009(H1N1)pdm09 challenge 

experiment.  This is also to demonstrate the ability of R1a-B6-Fc to provide protection 

in the absence of a functioning natural immune system.  Independence from the host 

immune system is an attractive facet to include when considering the optimal approach 

for long-term antibody expression in vivo against a variable pathogen such as 

influenza.     
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Given its anti-influenza in vitro potency and in vivo efficacy, the use of R1a-B6 

as an immunotherapeutic via passive delivery is also another attractive option.  The 

nanobody-Fc format employed in this study is very versatile making it suitable for 

prophylactic or therapeutic administration, depending on the situation and need.  To 

realize this goal, the nanobody must be modified for human use.  Camelid VHH 

domains have low immunogenicity [273] and this can be attributed to their high 

sequence identity with human type 3 VH domains (VH3) [250].  However, humanization 

is still necessary to lessen any possible side effects and to ensure that titers are 

maintained for the intended duration.  Humanization is accomplished by substitution of 

divergent framework residues to their human heavy chain variable domain equivalents 

[270].  The challenge in humanizing these nanobodies is making the right choice in 

mutating framework region residues that would not compromise the specificity or 

solubility of the nanobody or the heavy chain antibody [284].  Safety and flexibility of 

mAb based therapeutics are also valuable when treating special populations like 

children, elderly or pregnant women due to the lower tolerability and higher risks 

associated with potential side effects in these populations [205].   

The development of an alternative half-life extension strategy for nanobodies 

that does not involve addition of an Fc region should also be looked at.  If ADCC is not 

required for the nanobody to provide a protective effect against influenza as findings 

in this study suggest, the Fc region can be excluded from the final therapeutic product.  

It is conceded however that the ADCC assay that was used in the study may not mirror 

what is actually taking place in vivo during infection.  The information that can be 

gleaned from the assay that was employed is that the mouse Fc fused to the nanobody 

was able to activate mouse FcγRIV in the effector cells provided.  If ADCC did or did 

not take place should still be investigated.  The best way to do this is to employ FcγR 

knockout mice to determine if ADCC does play a role in influenza protection via AAV 

delivered immunoprophylaxis of R1a-B6. 
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Eliminating the Fc mitigates some of the concerns of antibody dependent 

enhancement of influenza [418-420] mediated by interactions with the effector arm of 

the immune system or pro-inflammatory functions that can lead to cytokine release 

and other toxic side effects [421].  In addition, this may reduce the risk of transgene 

immunogenicity through Fc mediated uptake and antigen presentation by immune cells 

[291, 415].  Thus, a strategy of coupling the nanobody to serum albumin that utilizes 

mechanisms similar to IgG to stay in circulation longer is being explored.   

It should also be pointed out that R1a-B6 is highly potent against Group I 

Influenza A (IAV) strains but is unable to neutralize viruses from Group II IAV and 

Influenza B viruses.  Discovery of other nanobodies that may be combined with R1a-

B6 to protect from both Group I and Group II IAVs and Influenza B is also a possibility.  

Several nanobodies may be linked together to produce the final therapeutic product.  

Nonetheless, broadening R1a-B6’s cross-reactivity to include Influenza A Group II 

subtypes and to test whether these molecular changes, when employed, will be 

effective in influenza neutralization in vitro and protection in vivo is already underway.  

Site-directed mutagenesis of R1a-B6’s paratope, comprising CDRs and other FR 

residues that are involved in antigen interaction is now being undertaken at NIBSC.  

Additionally, these modified nanobodies can also be tested against influenza viruses 

with mutations in the HA stem region that are likely to escape neutralization by R1a-

B6 [219].   

It was shown here that intramuscular delivery of AAV8 demonstrated high 

levels of nanobody-Fc in systemic circulation for up to 6 months with no signs of 

decrease and no observable side effects in mice.  Nonetheless, intranasal delivery of 

AAV5, AAV6 or AAV9, may also be useful as delivery can be targeted locally at the 

site of infection in the lungs [357, 387, 422].   However, this also comes with the 

caveats of quicker cell turnover and recent reports of systemic and sensory neuron 

toxicity as a direct consequence of transduction in the case of AAV9 [344].  At present, 
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there is still no best AAV serotype and delivery combination for influenza and further 

studies comparing these options need to be carried out. 

Aside from harnessing the different tropisms of natural AAV serotypes, 

progress in gene transfer technology has also paved the way for targeted in vivo 

delivery by using specific cell surface markers for cell entry instead of natural AAV 

receptors [423].  This “receptor targeting” may mitigate particle accumulation in the 

liver and spleen from systemic AAV administration [423].  Employing promoters that 

are only active in the relevant cell type may also be utilized [423].  Additionally, 

engineered AAV mutant strains or chimeras that may be employed for preferential 

targeting that gives rise to novel tropisms can also be investigated [333, 334]. 

The sustainability and possible side effects over time of this approach also 

warrant some consideration.  How this strategy will operate side by side with 

vaccination and how it will affect responses to circulating seasonal influenza is yet to 

be determined.  AAV therapies that are commercially available are very costly but are 

marketed as “one-shot for a lifetime” regimens [342, 343], potentially making them 

more cost-effective in the long run.  A one-time intramuscular immunization of a 

broadly neutralizing antibody against influenza seems an attractive option that will 

ease the difficulties inherently associated with annual vaccinations, and importantly 

may provide protection against pandemics.  AAV vectors persist in tissues primarily as 

episomes and integration in animal tissues is a rare event [321, 335].  These episomes 

are not cleared from cells and continuous expression of the transgene by the AAV 

vector has been observed in human clinical trials [348, 349].  However, several cases 

of hepatic cell carcinoma in neonatal mice have been reported which have been linked 

to high AAV vector dose and integration to a specific gene locus [385].  Although 

uncommon, these murine studies that have documented insertional mutagenesis of 

AAV vectors leading to genotoxicity have led to a more stringent evaluation of the 

potential risks and possible solutions associated with AAV-mediated gene therapy.  

Moreover, issues will remain long into the future of whether production of potent anti-
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influenza antibodies over a long period of time would be detrimental to the host or 

would drive the emergence of viral escape mutants.  Resistant viruses selected in the 

presence of a broadly neutralizing HA stalk-binding antibody have been reported in the 

past, however, compared to the wild type virus, these viruses release fewer progeny 

during replication and are also more sensitive to antivirals, suggesting reduced viral 

fitness [424].   

To circumvent the issue of uncontrolled and untargeted AAV expression of 

transgene that can lead to unwanted immune responses, an “on” or “off” switch can be 

utilized.  microRNAs (miRNA) are thought to sequence-specifically control translation 

of target mRNAs by binding to sites of antisense complementarity in 3’ untranslated 

regions (UTRs) suppressing its expression by mRNA destabilization in cells/tissues 

expressing the cognate miRNA (switch-OFF) [425-428].  Suppression can be fine-

tuned by varying the degree of complementarity between miRNA and the binding site.  

This has also been useful to prevent priming of transgene-specific T cells thereby 

reducing transgene-directed immunity in mice following intramuscular AAV vector 

administration [429].  Repression of AAV expression outside target sites has also been 

done leading to stable and more specific transgene expression [430].  This elegant 

mechanism can be employed to control expression of broadly neutralizing antibodies 

against influenza that will be administered via AAV delivery. 

In future, for large-scale output, alternative AAV production methods that utilize 

suspension cell culture systems such as Sf9 insect cells and recombinant baculovirus 

infection, stable mammalian packaging cell lines, and HSV-1 vectors providing Rep–

Cap and rAAV helper functions [332, 391] can be employed.  Addition of a reporter 

gene such as luciferase or GFP would also be helpful for titration experiments.  

However, it was chosen to not include these reporter genes in the rAAV system to 

make a lean construct that is well within that of the packaging capacity of AAV.  For 

purification, methods such as combined ion exchange chromatography and affinity 

purification are now available and can be employed going forward. 
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The hypothesis that the effector arm of the immune system is not essential for 

R1a-B6 to provide sufficient protection against influenza in mice opens up new 

opportunities for designing an optimized transgene using alternative approaches to 

half-life extension [266, 431].  Further improvements to R1a-B6 may be done to 

improve specificity, breadth of activity, and to reduce the chance of viral escape 

mutants.  Additionally, nanobodies similar to R1a-B6 with potential neutralizing activity 

against various influenza strains [268, 367] may be engineered and combined to target 

different antigenic sites giving rise to neutralizing antibody responses that should pose 

a daunting challenge for viral escape.   

Given these advantages and potential weaknesses, future clinical trials are the 

only way to demonstrate how realistic this approach against pandemic influenza can 

be.  With these future prospects, our results from gene therapy of a cross-subtype 

neutralizing nanobody via AAV delivery have been encouraging and have led to new 

discoveries that would pave the way for enhanced pandemic preparedness and long 

term durable protection against influenza independent of the immune response in 

vulnerable patient groups.   
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