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Abstract

Extensive glycosylation of viral glycoproteins is a key feature of the antigenic surface of viruses, yet
glycan processing can be influenced by the assembly of the protein and production systems. These
are important factors to consider in vaccine design, as non-native like assembly and the presence of
artificial glycan holes can potentially influence the immune response. To address these concerns,
various stabilizing approaches, including the incorporation of proline, disulphide-bonds, glycine-rich
linker,and many more, have been employed in the design of recombinant protein immunogens to
ensure correct assembly and enhanced expression. Additionally, post-expression purification is
typically implemented in recombinant-based immunogens to capture properly folded protein and

minimize non-native material.

A common strategy that has been employed in the stabilization of HIV-1 immunogens, the
introduction of proline substitutions, has been adopted in SARS-CoV-2 vaccine development. This
thesis reveals the influence of these mutations on SARS-CoV-2 Spike (S) protein conformations and
glycan compositions. Furthermore, this study compares the glycan compositions presented by S
protein and receptor binding domain (RBD). Additionally, a serology study of chemically treated S
protein with kifunensine (ER-mannosidase I inhibitor), aimed at eliciting all oligomannose-type
glycans, highlights that the immune response following SARS-CoV-2 infection, with respect to
immunoglobin binding, is not dictated by the glycan processing state of the S protein. This is,
however, not the case in HIV-1 vaccine design, in which glycans play a crucial role in structural

integrity and act as an epitope for many broadly neutralizing antibodies.

In contrast to traditional protein-based immunogens, RNA-based vaccines have
emerged as a highly effective delivery platform due to its rapid adaptability. However, one potential
limitation is that the immunogen is entirely encoded by nucleotide sequence, and thus, there is no
opportunity at the post-expression level to control immunogen assembly. In HIV-1 vaccine research,
this is of particular importance because non-native epitopes can compromise the desired immune
response, and native immunogen assembly is essential for the presentation of glycan-based epitopes
targeted by broadly neutralizing antibodies. The work presented here reveals the archetypal protein
architecture and glycosylation of the HIV-1 Env expressed via an RNA-based immunogen.
Furthermore, this thesis explores the native-like signatures of the Env and the glycan compositions
of the material derived from cell-types, muscle, and dendritic cells, which likely produce
immunogens near the sites of intramuscular RNA injection. Finally, this study shows that nucleotide
editing can enhance the glycan occupancy of RNA-derived immunogens. The data presented in this
thesis emphasize the significance of considering glycan site occupancy and glycan heterogeneity

when developing and assessing vaccine candidates.






Table of Contents

Table of Contents

Table of Contents i
Table of Tables iv
Table of Figures v
Research Thesis: Declaration of Authorship viii
Acknowledgements xi
Definitions and Abbreviations xiii
Chapter 1 Introduction 1

1.1 Glycosylation in enveloped VITUSES.......ccuerierieriirierienienieste e seeseresresresnaeseeeseaesenesnnesnns 1
1.1.1 Monosaccharides: Building blocks of glycans...........cccocvvviirviinciinciinieiiecie e 2
1.1.2 Protein glyCOSYLation.........cccuivciiriiieiieieeie ettt ettt ettt 4
1.1.3 Glycosylation heterogeneity in viral tropism and tranSmission...........cccceceeceerereerneenne. 8

1.2 SARS-CoV-2 Spike glycoSylation ..........ccceviririeniininiiienienieeteeseneetee et 10
1.2.1 The emergence of NOVE] COTONAVITUS ........eeueeriiriiriirieiinieeiteeeeeet et 10
1.2.2 SARS-CoV-2 viral genome and life Cycle.........coceeienininiienininiiiccceeene 10
1.2.3 Spike glycoprotein structure and fUnCtion ............cecevevervienienineeneneneneeeeeeeenee 12
1.2.4 Spike protein in vaceine deSIZIN .........coueruerierierinirienienieeitete ettt sttt 14
1.2.5 Role of N-linked glycans in protein folding and stability...........cccccevverieniencenennnen. 16
1.2.6 Role of spike protein structure in glycan maturation............ecceeeeereeneereeneeseeneennenn 18
1.2.7 Role of SARS-CoV-2 S glycans in viral ntry .........ccccoeveeveevieninienenenenieneneneeens 20
1.2.8 Antibody responses in SARS-CoV-2 infection .........ccocevevveevenenieenenenenieneneeeene. 22
1.2.9 Exploiting breaches within the glycan shield...........cccccooieiienieiiiniiiieeee, 23
1.2.10 Further glycobiology perspectives in vaccine development and beyond.................... 25

1.3 HIV-1 EnV glyCOSYIatioN. .....cecuieiieiieiieie ettt ettt ettt ettt et ettt eeeeaeen 25
1.3.1 Emergence of HIV-1/AIDS ... ..ottt ettt ettt et ettt et e e ens 25
1.3.2 Viral genome and life cycle of HIV-1......ccccooiiiiiiiiieee e, 27
1.33 HIV-1 Env Structure and function .........c..cecevererieninineenieneneeeeenieseetene e 28
1.3.4 Role of glycans on Env in maintaining structural inte€grity ..........cccevveeveerieneeneennen. 31
1.3.5 Antibody response in HIV-1 infection..........cccooceiiiniiniiiiiiinieeeeeee e 33
1.3.6 Sites of vulnerability on Env for antibody binding...........ccccceevieiiiiiiiiniiniieee 35
1.3.7 GLYCAN OCCUPANCY ....eutieniieieeieettet ettt ettt ettt ettt st e sb e sb e sbee bt e sbeesbeesneesaeesneas 37
1.3.8 Cell-specific glycan compositions of ENv.........cccooceeviiiiiiiiniiiieieeeeeceeeeeene 39
1.3.9 Considerations for immunogen Manufacture...........ccceeveereereeneenieeneese e 40

1.4 Strategies fOr VACCINE AESIZN .....ccueeiuieriiiriieitieitieiteeie ettt ettt ettt e e e e et esbeesbeesbeesbeenaeens 42
1.4.1 Recombinant protein and nucleic acid-based immunogens. ............ccccceveerienieneennen. 42



Table of Contents

1.4.2 Conventional mRNA and Self-amplifying mRNA.........c..cccoeeiriiriiniiieeeeeee, 43
1.4.3 Progress in improving mRNA-based VACCINES .........ccceveverrerrerienieneesiesresresenenenes 45
1.4.4 Post-translational modification in RNA based immunogens..............cceeeververvennennen. 46
1.5  AimS and RYPOThESIS .....eevuieiiiiieiierieeierteree ettt e e s eseae st esraesreessaesnnennnes 47
Chapter 2 Materials and Methods 51
2.1 Plasmids constructs for DNA and RNA 1epliCon .......ccecvveviirieiierienienienee e 51
2.2 Recombinant protein expression and purification...........ccccoeeeceererineenienenenieriesenceens 51
2.2.1 Recombinant S protein expression in HEK 293F cells.........cccooevenininieninncnene. 52
222 Kifunensine treatment of SARS-CoV-2 S protein..........cceecvveeverciencieneencienieeieeeenee, 52
2.2.3 Ni** affinity purification and Size exclusion chromatography .............c.cccccceeveunnn... 52
2.2.4 PGT145 antibody @XPreSSION........eevuerveriiieieeierierterresaesresresseesssessaesseesssesssesseessees 53
2.2.5 Protein A affinity purifiCation..........c.cccveeieeiieeiieeeieeieeeeie et 53
2.3 RNA replicon synthesis and expression in mammalian cells ...........coccecereniniiinininennenne. 54
231 Replicon production and purification of HIV-1 env........ccccooviniiiiiininiiiininceene, 54
2.3.2 Culturing of mammalian cell lines for replicon eXpression..........oocvvveverceerververnennen. 54
2.3.3 In Vitro Transfection of RNA 1eplicon.......c.cccuvveverieriiieienieeieciecie e 55
2.3.4 RNA replicon expressed HIV-1 Env purification...........cceceeeveriencieneenceesienieneeeen. 56
2.3.5 Site-directed mutagenesis of replicon construct, BG505 NFL.664 .............ccccccuvenen. 56
2.4  Glycan analysis of viral glyCOPIOtEINS.......cceeviierierierierieriereerteeee e e e neees 57
24.1 Glycopeptide mapping using LC-MS Orbitrap Eclipse........ccccooeevevininienenincnnenne, 57
242 Liquid chromatography-mass spectrometry of glycopeptides............ccceeverververrenen. 60
243 In-gel release of N-linked glycans of HexaPro S .......c..cocoiiiiniiiniiiee, 62
244 Fluorescent labelling of N-linked glycans .........cocceceevererienieninieencneececeeeeenne 62
245 HILIC-UPLC QNALYSIS ..cuverveeuieienieniieieieeitetesiesi ettt sttt et 63
2.5 BINAING @SSAYS...itiiuieiiriiriieieiteeieeit ettt ettt ettt ettt ettt st ettt b e et b s bt et e st bttt 64
2.5.1 AT 155 0 T o) Lo USSR 64
252 Determination of affinity using surface plasmon resonance (SPR).........cccccoceveenenee. 64
253 Serum ELISA methodology (Chapter 4) ........cocceceviririeneneneeierieneeeeeee et 65
2.6  Patient Sample collection and ethical approval (Chapter 4) ........cccceveevienenenienenenenienens 65
2.7 Integrative modelling and molecular dynamics simulation .............ccoeeveveereeneenienieneenen. 66
2.8  Negative-stain electron microscopy and 2D class averaging...........ccoecevveveereeneenvennennen. 67
2.9 MOdel CONSLIUCLION ...eouvieeieiieiiesiiesiieete ettt ettt ettt e bt e st e s aeeeatesstesaeesbeesaeesatesnnesneesneas 67

Chapter 3  Glycosylation and serological reactivity of an expression-enhanced SARS-CoV-2

viral spike mimetic 69




Table of Contents

3.1 INETOAUCTION ..ttt ettt sttt et s bt e st bt esee e nne
3.2 Expression and binding analysis of SARS-CoV-2 HexaPro S protein............c.cccce..e.
3.3  Determination of impact of proline mutations on Spike glycosylation........................
3.4 Differences in oligomannose content between 2P and HexaPro..........cccccoecvevveniennn.
3.5 Conservation of serological reactivity across recombinant SARS-CoV-2 S protein...
3.0 DASCUSSION .ueutiiieiieiesieeitetete ettt ettt b ettt b ettt s bt eat e te b s bt et e beebe e st et e e e

Chapter 4 Site-specific glycosylation of Virion-Derived SARS-CoV-2 Spike is mimicked by

a soluble trimeric immunogen. 90

4.1 INEEOQUCTION c..eniiieitetest ettt sttt b e sttt be et e e s bt eat et e sbesbeententens 90
4.2 Glycan analysis of virion SARS-COV-2 S Protein.......c.ccccevereenieniniriieneneniesieneneeeens 94
4.3 Glycan composition across recombinant and Virion S protein...........cecceveveveeeneneneeneennns 97
4.4  Site-specific glycan analysis of Closed-S Protein........ccoccovereeveeneneriieneneneeneneseeeeeenne 100
4.5 Influence of mutations on glycan compositions of Closed S.........ccecveviriierieniirecieeienen. 102
4.6  The expression of monomeric RBD constructs impacts glycan processing ...................... 105
4.7  Glycan composition analysis of SARS-CoV-2 RBD nanoparticles...........cccecvreurruernnnnnee. 109
4.8 DIASCUSSION .uveeuiieiiieiieieete et et et et et et eteeateeateebeeabeenteenteenteeaseeabesnseenseensesnsesnsesnsesnsesnnes 112
Chapter 5 Signatures of native-like glycosylation in RNA replicon-derived HIV-1
immunogens 114

ST S 313 (o 1017 110 ) SRR 114
5.2 Expression and characterization of single-chain replicon HIV-1 immunogen .................. 116
5.3  Site-specific glycan characterization of replicon expressed HIV-1 Env protein. .............. 118
5.4 Non-native material exhibits near native-like glycosylation...........cccccoeeivviniiniiineennnee. 123
5.5 Cell-directed glycosylation changes in Env protein expressed via replicon...................... 125
5.6  Targeted repair of glycan OCCUPANCY ....c.eevueeriiiriiiiieiieie ettt e 133
5.7 DISCUSSION ...euvieuiiniinteeitetenteettetent st et ettt sbte b e tesheebtebesbesbeeste bt ebeeatenbesbesueemtenbesaeeneensenbens 137
Chapter 6 Concluding remarks and perspectives 139
Appendix A Molecular dynamics simulation data of HexaPro and 2P ................ ............. 142
Appendix B Cell-specific glycan composition of Env derived from RNA replicon................. 146
Appendix C Synthesis of RNA encoding Virus like particles and binding assays.................. 153
Appendix D Sequences of Env proteins 157
Appendix E Vector maps 160
Appendix F List of publications and conferences 162
Bibliography 165




Table of Tables

Table of Tables

Table 1.1 Categories of virus subgroups on the basis of sensitivity to antibody

neutralization....34

Table 2.1. Summary of analysed viral glycoproteins. 51
Table 2.2 Specificity of proteases for cleavage of proteins. 57
Table 3.1. Abundance of glycoform observed across SARS-CoV-2 HexaPro S and 2P......78

Table 3.2. Comparison of composition of glycoforms across variants of SARS-CoV-2 S

protein.... 80

Table 4.1. Site-specific glycan compositions of virally derived and recombinant S protein..99
Table 4.2. Site specific glycan composition of RBD sites, N331 and N343..........cccceeeueeueene 108
Table 5.1. Glycan composition analysis of replicon expressed env in HEK 293F cells.. ... 122

Table 5.2. The table representing PNGS across the Env amino acid sequence of BG505
NFL.664...... 134



Table of Figures

Table of Figures

Figure 1 1. Monosaccharide structures, linkages, and schematic of glycan compositions....3

Figure 1.2. Mammalian N-linked glycosylation pathway. . 7
Figure 1.3. The life cycle of SARS-CoV-2 virion.. 12
Figure 1.4. Schematic of SARS-CoV-2 wildtype (WT) S protein. 13
Figure 1.5. Glycosylation of viral-derived and recombinant spike protein. ...........cccceeueeee. 16
Figure 1.6. Role of glycans in stabilizing dynamics of RBD. 18
Figure 1.7. The influence of protein structure on glycan maturation. 20
Figure 1.8. Antibody recognition within the breaches of S protein glycan shield................ 24
Figure 1.9. Schematic review of HIV-1 replication cycle. 28
Figure 1 10. Schematic representation of Env structure.. 31

Figure 1.11. Localization of intrinsic mannose patch (IMP) and trimer associated mannose

patch (TAMP) on Env. 33
Figure 1.12. Regions on HIV-1 Env spike targeted by bNAbs. 36
Figure 1.13. Antibody penetration of Env glycan shield. 37

Figure 1.14. Glycan transfer from dolichol phosphate to asparagine residue via

Oligosaccharyltransferase (OSTase). 39

Figure 1.15. Schematic representation of mechanism of antigen expression via conventional

mRNA and self-amplifying mRNA (Replicons). 44
Figure 2.1 Glycopeptide analysis using LC-MS.......cccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiicieniecieceen 59
Figure 2.2 Peptide fragmentation resulting from HCD and ETD fragmentation................ 60

Figure 3.1. Representation and characterization of recombinant SARS-CoV-2 spike

001 1 72

Figure 3.2. Production of purified S protein and determination of S protein binding with

soluble ACE2..... 74




Table of Figures

Figure 3.3. Site-specific glycosylation of expression-enhanced recombinant trimer of SARS-
CoV-2 S protein (HexaPro).. 75

Figure 3.4. Representation of extensive site-specific analysis of N-linked glycosylation sites of
SARS-CoV-2 2P and HexaPro. 77

Figure 3.5. Comparison of glycan composition across prefusion-stabilized SARS-CoV-2 S

protein simulations of the respective 2P structures.. 82

Figure 3.6. Antibody responses detected in an ELISA using 2P or HexaPro Spike as the target

antigen............. 85
Figure 3.7. Antibody binding to spike glycoproteins.. 86
Figure 4.1. Site-specific glycan compositions of viral S protein.. 95
Figure 4.2. Site-specific N-linked glycan compositions of the viral S protein.. ........c..cc.cce.. 96

Figure 4.3. Site specific glycan composition of recombinant and virally derived S protein...98

Figure 4.4. Site-specific glycan analysis of SARS-CoV-2 Closed-S.. 102

Figure 4.5: Schematic representation of cryo-EM structures of S-2P and S-closed........... 101
Figure 4.6. Comparative glycan analysis of Closed-S protein with S2P and HexaPro.........103

Figure 4.7. Comparative analysis of the glycosylation of the two PNGS on the RBD for viral

derived S protein, recombinant S protein and monomeric RBD.........ccccoieiiiiiiiiiiinnnaen. 104
Figure 4.8. Glycan compositions of RBD monomer and nanoparticles........................... 108
Figure 4.9. Site-specific glycan analysis of RBD g8.2.......cccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiennennn 109

Figure 5.1. Expression of replicons encoding soluble single chain HIV-1 immunogen (BG505

NFL.664)............. 118

Figure 5.2. Glycosylation on the replicon expressed soluble NFL. Env trimer................... 120

Figure 5.3. Comparison of glycan composition of replicon expressed BG505 NFL.664 Env
purified using GNL and PGT145 affinity purification. .........cccccevieiiiiiiiiiiiiiiiiiannan 125

Figure 5.4. Western blot of Env expressed in different production systems.. ............cc...... 126
Figure 5.5. Glycan analysis of Env derived from replicon expressed in different cell-types.128

Figure 5.6. Site-specific glycan analysis of Env produced from replicon RNA across different

production systems. 129

Vi



Table of Figures

Figure 5.7. Differential glycan composition on Env expressed in different cell lines. ....... 131

Figure 5.8.Complex-type glycan abundances in replicon expression of env observed across

different cell lines. 132

Figure 5.9. Changes in glycan occupancy by nucleotide editing.. 136

vii



Research Thesis: Declaration of Authorship

Research Thesis: Declaration of Authorship

Print name: Himanshi Chawla
Title of thesis: Immunogen glycosylation in protein and RNA delivery systems

I declare that this thesis and the work presented in it are my own and has been generated by me as
the result of my own original research.

I confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this
University.
2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated.

3. Where I have consulted the published work of others, this is always clearly attributed.

4. Where I have quoted from the work of others, the source is always given. With the exception of
such quotations, this thesis is entirely my own work.

5. Thave acknowledged all main sources of help.

6. Where the thesis is based on work done by myself jointly with others, I have made clear
exactly what was done by others and what [ have contributed myself.

7. Parts of this work have been published:
Chapter 1: Chawla H, Fadda E, Crispin M. Principles of SARS-CoV-2 glycosylation. Curr Opin
Struct Biol 2022, 75:102402.
Chapter 2 and Chapter 3: Chawla H, Jossi SE, Faustini SE, Samsudin F, Allen JD, Watanabe
Y, Newby ML, Marcial-Juarez E, Lamerton RE, McLellan JS, et al. Glycosylation and
Serological Reactivity of an Expression-enhanced SARS-CoV-2 Viral Spike Mimetic. J Mo! Biol
2022, 434:167332
Chapter 4: Allen JD, Chawla H, Samsudin F, Zuzic L, Shivgan AT, Watanabe Y, He W,
Callaghan S, Song G, Yong P, et al. Site-Specific Steric Control of SARS-CoV-2 Spike
Glycosylation. Biochemistry 2021, 60:2153-2169.
Chapter 4: Konrath KM, Liaw K, Wu Y, Zhu X, Walker SN, Xu Z, Schultheis K, Chokkalingam
N, Chawla H, Du J, et al. Nucleic acid delivery of immune-focused SARS-CoV-2 nanoparticles
drives rapid and potent immunogenicity capable of single-dose protection. Cell Rep 2022,
38:110318.
Signature: Date:20/11/23

viii









Acknowledgements

Acknowledgements

I am deeply grateful to so many people who have helped and supported me throughout my DPhil,
without them this thesis would not have been possible. It is with immense appreciation that I extend
my thanks to Prof. Max Crispin for having faith in me and welcoming me into his lab. His invaluable
support, guidance, and confidence in me to work on this interesting project has enabled me to become
the independent researcher I am today. I really enjoyed being part of his group, it has been good four

years.

I am grateful to everyone at the University of Southampton for making such a welcoming and
supportive work environment to work. I must also thank Dr Paul Skipp for co-supervising me and
Dr Mark Dixon, the building manager, for always being supportive so that all the labs run smoothly.
A special thanks to Joel for all the guidance regarding mass spectrometry and glycan analysis when
I started in the lab and his endless patience for all my doubts and willingness to help out. I would
also like to specifically thank, Grace Hayes, for being really helpful regarding RNA production and

protein expression.

I am really thankful to all the members in Crispin group for making it such a fun and friendly
place to work, Abi, Lydia, John, Grace, Maddy, CharlieE, CharlieB, Al, Joel, Yasa, Hannah, Dylan,
Dilys, Jacob and Wenwen. A particular mention to Lydia and Abi for making these four years
amazing. [ would also like to thank all my friends back home. Special mention to Kunal, for always
cheering me up and for keeping me sane! Thank you for having infinite patience throughout all of

this.

I would also like to thank members of the Irvine group, to help me with all the experimental
work carried out during my three months secondment at Massachusetts Institute of Technology. I
would like to extend my thanks to Dr. Namit Chaudhary for teaching me lipid nanoparticle

production and handling mice models, which [ was quite scared about in the start.

Furthermore, I am grateful for the people in the Shattock group based at Imperial College
London, with a particular mention to Dr. Paul F McKay for helping me get started with setting up
RNA work in the lab. I would also like to extend my thanks to all the collaborators who have made
this thesis possible, notably the laboratories of Prof. Peter Bond, Dr. Alex G Ritcher, Dr. Adam F.
Cunningham, Prof. McLellan, Prof. Irvine, Prof. Shattock and Prof. Sanders.

Finally, I would like to express my thanks to my parents, without them I couldn’t have come
this far. I appreciate all your support, your sacrifices, your enduring love, and everything you have
done for me. Special thanks to Jiniya and Ayush for consistently being my rock! Jiniya, thank you

for all the encouragements throughout my childhood; I always felt like I had someone by my side

Xi



xii



Definitions and Abbreviations

Definitions and Abbreviations

2-AA e 2-aminobenzoic acid; a label for released glycans to enable
quantification
ABO ..ot a system for classifying human blood on the basis of the presence or

absence of two antigens on the red cell membrane: there are four such

blood types (A, B, AB, and O)

ACE2...coiiiieiiieeee Angiotensin converting enzyme 2

ACN Lo Acetonitrile

AIDS....ooieieeeeee e Acquired immunodeficiency syndrome

AmMpPR ... Ampicillin resistance

ASA o Accessible surface area

ASN ot asparagine residues

AUC .o, Area under the curve

BG505 NFL.664................... single chain native flexibly linked Env trimer which is highly similar

to BG505 SOSIP.664 with furin cleavage site replaced with glycine-

serine rich linker.

BGS505 SOSIP.664 ............... Stabilising mutations introduced into the HIV-1 Envelope
glycoprotein from the BG505 clade A/E isolate which maintains a

native-like conformation as a soluble protein.

BNAD ..o Broadly neutralizing antibody

ClL8 e Octadecyl carbon chain

C2C1 2., Mouse myoblast cell line
CAVD.iiiiiiiieieeee, Consortium of AIDS Vaccine Development
CCRS e C-C chemokine receptor type 5

CD e Connector domain

CD4 o Cluster of differentiation 4
CDADS...cccvveeeeieeeeeieeiene CD4 binding site
CDR..coiiiiieecceeee complementarity-determining region

CH .o Central helix
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Definitions and Abbreviations

ChAdOx nCoV-19................ chimpanzee (Ch) adenovirus-vectored (Ad) vaccine developed by
University of Oxford (Ox) against novel coronavirus first identified in
2019.

CHO ..ottt Chinese Hamster Ovary Cells

(O] 15 2SR Collision induced dissociation

COVID-19..cciiiiiiiiiiiene Coronavirus Disease-2019

CRF ..ot circulating recombinant forms

Cryo-em ......ccceeevvereereerennnn. Cryogenic electron microscopy

CT e, Cytoplasmic tail

CWG ..o, cloaking with glycans

CXCRA....iieieee, C-X-C motif chemokine receptor 4

DC24 .., Mouse dendritic cell line

DMEM .....ccooooveiieiieieeen, Dulbecco’s Modified Eagle Media

DNA ..ot Deoxyribonucleic acid

| 1 1 Dithiothreitol

Easy-nL.C 1200 .................... Nanoflow liquid chromatography instrument used for the separation of

glycopeptides prior to analysis by mass spectrometry.

EAVI ..o, European AIDS Vaccine Initiative
EDTA .cccoviieeeeeeee, Ethylenediaminetetraacetic acid
ELISA ..ccvoieeeeeeeee, Enzyme-linked immunoabsorbent assay
EndoH ......ccooovvveiiiiiii, Endoglycosidase H
ENV.aoiiieeeeee Envelope glycoprotein of HIV-1

ER v Endoplasmic reticulum
ERGIC.....oooiiiiiiee, ER/Golgi intermediate compartments
| DY O Electrospray ionization

FBS e, Fetal bovine serum

|3 False discovery rate

GIC it Glucose

GNL .o Galanthus nivalis lectin beads
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N-acetylglucosaminyltransferase I
Gene of interest

Glycoprotein

Receptor binding portion of HIV-1 Env

HIV-1 Env glycoprotein with a truncated C-terminus to solubilize the

protein.

Precursor polypeptide of HIV-1 Env that exists prior to furin cleavage.
Region of HIV-1 Env which is responsible for membrane fusion.
glycoprotein complex

main group

new group

outlier group

Hemagglutinin

HEPES-Buffered Saline

Hospitalized convalescent

Higher energy collision induced dissociation.

Human embryonic kidney 293 Freestyle cells, used for recombinant

protein production.

Hexose

hydrophilic interaction ultra-performance liquid chromatography
Human Immunodeficiency virus

Heptad repeat 1

Heptad repeat 2

Horseradish peroxidase

HIV-1 reference strain used for alignment of the diverse HIV-1

sequences
Iodoacetamide

International AIDS Vaccine Initiative
Immunoglobulin G

Immunoglobulins G, A, M
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IMP i Intrinsic mannose patch

IN e Integrase

ITU e, Intensive Treatment Unit

IVT e, Invitro transcription

KD e Dissociation constant

Kif oo, Kifunensine

KS o Kaposi’s sarcoma

LC-MS ., Liquid chromatography-mass spectrometry
LC-ESIMS ...cocoviieirenn, Liquid chromatography-electrospray ionization mass spectrometry
LNPS .ovevieieeeeeeee e Lipid nanoparticles

M e Membrane

Man ....coooceevvieniiicce Mannose

1Y 127 D Mannose-binding lectin

MD .ot Molecular dynamics
MDFF.....cocovieieiieiieieeenn, Molecular dynamics flexible fitting
MPER.......ccoteeieieieee, Membrane-proximal external region
MRA .o, multireference alignment

MSA e, multivariate statistical analysis
MSM L, Men who had sex with Men

N Protein ......ceeveeveerveerreereens Nucleoprotein

JA\F: 1 o RS Neutralizing Antibody

NB-DGJ ...ccovveiiieinn, N-butyldeoxygalactonojirimicin
NB-DNJ ...cooviieieieiieiens N-butyldeoxynojirimycin

NEUAC .ot Neuraminic acid

NFL .o Natively flexibly linked

NHC ..o Non-hospitalized convalescent
NMR ..oviiiiieieeeeeeee Nuclear magnetic resonance
NS-EM ..ccovvviiieieieiieiens Negative stain-electron microscopy
NSP S tevveerreeeriereereereeseereenns Non-structural proteins
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Definitions and Abbreviations

NTD..vveveeiieeeeeee e N-terminal domain

NXS/T oo Amino acid sequence that defines site of attachment for an N-linked
glycan

(O] D IS Optical density

ORFS..cevieviieieieieeeens Open reading frames

(@ 4 TR Origin of replication

OSTas€ ..cccevverrerererirerieeniens Oligosaccharlytransferase

PPeooeerrmimiiniecii percentage point

PBMCs ...ccvvvieeieeieeieren, Peripheral blood mononuclear cells

PBS. ., Phosphate buffered saline

PBS-T..ccoieiiieeeeeeeeen, Oxoid phosphate buffered saline with 0.1% Tween-20

PCP..ooeeeeeeee Pneumocystis pneumonia

PCR ..o, Polymerase chain reaction

PDB ..o Protein database
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Introduction

Chapter 1 Introduction

Contributions. Some parts of the section 1.2 of the introduction are published as a review in Current
opinion of structural biology. The whole review is written by me and has been reviewed by other co-
authors in the review, Dr. Max Crispin and Dr. Elisa Fadda. Figures 1.6 and 1.8 are provided by Dr.
Elisa Fadda, University of Maynooth, Ireland. All other sections in the introduction are written by

me primarily for this thesis.

1.1 Glycosylation in enveloped viruses

Enveloped viruses are encapsulated in lipid envelopes, which are decorated with densely
glycosylated proteins [1]. These glycans help mask immunogenic viral components from the host
immune system and facilitate attachment and viral entry into the host cells. Once inside, viruses
hijack the host glycosylation and protein-folding machinery to assemble new viruses coated with
host glycans. Numerous viral proteins have evolved to utilize the host glycosylation machinery to
decorate their proteins with “self” glycan moieties. The analysis of viral proteins has revealed
significant variation in the structure, density, and conservation of glycans. Some of the viral envelope
proteins have been extensively investigated, including the envelope glycoprotein (Env) of human
immunodeficiency virus-1 (HIV-1) [2,3], the hemagglutinin glycoprotein (HA) of influenza virus
[4,5], the spike glycoprotein (S) of coronaviruses [6—8], the glycoprotein (GP) of Ebola virus [9,10],
the glycoprotein complex (GPC) of Lassa virus [11,12], and the envelope glycoprotein (E) in viruses
such as dengue, Zika, and other flaviviruses [13,14]. However, glycosylation extends beyond
envelope proteins to encompass numerous secreted viral proteins. For example, the secreted GP of

Ebola [15].

Understanding the glycosylation of these viral proteins and the immunological basis driving
diversity is an important aspect to consider in the development of vaccine candidates. This will assist
in how the glycosylation of vaccine candidates compares to the native viral glycosylation. Although
studies of viral glycosylation are often constrained to analysis of recombinant proteins that are

usually produced in cell lines with glycosylation capacity different from host cells [16]. Therefore,
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the glycosylation pattern of recombinant protein might be different from the glycans presented on
the viral protein [17]. However, certain glycan structures, influenced by the quaternary structure of
the protein and the amino acid sequon, tends to remain conserved such as oligomannose-type
glycans[18]. These conserved glycan compositions can be used to monitor the structural integrity of
the protein, as in case of instability of the protein, the conserved residues will get more exposed and
thus will be more accessible for glycan processing. It is important to understand these glycan
structures as in some instances such as in HIV-1, glycan occludes half of the protein surface of the
Env and are also targeted by numerous antibodies. However, in case of some viruses such as
flaviviruses, the antigenic surface is covered by one, two, or no N-linked glycosylation sites [19]. In
this thesis, the impact of vaccine design approaches are investigated for two key vaccine targets,

HIV-1 and SARS-CoV-2.

1.1.1 Monosaccharides: Building blocks of glycans

The glycan structures are built using simplest form of sugar that is monosaccharides [20]. They are
typically classified on basis of the number of carbon atoms they contain. Majority of the mammalian
N-linked glycans consist of five atom rings, furanose, or six atom rings, pyranose (Figure 1.1 A).
Monosaccharides usually exist in solution as an equilibrium mixture of cyclic and acyclic forms that
is usually represented as chair and Fischer projections. The chair conformation of monosaccharides
is shown in Figure 1.1.A. The precise nomenclature that is D or L configuration of each
monosaccharide is determined by the specific arrangement of side groups, hydroxy group or non-
OH group. The configuration is easily determined by using Fisher projection of the monosaccharide,
if the OH group or non-OH group is on the right, then the overall configuration is D and if the OH
group is on the left, the overall configuration is L [21]. Hexoses, encompassing six-carbon
monosaccharides such as glucose, galactose, and mannose, are subject to this isomeric variation.
Notably, glucose and mannose differ solely in the positioning of the hydroxyl group at carbon 2 (see
Figure 1.1.A). Chemical modifications, such as the addition of an N-acetylamine at position 2, result
in N-Acetyl hexosamine (HexNAc). Further complexities arise from additional modifications, such

as the inclusion of sialic acid or neuraminic acid (NeuAc), which introduces extended side chains,
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potentially conferring a negative charge to the monosaccharide and influencing the function of the

attached glycan.

CH3
B- D- GalNAc [ ﬂ D- Glucose (] B- D- GIcNAc ]
OH OH Z%I;!AG\ycoswdlc Hon
OH 3C o OH linkage
o OH
OH OH
[l- D- Galactose O B-D- Mannose @ C a- L- Fucose A/‘ GalpB1-4Glc = Lactose
Ho_ [ oM COOH ™ oigamammaiell  wore (NGORG]
3 be oo
OH on A ¢ @ vV
HsC g oum gﬁf}“* omomE:
® g
NERE S K
O O A4 " B inkage

a- NeuAc ‘/*

Figure 1 1. Monosaccharide structures, linkages, and schematic of glycan compositions. (A)
Monosaccharides that commonly form N-linked glycans on human glycoproteins. Displayed
symbols represent each monosaccharide, used for both the Symbol nomenclature for glycans (SNFG)
and the Oxford classifications. In instances where two symbols are displayed, the left one
corresponds to SNFG, while the right one represents Oxford. These structures are taken from the
wikipedia. (B) The two monosaccharides are joined together by an oxide linkage formed by the loss
of a water molecule. Here, an illustrative example of condensation reaction is showed between
galactose and glucose leading to the formation of lactose [22]. The bond between two sugars is
known as glycosidic bond. (C) Representation of most common glycan compositions found on N-
linked glycans, oligomannose, hybrid and complex-type glycans.

Monosaccharides are linked to one another enzymatically via a glycosidic bond to create
linear or branched oligosaccharides [20]. The donor sugar in an activated form is enzymatically
attached via a glycosidic bond to a particular hydroxyl group on the acceptor sugar (Figure 1.1.B).
Here, an illustrative example is represented between glucose and galactose linked via 5- 1-4
glycosidic linkage leading to formation of lactose [22]. This process is repeated one by one, by
highly specific glycosyltransferases until a precise glycan target is created. To avoid drawing the
complete chemical structure, glycobiologists represent these glycans by a series of connected

shapes. This thesis mainly discusses about three glycan compositions, oligomannose, hybrid and
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complex-type glycans which are commonly found on N-linked glycosylation (Figure 1.1.C). These
glycan compositions are usually synthesised via glycosyltransferases present in the ER and Golgi,

which is described in detail in the next section.

1.1.2 Protein glycosylation

Protein glycosylation is highly specific and is orchestrated by a series of enzymes, usually located in
the ER and Golgi-compartments, that recognize particular amino acid motifs on the target protein
[23]. The resulting glycoprotein may have diverse glycan structures that can vary in composition and
complexity. These glycan structures can influence the protein's stability, solubility, and interactions

with other molecules [24].

The two most studied protein-directed glycosylation mechanisms in viral research, are those
attached to asparagine residues, referred to as N-linked glycans, and those attached to serine and
threonine, O-linked glycans. Prominent examples of viral glycoproteins coated with high number of
N-linked glycans include HIV-1 [25], and high levels of O-linked glycans include Ebola [26]. In this
thesis, | have primarily focused on N-linked glycosylation as it is prominently present within the
viral glycoproteins, namely HIV-1 and SARS-CoV-2, while O-linked glycans constitute less than
1% in these viruses. The N-linked glycosylation pathway involves the covalent attachment of
carbohydrate chains (glycans) to specific asparagine residues (Asn) within the consensus sequence
Asn-X-Ser/Thr, where X can be any amino acid except proline [27]. While the potential position of
the glycan is linked to the amino acid sequence of the protein, therefore encoded by the nucleic acid
of the virus, but can change under selection pressures such as immune evasion, and their role in
glycoprotein folding and assembly [28]. Viral glycoproteins utilize host cell’s glycosylation
machinery as they are able to hijack the cellular glycosylation pathway. The N-glycosylation
pathway primarily occurs within the endoplasmic reticulum (ER) and Golgi apparatus of eukaryotic

cells, and the overview of the pathway is shown in Figure 1.2.

The initial step of N-linked glycan biosynthesis involves the en bloc transfer of core
oligosaccharide structure (GlcsManoGIlcNAc,; Glc: glucose, Man: mannose, GIcNAc: N-

acetylglucosamine) from dolichol phosphate to the amide groups of asparagine in potential N-linked
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glycosylation sites (PNGS). This transfer is mediated by oligosaccharyltransferase (OST) enzyme
complex present in the ER lumen [29]. Once the core oligosaccharide structure is transferred to
asparagine residues, other glycan processing enzymes in the ER and Golgi starts trimming down and
subsequently build up glycans, resulting in a variety of different classes of glycans, including
oligomannose, hybrid, and complex-type N-glycan structures (Figure 1.2). Notably, in context of
viruses, the glycan pathway may not be strictly linear, and viral particles may bud off early in the
glycosylation pathway, which may result in the presence of unusual glycosylation on some viral
glycoproteins [30]. In addition, glycosylation is dictated by the expression level of
glycosyltransferases and glycosidases which is dependent on producer cell, along with other

parameters such as metabolite availability [31].

The GlcsMangGlcNAc; attached to asparagine residues are further trimmed by ER a-glucosidases
I and II which trims to remove the two glucose residues, generating monoglucosylated
(GlciManoGlcNAc») N-linked glycans, which interacts with the lectins, folding chaperones, calnexin
and calreticulin [32]. The final glucose is cleaved by ER a-glucosidases 11, leading to release of the
glycoprotein from Calnexin/Calreticulin cycle which signals that the protein is correctly folded and
can transit from ER to Golgi. Alternatively, misfolded proteins are reglucosylated by UDP-glucose
glycosyltransferase [33]. Misfolded proteins undergo repeated cycles of ER chaperone,
calnexin/calreticulin, mediating folding until they are either correctly folded or eventually degraded
by the ER-associated degradation pathway. It has been reported that viruses spend a considerable
amount of time within the ER, which allows time to form extensive network of disulfide bonds,

which is essential for the formation of infectious virions [34,35] .

Following correct folding, the glycan processing pathway continues with the removal of
mannose residues from ManyGIcNAc; to MansGlcNAc,, mediated by ER a-mannosidase I. This is
accompanied by the transition from the ER to the Golgi where up to three mannose residues are
trimmed by Golgi resident a-mannosidases to generate a MansGlcNAc; structure. Glycans spanning
from ManyGIcNAc, to MansGlcNAc; constitute oligomannose-type glycans. Compact folding of the

protein usually result in the presence of these under-processed glycans [36].
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The glycan sites which are more accessible further undergo processing by N-
acetylglucosaminyltransferase 1 (GnT I) to hybrid-type glycans by addition of an N-
acetylglucosamine residue onto the D1 arm of the MansGIcNAcs. Fucosyltransferase can act upon
the MansGIcNAc, which can further results into hybrid-type or/and complex-type glycans [37]. The
absence of further mannosidase trimming onto the D3 and D2 arms will result in the formation of a
hybrid-type glycan, which allows processing of the D3 arm while the D1 and D2 arms remain
unaltered. Alternatively, further mannose-trimming by Golgi a-mannosidase II on the D1 and D2
arms will result in Man3GIcNAc; glycan structures, which can be processed by various
glycosyltransferases dependent on cell-type. This will lead to the generation of a variety of complex-
type glycans. The repertoire of glycan structures produced by a given cell reflects its expression level

of glycan processing enzymes.

The additional GlcNAc attached to MansGlcNAcs can be transferred, or the glycan becomes
more branched. Following GlcNAc transfer, galactosyltransferase can act and add galactose to the
GlcNAc, which can then act as an acceptor for sialic acid [38]. This range of different glycoforms is
dependent on cell-type/tissue type and can lead to microheterogeneity on individual glycan sites
across multiple proteins [39,40]. As mentioned above, the glycan pathway is not strictly linear and
there is no defined exit point of the processing pathway, and mature glycoproteins can contain a
mixture of glycans in many different processing states. For example, E1 and E2 protein of Hepatitis
C virus which buds from the ER [41]. While there are many more N-glycan modifications possible
during ER and Golgi transit, the modifications outlined above are the most common and relevant for

the cell lines outlined in this thesis.
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Figure 1.2. Mammalian N-linked glycosylation pathway. The pathway initiates when the N-
linked glycan precursor (GlcsManyGlcNAc:) is covalently transferred from a dolichol phosphate to
asparagine residue by oligosaccharyltransferase (OST). The terminal three glucose residues are
removed by the ER resident glucosidase I and II. Once the protein is correctly folded in the calnexin
and calreticulin cycle, the terminal mannose from the D2 arm is trimmed by ER mannosidase 1.
Subsequently, the protein transits from ER to Golgi where Golgi mannosidases are responsible for
further mannose trimming, leading to MansGIcNAc,. The transfer of N-acetylglucosamine residue
via GlcNAc transferase -I (GnT-I) initiates the first branch of the N-glycan and processing to hybrid-
type glycans. Once the Golgi resident mannosidases II trims the two remaining mannose residues,
other cell-specific glycosyltransferases such as galactosyl-, fucosyl-, sialyl-transferase, generates a
variety of complex-type glycans. Figure adapted from Watanabe et al., 2019 [1].

Unlike N-linked glycosylation, O-linked glycosylation is not identified by a specific sequon,
which makes it much more difficult to predict this modification [42]. However, there is progress in
improving methods to identify O-linked glycosites [43]; in mucin-like domains, they can be detected
by the high levels of serine, threonine and proline [44]. Also, these glycans can be further elongated
by competing glycosyltransferases to form up to eight core structure, which creates heterogeneity in
O-linked glycosylation [1] and thus impedes its analysis [45,46]. A number of viral glycoproteins
contain mucin-like domains with high population of serine and threonine residues that are heavily
modified by O-linked glycosylation. For example, Ebola GP and sGP [47], herpes simplex virus gC

protein [48].
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While O-glycans are sparsely present on the viral glycoproteins HIV-1 and SARS-CoV-2,
discussed in this thesis. There are a few subsets of HIV-1 isolates that have revealed the presence of
O-linked glycans and their shielding effect from neutralizing antibodies [49]. Similarly, SARS-CoV-
2 contains really a low number of O-linked glycans known till now [8,50]; however, one of the O-
linked glycan (Thr678) is known to influence the cleavage of the viral glycoprotein and may

influence viral infectivity [51,52].

The characterization of N- and O-linked glycosylation has been challenging due to the heterogeneity
and complexity arising from glycan processing enzymes. However, the availability of potent mass
spectrometric and chromatographic techniques, along with the commercial availability of proteases,
have enabled the investigation of these post-translational modifications [53]. The experimental
approaches, including matrix assisted laser desorption ionisation (MALDI), electrospray ionization
(ESI) mass spectrometry, and liquid chromatography-mass spectrometry have allowed the

characterization of viral glycome and site-specific glycan analysis [54].

1.1.3 Glycosylation heterogeneity in viral tropism and transmission

The heterogeneity of glycosylation usually reflects the repertoire of glycosyltransferases, the
metabolic state and a myriad of other factors in the producing cell [55]. Similarly, any multicellular
target host will exhibit diverse tissue-specific glycosylation, potentially impacting viral tropism [56].
These heterogeneities in glycosylation can influence the spread of viruses within a species. Such
glycan differences are apparent within the human population as exemplified by the ABO blood group
system [23]. Individuals with blood group A express fucosylglycoprotein a-N-
acetylgalactosaminyltransferase that adds N-acetylgalactosamine, whereas those with Blood group
B express fucosylglycoprotein galactosyltransferase that add galactose [57]. These variations in
glycan structures can impact the presence of antibodies and, consequently, limit viral transmission
from individuals of Blood group B to Blood group A. These effects have been observed in the
infectivity of HIV-1 and other viruses [58,59]. The distribution of blood groups may exert selective

pressures that influence the prevalence and spread of viral infections [60]. Viruses may evolve in
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response to the glycan landscape of host populations, and this interplay between viral evolution and

host glycan diversity can shape the dynamics of viral infection within a species.

Although the mammalian N-linked glycan pathway is mostly conserved, several significant
differences can affect viral antigenicity [61]. For example, humans lack the galactose-a-1,3-galactose
epitope, a common structure found at the terminals of mammalian glycans [62]. The galactose-a-1,3-
galactose epitope is present on pig cells and the porcine endogeneous retrovirus which can potentially
be transmitted to human cells during xenotransplanation (transplantation of pig organs into humans).
The presence of this epitope on pig cells makes them susceptible to antibodies in human serum,
leading to potential risks associated with transplantation [63]. Antibody-mediated immunity against
these epitopes can impede viral infectivity across different species [64]. Additionally, O-linked

glycans and glycolipids may display notable compositional variations between species [23].

Furthermore, the differences in glycan composition across different species are an important
feature of zoonosis of envelope viruses, especially regarding the potential influence of host immunity
on transmission [1,65,66]. For instance, the ability of avian influenza hemagglutinin (HA) to interact
with both 02,3- and a2,6-linked sialic acid has been demonstrated to facilitate viral spillover from
birds to humans [56,67]. Moreover, variations in the expression of these sialic acid structures
between the upper and lower respiratory tracts in humans can influence the localization of influenza

infection within an individual [68,69].

Similar role of sialic acids has been reported in transmission and tropism of the
betacoronaviruses S protein. For example, the MERS-CoV S protein exhibits a preference for binding
to 02,3-linked sialic acid receptors over 02,6-linked ones, which are abundant in key replication sites
within the lower respiratory tract, notably the alveoli of the human lung [70]. Furthermore,
investigations into SARS-CoV-2's interaction with sialic acids have revealed their involvement in
facilitating infection, potentially influencing tissue tropism [52,71,72]. Notably, recent findings
indicate that SARS-CoV-2 can invade the central nervous system, which may be potentially linked
to the prevalence of gangliosides (containing sialic acid) in the human brain [72,73]. In addition,
sialic acid present on one of the O-linked sites on SARS-CoV-2 S protein have been observed to play

arole in furin cleavage and act as a limiting factor for spike protein processing.
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Overall, it is important to understand the enormous diversity of glycans that exist in terms of
glycan composition and structure, arising naturally and in experimental systems. Assessing this
heterogeneity in the glycosylation of specific proteins is challenging in glycoproteomics and requires
elaborate site-specific glycan analysis with isolated glycoproteins [74]. Understanding the
mechanisms and regulation of these glycosylation processes is essential for advancing our knowledge
of cell function and for the development of vaccine design. In this thesis, I have focused on
understanding the assembly and glycosylation of two of the enveloped viruses, SARS-CoV-2 and

HIV-1 to inform the immunogen design.

1.2 SARS-CoV-2 Spike glycosylation

1.2.1 The emergence of novel coronavirus

The World Health Organization (WHO) maintains vigilant surveillance over viral animal reservoirs,
actively assessing potential viruses capable of zoonotic transmission to humans, thus bearing the
propensity for pandemic propagation [75]. Among these, coronaviruses have coexisted within the
human population for many years, and typically cause diseases such as the common cold [76]. In
addition, SARS-CoV and MERS-CoV caused relatively high mortality and emerged in 2002 [77]
and 2012 [78], respectively. While both of these outbreaks were relatively contained, the WHO
categorized coronaviruses as a subset of animal-borne pathogens endowed with pandemic potential.
In late 2019, the earliest cases of a novel respiratory illness were reported in Wuhan, Hubei Province,
China. The disease was initially referred to as a pneumonia of an unknown cause. Chinese health
authorities quickly identified a new coronavirus as the causative agent and shared its genetic
sequence with the World Health Organization (WHO) and other global health agencies. A new virus
was identified from airway epithelial cells of infected patients on January 12, 2020 [79] and the

WHO declared a global pandemic in March 2020.

1.2.2 SARS-CoV-2 viral genome and life cycle

SARS-CoV-2 belongs to the family Coronaviridae and possesses a positive-sense, single-stranded

RNA genome. The genome is approximately 7000 nucleotides long and encodes for several structural

10
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and non-structural proteins. The SARS-CoV-2 genome is organized into 12 functional open reading
frames (ORFs) that encode viral proteins [80]. Notably, the S protein facilitates viral entry, the
envelope (E) protein contributes to assembly, the membrane (M) protein is involved in virus-host

interactions, and the nucleocapsid (N) protein packages the viral RNA [81].

Briefly, the SARS-CoV-2 life cycle initiates when the S protein on the surface of virus’s
surface encounters host cells adorned with angiotensin-converting enzyme 2 (ACE2) receptors on
their surface [82] (Figure 1.3). The host serine protease, TMPRSS2, involved in priming of S protein
for S1/S2 cleavage [83]. This is followed by the attachment and fusion between the viral and host
cellular membranes, resulting in the release of viral genomic RNA into the cells. Once the viral RNA
is inside the host cell, it hijacks the host cellular machinery and begins replicating its genome. Firstly,
two viral replicase polyproteins, ppla and pplab, will be translated. These are cleaved by the papain-
like protease (PL"°) and 3C-like protease (also known as the main protease) to form functional non-
structural proteins such as Helicase and RNA dependent RNA polymerase (RdRp) [84]. The
structural proteins, S, M, E and the N protein, are then translated by ribosomes that are bound by the
endoplasmic reticulum (ER). These proteins then enter the ER and undergo post-translational
modification as would host-cell glycoproteins. In addition, some of the accessory proteins are also
encoded. The virion then buds into the ER Golgi intermediate complex (ERGIC) and is secreted via

exocytosis.

Unlike HIV-1, the mutation rate of SARS CoV-2 is significantly lower. This is attributed to
the presence of proofreading mechanisms within the RNA polymerase. This polymerase possesses
3’ to 5' exonuclease activity, which diligently excises mis-incorporated nucleotides [85].
Furthermore, it is noteworthy that the period of time during which SARS-CoV-2 can be transmitted
is brief, so there is little time for viral evolution to occur in a host prior to transmission [86]. In stark
contrast, HIV-1 exhibits the capacity for enduring years of evolutionary progression while retaining

the capability for continued transmission [87].
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Figure 1.3. The life cycle of SARS-CoV-2 virion. Key stages of viral life cycle including viral
entry, replication and transcription, assembly, and release. TMPRSS-2, transmembrane serine
protease 2; +ss genomic RNA, positive single stranded genomic RNA.
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1.2.3  Spike glycoprotein structure and function

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S glycoprotein is important for
the assembly and stability of the virus [88]. The entry of SARS-CoV-2 is primarily mediated by the
interaction between S and the ACE2 receptor, expressed on the surface of the host cell [89,90]. The
S glycoprotein is a trimeric class I fusion protein and comprises of two functional subunits, S1 and
S2. The total length if S protein is 1273 aa and the size of 180-200 kDa [91]. The S protein is
translated as a single polypeptide and is cleaved at the S1/S2 interface at furin cleavage site, RRAR
by furin (Figure 1.4). SARS-CoV-2 S has a specific furin cleavage site which is not present in other

SARS-like coronaviruses [92]. The S1 subunit is separated into the N-terminal domain (NTD) and
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the receptor binding domain (RBD). The RBD in S1 subunit interacts with the ACE2 receptor [93].
The S2 subunit contains fusion peptide (FP), heptad repeats (HR1), central helix (CH), connector
domain (CD), transmembrane domain (TM). The S2 subunit is responsible for viral fusion and entry.
FP is a short segment of 15-20 conserved amino acids, mainly glycine or alanine, plays an important
role in mediating membrane fusion by disrupting and connecting lipid bilayers of the host cell
membrane [94]. The S protein is extensively glycosylated, typically encoding 66 N-linked
glycosylation sites per trimer and a lower number of O-linked glycans (<1%) present at low
occupancy [8,50,95]. The S1 subunit spans N17-N801 and the S2 subunit spans N1074-N1194
glycosylation sites. The S2 subunit displays low oligomannose-type glycans and are highly
conserved among variants [96,97]. The high density of viral glycosylation has prompted
investigations into the functional role of glycans in a wide range of settings, from its impact on

protein folding to its influence on immunogenicity.
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Figure 1.4. Schematic of SARS-CoV-2 wildtype (WT) S protein. NTD, N-terminal domain; RBD,
receptor binding domain; FP, fusion peptide; HR1, heptad repeat 1; CH, Central helix; CD, connector
domain; TM, transmembrane domain.

The S protein on the virus is a key factor involved in infection and is present in all human
coronaviruses. The RBD of S1 subunit is involved in the receptor binding and cleavage of S1/S2
subunit mediates the fusion of virus with host cell membrane. RBD binds to ACE2, initiating
conformational changes in the S2 subunit. This process involves the insertion of the FP into the target
cell membrane, unveiling the prehairpin coiled-coil structure of the HR1 domain. This interaction

culminates in the formation of a six-helix bundle (6-HB). This orchestrated molecular event brings
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the viral envelope and cell membrane into close proximity, facilitating viral fusion and entry. The
trimeric S protein is a key target for neutralizing antibody responses [98,99] and a key component of
all currently approved vaccines [100-105]. S protein has also been used as reagent in serological
testing [106,107], principally because of its primary role in viral infection and its exposure on the

viral surface.

1.2.4 Spike protein in vaccine design

There is a wide range of S protein constructs across the currently approved vaccines, which rarely
utilize native sequences, with exception of the Sinovac vaccine construct [102] which corresponds
to a deactivated virus with a native S protein sequence. Other formats are based on a range of non-
native sequences and even the effective adenoviral-based ChAdOx1 nCoV-19 (AZD1222) vaccine
[108] encoding native S protein sequence is codon optimized to improve expression level in human
cell lines. Other design features used within the trimeric S protein formats include C-terminal
truncations to remove the hydrophobic transmembrane regions required for solubilization and the
use of stabilizing mutations, such as in the 2P, HexaPro, and S-closed formats [109-111]. For
example, the RNA-based Pfizer/BioNTech vaccine encodes a codon-optimized S protein with the 2P
mutations [100]. The proline mutations are incorporated in these formats to maintain the S protein in
pre-fusion conformation as there is enhanced presentation of neutralizing antibody (NADb) epitopes
compared to the post-fusion conformation [112]. Notably, not all vaccine formats rely on trimeric S
protein and the RBD-based constructs have shown promising immunogenicity [113] and safety

[114].

The wide range of constructs at the basis of currently approved SARS-CoV-2 vaccines
suggests that immunogenicity is not sensitive to precise glycan processing. In one extreme, robust
immune responses have been generated from material derived from insects [115-117], plants
[118,119], and mammalian expression systems [100,105]. Even in mammalian derived immunogens,
wide range of cell-specific glycosylation is utilized from common recombinant expression systems
such as HEK 293 to in vivo production by adenoviral and RNA-delivery systems [100,103]. In the

latter case, it is anticipated that the bulk of production is located within phagocytic immune cells,
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which would be expected to impact cellular-specific glycosylation [120]. Even the bulk change in
glycosylation of S protein using chemical inhibitor, kifunensine which inhibits ER-mannosidasel and
arrest the glycan processing at oligomannose-type glycans , does not influence serological properties.
Despite these observations, at site-specific level, glycans on S are critical for maintaining the
quaternary structure [121] and thus indirectly influences immunogenicity and antigenicity.
Furthermore, in HIV-1, immunogen glycosylation is known to enhance the humoral immunity by
influencing antigen trafficking to immune cells [122]. Overall, the glycosylation of SARS-CoV-2 S
protein has a weaker impact on the immunological properties compared to more densely glycosylated

protein such as HIV-1 [123].

Beyond the impact of glycans on the immune response to immunogens, there is growing
evidence that viral glycosylation contributes to the inflammatory response to viral material [1]. Thus,
understanding the fine structure of SARS-CoV-2 S protein glycan shield on the virus and of different
immunogens can contribute to the understanding of the role of glycosylation in natural infection and
vaccine development. This section reviews the parameters that are structurally affecting the
glycosylation of the S protein and assess the extent to which recombinant S protein mimics that of

the native virus (Figure 1.5).
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Figure 1.5. Glycosylation of viral-derived and recombinant spike protein.(A) Representation of
cryo-electron tomograph (Cryo-ET) slice of SARS-CoV-2 virions reproduced from Yao et al. [124].
(B) Model of representative SARS-CoV-2 virus highlighting one S protein on the envelope, has been
adapted to highlight a single spike from Yao et al. [124]. (C) Fine glycan processing of viral S
representing content of oligomannose-type glycans and heat plot of percentage of oligomannose-type
glycans of viral-derived S protein, using reported abundances [125,126]. (D) Glycan processing of
recombinant S, values of which obtained from data produced earlier [125,126]. The glycan
composition is categorized in three groups based on the abundance of oligomannose-type glycan
content: green (100—80%), orange (79—30%) and magenta (29—0%). The heat plot represents the
percentage of oligomannose-type glycans at each site from a scale of 0% (white) to 100% (green).

1.2.5 Role of N-linked glycans in protein folding and stability

The N-linked glycosylation of S protein is essential for folding and assembly in both recombinant
formats and in viral settings. Glycosylation mediates interactions with the calnexin/calreticulin

folding pathway and secretion checkpoint. Inhibitors targeting entry into the pathway, for example,
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inhibition of a-glucosidases by iminosugar-containing/based compounds, such as N-
butyldeoxynojirimycin (NB-DNJ) and N-butyldeoxygalactonojirimicin (NB-DGJ), have led to a
marked reduction in viral infectivity [127]. Beyond the capacity for glycans to mediate chaperone
interactions, they can also impart physicochemical stability. Furthermore, the high degree of N-
linked glycosylation of the SARS-CoV-2 S protein suggests a selective pressure on the virus that has
driven the density of the glycan shield. Among the many different key functions driving the evolution
of the shield, glycans can be aiding S folding and structural integrity [121,128], facilitate the
interaction with cellular factors [129,130], or be shielding underlying epitopes [121,131]. Because
of this key functional role, the glycan shield evolved significantly along the phylogeny, and it is
continually evolving [132], with the very recent loss of N370 glycosylation due to T372A mutation
in SARS-CoV-2. Through molecular dynamics (MD) simulation, it has been observed that presence
of both N234 and N370 results in tying the closed RBDs together, and likely hinders the RBD
opening [132—134]. This possibly explains the absence of N370 glycan site in SARS-CoV-2.
Similarly, we can speculate that SARS-CoV-2 glycosylation carries the signature of selective

pressure from its host prior to zoonosis.

There is a direct relationship between the spatial accessibility of the glycosylation sites and
the processing state [135,136]. Within the context of the S glycoprotein, MD simulations have shown
that the N-glycan at position N234 is one of the least accessible, in both closed and open S
conformations see Figure 1.6, which explains the high abundance of large oligomannose-type
glycans at this site [8,121]. The N234 glycan is also one the most ordered glycans observed in cryo-
EM structures [109] and this glycan has also been shown by MD simulations to stabilize the RBD
open conformation and its dynamics [121,132]. MD simulations experiments [121] have shown that
the N234 glycan is able to access and effectively fill the cleft left vacant by the opening of the RBD
and thus supporting its stability. This function is also supported by the N165 glycan, located in
proximity (Figure 1.6). Indeed, deletion of these glycans through single point N234A, N165A and
N343A mutations corresponds to a significantly reduced binding to the ACE2 receptor
[121,128,137]. However, none of these single point mutations fully abrogate the binding suggesting

that multiple residues are involved in RBD opening [121,128]. Further insight from MD and cryo-
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electron micrograph (cryo-EM) studies have shown that glycosylation at N343 is essential for gating
the RBD opening and closing [128,132]. The N234 and N165 shields the receptor binding motif
(RBM) consistently in both ‘close’ and ‘open’ state whereas shielding by N343 decreases with RBD
opening [128,132] (Figure 1.6). Overall, the interaction of the clustered N165, N234, and N343
glycosylation sites with the surrounding protein helps stabilize the orientation and dynamics of the
open RBD conformation allowing the different possible orientations and thereby supporting receptor

recognition [121,128,132] (Figure 1.6.B).

A

[ Receptor binding domain M Glycans Il Oligomannose B Complex-type
Figure 1.6. Role of glycans in stabilizing dynamics of RBD. Model representation of A) RBD
‘closed’ and B) RBD ‘open’ showing the interaction between neighbouring glycans, N165, N234
and N343. The RBD is accessible for ACE2 binding in ‘open’ state. The N343 glycan act as a “glycan
gate” as it pushes the RBD from “down” to the “up” conformation. The N234 is modelled with
ManyGlcNAcs glycan represented in green, N165 and N343 are modelled with biantennary complex-
type glycans [125,126]. The RBD is shown in cyan, and the remaining S protein highlighted in grey.

These models are reproduced from previous studies [128,132]. This figure has been produced in
collaboration with Elisa Fadda, Maynooth University, Ireland.

1.2.6 Role of spike protein structure in glycan maturation

The glycosylation processing of viral glycoproteins is highly dependent on the accessibility of the
glycan sites to the glycan processing enzymes in the ER and Golgi apparatus [39,138]. The glycan
maturation is strongly influenced by the glycosylation site accessibility and can sterically be impaired
by the local architecture of the protein [39]. In contrast to N-linked glycans which are added co-
translationally in the ER, O-linked glycans are added in the Golgi apparatus and their presence is
influenced by both the intrinsic susceptibility of the sequence to modification but also the local steric

accessibility. Importantly, the proximity of potential O-glycosylation sites to the furin cleavage site,
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that generates the separate S1 and S2 subunits, means that their modification can impact viral

maturation and infectivity [51].

One extreme example of steric constraints limiting glycan maturation within the S protein is
the N234 site where limited enzymatic access results in almost exclusively oligomannose-type
glycans being presented at that site [8,121,125] (Figure 1.7.A). More broadly, comparison of S
protein from wide variety of laboratories and expressed in different mammalian cell lines
demonstrated consistent subpopulation of oligomannose glycans, indicating that this is an intrinsic
property of the glycoprotein [125]. These mannose signatures were also observed in spike protein
derived from infectious virus [125,126]. However, when only the S1 subunit is expressed, N234 is
fully processed to complex-type glycosylation [126] consistent with the relaxation of steric

restrictions to processing in the monomeric form [95,117,126] (Figure 1.7.B).

Sialylation was another significant difference observed between S1 and trimeric S, the former
expressing high glycan content of sialylated glycans with high branching compared to the latter
which showed low sialylated glycan content including mostly mono-sialylated glycans [117].
Likewise, an increase in glycan content of O-glycosylation was observed in S1 recombinant protein
compared to trimeric S. For example, T323 is more occupied in S1 recombinant protein, and T678
O-glycosylation was observed only on the isolated S1 subunit suggesting more accessibility to Golgi
resident transferases [51,126] (Figure 1.7.B). However, within the native trimeric sequence furin
cleavage unmasks the T678 site which is modified around 25% with O-glycan structures [126].
Furthermore, when isolated RBD was expressed as a recombinant protein reveals high occupancy of
O-glycosylation compared to trimeric S protein [95]. For example, T323 is fully occupied in
monomeric RBD whereas this site shows low occupancy on trimeric S-protein [95]. In addition, the
T470 O-glycosylation site was identified only on monomeric RBD, albeit at very low abundance
[95] (Figure 1.7.C). Similarly, the N-glycosylation sites, N331 and N343 of monomeric RBD
revealed elevated branching and terminal processing when compared to trimeric S-protein [125].
These glycan characterizations of different viral protein formats highlight the impact of protein

architecture on glycan structure. Although a wide variety of protein formats have shown to be
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effective vaccines, the changes in glycosylation may impact the immunogen efficacy, as has been

observed in case of HIV-1 [122].

A Recombinant S trimer B Monomeric S1 subunit C Monomeric RBD protein

Key: []RBD [ Oligomannose [ Hybrid [ Complex [] Unoccupied [l O-glycosylation

Figure 1.7. The influence of protein structure on glycan maturation.(A) Illustration of glycan
composition of recombinant trimeric S protein of which values reproduced from Eldrid et al. [95]. The
N-linked glycosylation takes place at specific sequon, Asn-X-Ser/Thr (X is any amino acid except
proline) whereas O-linked glycosylation is not dictated by specific sequon and occurs on serine and
threonine in exposed regions. The N-linked glycosylation is presented in three categories on basis of
oligomannose content as described in Figure 1, oligomannose (green), hybrid (orange) and complex-
type (magenta) glycans. The O-linked glycosylation at T323 site (see magnification) on trimeric S is
present at low levels (0.2%) of which values obtained from Eldrid et al. [95]. (B) The glycan
composition of recombinant monomeric S1 subunit of which values reproduced from Wang et al.
[117] and Brun et al. [126]. Most of the N-glycan sites on S1 subunit is highly processed represented
in magenta except N657 which is unoccupied, represented in wheat color. The O-glycosylation is
present on S1 subunit at sites, T323 and T678 (see magnification). (C) The glycan composition of
monomeric RBD protein (cyan) which binds to main host receptor (ACE2). The N-glycan sites of
RBD is highly processed represented in magenta of which values reproduced from Allen et al. [125].
The O-glycosylation was observed on monomeric RBD protein at sites T323 and S469/T470 [95].

1.2.7 Role of SARS-CoV-2 S glycans in viral entry

The initial step for SARS-CoV-2 infection in the host cell is to bind with the host cell receptor and
enter the target cells. While additional factors can enhance entry (see below), entry is principally
mediated by S-ACE2 interaction [50,83,93]. ACE2 is ubiquitously expressed on epithelial,
endothelial, and blood cells [139]. The viral S protein and ACE2 receptor both are extensively
glycosylated, with ACE2 exhibiting 14 N-linked glycans across the dimer [8,50,109]. O-
glycosylation was found at low levels on both ACE2 and S protein [50,95,126]. Previous studies
have determined the effect of N and O-glycosylation processing of both S and ACE2 on S-ACE2
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binding [140,141]. The glycan engineering of ACE2 did not significantly impact the ACE2-S binding
[140,141] whereas that of S glycosylation had modest influence on binding [141]. In contrast to these

recombinant settings, glycan processing of S protein can influence viral entry [141].

Beyond the impact of glycan maturation on receptor recognition, modification of the furin cleavage
by O-linked glycosylation can impact viral entry. For example, P681H and P681R mutation found
in highly transmissible alpha and delta variants respectively, decreases O-glycosylation which
potentially increases furin cleavage and may influence viral infectivity [51]. Together these results
have highlighted the importance of S protein glycosylation on viral entry and abrogation of these
glycans using inhibitors provides insight into intervention strategies to target the SARS-CoV-2

infection [142,143].

While ACE2 stands out as the most extensively characterized receptor for SARS-CoV-2,
studies have revealed the virus's capability to infect cell lines lacking detectable ACE2 expression
[144-146]. Recent research has identified TMEM106B, a lysosomal transmembrane protein, as an
alternative receptor facilitating SARS-CoV-2 entry into ACE2-deficient cells [147]. TMEM106B
directly interacts with the RBD of the S protein, and the substitution of E484D in the spike enhances
its binding to the TMEMI106B receptor. Despite the essential role of ACE2 in infection,
carbohydrate-based attachment factors come into play, particularly when ACE2 expression is limited
[148]. This phenomenon expands viral tropism beyond ACE2 expression alone. Notably, cell surface
heparan sulfate (HS) serves as a recognition site for the SARS-CoV-2 S protein, distinct from the
ACE2 binding site, enhancing infection [149—151]. HS binding to RBD promotes an open
conformation, exposing RBD for ACE2 interaction and viral infection [149—-151]. Additionally,
sialylated glycolipids interact with RBD, facilitating viral entry [152], a phenomenon also exploited

for diagnostic purposes [153].

Additionally, viral glycans can also be recognised by soluble and cellular lectins which play an
important role in recognition. Nuclear magnetic resonance (NMR) studies and MD simulations have
revealed the binding of human lectins such as galectins with N331 and N343 glycan sites of RBD
[154]. Mannose-binding lectins (MBL) can recognize glycans on S protein, and have shown role in
vitro in inhibiting SARS-CoV-2 infection by activation of lectin mediated complement pathway
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[155]. Furthermore, there are cellular proteases such as transmembrane serine protease 2 (TMPRSS2)
which enhance viral infectivity by cleaving both S and ACE2 protein [83]. These attachment factors
mediate the viral S protein interaction with ACE2 and their inhibition reduces viral infectivity

[83,150,151,156].

1.2.8 Antibody responses in SARS-CoV-2 infection

The antibody response is an important form of adaptive immunity against viral infections [157] .
Majority of SARS-CoV-2 infection revealed seroconversion within 2 weeks post-symptom onset
(PSO), producing IgG and IgM against the viral spike and nucleocapsid proteins. The rapidity of
antibody responses suggests that the antibodies have undergone few somatic hypermutation [158].
This neutralizing antibody usually develops in extrafollicular phase (EF), when B cells quickly
differentiate into plasma cells outside of follicles. Although the EF response give rise to neutralizing
antibodies, these antibodies are probably not sufficient to control the SARS-CoV-2 infection
[157,159]. As the prevention of reinfection depends on long-lived plasma and memory B cells, which
requires robust germinal centre responses [160]. In the GC phase, lasting for weeks, B cells undergo
somatic hypermutation and affinity-based selection, giving rise to predominantly isotype-switched,

high-affinity plasma cells. These cells form a long-lived compartment in the bone marrow.

After SARS-CoV-2 infection, antibodies produced by early memory B cells may initially have
few mutations [161]. However, over the subsequent months, the spike- or RBD-specific memory
compartment continues to evolve, resulting in antibodies with increased somatic hypermutation,
neutralizing potency, and breadth [98,99,162,163]. Spike-specific plasma cells persist in the bone
marrow a year after infection, indicating the establishment of a long-lived plasma-cell compartment.
Robust T cell responses, including spike-specific CD4+ T cells, are induced by SARS-CoV-2
infection, promoting antibody responses [164]. Studies in a macaque model and SARS-CoV-2-
seropositive organ donors suggest that infection leads to the formation of functionally robust
germinal centers (GCs) that may persist for months, possibly due to antigen persistence [165]. Cross-

reactive memory B cells from previous exposure to seasonal coronaviruses may also contribute to
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the GC response to SARS-CoV-2, supported by the higher somatic hypermutation levels in

antibodies against S2, a highly conserved region among human coronaviruses [166].

1.2.9 Exploiting breaches within the glycan shield

Despite the extensive glycosylation and dynamics of the S protein, antibodies can still recognize
breaches within the glycan shield of S protein and can neutralize the virus [121,167]. Previous studies
have demonstrated the glycan composition and accessible surface area (ASA) of these glycans using
liquid chromatography mass spectrometry (LC-MS) and MD simulations respectively
[8,121,125,167]. Despite the extensive coverage of glycans on the head domain, the glycans are
sufficiently sparse for there to be still extensive vulnerabilities to antibody binding [121,167] (Figure
1.8.A). In contrast, the glycans in the stalk region have shown effective glycan shielding in MD
simulation studies suggesting less accessibility for antibodies to bind this region [121,167]. Recent
studies have shown the isolation of antibodies against the head region including RBD, Receptor
binding motif (RBM), N-terminal domain (NTD) and S2 subunit from COVID-19 patients [163,168—
170]. The antibodies against RBD such as C002 and SM211 have shown recognition of quaternary
epitope on the RBD. The C002 neutralizing antibody (nAb) binds to a region which spans two
RBD’s, one in ‘down’ conformation adjacent to RBD in ‘up’ conformation (Figure 1.8.B). The
S2M11 antibody binds to two neighbouring RBDs and stabilize the close conformation of trimeric S
protein (Figure 1.8.B). Furthermore, Abs have also been elicited against NTD present on the head
of the S protein [163,168,171]. One such antibody is 4A8 highlighted in Figure 4B, which recognizes
the NTD in an identical region despite the dynamics of RBD and have also shown to stabilize the
NTD region. The N149 glycan site which is present in NTD might also be involved in NTD-4A8

interaction [168] (Figure 1.8.B).

In addition to the view of accessibility derived from static models, considering the dynamics
of the system further enhances our understanding of the antigenic surface. Dynamic motions of the
S protein can influence the glycan-glycan interaction and can bring the glycans of different domains
in close contact. Using the network analysis approach, the glycans responsible for effective shielding

were predicted [167,172,173]. The glycans, N234 and N165, involved in RBD dynamics
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demonstrated stronger glycan-glycan interaction in the open state compared to the closed state as
shown in Figure 2B. The glycans at sites N603 and N616 have been shown to play a central role in
connecting the upper head with the lower head as these glycans are responsible for the proper
shielding of the S protein [167]. Neutralizing antibodies exploit spaces between these shielded region
where the glycan density is low or bind to epitopes containing glycans as has been observed in case

of HIV-1 (Figure 1.8.B) [25,172].

Spike (S)

O B

RBD

Glycans
4A8 Ab
S2M11 Ab

OO0 N8 N

C002 Ab

Figure 1.8. Antibody recognition within the breaches of S protein glycan shield.
(A)Representation of trimeric S protein with glycans (blue) present on it [121]. The RBD present on
the head region of the S is highlighted in cyan. The stalk region is effectively shielded with glycans.
The mesh network represents the virion membrane on which S protein is embedded. (B) Illustration
of antibodies binding within the glycan shield of S protein obtained by structural alignment
(www.pymol.org). The 4A8 nAb (pink, PDB 7C2L) targets the NTD region of the S protein [168].
The C002 neutralizing antibody (nAb) (yellow, PBD 7K8T) is binding to RBD “up” conformation
[170]. The S2M11 (green, PDB 7K43) nAb recognizes a quaternary epitope consisting of two
neighbouring RBDs and stabilizes the trimeric S in closed state [169]. This figure has been provided
by Elisa Fadda, Maynooth University, Ireland.
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1.2.10 Further glycobiology perspectives in vaccine development and

beyond

It has been established that underlying protein architecture has significant impact on glycosylation
[39]. In one extreme trimeric viral spike exhibit oligomannose-type glycans whereas RBD domains
are almost entirely devoid of such structures [8,121,125]. Given the known influence of glycan
processing on immunogen targeting, it will be fruitful to understand the impact of protein formats on
vaccine efficacy. Similarly, there is considerable opportunity to enhance the understanding of RNA-
based [100] and adenoviral-based delivery system [103] by considering the range of vaccine
materials derived from different cellular sources upon immunization [126,174]. It is already
established that protein modification can influence antigen stability, and it is likely that such
modifications will also impact antigen distribution and cellular presentation [122,175,176]. Overall
understanding the interplay between protein architecture, production routes, and glycan processing

will illuminate how viral immunogens work and aid in their optimization.

1.3 HIV-1 Env glycosylation

1.3.1 Emergence of HIV-1/AIDS

Acquired Immune Deficiency Syndrome (AIDS) was first recognized as a new clinical challenge in
1981. Initially, the unusual increase of diseases like Kaposi sarcoma (KS) [177] and Preumocystis
pneumonia (PCP) [178] were reported. The occurrence of these disease often acts as indicators of
severe immunodeficiency. Men who had sex with men (MSM) were the initially affected population
and were highly stigmatized. It was in 1982 that the human immunodeficiency virus (HIV) was
identified as the true etiologic agent of AIDS. Although it was initially linked with the homosexual
community, it was soon detected in intravenous drug users, individuals from Haiti that had recently
entered the USA, and individuals who had received blood transfusions. These observations, together
with the observation of possible mother-to child transmission, and the occurrence of the disease
among a group of homosexual men in California, led to the proposal that the immunodeficiency

syndrome was caused by an infectious agent. The initial description of HIV-1 was given by Barré-
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Sinoussi and Robert Gallo in 1983 [179,180]. HIV is classified in the family Retroviridae, subfamily

Lentivirinae, and genus Lentivirus.

The lentivirus genus is usually characterized by a long incubation period of infection and the
ability to infect non-dividing cells [181]. As a retrovirus, HI'V possesses an RNA-based viral genome.
Once inside a host cell, RNA undergoes reverse transcription into DNA, which is subsequently
incorporated into the host cell genome through the action of an integrase enzyme. Subsequently, the
infected host cell engages in the translation of viral proteins, culminating in the production of
additional viral particles. The immune deficiency caused by HIV stems from its ability to invade and
destroy CD4+ T cells, progressively reducing their count over several years [182]. In the absence of
intervention, these levels eventually drop beneath a critical threshold, compromising cell-mediated
immunity. In individuals with compromised immunity, opportunistic infections like Prneumocystis
pneumonia prove fatal, whereas in healthy individuals, the immune system effectively clears such

infections, averting the development of severe symptoms.

Despite AIDS being a significant global health concern, the development of a vaccine capable
of providing comprehensive protection against HIV infection remains elusive. This can be attributed,
in part, to the genetic diversity that arises from the retrovirus's use of an error-prone reverse
transcriptase during the conversion of viral RNA into DNA. This results in presence of many
quasispecies of HIV in an infected host [183]. Consequently, the conservation of protein epitopes is
compromised, rendering any strategy solely reliant on these epitopes susceptible to the rapid

mutations of the HIV population, which quickly nullify selective pressures.

Phylogenetically, HIV-1 can be classified into group M (major), N (non-major, non-outlier)
and O (outlier). Group N infections have been detected in only a few individuals in Cameroon,
whereas group O is present in Cameroon and a few surrounding countries [184]. Group M, on the
other hand, accounts for over 99% of infections and is the most variable, with extraordinary diversity
in the envelope sequence among isolates. M-group (main) can be further classified into clades A, B,
C, D, F, G, H, and J, alongside circulating recombinant forms (CRFs) [185]. Consequently, an

effective vaccine must elicit protection against the diverse clades circulating worldwide.
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1.3.2 Viral genome and life cycle of HIV-1

The RNA component of HIV-1 is 9.8 kb long and bears a 5" cap, and a 3’ poly (A). The HIV-1
genome encodes several structural and non-structural proteins that perform a variety of roles to aid
in viral replication. The virus contains two copies of RNA genome, which encodes for 9 genes (gag,
pol, env, tat, rev, nef, vif, vpr, and vpu) [186]. These genes are flanked by long terminal repeats
(LTRs) that control viral transcription and integration into the host genome. gag, pol, and env genes
are primarily involved in the production of viral proteins. The gag encodes for structural proteins,
matrix, capsid, and nucleocapsid that forms the core of the virus [187]. The pol encodes enzymes
necessary for replication and integration, including reverse transcriptase (RT), integrase (IN), and
protease (PR). The env encodes the viral glycoprotein (Env), which allows the virus to bind to and
enter the target cells. All of these genes contribute to the integrity of the virus. The Env is translated
as a single gp160 polypeptide, which is cleaved by the host proteases into external glycoprotein,
gp120 and a transmembrane spanning protein, gp41 [188]. This cleavage occurs during the transit
from the ER to the Golgi. These gp120-gp41 heterodimers assemble to form a trimer on the mature
virion. It is extensively N-glycosylated and plays an important role in viral tropism and mediates

infection.

During viral entry, the gp120 of Env attaches to the CD4+ (cluster of differentiation) receptor
on the surface of target cells (T helper cells, macrophages, and dendritic cells). This interaction
triggers a conformational change within gp120, allowing the virus to bind to a co-receptor, usually
C-C chemokine receptor 5 (CCRS) or C-X-C motif chemokine receptor 4 (CXCR4) [189]. CCRS5-
tropic viruses are associated with most infections, and individuals with a homozygous defect in this
gene are generally considered resistant to HIV-1 infection [190]. Upon the attachment with co-
receptor, the gp41 undergoes conformational changes which results in extend and exposure of its
fusion peptide, which then inserts into plasma membrane of target cells leading to the release of the
capsid into the target cell cytoplasm [191]. The schematic of HIV-1 viral life cycle is described in

Figure 1.9.

Once inside the host cell, the viral RNA genome is reverse transcribed into double stranded

complementary DNA by reverse transcriptase (RT). This step is extremely error-prone and lead to
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the introduction of mutations in the viral Env due to a lack of a proof-reading mechanism [192].
Following the transcription, the complementary DNA migrates to the nucleus and remains associated
with multiple viral proteins, including integrase (IN), matrix (MA) and the accessory viral protein
(vpr). Integrase assists in the integration of viral DNA into host genomes [193]. This process is
usually associated with the latent infection of HIV-1 [194]. The viral DNA then uses the host
translation and transcription machinery to produce new infectious virions. gag, pol, and env are the
major genes which span the majority of the viral genome. The Gag and Pol get translated into the
cytoplasm, whereas the Env enters the secretory machinery of the ER and Golgi and utilize host
glycosylation machinery and thus gets heavily glycosylated. The new viral particles are assembled
at the cell membrane, encapsulating RNA and proteins. The viral proteases cleave the newly
synthesized viral proteins into their functional forms, and mature virions are then released from the

host cells and spread to other cells.
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Figure 1.9. Schematic review of HIV-1 replication cycle. Image source: Nature Reviews
Microbiology [195]. LTR, Long terminal repeats; PIC, Pre-integration complex; Vpu, Viral protein
U; Vif, Viral infectivity factor; Vpx, virion-packaged protein.

1.3.3 HIV-1 Env Structure and function

The HIV-1 Env is a type I viral membrane fusion protein and is involved in the interaction of virus

with host cells by mediating entry into target cells. Env is a metastable assembly of three
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heterodimeric complexes composed of gp120 and gp41 subunits, which forms a trimer [196]. The
gp120 comprises a highly variable surface, characterized by five variable loops interspersed with
five constant regions (Figure 1.10.A). The gp4l subunit is more conserved and comprises an
ectodomain, a membrane proximal external region (MPER), a transmembrane domain (TM), and a

cytoplasmic tail (CT).

Due to the conformational dynamics and high density of N-glycans on HIV-1 Env, structural
studies aiming to solve the structure have been relatively difficult. Despite the challenges, the
majority of the structural data is produced using the variations of recombinant Env constructs. The
first published construct featured the monomeric gp120 core in complex with CD4 [197]. This
construct, along with numerous subsequent studies, unveiled the fine structural details of the Env,
and receptor bound conformation of gp120 [197-200]. In order to recombinantly mimic the trimeric
Env presenting epitopes of broadly neutralizing antibodies as found on native virion, solubilization
and stabilization strategies were employed, using post-translational modifications and specific amino
acid substitutions. A breakthrough discovery of recombinant Env has been the emergence of the
‘SOSIP’ format containing several subtle modifications to generate a stable and soluble trimer mimic
[201]. The modifications include the introduction of an artificial disulfide bond between gp120 and
the ectodomain of gp41 (SOS), and an isoleucine to proline mutation (I559P) in gp41 which stabilize
the prefusion conformation of Env [202,203]. These immunogens are referred to as SOSIPs and are
truncated at position 664 to generate a soluble construct of Env, SOSIP.664 (Figure 1.10.B). This
approach was first successfully applied to the Env from the Clade A transmitter founder virus, BG505
[204]. Sanders et. al, additionally introduced the N332 site lacking from the BG505 isolate, as this
site forms a target for numerous bnAbs [201]. BG505 SOSIP.664 is currently the most studied HIV-
1 recombinant immunogens in vaccine development and has been elucidated at high structural
resolution [173,205-207]. This stabilization approaches employed to BG505 strain has been applied

to stabilize the Envs from multiple clades [25] .

The quaternary structure of the natively folded viral spikes requires the furin cleavage of the
gp160 pro-protein, which occur in the trans-Golgi network [208]. Furin cleaves between the gp120

and gp41 subunits of the gp160 polypeptides, recognizing the amino acid motif R-X-R/L-R [209].
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However, the low levels of endogenous furin result in large populations of uncleaved trimers, which
have been evidenced from NS-EM data of viral spike mimetics [210,211]. These uncleaved trimers
were found to adopt non-native “open” conformations [211-213]. Moreover, the lack of furin
cleavage perturbs Env's structural integrity, and have implications for the post-translational
modifications and antigenicity of candidate immunogens [18,214]. For example, the destabilization
of the quarternary structure influence the binding of quarternary-specific bnAbs such as PGT145 and
PGT151 [215,216]. Binley et. al, circumvented this problem by co-transfecting plasmid containing
the furin gene concomitantly with Env [201]. The furin cleavage is also replaced by a more

susceptible furin cleavage site (R6) (Figure 1.10.B).

Furthermore, additional strategies were utilized to bypass the furin cleavage site as it removes
the co-transfection with furin. To address this, native flexibly linked (NFL) HIV Env trimers were
designed which contains substitution at the furin cleavage site REKR with a long glycine-serine rich
linker 2xG4S peptide that covalently links gp120 and gp41 [217-219] (Figure 1.10.B). The NFL
design contains all other mutations present in SOSIP, including the [5S59P substitution, disulfide bond
between gp120 Alasoi to gp41 Threos and a truncation at D664 to create a soluble trimer. The crystal
structure of this cleavage-independent HIV Env exhibits a native-like prefusion structure closely
resembling BG505 SOSIP.664, with NFL displaying glycosylation and antigenic properties that

mirror those of the SOSIP trimer [217].
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Figure 1 10. Schematic representation of Env structure. A) Primary structure of gp120 and gp41.
Variable regions (V1-V5) of gp120 are colored, constant regions (C1-C5) are represented in grey.
FP, fusion peptide; HR1, HR2, heptad repeat helices 1 and 2; MPER, membrane proximal external
region; TM, transmembrane domain; CT, cytoplasmic tail. B) Schematic representation of the BG505
SOSIP.664 construct including PNGSs, and all modifications incorporated. C) Schematic
representation of single chain natively flexibly linked Env, BG505 NFL.664, with all PNGSs and
modifications.

1.3.4 Role of glycans on Env in maintaining structural integrity

HIV-1 Env is characterized by an unusually high presence of N-linked glycosylation sites, resulting
in steric constraints within the glycan shield and, hence, a large abundance of under processed
oligomannose-type glycans, which displays lower structural variation compared to host cell. The
gp120 is heavily glycosylated, with the number of N-linked glycans ranges from 18-33, shielding the
underlying protein from immune surveillance [28,220]. The glycan shield continually evolves to
impose steric hinderance on newly produced antibodies, resulting in non-random shifts in the
position of their N-linked glycans [221]. Although these N-linked glycans derive from the host
glycosylation’s machinery, studies on gpl20 have unveiled an unusually high and conserved
population of oligomannose-type glycans [222-225]. The high abundance of glycans creates steric

hinderance for the actions of ER and Golgi a-mannosidases responsible for trimming the
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ManoGIcNAc,, leading to the presence of clusters of oligomannose-type glycans, the ‘intrinsic

mannose patch’ (IMP) [222,226] (Figure 1.11).

The IMP is a characteristic feature of gpl120 that is conserved across all HIV-1 clades
[222,226] and longitudinally during infection [227]. These glycans are known to remain highly
conserved, as they are linked to the quaternary structure of the protein. One such example is N262,
which is largely embedded in the protein cleft and presents a high abundance of less processed
ManoGlcNAc; structures [207,228,229]. In addition to N262, there are several N-glycan sites,
including N293, N332, N339, N363, and N386, which form oligomannose clusters and have been

observed to be highly conserved on recombinant gp120 monomers and native-like trimers [214,222].

In contrast to gpl20, the oligomannose-type glycan content observed on native-like
recombinant soluble [18], membrane-associated [230], and virion-derived Env [3], displays even
higher oligomannose-type glycan content. This has led to the emergence of an additional ‘trimer
associated mannose patch’ (TAMP) (Figure 1.11). These oligomannose-dominated glycan sites
usually arise due to the glycan-glycan and glycan protein interactions in a natively folded trimer
[231]. However, TAMP sites do not always constitute a complete processing state presenting
oligomannose-type glycan content, but represents an elevation in under processed glycan
compositions. The TAMP sites are a characteristic feature of cleavage-induced, native-like envelope
folding and are not a feature of uncleaved or incorrectly folded trimers [214,232]. Therefore, the
conservation of both IMP and TAMP sites can signify that the trimer is properly cleaved and
assembled in a trimeric form, which is an important feature for maintaining the structural integrity
of HIV-1 Env [18]. This highlights the importance of determining the site-specific glycan

composition of immunogens, as it can be used to monitor the trimers with native-like conformation.
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Figure 1.11. Localization of intrinsic mannose patch (IMP) and trimer associated mannose
patch (TAMP) on Env. IMP and TAMP represents two regions of underprocessed oligomannose-
type glycans that are key features of native-like Env trimers. Figure adapted from Behrens et al. 2017
[232].

1.3.5 Antibody response in HIV-1 infection

HIV-1 virion surface is covered with Env which makes it the sole target for elicitation of antibodies.
The initial antibody response to Env manifests with in the first two weeks of infection but is non-
neutralizing [233,234]. This is due to the metastable structure of the Env, the virus produces non-
functional spike such as uncleaved gp160, shedding of gp120 and gp41 stumps [235]. These non-
functional counterparts present improper assembly and glycan processing of the spike which is
capable to divert the antibody response towards non-neutralizing antibodies. The abundance of non-
neutralizing antibody response thus dilutes the neutralizing antibody response elicited by the

functional spikes.

After the first 2-3 months, the infection starts progressing and the autologous neutralizing
antibodies starts to appear. Autologous neutralizing antibodies are usually potent; however, they are
very strain specific and drive the selection of virus and results in escape mutants. In some chronically
infected patients, cross neutralizing antibodies have been observed which has a significant breadth
and neutralization potential [234,236]. Cross-neutralizing antibodies are the ones which can
neutralize diverse HIV-1 isolates and should be elicited by an effective vaccine. Moore et al.,

observed the development of broadly cross neutralizing antibody, PGT128, targeting N332 glycan
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epitope which was absent on the initial infecting virus [237]. This represents one of the examples of

the evolution of antibodies with escape mutants to control the viral infection .

To assess the overall breadth and potency of the neutralizing antibody reactivity , a panel of
pseudoviruses from all major circulating subtypes were distinguished based on their sensitivity to
antibody-mediated neutralization [238]. The viruses were categorized in four subgroups on basis of
patterns of sensitivity as shown in Table 1.1. This tiered classification is to define the relative
susceptibility of viruses to NAbs. The Tierl A strains are mostly lab-adapted strains and are highly
sensitive whereas Tierl B viruses represent mostly circulating, though neutralization sensitive [239].
Tierl viruses seems to present more ‘open’ structure which makes it more susceptible. In contrast,
Tier2 viruses presents more compact structure of Env based on the neutralization resistance to patient

sera. The major goal in development of vaccine design is to elicit NAbs that can elicit Tier 2 viruses.

Table 1.1 Categories of virus subgroups on the basis of sensitivity to antibody neutralization.

Order of Viruses Virus resistance Antibody-mediated neutalization
Tier 1A Vey sensitive very high

Tier 1B Sensitive above average

Tier 2 Monderate resistance Moderate

Tier 3 Highly resistant Low

There are various factor which hinder the development of NAbs including poor accessibility
of the conserved region such as CD4bs, high accessibility of variable regions such as V1/V2 and V3
and massively glycosylated surface of Env which occludes half of the protein surface [240]. Along
with these factors, the variability in HIV-1 Env due to the presence of error-prone transcriptase and
the evolution of viruses to escape from antibodies creates extreme antigenic diversity, which poses a

significant challenge for the development of effective vaccines.

Broadly neutralizing antibodies (BnAbs) are a class of antibodies that have the ability to
neutralize the wide range of HIV-1 strains. The maturation of BnAbs takes several years as it requires
multiple rounds of viral escape and antibody development [241] . BnAbs presents unusual features
such as unusually long or short CDRH3 antigen binding loops, and high levels of somatic
hypermutation [240]. The long CDRH3 region is usually found on antibodies targeting V1/V2 region
of the Env such as PGT145 which contains HCDR3 region of 33 residues, required to penetrate the
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N160 glycan at the apex of the trimer to contact both protein and glycan residues [242]. Owing to
these distinctive attributes, traditional vaccine approaches face challenges in eliciting broadly
neutralizing antibodies (bnAbs). To address this, a germline-targeting vaccine priming strategy has
been developed, aiming to activate specific precursor B cells targeting conserved residues on the Env
such as CD4bs [243,244]. This approach involves selecting productive somatic mutations resembling
bnAbs and generating memory B cells, which can be subsequently boosted to prompt further

productive mutations.

1.3.6 Sites of vulnerability on Env for antibody binding

The generation of effective B cell responses is hindered during infection due to various structural
attributes of the virion surface. One such factor is the heavily glycosylated viral spike, which is
weakly immunogenic as it is derived from host cell’s glycosylation machinery, and the high density
of glycans limits the accessibility of antibodies to neutralizing epitopes [231]. Nevertheless, there are
structural features of the quaternary trimeric Env that are less accessible, such as CD4 binding regions
and inter-protomer regions (MPER) [245]. Furthermore, the large spacing between envelope spikes

is unfavourable for B cell activation, which requires antigen crosslinking of B cell receptors [246].

Although the glycan shield constantly evolves to evade the immune system, the number of
PNGSs on HIV-1 Env remains relatively constant. HIV-1 Env usually presents 18-30 PNGSs site,
which cover half of the mass of the trimeric Env surface. Despite shielding the viral spike, these
glycans also serve as an epitope for many BnAbs [246]. There are few regions known to be conserved
on Env that presents sites of vulnerability for antibody binding, and the majority of these regions
constitute bnAb epitopes involving partial or complete interaction with glycans presented on Env.
These regions include the mannose patch, the CD4 binding site, the MPER of gp41, the V3 region,
the V1/V2 region, and the interprotomer regions between gp120 and gp41 (Figure 1.12) [247]. One
such example of glycan recognizing antibody is PGT128 which binds to the high-mannose glycan at
N332 site, where antibody interacts with all the Many glycans. A complex structure with an
engineered outer domain of gp120 illustrated that PGT128 binds with GDIR motif in V3 loop and

interacts not only with N332, but also with core sugars of N301site [248,249] (Figure 1.13.A).
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PGT128 also indirectly contacts the N262 glycans as it binds to N301 glycan which in turn make

contact with N262 [206].
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gp120-gp41
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Figure 1.12. Regions on HIV-1 Env spike targeted by bNAbs. The model highlights five regions
which are usually the target of bnAbs on Env spike: The CD4bs (e.g., VRCO1, CH103); the V1/V2
loop and glycan sites, N156 and N160 (e.g. PG9, PG16); the V3 loop and glycan N332 (e.g. PGT128,
PGT125); the MPER (e.g. 4E10) and the gp120-gp41 interface region (PGT145, PGT151). The
model is based on fully glycosylated trimer (PDB ID 5C7K). N-glycans highlighted in cyan.

Other important sites of vulnerability for bnAbs are trimer apex which is characterized by the
conserved N156 and N160 glycans that project towards upwards of the trimeric surface. The bnabs
which targets this region are PG9/PG16, PGT145/PGDM1400, CAP256.VRC26 and others. Both
PGY9 and PG16 binds with the C-strand of V1/V2 loop and with the oligomannose-type glycans at
N156, N160 and sialylated hybrid N156, respectively [250,251] (Figure 1.13.B). PGDM 1400 bnAb
binding is highly quarternary specific and it binds to cationic residues in the gp120 V1/V2 loop and

the oligomannose-type glycans of N160 present in V2 loop of the Env [252]. CAP256.VRC26 also
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binds to V1/V2 apex region similarly to PG9/PG16, oligomannose-type glycans at N160 region,

hybrid at N156, or bi, tri, tetra- antennary structures containing terminal sialic acids [253].

Furthermore, these bnAbs serves as a great tool in vitro for identifying the antigenicity of
immunogen candidates and have also been utilized in the affinity purification of recombinant Env
[36,254]. For example, PGT145, which targets a trimer apex region, has been utilized to affinity
purify the properly folded trimers. PGT145 affinity columns are routinely used to improve the
efficiency of HIV-1 Env protein expressed recombinantly [254]. The cryo-EM structure of BG505
SOSIP.664 with PGTI145, revealed that the long, anionic, beta hairpin of heavy-chain
complementarity-determining region 3 (CDR3) penetrates through the N160 glycan triad, interacting
primarily with one N160 [242] (Figure 1.13.C). These examples illustrate the importance of fine

processing in HIV-1 Env for bnAb binding.

PGT145
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Figure 1.13. Antibody penetration of Env glycan shield. A) PGT128 binding with N301 and N332
glycans. B) In PG9, an apex bnAb, CDRH3 is penetrated between N156 and N160. C) PGT145,
another apex bnAb, inserts its long CDRH3 between three symmetrically related N160 glycans at
the threefold axis. The figure has been adapted from Crispin et. al., Annual Review of Biophysics,
2018 [249].

1.3.7 Glycan occupancy

The HIV-1 Env is heavily glycosylated in terms of both sequence coverage and size of
oligosaccharide residues, and the presence of these glycans are important for structural integrity and
the immune response. However, the absence of these conserved PNGS or underoccupancy at PNGS

could lead to the elicitation of non-neutralizing antibody response [255,256]. Therefore, it is
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important to have PNGS glycan occupancy conserved on immunogen candidates mimicking the viral

spike to facilitate the immuno-focusing to more relevant epitopes.

Interestingly, virally derived and membrane bound trimers have revealed higher glycan
occupancy compared to recombinant SOSIP.664 counterparts [3,257,258]. Site-specific glycan
analysis has revealed overall high glycan occupancy, but V1/V2 and gp41 sites were most susceptible
to under-occupancy, thus creating artificial glycan holes [257-259]. A recent study has revealed the
underoccupancy at position N611, due to the presence of antibody that only targets virus lacking

N611 which was further confirmed with cryo-EM and site-specific glycan data [259-261].

Enhancing the immune response toward target epitopes can involve strategically filling glycan
holes [262,263], whereas certain vaccine design strategies remove PNGS to concentrate on specific
regions to attract antibodies [263—-265]. Despite the distinctiveness of both of these approaches, intact
glycan shields have shown greater potential for eliciting neutralizing antibodies compared to those
with multiple holes [266]. Although the mechanism of underoccupancy at PNGSs is not well
understood, it has been hypothesized that codon-optimization or the introduction of an aromatic
amino acid or nucleotide modifications can potentially enhance the occupancy [3,267,268].

A recent study demonstrated the enhanced glycan occupancy on HIV-1 Env, by substituting
NXS to NXT, because oligosaccharyltransferase (OST) has a higher affinity toward NXT [3,269—
271]. The threonine showed high affinity to OST as the side chains of threonine can form H-bonds
to Trp-463, Trp 464, and Asp-465 of OST and additional Vander wall interaction between methyl
group of the threonine and Ile-572 of OST. In contrast, side groups of serine showed relatively less
interaction with the OST. OST is an enzyme complex involved in the transfer of core oligosaccharide
from dolichiol phosphate to either NXS or NXT. Studies on model glycoproteins have previously
shown that NXT sequons have a higher probability of getting glycosylated than NXS [271]. This
may be a useful strategy to enhance glycan occupancy on nucleotide-based immunogens as it
involves the editing of nucleotides of target protein. The glycan transfer via oligosaccharyltransferase

is shown in Figure 1.14.
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Figure 1.14. Glycan transfer from dolichol phosphate to asparagine residue via
Oligosaccharyltransferase (OSTase). The OSTase is involved in transfer of core saccharide from
dolichol-P to asparagine residue of NXS or NXT. The OSTase is known to have more affinity
towards NXT than NXS [271].

1.3.8 Cell-specific glycan compositions of Env

The prevalence of oligomannose-type glycans on Env stems from protein-induced steric
constraints, while host cell glycosylation predominantly influences the glycoprotein's more exposed
segments. This processing, unique to cell types, relies on the host cell's expressed glycosidases and

glycosyltransferases [120]

A comparative analysis of HIV-1 Env derived from HEK and CHO cells have revealed a
highly similar level of oligomannose-glycan content, while the complex-type glycan presents
considerable cell-specific differences [18]. As the CHO derived material showed higher sialic acid
content than HEK-293 F expressed Env. The abundance of sialic acid is known to influence the

antigenicity and immunogenicity of Env [272].

Similarly, the glycosylation analysis between the expression of virally-derived gp120
produced in PBMCs and in HEK cells revealed cell-specific differences [210]. Specifically,
sialylated glycans obtained from PBMC-produced material predominantly exhibited a2-6-linkages,
while material from HEK sources showed exclusive a2-3-linked structures. Notably, a2-6-linked
sialylated glycans have previously been associated with anti-inflammatory effects, suggesting

potential immunological implications tied to these structures [273].
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Furthermore, viral glycoproteins expressed in two primary target cells for the infection of HIV-
1 Env, PBMCs and monocyte-derived macrophages have also revealed similar biochemical changes
[120]. The gp120 produced in MDM indicated the presence of a broad and diffuse band on SDS-
PAGE compared to gp120 produced in PBMC’s. Glycoside analysis further revealed that the MDM
gp120 shows the presence of N-linked carbohydrates containing lactosaminoglycans, which was not
observed in PBMC’s derived gp120. Notably, there is negligible presence of lactosaminoglycans
structures in recombinant SOSIP.664 [274]. This divergence in glycan processing highlights that
recombinant trimers may reliably recapitulate only the mannose patch of native trimers and the cell-
dependent variation arises in complex-type structures may limit the utility of targeting epitopes

containing complex-type glycans [120].

These fine changes in glycan processing have emerged as an important factor in both viral
infectivity and in the formation of bnAb epitopes. As some bnAbs, such as PGT121, rely on the
recognition of both oligomannose-type and complex-type glycans, as depicted on glycan arrays
[275]. Others, like PGT151, rely on tri- and tetra-antennary structures at the gp120-gp41 junction
[276]. Meanwhile, the involvement of 02-6-linked sialylated hybrid and complex-type glycans has
been linked to apex-targeting bnAbs like PG16 [251,277]. Notably, interactions between Env's sialic
acid residues and Siglecs are pivotal in macrophage infection, which expresses low levels of cell-
surface CD4 [278]. Therefore, it is important to understand the factors influencing the complex-type
glycosylation, as it may help in refining the immunogen design, including optimal cell line selection

for the expression of vaccine candidates.

1.3.9 Considerations for immunogen manufacture

All the factors mentioned above, such as Env structure, glycan occupancy, and cell-type expression,
exert varying degrees of influence on Env glycosylation processing. Currently, the extent to which
Env immunogens should mimic the native viral spike remains uncertain. While studies on the
immunogenicity of native-like trimers have shown the elicitation of autologous Tier-2 nAbs and
heterologous Tier-1 nAbs [260,279-282]. Weakly neutralized heterologous Tier-2 antibodies have

been reported in rabbits [283]. Except cows, the potent bnAbs required for a protective vaccine have

40



Introduction

not yet been generated via immunization with native-like trimers [284,285]. The elicitation of bnAbs
against the envelope spike will inevitably be challenging, as their epitopes are broad but poorly
immunogenic due to their conserved nature. Otherwise, these epitopes would have been naturally

selected against by immune pressure.

One of the leading approaches aimed at eliciting bnAbs entail targeting B cell lineages with
highly engineered immunogens but this strategy also includes the polishing with a final immunogen
displaying native-like features [243,264,286,287]. One such example of vaccine candidate is the
engineered outer domain germline targeted version 8 (eOD-GT8) 60-mer nanoparticle, which has
reported to elicit HIV-specific B cell, and antibody responses in humans. In a randomized phase 1
clinical trial (IAVI-G001), vaccine priming with eOD-GT8 60-mer adjuvanted with ASO1g showed
a favourable safety profile, with 97% of vaccine recipients induced VRCO1-class bnAb precursors
[288,289]. Moreover, the vaccination with eOD -GT8 60-mer also developed polyfunctional T helper
cells, potentially enhancing vaccine efficacy, including after subsequent booster vaccines [290].
These clinical studies utilizing germline-targeting vaccine priming, encourage the development of
boosting regimens to induce bnAbs. There are currently two follow-up clinical trials ongoing,
utilizing an mRNA-based platform, IAVI G002 seeks to assess the safety and immunogenicity of
eoD-GT8 mer mRNA vaccine (mRNA-1644) and IAVI G003 involves the priming with mRNA-
1644 followed by a booster with the Coreg28v2 60-mer mRNA vaccine (mnRNA-1644v2-Core) in
HIV-1 uninfected adults [291]. However, the assembly and glycosylation of the Env derived from

the mRNA immunogens is not known yet.

Although the extent to which glycosylation influence the design of vaccine is not yet known.
In particular, the influence of expression cell-type and glycan underoccupancy has emerged as an
important consideration in vaccine design, as under-occupancy may induce unfavourable,
immunodominant autologous nAb epitopes [259,266]. In addition, complex-type glycan processing,
determined by the glycosyltransferases present in the producer cell, can also play a role in shaping

the elicited antibody response.
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1.4 Strategies for vaccine design

1.4.1 Recombinant protein and nucleic acid-based immunogens.

Advancements in protein-based vaccines, along with subsequent refinements in expression,
purification, and formulation methodologies, have facilitated the production of highly purified
proteins on a scalable and cost-effective basis. Recombinant proteins are commonly produced in
secreted form by eliminating the transmembrane and internal regions that tether the virus to the cell
membrane. Secreted, soluble proteins make the purification process easier and can potentially
generate high yields [292]. However, the truncation of the protein, in some cases, destabilizes the
protein and the development of efficient in vitro production system to express sufficient quantities
can slow iterative testing of new immunogen designs. Thus, the development of an effective nucleic
acid-based platform for vaccine candidates would be of significant interest for preclinical and clinical

development.

Nucleic acid-based vaccines have rapid adaptability, as they do not require complex GMP
production pipelines as required in the case of recombinant protein design [293]. Moreover, this will
also assist in the development of multi-immunogen vaccine strategies, as it would be expensive in
the case of recombinant-based mass protein production. In addition, native-like transmembrane

protein can be delivered via the nucleic-acid based platform.

Common platforms for nucleic acid-based vaccines include the delivery of plasmid DNA or
the direct injection of mRNA to express antigens into the host cells. DNA vaccines require delivery
to the nucleus, whereas the RNA-based approach can be directly introduced into the cytosol for
desired protein expression. However, the delivery of DNA to the nucleus is a rate-limiting step, and
there is a potential risk of integration into the host chromosomal DNA [294]. DNA-based vaccines
have also performed poorly in human clinical trials [295]. In contrast to this, RNA-based vaccines
have emerged as a highly effective delivery platform and have the potential to express proteins in in

vivo studies and in humans [296—-300].
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However, there are still some challenges associated with the mRNA-based platform. One such
factor is the short half-life of mRNA and the requirement for storage at -80°C, which poses the
complexity in the manufacturing and delivery of vaccine candidates [301]. Another factor is the
limited track record of mRNA vaccines, as their long-term efficacy and safety are still not well
understood. Furthermore, there is limited control at the post expression level in the case of the
mRNA-based platform compared to recombinant protein-based vaccines, in which desired protein

can be selected utilizing post-purification methods.

1.4.2 Conventional mRNA and Self-amplifying mRNA

The approval of mRNA-based vaccines for countering the SARS-CoV-2 pandemic underscores the
versatility of both conventional mRNA and self-amplifying mRNA (saRNA) as adaptable
immunotherapy platforms for addressing infectious diseases. In preclinical studies, both
conventional and self-amplifying RNA have shown protective immunization against multiple
infectious diseases including influenzae, RSV, Rabies, Ebola, SARS-CoV-1, SARS-CoV-2, and

HIV-1[297,302-306].

Both conventional and self-amplifying mRNA share the essential elements of eukaryotic
mRNA: a 7-methyl guanosine cap (m7Gp3N; N, any nucleotide) at the 5’ region, a 5’UTR, an open
reading frame (ORF), a 3’ UTR, and a polyA tail containing 40—120 adenosine residues [296,307].
These components are amenable to modification, including the introduction of chemically modified
nucleotides, sequence optimization, 5’ cap structure, and polyA tail elongation, in order to improve
the efficiency of mRNA translation and reduce immunogenic properties [308—310]. Both types of
mRNA can be produced in a cell-free system, using an enzymatic transcription reaction.
Manufacturing of mRNA vaccines requires the replacement of the encoding sequence with target
antigens against different diseases, while preserving the physiochemical characteristics of the RNA

molecule.

A conventional mRNA vaccine carries only the coding sequence, flanked by the regulatory
elements, while self-amplifying RNA encodes for RNA-dependent RNA polymerase (RDRP) along

with the desired gene of interest. Self-amplifying RNAs are engineered based on the RNA genome
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of alphaviruses, which possess inherent self-replication capabilities due to the presence of RDRP.
These self-amplifying mRNAs are often referred to as 'replicons,' and they facilitate sustained antigen
expression at lower doses compared to the conventional mRNA, primarily because of their ability to
self-amplify within cells [305,311]. Moreover, replicons can encode multiple antigens within the
same replicon, enabling the expression of both the target antigen and an immunomodulatory

biological molecule, such as an adjuvant [312,313].

In conclusion, both conventional and self-amplifying systems serve as a excellent platforms
for vaccine design, each offering its unique advantages. Conventional mRNA-based strategies are
straightforward and accommodate the delivery of smaller RNA molecules compared to replicons. To
address this limitation, a trans-replicon system has recently been developed, separating the backbone
containing NSPs from the gene of interest on distinct RNA molecules [314]. The mechanism of
antigen expression via conventional mRNA and self-amplifying RNA based platform is shown in

Figure 1.15.
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Figure 1.15. Schematic representation of mechanism of antigen expression via conventional
mRNA and self-amplifying mRNA (Replicons). GOI, gene of interest; nsps, non-
structural proteins; mRNA, messenger ribonucleic acid; UTR, Untranslated region.
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1.4.3 Progress in improving mRNA-based vaccines

An RNA-based platform offers a significant advantage in terms of rapid deployment compared to
traditional protein-based vaccines. However, one potential limitation is that the vaccine candidate is
entirely encoded by the nucleotide sequence, and there is no opportunity for control of immunogen
assembly at post expression level, which is commonly employed in traditional protein-based
vaccines. These limitations can influence antigen expression, leading to issues such as improper
folding of the protein, post-translational modifications, and antigen presentation. Nevertheless, these
limitations may be addressed through nucleotide modifications, the addition of chemically modified
nucleotides, and improvements in delivery methods [310,315-317]. In mRNA-based vaccines, three
key attributes play a vital role: mRNA stability, antigen expression, and mRNA delivery to the target

cells [296].

Several strategies have emerged over the course of extensive research and investment in the
development of protein-based vaccines to stabilize antigenic proteins. These strategies encompass
the codon optimization, the introduction of proline residues, the incorporation of glycine-serine-rich
linkers at the place of furin cleavage sites, the introduction of disulfide bonds, the utilization of two-
component nanoparticle systems, and the integration of foldon domains. The foldon domain is a
small - propeller-like trimeric structure found at the C terminus of bacteriophage T4 fibritin, which
has been utilized to promote trimerization of viral glycoproteins [318-320]. These approaches have
been widely studied in recombinant-protein based vaccines and have been exploited in the design of
nucleic acid-based vaccine design [109,110,112,217,321]. One such example is of clinically
approved mRNA vaccines against COVID-19, mRNA-1273 and BNT162b2, encoding SARS-CoV-
2 S protein containing two proline substitutions to enhance the protein stability [100,322].
Furthermore, both of these mRNA molecules undergo chemical modification through the substitution
of uridine with pseudouridine, a modification aimed at enhancing mRNA translation efficiency

[308].

Due to the rapid adaptability, mRNA-based vaccines offer the potential to explore multiple
antigens at the same time. This enables the design of a diverse panel of mRNA antigens for

comparative analysis of immunogenicity and to improve the vaccine candidates. For example, a
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recent study designed a panel of Respiratory syncytial virus class I fusion (RSV F) mRNA antigen
to assess immunogen assembly, immunogenicity, protection, and safety of protein expressed in
animal models. This comprehensive antigen panel comprised different forms of the RSV F protein,

including secreted, membrane-associated, prefusion-stabilized, and non-stabilized structures [309].

Another important attribute in the mRNA-based platform is achieving effective delivery to the
specific target cells and produce sufficient amounts of proteins of interest. A range of materials can
be employed to encapsulate RNA, including lipids, lipid-like substances, polymers, and protein
derivatives. Lipid nanoparticles, in particular, have undergone extensive investigation and have
successfully advanced to clinical use for delivering small molecules, siRNA drugs, and mRNA [317].
However, once the RNA encapsulated in LNPs reaches the target cells, LNPs can be internalized by
multiple mechanisms, including macropinocytosis and clathrin-mediated and caveolae-mediated
endocytosis [323]. The endocytic pathway requires the endosomal escape for effective delivery,
which relies on the properties of the nanoparticles and the cell type. Nevertheless, improvements in
nanoparticles can be achieved through strategies such as optimizing pKa of ionizable lipids, tailoring

lipidic tails and modulating the type and ratio of lipids [324,325].

The two authorized COVID-19 vaccines, mRNA-1273 and BNTI162b2, utilize lipid
nanoparticles for delivering antigen mRNA, while numerous other lipid nanoparticle-mRNA
formulations are actively advancing through clinical evaluation, promising breakthroughs in

combating viral infections, cancer, and genetic diseases. [326-330]

1.4.4 Post-translational modification in RNA based immunogens

Post-translational modifications are covalent modifications that occur on proteins following their
synthesis by ribosomes during the translation process. These post translational modifications (PTMs)
are crucial for protein’s structure, function, localization, and interactions with other molecules. Some
important PTMs in viral immunogens include glycosylation, phosphorylation, acetylation,
ubiquitination, and proteolytic cleavage. Understanding these modifications in vaccine candidates is
important as they can impact the presentation of viral antigens to the immune system and thus

influence the development of protective immune response.
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One of the advantages of the mRNA-based vaccine approach is that the target protein is
synthesized and modified by the host’s cellular processes. In contrast, traditional recombinant
proteins require production in various production systems, yeast, plants or bacteria that can result in
altered posttranslational modification leading to immune recognition. However, recombinant protein
allows control at the post-expression level, such as purification of properly assembled protein, fully
glycosylated protein, and elimination of non-native like constituents. These non-native-like
constituents can arise from incomplete proteolytic cleavage or by shedding of immunogens during
the processing of proteins [321,331]. For example, S1 subunit shedding in case of SARS-CoV-2
[126]. These constituents can potentially elicit non-neutralizing antibody response [36]. To overcome
this, post-expression purification can be employed to purify the properly assembled protein from

whole expressed material.

Another consideration in viral vaccine design is glycosylation of viral glycoproteins. As
glycans play an important role in stabilizing the viral protein and serve as an epitope for the antibody
response [1]. Therefore, it is important to have these glycans conserved as they are present on the
native virus in vaccine candidates for an effective immune response. However, in certain cases, a
robust immune response can be achieved even with heterogeneity in the population of expressed
immunogens. The precision in fine glycan processing is particularly relevant in the case of viruses
like HIV-1, where the immune response is heavily influenced by glycans. This indicates the
significance of glycosylation patterns in achieving desired outcomes in vaccine design and

development.

1.5 Aims and hypothesis

As novel immunogen platforms are being developed, it is important to characterize the glycan shield.
Here, an established LC-MS based approach is used to study next-generation immunogen approaches
for two critical vaccine targets: HIV-1 and SARS-CoV-2. Both HIV-1 and SARS-CoV-2 viral spike
share common class | prefusion conformation. There are various approaches which has been
employed to stabilize the viral spike in prefusion conformation, as this conformation is crucial for

presentation of epitopes for neutralizing antibodies [201,332] . One such approach is an introduction
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of prolines which impedes the switch to post-fusion conformation [333]. This approach has been
well-studied in HIV-1 and have been employed successfully in the design of stabilizing HIV-1 Env

trimer [203].

During the COVID-19 pandemic, S protein of SARS-CoV-2 was stabilized using the same
approach, involving the introduction of prolines to stabilize the S protein resulting in S2P (two
proline substitutions), which has been widely utilized in vaccine design [109]. However, low
expression of recombinant S2P protein prompted the development of expression-enhanced S protein
containing four more additional proline mutations [110]. This expression enhanced variant is known
as HexaPro was developed by Prof. Jason Mclellan’s laboratory (University of Austin, Texas).
Chapter 3 of this study focuses on understanding the influence of these proline mutations on protein

conformation and glycan composition through MD-simulation studies and LC-MS analysis.

The glycan composition of SARS-CoV2-2 S presents similar glycan composition as on HIV-
1 Env with the presentation of oligomannose-type glycans. However, the abundance of
oligomannose-type glycans on S protein was relatively low, signifying the denser glycosylation of
HIV-1 Env compared to S protein and highlights one of the reasons why it is possible for SARS-
CoV-2 infections to be cleared by the immune system and not HIV-1. In addition, Chapter 3 includes
a serological analysis of both HexaPro and S2P protein, as the S proteins have been extensively

employed in serological studies to confirm the COVID-19 infections.

Furthermore, it is important to compare the glycosylation of recombinant and viral SARS-
CoV-2 S protein. In Chapter 4, a comparative analysis of SARS-CoV-2 S protein is performed on
variants of recombinant S protein developed towards the stabilization of S protein, including S2P,
HexaPro and Close S, with data obtained from viral-derived S protein. In addition, this study
compares the glycan composition of monomeric RBD proteins which have been utilized in
preclinical studies and clinical studies [113,114], with recombinant and viral S protein [125]. The
glycan composition data of RBD reveals the presence of more processed glycan structures as
compared to trimeric viral spike. This is similar to the glycan composition pattern observed on HIV-

1 Env gp120 subunits and trimeric Env [18]. This signifies the role of protein architecture in dictating
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the glycan compositions, as the sites which are shielded in trimeric viral spike becomes accessible in

monomeric subunits, thus gets more processed by glycan processing enzymes.

As glycosylation is highly dependent on three-dimensional architecture, it can be used to
determine the protein assembly and manufacturing processes. One such feature is the preservation
of oligomannose-type glycans which is linked to the quaternary structure of the protein and can be
used as a sensitive reporter of native-like protein architecture. Chapter S utilizes these native-like
signatures to determine the immunogen assembly of HIV-1 Env derived from mRNA-based platform
and compared with recombinant and viral HIV-1 Env. Prior to the execution of this work, no study
had been performed to determine the protein assembly and glycan composition of Env derived from
mRNA-based platform. It is important to know, as RNA-based platform eliminates the opportunity
to control the immunogen assembly at post-expression level which is usually employed in case of
traditional protein-based vaccines. This work demonstrates conservation of native-like oligomannose
composition on Env derived from RNA replicon. However, there were few sites displaying higher
glycan processing compared to as observed on native-like viral Env. This is potentially due to the
presence of non-native like Env which is consistent with the NS-EM data obtained in this study. In
this study, Galanthus nivalis lectin beads were employed to purify the whole Env material, whereas
typical recombinant-based protein production utilizes post-production purification methods such as

size exclusion chromatography or affinity chromatography to purify the trimeric material.

Furthermore, to determine the influence of different cell-types, Chapter 5 presents the
comparison of the glycan composition of Env expressed in different production systems, including
recombinant protein expressed via transient transfection of plasmid DNA, Env expressed via RNA
replicon in HEK293F, mouse muscle and dendritic cells. HEK 293F cells are usually employed in in
vitro for expression of recombinant proteins. To explore the influence of potential cell-type
expressing immunogen in case of intramuscular injection, this study explored the expression of Env
in muscle and dendritic cells. Moreover, the site-specific analysis of Env revealed glycan
underoccupancy at few sites. To improve the glycan occupancy this study utilized the nucleotide

editing approach which has been previously employed on HIV-1 recombinant Env [268].
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Overall, this thesis discusses about the protein assembly and glycan compositions of Env/spike
produced via recombinant protein and mRNA-based platform. Site-specific glycan composition
analysis has been used to characterize the oligomannose-type glycans which suggests the structural
integrity of the protein. Furthermore, MD simulation, serological testing and NS-EM have been
employed in collaboration to characterize the Env/spike and get more insight about the protein

binding, conformation, and architecture.
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Chapter 2 Materials and Methods

2.1 Plasmids constructs for DNA and RNA replicon

The plasmids encoding SARS-CoV-2 S HexaPro and SARS-CoV-2 S2P were provided by Prof.
Jason Mclellan (The University of Texas at Austin). The plasmid for RNA replicon, BG505 NFL.664
was provided by Prof. Darrell J Irvine (Massachusetts Institute of Technology, USA). The plasmids
for SARS-CoV-2 were grown in E.coli. and glycerol stocks were made. The plasmids were then
isolated using the Plasmid Maxi or miniprep kits (Qiagen) according to the manufacturer’s protocol.
The plasmids of RNA replicon were prepped in the same way, and then RNA was transcribed using

invitro transcription kit described later in this chapter.

2.2 Recombinant protein expression and purification

The viral glycoproteins and the cell line used for expression in this thesis is summarized in Table
2.1. Some of the recombinant proteins were provided by the collaborators, that is, RBDg5.1,
RBDg5.1 24mer, RBDg8.2. The SARS-CoV-2 expressed in Vero cells is expressed by Sai Li lab, I
just used the raw files for the analysis provided by them and is also available on the Massive server.
All other viral glycoproteins used in this thesis are expressed by me and plasmid DNA provided from

respective labs are mentioned in the Table 2.1.

Table 2.1. Summary of analysed viral glycoproteins.

Construct Cell Chapter Source and material provided
SARS-CoV-2 S HexaPro HEK 293F 3 Jason Mclellan- plasmid DNA
SARS-CoV-2 S2P HEK293F 3 Jason Mclellan- plasmid DNA
SARS-CoV-2 S Vero cells 4 Sai Li - Data raw files
SARS-CoV-2  RBD monomer HEK 293F 4 Raiess Andrabi - plasmid DNA
RBDg5.1 ExpiF293 4 Daniel Kulp - protein
RBDg 5.1 24mer ExpiF293 4 Daniel Kulp - protein
RBDg 8.2 ExpiF293 4 Daniel Kulp - protein
BG505 NFL.664 HEK 293F 5 Richard Wyatt - plasmid DNA
HIV-1 saRNA BG505 NFL.664 HEK 293F, C2C12,DC2.4 5 Darrell J Irvine - RNA
saRNA BG505 NFL.664 mut HEK293F 5 Made in the lab by Site-directed mutagenesis
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2.2.1 Recombinant S protein expression in HEK 293F cells

For expression of prefusion S ectodomain of SARS-CoV-2 HexaPro construct, the base construct of
SARS-CoV-2 S 2P (GenBank: MN908947) having proline substitutions at residues 986 and 987, a
“GSAS” substitution at furin cleavage site (residues 682—685) and C-terminal foldon trimerization
motif, HRV3C protease recognition site, Twin-Strep-tag and octa-histidine tag cloned in mammalian
vector paH was used. The HexaPro construct was created by addition of four proline substitution
(residues 817, 892, 899, 942) in 2P base construct as described previously [110]. Plasmid encoding
S protein was used to transiently transfect FreeStyle 293-F cells (Thermo Fisher) using
polyethylenimine (PEI). Cells were maintained at a density of 0.2-3.0 x 106 cells/mL at 37 °C, 8%
CO2 and 125 rpm shaking in FreeStyle 293F media (Fisher Scientific). Transfection mix was
prepared in Opti-MEM (Fisher Scientific) using two solutions, DNA (310 pg/l) and PEI max reagent
(1 mg/mL, pH 7) in a ratio of 1:3 in 25 mL of Opti-MEM respectively, followed by addition of DNA
solution to the PEI mix and incubated for 30 minutes at room temperature. Cells were transfected at
a density of 1 x 106 cells/mL and incubated at 37 °C, 8% CO2 and 125 rpm shaking. Culture was
harvested after 7 days post transfection and the media was separated from the cells by centrifugation
at 4,000 rpm for 30 minutes. The supernatant was filtered using 0.22 um pore size filter (Merck)
followed by S protein purification using 5 mL His Trap FF column connected to Akta Pure system

(GE Healthcare).

2.2.2 Kifunensine treatment of SARS-CoV-2 S protein

HEK 293F cells were transfected at a density of 1 x 10° cells/mL and incubated at 37°C, 8% CO
and 125 rpm shaking. To elicit oligomannose-type glycans on S glycoprotein, 20 pM kifunensine
was added at the time of transfection. Culture was harvested after 7 days post transfection and the

media was separated from the cells by centrifugation at 4,000 rpm for 30 mins.

2.2.3 Ni** affinity purification and Size exclusion chromatography

His-tagged (6x Histidine residues) glycoproteins were purified using a 5 mL HisTrap column (GE

Healthcare). Prior to loading the sample, the column was washed with washing buffer (50 mM
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Na2P0O4, 300 mM NacCl) at pH 7. The sample was loaded onto the column at a speed of 2 mL/min.
The column was washed with washing buffer (10 column volumes) containing 50 mM imidazole and
eluted in 3 column volumes of elution buffer (300 mM imidazole in washing buffer). The elution
was concentrated by a Vivaspin column (100 kDa cut-off) to a volume of 1 mL and buffer exchanged
to phosphate buffered saline (PBS). Further, purification of target S protein fraction was carried out
using size-exclusion chromatography using a Superdex 200 16 600 column (GE healthcare). The

target fraction was concentrated in 100 kDa vivaspin (GE healthcare) to a volume of 1 mL.

2.2.4 PGT145 antibody expression

Plasmid encoding heavy and light chains of PGT145 antibody were transfected in HEK 293F cells
using polyethyleneimine. Transfection mix was prepared in OptiMeM using three solution, heavy
chain DNA (155 pg/L), light chain (155 pg/L), and PEI max reagent (1 mg/mL, pH 7) in a ratio of
1:3 (DNA: PEI max) in 25 mL of Opti-MEM respectively, followed by addition of DNA solution to
the PEI mix and incubated for 20 minutes at room temperature. The cells were cultured and harvested
in same way as described above. The supernatant was then purified using protein A affinity

chromatography.

2.2.5 Protein A affinity purification

The PGT145 used for the generation of affinity columns was purified using a 5 mL HiTrap Protein
A affinity column (GE Healthcare). The column was equilibrated using a 20 mM NaPOs, pH 7.5
buffer. The column was loaded at a flow rate rate of 1 mL/min. Once all the sample has pass through,
the antibody was eluted using a 0.1 M citric acid buffer, pH 3. The acidic buffer was used to favour
the antibody dissociation from the column. The pH was immediately neutralised by the addition of
1 M Tris-HCI buffer, pH 9.0, and immediately buffer-exchanged with PBS using 100kDa cut-off

vivaspin column.

53



Materials and Methods

2.3 RNA replicon synthesis and expression in mammalian cells

2.3.1 Replicon production and purification of HIV-1 env

RNA replicon was derived from alphavirus VEE’s genome as described previously [334]. The VEEV
genome is modified, and the structural genes are replaced with env gene, BG505 NFL.664
(PDB:6P62). Briefly, plasmid DNA encoding for replicon was grown in Escherichia coli and purified
using the Plasmid QIAprep spin maxi kit (QIAGEN). The plasmid backbone sequence contains the
Ampicillin marker, pBR322 ori, nspl—4 sequons of VEE’s genome. The replicon sequence is
flanked by the T7 promoter on the 5'end and Mlul restriction sites at 5" end of the T7 promoter and
3" end encoded poly (A) sequence. To generate the template for in vitro transcription (IVT) reaction,
first the plasmid DNA was linearized via the digestion of these plasmids using Mlul (Thermo Fisher
Scientific) and the linearized DNA was purified by the DNA purification kit (QIAGEN). Linearized
DNAs were then transcribed using mMessage IVT kit and reaction was set up according to
manufacturer’s protocol. The RNA was then cleaned using megaclear kit (Thermo Fisher Scientific)
to get rid of any buffers or impurifies carried away during the IVT reaction. Before transfection,
RNA was run on the gel using RNA gel electrophoresis to check the purity of RNA. The RNA
concentration and purity was verified by spectrophotometry using NanoDrop One and was then
stored at -80°C until further use. The RNA with absorbance ratio, Azsons0 ratio of ~1.8 were used for

transfections.

2.3.2 Culturing of mammalian cell lines for replicon expression

HEK 293F cells were cultured in freestyle media and are maintained at a density of 0.2 x 10° cells

per ml at 37°C, 8% CO,, 125 rpm. The cells were transfected at a density of 1x10° cells per mL.

The mouse muscle cell line (C2C12) was cultured in Dulbecco’s Modified Eagles Medium
supplemented with 10% fetal bovine serum (FBS) as recommended in manufacturer’s protocol
(American type culture collection, Catalogue no. CRL-1772). The cells were maintained in T75

adherent flasks at 2 x 10° cells per mL at 37°C, 5% CO:x.
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The dendritic cell lines (DC2.4) was maintained in RPMI-1640 media supplemented with 10% FBS,
I1x L-glutamine, 1X non-essential amino acids, 1x HEPES buffer, 0.0054x B-mercaptoethanol
according to manufacturer’s protocol (Sigma-Aldrich, Catalogue no. SCC142). The cells were

maintained in T75 adherent flasks at 2 x 10° cells per ml at 37°C, 5% COs.

2.3.3 In Vitro Transfection of RNA replicon

To assess the assembly and glycosylation of Env, HEK cells were transfected with RNA. Further to
investigate the cell derived changes in replicon expression of Env, C2C12 and DC2.4 were
transfected with RNA. The RNA replicon transfection was carried out using two methods, neon
transfection system (Thermo Fisher Scientific) and TransIT mRNA kit (Mirus Bio). Using the neon
transfection system, the cells were electroporated with RNA using 100 pL neon tip, according to
manufacturer’s protocol. Briefly, the required number of the cells, based on the plate size used for
transfection, were pelleted, and washed with PBS. Subsequently, cells were prepared for
electroporation, by mixing 1 ug RNA per 1 x 10° cells in serum free media, OptiMem. Followed by
electroporation at 1200 V, 30 ms and then the cells were ejected from the electroporation tip in 6
well plates containing 2 mL media for culturing of cells. Each mL contains electroporated solution
of 1 x 10° cells mixed with 1 pg RNA. The supernatant was harvested after 48 hrs and supplemented

with new media and harvested again after 24 hrs to attain high yield of protein expression.

Using the TransIT-mRNA kit transfection was carried out as directed in manufacturer’s
protocol. Briefly, suspension HEK 293F cells were grown to 1—1.5 x 10 cells/mL in 25 mL Freestyle
media. The adherent cells were seeded at 2 x 10° cells in 12mL of media in T75 flask and were
transfected at 80% confluency. The transfection solution was composed of 100 uL. of Reduced sera
free media, OptiMem, 1 pg of RNA replicon, 2 uL of the mRNA boost reagent and 2 pL of the Trans-
IT mRNA reagent for 1 mL of seeded cells. The transfection mixture was then incubated at room
temperature for 2—S5 mins. Followed by addition of transfection complexes dropwise to the cells.
The cells were incubated at 37°C for 2 hrs for suspension cells and 48 hrs for adherent cells. The
supernatant was harvested after incubation and the cells were pelleted down, followed by filtering of

the supernatant via 0.22 pum pore size sterile filter.
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2.3.4 RNA replicon expressed HIV-1 Env purification

The supernatant containing soluble Env was collected and purified by affinity chromatography
Galanthus nivalis lectin (GNL) beads (Vector Labs), which preferentially binds to structures
containing a-1,3 mannose residues such as many viral glycoproteins, in this study, HIV-1 Env.
Briefly, 10 column volumes of wash buffer, 1x PBS was used to wash the beads and then supernatant
containing Env was applied, and the solution was allowed to drain through gravity. After application
of sample, the beads were washed again with 3 columns of wash buffer to remove unbound materials.
Lastly, the protein was eluted using 3—>5 columns of elution buffer, 0.5 M a-methyl mannoside, pH

4. The eluted protein was then concentrated using 100 kDa Amicon filter.

For purification of trimer specific Env, the supernatant containing Env was purified by PGT145
antibody [242]. The antibody was added at the concentration of 10 pug/mL to the supernatant, the
mixture was incubated overnight at 4°C. Followed by purification of PGT145 bound trimer specific

Env using protein A affinity chromatography.

2.3.5 Site-directed mutagenesis of replicon construct, BG505 NFL.664

To improve the occupancy, threonine substitutions were introduced into the env gene leading to NXS
to NXT transition at N-linked glycan sites, N185e, N197, and N611. These sites were sequentially
mutated by three separate polymerase chain reactions (PCRs) using three sets of forward and reverse
primers carrying mutations for different sites. The primers were designed using Agilent quick change
primer design and manufacturer’s PCR conditions (Thermo Fisher Phusion polymerase) with 10
ng/uL env gene in a final volume of 20 uL.. The reaction was then set on thermal cycler at 98°C initial
denaturation and then 18 cycles with set conditions as 98°C for 20 seconds, 58—68 °C for 30
seconds, 72°C for 6 mins, followed by final extension at 72°C for 5 mins. The PCR product was
digested with dpnl, followed by transformation in XL-10 gold cells. The plasmid DNA was

sequenced and subsequently used in the PCR reactions for substitution of all three sites.
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2.4 Glycan analysis of viral glycoproteins

2.4.1 Glycopeptide mapping using LC-MS Orbitrap Eclipse

In this thesis, I have mainly focused on the site-specific N-linked glycan analysis of viral
glycoproteins. The primary method used in this thesis were first developed by Behrens et al [335]
which were further developed to investigate glycan occupancy [3,268] . All the analyses in this
thesis were obtained using an Orbitrap Fusion Tribrid mass spectrometer connected to an

EasySpray nano LC [336].

To prepare the samples for glycopeptide analysis, first the native viral proteins were unfolded
using denaturant, urea and disulfide bonds were reduced using the reducing agent, dithiothreitol
(DTT). The reduced thiol residues can reform disulfide bonds, and to prevent this, they were
capped using lodoacetoamide. The excess IAA was quenched by incubation of the reaction with
DTT. This is followed by buffer exchange of the reaction with Tris buffer using vivaspin column to
remove all the excess reagents. After the buffer exchange, the protein was digested using different
protease enzymes to achieve single N-linked sequon on the glycopeptides in the site-specific
analysis and it allows the detection of glycan composition at each PNGS site. Utilizing proteases
with specific specificity prevents total protein degradation, yielding a pool of peptides detectable
through mass spectrometry at positions . In this thesis, I have primarily used three proteases,
trypsin, chymotrypsin and « lytic protease (ALP). The cleavage site of these proteases is described

below in Table 2.2.

Table 2.2 Specificity of proteases for cleavage of proteins.

Proteases Amino acid cleavage site
Trypsin Arginine (R) and lysine (K)
Chymotrypsin Phenylalanine (F), Tryptophan (W) and
Tryrosine (Y)
a lytic protease Threonine (T), Alanine (A), Serine (S) and
Valine (V)

Once the digested glycopeptides are prepared, prior to analysis of mass spectrometry, liquid

chromatography is utilized to separate the glycopeptides to reduce the complexity of the data and
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detection of all the glycopeptides. The LC method herein used is reverse phase LC, where the
hydrophobic stationary phase interacts with the hydrophobic regions of the glycopeptides, so
glycopeptides with higher proportion of hydrophobic residues will elute later . The hydrophobic
stationary phase used in this case is an octadecyl carbon chain (C18) fused to silica. To enhance the
separation, 280 min gradient of two solvents (formic acid and acetonitrile) is used that is beginning
with a high concentration of polar solvents, 95% formic acid (FA) and 5% Acetonitrile (ACN) and
then increasing the concentration of a non-polar solvent that is ACN during the separation as
described in Fig. 2.1. The LC is used in-line with ionization of glycopeptides which is followed by
mass spectrometer analysis. To allow the ionization of glycopeptides, they are resuspended in 0.1%
formic acid which promotes the formation of ions and are ionized using Electrospray ionization (ESI)
approach. ESI is a commonly used method as it allows the conversion of molecules in a solution into
ions at an atmospheric pressure. In ESI, a fine capillary needle, subjected to high voltage, generates
an aerosol known as the Taylor cone, from which a jet of liquid drops emerges [336,337]. This jet
gradually evaporates, enhancing the charge on the droplets. Once the droplet charge surpasses a
critical threshold called the Rayleigh limit, an explosive dissociation occurs, resulting in a stream of

charged ions for the spectrometer.

Once the glycopeptides are ionized, the ions will be filtered in the quadrupole mass filter on
the basis of m/z scan range which can be set up in the method. For given dc and ac voltages between
the four rods, only ions of a certain m/z ratio in this case, scan range of 375 — 1500 m/z, pass through
the quadrupole filter and all the other ions will be deflected from their original path [338]. The filtered
ions will then pass through the Orbitrap mass analyzer, which consists of an outer barrel-like
electrode and a coaxial inner spindle-like electrode which traps ions in an orbital motion around the
spindle [336]. The ions orbit around the central electrode and induce a current in the outer electrode,
the angular frequency with which they orbit is related to the m/z of the ion. Fourier transform function
converts the angular frequency into a m/z readout. Orbitrap analyzer is quite sensitive and allows the
accurate assignment of m/z for glycopeptide ions. Following the MS1 detection of all the

glycopeptide ions, the ions pass through the Ion routing multipole (IRM) which serves a cell for
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higher-energy collision dissociation (HCD) and also transfers the ions between orbitrap mass

analyzer and linear ion trap mass analyzers [339] (Figure 2.1).

Preparation of glycopeptides Liquid Chromatography Mass spectrometry
« Sample separation 4.IRM (MS2) Example TIC
‘ ’ Stepped HCD — 15, 25, 45%
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Figure 2.1. Glycopeptide analysis using the LC-MS. DTT, dithiothreitol; IAA, iodoacetoamide;
FA, formic acid; ACN, Acetontirile. The orbitrap mass analyzer schematic is adapted from Heil et
al. [339].

In the HCD, both the peptide and the attached glycan gets fragmented and results in the
generation of a, b, and y ions (Figure 2.2.A). In HCD fragmentation, the N-linked glycan itself gets
fragmented from the peptide backbone and the peptide fragments can be used to sequence the
glycopeptide of interest [340] (Figure 2.2.B). MS2 data obtained from this can then be searched
against a protein sequence of interest to determine the position of PNGS in the glycopeptide. HCD
has higher collision efficiency and therefore is suitable for fragmentation of N-linked glycans where
the glycosylation occurs at specific sequon i.e., NXT and NXS. However, in case of O-linked
glycosylation, where the glycan can attach to multiple serine and/or threonine residues that serve as
a potential glycosite, it is difficult to determine the position of amino acid in glycopeptide. To analyze
the O-linked glycans, Electron transfer dissociation (ETD) is used in which only peptide backbone
gets fragments and the glycan remain attached to the peptide backbone. ETD generates ¢ and z
fragments that retain the intact glycan (Figure 2.2 A). ETD-based fragmentation also helps in
identification of glycosylation where the specific sequon of amino acid is not known for
glycosylation such as tyrosine sulfation. In this thesis, I have used stepped HCD, in which total

precursor ion accumulation time per scan is divided into multiple (usually three) equal parts, and ions
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accumulated in each separate event are fragmented at different HCD collision energies [340], in this
case, 15, 25, and 40 are being used. Precursor ions generated from this are then analyzed together in

one MS/MS Scan.
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Figure 2.2 Peptide fragmentation patterns resulting from HCD and ETD fragmentation. A)
Schematic of potential peptide fragmentation of a peptide consisting of four amino acids with side
chains R1 to R4. The schematic is taken from Hale et al. [341]. B) Representation of fragmentation
of peptide and N-linked glycans in HCD-based and ETD-based fragmentation.

2.4.2 Liquid chromatography-mass spectrometry of glycopeptides

HIV-1 env/SARS-CoV-2 S proteins were denatured for 1 hr in 50 mM Tris/HCI, pH 8.0 containing
6 M of urea. Next, the sample was reduced and alkylated by adding 5 mM dithiothreitol (DTT) and
20 mM iodoacetamide (IAA) and incubated for 1 hr in the dark, followed by a 1 hr incubation with
20 mM DTT to eliminate residual IAA. The alkylated Env glycoproteins were buffer exchanged into
50 mM Tris/HCI, pH 8.0 using Vivaspin columns (3 kDa) and three aliquots were digested separately

overnight using trypsin (Mass Spectrometry grade, Promega), chymotrypsin (Mass Spectrometry
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Grade, Promega) or alpha lytic protease (Sigma Aldrich) at a ratio of 1:30 (w/w) at 37°C. The next
day, the peptides were dried and extracted using C18 Zip-tip (MerckMilipore) or Oasis HLB
cartridges (Waters) according to manufacturer’s protocol. Notably, glycopeptides desalted using
HLB cartidges showed enhance yield in glycopeptides compared to C18 Zip-tip. Following the
extraction, the peptides were dried again, re-suspended in 0.1% formic acid, and analyzed by
nanoL.C-ESI MS with an Ultimate 3000 HPLC (Thermo Fisher Scientific) system coupled to an
Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific) using stepped higher energy
collision-induced dissociation (HCD) fragmentation. Peptides were separated using an EasySpray
PepMap RSLC C18 column (75 pm x 75 cm). A trapping column (PepMap 100 C18 3 pm particle
size, 75 pm x 2 cm) was used in line with the LC prior to separation with the analytical column. The
LC conditions were as follows: 280-mins linear gradient consisting of 4—32% acetonitrile in 0.1%
formic acid over 260 mins followed by 20 mins of alternating 76% acetonitrile (ACN) in 0.1% formic
acid and 4% ACN in 0.1% formic acid, used to ensure all the sample had eluted from the column.
The flow rate was set to 300 nL/min. The spray voltage was set to 2.5 kV and the temperature of the
heated capillary was set to 40 °C. The ion transfer tube temperature was set to 275 °C. The scan
range was 375—1500 m/z. Stepped HCD collision energy was set to 15, 25 and 45% and the MS2
for each energy was combined. Precursor and fragment detection were performed using an Orbitrap
at a resolution MS1 = 120,000. MS2 = 30,000. The AGC target for MS1 was set to standard and
injection time set to auto which involves the system setting the two parameters to maximize
sensitivity while maintaining cycle time. Full LC and MS methodology can be extracted from the

appropriate Raw file using XCalibur Freestyle software or upon request.

Glycopeptide fragmentation data were extracted from the raw file using Byos (Version 4.0; Protein
Metrics Inc.). The glycopeptide fragmentation data were evaluated manually for each glycopeptide;
the peptide was scored as true-positive when the correct b and y fragment ions were observed along
with oxonium ions corresponding to the glycan identified. The MS data was searched using the
Protein Metrics 305 N-glycan library with sulfated glycans added manually. The relative amounts of
each glycan at each site as well as the unoccupied proportion were determined by comparing the

extracted chromatographic areas for different glycotypes with an identical peptide sequence. All
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charge states for a single glycopeptide were summed. The precursor mass tolerance was set at 4 ppm
and 10 ppm for fragments. A 1% false discovery rate (FDR) was applied. The relative amounts of
each glycan at each site as well as the unoccupied proportion were determined by comparing the
extracted ion chromatographic areas for different glycopeptides with an identical peptide sequence.
Glycans were categorized according to the composition detected. HexNAc(2)Hex(9-3) was
classified as My to M. Any of these compositions that were detected with a fucose are classified as
FM. HexNAc(3)Hex(5-6)Neu5SAc)(0—4) was classified as Hybrid with HexNAc(3)Hex(5—
6)Fuc(1)NeuAc(0-1) classified as Fhybrid. Complex-type glycans were classified according to the
number of processed antenna and fucosylation. Complex glycans are categorized as HexNAc(3)(X),
HexNAc(3)(F)(X), HexNAc(4)(X), HexNAc(4)(F)(X), HexNAc(5)(X), HexNAc(5)(F)(X),
HexNAc(6+)(X) and HexNAc(6+)(F)(X). Core glycans are any glycan smaller than HexNAc(2)

Hex(3).

2.4.3 In-gel release of N-linked glycans of HexaPro S

Gel bands corresponding to the HexaPro S and glycan engineered HexaPro S protein (kifunensine-
treated) were excised and washed three times with alternating 1 ml acetonitrile and water, incubating
and shaking for 5 minutes following addition of each wash solution. All liquid was removed
following the final wash stages and N-linked glycans were released in-gel using PNGaseF, (2 pg
enzyme in 100 pL H>O) (New England Biolabs) at 37 °C overnight. Following digestion, the liquid
was removed from the gel bands and placed into a separate Eppendorf. The gel bands were then
washed twice with 100 pl MilliQ H20 and this was pooled with the original solution. The extracted

glycans were then dried completely in a speed vac at 30 °C.

2.4.4 Fluorescent labelling of N-linked glycans

The released glycans were subsequently fluorescently labelled with procainamide using 110 mg/ml
procainamide and 60 mg/ml sodium cyanoborohydride in a buffer consisting of 70% DMSO, 30%
acetic acid. For each sample, 100 pl of labelling mixture was added. Labelling was performed at

60 °C for 2 hours. Excess label and PNGaseF were removed using Spe-ed Amide-2 cartridges

62



Materials and Methods

(Applied Separations). First, the cartridges were equilibrated sequentially with 1 ml acetonitrile,
water and acetonitrile again. Then 1 ml of 95% acetonitrile was added to the procainamide-released
glycan mixture and applied to the cartridge, allowing the cartridge to drain by gravity flow. After the
mixture has emptied the cartridge, two washes using 97% acetonitrile were performed. To elute the
labelled glycans 1 ml HPLC grade water was added to the cartridges and the elution collected. The
elution was then dried completely using a speed vac, before resuspending in 24 pl of 50 mM

ammonium formate.

2.4.5 HILIC-UPLC analysis

A 6 pl aliquot of the resuspended glycans were mixed with 24 pl of acetonitrile and analysed on a
Waters Acquity H-Class UPLC instrument with a Glycan BEH Amide column (2.1 mm X 150 mm,
1.7 uM, Waters), with an injection volume of 10 pl. A gradient of two buffers; 50 mM ammonium
formate (buffer A) and acetonitrile (buffer B) was used for optimal separation. Gradient conditions
were as follows: initial conditions, 0.5 ml/min 22% buffer A, increasing buffer A concentration to
44.1% over 57.75 minutes. Following this the concentration of buffer A was increase to 100% at
59.25 minutes and held there until 66.75 minutes and the flow rate was dropped to 0.25 ml/min, to
fully elute from the column. Finally, the %A was reduced to 20% to prepare for subsequent runs.
Wavelengths used for detection of the procainamide label were: excitation 310 nm, emission 370
nm. Data were processed using Empower 3 software (Waters, Manchester, UK). The relative
abundance of oligomannose-type glycans was measured by digestion with Endoglycosidase H (per
sample in 20 pl volume) (Endo H; New England Biolabs). A 6 ul aliquot of labelled glycans was

combined with 1 ug endoH to a final volume of 20 pul. Digestion was performed overnight at 37 °C.

Digested glycans were cleaned using a 96-well PVDF protein-binding membrane (Millipore)
attached to a vacuum manifold. Prior to application to the membrane, 100 ul HPLC-grade H20 was
added to each sample. Following equilibration with 150 pl ethanol, and 2 x 150 ul HPLC-grade H20,
the sample was added to the 96-well plate and the flow-through was collected in a 96-well collection
plate. Each well was then washed twice with HPLC-grade H2O to a final elution volume of 300 pl.

The elution was then dried completely at 30 °C. Prior to analysis the sample was resuspended in 6
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pl ammonium formate and 24 pl acetonitrile and analysed. The EndoH is specific for glycans that
are mannosylated on the D1 and D2 arms found only in oligomannose-type and hybrid-type glycans.

This allows the identification of percentage of oligomannose-type glycans in the total glycan pool.

2.5 Binding assays

2.5.1 Western blot

Proteins were resolved by SDS-PAGE gel and transferred onto a PVDF or nitrocellulose membrane
using the Trans-Blot® Turbo™ Transfer system (BioRad). The membranes were blocked using 5%
skim milk powder (Sigma Aldrich) in PBS + 0.5% Tween, overnight at 4°C or for 1 hr at room
temperature. The membranes were washed thrice in in 0.5% Tween-PBS and the primary antibody
(1:1,000 — 3,000) was incubated in 0.5% Tween-PBS for 2 hr at room temperature. The membranes
were washed again to remove any non-specific binding and incubated with the secondary antibody
(goat anti-human IgG-HRP, 1:2,000; Abcam) in 0.5% Tween-PBS for 1 hour. The membranes were
washed again thrice in 0.5% Tween-PBS and then Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific) were used to stain the proteins of interest. The images were captured with the Fuji

Intelligent Dark Box ii and Image Reader 1000 Pro software.

2.5.2 Determination of affinity using surface plasmon resonance (SPR)

Analysis of SARS-CoV-2 HexaPro binding with ACE2 protein was analyzed using a Biacore T200
(Cytiva/GE Healthcare). The proteins were buffer exchanged in the running buffer used for the SPR,
HEPES Buftered Saline (HBS-P+) (0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v Surfactant
P20). Prior to injection of NiCl,, metallic contaminants were removed via a pulse of 350 mM
ethylenediaminetetraacetic acid (EDTA) at a flow rate of 30 uL/min for 1 min. Followed by loading
of Ni** at a flow rate of 10 pL/min for 1min. SARS-CoV-2 S protein (50 pg/mL), ligand was injected
at 10 uL/min for 240 s. Flow cell 2-1 was used in which one of the cells was used as a control for
determination of non-specific binding to the chip. Control cycles were performed by flowing the
analyte (ACE2 protein) over the control cell having absence of ligand (S protein); negligible binding

was indicated. The analyte was serially diluted ranging from 200 nM to 3.125 nM in triplicated along
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with HBS P+ buffer only as a control and were injected at a flow rate of 50 pL/min. Association and
dissociation time was set as 300 s and 600 s respectively. After each cycle, the chip was regenerated
with a pulse EDTA (350 mM) for 1 min at a flow rate of 30 pL/min. The 1:1 binding model was used
for fitting the resulting data using Biacore Evaluation Software (GE Healthcare) and subsequently
fitted curves were used to calculate Kp. Paired t tests were used and graph plotting was performed

using GraphPad prism v8.1.

2.5.3 Serum ELISA methodology (Chapter 4)

All sera were obtained by centrifugation of whole blood at 3500 rpm for 5 mins, then stored at -20°C
until use. Antibodies to S glycoprotein were detected using an in-house developed, high-sensitivity
ELISA, as previously described [107]. In short, Nunc 96-well plates (ThermoFisher) or high binding
plates (Corning) were coated with 2 pg/mL 2P or HexaPro or kifunensine HexaPro and blocked with
2% bovine serum albumin (BSA) (Sigma Aldrich) (w/v) in PBS-T (Oxoid phosphate buffered saline
with 0.1% Tween-20, Sigma Aldrich). Serum was initially diluted 1:40 in PBS-T and then serially
diluted. Secondary antibodies (combined horse radish peroxidase-conjugated mouse anti-human
IgG, A and M monoclonal antibodies) were diluted in PBS-T (anti—IgG R-10 1:8,000, anti-IgA
MG4.156 1:4,000, and anti-IgM AF6 1:2,000; Abingdon Health). Signal was developed using TMB-
Core (Bio-Rad) for between 6 and 12 mins then stopped with 0.2 M H,SO4 (Sigma-Aldrich). Optical
density (OD) at 450 nm was detected using the Dynex DSX automated liquid handler (Dynex
Technologies, USA). Signal: noise ratio (S:N ratio) was calculated by dividing the individual optical
density (OD) values from PCR+ serum samples (signal) by the average OD from the pre-2019
negative controls (noise). Statistical significance was assessed using a RM 2-way ANOVA with
Geisser-Greenhouse correction, followed by Sidak’s multiple comparisons test, using GraphPad

Prism version 8.

2.6 Patient Sample collection and ethical approval (Chapter 4)

Serological responses to 2P and HexaPro forms of SARS-CoV-2 S glycoprotein were analyzed in

samples from acutely unwell intensive treatment unit (ITU) patients with SARS CoV-2, convalescent
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individuals who have had mild disease and normal control sera from pre-2019. We have previously
shown that severity of disease affects the quantitation of antibody [107] and so a spectrum of samples
were used under ethics gained to aid assay development (NRES Committee West Midlands - South
Birmingham 2002/201 Amendment Number 4, 24 April 2013) and from a Convalescent health care
worker cohort (London - Camden & Kings Cross Research Ethics Committee 20/HRA/1817).
Hospitalized subjects also provided nasopharyngeal swabs which were guanidine isothiocyanate
inactivated, then analyzed by revers-transcriptase PCR directed against the SARS-CoV-2 ORFlab
and N genes (Viasure, CerTest Biotec). Pre-2019 negative control sera were obtained as part of a
University of Birmingham study, reference ERN 16-178. All study participants gave written,

informed consent and samples were fully anonymized.

2.7 Integrative modelling and molecular dynamics simulation

Three S protein models were built using Modeller version 9.21 [342]: i) 2P with one RBD in the
“up” conformation, ii) HexaPro with one RBD in the “up” conformation, and iii) HexaPro with two
RBDs in the “up” conformation. For 2P, the ECD was modelled using the cryo-EM structure of
SARS-CoV-2 2P S ECD in the open state (PDB: 6VSB) [109]. The ECD of the one-RBD-up
HexaPro was modelled using the cryo-EM structure of SARS-CoV-2 HexaPro S with one RBD up
(PDB: 6XKL) [110]. For the two-RBD-up ECD, we performed molecular dynamics flexible fitting
(MDFF) [343], whereby the atomic coordinates of the HexaPro one-RBD-up structure was fitted to
the electron density map of HexaPro two-RBD-up (EMDB: EMD-22222) [110]. The initial structure
was prepared in VMD [344] and MDFF was performed in vacuum using NAMD version 2.11 [345]
and the CHARMM36 force field [346]. The MDFF simulation was performed until convergence
using a range of scaling factors from 0.3 to 40 with secondary structure and domain restraints applied
to the protein. The stalk and the transmembrane (TM) domain of all three models were built using
the NMR structure of SARS-CoV HR2 domain (PDB: 2FXP) [347] and the NMR structure of HIV-
1 gp-41 TM domain (PDB: 5JYN) [348], respectively, while missing loops in the NTD and the C-
terminus of the ECD were modelled based on a higher resolution cryo-EM structure of S protein in

the closed state (PDB: 6XR8) [349]. The same modelling protocol previously described to build a
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full-length model of the wild-type SARS-CoV-2 S protein was used [350]. CHARMM-GUI Glycan
Reader and Modeller [351] was used to add oligomannose (Man-9) glycans to all 22 glycosylation
sites. The glycosylated S protein models were then embedded into a pre-equilibrated model of the
endoplasmic reticulum-Golgi intermediate compartment (ERGIC) membrane [352] built using
CHARMM-GUI Membrane Builder [353]. The system was solvated with TIP3P water molecules
and neutralized with 0.15 M NaCl salt. Stepwise energy minimization and equilibration simulations
with decreasing amount of positional and dihedral restraints were conducted following the standard
CHARMM-GUI protocols [354]. For each S protein model, a 200 ns production simulation was
performed. The Nosé-Hoover thermostat was used to maintain the temperature at 310 K [355,356],
while a semi-isotropic coupling to the Parrinello-Rahman barostat was used to maintain the pressure
at 1 atm [357]. The electrostatic interactions were calculated using the smooth particle mesh Ewald
method with a real-space cut-off of 1.2 nm [358], and the van der Waals interactions were truncated
at 1.2 nm with a force switch smoothing applied between 1.0 and 1.2 nm. The simulations employed
a 2 fs integration time step with the LINCS algorithm applied on all covalent bonds involving
hydrogen atoms [359]. All simulations were run using GROMACS 2018 [360] and the CHARMM36

force field [346]. ASA calculation was performed using the GROMACS tool gmx sasa.

2.8 Negative-stain electron microscopy and 2D class averaging

3 uL of protein at 0.02 mg/mL was applied to a 400 mesh Cu grid, blotted with filter paper, and
stained with 2 % uranyl formate. Micrographs were collected on a Thermo Fisher Tecnai Spirit
microscope operating at 120 kV with a FEI Eagle CCD (4k) camera (2.06 A/pixel; 52,000x
magnification) using Leginon automated image collection software [361]. Particles were picked
using DogPicker [362] and 2D classification was processed with iterative multivariate statistical

analysis (MSA)/multireference alignment (MRA) [363].

2.9 Model construction

The structural models used for presentation of N-linked glycans of BG505 NFL.664 is modelled on

BG505 SOSIP.664 Env structure (PDB ID: 5C7K) as both of the structures are highly similar and
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superimpose on each other [206,217]. The structural models used for presentation of N-linked

glycans of SARS-CoV-2 S is modelled on full-length model of S protein (PDB ID: 6XKL).

68



RESULTS |

Chapter 3 Glycosylation and serological reactivity of
an expression-enhanced SARS-CoV-2 viral spike

mimetic

Contributions.

Chapter 3 involves the glycan and serological analysis of SARS-CoV-2 spike, HexaPro. External
collaborators from the laboratory of Dr. Peter J. Bond (National University of Singapore, Singapore)
contributed to this study by providing MD simulations of HexaPro S and S2P protein outlined in this
chapter and Appendix A.1. The MD-simulation section, 3.4 is written by Firdaus Samsudin and Peter
J bond. Plasmid for HexaPro S and S2P was kindly provided by Prof. Jason Mclellan (University of
Austin, USA). In addition, external collaborators from laboratory of Dr. Alex G Ritcher and Dr.
Adam F Cunningham (University of Birmingham) did the serological analysis. I drafted the result
section and figures for serological analysis. The work presented in this chapter is published in the
Journal of Molecular Biology. The paper is primarily written by me and has been reviewed by all

the co-authors in the paper.

3.1 Introduction

Recombinant viral glycoproteins are an important resource for vaccine development, diagnostics and
as research reagents. Viral glycoprotein glycosylation can influence an extensive range of properties
including immunogen trafficking [122], immunogenicity [364,365], antigenicity [366,367] and
serum clearance rates [368]. Importantly, recombinant viral spike glycosylation can be influenced
both by features of the glycoprotein sequence, such as glycan density and protein architecture
[230,232,369] and an array of expression conditions, such as producer cell type and expression
conditions [370-373]. It is therefore important to define the glycosylation of recombinant viral
glycoproteins and monitor changes that may occur during target optimization and the development
of manufacturing procedures [374,375]. As carbohydrates on viral proteins can influence the immune
response, it is important to look at the binding of sera antibodies to antigens possessing distinct

glycoforms [376]. This study investigates the antigenic properties of glycoprotein reagents developed
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in response to the coronavirus infectious disease 2019 (COVID-19) pandemic, focused on the viral

S glycoprotein [109,110].

The causative agent of COVID-19, Severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), is a positive-sense single-stranded RNA virus that has caused significant morbidity
and mortality throughout the world [377,378]. Like other coronaviruses, SARS-CoV-2 utilizes the S
glycoprotein for recognition of the host cell entry receptor and subsequent membrane fusion, which
is mediated by the S1 and S2 subunits, respectively [1]. The S protein is a trimeric class I fusion
protein and is post-translationally cleaved into S1 and S2 subunits using the host cellular protease,
furin [379]. The S1 subunit possesses an N-terminal domain (NTD) and a receptor-binding domain

(RBD), also known as domain A and B, respectively [380].

The exposed position of the RBD enables binding to the angiotensin converting enzyme 2
(ACE2) receptor [381] and, as a result, it is the main target of anti-SARS antibodies during infection
[98,99,382—-385]. Due to this phenomenon, combined with its high recombinant protein yields,
several antibody tests have been developed using RBD as a tool to test for previous SARS-CoV-2
infection [386—-389]. One disadvantage of using RBD as an antigenic bait for testing is that it may
not capture the entire antibody response to the S protein as it lacks the full trimeric structure [107].
In addition to RBD, other antibody tests use the nucleoprotein (N protein) as antigenic bait to detect
prior SARS-CoV-2 infection, such as the Abbott test [390,391]. Similarly to the RBD, N protein will
not capture the complete antigenic surface and therefore may not reveal the full immune response to
SARS-CoV-2 infection. As the S protein is the prime target of neutralizing antibodies, the native-
like trimeric S glycoprotein may facilitate the presentation of a more complete range of epitopes for
antibody testing [392,393]. A vaccine against COVID-19 must reproduce or enhance, the immune
response to infection. In response to COVID-19 infection, the immune system is capable of inducing
a strong, long lived, neutralizing antibody response [394,395]. Previous studies have shown the
isolation of antibodies from the COVID-19 infected individuals and mapped the antibody response
onto the S protein surface. Notably, the RBD of SARS-CoV-2 is an immunodominant epitope

[99,382-385,396]. Furthermore, the antibody response against the RBD was highly diverse, with the
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humoral immune system capable of utilizing a wide range of different heavy chain genes to target

the RBD [383].

Prefusion stabilization strategies have been employed to stabilize the S protein as
neutralizing antibody epitopes are predominantly presented on the prefusion conformation
[201,332,397,398]. A common strategy is the introduction of proline substitutions which impedes
the switch to the post fusion conformation [333]. As the proline residues are supposed to block the
formation of long helices that are present in the intermediate and post-fusion conformations [112].
For SARS-CoV-2, the expression of a stable, soluble form of the S-protein was originally achieved
by truncation at the transmembrane domain and the incorporation of two proline residues (K986P
and V987P) [109] (Figure 3.1; SARS-CoV-2 2P S, henceforth termed “2P”). Despite the utility of
the 2P construct for structural analysis [109] and serological testing [107,399,400], the low
expression levels prompted the development of an expression enhanced version containing four
additional prolines (Figure 3.1; SARS-CoV-2 HexaPro, henceforth termed “HexaPro”) [110]. Hsieh
et al observed that multiple proline substitution boosted the expression and thermostability of the
protein and the combination of beneficial four proline substitutions incorporated in HexaPro showed
10-fold increase in expression compared to S2P variant [110]. HexaPro exhibits native-like protein
architecture, antigenic properties, and contains the twenty-two N-linked glycosylation sites of the
native viral spike [8,110,125]. Additionally, HexaPro has shown promising results as a vaccine

candidate in mice immunization, resulting in high-titre neutralizing antibodies [162,401,402]
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Figure 3.1. Representation and characterization of recombinant SARS-CoV-2 spike protein.
A) The protein domains are represented as N-terminal domain (NTD), receptor-binding domain
(RBD), fusion peptide (FP), heptad repeat 1 (HR1), central helix (CH), connector domain (CD), and
transmembrane domain (TM). The fusion cleavage site is illustrated as dashed lines (blue). N-linked
glycosylation sequons (N-X-S/T, where X#P) are shown as branches. SARS-CoV-2 WT presents S1
and S2 domain with furin cleavage site (RRAR) and transmembrane domain at C-terminal end.
SARS-CoV-2 2P prefusion stabilized protein with proline substitutions at residues 986 and 987 and,
a “GSAS” mutation at furin cleavage site (residues 682-685). HexaPro prefusion stabilized protein
of SARS-CoV-2 with a “GSAS” mutation at furin cleavage site and six proline substitutions,
highlighted in red. B) Structural representation of HexaPro S protein illustrating six proline
substitutions (red spheres) in SARS-CoV-2 ectodomain (PDB ID: 6XKL). The S1 subunit along with
N-glycans are shown as transparent molecular surface. The S2 subunit is shown in dark grey.
Different domains present in S1/S2 subunits are highlighted in respective colors in ribbon diagram
of only one protomer.

This study compares the protein expression, binding analysis, and glycan compositions of expression
enhanced variant, HexaPro with S2P variant of recombinant S protein. To investigate the differences
in glycan composition among HexaPro and S2P, liquid chromatography-mass spectrometry (LC-
MS) was used. Furthermore, MD-simulation was conducted to compare the protein conformations
of both variants. HexaPro S protein, known for its stability and enhanced recombinant expression,
can serve as a valuable serological reagent. This study further validates HexaPro's utility through
serological binding analysis with sera from infected individuals. Overall, this information
underscores HexaPro's stability and its high resemblance to 2P, demonstrating HexaPro's potential

as an effective immunogen and a serological testing reagent.
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3.2 Expression and binding analysis of SARS-CoV-2 HexaPro S

protein

For characterization of prefusion stabilized SARS-CoV-2 S protein, we transiently transfected
plasmid encoding SARS-CoV-2 S protein containing the HexaPro stabilizing mutations in Human
embryonic kidney (HEK) 293F cells. To ensure the analysis of only native-like trimeric protein, the
supernatant was first purified using nickel-affinity chromatography followed by size exclusion
chromatography (SEC) (Figure 3.2.A). To functionally characterize the binding of the expressed
protein with ACE-2, the binding affinity (expressed here using the dissociation constant, Kp) of
HexaPro with a soluble recombinant ACE2 was determined using surface plasmon resonance (SPR)
which was repeated three times analytically to determine the average Kp (Figure 3.2.B). A residual
plot of the data revealed minimal deviation between observed values and calculated values using a
1:1 binding model between SARS-CoV-2 HexaPro S protein and ACE2 (Figure 3.2.C). The Kp

values are comparable to that previously reported for 2P [140] (Figure 3.2.D).
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Figure 3.2. Production of purified S protein and determination of S protein binding with
soluble ACE2. A) SEC of affinity-purified recombinantly expressed S protein, HexaPro peaks
shown in blue and S2P peaks shown in grey.. Dashed lines indicate fractions collected for subsequent
use. B) SPR of HexaPro (ligand) with soluble ACE2 receptor (analyte). Dark blue to light blue lines
represent the serial dilutions of ACE2 protein from 200 nM to 3.125 nM, respectively. Black lines
are fitted values of the respective concentration to illustrate the best fit to a 1:1 binding model. Three
repeats were performed and averaged to determine the k. k4 and Kp values. C) Residual plot
illustrating the deviation of the fitted data to the raw values of the experimental data at different
concentrations. D) Representation of Kp values determined using various repeats, grey dots illustrate
the binding of 2P with ACE2 (values reproduced from [140]) and the binding of HexaPro with ACE2
are shown as blue triangles. The mean of Kp values of 2P is plotted as a black line and the error bars
represent +/- standard deviation calculated using GraphPad Prism.

3.3 Determination of impact of proline mutations on Spike

glycosylation

To determine the effect of stabilizing mutations on glycosylation, the site-specific glycan
compositions of SARS-CoV-2 HexaPro was determined. In preparation for glycopeptide analysis,
purified three replicates of the soluble ectodomain of the SARS-CoV-2 protein truncated at the
transmembrane domain were independently expressed. This construct was used to determine the high
resolution cryo-electron microscopy (cryo-EM) structure [110]. To generate glycopeptide samples
derived from these batches of protein, three different protease enzymes, trypsin, chymotrypsin, and
alpha-lytic protease were employed. These proteases cleave the protein chain at specific amino acids
and were selected to generate glycopeptides that contain a single glycosylation sequon (N-X-S/T-X,

where X-any amino acid except proline). Liquid chromatography-electrospray ionization mass
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spectrometry (LC-ESI MS) was used to quantify the oligomannose-type glycans, complex-type
glycans and the proportion of unoccupied potential N-glycosylation sites (PNGS) across all 22 N-

linked glycan sites on the HexaPro protomers (Figures 3.3.A and 3.3.B).

To determine the potential impact of more extensive modifications on the prefusion stabilized
S protein, glycan profile of SARS-CoV-2 S protein of 2P was compared with HexaPro. Interestingly,
the overall processing states of the recombinant S protein were conserved across both the versions,
with few variations at the site-specific level (Figures 3.3.B and 3.4.A). Site-specific analysis of these
recombinant proteins suggests that the levels of oligomannose-type glycans are consistent with native

S protein on infectious virus and also with other coronaviruses [7,8,124—126].
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Figure 3.3. Site-specific glycosylation of expression-enhanced recombinant trimer of SARS-
CoV-2 S protein (HexaPro). A) Relative quantification of the N-linked glycosylation sites of
trimeric S protein, produced in HEK293F cells. The bar graph represents the mean of three
independently expressed replicates with error bars representing the standard error of the mean. The
color codes in the schematic illustrates the processing state of glycans from least processed to most
processed, oligomannose (green), hybrid (dashed pink), and complex glycans (pink). The proportion
of unoccupied N-linked glycan sites are represented in grey. The pie charts summarize the
quantification of these categories. The N-linked glycan site labels are colored based on the
oligomannose-type glycan content, green (80-100%), orange (30-79%) and magenta (0-29%). B)
The model was constructed using the prefusion structure of trimeric SARS-CoV-2 S glycoprotein as
described in Materials and Methods. The S1 and S2 subunits are shown as light and dark grey,
respectively. The glycans sites are categorized as high-mannose type glycans (green), hybrid glycans
(orange), and complex-type glycans (pink). The ACE2 receptor binding site is shown in blue.
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In addition to the information obtained from studying the populations of oligomannose-type
glycans at individual glycosylation sites, understanding the processing of complex-type glycans is
also informative when considering immunogen design, reagents for serological studies, and for
understanding the extent to which recombinant glycoprotein can be used as mimics of the functional
viral spike. For example, the epitope of neutralizing antibody S309, which targets the S protein of
SARS-CoV-1 and SARS-CoV-2, contains a fucosylated glycans at N343 [403]. HexaPro is 99%
fucosylated at the N343 site, with almost all the glycans bearing fucose residues (Table 3.1.A).
Furthermore, sulfated N-linked glycans have been detected on viral glycoproteins and they could
potentially play role in immune regulation, as in influenza [404,405]. The presence of these sulfated
groups in haemagglutinin (HA) protein on the surface of influenzae virus dramatically enhance the
binding with the receptor and fully glycosylated HA maximizes the interaction which could markedly
impact the viral replication, receptor binding, antigenicity, and elicitation of innate immunity
[404,405]. We detected sulfation at several N-glycosylation sites on HexaPro (N74, N149, N1194)
and observed a similar abundance of sulfation across both S proteins (2P and HexaPro) (Figure 3.4),
which is in accordance with analysis of other SARS-CoV-2 S proteins [50,406] (Table 3.1.A and

B).
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Figure 3.4. Representation of extensive site-specific analysis of N-linked glycosylation sites of

SARS-CoV-2 2P and HexaPro. The recombinant proteins were digested using multiple proteases,
analysed by LC-MS, and the resulting data was searched using library containing sulfo groups. The
bar graph illustrates the values from three biological repeats. The sites represented here are the only
ones which has shown the sulfation in the analysis. The abbreviation used here are M, mannose; X,
Hex & Neu5Ac; F, Fucose, S, sulfation.
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Table 3.1. Abundance of glycoform observed across SARS-CoV-2 HexaPro S and 2P. The left-
hand table represents the average of glycan composition at each N-linked glycan site obtained from
the reported values of three biological replicates. The right-hand table is representing the global
averages of glycan compositions at all the N-linked glycan sites. The SARS-CoV-2 S 2P data (B) is
reanalysed to include sulfated glycans from the previously published analysis [8,407].
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In all formats of SARS-CoV-2 S expressed in mammalian cells, a higher proportion of
complex-type  glycans compared to oligomannose-type glycans were  observed
[8,50,125,126,261,404]. Moreover, the complex-type glycans somewhat obscure immunogenic
surfaces and constitute a shield to evade the immune system [131,226,249], albeit not at a level

observed in many other viral envelopes [1,7]. Out of 22 N-linked glycan sites on each protomer,
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HexaPro S presents more than 50% highly processed complex-type glycans on 15 N-linked sites
which is comparable to the 2P expressed in different laboratories [8,125]. The underoccupancy at the
glycosylation sequon at N657 is present on both HexaPro (Figures 3.3.A and Table 3.1.A) and 2P
(Table 3.1.B). The glycan site at the C-terminus, N1194, is fully occupied in the case of 2P (however,

there is an elevation of unoccupied PNGS (18%) at N1194 on in the HexaPro S protein (Figure 3.4).

The oligomannose-type glycan content of the glycans of the HexaPro protein (29%) (Table
3.1.A) is lower when compared to other viral glycoproteins including HIV-1 Env (60%) and LASV
GPC (49%) [11,335]. This is consistent with earlier observations using 2P protein which indicated
that SARS-CoV-2 S is less shielded with glycans, which may be beneficial for the elicitation of
neutralizing antibodies [8]. Overall, there is a similar level of oligomannose-type glycans across both

2P and HexaPro (Table 3.2).
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Table 3.2. Comparison of composition of glycoforms across variants of SARS-CoV-2 S protein.
The table illustrates the difference between HexaPro and 2P at each N-linked glycan site from the
average of three biological repeats of each variant. The top left-panel represents the average of the
glycan composition difference between HexaPro and 2P at individual N-linked glycan sites. The top
right-panel represents the global average difference between HexaPro and 2P at all N-linked glycan
sites. The lower left-panel represents the sum of M9-M5 as mannose, sum of hybrid and Fhybrid as
Hybrid, sum of HexNAc(3)(X) to HexNAc(6+) (F)(X) as complex, and unoccupied across all N-
glycan sites. The lower-right panel represents the sum of global average composition difference
between HexaPro and 2P. The increase in abundance of glycan composition in HexaPro is
represented in range from yellow to green whereas the increase in abundance of glycan composition
in 2P is shown in range from yellow to red”.
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Thus this study reveals that the site-specific glycosylation of the expression enhanced
version of SARS-CoV-2, HexaPro, is highly similar to the glycosylation of 2P and native S protein
as presented on the virus [8,124,125]. Also, this study confirm earlier observations [110] that both
forms of the recombinant protein have indistinguishable binding properties (Kp) to the receptor,
ACE2, indicating the functional form of protein is intact. However, there are some differences in
glycan composition which could suggest differences in the conformational properties between the
HexaPro and 2P (Table 3.2). This motivated us to extend the analysis of protein conformational
flexibility by performing MD simulations, and to characterize its functional behaviour by performing
serological testing. This builds upon previous observations of cryo-EM and a small-scale serological

evaluation [110].
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3.4 Differences in oligomannose content between 2P and

HexaPro

The glycan at a structural site, N234, which has been shown to stabilize the RBD up conformation
in the trimeric structure of the S protein, is principally oligomannose-type, and is conserved across
both the constructs of recombinant S protein (Figures 3.3.A and 3.3.B). Also, the oligomannose-
type glycans of N234 likely arises from steric clashes with the protein component, which in turn
limits the ability of glycan processing enzymes to act, as it is sandwiched between N-terminal and
receptor-binding domains (Figure 3.5.B). Overall, the oligomannose content is highly similar across
both 2P and HexaPro (Table 3.2). However, the ManoGIlcNAc, content is higher in the case of
HexaPro compared to 2P, indicating the reduced accessibility to glycan processing enzymes [§]
(Table 3.2). This may be attributed to the presence of the two "up" conformation observed in
HexaPro's RBD, potentially influencing the accessibility to glycan processing enzymes [110]. Also,
at the site-specific level there are several other sites which showed changes in oligomannose content
across 2P and HexaPro (Figures 3.5.A, B and Table 3.2). Differences in glycan processing states
were observed at glycan sites N61, N122, N165, N603, N616 and N801. The major differences were
observed at N165 and N122, which are in close proximity to the RBD (a roughly 50 percentage point
difference in both cases). The N 165 site possesses a higher abundance of oligomannose-type glycans
on HexaPro shown in dark blue whereas the N122 site possesses a lower abundance of oligomannose-

type glycans on HexaPro shown in red (Figure 3.5.B).
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Figure 3.5. Comparison of glycan composition across prefusion-stabilized SARS-CoV-2 S
protein A) The percentage point change in oligomannose-type glycan content between SARS-CoV-
2 S protein, HexaPro and 2P. The percentage point (p.p.) difference on the y-axis is the arithmetic
difference between the percentiles of oligomannose-type glycans between the two populations (here
defined as: p.p. = % HexaPro — % 2P). Positive values (blue) indicate a higher abundance of
oligomannose-type glycans in HexaPro relative to 2P. Negative values (red) indicate a lower
abundance of oligomannose-type glycans in HexaPro relative to 2P. B) A full length model of SARS-
CoV-2 S protein with N-glycans colored based on the percentage point change values. The scale
represents the differences in oligomannose-type glycans observed in HexaPro when compared to 2P
protein. Colors correspond to p.p. values in Panel A. The model was constructed using prefusion
structure of trimeric SARS-CoV-2 S glycoprotein, as detailed in Materials and Methods. C)
Correlation of ASA values between HexaPro and 2P S protein. The average ASA values of all
glycans from three replica simulations of two-RBD-up HexaPro (left side) and one-RBD-up (right
side) structures plotted against the average ASA values from simulations of the respective 2P
structures. D) The average ASA values for 2P (black) and HexaPro two-RBD-up (red) with error
bars showing standard deviations along the trajectories and across three repeat simulations. The
displayed sites are those with changes in the oligomannose content across both versions. N74 (high
ASA values) and N234 (lowest ASA values) were used as a reference. The chain (A, B, or C) of the
trimeric S protein is indicated along the x-axis.
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To investigate the molecular basis of the observed changes in oligomannose-type glycan
content across both the S proteins, a series of triplicate 200 ns MD simulations of the HexaPro two-
RBD-up, HexaPro one-RBD-up and 2P one-RBD-up constructs were performed. The HexaPro two
RBD-up model was generated by fitting the structure of HexaPro one-RBD-up to the electron density
map of HexaPro two-RBD-up using molecular dynamics flexible fitting (MDFF) (details in Methods
section). A potential N-linked glycosylation sites were glycosylated with MangGlcNAc; glycans, as
these represent the primary substrate for glycan processing enzymes and hence may be used to predict

glycan processing as previously described [125].

First, the correlation between accessible surface area (ASA) for all glycans between HexaPro
and 2P was investigated. There is a moderate correlation (1> = 0.5) between both one-RBD-up and
two-RBD-up HexaPro when compared to the 2P, suggesting there is some degree of difference in
glycan accessibility between HexaPro (two-RBD-up & one-RBD-up) and 2P (one-RBD-up) (Figure
3.5.C). To understand whether this difference is due to the protein architecture, or due to the
stochastic nature of the simulations, the ASA for each of the glycosylation site between HexaPro and
2P was compared. Furthermore, the arithmetic difference between the ASA values of HexaPro (two
RBD-up) and 2P (one RBD-up) at each glycan site in all three chains was calculated (Appendix
A.1). The error bars represent standard deviations throughout the trajectories which capture the
variation caused by sampling. A positive value represents lower accessibility in HexaPro, which
could correlate to reduced glycan processing and a higher abundance of oligomannose-type glycans.
The difference at most of the sites was small and with substantial standard deviations, suggesting

that most of the differences arise from the stochastic sampling of the glycans.

Then, glycan sites which displayed alterations in oligomannose content were additionally
investigated in the site-specific glycan analysis. For example, on HexaPro, N165 displays an increase
of almost 50 percentage point in oligomannose-type glycan compositions when compared with 2P
(Figure 3.5.A). As the N165 site is in close proximity to the RBD region, its glycan processing state
may be influenced by the orientation of the RBD. When comparing the model generated with two
RBD domains in the up configuration, to one-RBD-up, the steric environment of the N165 and N122

sites were expected to change. However, the simulations comparing HexaPro two-RBD-up versus
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one-RBD-up showed little changes in solvent accessibility (Figure 3.5.D). This is likely because in
the HexaPro (two-RBD-up) simulation, the additional RBD in the initial up configuration tends to
revert to a down state, and the final snapshot in all simulation replicas is similar to the 2P (one-RBD-
up) simulation (Appendix A.2). It is noteworthy that in our initial model, derived from the
experimental electron density map of the HexaPro two RBD-up conformation, the RBD in chain C
resembles an intermediate state between the up and down states, rather than a fully open
conformation. The changes in ASA values we observed are only significant at a few sites and minor

with variations across the three chains, indicating that the differences are due to sampling.

Finally, protein-structural analyses were carried out to compare the dynamics of 2P and
HexaPro. Similar profiles of root-mean square fluctuations (RMSF) were noted between the HexaPro
(two-RBD-up and one-RBD-up) and 2P (one-RBD-up) simulations, except for the RBD in chain C,
due to the up to down conformational changes described above (Appendix A.3.A). The principal
motion measured during the simulations also reveals similar dynamics between these two S proteins
(Appendix A.3.B). Hence, the simulations suggest that despite local glycan perturbation, the two S
protein versions have very similar dynamics, and our computational analysis does not provide

evidence to support a steric explanation for the differences in glycosylation.

3.5 Conservation of serological reactivity across recombinant

SARS-CoV-2 S protein

To compare the serological reactivity of the recombinant 2P and HexaPro S protein, we tested the
binding of different immunoglobulin isotypes in sera from subjects with or without a prior SARS-
CoV-2 infection to these viral antigens. This extends the observations presented by Hsieh et. al [110]
by using a larger and geographically distinct donor group and by examining a range of antibody
isotypes. Sera from three groups of subjects from the United Kingdom were analyzed: hospitalized
subjects (HS) which included individuals that were admitted to hospital and had RT-PCR confirmed
SARS-CoV-2 infection; non-hospitalized convalescent (NHC) subjects, who were tested positive by
clinically validated antibody test [107] and were not hospitalized and a negative control group, from

whom sera was taken before 2019 (Pre-19). As expected, strong IgG, IgA and IgM responses were
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detected to both S glycoproteins in all hospitalized subjects with severe disease (Figure 3.6.A and

3.7 A).
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Figure 3.6. Antibody responses detected in an ELISA using 2P or HexaPro Spike as the target
antigen. A) Absorbance values of sera serially diluted 3-fold from Pre19 (black circles, dashed lines),
NHC (blue squares) or HS (yellow triangles) donors. B) Signal: Noise ratio calculated using
individual PCR+ HS sera OD values as signal and the mean Pre19 sera as noise at multiple serum
dilutions. Each point represents an individual signal: noise ratio from one serum, with a line
connecting the same serum sample tested against 2P (cyan) or HexaPro (violet). This work has been
carried out in collaboration with Dr. Alex G. Ritcher, and Dr. Adam F. Cunningham (University of
Birmingham).

In contrast to the strong responses observed in severe cases, IgG, IgA and IgM responses were
observed in the NHC subjects, and in some instances these responses were not above those of control
sera (Figure 3.7.A). There was minimal binding of IgG to S glycoprotein by Pre19 sera. Both 2P and
HexaPro showed comparable serological reactivity, with a slightly increased level of binding of
patient, but not control, sera to HexaPro in the NHC sera (Figure 3.7.A). Overall, the signal: noise
ratio was superior for HexaPro compared to 2P, particularly as sera were diluted (Figure 3.6.B), but

overall, a key conclusion is that the HexaPro was not inferior to the 2P glycoprotein.
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Figure 3.7. Antibody binding to spike glycoproteins. Individual serological responses from pre-
2019 donors (Prel9, n = 8), non-hospitalized convalescent donors (NHC, n = 16) or PCR+
hospitalized subjects (HS, n = 16) as determined by ELISA using HRP-labelled combined anti-IgG,
IgA and IgM. A) Absorbance values of sera serially diluted from a starting dilution of 1:40 against
0.1 pg 2P (cyan bars) or HexaPro (blue bars). B) Absorbance values of sera serially diluted from a
starting dilution of 1:40 from Pre-19 (black circle, dashed lines), NHC of HexaPro protein (blue
squares) and Kifunensine-treated HexaPro (green squares) as determined by ELISA using HRP-
labelled combined anti-IgG, IgA, IgM, and GAM. C) Area Under the Curve (AUC) of responses
shown in figure B. The blue bars representing the AUC of HexaPro with IgG, IgA, IgM and GAM.
The green bars representing the AUC of kif-treated HexaPro with different immunoglobulins. The
mean + standard deviation from the mean (SD) is plotted. D) HILIC-UPLC profile of N-linked
glycans from WT (wildtype) HexaPro and Kifunensine-treated HexaPro produced in HEK 293F cells
and purified by Ni** column followed by SEC. The blue peaks representing glycan spectra of WT-
HexaPro. The green peaks representing glycan spectra of kifunensine-treated HexaPro showing only
ManyGlcNAc, (M9) glycans. This work has been carried out in collaboration with Dr. Alex G.
Ritcher, and Dr. Adam F. Cunningham, (University of Birmingham).
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Although the small difference in glycosylation between 2P and HexaPro did not result in
diminished antibody binding to HexaPro, it is conceivable that wider batch-to-batch variations could
impact consistency of serological reactivity. Sera were subsequently tested for antibody binding to
the glycoprotein featuring significantly engineered glycosylation. HexaPro was expressed in the
presence of kifunensine (Kif) which results in oligomannose-type glycans, and the altered processing
state was confirmed using hydrophilic interaction ultra-performance liquid chromatography (HILIC-
UPLC) analysis of fluorescently labelled pool of N-linked glycans (Figure 3.7.D). The WT HexaPro
chromatogram shows the presence of diverse glycans in contrast to Kif-treated HexaPro, where
ManoGlcNAc, (M9) glycans were predominant (Figure 3.7.D). Furthermore, comparison was made
between IgG, IgA, IgM, and combined GAM antibody binding to HexaPro with no glycan
engineering (referred to as 'wildtype') and Kif-treated HexaPro. The serological response detected
using SARS-CoV-2 positive sera were similar whether kif-treated HexaPro or WT HexaPro was used
in the assay (Figure 3.7.B). Negligible binding was observed with pre-19 sera (shown in black) with
both kif-treated and WT HexaPro. Area Under the Curve (AUC) calculations confirmed that both
WT S and Kif-treated S protein were bound similarly by IgG, IgA, IgM and I[gGAM (Figure 3.7.C).
This suggests that the immune response elicited following SARS-CoV-2 infection, with respect to
immunoglobulin binding, is not dictated by the glycan processing state of the S protein, as converting
the glycans at every site from their native-like compositions, does not impact the detection
sensitivity. In contrast, in some glycosylated viruses such as HIV-1, kif-treatment moderately impairs

Env processing and function [408].

3.6 Discussion

This study investigated a range of biophysical, glycan composition and serological binding properties
of HexaPro, an expression-enhanced version of SARS-CoV-2 S protein. HexaPro contains six
proline mutations which lead to its high expression of protein and stabilization compared to S2P
variant, and promising immunogenic properties [110,162,401,402,409]. The comparable affinity of
HexaPro to the ACE2 receptor with the earlier version, 2P which has been used in several vaccine

studies [100,101,410,411], and extensively as a serological reagent [106,107,399]. Furthermore, the
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impact of these additional proline mutations on glycan composition was determined using LC-ESI
MS and compared it with the 2P. It was interesting to note that overall, the glycosylation was highly
similar between both versions, except at a few sites. To further explore phenomena that could be
directing these changes we performed MD simulations to decipher the conformational properties of

both versions.

The structural site, N234 showed fully oligomannose-type glycans in both the versions
suggesting that the central integrity of the protein architecture is unperturbed [121,124,125]. Overall,
the oligomannose content was similar in both the S proteins, however, the MansGIcNAc, content
was higher in HexaPro, suggesting less accessibility to glycan processing enzymes. This motivated
us to look at the accessible surface area (ASA) of oligomannose-type glycans in 2P and HexaPro
using MD simulations. Significant differences were not observed in ASA values at N-glycan sites
that exhibited alterations in oligomannose content as determined through LC-MS. Additionally,
remarkably similar protein dynamics were noted in both versions. This suggests that both of the
proteins have very similar conformational properties. However, the simulations sample a short
timescale while glycans are processed over a much longer timescale and these simulations do not
provide evidence for the steric changes predicted from the differential glycosylation observed in the
LC-MS data. It is conceivable that the changes in oligomannose-type glycan content could instead
be due to high expression of HexaPro resulting in changes in productive enzyme:substrate
recognition events. Overall, however, these results suggest that there are limited structural and

dynamic differences between 2P and HexaPro.

S proteins are being deployed in serological testing and have proven to be effective in
confirming prior infection of SARS-CoV-2 in infected patients [107,412,413]. Due to its high
expression, HexaPro could widen the availability of S protein for serological testing. This study was
aimed to investigate the binding of HexaPro with sera IgG, IgA, and IgM to better understand its
interaction with antibodies induced in COVID patients, in order to maximize the potential of HexaPro
in these applications. Highly similar antibody binding is also observed with both 2P and HexaPro,
indicating that the inclusion of mutations in HexaPro does not appear to impact immune recognition.

The results also reveal highly similar reactivity with glycoengineered HexaPro possessing all
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oligomannose-type glycans at all PNGS, indicating that sera binding is not readily impacted by the
fine processing of the glycans of the S protein. Moreover, since the level of antibody binding was
not significantly reduced after glycan engineering of HexaPro, the data may be interpreted as
indicating that after natural infection most antibodies do not target epitopes that can be influenced
by variations in glycan processing. If so, since antibodies from infected individuals can neutralise
infection in vitro, it suggests that protection from infection is not associated with the targeting the
terminal region of glycans. It is noted, however, that the primary glycan at N234 remains unchanged
by kifunensine. Overall, these observations suggest that variations in the S protein glycosylation of
SARS-CoV-2 will not impact the serological assessments currently being performed across the

globe.
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Chapter 4 Site-specific glycosylation of Virion-Derived
SARS-CoV-2 Spike is mimicked by a soluble trimeric

immunogen.

Contributions.

Chapter 4 compares the glycosylation of the virion SARS-CoV-2 S protein, recombinant S protein
and monomeric RBD proteins. LC-MS data for virion SARS-CoV-2 S protein was prepared by Prof.
Sai Li and Dr. Yutong Song of Tsinghua University, which I have reanalysed as part of this study to
allow the direct comparison with recombinant protein. The monomeric RBD plasmids were designed
and expressed by the laboratory of Prof. Dennis Burton at The Scripps Research Institute. The Close-
S protein was designed and expressed by the laboratory of Dr. Hans Langedijk, Janssen Vaccines
and Prevention. RBD nanoparticles are designed and expressed by the laboratory of Dr. Daniel Kulp,
the Wistar Institute. The glycan analysis of RBD nanoparticles is published and full list of author
contribution can be found in Kylie et. al., 2022 [414]. Some part of this work is published and is a
first co-author share between me, Dr. Joel D Allen and Dr. Firdauss Samsudin [125]. The manuscript
is primarily written by Joel and me and is reviewed by all the collaborators, of which introduction

and viral glycan analysis is included in this chapter.

4.1 Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has prompted the development of an
unprecedented array of vaccine candidates against the causative pathogen, SARS-CoV-2. All
approaches aim to deliver molecular features of the virus in order to induce immunity. The viral spike
glycoprotein, also referred to as S protein, has emerged as the principal focus of vaccine design
efforts as antibodies against this target can offer robust immunity [98,171,299,300,415,416].
Encouragingly, neutralization can readily occur despite the extensive array of N-linked glycans
distributed across the viral spike consistent with numerous vulnerabilities in this so-called glycan
shield [8]. Despite these observations, glycosylation has emerged as an important parameter in

vaccine development for SARS-CoV-1 and SARS-CoV-2 [417,418]. The glycosylation processing
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state can influence immunogen trafficking in the lymphatic system [122], influence the presentation
of both native and unwanted cryptic epitopes [419], and reveal to what extent immunogens
recapitulate native viral architecture. The presence of oligomannose-type glycans on surface of viral
protein can interact with the mannose-binding lectin which will either traffick the viral protein to the
follicular dendritic cells or activate the complement pathway which can influence the immunogen
trafficking and potentially enhance the accumulation of viral protein in the lymphatic system for

germinal center activation [122].

Evidence is also emerging that glycosylation can somewhat influence the interaction between
SARS-CoV-2 and its target receptor, ACE2 [50,140,141,420]. Each protomer of the trimeric SARS-
CoV-2 S protein contains at 22 N-linked glycosylation sequons that direct the attachment of host
glycans to specific Asn residues. This extensive glycosylation is important in lectin-mediated protein
folding and direct stabilization of the protein fold [421]. In addition, certain glycans are incompletely
matured during biogenesis and can lead to the presentation of immature glycans terminating with

mannose residues that can act as ligands for innate immune recognition [11,210,232].

Despite the focus on the S protein in vaccine development efforts, there has been considerable
divergence in the mechanisms of delivery. In one approach, nucleic acid encoding the spike is
delivered through mRNA or with a viral-vector [105,299,300,304,322,416,422]. The resulting S
protein is assembled and glycosylated by host tissue. In a contrasting approach, the S protein can be
recombinantly manufactured either as recombinant protein using mammalian or insect cell lines or
using inactivated virus-based approaches which allows detailed characterization of the immunogen
prior to delivery [102,109,110,392,423]. Immunogen glycosylation can be influenced by factors
specific to the manufacturing conditions such as cell type or cell culture conditions [370,372],
however, construct design and protein architecture can also have substantial impact. For example,
under-processed oligomannose-sites can occur at sites sterically hidden from the host mannosidase
by the tertiary or quaternary architecture including obfuscation by neighboring protein and glycan
structure [121,232]. Immunogens displaying native-like architecture recapitulate these sites of
oligomannose glycosylation. Conversely, immunogen design can adversely impact the presentation

of native-like glycosylation. Importantly, despite the differences in biosynthesis of S protein in
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virions and from mammalian expression systems they seem to generate broadly similar glycosylation
[124]. However, the success of a broad range of different vaccine platforms exhibiting different S
protein glycosylation, indicate that native-like glycosylation is not a prerequisite for a successful
vaccine. Despite this observation, understanding S protein glycosylation will help benchmark
material employed in different serological and vaccine studies and help define the impact of this

extensive feature of the protein surface.

The flexible and heterogeneous nature of N-linked glycosylation necessitates auxiliary
methodologies in addition to cryo-electron microscopy or X-ray crystallography to characterize this
key part of the S protein structure. Site-specific glycan analysis employing liquid chromatography-
mass spectrometry is a widely used approach to obtain this information [1,16,335,374,424]. As
research into the structure and function of the SARS-CoV-2 S protein has progressed, more details
of the glycan shield of S protein have become apparent. Analyses on recombinant trimeric S protein
revealed divergent N-linked glycosylation from host glycoproteins with the presence of under-
processed oligomannose-type glycans at several sites [8,50,117]. Comparative analyses with
monomeric and trimeric S proteins have revealed site-specific differences in glycosylation with
regards to both oligomannose-type glycans and the presentation of sialic acid [117]. Analysis of S
protein from insect cells demonstrated that oligomannose-type glycans were conserved on trimeric
S protein, notably at N234 [425]. In addition, molecular dynamics (MD) studies have proposed that
the N234 site plays a role in stabilizing the receptor binding domain (RBD) in an exposed “up”
conformation [121]. The presence of larger under-processed oligomannose-type glycans, such as
ManyGlcNAc,, on both mammalian and insect-derived S protein provides an indication that the
structure of the S protein is driving the presentation of these glycans. Subsequent studies have
investigated the presentation of N-linked glycans on S protein produced for vaccination, notably the
Novavax full length S protein and S protein isolated following administration of the ChAdOx-nCoV-
19 vector [425,426]. The observed glycan signatures were broadly in agreement with previous
analyses. However, these studies involved the truncation of glycan structures using glycosidase
treatment — which is useful for categorizing glycans into high mannose or complex-type glycans and

determining PNGS occupancy on low amounts of material — but does not allow for the identification
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of changes in terminal glycan processing such as sialylation. The glycan processing of the two N-
linked glycan sites located on the RBD has also been investigated for monomeric RBD. These sites
present high levels of complex-type glycans [427,428] and as the majority of antibodies raised
against SARS-CoV-2 S protein target the RBD it is important to fully characterize the structure of

the RBD, including the presentation of glycans.

N-linked glycans are highly dynamic and can substantially vary in chemical composition
within a single batch of protein. Whilst glycosylation is heterogeneous, it is important for therapeutic
and vaccine design to understand whether similar glycoforms arise across different protein
expression platforms from different sources to ensure the antigenic surface of the S protein remains
consistent when used as an immunogen or in serological assays [399,429-431].This is particularly

important as glycan processing can be impacted by adverse protein conformations [432].

This chapter describes the extent to which recombinant proteins reproduce the glycan
composition of viral derived SARS-CoV-2 S protein produced from cultured Vero cells which was
obtained from a previous study [124]. An identical analytical approach was used to determine the
glycan composition at each site, illustrating conservation across recombinant protein and virion
derived material. Furthermore, the glycosylation of monomeric RBD recombinant protein was
investigated, as it has previously been explored as a subunit vaccine and a candidate for serological
testing [386,389]. The site-specific glycan analysis of the two sites located in the RBD of SARS-
CoV-2, N331 and N343, when comparing monomer and trimer reveals a broad consensus in glycan
processing, with some modest change in the processing of complex-type glycans. A similar
comparative analysis of MERS-CoV RBD was performed to investigate whether the RBD glycans
of MERS-CoV were under the same constraints as for SARS-CoV-2. The observed differences
contrasted the glycan processing of SARS-CoV-2 RBD monomer when compared with S protein,
with trimeric MERS-CoV RBD glycan sites presenting restricted glycan processing, likely due to
conformational masking of these sites, either by proximal glycans or nearby protein clashes, on
trimeric MERS-CoV S protein. This contrasts with glycan processing of SARS-CoV-2 RBD
monomer when compared with S protein, with trimeric MERS-CoV RBD glycan sites presenting

restricted glycan processing, likely due to conformational masking of these sites, either by proximal
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glycans or nearby protein clashes, on trimeric MERS-CoV S protein [7,397]. Taken together, the
results reveal the conserved structural N-glycan sites in S protein when compared with native viral
spike. Understanding S protein glycosylation will aid in the analysis of the vaccine and serological

work of the global COVID-19 response.

4.2 Glycan analysis of virion SARS-CoV-2 S protein

This study reveals the glycan compositions of N-glycan sites of the viral SARS-CoV-2 S protein,
which have been reanalyzed from the raw files published previously [124] (Figure 4.1). The
reanalysis was performed using similar analytical settings used for the analysis of recombinant
HexaPro S protein described above. There are slight differences at site-specific level in glycan
compositions analyzed across both the analytical settings, but there is overall similar glycosylation
content and occupancy. This is potentially due to the parameters used for calculating the total glycan
compositions. This study utilized the average of extracted ion chromatogram (XIC) to calculate the
percentage of glycan compositions present at each N-linked glycan site. Yao et al., used the
intensities of each glycan type in identical site were combined and analyzed for proportion [124].
The data has been reanalyzed to corroborate the similar analysis parameters to determine glycan
compositions across viral and recombinant S protein. This will also help in investigating native-like

signatures on recombinant S protein.
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Figure 4.1. Site-specific glycan compositions of viral S protein. The percentage of glycan
composition analyzed using average of extracted ion chromatogram (XIC) obtained at identical

glycan site. The data is obtained in this study and is reanalyzed from the raw files obtained from
previous study [124].

To investigate the abundance of glycans on S1 and S2 subunit of viral S protein, the glycan
compositions were categorized into three categories, 1) oligomannose-type, 2) complex-type and 3)
hybrid-type glycans. The glycan analysis of viral S protein showed high levels of glycan occupancy
at all sites analyzed (Figure 4.1). This is an important feature to monitor in vaccine design, as glycan
underoccupancy can potentially elicit non-neutralizing antibodies. Another parameter to observe is
the conservation of presence of under processed oligomannose-type glycans, as the presence of these
glycans are usually linked to quaternary structure of the protein, changes in the abundance of these
glycans reflect the changes in the fine structure of the glycoprotein. These glycans are usually
common on viral glycoproteins due to either glycan- or protein-mediated steric clashes with ER and
Golgi resident enzymes, terminating the glycan processing pathway. For example, N234 site
presenting high abundance of less trimmed glycan structures, ManyGIcNAc,, due to steric hinderance
and location of this site on trimeric spike protein (Figure 4.2, Table 4.1). Additionally, N234 glycan
site is involved in structural stability of the trimeric spike along with N165 site [8,121], therefore it
is important to have these sites depicting conserved glycan compositions for native-like immunogen
design. The N165 presents high proportion of complex-type glycans due to higher accessibility area

(ASA) available for glycan processing enzymes, supported by MD-simulation data [125]. The N165
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and N234 glycans, has also been known to modulate RBD’s conformational dynamics by

maintaining the up configuration necessary for ACE2 recognition [121,137,433].

Overall, the viral spike protein presents high-abundance of complex-type glycans and hybrid-
type glycans (Figure 4.2). The N-glycan sites presents on RBD region, N331 and N343, and S2
subunit sites, N1098, N1134, N1173 and N1194 are primarily populated with highly processed

glycan structures.
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Figure 4.2. Site-specific N-linked glycan compositions of the viral S protein. The graphs
summarize the quantitative mass-spectrometric analysis of the glycan population present at
individual N-linked glycosylation sites simplified into categories of glycans. The oligomannose-type
glycan series (M9 to M5; ManyGIcNAc, to MansGlcNAc») is colored green, afucosylated and
fucosylated hybrid-type glycans (hybrid and F hybrid) are dashed pink, and complex glycans are
grouped according to the number of antennae and presence of core fucosylation (A1 to FA4) and are
colored pink. Unoccupancy of an N-linked glycan site is represented in gray. The pie charts
summarize the quantification of these glycans. Glycan sites are colored according to oligomannose-
type glycan content, with the glycan sites labeled in green (80 to 100%), orange (30 to 79%), and
pink (0 to 29%).The raw files have been obtained from the Sai Li’s lab, single data files — no repeat.
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4.3 Glycan composition across recombinant and Virion S

protein

The spike (S) protein has emerged as the principal focus of vaccine design efforts [103,299,300] as
it is involved in initiating viral infection by mediating host-cell entry [81].The abundance of N-linked
glycans across the S protein is a potential source of heterogeneity and a display of native-like antigens
is a central tenet in the elicitation of protective immunity. This study compares the glycan
composition observed on S protein expressed recombinantly containing stabilized two proline
mutations[8,407] with viral S protein expressed in Vero cells [124,125]. To compare the variability
in glycosylation at site-specific level, glycan composition is broadly categorized into three
categories: Oligomannose-type, complex-type and unoccupied. Sites with an abundance of
underprocessed glycans are highly similar across both recombinant and viral S protein. These sites
include, N61, N122, N234, N603, N709, N717, N801, and N1074 (Figure 4.3). This analysis
revealed a broad consensus of glycan processing regarding high mannose glycans, with localized
variations occurring. One example of remarkable homogeneity in oligomannose-type glycans is the
N234 glycan site, which presents high abundance of under processed glycans across both
recombinant and viral S proteins (Figure 4.3.A and B). This is important to note as conservation of
glycan under processing reveals an information pertaining to the quaternary structure of the

glycoprotein.
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Figure 4.3. Site specific glycan compositions of recombinant and virally derived S protein. A)
Glycan analysis of recombinant S protein with two proline substitutions for stabilization. B) Virally
derived site-specific analysis was performed using data acquired by Yao et al. [124]. Data for sites
N657 and N1158 could not be obtained and are not presented. The bar charts represent the relative
proportions of glycoforms present at each site. The proportions of oligomannose- and hybrid-type
glycans are colored green. Processed complex-type glycans are colored pink, and the proportions of
unoccupied sites are colored gray. n.d., not determined.

Overall, the glycan analysis reveals highly similar oligomannose-type glycans and high glycan
occupancy across both recombinant and viral S protein. Except N657 with slight underoccupancy on
recombinant S protein. However, there was variability observed in complex- and hybrid-type glycan
compositions. For example, N165 and N1074 presented diverse glycan processing states (Table 4.1).
The elaboration of complex-type glycans with different monosaccharides can influence the function
of the glycoprotein to which they are attached; for example, sialylation can extend the half-life of a
glycoprotein in the body by masking the galactose that can otherwise be recognized by the hepatic
asialoglycoprotein receptor (ASGPR) [434,435]. The starkest difference observed between the
recombinant and viral derived S protein is the lack of sialic acid residues across not only N165 and
N1074 but also all PNGSs of virally derived material (Table 4.1). The fucosylation of virally derived

S protein is also lower across majority of sites compared to recombinant S protein.
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Table 4.1. Site-specific glycan compositions of virally derived and recombinant S protein. The
site-specific compositions across all PNGS of S protein, virally derived (A) and recombinant S2P
protein (B). The glycan compositions are categorized as outlined in the materials and methods for
the S protein.
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M6 o 1 0 0O 0 0 4 0 0O 0 2 1 026 25 17 2 2 0 0 0 O
M5 368 186 2 0 4 1 1 262 5 059 32 49 5 6 0 0 1 0
W o 0o 0 00O O O O O O O0OOOTUOTWOTUOOTOUOTUOTO0OTOoO
M3 o 0 0 0 00 0OOO O O O OOTUOTU OO OTUOTUOTU OO OO
FM o 0 o 0 0OOO O OO OO OOOOU OO OTUOTUOTO OO
Hybrid o 8 o1t 0 3 1 0 0 0 3 3 0 0219 7 819 0 O O O
Fhybrid 2 1.0 2 0 1 0 0 0 2 0 1 0 0O 1 0 1 5 0 0 0 O
HexNAC(3)(x) 0 5 0 3 0 0 0 4 0 0 41 0 0 2 3 514 0 1 0 0
HexNAC(3)(F)(x) 6 1 2 5 4 0 1 0 412 4 2 3 0 1 1 5 715 0 0 0
HexNAc(4)(x) 0O 6 0 3 014 011 O O 018 0O O O 1 219 0 48 0 O
HexNAc(4)(F)(x) 32 4 18 10 36 29 1 6 563 46 23 37 39 5 1 8 12 9 4 0 4 23
HexNAc(5)(x) 0O 6 0 3 02 03 0 0O O 6 0 0O O O O 5 04 0 O
HexNAG(5)(F)x) | 53 158 151 32 0 46 38 37 1 13 37 1 0 2 8 7 23 0 25 3
HexNAc(6+)(x) o o0 o 0o 0 0O0O2 0 0 0O OO O0OO0OO0OO0O 3 0 6 0 O
HexNAC(6+)F)x) 3 022 0 5 0 0 0 3 0 0 2 4 0 0 0 1 4 18 ol 70 73
Unoccupied 1 0 0 0O OO O O O OO OB O0OO0OO0OO0OO0O OO0 TO0 O
core o 0 0 0 0O O 0 O O O O O O O O O O O O O O O
Mannose 4169 156 2 0,97 1 2 265 6 0,94 74 77 57 9 0 0 1 0
Hybrid 2 9 019 0 5 1 0 0 3 3 4 0 02 7 924 0 0 0 O
Complex 94 22/ 99 25{ 97 95 2/ 99 98 96 32 90 83 6 4 16 33 67 100 100 99 100
Unoccupied 10 0 0 0 O OO O OO O116 0 0O O O O O O O0 O
Fucose 95 6 18 63 2 52 98 98 29 56 83 5 3 11 27 31100 0} 99 100
NeuAc 20 4 5 18 0 14 22 4 0 1 2 0 2 5 6 30 7 39 4 69
Sulfation 0 017 0O 1 O 0O O O O O O 0O O O O 0O O O 0 0 2

Several factors could be influencing these changes. The first is that the membrane tether
afforded to the viral Env brings the glycans into the proximity of the glycan processing enzymes, and
the second is that the producer cell had greater expression levels of the glycosyltransferase enzymes

involved in glycan processing. The SARS-CoV-2 S protein in a viral context is likely under similar
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constraints; however, the glycan processing is distinct. One factor that could be important is the early
budding of the SARS-CoV-2 virion into the ER/Golgi intermediate complex (ERGIC) that may
distance the spike protein from glycosyltransferases present in the trans-Golgi compared to Env,
which remains attached to the membrane, proximal to glycosyltransferases [436]. The choice of the
producer cell and culture condition of the virus, in this case Vero cells, which are derived from the
kidney cells of Cercopithecus aethiops (African green monkey), may also influence the glycan
processing as the expression levels of glycosyltransferase enzymes may account for the weakened
attachment of sialic acid and fucose observed on viral S protein compared to recombinant S protein.
Previous studies have highlighted the low abundance of sialic acid moieties on Vero cells; [437]
however, these changes could also occur due to the culture conditions used for viral production. As
these changes in glycosylation likely are not impacting the immunogenicity of the viral spike
mimetics, as evidenced by the high efficacy of several vaccines, these observations remain important
when considering how the virus may be interacting with the immune system via lectin interactions
and may be informative when considering antigenic tests and purifications using glycan binding
reagents. Despite the observed differences, we note that the site-specific glycosylation of the virally
derived material outlined here is consistent with previously reported glycan analysis from virally

derived S protein produced in Calu-3 lung epithelial cells [126].

4.4 Site-specific glycan analysis of Closed-S protein

There have been many advancements in the design of S protein in efforts towards stabilizing the S
protein in its prefusion conformation. As it has been known that this conformation contains the
epitopes for neutralizing antibodies and thus holds more potential as a vaccine immunogen
[98,109,110]. Comparing the structure of SARS-CoV-2 S-2P [109,392] with that of the native virus
[438,439] reveals that the former adopts a more open conformation, with one or more of the RBDs
in the ‘up’ state. While antibodies have been reported to bind to both the ‘up’ and ‘down’ states of
the RBD, those that target the conserved epitopes on the 'down' state are known to exhibit the highest
neutralizing potency [98,396,440]. This section delves into the glycosylation of the stabilized S

protein in the ‘Closed’ state, where all the RBDs are in the ‘down’ state. To achieve stabilization of
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the prefusion S-protein, four substitutions—D614N, A892P, A942P, and VI987P were introduced to
create S-Closed. [111]. Previous studies on 2P revealed that VO87P substitution is present in the
hinge loop at the C-terminus of HR1 improve the stability of the trimer in prefusion conformation.
There are two additional proline mutations in Close S to reduce the RBD exposure and stabilize the
S-2P prefusion trimers. The A942P and A892P substitutions stabilize the S2 HR1 region that
undergoes an extensive conformation change during fusion. Additionally, the substitution D614N in
the head region, improved the thermal stability and less RBD exposure. This construct does not
contain a heterologous trimerization domain that is typically required in soluble S designs
[109,392,397]. Closed-S protein exhibits high expression, thermal and freeze-thaw stability. To
confirm the influence of mutations on structural assembly and glycosylation, site-specific analysis

of Closed S trimer was determined using LC-MS.

To understand the glycosylation across all PNGS, the glycan data has been categorized as;
oligomannose-type, hybrid-type, complex-type and unoccupied. The glycan analysis of Closed-S
protein revealed high glycan occupancy at all PNGS except N657, N1134 and N1194. The N234 site
located on the S protein of SARS-CoV-2 has been empirically demonstrated to primarily exhibit
oligomannose-type glycans [8]. This conservation of oligomannose-type glycan presentation is also
observed in relation to the Closed-S protein (Figure 4.4). Correspondingly, the N709 site, which is
recognized for its characteristic presentation of predominantly oligomannose-type glycans, manifests
a significant prevalence of more extensively processed complex-type glycan compositions. However,
this could be potentially due to majority of the substitutions at the S2 domain of Closed-S protein.
This S protein presents high abundance of complex-type glycans at majority of the N-glycan sites
(Figure 4.4). This is consistent with previous versions of S protein [8,125,426] and viral S protein
[124,125] as described in above sections of this chapter. Despite few differences at site-specific level,

overall, the glycan composition across Closed-S protein is highly similar to viral S protein.
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Figure 4.4. Site-specific glycan analysis of SARS-CoV-2 Closed-S. The graphs summarize the
quantitative mass-spectrometric analysis of the glycan population present at individual N-linked
glycosylation sites simplified into categories of glycans. The oligomannose-type glycan series (M9
to M5; ManoGlcNAc, to MansGlcNAc») is colored green, afucosylated and fucosylated hybrid-type
glycans (hybrid and F hybrid) are dashed pink, and complex glycans are grouped according to the
number of antennae and presence of core fucosylation (Al to FA4) and are colored pink.
Unoccupancy of an N-linked glycan site is represented in gray. Close S protein was provided by Dr.
Hans Langedijk, Janssen Vaccines and Prevention.

4.5 Influence of mutations on glycan compositions of Closed S

This section discusses about three constructs, 2P, HexaPro and Closed-S protein which have shown
high stability and enhanced expression. S-2P which contains two proline substitutions (K986P and

VO987P) has shown highly similar glycan shield as viral S protein and has already been extensively
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used in the clinically approved vaccines [ 100,299]. HexaPro S protein contains 6 proline substitutions
and has shown 32-fold higher protein expression than S2P [110]. However, there is some difference
in protein conformation across both proteins in cryo-EM studies, as S2P exposes only one RBD-up
conformation whereas some proportion of HexaPro S protein has shown RBD in two-up
conformation. Despite these differences in protein conformations, the glycan composition across
both of these proteins is highly similar [407]. In preclinical studies, HexaPro has shown promising
results as a SARS-CoV-2 vaccine candidate [401,402]. In contrast to SARS-CoV-2 S2P and
HexaPro, Close-S exhibits all three RBD’s in down state arresting the first step in the conformational
change which may resemble more closely to native viral spike (Figure 4.5) [438,439]. Closed-S
protein contains four substitutions (D614N, A892P, A942P, and VI987P) with low surface exposure
to create closed trimer [111]. The D614 mutation helped in enhancing stability which may be

explained by a decrease in premature shedding of S1 [441].

A S-2P B S-closed

o Monomer C

I h . ..-#
RBD down |~ =3y

ANIALS

Monomer B

Monomer A

RBD down

Figure 4.5: Schematic representation of cryo-EM structures of S-2P and S-closed. The PDB
accession code for S-2P: 6CRZ [109] and S-closed: 7A4N [111].

Based on the cryo-EM studies, all these variants have shown high stability and trimeric
conformation. This study compares the percentage point (p.p.) change in oligomannose content
across these three constructs (Figure 4.6). The oligomannose-content was used for comparison, as it
is associated with the quaternary structure of the protein. Firstly, the p.p. difference in oligomannose-
type glycan content across Closed-S and 2P was compared. The glycan sites, N343 and N709
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revealed the major changes > 50 p.p. in oligomannose-type glycan content between Closed S and 2P
(Figure 4.6 A). N343 site showed increase in oligomannose content in Closed S whereas N709
showed decrease in oligomannose content in Closed-S. Notably, both N331 and N343 glycan sites
which are present in RBD regions, displayed an increase in oligomannose-content in Closed-S. This,
however, potentially reveals that RBD region is less exposed in Closed-S due to steric hinderance
and closed trimeric structure compared to the 2P in which one RBD remains exposed. Subsequently,
a comparison was made regarding the glycan composition across the Closed-S and HexaPro proteins,
both of which have exhibited enhanced expression in comparison to 2P. The Closed-S showed
increase in p.p. difference in oligomannose-content at several sites, N61, N122, N331, N343, N657,
and N717, compared to HexaPro (Figure 4.6 B). This reveals that Closed-S protein is quite intact
structurally and has less exposed glycan sites compared to HexaPro. However, N603 and N709
showed > 50 p.p. decrease in oligomannose-content in Closed-S compared to HexaPro (Figure 4.6
B). This change in oligomannose-content is potentially due to the mutation at D614N in Closed-S,

which may have enhanced the accessibility of N603 and N709 sites for glycan processing.

Furthermore, the difference in glycan composition across HexaPro and 2P was compared. The
N61, N122 and N164 glycan sites revealed the > 30 p.p. changes in oligomannose-type glycan
content between 2P and HexaPro (Figure 4.6 C). The N165 displayed an increase in p.p. difference
in oligomannose-content glycan compositions when compared with 2P. However, this may be due
to the close proximity of this site to the RBD region, its glycan processing may be influenced by the
orientation of the RBD. This is consistent with the previously analyzed MD simulation of two RBD-
up and one RBD-up conformation, which confirms that the steric environment of N165 and N122

were expected to change [407].

However, it is noteworthy from this analysis that glycan composition of N234 is not affected
by the mutations in these variants of S protein. The conservation of oligomannose-glycan content at

the N234 site signifies the structural property inherent to the S protein.
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Figure 4.6. Comparative glycan analysis of Closed-S protein with S2P and HexaPro. The bar
chart represents the percentage point difference in oligomannose-type glycan between Closed-S and
2P (A), Closed-S and HexaPro (B), HexaPro and 2P (C). Closed S protein was provided by Dr. Hans
Langedijk, Janssen Vaccines and Prevention.

4.6 The expression of monomeric RBD constructs impacts

glycan processing

Glycan analysis analysed in previous sections demonstrates that S protein glycosylation is influenced
by quaternary protein architecture, and other factors. This section compares the glycosylation of
soluble recombinant monomeric RBD with that of recombinant and viral derived trimeric S protein.
The recombinant RBD was expressed and purified for site-specific glycosylation of the two glycan

sites located in the RBD, N331 and N343, to compare with those observed on recombinant S protein
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and viral derived S protein reported previously [8,124]. Overall, the N331 and N343 glycans across
all expression formats were highly processed, with little to no oligomannose-type glycans detected
(Figure 4.7.A and B; and Table 4.2). For the RBD sites presented on viral derived S protein, the
complex-type glycans observed were similar to those observed at N282 with most of the PNGS
occupied by bi- and tri-antennary glycans (HexNAc(4) and HexNAc(5)) (Figure 4.7.A). The
majority of these glycans were fucosylated, however, a large proportion of the complex type-glycans
on viral derived S lacked fucosylation (24% N331 and 20% N343). As with other sites on the viral
derived S protein, minimal levels of sialylation were observed and the majority of glycans possessed

at least one galactose residue.

A 80 . . .
Viral derived S
< 304 I Oligomannose
0l [ [ Agalactosylated
0 T T T U
. [ ] Galactosylated
I Sialylated
2 404
[_] Unoccupied
c T T 17T L L T T L L T I’T’T‘ T ’T‘[ T T
89 Recombinant S 809 Monomeric RBD
2 304 H | 22 304 iu
cllllllllllll?l |?|| clllllllllllllll'T‘lE
60+ 60—
=2 30 i F 52 30+
c T rrrrrrrrrrrr1ri11 0 T r T T T T T T T
B 8071 Recombinant S 309 Monomeric RBD
N410 == 40 * 154 “ﬂ
v =
% 0= | B S S B B B B e S e B e | (U e e 'I T T
E 604 60—
N487 s 30- ﬁ 2 30 m
L .7 3 5 i . s s i o L 5 U L L L LG L L LI
Q2252232 EEEETEEEEE3 S pEEESESST S CXXXXXXXXS S
2 SSBLTLBLFE SO0 2 S4sLILeLziso
= ::uﬁu?uf&f% = FEoFcFoa2T 0
rs2a3Ics2cg 3 Lg2s¥Ts2TE 9
Zczo=zocgL s 20202048 o
XL XL XLZCE XKL XILXILZ0
22222 52> $ZLZLZ 52>
) ] o I % ] @ @ I %
== - < I jﬂ: I = = £

Figure 4.7. Comparative analysis of the glycosylation of the two PNGS on the RBD for viral
derived S protein, recombinant S protein and monomeric RBD. (A) Detailed site-specific
glycan compositions of the two sites located in the RBD of SARS-CoV-2. Recombinant S protein
data is reproduced from Chawla et al. [407] and data for the viral S protein RBD sites was obtained
from Yao et al. [124]. Site-specific glycan data is presented as outlined in Figure 2. (B) Site-
specific compositions for N-glycan sites located in the RBD of MERS-CoV when expressed as part
of a soluble recombinant S protein compared to RBD-only. Data for the MERS-CoV S protein
were obtained from a previous study [7]. Site-specific glycan data is presented as outlined in Figure
2.
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In comparison, the two RBD sites of recombinant soluble S protein are highly fucosylated,
with close to 100% of the glycans at N331 and N343 containing at least one fucose (Figure 4.7.B).
As with the viral-derived S protein the majority of the glycans are bi- and tri-antennary complex-
type glycans. The recombinant S protein RBD sites are also more sialylated than N331 and N343 on
viral-derived S protein, with 28% of N331 glycans containing at least one sialic acid and 60% of
those on N343 (Table 4.2). Interestingly, when RBD is expressed as a monomer there are additional
subtle changes compared to viral derived and recombinant S protein. The most prominent change is
in the glycan branching; whereas recombinant and viral derived RBD glycan sites possess low
quantities of tetra-antennary glycans, approximately one third of the glycans at N331 and one fifth
of the glycans at N343 consist of these larger branched structures (Figure 4.7). When compared to
recombinant S protein the monomeric RBD sites also possess low levels of biantennary glycans.
Despite these changes both recombinant trimeric S protein and monomeric RBD sites have high
levels of fucosylation. These results suggest that complex-type glycans are under differential control
hierarchies where certain forms of glycan processing could be influenced by the structural
presentation of glycan sites. The attachment of fucose, galactose and sialic acid for these RBD sites
appears to be controlled by more global phenomena, such as the producer cell, as the attachment of
these monosaccharides is similar when comparing monomeric RBD and trimeric recombinant S
protein which were produced in identical cell lines. The branching of the RBD sites on monomeric
RBD is greater than that of trimeric S protein, both viral and recombinant, and suggests that the
quaternary structure of the glycoprotein may have a small role on the elaboration of complex-type
glycans of the RBD. These results are similar to previous analyses that have compared trimeric S

protein with monomeric S1 [117].
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Table 4.2. Site specific glycan composition of RBD sites, N331 and N343

The site-specific composition of the two N-linked glycan sites, N331 and N343, are displayed, with
the categories identical to Table S1. The values for N331 and N343 for recombinant and virion are
reproduced from Table S1, the monomeric RBD values are those represented as bars in Figure 3.

N331 N343
Viral derived S Recombinant S Monomeric RBD Viral derived S Recombinant S Monomeric RBD
MaGIc 0% 0% 0% MoGIc 0% 0% 0%
Mo 0% 0% 0% Mo 0% 0% 0%
-] 0% 0% 0% -] 0% 0% 0%
M7 1% 0% 0% M7 0% 0% 0%
Me 0% 0% 0% M6 0% 0% 0%
M5 0% 1% 0% M5 0% 0% 0%
() 0% 0% 0% ) 0% 0% 0%
M3 0% 0% 0% M3 0% 0% 0%
FM 0% 0% 0% FM 0% 0% 0%
Hybrid 2% 0% 0% Hybrid 0% 0% 0%
Fhybrid 0% 0% 0% Fhybrid 13% 0% 0%
HexNAc(3)(x) 1% 0% 0% HexNAc(3)(x) 0% 0% 0%
HexNAc (3)[F)(x) 2% 3% 0% HexNAc (3)(F)(x) 0% 1% 1%
HexNAc(4)(x) 16% 0% 1% HexNAc(4)(x) 0% ) 1% 0%
HexNAc (4)(F)(x) 47% 49% 1% HexNAc(4)(F)(x) 5% | 61% 28%
HexNAc (5)(x) 7% 0% 5% HexNAc (5)(x) 11% 0% 0%
HexNAc (5)(F)(x) 20% 40% | 10% HexNAC(5)(F)(x) 62% 32% 50%
HexNACc (6+)(x) 0% 0% | 48% HexNAc (6+)(x) 9% 1% 0%
HexNAc (6+)(F)(x) 2% 6% 34% HexNAC (6+)(F)(x) 0% 3% 20%
Unocc upied 0% 0% 0% Unoccupied 0% 0% 0%
Core 1% 0% 0% Core 0% 0% 0%
N331 N343
Viral derived S Viral derived S
Sialylated Galactosylated Agalactosylated Mannose Unoccupied Sialylated Galactosylated Agalactosylated Mannose Unoccupied
1.70% 94.46% 3.84% 067% 0.00% 0.00% 100.00% 0.00% _ 0.00% 0.00%
Recombinant S Recombinant S
Sialylated Galactosylated Agalactosylated Mannose Unoccupied Sialylated Galactosylated Agalactosylated Mannose Unoccupied
27.59% 39.26% 31.66% 1.37T% 0.00% 59.09% 31.61% 9.31%  0.00% 0.00%
Monomeric RBD Monomeric RBD
Sialylated Galactosylated Agalactosylated Mannose Unoccupied Sialylated Galactosylated Agalactosylated Mannose Unoccupied
49.28% 47.45% 327%  047% 0.00% 28.77% 44.02% 26.21%  0.30% 0.00%

To further explore differences in glycosylation of RBD PNGS, the similar comparative
glycan analysis was performed on MERS-CoV. The site-specific glycan analysis of recombinant
MERS-CoV S protein has been reported previously [7]. For the comparative analysis of trimeric
recombinant protein and RBD, the MS files obtained in the previous study were searched using an
identical version of the analysis software using the same glycan libraries. This analysis revealed
differences at the glycan sites present on MERS RBD when expressed monomerically compared to
recombinant trimeric soluble S protein. One of the sites, N487, is similar between the two platforms,
presenting glycoforms typical of sites populated by complex-type glycans (Figure 4.7.B). In contrast
N410 is occupied by exclusively oligomannose-type glycans when present on recombinant trimeric

S protein. When monomeric MERS RBD is expressed, the processing of the N410 site is markedly
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increased, with complex-type glycans predominating the glycan profile, although a subpopulation of
oligomannose-type glycans remain (Figure 4.7.B). Modelling the N410 glycan onto published
structures of MERS S protein reveals that the N410 glycan is protected from processing by
mannosidase enzymes such as ER a-mannosidase I when buried within the trimer, but when
presented on monomeric RBD it is readily accessible to glycan processing [125]. These observations
further highlight how the quaternary structure of a glycoprotein is a key determinant of the glycan
processing state and demonstrates how glycan sites can provide information about protein folding

and quaternary structure.

4.7 Glycan composition analysis of SARS-CoV-2 RBD

nanoparticles

Self-assembling nanoparticle immunogens are known to enhance the immunological response, as it
enhances the uptake by dendritic cells and in trafficking to the draining lymph nodes [122,442]. This
section discusses about glycan composition of the self-assembling SARS-CoV-2 RBD nanoparticles.
The constructs which are analysed in this study are RBD g5.1, RBD g5.1 24mer and RBD g8.2.
These constructs are developed by incorporation of additional glycans and feasibility of addition of
N-linked glycans was modelled using advanced algorithm, cloaking with glycans (CWG) [414]. This
led to the potential RBD constructs with three, five and eight additions of N-linked glycans on basis
of glycan distance map. However, RBD g5.1 and RBD g8.2 showed high neutralizing antibody

response and less binding to non-neutralizing antibodies [414] .

To determine the glycan composition analysis of RBD g5.1 and RBD g8.2, single site-specific
glycan analysis was performed utilizing LC-MS. To convey the occupancy and processing states at
each PNGS, the abundances of each glycan was categorized as: oligomannose-type (high mannose,
MansGlcNAc, to ManyGleNAc,, including fucosylated mannose), hybrid- and complex-type divided
in three subgroups; agalactosylated (contains no galactose), galactosylated (containing atleast one
galactose), and sialylated (containing atleast one sialic acid), and unoccupied (no glycan). Core
glycans were also included in the analysis, which represents truncated glycan groups i.e.,

compositions smaller than HexNAc,Hexs.
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Both RBD g5.1 and RBD g5.1 24mer nanoparticles are decorated with six N-glycan site. Three
protease enzymes, trypsin, chymotrypsin and alphalytic protease were used to generate the
glycopeptides. The glycan analysis reveals highly similar glycan composition across both RBD g5.1
and 24mer protein, except N331 and N428 sites showing low glycan occupancy in RBD g5.1
compared to RBD g5.1 24mer nanoparticle (Figure 4.8). The N460 glycan site has shown high
underoccupancy in both the immunogens, RBD g5.1 and RBD g5.1 24mer. Comparison of RBD g5.1
and 24mer indicates high abundance of processed type glycans at glycan site N331, N354, N428 of
RBD g5.1 24 mer. Overall, both the immunogens have shown high presence of processed hybrid-

and complex-type glycans (Figure 4.8).
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Figure 4.8. Glycan compositions of RBD monomer and nanoparticles. The bar graph represents
site-specific glycan analysis at each PNGS present in RBD g5.1 and RBD g5.1 24-mer. Glycans were
categorized and colored according to the detected compositions. Oligomannose-type glycans (M9—
M4) are colored green. Hybrid-type glycans, those containing three HexNAcs and at least five
hexoses, were colored as for complex-type glycans, because one arm can be processed in a similar
manner. Complex-type glycans were categorized according to the number of HexNAc residues
detected and the presence or absence of fucose. Core glycans represent any detected composition
smaller than HexNAc2Hex3. For hybrid- and complex-type glycans, bars are colored to represent
the terminal processing present. Blue represents agalactosylated, yellow galactosylated (containing
at least one galactose), and purple sialylated (containing at least one sialic acid). The proportion of
unoccupied PNGSs is colored gray. Recombinant protein for RBD g5.1 and 24mer was provided by
Dr. Daniel Kulp (Wistar Institute, USA).
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Furthermore, the glycan composition of RBD g8.2 was analyzed, which also seem to elicit
strong humoral response [414]. The recombinant RBD g8.2 protein is decorated with nine N-linked
glycan sites. The N-glycan site, N343, N354, N428 and N481 are showing high abundance of hybrid-
and complex-type glycans (Figure 4.9). The N-glycan sites, N354 and N481, revealed higher glycan
processing and ~50% of sialic acid. However, there are several N-glycan sites which have shown
high underoccupancy, N331, N360, N389, N479 and N536. Perhaps, this could be due to the spatial
conformation of the protein causing steric hinderance and resistance for the ER and Golgi processing
enzymes to access the N-glycan sites. Interestingly, g5.1 has more occupied glycans than g8.2,

suggesting g5.1 may be superior for focusing antibody responses.
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Figure 4.9. Site-specific glycan analysis of RBD g8.2. The bar graph represent glycan composition
at each PNGS of RBD g8.2. Glycans were categorized and colored according to the detected
compositions. Oligomannose-type glycans (M9-M4) are colored green. Hybrid-type glycans, those
containing three HexNAcs and at least five hexoses, were colored as for complex-type glycans,
because one arm can be processed in a similar manner. Complex-type glycans were categorized
according to the number of HexNAc residues detected and the presence or absence of fucose. Core
glycans represent any detected composition smaller than HexNAc2Hex3. For hybrid- and complex-
type glycans, bars are colored to represent the terminal processing present. Blue represents agalacto-
sylated, yellow galactosylated (containing at least one galactose), and purple sialylated (containing
at least one sialic acid). The proportion of unoccupied PNGSs is colored gray. Recombinant protein
for RBD g8.2 was provided by Dr. Daniel Kulp (Wistar Institute, USA). No replicates were done for
this experiment.
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4.8 Discussion

The global impact of COVID-19 has resulted in laboratories across the globe producing recombinant
spike protein for vaccine design, antigenic testing and structural characterization. Whilst the site of
glycan attachment is encoded by the viral genome, the processing of the attached glycans can also
be influenced by a wide range of exogenous phenomena, including recombinant host systems and
processes for production in cell culture. Using immediately available materials, this study compares
the glycosylation of Vero-produced virus preparations for Spike proteins with those of HEK-293
derived recombinant Spike proteins. It is acknowledged that these preparations are likely to differ

from Spike proteins as produced across a range of cells in infected patients.

However, this study shows that when a glycan site is located in regions of the SARS-CoV-2 S
protein which are not readily accessible the glycan site will possess high levels of under-processed
oligomannose-type glycans, a phenomenon that will likely be of a general nature. This conclusion is
derived from the observation that the under-processing of glycans at N234 site was consistently
oligomannose-type across different constructs of S protein, S2P, Closed S, HexaPro and are also
conserved on Vero cell derived S protein derived from infectious SARS-CoV-2. Whilst the presence
of oligomannose-type glycans are rare on the majority of host glycoproteins their abundance on
SARS-CoV-2 is lower than that of other viral glycoproteins and means that the glycan shield density
of this virus is low when compared to HIV-1 Env and Lassa GPC. This is likely to mean that the
immunodominant protein epitopes remain exposed. The processing equivalence between
recombinant and viral derived S protein indicates that recombinant S protein glycosylation for
vaccinations will likely mimic those occurring in human infections and will remain antigenically
comparable. Usually the complex-type glycosylation is driven more by other parameters including

the producer cell and culturing conditions.

One observed exception to this was that the expression of monomeric RBD as opposed to
trimeric S protein does increase glycan branching on the two glycan sites located on SARS-CoV-2
RBD. This suggests that the glycan processing of complex-type glycans, in addition to

oligomannose-type glycans, may also be under structural constraints, albeit to a much lesser extent.
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Self-assembling RBD nanoparticles also revealed higher glycan occupancy than their RBD
counterparts which would be an important factor to consider for nucleic acid delivery of
immunogens. Overall, these results demonstrate that whilst N-linked glycosylation is highly diverse
at certain regions of the S protein, there is a broad consensus of glycan processing with regards to
oligomannose-type glycans between virus and immunogen S protein. This is something which cannot
be taken for granted, as when comparing recombinant and viral derived HIV-1 Env, the reduced
glycan occupancy of immunogens can induce an immune response that is incapable of neutralizing
the virus. The reproducibility of S protein glycosylation in different constructs of S protein, is of
significant benefit for stabilized and enhanced expression of immunogen design, serology testing and
drug discovery and will mean that the glycans of SARS-CoV-2 are unlikely to provide a barrier to

combatting the COVID-19 pandemic.
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Chapter S Signatures of native-like glycosylation in

RNA replicon-derived HIV-1 immunogens

Contributions.

Chapter 5 outlines the assembly and glycan analysis of the HIV-1 Env derived from RNA replicon.
The construct for RNA replicon, BG505 NFL.664, was kindly provided by the laboratory of
Professor Darrell J. Irvine (Massachusetts Institute of Technology, USA). Negative stain-electrom
micrographic (NS-EM) studies were used to confirm the immunogen integrity of Env derived from
RNA replicon and was performed by the laboratory of Prof. Andrew Ward (The Scripps Institute,

USA).

5.1 Introduction

The response to the recent pandemic has highlighted the value of adenoviral [443] and RNA-based
immunogens [296]. A major advantage is the speed at which they can be deployed in comparison to
traditional protein-based immunogens [311,444,445]. However, one potential limitation is that the
viral immunogens must be entirely encoded by the nucleotide sequence and there is no opportunity
for post-expression purification that is typically implemented in the production of recombinant-based
immunogens [254,274,446]. Therefore, there is considerable interest in understanding how RNA-
based and adenoviral-based immunogens are assembled in sifu [126,426] and how nucleotide editing
can help shape this process [268]. In HIV-1 vaccine research, understanding immunogen assembly
is particularly important because it is thought that in order to elicit a broadly neutralizing antibody
(bnAb) response [246] the immunogen must display native-like assembly [260,283,447—449], post-
translational modifications [286,375,450], and minimal amounts of non-native material
[279,280,283,451,452]. One of the leading HIV vaccine strategies aiming at eliciting bnAbs does
however entail targeting particular B cell lineages with highly engineered immunogens but this
strategy also includes immunization with a final ‘polishing immunogen displaying native-like

features’ [265,287,453,454].

114



RESULTS IlI

The HIV Envelope glycoprotein (Env) has emerged as the main focus for HIV-1 vaccine
design and there have been considerable developments in the production of native-like Env
glycoproteins [201-203,452,455-458]. Manufacturing of viral spike has proved challenging as the
viral glycoprotein is metastable and requires complex post-translational maturation. In a native
setting, the env gene is translated as a gp160 polypeptide which is heavily glycosylated and is
proteolytically cleaved via furin into gp120 and gp41 heterodimers which trimerize to form a spike
on the virus surface [205,459]. A breakthrough strategy in recombinant production involved
solubilizing the protein by adding a stop codon at position 664 to prevent the translation of the
transmembrane domain, disruption of the fusion mechanism of gp41 by the insertion of I559P
mutation, and the use of stabilizing disulfide bonds, collectively referred to as SOSIP.664
[201,202,260]. This format is dependent on furin cleavage, and despite optimization of the furin
cleavage site can still exhibit incomplete cleavage and resulting material usually requires post-
expression purification [254].

The dependence on protease cleavage can be bypassed using single-chain constructs, such
as the natively flexible linked format (NFL.664) [217-219]. The assembly and glycosylation of
NFL.664 and SOSIP.664 are known to be highly similar and are of particular interest in nucleotide-
based immunogen design [217]. However, as these recombinant formats generally require post-
production purification, we are interested in the assembly of RNA-derived immunogens where this
process is precluded and where there is consequently an elevated potential for the production of non-
native-like material. Glycosylation is highly sensitive to three-dimensional macromolecular
architecture [125,214] and we can utilize site-specific analysis of potential N-linked glycosylation
sites (PNGS) to monitor immunogen assembly [374,460].

One such important signature in immunogen assembly is the preservation of underprocessed
oligomannose-type glycan structures. Previous studies have demonstrated the presence of an
extended cluster of oligomannose-type glycans, known as the intrinsic mannose patch (IMP), at the
outer domain of gp120 [232]. The IMP sites are known to be highly conserved [461] and a target of
numerous broadly neutralizing antibodies [246]. However, this region is known to be a characteristic
of the monomeric gp120 and previous analyses of recombinant native-like trimers and virion-derived

Env have demonstrated the presence of an additional so-called ‘trimer-associated mannose patch’
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(TAMP) on the native-like trimer [214,231]. The presence of these glycans at protomer interfaces is
linked to the quaternary structure of the protein and they usually arise due to steric occlusion of
glycan processing enzymes [18]. These glycans often contribute to the epitopes of many broadly
neutralizing antibodies and can also influence immunogen trafficking [122,215]. In contrast to
oligomannose-type glycans which are predominantly dependent on the macromolecular architecture,
complex-type glycans are known to be substantially influenced by the host cell [3,210]. Fine glycan
processing in complex-type glycans, such as changes in sialylation or fucosylation can also influence
antibody binding [120,275].

This study utilized glycopeptide analysis as a probe to understand the assembly and protein
architecture-dependent glycan signatures of Env derived from RNA-based immunogens. The
production of immunogens arising from the alphavirus-based replicon system was examined [462].
This system exhibits self-amplification within the target cell via the transcription of non-structural
proteins which copies the replicon RNA in addition to desired proteins, in this case BG505 NFL.664
Env protein. Although RNA replicons are an effective platform for delivering viral glycoprotein
[304,305,313,463], the requirement for high-fidelity folding in HIV-1 has prompted us to examine
the assembly and processing of the Env protein. This study further investigate how assembly can be

influenced by nucleotide editing.

5.2 Expression and characterization of single-chain replicon

HIV-1 immunogen

In order to investigate the entire population of Env products produced by replicon-mediated
expression we analyzed the supernatant captured by a broad-acting lectin, Galanthus nivalis lectin
which binds to a@-1,3 mannose linkage found on most of the viral glycoproteins. The resulting Env
protein was analyzed by negative stain-electron micrography (NS-EM) and liquid chromatography-
mass spectrophotometry (LC-MS).

The replicon system derived from the Venezuelan equine encephalitis virus (VEEV) was
used for the expression of HIV-1 Env. The VEEV genome encodes for non-structural proteins (nsp1-

4) including the replicase (RNA dependent RNA polymerase complex) and the structural genes,
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separated by sub genomic promotor (SGP), which drives the transcription of structural proteins of
the RNA, thus has a potential for sustained expression. The VEEV genome was used as a backbone
as described previously [313] with structural genes replaced with single-chain natively flexible
linked HIV-1 Env trimer of the clade A strain of HIV-1, BG505 (Figure 5.1.A). The design of the
so-called BG505 NFL.664 trimer has been described previously [217,218] and is summarized in
Figure 5.1A.

To express the Env protein using the VEEV replicon, plasmid DNA containing the VEEV’s
genome and BG505 NFL.664 genes was transcribed into RNA using an in vitro transcription (IVT)
reaction, followed by the clean-up of RNA as described previously [304,313]. Transfection of
purified RNA in human embryonic kidney (HEK) 293F cells was harvested and further purified using
Galanthus nivalis lectin (GNL). This purification method was selected as GNL binds to the core of
all N-linked glycans and thereby facilitates the analysis of the whole Env protein fraction, regardless
of its native configuration. As the replicon-based immunogen delivery eliminates post-expression
purification, GNL beads were used to purify the whole Env material. SDS-PAGE was run to confirm
the presence of protein in purified material (Figure 5.1.B). Furthermore, NS-EM was utilized to
determine the proportion of Env protein derived from replicon expression displaying native-like
conformation. NS-EM analysis revealed that 83% of the total protein structure is trimeric and 17%
constitutes non-native material (Figure 5.1.C). Non-native material has been known to elicit non-

neutralizing antibody responses [279,451].
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Figure 5.1. Expression of replicons encoding soluble single chain HIV-1 immunogen (BG505
NFL.664) A) Schematic representation of the BG505 NFL.664 replicon constructs. The domains of
the construct illustrated are: Venezuelan equine encephalitis vector (VEEV), non-structural proteins
(nsp’s), sub genomic promoter (SGP), ampicillin resistance (AmpR), origin of replication (ori),
Untranslated region (UTR). B) SDS-polyacrylamide gel electrophoresis analysis of the replicon
expressed BG505 NF.664 Envelope in human embryonic kidney (HEK) 293F cells purified using
Galanthus nivalis (GNL) lectin beads. C) Representative of NS-EM image of BG505 NFL.664 Env
particles secreted by HEK 293F cells transfected with replicon RNA. D) 2D class averages of the
particles. Amongst all of the particles imaged, 17% fall within class averages corresponding to non-
native conformations shown in yellow. The NS-EM analysis was performed by Wen-Hsin Lee and
Dr. Gabriel Ozorwoski (The Scripps Research Institute, USA).

5.3 Site-specific glycan characterization of replicon expressed

HIV-1 Env protein.

To characterize the glycosylation of replicon-expressed Env, the site-specific glycan compositions
were resolved using three or more biological replicates of Env expressed in mammalian cells, HEK
293F (Figure 5.2.A and B). To quantify the glycan compositions at each site, we digested
glycopeptides using three protease enzymes, trypsin, chymotrypsin, and alpha lytic protease (ALP).
These proteases were utilized to generate the glycopeptides containing a single N-linked glycan
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sequon and the resulting glycopeptides were analyzed using LC-MS. The glycan compositions across
the 28 N-glycan sites were ascertained; nonetheless, there were certain sites for which replicates
could not be obtained, resulting in their presentation without error bars (Figure 5.2.B). To display
the glycan compositions on HIV-1 Env, the glycan composition was modelled onto the trimeric Env
based on the percentage of oligomannose-type glycan present at each site (oligomannose-type, 100-

80%; mixed, 79—30%; and complex-type glycans, 29—0%; Figure 5.2.A).
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Figure 5.2. Glycosylation on the replicon expressed soluble NFL Env trimer. A) Representative
glycans are modelled onto the HIV-1 Env trimer (PDB ID 5C7K) [206]. All the 28 N-glycans are
mapped on the model based on abundance of oligomannose content as defined by the key. Less or
underoccupied sites are highlighted in gray. B) Site-specific analysis of the replicon expressed
BG505 NFL.664. Three or more biological replicates of BG505 NFL.664 were produced in
HEK293F to generate the glycan compositions. Bars represent the mean + the standard error of the
mean of the biological replicates of expressed protein analyzed. Oligomannose-type glycans
Mans;GIlcNAc, to MangGlcNAc, are represented as M3 to M9 and fucosylated glycans are
represented as F.

Prior studies demonstrated that changes in the abundance of underprocessed glycan structures
can indicate changes in the fine structure of the protein. To determine the presence of native-like
glycan signatures, the glycosylation patterns were compared across RNA replicon expressed Env in
this study (Figure 5.2A and 5.2B; Table 5.1) with previously analyzed virion-derived Env [3,222]

and recombinant Env protein [2,18,217,335]. The glycan analysis revealed a highly similar
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oligomannose-type and hybrid-type glycan content, with localized variations occurring. A high
proportion of oligomannose-type glycans within the IMP and TAMP was observed, aligning with a
native-like architectural pattern [18,214]. For example, N332 within IMP displayed 100%
oligomannose-type glycans with a predominance of Mang oGIcNAc, glycan structures (Figure 5.2.A
and 5.2.B).

In contrast to oligomannose-type glycans, complex-type glycans are typically not significantly
influenced by the protein structure of Env but rather by the host cell used for expression [210]. The
complex-type glycans were observed at several sites including N88, N133, N142, N185h, N301,
N398, N462 and the gp41 sites N611 and N618 (Figures 5.2.A and 5.2.B). This is consistent with
the glycan composition observed in recombinant production via plasmid DNA described in later
sections of this study, Figure 5.6, and with previous observations of native viral spike and

recombinant Env protein [2,3,217,335].
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Table 5.1. Glycan composition analysis of replicon expressed env in HEK 293F cells. The upper
table shows the categorized glycan compositions at each N-linked glycan site with the reported value
the mean of three or more biological replicates. The global averages are shown in the right-hand
table. The lower table further categorizes the glycan compositions into oligomannose-, hybrid-, and
complex-type as well as the percentage of glycan compositions containing at least one fucose or one
sialic acid residue and core-type glycan structures.
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Another parameter which influences the elicitation of antibodies is glycan site occupancy, as
so-called ‘glycan holes’ have the potential to elicit non-neutralizing antibodies that can dilute the
desired immune response [259]. The glycan-hole antibodies can be neutralizing but are usually
strain-specific, autologous neutralizing antibodies [464]. In our analysis, several sites on replicon
expressed Env are showing a population of unglycosylated peptides containing PNGS, N185¢, N197
and within gp41 at sites, N611, N618, and N625 (Figures 5.2.A and 5.2.B). Similar underoccupancy
has been observed previously within recombinant native-like trimers and has resulted in non-
neutralizing antibody responses [3,261,268,465]. For example, RM20E1 antibody isolated from a
BG505 SOSIP.664-immunized macaque is directed to the glycan hole at N611 [259,268]. The

application of approaches to enhance glycan occupancy is demonstrated in later sections of this study.

Overall, our glycosylation analysis reveals the glycan signature characteristic of a native-like

trimer on Env derived from replicon RNA. As an increasing number of RNA-based vaccine
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candidates are being developed, glycan analysis offers a route to probe immunogen integrity and to

give insight into the scope for improving immunogen assembly.

5.4 Non-native material exhibits near native-like glycosylation

While the majority of the glycosylation sites within an intrinsic mannose patch are known to display
under processed oligomannose-type glycans, any changes in glycan processing at these sites can
provide an insight about structural changes in the trimeric structure of Env. Thus, glycans at these
sites can be used as a sensitive reporter to signify the presence of non-native constituents in the
expression. From NS-EM data, it was revealed that a certain proportion of the Env material expressed
by replicon RNA contains non-native material. To confirm whether the presence of non-native
material impacts immunogen glycosylation, the site-specific glycan analysis of replicon-expressed
Env purified via GNL with the Env purified via trimer-specific antibody, PGT145 were compared
[254]. To detect the differences in glycan processing, the glycan processing of oligomannose-type
glycans at the IMP were considered, as these sites are under less influence from quaternary structure
and their glycan processing states are known to be indicative of native-like conformations within the
gp120 outer domain [18,232].

The glycosylation sequon at N262 is known to be highly conserved as the protein-proximal
stem of the glycan is largely buried in a protein cleft [207,228,229]. Due to steric hindrance, this site
is exclusively dominated by oligomannose-type glycans on HIV-1 Env and presents prominently
ManoGlcNAc, glycan structures [2,3,214,217]. Similar glycan compositions were observed in Env
purified by GNL and PGT145; however, within our GNL-purified Env, a minor population of
glycans exhibiting elevated trimming, Mans.oGlcNAc,, was identified (Figures 5.3.A and 5.3.B).
This is consistent with the presence of a non-native fraction in the GNL-purified Env which is
eliminated when purified with a trimer-specific antibody. The N332 site presents less processed
oligomannose-type glycans in both GNL and PGT145 purified Env which is consistent with previous
findings [217,335]. We observed higher glycan processing at other IMP sites, N339, N363, N386,
and N448 on GNL purified Env (Figure 5.3.A and 5.3.B). The glycosylation composition of all the

TAMP sites of Env produced by PGT145 purification could not be obtained. However, in GNL
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purified material native-like glycosylation was observed at the TAMP sites, thereby demonstrating
native-like glycan signatures independent of a quaternary architecture-specific purification stage
(Figure 5.2).

To investigate the alterations in glycosylation across all N-glycan sites on the Env protein, the
percentage point differences in ManyGlcNAc; presentation by Env purified via PGT145 and GNL
were plotted. (Figure 5.3.C). ManyGlcNAc,; abundance was selected as a reporting parameter to
unveil distinctions in glycan processing. A prevalence of less processed ManoGIcNAc, glycan
content was noted at multiple sites, including N197, N234, and N392, within Env purified by
PGT145 in comparison to GNL purification (Figure 5.3.C). This suggests that the total material in
GNL-purified Env does contain some constituents which allow the material to be more processed
and thus reflect changes in structural conformation consistent with the NS-EM observations. These
non-native constituents do get eliminated when we purify the protein with PGT145 antibody which
binds only to Env which presents a native-like quaternary trimeric structure. Overall, our findings
suggest that the elimination of post-production purification in replicon expressed Env exhibits some
proportion of Env displaying slightly enhanced glycan processing. This reflects the presence of some

non-native constituents which is consistent with the NS-EM results.
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Figure 5.3. Comparison of glycan composition of replicon expressed BG505 NFL.664 Env
purified using GNL and PGT145 affinity purification. A) Representation of glycan composition
of the intrinsic mannose patch sites on Env purified via GNL and PGT145. Oligomannose-type
glycans Man3;GIcNAc; to ManyGIcNAc; are represented as M3 to M9. B) Percentage point change
in oligomannose-type glycan content on Env purified via PGT145 versus GNL. The elevation in
glycan composition on Env purified by PGT145 compared to GNL is represented in light to dark
blue, respectively whereas the decline in glycan composition is shown in yellow to red, respectively.
C) A map of the differences in Many¢GlcNAc, (Man9) abundance between Env purified by PGT145
and GNL affinity purification plotted on a model based on PDB 5C7K. The structural integral glycan
site, N262 is shown with orange outline. The sites which were not determined are shown in white;
n.d., not determined.

5.5 Cell-directed glycosylation changes in Env protein

expressed via replicon

In this section, the glycan composition of the replicon expressed Env was subsequently analyzed in
various cell lines, encompassing mouse muscle (C2C12) and dendritic (DC2.4) cell lines. These cell
lines were selected due to their potential role as predominant cell types at the site of intramuscular
RNA injection in host cells. Firstly, the Env was expressed using different production systems and
the expression of protein was analyzed by western blot (Figure 5.4). No Env expression was

observed in primary dendritic cells, which can be attributed to their inherent difficulty in transfection.
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L- Ladder
1-GMP S0SIP
2 = Recombinant BG505 NFL.664
3 - VEEV NFL 293F
4 —=VEEV NFL C2C12
5-WVEEV NFL C2C12
6—-VEEVNFLDC2.4
7 = VEEV NFL primary dendritic cells
Figure 5.4. Western blot of Env expressed in different production systems. The blot was stained

using primary antibody, human VRCO1 and secondary antibody, Goat pAb Hu IgG-HRP. Detection
of western blot was carried out using Amersham ECL reagent.

To understand the glycan composition of replicon expression at cell-specific level, Env was
expressed in different cell lines, including HEK 293F, DC2.4, and C2C12. Three biological replicates
were performed across these different cell lines to generate site-specific glycan compositions (Figure
5.5). Highly similar oligomannose-type glycans were observed across these cell lines, characterized
by the presence of conserved IMP and TAMP glycosylation sites. These observations are consistent
with the previous finding that HIV-1 Env glycosylation is heavily influenced by the quaternary
structure of the protein as glycan processing is conserved at many sites despite changes in the cell
line used for expression or culture conditions [232]. However, divergent glycan processing of hybrid-
and complex-type glycans on replicon expressed Env were detected in different cell lines. For
example, Env produced in C2C12 and DC2.4 cells presented elevated levels of processing of
complex-type glycans compared to those from Env expressed in HEK 293F cells (Figure 5.5 and
5.6). High glycan occupancy and processing at gp41 sites on Env expressed in C2C12 cells were
observed (Figure 5.5B). Whilst there are differences in glycosylation at a site-specific level between
Env derived from different cell lines, there were no substantial differences in Env glycan

compositions when comparing material, from the same cell-type, whether expressed via plasmid
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DNA or replicon RNA (HEK 293F; Figure 5.6). This highlights that Env glycan composition is

largely independent of the immunogen delivery platform investigated in this study.
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Figure 5.5. Glycan analysis of Env derived from replicon expressed in different cell-types A)
HEK 293F, B) C2C12, and C) DC2.4 cells. The bar graph represents the three biological replicates
(+/- SEM) of expanded glycan compositions observed across all the PNGS.

128



RESULTS IlI
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Figure 5.6. Site-specific glycan analysis of Env produced from replicon RNA across different
production systems. The bar graphs represent the glycan composition observed at each N-glycan
site with the average of three or more biological replications produced in different production
systems. The glycan compositions are represented in three categories, underprocessed glycan
structures which includes both oligomannose-type and hybrid-type glycans, complex-type which
includes highly processed glycan compositions and core-truncated structures, and unoccupied which
represents no glycan on N-glycan site. n.d., not determined.

Furthermore, in order to highlight the differences in site-specific glycan processing, a selection
was made of one site characterized by a high prevalence of under-processed oligomannose-type
glycans (N332), another exhibiting a mixture of complex- and oligomannose-type glycans (N355),
and a third displaying predominantly complex-type glycans (N88). At the N332 glycosylation site, a
predominance of less processed Mans.oGlcNAc, glycan compositions in Env derived from all four
expression systems was observed. However, an elevated levels of the more processed MansGlcNAc;
glycan was noted in dendritic cell-derived Env, although this glycan constituted only ~10% of the
population and Mang.oGIcNAc, remained the most abundant glycan species.
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The N355 and N88 glycosylation sites presented a diverse mixture of oligomannose-, hybrid-,
and complex-type glycans across all expression systems. However, N355 showed a higher abundance
of oligomannose-type glycans compared to N88, which presents 80—-90% complex-type glycans
(Figure 5.7). The population of oligomannose-type glycans observed at both these sites are more
processed than those of N332, consistent with lower steric exclusion. Furthermore, the population
of hybrid- and complex-type glycans observed at these sites are quite diverse. Compared to N355,
the N88 site showed greater amounts of hybrid-type glycans on Env derived from muscle and
dendritic cell lines (Figure 5.7). The presence of hybrid-glycans is noteworthy as they can form

targets for bnAbs [277].
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Production systems:

1. DNA expressed env, HEK293F
2. Replicon expressed env, HEK293F
3. Replicon expressed env, C2C12
4. Replicon expressed env, DC 2.4
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Figure 5.7. Differential glycan composition on Env expressed in different cell lines. Glycan
composition at glycan sites N88, N355 and N332. Four different production systems were used as
described in the key, including expression in three different cell lines, HEK293F, C2C12 and DC2.4
cells. All the glycan composition observed in the site-specific analysis are shown on the left,
simplified in distinct categories represented as, core, oligomannose-type, and complex-type glycans.
Some compositions annotated as complex-type glycans can exhibit isomers formally constituting
hybrid-type glycans. Represented glycan compositions are colored according to the scale provided
in the right for each category of glycan composition.
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In contrast to oligomannose-type glycans, the attachment of different monosaccharides within
complex-type glycans is more heavily influenced by the host cell [466], culture conditions or
supplements provided for protein expression [467]. For example, in contrast to Env derived from
C2C12 and DC2.4 cells, at N355 and N88 on material produced in HEK 293F cells, a high percentage
of fucosylated species (~40%) and a lower percentage of sialylated species (10-20%) were observed
(Figure 5.8). These observations are consistent with previous studies of glycoprotein derived from

HEK 293F cells which have shown high levels of fucosylation but low sialylation [468,469].

A Complex site (N88) B Mixed site (N355)
80+ 40+
60-
X 40+ X 204
20+
0- = = 0-
HEK 293F C2C12 DC2.4 HEK 293F C2C12 DC2.4

1 Fucosylation 1 Sialylation

Figure 5.8.Complex-type glycan abundances in replicon expression of env observed across
different cell lines. The levels of fucosylation and sialylation observed on env expressed in HEK
293F, C2C12 and DC2 .4 cells of the two N-linked glycan sites A) Complex site, N88 and B) Mixed

site, N355, are displayed. The bar graphs represent the percentage of fucosylation, and sialylation
represented in pink and purple, respectively.

Overall, these findings are consistent with earlier observations that cell origin can impact
glycosylation. For example, high sialylation is prevalent on Env derived from peripheral blood
mononuclear cells (PBMCs) [210]. These features of glycan heterogeneity are important to note as
they can influence the function of proteins, such as in immune modulation [466,470]. Whilst the
glycosylation of complex and mixed sites on Env is heavily influenced by producer cells, the
occupancy at all glycan sites tends to be more conserved, although we do detect some variations
(Figure 5.6). However, these findings underscore the influence of the producer cells on Env

glycosylation, it will be important to extend these observations into in vivo settings [215,275,277].
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5.6 Targeted repair of glycan occupancy

RNA-based immunogens eliminate the possibility of post-expression purification of the desired
product and thus improvements in immunogen assembly can only be achieved at the nucleotide level.
In this study, various features of replicon expressed Env glycosylation were observed, which could
elicit non-neutralizing antibody. One of the features is glycan underoccupancy which is an important
parameter to consider in the case of HIV-1 immunogen design. In site-specific analysis data, there
were a few N-glycan sites which presented low occupancy, N185e, N197, N611, N618, and N625
(Figures 5.2.A and 5.2.B). To improve the glycan occupancy, an approach previously applied by
Derking et al. [268] on recombinant HIV-1 Env to augment the glycan occupancy was employed.
The rationale behind this strategy is that the enzyme involved in glycan attachment from the dolichol
phosphate to the asparagine site, oligosaccharyltransferase (OST) [471,472] has a higher affinity
towards NXT than NXS glycan sequon [268,269]. The same strategy was sought to be applied to
replicon-expressed Env, and three sites presenting low occupancy and featuring serine at the third
position of the N-glycan sequon (N185e, N197, and N611) were selected for targeted enhancement

of glycan occupancy (Table 5.2).
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Table 5.2. The table representing PNGS across the Env amino acid sequence of BG505 NFL.664
The N-linked glycosylation usually occurs on NXS, or NXT is shown on the right side of the table
present on each N-glyan site. Hxb2 sequence number is used as a reference.

Hxb2 PNGS Aminoacid sequon
58 N88 NXT
103 N133 NXT
107 N142 NXT
118 N156 NXS
122 N160 NXT
152 N185e NXS to NXT
155 N185h NXS
167 N197 NXS to NXT
204 N234 NXT
232 N262 NXS
246 N276 NXT
265 N295 NXT
271 N301 NXT
301 N332 NXS
308 N339 NXT
324 N355 NXT
332 N363 NXS
355 N386 NXS
361 N392 NXT
367 N398 NXS
374 N406 NXT
379 N411 NXS
416 N448 NXT
430 N462 NXT
585 N611 NXS to NXT
592 N618 NXS
599 N625 NXT
611 N637 NXT

The N-linked glycosylation usually occurs on NXS, or NXT is shown on the right side of the table
present on each N-glyan site. Hxb2 sequence number is used as a reference.

Sequential mutagenesis was carried out at each site, and all three site-specific mutations were

introduced into a single plasmid for the transcription of RNA, resulting in the expression of modified
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Env, herein referred to as the 'mutant'. The RNA construct with the original, unaltered gene sequence
for the BG505 NFL.664 Env is designated here as the 'wild-type' (WT). In this section, site-specific
glycan analysis was performed on the mutated Env and compared it with the WT Env to determine
any improvement in glycan occupancy. The N185e site contains mostly unoccupied glycans (~90%)
on WT Env. However, when serine adjacent to N-linked glycan site was substituted with threonine,
the glycan occupancy was restored to 50% (Figures 5.9A. and 5.9.B). Similarly, the N197 and N611
sites were less occupied on WT Env but when altered, are almost fully occupied (Figures 5.9.A and
5.9.B). Subsequently, a comparison was made between the percentage point changes in glycan
composition of the wild-type (WT) and the mutant variants, revealing a notable increase in glycan
occupancy at all three glycan sites in comparison to the WT Env. (Figures 5.9.C and 5.9.D).
Furthermore, to explore the effect of these mutations on all the PNGS including these edited sites,
was investigated by mapping the percentage point changes in glycan occupancy observed on WT
Env compared to mutant Env (Figure 5.9.D). It was observed that N625, N637, and N234, which
are situated in proximity to the modified site N611, exhibited greater occupancy on the mutated Env
compared to WT Env (Figure 5.9.D). However, the N618, which is adjacent to the N625 site,
decreased in occupancy on mutated Env are more occupied compared to WT Env that display low
glycan occupancy. Overall, there is a significant increase in glycan occupancy suggesting nucleotide
editing can be used to improve RNA-based immunogens. It is anticipated that this strategy will prove

useful in the development of lead immunogens by helping reduce off-target antibody responses.
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Figure 5.9. Changes in glycan occupancy by nucleotide editing. A) Bar graph representing glycan
occupancy on wildtype Env, B) mutant Env with NXS to NXT mutation and C) wildtype versus
mutant Env. The three sites, N185e, N197, N611 which were NXS on wildtype have been edited to
NXT. The percentage glycan occupancy is shown in violet and unoccupancy at glycan sites in grey.
D) A model of HIV-1 Env based upon PDB ID 5C7K, mapped with the percentage point differences
in glycan occupancy in WT Env compared to mutant Env. Not determined glycan sites are shown in
white.
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5.7 Discussion

This study is aimed to understand the assembly and glycan composition of the single-chain soluble
trimeric HIV-1 Env derived from RNA replicon. Since, this approach eliminates the possibility of
control at post-expression level in in vivo settings compared to traditional protein-based vaccines,
we analyzed the entire population of Env expressed by RNA replicon captured by broad-acting lectin,
Galanthus nivalis lectin (GNL) beads. From NS-EM studies, this study revealed that the majority of
the Env expressed by replicon were trimeric but there was a slight proportion of Env products
constituting non-native material. Furthermore, we determine the site-specific glycan compositions
across all the PNGS to investigate the native-like signatures typically observed on native-like viral
Env.

One such feature is conservation of oligomannose-type glycans at IMP and TAMP regions.
These regions were observed to be conserved, displaying a substantial prevalence of oligomannose-
type glycans on Env derived from the replicon. These regions serve as an epitope for many broadly
neutralizing antibodies and additional insights regarding the conservation of these epitopes on Env
expressed via replicon could be gleaned through ELISA and FACS assay. While this aspect was not
explored in my thesis, it holds relevance for future work. Site-specific glycan analysis also revealed
similar level of complex-type glycans across Env produced by replicon and plasmid DNA. However,
there were few sites presenting glycan underoccupancy, but similar underoccupancy has been
observed previously within recombinant native-like trimers [3]. Overall, this study reveals the native-
like glycan characteristics on Env derived from replicon RNA. However, some proportion observed
in NS-EM suggests the presence of non-native like constituents, so to explore that the glycan
compositions of Env purified by GNL was compared with an affinity purified Env using quaternary
epitope specific antibody, PGT145. To detect the differences in glycan compositions, the glycan
processing of oligomannose-type glycans across IMP sites was considered, as these sites are under
less structural constraints. Glycan analysis revealed that the GNL purified Env presented more
processed oligomannose-glycan structures compared to Env purified by PGT145. This suggests that
there is a presence of some material in GNL purified Env which allow the material to be more

processed and thus reflect changes in the structural conformations consistent with NS-EM. However,
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this potentially suggests that the presence of non-native material is likely due to the absence of post-
expression purification and not because of the replicon-based expression.

Furthermore, the glycosylation of material derived from cell-types that likely produce
immunogens near the site of intramuscular RNA injection was explored. This study reveals that
replicon-transformed dendritic and muscle cell lines generate immunogens displaying similar
oligomannose-type glycan content, whereas sites presenting complex-type glycosylation differed
substantially in the levels of glycan processing. Overall, the control of the immunogen assembly by
protein engineering is sufficient to drive native-like glycosylation at the majority of glycosylation
sites independent of producer cells. Furthermore, there were few sites with low glycan occupancy at
several sites on Env expressed by replicon RNA and plasmid DNA. To enhance glycan occupancy,
the nucleotide-editing approach previously employed on recombinant HIV-1 immunogens was
utilized to engineer the RNA. [268]. The strategy is based on the rationale of
oligosaccharyltransferase having more affinity towards NXT than NXS. Threonine was substituted
with serine at sites characterized by low occupancy, resulting in an observed elevation of glycan
occupancy on Env generated by the edited version of replicon RNA.

In conclusion, the mRNA expressed Env exhibits majorly native trimeric structure and glycan
compositions with conserved IMP and TAMP sites and near native-like complex-type glycans.
However, there were few N-glycan sites showing low glycan occupancy on replicon expressed Env,
which similarly have been observed on recombinantly expressed Env. This study is limited to the
analysis of soluble Env, it would be important to look at the glycan analysis of full-length membrane-
bound HIV-1 Env, currently favored for nucleotide-based vaccines, is less likely to exhibit glycan
holes [2,3]. Additionaly, the immunogenicity and binding assays would be quite relevant to

understand the efficacy of these vaccine candidates in eliciting neutralizing antibodies.
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Chapter 6 Concluding remarks and perspectives

In this thesis, a quantitative site-specific mass spectrometric methodology was employed to
understand the glycan shields of immunogens expressed recombinantly and via RNA delivery

systems.

This thesis reveals the influence of proline mutations on glycan composition analysis of
recombinant SARS-CoV-2 spike protein (S2P and HexaPro) and compares it with the native viral
glycosylation. Overall, the glycan compositions are highly similar, with few variations occurring at
the site-specific level. This has been supported by the MD-simulation studies which reveals similar
protein conformations between S2P and HexaPro. Furthermore, serological studies of HexaPro and
2P suggests highly similar binding with sera isolated from COVID-19 infected patients. Interestingly,
the S protein treated with kifunensine aim to elicits all oligomannose-type glycans, demonstrates
similar sera binding as untreated S protein. This underscores that the fine processing in glycan
composition within SARS-CoV-2 S are unlikely to substantially impact the immune response when
compared to the heavily glycosylated viruses like HIV-1, where numerous glycans serve as an

epitope for antibodies.

This thesis compares the glycan processing in various SARS-CoV-2 S protein variants which
are designed to stabilize the S protein in prefusion conformation. As this conformation is known to
contain the epitopes for neutralizing antibodies and thus holds more potential as a vaccine
immunogen. Additionally, these recombinant proteins also serve as a valuable resource for
diagnostics and research purposes, therefore different variants have been developed to enhance
protein stability and expression. This thesis reveals the glycosylation of SARS-CoV-2 S2P, HexaPro,
and Closed-S, differes in RBD configurations. Overall, these variants present highly similar glycan
composition, with slight variations at site-specific level. Notably, the N234 site which is inherent to
the structural property of the S protein was conserved across all these variants and on native virion.
However, the complex-type glycan processing, including sialic acids addition, differs between native
virions and recombinant S proteins. Despite these changes in complex-type glycan processing, the

vaccine is able to provide the protection. One such example is of Novavax vaccine candidate
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produced in insect cells, which displays distinct complex-type processing compared to mammalian-
cell produced S protein, has demonstrated efficacy of 85% for the B.1.1.7 SARS-CoV-2 variant

[117,473].

The development of SARS-CoV-2 vaccines has demonstrated the efficacy of RNA-based
platform for the rapid design and testing of new vaccines. However, one potential limitation of RNA-
based vaccines is that the viral immunogens must be entirely encoded by the nucleotide sequence
which precludes the opportunity for post-expression purification commonly employed in the
production of recombinant-based immunogens. Therefore, it is important to understand how the
protein is assembled in situ and is particularly important in case of HIV-1 vaccine, where immunogen
assembly and conservation of glycan epitopes are important to elicit broadly neutralizing antibody
response and thus required to mimic native-like assembly and post-translational modifications.

This thesis demonstrates the assembly and glycan composition of single-chain soluble trimeric
HIV-1 Env derived from RNA replicons. Native-like glycan processing and assembly is
demonstrated in majority of the resulting material, as well as cell-specific glycosylation of muscle
and dendritic cells that predominate at the site of RNA injection. Replicon-transformed dendritic and
muscle cell lines generate immunogens displaying similar oligomannose-type glycan content,
whereas sites presenting complex-type glycosylation differed substantially in the levels of glycan
processing. This is consistent with previous studies, as the composition of complex-type glycans is
dependent on the repertoire of glycosyltransferases of the producing cells [23]. Overall, the control
of the immunogen assembly by protein engineering is sufficient to drive native-like glycosylation at
the majority of glycosylation sites independent of producer cells. Furthermore, this study shows that
the nucleotide editing can enhance the glycan occupancy of RNA replicon-derived immunogens.
Controlling immunogen assembly at the nucleotide level offers a route to enhanced RNA-based

immunogens.

While glycan occupancy and native-like glycosylation are an important aspect to consider in
vaccine design, merely mimicking of native-like viral spike may not be sufficient. For instance,
highly engineered immunogen, eOD-gt8 60-mer, germline-targeting strategy has revealed the

elicitation of both B and T cell responses against the HIV-1 immunogen in both clinical and pre-
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clinical studies [288,289]. However, this approach also involves the immunization with a final
‘polishing immunogen’ displaying native-like features for elicitation of matured antibodies.
Therefore, it is important to explore strategies to stabilize the Env structure and filling the artificial
glycan holes. Furthermore, in this thesis, I have analyzed the glycan analysis of soluble
glycoproteins, it will be important to extend these observations to the membrane-associated Env
which would potentially be more suitable vaccine candidates for RNA-based platforms. RNA
encoding transmembrane proteins and virus-like particles (VLPs) are currently being utilized in
preclinical studies. The expression and antigenicity data of VLPs are described in Appendix C, which
is part of future work. In addition, cell-specific glycosylation experiments are carried out in in vitro
settings, it will be important to know about the glycosylation compositions of vaccine candidates

expressed in in vivo settings.

Overall, this thesis highlights the pivotal interplay between protein architecture, production
routes, and glycan processing which will illuminate how viral immunogens work and aid in their

optimization.
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Appendix A Molecular dynamics simulation data of

HexaPro and 2P S

A.1  Comparison of ASA values between two-RBD-up HexaPro and 2P
S protein

30 Chain A 7 Higher ASA in 2P

Higher ASA in HexaPro

30 Chain B

AASA (nm?)

30 Chain C .

SO ooMmS
NOTANTAODNONONEANOMONO®
MNAITANTOMOMTOANO A0 OO o
TONMNAAddNNNNOOONNMNOAAAAAA
Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z22Z2Z2Z2Z2Z22Z2ZZ2

Figure A.1. AASA is calculated as the arithmetic difference between the ASA values (ASAz»p —
ASAnexarro) averaged over the last 50 ns of the simulations and across three replicate simulations. A
positive value thus represents a lower accessibility in HexaPro, therefore a potential increase in
oligomannose-type glycans, and vice versa. The error bars show standard deviations along the
trajectories and across repeat simulation. The simulations were performed by the laboratory of Prof.
Bond (A*STAR Bioinformatics Institute, Singapore).
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A.2 Comparison of glycan N165 from simulations of two-RBD-up
HexaPro and 2P S protein variants

HexaPro S2P

Figure A.2. Snapshot at the beginning (left) and at the end (middle) of the HexaPro simulation,
highlighting N165 glycan from chain A. Snapshot at the end of the 2P simulation (right) showing the
same glycans. Protein is shown in surface representation and coloured pink (chain A), cyan (chain
B), or green (chain C), whilst the glycan is shown in stick representation and coloured in orange. The
simulations were performed by the laboratory of Prof. Bond (A*STAR Bioinformatics Institute,
Singapore).
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A.3 Comparison of protein dynamics between HexaPro and 2P

QR KR KR
A Sl
Chain A | V/
15 T \l ” | |\ oP
RBD ¢ @oee

_| HexaPro one-RBD-up
HexaPro two-RBD-up

200 400 600 800 1000
Residue

HexaPro two-RBD-up 2P
Chain C Chain C

Figure A.3. (A) Root mean square fluctuation (RMSF) of each residue in the ectodomain (ECD) of
HexaPro and 2P from 200 ns simulations. The position of the RBD is highlighted in grey and the
positions of six proline mutations in HexaPro are marked with black circles and labelled. Thick lines
represent average values from three repeat simulations and the shaded areas indicate standard
deviation. (B) The first principal motion of all backbone atoms on the ECD of chain C of HexaPro
two-RBD-up (left) and 2P (right) as determined by principal component analysis. The simulations
were performed by the laboratory of Prof. Bond (A*STAR Bioinformatics Institute, Singapore).
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A.4 Comparison of ASA values from replicate simulations
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Sim 1
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Figure A.4. Example ASA values calculated from three independent 200 ns simulations. Data taken
from the last 50 ns of HexaPro two-RBD-up simulations from S protein chain A. Average values are
shown with standard deviations along the trajectories depicted as error bars. The simulations were
performed by the laboratory of Prof. Bond (A*STAR Bioinformatics Institute, Singapore).
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Appendix B Cell-specific glycan composition of Env

derived from RNA replicon

72}

p—

p—

%}

&

o\ S

- =

& LE9N

= SZON

o p( 819N

m LLON

= 29YN

=] 8vvN

% LLPN

70}

(<)) 90N

P

o 86EN

n.Xv 26¢N

= 98eN

w €9EN

M| GGEN

w 6€EN

n” z€eN

(= L0eN

.m 562N

74}

> 92N

p—

< 292N

m vezN

n L6IN

.w UsgIN

= .

7 S8LN

= 09N

=¥

m 95LN

(=) ZrIN

)

= €EIN
88N

>}

)

S

—

e

H5804000300082020571
- = = X
< 3 x =]
P
x x X ==
P
LI I LV OO
PR
o o2 =< L3
g 55555538 3
2oonrocwzes|S2ss30500 0 0|25 o
R30I 22— 1o b v e e e o e e o of ) < =
ocmgsgnNooomooocooooooNo
LEON
coorlocccocoococoocococooo 0o
GZON
cocococococococococoococorf@oococo oo
819N
cooryNoo0ococooor-@oooo oo
L1ON
cocorpomoooooocoopo o000
COVN
cggr?eor-roooocoor-rooo0o0oo
8YVYN
cogrl@groccococoocco0o000000
LIPN
90¥N
cococococococococococococoffo-ocooo
86EN
clggramaoocococoococ0oo0o00000
Z6EN
offlocn-nNocococooococococoooo WO
98EN
ogfomrroooocooccomNooo0ogo
€9EN
cogo@ggyr-oorooccomoroooo
GGEN
ofrm"vrr-oococo0occco0o0000 @~
B6EEN
occccococcooocococococoocoo oo
CEEN
ccococomoococoococoflocococoo oo
LOEN
Ofe-°co0coccocoooocoo0woo oo
S62ZN
cNggeoY-ooococomoooo ™y
92N
“@QooO~N-oocco0o0c0OmMOOO0 ™o
292N
c@gNorocoococococconNoO0000O
YECN
cwr@pmoooorooocowooooyo
LBLN
cococococococococococoor-ocooofoo
US8LN
cocornNococococooooo~ooo oo
9G8IN
ctg@mooococococoocooooo0o0o0o0
09N
oggyoccccocococooccocoo0oo000o0
9GIN
cocooccococoococoocooococogoo
CZVIN
cogwowooogooocooogoo oo
€ELN
cocococogocoo@orogmoooooo
88N
- = = =
X X XX
SR X XRL
TLRLRCLE=
EEE=EXX=XX+ +
eI LLoo
TTTTTT T30 o0
) s 2LLLLILILLL O
& 252222222203
1] IEEEEEEEE R
Q2O OVINSSZTI0030000Z 5 °
S22232222L I TITITIIITIIIO O B

60

Mannose
Hybrid

100

23

98

67 95 100 0
0

87

80
0

100

94
0

Mannose
Hybrid

26
7
18
19
0

Fucosylation
Sialylation

Unoccupied
core

Complex

68

23
23

20
45

Fucosylation
Sialylation

core

Complex
Unoccupied

146



Appendix B

B.2 Glycan composition analysis of replicon expressed Env in DC2.4 cells
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The average abundance of glycan compositions across three biological replicates is shown, with a
white to red colour scale used to highlight higher abundances of particular glycan compositions.
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The average abundance of glycan compositions across three biological replicates is shown, with a
white to red colour scale used to highlight higher abundances of particular glycan compositions.
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B.6 Expanded glycan composition analysis of Env produced by replicons
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The average abundance of glycan compositions across three biological replicates is shown, with a
white to red colour scale used to highlight higher abundances of particular glycan compositions.
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B.7 Expanded glycan composition analysis of Env produced by plasmid
DNA in HEK293F cells
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The average abundance of glycan compositions across three biological replicates is shown, with a
white to red colour scale used to highlight higher abundances of particular glycan compositions.
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B.8 Negative stain — electron micrographs of Env
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Figure B.8. A Representative of NS-EM image of BG505 NFL.664 Env particles secreted by HEK
293F cells transfected with plasmid DNA. B 2D class averages of the particles. The expressed Env
was purified with GNL beads. Amongst all of the particles imaged, 20% fall within class averages
corresponding to non-native conformations shown in yellow. The NS-EM was performed by the
laboratory of Prof. Andrew Ward (The Scripps Research Institute, USA).
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Appendix C Synthesis of RNA encoding Virus like

particles and binding assays

Numerous vaccination strategies have been explored in both preclinical and clinical HIV-1 studies,
but a successful vaccine remains elusive [474—476]. These approaches encompass various methods,
such as HIV-1 Env trimer development based on SOSIP trimers and their variants [201,279,283,477],
epitope-based vaccines targeting critical structural vulnerabilities recognized by bnAbs [478,479], as
well as sequential vaccine strategies involving germline-engaging antigens [287,453] and prime-
boost regimens [480—483]. Nevertheless, the available evidence from these investigations indicates
that none of these vaccine approaches have demonstrated complete protection. There are multiple
factors which can influence the bnAb-inducing HIV-1 vaccine and will potentially require the
combination of efficient B-cell priming, optimization of Env design and presentation and sustained

heterologous Env [286].

This section discusses about one of the approaches which utilizes mRNA co-expressing
membrane-anchored HIV-1 envelope (Env) and simian immunodeficiency virus (SIV) Gag proteins
to generate virus-like particles (VLPs), which closely mimic native viral particles produced by HIV-
1 infection [484]. VLPs refers to particle that self-assemble into particles that resemble or mimic the
structure, size and symmetry of original viruses. VLPs have been extensively used as prophylactic
or therapeutic vaccine platforms for a wide range of diseases. These particles are useful as they
present antigens in repetitive manner which allows the efficient crosslinking of B cell receptors [485].
In additions, VLPs can be used to deliver transmembrane Env which will mimic the virus better than

soluble couterparts [486].

C.1 Design of constructs for mRNA encoding VLP

The SIVmac239.gag.pS5 (Gene accession code: MZ362876) gene was commercially synthesized
using IDT. BG505 MD39 20mutF Env gene was provided by Prof. William R Schief (The Scripps
Research Institute, USA). modRNA backbone was commercially obtained from Takara. The gag and

env genes were cloned in the modRNA backbone separately. mRNAs were generated by T7 RNA
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polymerase-mediated in vitro transcription reactions using linearized DNA templates containing the
immunogen open reading frame flanked by 5’ untranslated region (UTR) and 3" UTR sequences
terminated by an encoded polyA tail. CleanCap 5’ cap structures (TriLink) were incorporated into
the 5’ end co-transcriptionally. Uridine was completely replaced with N1-methyl-pseudouridine to

reduce immunogenicity. Purified mRNAs were stored at -80 °C.

C.2 Co-expression of env and gag mRNAs in mouse muscle cells

The modRNAs encoding HIV-1 env (5 pg) and SIVmac239 Gag (5 pg) were co-transfected into
mouse muscle cells (C2C12). The RNA mixture was mixed with 1 x 10° cells per well of 6 well plate
and then transfected using neon electroporation. The conditions used for electroporation was
1400mV, 20ms, and 1 pulse, as suggested in manufacturer’s protocol. Supernatants were collected
48 hrs after transfection, followed by addition of fresh media and then next harvest after 72 hrs of

transfection. The collected supernatant was centrifuged at 1500g for Smins.

The VLPs were extracted from the supernatant using PEG-it Virus Precipitation Solution
(System Biosciences) as recommended in manufacturer’s protocol. Briefly, 1 volume of ice-cold
PEG-it precipitation solution was added to every 4 volumes of supernatant. Followed by overnight
incubation at 4°C and then centrifugation at 1500g for 30 mins at 4°C. After centrifugation, the
supernatant was transferred to a fresh tube and the residual PEG-it solution was spun down by
centrifugation at 1500g for 30minutes at 4°C. Both the pellets were resuspended in ice cold 1x PBS

at 1/50 volume of original volume. For example, if the supernatant in Sml then in 100pl of PBS.

Subsequently, the size and Z average of expressed proteins, Gag alone, Env alone, and VLP,
was measured using dynamic light scattering (Malvern Nano ZS Zetasizer). The Z average of VLP
were ~200 nm, relatively higher from Env and Gag alone, suggesting the budding of VLPs from cells

(Figure C.1)
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Figure C.1. Dynamic light scattering data for the VLP, Env, Gag proteins produced in the C2C12
cells, representing the intensity of size (A) and Z average of the particle (B). This work has been
carried out in the laboratory of Prof. Darrell J. Irvine (Massachusetts Institute of Technology).

To further assess the expression of Gag, Env, and VLPs in mouse muscle cells, we conducted ELISA
assays employing antibodies targeting p55 Gag and HIV-1 Env bnAbs. Gag titration involved coating
high protein binding ELISA plates with supernatants containing Gag alone and Gag-Env complexes
forming VLPs. Both supernatants were coated, both in their unlysed and lysed states using RIPA
lysis buffer (Thermo Fischer). SIV Gag p27 antibody was employed to detect Gag expression, and it

exhibited significant binding to lysed Gag and VLPs, thus confirming Gag expression (Figure C.2).
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Figure C.2 Binding assay of Gag, Env, VLP expressed by mRNA-based platform. A) Gag titres
in supernatant containing Gag and VLP were measured using Anti p27 Gag antibody. B) Env titres
were measured using HIV-1 bnAb, VRCO1. This work has been carried out in the laboratory of Prof.
Darrell J. Irvine (Massachusetts Institute of Technology).
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Moreover, to validate VLP budding with Env, Env titration was conducted using a panel of
multiple bnAbs (PG9, PCT64, PGT121, PGT145, PGT151, 35022, VRCO1, BG18), as well as non-
neutralizing antibody A32. Both lysed and unlysed VLPs displayed binding to HIV-1 antibodies,
given that Env is expressed on the surface of Gag. Notably, PGT121 and PGT151 exhibited higher
binding to Env compared to the other antibodies, while A32 also showed a modest level of binding
to VLPs (Figure C.3). These experiments represent preliminary results, and further biological

replicates are required to confirm the antigenicity of the VLPs.
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Figure C.3 Binding assay of HIV-1 Env in mRNA-expressed VLPs. This was done using a trimer-
specific ELISA with a cocktail of anti-Env human bNAbs (that is, PG9, PCT64, PGT121, PGT145,
PGT151, 35022, VRCO1, BG18) and non-neutralizing antibody, A32, with VLP lysed using RIPA
lysis buffer (A) and unlysed VLPs (B). This work has been carried out in the laboratory of Prof.
Darrell J. Irvine (Massachusetts Institute of Technology).
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Appendix D Sequences of Env proteins

SARS-CoV-2 S2P

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNV
TWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNAT
NVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEY VSQPFLMDLEGKQ
GNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHR
SYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF
TVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVL
YNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDF
TGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYF
PLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTG
VLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLY
QDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICAS
YQTQTNSPRRARSVASQSIHAYTMSLGAENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSV
DCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDF
GGFNFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLT
VLPPLLTDEMIAQYTSALLAGTITSGWTFGAGAALQIPFAMQMAYRFNGIGVTQNVLYEN
QKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDIL
SRLDKVEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDF
CGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTH
WEVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNHTSPD
VDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIKWPWYIWLGFIAGLI
AIVMVTIMLCCMTSCCSCLKGCCSCGSCCKFDEDDSEPVLKGVKLHYTLESGGGSAWSHP
QFEKGGGSGGGSGGSSAWSHPQFEK

HexaPro

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNV
TWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNAT
NVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEY VSQPFLMDLEGKQ
GNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHR
SYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF
TVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVL
YNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDF
TGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYF
PLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTG
VLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLY
QDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICAS
YQTQTNSPGSASSVASQSITAYTMSLGAENSVAY SNNSIAIPTNFTISVITEILPVSMTKTSV
DCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDF
GGFNFSQILPDPSKPSKRSPIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLT
VLPPLLTDEMIAQYTSALLAGTITSGWTFGAGPALQIPFPMQMAYRFNGIGVTQNVLYENQ
KLIANQFNSAIGKIQDSLSSTPSALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILS
RLDPPEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFC
GKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHW
FVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNHTSPDV
DLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQGSGYIPEAPRDGQAYVRK
DGEWVLLSTFLGRSLEVLFQGPGHHHHHHHHSAWSHPQFEK
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Closed-S

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNV
TWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNAT
NVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEY VSQPFLMDLEGKQ
GNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHR
SYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF
TVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVL
YNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDF
TGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYF
PLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTG
VLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLY
QNVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICAS
YQTQTNSPSRAGSVASQSITAYTMSLGAENSVAYSNNSIAIPTNFTISVTITEILPVSMTKTSV
DCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDF
GGFNFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLT
VLPPLLTDEMIAQYTSALLAGTITSGWTFGAGPALQIPFAMQMAYRFNGIGVTQNVLYEN
QKLIANQFNSAIGKIQDSLSSTPSALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDIL
SRLDKPEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDF
CGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTH
WEVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNHTSPD
VDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQGSGYIPEAPRDGQAYVR
KDGEWVLLSTFLGRSLEVLFQGPGSLPETGGGSDYKDDDDKGGGGSGGGGSGGGGSGGG
GSGGGGSHHHHHH

SARS-CoV-2 RBD

MDAMKRGLCCVLLLCGAVFVSPSQEIHARFRRGARVQPTESIVRFPNITNLCPFGEVFNAT
RFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGD
EVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFE
RDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCG
PGTKHHHHHHGGSGGSGLNDIFEAQKIEWHE

SARS-CoV-1 RBD

MDAMKRGLCCVLLLCGAVFVSPSQEIHARFRRGARVVPSGDVVRFPNITNLCPFGEVFNA
TKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKG
DDVRQIAPGQTGVIADYNYKLPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRP
FERDISNVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATVC
GPGTKHHHHHHGGSGGSGLNDIFEAQKIEWHE

MERS RBD

MDAMKRGLCCVLLLCGAVFVSPSQEIHARFRRGARAKPSGSVVEQAEGVECDFSPLLSGT
PPQVYNFKRLVFTNCNYNLTKLLSLFSVNDFTCSQISPAAIASNCYSSLILDYFSYPLSMKSD
LSVSSAGPISQFNYKQSFSNPTCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTEVPQLV
NANQYSPCVSIVPSTVWEDGDY YRKQLSPLEGGGWLVASGSTVAMTEQLQMGFGITVQY
GTDTNSVCPKGTKHHHHHHGGSGGSGLNDIFEAQKIEWHE

RBD g5.1

NITNLCPFGEVFNATRFASVYAWNRTRISNCVADYSVLYNSASFSTFKCYGVNPTKLNDLC
FINVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDNFTGCVIAWNSNNLDSKVGGNYNY
LYRLFRKSNLSPFERDISTEIYQAGSTPCNGTEGFNCYFPLQSYGFQPTNGVGYQPYRVVVL
SFELLHAPATVCGPHHHHHH
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RBD g8.2

NITNLCPFGEVFNATRFASVYAWNRTRISNCTADYSVLYNSSSFSTFKCYGVNPTKLNDLC
FTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDNFTGCVIAWNSNNLDSKVGGNYNY
LYRLFRKSNLSPFERDISTEIYQAGSTPCNGTEGFNCYFPLQSYGFQPTNGVGYQPYRVVVL
SFENLSAPATVCGPHHHHHH

RBD g5.1 24mer

LRFGIVASRANHALVGGSGGNITNLCPFGEVFNATRFASVYAWNRTRISNCVADYSVLYN
SASFSTFKCYGVNPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDNFTG
CVIAWNSNNLDSKVGGNYNYLYRLFRKSNLSPFERDISTEIYQAGSTPCNGTEGFNCYFPL
QSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPGGSGGSGGSGGSGGGLSKDIIKLLNE
QVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLFDHAAEEYEHAKKLIIFLNENNVPVQLTS
ISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHATFNFLQWYVAEQHEEEVLF
KDILDKIELIGNENHGLYLADQY VKGIAKSRKS

BGS0SNFL.664

AENLWVTVYYGVPVWKDAETTLFCASDAKAYETEKHNVWATHACVPTDPNPQEIHLEN
VTEEFNMWKNNMVEQMHTDIISLWDQSLKPCVKLTPLCVTLQCTNVTNNITDDMRGELK
NCSFNMTTELRDKKQKVYSLFYRLDVVQINENQGNRSNNSNKEYRLINCNTSAITQACPK
VSFEPIPIHY CAPAGFAILKCKDKKFNGTGPCPSVSTVQCTHGIKPVVSTQLLLNGSLAEEE
VMIRSENITNNAKNILVQFNTPVQINCTRPNNNTRKSIRIGPGQAFYATGDIIGDIRQAHCNV
SKATWNETLGKVVKQLRKHFGNNTIIRFANSSGGDLEVTTHSFNCGGEFFYCNTSGLFNST
WISNTSVQGSNSTGSNDSITLPCRIKQIINMWQRIGQAMY APPIQGVIRCVSNITGLILTRDG
GSTNSTTETFRPGGGDMRDNWRSELYKYKVVKIEPLGVAPTRAKRRVVGGGGGSGGGGS
AVGIGAVFLGFLGAAGSTMGAASMTLTVQARNLLSGIVQQQSNLLRAPEAQQHLLKLTV
WGIKQLQARVLAVERYLRDQQLLGIWGCSGKLICTTNVPWNSSWSNRNLSEIWDNMTWL
QWDKEISNYTQITYGLLEESQNQQEKNEQDLLALD

p55 SIV GAG

MGARASVLSGGELDRWEKIRLRPGGKKKYKLKHIVWASRELERFAVNPGLLETSEGCRQI
LGQLQPSLQTGSEELRSLYNTVATLYCVHQRIEIKDTKEALDKIEEEQNKSKKKAQQAAAD
TGHSSQVSQNYPIVONIQGOQMVHQAISPRTLNAWVKVVEEKAFSPEVIPMFSALSEGATPQ
DINTMLNTVGGHQAAMQMLKETINEEAAEWDRVHPVHAGPIAPGQMREPRGSDIAGTTS
TLQEQIGWMTNNPPIPVGEIYKRWIILGLNKIVRMY SPTSILDIRQGPKEPFRDYVDRFYKTL
RAEQASQEVKNWMTETLLVQNANPDCKTILKALGPAATLEEMMTACQGVGGPGHKARV
LAEAMSQATNTATIMMQRGNFRNQRKMVKCFNCGKEGHTARNCRAPRKKGCWKCGKE

GHQMKDCTERQANFLGKIWPSYKGRPGNFLQSRPEPTAPPFLQSRPEPTAPPEESFRSGVET
TTPPQKQEPIDKELYPLTSLRSLFGNDPSSQ

BGS05 MD 39 20mutF

AENLWVTVYYGVPVWKDAETTLFCASDAKAYETEKHNVWATHACVPTDPNPQEIHLEN
VTEEFNMWKNNMVEQMHEDIISLWDQSLKPCVKLTPLCVTLQCTNYAPKLRSMMRGEIK
NCSFNMTTELRDKKQKVYSLFYRLDVVQINENQGNRSNNSNKEYRLINCNTSAITQACPK
VSFEPIPIHY CAPAGFAILKCKDKKFNGTGPCPSVSTVQCTHGIKPVVSTQLLLNGSLAEEE
VIIRSENITNNAKNILVQLNTPVQINCTRPNNNTVKSIRIGPGQAFYYFGDVLGDVRMAHCN
ISKATWNETLGKVVKQLRKHFGNNTIIRFAQSSGGDLEVTTHSFNCGGEFFYCNTSGLFNS
TWISNTSVQGSNSTGSNDSLILPCRIKQIINMWQRIGQAMYAPPIQGVIRCVSNITGLILTRD
GGSTNSTTETFRPGGGDMRDNWRSELYKYKVVKIEPLGVAPTRCKRRVVGSHSGSGGSGS
GGHAAVGIGAVSLGFLGAAGSTMGAASMTLTVQARNLLSGIVQQQSNLLRAPEPQQHLL
KDTHWGIKQLQARVLAVEHYLRDQQLLGIWGCSGKLICCTNVPWNSSWSNRNLSEIWDN
MTWLQWDKEISNYTQITYGLLEESQNQQEKNEQDLLALDKWASLWNWFDISNWLWYIKI
FIMIVGGLIGLRIVFAVLSVIHRVR
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Appendix E  Vector maps
E.1 Replicon construct of BG505 NFL.664

gibson overhang Insert seq Rev (33 .. 52)

(1.. 24y Ampl. C9 backbone FOR Inser-R after MLUL (175 .. 195)
(11,590 .. 25) YL-mCherry-AsiSI-F

19 nucleotide conserveg oo,
enCe

Kozak
\
(9552 .. 9567) Ampl. C9 backbone REV
Gibson overhang —

(9503 .. 9522) Insert Seq For

(MS-059-A

) NFL.664_
11,592 bp

G to C mutation D

Figure E.1. The replicon construct used for the expression of HIV-1 Env. The vector contains
VEEV non-structural proteins (nsp’s 1—4) as the backbone, with structural proteins replaced by
BG505 NFL.664, shown in red. It also included an ampicillin resistance marker (amp marker).
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E.2 modRNA backbone

(2921) End Start (0)
|

7 oo ot
jon Cloning site Poly (a)
1n-Fusio oni Iy (4) OrWarq ,

rred™ imey

Vee
Downstream I”’Fusio
" Clon,
9 Site

modRNA backbone
2921 bp

S

11500

Figure E.2. The modRNA backbone used for the design of RNA construct for VLP expression.
The vector contains 5’ and 3" UTR and poly A tail for insertion of gene of interest for mRNA
expression. It includes Neomycin (Neo) and kanamycin (Kan) resistance (R) marker,
cytomegalovirus (CMV) enhancer and promoter, and origin of replication (ori).
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Appendix F  List of publications and conferences
Publications

e Tong T, D’Addabbo A, Xu J, Chawla H, Nguyen A, Ochoa P, Crispin M, Binley JM. Plos
Pathogens 2023. Impact of stabilizing mutations on the antigenic profile and glycosylation of
membrane-expressed HIV-1 envelope glycoprotein.

e Chawla H, Jossi SE, Faustini SE, Samsudin F, Allen JD, Watanabe Y, Newby ML, Juarez EM,
Lamerton RE, McLellan JS, Bond PJ, Richter AG, Cunningham AF, Crispin M. J Mol Biol. 2022.
Glycosylation and Serological Reactivity of an Expression-enhanced SARS-CoV-2 Viral Spike
Mimetic.

e Reiss EIMM, Haaren MMV, Schooten JV, Claireaux MAF, Maisonnasse P, Antanasijevic A,
Allen JD, Bontjer I, Torres JL, Lee W-H, Ozorowski G, Vazquez Bernat N, Kaduk M, Aldon Y,
Burger JA, Chawla H, Aartse A, Tolazzi M, Gao H, Mundsperger P, Crispin M, Montefiori DC,
Karlsson Hedestam GB, Scarlatti G, Ward AB, Grand RL, Shattock R, Dereuddre-Bosquet N,
Sanders RW & van Gils MJ. npj Vaccines. 2022. Fine-mapping the immunodominant antibody
epitopes on consensus sequence-based HIV-1 envelope trimer vaccine candidates.

e Konrath KM, Liaw K, Wu Y, Zhu X, Walker SN, Xu Z, Schultheis K, Chokkalingam N, Chawla
H, Du J, Tursi NJ, Moore A, Adolf-Bryfogle J, Purwar M, Reuschel EL, Frase D, Sullivan M, Fry
B, Maricic I, Andrade VM, Iffland C, Crispin M, Broderick KE, Humeau LMPF, Patel A, Smith
TRF, Pallesen J, Weiner DB, Kulp DW.Cell Reports. 2022. Nucleic acid delivery of immune-
focused SARS-CoV-2 nanoparticle drives rapid and potent immunogenicity capable of single dose
protection.

e Allen J. D*, Chawla, H*, Samsudin, F*, Zuzic L, Shivgan AT, Watanabe Y, He W-H, Callaghan
S, Song G, Yong P, Brouwer PJM, Song Y, Cai Y, Duyvesteyn HME, Malinauskas T, Kint J, Pino
P, Wurm MJ, Frank M, Chen B, Stuart DI, Sanders RW, Andrabi R, Burton DR, Li S, Bond PJ,
Crispin M. Biochemistry. 2021. Site-Specific Steric Control of SARS-CoV-2 Spike Glycosylation.
Site-Specific Steric Control of SARS-CoV-2 Spike Glycosylation.

e Watanabe Y, Mendonga L, Allen ER, Howe A, Lee M, Allen JD, Chawla H, Pulido D, Donnellan
F, Davies H, Ulaszewska M, Belij-Rammerstorfer S, Morris S, Krebs A-S, Dejnirattisai W,
Mongkolsapaya J, Supasa P, Screaton GR, Green CM, Lambe T, Zhang P, Gilbert SC, Crispin M.
ACS Cent. Sci. 2021. Native-like SARS-CoV-2 Spike Glycoprotein Expressed by ChAdOx1
nCoV-19/AZD1222 Vaccine.

e Allen, JD, Watanabe Y, Chawla H, Newby ML, Crispin M. J. Mol. Biol. 2021. Subtle Influence
of ACE2 Glycan Processing on SARS-CoV-2 Recognition.

e Mishra N, Sharma S, Dobhal A, Kumar S, Chawla H, Singh R, Makhdoomi MA, Das BK, Lodha
R, Kabra SK, Luthra K. Nature Comms. 2020. Broadly neutralizing plasma antibodies effective
against autologous circulating viruses in infants with multivariant HIV-1 infection.

e Mishra N, Sharma S, Dobhal A, Kumar S, Chawla H, Singh R, Das BK, Kabra SK, Lodha R,
Luthra K. Journal of Virology. 2020. A rare mutation in an infant-derived HIV-1 envelope
glycoprotein alters interprotomer stability and susceptibility to broadly neutralizing antibodies
targeting the trimer apex.

e Kumar S, Batra H, Singh S, Chawla H, Singh R, Katpara S, Hussain AW, Das BK, Lodha R,
Kabra SK, Luthra K. Journal of General Virology. 2020. Effect of combination antiretroviral
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therapy on human immunodeficiency virus 1 specific antibody responses in subtype-C infected
children.

e Mishra N, Sharma S, Dobhal A, Kumar S, Chawla H, Singh S, Singh R, Das BK, Kabra SK,
Lodha R, Luthra K. bioRxiv. 2020. Plasma neutralizing antibodies in an infant with interclade
HIV-1 superinfection preferentially neutralize superinfecting HIV-1 strains.

e Kumar S, Panda H, Makhdoomi MA, Mishra N, Safdari HA, Chawla H, Aggarwal H, Reddy ES,
Lodha R, Kabra SK, Chandele A, Dutta S, Luthra K. Journal of Virology. 2019. An HIV-1 broadly
neutralizing antibody from a clade C-infected pediatric elite neutralizer potently neutralizes the
contemporaneous and autologous evolving viruses.

e Mishra N, Makhdoomi MA, Sharma S, Kumar S, Dobhal A, Kumar D, Chawla H, Singh R, Kanga
U, Das BK, Lodha R, Kabra SK, Luthra K. Journal of Virology. 2019.Viral characteristics
associated with maintenance of elite neutralizing activity in chronically HIV-1 clade C-infected
monozygotic pediatric twins.

Review

e Chawla H, Fadda E, Crispin M. Curr Opin Struct Biol. 2022. Principles of SARS-CoV-2
glycosylation.

Submitted, under review

e Chawla H, Hayes GM, Silva M, Lee W-H, Ozorowski G, Mckay PF, Shattock RJ, Ward AB,
Irvine DJ, Crispin M. Nature Comms. 2023. Signatures of native-like glycosylation in RNA
replicon-derived HIV-1 immunogens. (Submitted, under review).

*The authors contributed equally
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Conferences and talks

05/2020 EAVI weekly meeting - Development in immunogen glycosylation (oral presentation).

10/2020 EAVI weekly meeting - Site-specific glycan analysis of Elite neutralizer SOSIPs (oral
presentation).

01/2021 NAC CAVD touchpoint meeting (Annual presentation to the Bill & Melinda Gates
Foundation) - Glycan Analysis: mRNA + muscle-cell glycan analysis (oral presentation).

03/2021 CHAVD Principal Investigators Meeting - Glycosylation in protein- and nucleotide-
based immunogens (oral presentation).

04/2021 VxPDC CAVD grant meeting - Defining the role and impact of HIV glycosylation on
antigenicity, immunogenicity, and vaccine strategies (oral presentation).

07/2021 PhD Shadowing Day- Understanding viral resistance to the immune system (oral
presentation).

01/2022 Annual School of Biological Sciences postgraduate symposium, University of
Southampton - Glycosylation and serological reactivity of expression enhanced SARS-CoV-2 viral
mimetic (Poster presentation).

05/2022 Alumni event, University of Southampton - RNA based vaccines (oral presentation).

02/2023 CHAVD YI Awardee presentation, 4™ Annual All-Investigators Retreat, LA JOLLA,
CA -Glycosylation of replicon (saRNA) delivered soluble natively flexible linked HIV-1
immunogens (oral presentation).

06/2023 Keystone Symposia Global Health Travel Awardee — Z6 HIV Vaccines,
Immunoprophylaxis and Drugs Conference (Poster presentation)
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Abstract

Extensive glycosylation of viral glycoproteins is a key feature of the antigenic surface of viruses and yet
glycan processing can also be influenced by the manner of their recombinant production. The low yields of
the soluble form of the trimeric spike (S) glycoprotein from SARS-CoV-2 has prompted advances in pro-
tein engineering that have greatly enhanced the stability and yields of the glycoprotein. The latest
expression-enhanced version of the spike incorporates six proline substitutions to stabilize the prefusion
conformation (termed SARS-CoV-2 S HexaPro). Although the substitutions greatly enhanced expression
whilst not compromising protein structure, the influence of these substitutions on glycan processing has
not been explored. Here, we show that the site-specific N-linked glycosylation of the expression-enhanced
HexaPro resembles that of an earlier version containing two proline substitutions (2P), and that both cap-
ture features of native viral glycosylation. However, there are site-specific differences in glycosylation of
HexaPro when compared to 2P. Despite these discrepancies, analysis of the serological reactivity of clin-
ical samples from infected individuals confirmed that both HexaPro and 2P protein are equally able to
detect I1gG, IgA, and IgM responses in all sera analysed. Moreover, we extend this observation to include
an analysis of glycan engineered S protein, whereby all N-linked glycans were converted to
oligomannose-type and conclude that serological activity is not impacted by large scale changes in glyco-
sylation. These observations suggest that variations in glycan processing will not impact the serological
assessments currently being performed across the globe.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction glycosylation can influence an extensive range of
properties including immunogen  trafficking,’

Recombinant viral glycoproteins are an important  immunogenicity,®* antigenicity*> and serum clear-
resource for vaccine development, diagnostics and ance rates®. Importantly, recombinant viral spike
as research reagents. Viral glycoprotein glycosylation can be influenced both by features

0022-2836/© 2021 The Authors. Published by Elsevier Ltd.This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/). Journal of Molecular Biology 434 (2022) 167332
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of the glycoprotein sequence, such as glycan den-
sity and protein architecture’”® and an array of
expression conditions, such as producer cell type
and expression conditions.'®"® It is therefore
important to define the glycosylation of recombinant
viral glycoproteins and monitor changes that may
occur during target optimization and the develop-
ment of manufacturing procedures.’*'® As carbo-
hydrates on viral proteins can influence the
immune response, it is important to look at the bind-
ing of sera antibodies to antigens possessing dis-
tinct glycoforms.'® Here, we investigate the
antigenic properties of glycoprotein reagents devel-
oped in response to the coronavirus infectious dis-
ease 2019 (COVID-19) pandemic, focused on the
viral S glycoprotein.'”"®

The causative agent of COVID-19, Severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-
2), is a positive-sense single-stranded RNA virus
that has caused significant morbidity and mortality
throughout the world.'®*° Like other coronaviruses,
SARS-CoV-2 utilizes the S glycoprotein for recogni-
tion of the host cell entry receptor and subsequent
membrane fusion, which is mediated by the S1
and S2 subunits, respectively.”’ The S protein is a
trimeric class | fusion protein and is post-
translationally cleaved into S1 and S2 subunits
using the host cellular protease, furin.?* The S1 sub-
unit possesses an N-terminal domain (NTD) and a
receptor-binding domain (RBD), also known as
domain A and B, respectively.”®

The exposed position of the RBD enables
binding to the angiotensin converting enzyme 2
(ACE2) receptor”® and, as a result, it is the main
target of anti-SARS antibodies during infection.”>~
%% Due to this phenomenon, combined with its high
recombinant protein yields, several antibody tests
have been developed using RBD as a tool to test
for previous SARS-CoV-2 infection.®’** One dis-
advantage of using RBD as an antigenic bait for
testing is that it may not capture the entire anti-
body response to the S protein as it lacks the full
trimeric structure.® In addition to RBD, other anti-
body tests use the nucleoprotein (N protein) as
antigenic bait to detect prior SARS-CoV-2 infec-
tion, such as the Abbott test.**>” Similarly to the
RBD, N protein will not capture the complete anti-
genic surface and therefore may not reveal the full
immune response to SARS-CoV-2 infection. As
the S protein is the prime target of neutralizing
antibodies, the native-like trimeric S glycoprotein
may facilitate the presentation of a more complete
range of epitopes for antibody testing.*®*° Sero-
logical testing requires that the protein is both
stable and that production is readily scalable for
widespread use. There has been significant devel-
opment in design of S protein constructs to facili-
tate increased recombinant production and
protein stability.

Prefusion stabilization strategies have been
employed for class | fusion proteins to increase
the recombinant expression of viral
glycoproteins.”®~** A common strategy is the intro-
duction of proline substitutions which impedes the
switch to the post fusion conformation.*® This is cru-
cial as neutralizing antibody epitopes are predomi-
nantly presented on the prefusion
conformation.*'*~*® For SARS-CoV-2, the expres-
sion of a stable, soluble form of the S-protein was
originally achieved by truncation at the transmem-
brane domain and the incorporation of two proline
residues (K986P and V987P)'" (Figure 1; SARS-
CoV-2 2P S, henceforth termed “2P”). Despite the
utility of the 2P construct for structural analysis'’
and serological testing,*>*°° the low expression
levels prompted the development of an expression
enhanced version containing four additional proli-
nes (Figure 1; SARS-CoV-2 HexaPro, henceforth
termed “HexaPro”).'® HexaPro exhibits native-like
protein architecture, antigenic properties, and con-
tains the twenty-two N-linked glycosylation sites of
the native viral spike.'®°"*? Additionally, HexaPro
has shown promising results as a vaccine candidate
in mice immunization, resulting in high-titre neutral-
izing antibodies.”®>°

Here, we performed Liquid chromatography-
mass spectrometry (LC-MS) experiments to
establish whether the additional stabilizing
mutations impact the presentation of glycans on
the surface of the S protein. Further, to explore
whether the observed differences in glycans
impacted the HexaPro protein function, we
compared the binding of HexaPro and 2P protein
to ACE2 using surface plasmon resonance (SPR)
and demonstrated comparable binding between
the two. Molecular dynamics (MD) simulations
revealed a similar pattern of surface accessibility
of N-linked glycan sites between the 2P and
HexaPro S proteins, and support the overall
conserved nature of glycosylation. In addition, we
explored whether the modest changes in
glycosylation impacted the detection of immune
responses in patient sera previously infected with
COVID-19. Both HexaPro and 2P protein were
successful at detecting an immune response
towards SARS-CoV-2 in both hospitalized and
non-hospitalized patients.  Furthermore, we
compared the binding of S protein possessing
oligomannose-type glycans at all potential N-
linked glycosylation sites (PNGS), which was
achieved through co-transfection with the ER o
mannosidase | inhibitor, kifunensine. Both S
protein glycan variants revealed highly similar
binding to sera from patients with prior-SARS-
CoV-2 infection. These studies further support the
use of hyperstabilization using additional proline
mutations and demonstrate its utility in serological
testing.
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Figure 1. Representation and characterization of recombinant SARS-CoV-2 spike protein. (A) The protein
domains are represented as N-terminal domain (NTD), receptor-binding domain (RBD), fusion peptide (FP), heptad
repeat 1 (HR1), central helix (CH), connector domain (CD), and transmembrane domain (TM). The fusion cleavage
site is illustrated as dashed lines (blue). N-linked glycosylation sequons (N-X-S/T, where X # P) are shown as
branches. SARS-CoV-2 WT presents S1 and S2 domain with furin cleavage site (RRAR) and transmembrane domain
at C-terminal end. SARS-CoV-2 2P prefusion stabilized protein with proline substitutions at residues 986 and 987
and, a “GSAS” mutation at furin cleavage site (residues 682—685). HexaPro prefusion stabilized protein of SARS-
CoV-2 with a “GSAS” mutation at furin cleavage site and six proline substitutions, highlighted in red. (B) Structural
representation of HexaPro S protein illustrating six proline substitutions (red spheres) in SARS-CoV-2 ectodomain
(PDB ID: 6XKL). The S1 subunit along with N-glycans are shown as transparent molecular surface. The S2 subunit is
shown in dark grey. Different domains present in S1/S2 subunits are highlighted in respective colors in ribbon diagram

of only one protomer.

Results and discussion

Characterization of prefusion stabilized SARS-
CoV-2 HexaPro S protein

For characterization of prefusion stabilized
SARS-CoV-2 S protein, we transiently transfected
plasmid encoding SARS-CoV-2 S protein
containing the HexaPro stabilizing mutations in
Human embryonic kidney (HEK) 293F cells. To
ensure the analysis of only native-like trimeric
protein, the supernatant was first purified using
nickel-affinity chromatography followed by size
exclusion chromatography (SEC) (Figure 2(A)). To
functionally characterize the binding of the
expressed protein with ACE-2, the binding affinity
(expressed here using the dissociation constant,
Kp) of HexaPro with a soluble recombinant ACE2
was determined using surface plasmon resonance
(SPR) which was repeated three times to
determine the average Kp (Figure 2(B)). A
residual plot of the data revealed minimal
deviation between observed values and calculated
values using a 1:1 binding model between SARS-
CoV-2 HexaPro S protein and ACE2 (Figure 2

(C)). The Kp values are comparable to that
previously reported for 2P°° (Figure 2(D)).

Determination of impact of proline mutations
on spike glycosylation

To determine the effect of stabilizing mutations on
glycosylation, we determined the site-specific
glycan compositions of SARS-CoV-2 HexaPro. In
preparation for glycopeptide analysis, we
independently expressed and purified three
replicates of the soluble ectodomain of the SARS-
CoV-2 protein truncated at the transmembrane
domain. We note that this construct was used to
determine the high resolution cryo-electron
microscopy (cryo-EM) structure.'® To generate gly-
copeptide samples derived from these batches of
protein, we employed three different protease
enzymes, trypsin, chymotrypsin, and alpha-Ilytic
protease. These proteases cleave the protein chain
at specific amino acids and were selected to gener-
ate glycopeptides that contain a single glycosylation
sequon (N-X-S/T-X, where X-any amino acid
except proline). Using liquid chromatography-
electrospray ionization mass spectrometry (LC-
ESI MS), we were able to quantify the
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Figure 2. Characterization of recombinant SARS-COV-2 S protein, HexaPro. (A) SEC of affinity-purified
recombinantly expressed S protein. Dashed lines indicate fractions collected for subsequent use. (B) SPR of HexaPro
(ligand) with soluble ACE2 receptor (analyte). Dark blue to light blue lines represent the serial dilutions of ACE2
protein from 200 nM to 3.125 nM, respectively. Black lines are fitted values of the respective concentration to illustrate
the best fit to a 1:1 binding model. Three repeats were performed and averaged to determine the k, kyand Kp values.
(C) Residual plot illustrating the deviation of the fitted data to the raw values of the experimental data at different
concentrations. (D) Representation of Kp values determined using various repeats, grey dots illustrate the binding of
2P with ACE2 (values reproduced from 56) and the binding of HexaPro with ACE2 are shown as blue triangles. The
mean of Kp values of 2P is plotted as a black line and the error bars represent +standard deviation calculated using

GraphPad Prism.

oligomannose-type glycans, complex-type glycans
and the proportion of unoccupied potential N-
glycosylation sites (PNGS) across all 22 N-linked
glycan sites on the HexaPro protomers (Figure 3
(A and B)).

To determine the potential impact of more
extensive modifications on the prefusion stabilized
S protein, we compared the glycan profile of
SARS-CoV-2 S protein of 2P with HexaPro.
Interestingly, the overall processing states of the
recombinant S protein were conserved across
both the versions, with few variations at the site-
specific level (Figures 3(B) and 4(A)). Site-specific
analysis of these recombinant proteins suggests
that the levels of oligomannose-type glycans are
consistent with native S protein on infectious virus
and also with other coronaviruses.®'%2°7~59

In addition to the information obtained from
studying the populations of oligomannose-type
glycans at individual glycosylation sites,
understanding the processing of complex-type
glycans is also informative when considering
immunogen design, reagents for serological
studies, and for understanding the extent to which
recombinant glycoprotein can be used as mimics
of the functional viral spike. For example, the
epitope of neutralizing antibody S309, which
targets the S protein of SARS-CoV-1 and SARS-
CoV-2, contains a fucosylated glycans at N343.%°

HexaPro is 99% fucosylated at the N343 site, with
almost all the glycans bearing fucose residues
(Supplementary Table S1). Furthermore, sulfated
N-linked glycans have been detected on viral glyco-
proteins and they could potentially play role in
immune regulation, as in influenza.°’®> We
detected sulfation at several N-glycosylation sites
on HexaPro (N74, N149, N1194) and observed a
similar abundance of sulfation across both S pro-
teins (2P and HexaPro), which is in accordance with
analysis of other SARS-CoV-2 S proteins®** (Sup-
plementary Figure S1).

In all formats of SARS-CoV-2 S expressed in
mammalian cells, a higher proportion of complex-
type glycans compared to oligomannose-type
glycans were observed.?'*#°961.5365 Moreover,
the complex-type glycans somewhat obscure
immunogenic surfaces and constitute a shield to
evade the immune system,®®°® albeit not at a level
observed in many other viral envelopes.”'*” Out of
22 N-linked glycan sites on each protomer, Hexa-
Pro S presents more than 50% highly processed
complex-type glycans on 15 N-linked sites which
is comparable to the 2P expressed in different labo-
ratories.”’*? The underoccupancy at the glycosyla-
tion sequon at N657 is present on both HexaPro
(Figure 3(A) and Supplementary Table S1) and 2P
(Supplementary Table S2). The glycan site at the
C terminus, N1194, is fully occupied in the case of
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Figure 3. Site-specific glycosylation of expression-enhanced recombinant trimer of SARS-CoV-2 S protein
(HexaPro). (A) Relative quantification of the N-linked glycosylation sites of trimeric S protein, produced in HEK293F
cells. The bar graph represents the mean of three independently expressed replicates with error bars representing the
standard error of the mean. The color codes in the schematic illustrates the processing state of glycans from least
processed to most processed, oligomannose (green), hybrid (dashed pink), and complex glycans (pink). The
proportion of unoccupied N-linked glycan sites are represented in grey. The pie charts summarize the quantification of
these categories. The N-linked glycan site labels are colored based on the oligomannose-type glycan content, green
(80—100%), orange (30—-79%) and magenta (0-29%). (B) The model was constructed using the prefusion structure of
trimeric SARS-CoV-2 S glycoprotein as described in Materials and Methods. The S1 and S2 subunits are shown as
light and dark grey, respectively. The glycans sites are categorized as high-mannose type glycans (green), hybrid

glycans (orange), and complex-type glycans (pink). The ACE2 receptor binding site is shown in blue.

2P (Supplementary Table S2) however, there is an
elevation of unoccupied PNGS (18%) at N1194 on
the HexaPro S protein (Supplementary Table S1).

The oligomannose-type glycan content of the
glycans of the HexaPro protein (29%)
(Supplementary Table S1) is lower when
compared to other viral glycoproteins including
HIV-1 Env (60%) and LASV GPC (49%).°%"° This
is consistent with earlier observations using 2P pro-
tein which indicated that SARS-CoV-2 S is less
shielded, which may be beneficial for the elicitation
of neutralizing antibodies.”' Overall, there is a sim-
ilar level of oligomannose-type glycans across both
2P and HexaPro (Supplementary Table S3).

Thus we have shown here that the site-specific
glycosylation of the expression enhanced version
of SARS-CoV-2, HexaPro, is highly similar to the
glycosylation of 2P and native S protein as
presented on the virus.®'°>°® Also, we confirm ear-
lier observations'® that both forms of the recombi-

nant protein have indistinguishable binding
properties to the receptor, ACE2, indicating the
functional form of protein is intact. However, we also
detected some difference in glycosylation which
could suggest differences in the conformational
properties between the HexaPro and 2P. This moti-
vated us to extend the analysis of protein conforma-
tional flexibility by performing MD simulations, and
to characterize its functional behaviour by perform-
ing serological testing. This builds upon previous
observations of cryo-EM and a small-scale serolog-
ical evaluation.®

Differences in oligomannose content between
2P and HexaPro

The glycan at a structural site, N234, which has
been shown to stabilize the RBD up conformation
in the trimeric structure of the S protein,71 is princi-
pally oligomannose-type, and is conserved across



H. Chawila, S.E. Jossi, S.E. Faustini, et al.

Journal of Molecular Biology 434 (2022) 167332

both the constructs of recombinant S protein (Fig-
ure 3(A and B)). Also, the oligomannose-type gly-
cans of N234 likely arises from steric clashes with
the protein component, which in turn limits the abil-
ity of glycan processing enzymes to act, as it is
sandwiched between N-terminal and receptor-
binding domains’’ (Figure 4(B)). Overall, the oligo-
mannose content is highly similar across both 2P
and HexaPro (Supplementary Table S3). However,
the MangGIcNAc, content is higher in the case of
HexaPro compared to 2P, indicating the reduced
accessibility to glycan processing enzymes®'
(Supplementary Table S3). This could possibly be
explained by the two RBD “up” conformation
observed in HexaPro."® Also, at the site-specific
level there are several other sites which showed
changes in oligomannose content across 2P and
HexaPro (Figure 4(A and B)). Differences in glycan
processing states were observed at glycan sites
N61, N122, N165, N603, N616 and N801. The
major differences were observed at N165 and
N122, which are in close proximity to the RBD (a
roughly 50 percentage point difference in both
cases). The N165 site possesses a higher abun-
dance of oligomannose-type glycans on HexaPro
shown in dark blue whereas the N122 site pos-
sesses a lower abundance of oligomannose-type
glycans on HexaPro shown in red (Figure 4(B)).

To investigate the molecular basis of the
observed changes in oligomannose-type glycan
content across both the S proteins, we performed
a series of triplicate 200 ns MD simulations of the
HexaPro two-RBD-up, HexaPro one-RBD-up and
2P one-RBD-up constructs. The HexaPro two
RBD-up model was generated by fitting the
structure of HexaPro one-RBD-up to the electron
density map of HexaPro two-RBD-up using
molecular dynamics flexible fitting (MDFF) (details
in Methods section). All potential N-linked
glycosylation sites were glycosylated with
MangGIcNAc, glycans, as these represent the
primary substrate for glycan processing enzymes
and hence may be used to predict glycan
processing as previously described.®?

First, we investigated the correlation between
accessible surface area (ASA) for all glycans
between HexaPro and 2P. There is a moderate
correlation (r°=0.5) between both one-RBD-up
and two-RBD-up HexaPro when compared to the
2P, suggesting there is some degree of difference
in glycan accessibility between HexaPro (two-
RBD-up & one-RBD-up) and 2P (one-RBD-up)
(Figure 4(C)). To understand whether this
difference is due to the protein architecture, or due
to the stochastic nature of the simulations, we
then compared the ASA for each of the
glycosylation site between HexaPro and 2P.
Furthermore, we calculated the arithmetic
difference between the ASA values of HexaPro
(two RBD-up) and 2P (one RBD-up) at each

glycan site in all three chains (Supplementary
Figure S2). The error bars represent standard
deviations throughout the trajectories which
capture the variation caused by sampling. A
positive value represents lower accessibility in
HexaPro, which could correlate to reduced glycan
processing and a higher abundance of
oligomannose-type glycans. The difference at
most of the sites was small and with substantial
standard deviations, suggesting that most of the
differences arise from the stochastic sampling of
the glycans.

Then, we further explored sites which showed
changes in oligomannose content in the site-
specific glycan analysis. For example, on
HexaPro, N165 displays an increase of almost 50
percentage point in oligomannose-type glycan
compositions when compared with 2P (Figure 4
(A)). As the N165 site is in close proximity to the
RBD region, its glycan processing state may be
influenced by the orientation of the RBD. When
comparing the model generated with two RBD
domains in the up configuration, to one-RBD-up,
the steric environment of the N165 and N122 sites
were expected to change. However, the
simulations comparing HexaPro two-RBD-up
versus one-RBD-up showed little changes in
solvent accessibility (Figure 4(D)). This is likely
because in the HexaPro (two-RBD-up) simulation,
the additional RBD in the initial up configuration
tends to revert to a down state, and the final
snapshot in all simulation replicas is similar to the
2P (one-RBD-up) simulation (Supplementary
Figure S3). It is noteworthy that in our initial
model, derived from the experimental electron
density map of the HexaPro two RBD-up
conformation, the RBD in chain C resembles an
intermediate state between the up and down
states, rather than a fully open conformation. The
changes in ASA values we observed are only
significant at a few sites and minor with variations
across the three chains, indicating that the
differences are due to sampling.

Finally, we performed protein-structural analyses
to compare the dynamics of 2P and HexaPro. We
observed similar root-mean square fluctuations
(RMSF) profiles between the HexaPro (two-RBD-
up and one-RBD-up) and 2P (one-RBD-up)
simulations, except for the RBD in chain C, due
to the up to down conformational changes
described above (Supplementary Figure S4(A)).
The principal motion measured during the
simulations also reveals similar dynamics
between these two S proteins (Supplementary
Figure S4(B)). Hence, the simulations suggest
that despite local glycan perturbation, the two S
protein versions have very similar dynamics and
our computational analysis does not provide
evidence to support a steric explanation for the
differences in glycosylation.
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Figure 4. Comparison of glycan composition across prefusion-stabilized SARS-CoV-2 S protein. (A) The
percentage point change in oligomannose-type glycan content between SARS-CoV-2 S protein, HexaPro and 2P.
The percentage point (p.p.) difference on the y-axis is the arithmetic difference between the percentiles of
oligomannose-type glycans between the two populations (here defined as: p.p. = % HexaPro — % 2P). Positive values
(blue) indicate a higher abundance of oligomannose-type glycans in HexaPro relative to 2P. Negative values (red)
indicate a lower abundance of oligomannose-type glycans in HexaPro relative to 2P. (B) A full length model of SARS-
CoV-2 S protein with N-glycans colored based on the percentage point change values. The scale represents the
differences in oligomannose-type glycans observed in HexaPro when compared to 2P protein. Colors correspond to
p.p. values in Panel A. The model was constructed using prefusion structure of trimeric SARS-CoV-2 S glycoprotein,
as detailed in Materials and Methods. (C) Correlation of ASA values between HexaPro and 2P S protein. The average
ASA values of all glycans from three replica simulations of two-RBD-up HexaPro (left side) and one-RBD-up (right
side) structures plotted against the average ASA values from simulations of the respective 2P structures. (D) The
average ASA values for 2P (black) and HexaPro two-RBD-up (red) with error bars showing standard deviations along
the trajectories and across three repeat simulations. The displayed sites are those with changes in the oligomannose
content across both versions. N74 (high ASA values) and N234 (lowest ASA values) were used as a reference. The
chain (A, B, or C) of the trimeric S protein is indicated along the x-axis.
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Conservation of serological reactivity across
recombinant SARS-CoV-2 S protein

To compare the serological reactivity of the
recombinant 2P and HexaPro S protein, we tested
the binding of different immunoglobulin isotypes in
sera from subjects with or without a prior SARS-
CoV-2 infection to these viral antigens. This
extends the observations presented by Hsieh
et al. by using a larger and geographically distinct
donor group and by examining a range of antibody
isotypes.'® Sera from three groups of subjects from
the United Kingdom were analyzed: hospitalized
subjects (HS) which included individuals that were
admitted to hospital and had RT-PCR confirmed
SARS-CoV-2 infection; non-hospitalized convales-
cent (NHC) subjects, who were tested positive by
clinically validated antibody test®> and were not hos-
pitalized and a negative control group, from whom
sera was taken before 2019 (Pre-19). As expected,
strong 1gG, IgA and IgM responses were detected
to both S glycoproteins in all hospitalized subjects
with severe disease (Figure 5(A) and Supplemen-
tary Figure S5(A)). In contrast to the strong
responses observed in severe cases, 1gG, IgA
and IgM responses were observed in the NHC sub-
jects, and in some instances these responses were
not above those of control sera (Figure 5(A)). There
was minimal binding of IgG to S glycoprotein by
Pre19 sera. Both 2P and HexaPro showed compa-
rable serological reactivity, with a slightly increased
level of binding of patient, but not control, sera to
HexaPro in the NHC sera (Figure 5(A)). Overall,
the signal: noise ratio was superior for HexaPro
compared to 2P, particularly as sera were diluted
(Supplementary Figure S5(B)), but overall, a key
conclusion is that the HexaPro was not inferior to
the 2P glycoprotein.

Although the small difference in glycosylation
between 2P and HexaPro did not result in
diminished antibody binding to HexaPro, it is
conceivable that wider batch-to-batch variations
could impact consistency of serological reactivity.
We therefore tested sera for antibody binding to
glycoprotein ~ with  substantially = engineered
glycosylation. We expressed HexaPro in the
presence of kifunensine (Kif) which results in
oligomannose-type glycans and we confirmed the

altered processing state using hydrophilic
interaction ultra-performance liquid
chromatography  (HILIC-UPLC) analysis of

fluorescently labelled pool of N-linked glycans
(Figure 5(D)). The WT HexaPro chromatogram
shows the presence of diverse glycans in contrast
to Kif-treated HexaPro, where MangGIcNAc, (M9)
glycans were predominant (Figure 5(D)). We
compared IgG, IgA, IgM and combined IgGAM
antibody binding to HexaPro with no glycan
engineering (which we term ‘wildtype’) with Kif-
treated HexaPro. The serological response
detected using SARS-CoV-2 positive sera were
similar whether kif-treated HexaPro or WT

HexaPro was used in the assay (Figure 5(B)).
Negligible binding was observed with pre-19 sera
(shown in black) with both kif-treated and WT
HexaPro. Area Under the Curve (AUC)
calculations confirmed that both WT S and Kif-
treated S protein were bound similarly by IgG, IgA,
IgM and IgGAM (Figure 5(C)). This suggests that
the immune response elicited following SARS-
CoV-2 infection, with respect to immunoglobulin
binding, is not dictated by the glycan processing
state of the S protein, as converting the glycans at
every site from their native-like compositions,
does not impact the detection sensitivity.

Perspectives

In this study we aimed to investigate a range of
biophysical, glycan composition and serological
binding properties of HexaPro, an expression-
enhanced version of SARS-CoV-2 S protein. This
version contains six proline mutations which lead
to its high expression and stabilization, and
promising immunogenic properties.'®°%°>72 We
reveal the comparable affinity of HexaPro to the
ACE2 receptor with the earlier version, 2P which
has been used in several vaccine studies,” ’®
and extensively as a serological reagent.®>“%7”
Furthermore, we determined the impact of these
additional proline mutations on glycan composition
using LC-ESI MS and compared it with the 2P. It
was interesting to note that overall, the glycosyla-
tion was highly similar between both versions,
except at a few sites. To further explore phenomena
that could be directing these changes we performed
MD simulations to decipher the conformational
properties of both versions.

The structural site, N234 showed fully
oligomannose-type glycans in both the versions
suggesting that the central integrit)/ of the protein
architecture is unperturbed.®**%*”" Overall, the
oligomannose content was similar in both the S pro-
teins, however, the MangGlcNAc, content was
higher in HexaPro, suggesting less accessibility to
glycan processing enzymes. This motivated us to
look at the accessible surface area (ASA) of
oligomannose-type glycans in 2P and HexaPro
using MD simulations. We did not see much differ-
ence in ASA values at N-glycan sites which showed
changes in oligomannose-content determined
using LC-MS. Also, we observed highly similar pro-
tein dynamics in both versions. This suggests that
both of the proteins have very similar conforma-
tional properties. However, the simulations sample
a short timescale while glycans are processed over
a much longer timescale and these simulations do
not provide evidence for the steric changes pre-
dicted from the differential glycosylation observed
in the LC-MS data. It is conceivable that the
changes in oligomannose-type glycan content
could instead be due to high expression of HexaPro
resulting in changes in productive enzyme:sub-
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Figure 5. Antibody binding to spike glycoproteins. Individual serological responses from pre-2019 donors
(Pre19, n=8), non-hospitalized convalescent donors (NHC, n=16) or PCR + hospitalized subjects (HS, n=16) as
determined by ELISA using HRP-labelled combined anti-IgG, IgA and IgM. A) Absorbance values of sera serially
diluted from a starting dilution of 1:40 against 0.1 ug 2P (cyan bars) or HexaPro (blue bars). B) Absorbance values of
sera serially diluted from a starting dilution of 1:40 from Pre-19 (black circle, dashed lines), NHC of HexaPro protein
(blue squares) and Kifunensine-treated HexaPro (green squares) as determined by ELISA using HRP-labelled
combined anti-IgG, IgA, IgM, and GAM. C) Area Under the Curve (AUC) of responses shown in figure B. The blue
bars representing the AUC of HexaPro with IgG, IgA, IgM and GAM. The green bars representing the AUC of kif-
treated HexaPro with different immunoglobulins. The mean + standard deviation from the mean (SD) is plotted. D)
HILIC-UPLC profile of N-linked glycans from WT (wildtype) HexaPro and Kifunensine-treated HexaPro produced in
HEK 293F cells and purified by Ni*? column followed by SEC. The blue peaks representing glycan spectra of WT-

HexaPro. The green peaks representing glycan spectra of kifunensine-treated HexaPro showing only MangGIcNAc,
(M9) glycans.
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strate recognition events. Overall, however, these
results suggest that there are limited structural
and dynamic differences between 2P and HexaPro.

S proteins are being deployed in serological
testing and have proven to be effective in
confirming prior infection of SARS-CoV-2 in
infected patients.*> %79 Due to its high expression,
HexaPro could widen the availability of S protein for
serological testing. In this study, we aimed to inves-
tigate the binding of HexaPro with sera IgG, IgA,
and IgM to better understand its interaction with
antibodies induced in COVID patients, in order to
maximize the potential of HexaPro in these applica-
tions. We also see highly similar antibody binding
with both 2P and HexaPro, suggesting that incorpo-
ration of mutations in HexaPro does not seem to
affect immune recognition. Our results also reveal
highly similar reactivity with glycoengineered Hexa-
Pro possessing all oligomannose-type glycans at all
PNGS, indicating that sera binding is not readily
impacted by the fine processing of the glycans of
the S protein. Moreover, since the level of antibody
binding was not significantly reduced after glycan
engineering of HexaPro, the data may be inter-
preted as indicating that after natural infection most
antibodies do not target epitopes that can be influ-
enced by variations in glycan processing. If so,
since antibodies from infected individuals can neu-
tralise infection in vitro, it suggests that protection
from infection is not associated with the targeting
the terminal region of glycans. We note however
that the predominant glycan at N234 is not changed
by kifunensine. Overall, these observations suggest
that variations in the S protein glycosylation of
SARS-CoV-2 will not impact the serological assess-
ments currently being performed across the globe.

Materials and Methods

Protein expression and purification

For expression of prefusion S ectodomain of
SARS-CoV-2 HexaPro construct, the base
construct of SARS-CoV-2 S 2P (GenBank:
MN908947) having proline substitutions at
residues 986 and 987, a “GSAS” substitution at
furin cleavage site (residues 682—-685) and C-
terminal foldon trimerization motif, HRV3C
protease recognition site, Twin-Strep-tag and
octa-histidine tag cloned in mammalian vector paH
was used. The HexaPro construct was created by
addition of four proline substitution (residues 817,
892, 899, 942) in 2P base construct as described
previously.'® Plasmid encoding S protein was used
to transiently transfect FreeStyle 293-F cells
(Thermo Fisher) using polyethylenimine (PEI). Cells
were maintained at a density of 0.2-3.0 x 10° cells/
mL at 37 °C, 8% CO, and 125 rpm shaking in Free-
Style 293F media (Fisher Scientific). Transfection
mix was prepared in Opti-MEM (Fisher Scientific)
using two solutions, DNA (310 ng/l) and PEI max
reagent (1 mg/mL, pH 7) in a ratio of 1:3 in 25 mL

10

of Opti-MEM respectively, followed by addition of
DNA solution to the PEI mix and incubated for 30
minutes at room temperature. Cells were trans-
fected at a density of 1 x 10° cells/mL and incu-
bated at 37 °C, 8% CO, and 125 rpm shaking. To
elicit oligomannose-type glycans on S glycoprotein,
20 uM kifunensine was added at the time of trans-
fection. Culture was harvested after 7 days post
transfection and the media was separated from
the cells by centrifugation at 4,000 rpom for 30
minutes.

The supernatant was filtered using 0.22 pm pore
size filter (Merck) followed by S protein purification
using 5 mL His Trap FF column connected to Akta
Pure system (GE Healthcare). Prior to loading the
sample, the column was washed with washing
buffer (50 mM Na,PO,, 300 MM NaCl) at pH 7.
The sample was loaded onto the column at a
speed of 2 mL/min. The column was washed with
washing buffer (10 column volumes) containing
50 mM imidazole and eluted in 3 column volumes
of elution buffer (300 MM imidazole in washing
buffer). The elution was concentrated by a
Vivaspin column (100 kDa cut-off) to a volume of
1 mL and buffer exchanged to phosphate buffered
saline (PBS). Further, purification of target S
protein fraction was carried out using size-
exclusion chromatography using a Superdex 200
16 600 column (GE healthcare). The target
fraction was concentrated in 100 kDa vivaspin (GE
healthcare) to a volume of 1 mL.

Glycopeptide analysis by LC-MS

To perform the glycopeptide analysis using three
protease enzymes, three 50 pg aliquots of SARS-
COV-2 HexaPro were denatured for 1 h in 50 mM
Tris/HCI, pH 8.0 containing 6 M of urea and 5 mM
of dithiothreitol (DTT). Next, the S proteins were
reduced and alkylated by adding 20mM
iodoacetamide (IAA) and incubated for 1 hr in the
dark, followed by incubation with DTT to get rid of
any residual IAA. The alkylated S proteins were
buffer exchanged into 50 mM Tris/HCI, pH 8.0
using Vivaspin columns (3kDa) and digested
separately overnight using trypsin, chymotrypsin
or alpha lytic protease (Mass Spectrometry Grade,
Promega) at a ratio of 1:30 (w/w). The next day,
the peptides were dried and extracted using C18
Zip-tip (MerckMilipore). The peptides were dried
again, re-suspended in 0.1% formic acid and
analyzed by nanoLC-ESI MS with an Easy-nLC
1200 (Thermo Fisher Scientific) system coupled to
a Fusion mass spectrometer (Thermo Fisher
Scientific) using higher energy collision-induced
dissociation (HCD) fragmentation. Peptides were
separated using an EasySpray PepMap RSLC
C18 column (75 pm x 75 cm). A trapping column
(PepMap 100 C18 3um (particle size),
75 um x 2 cm) was used in line with the LC prior
to separation with the analytical column. The LC
conditions were as follows: 275 min linear gradient
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consisting of 0-32% acetonitrile in 0.1% formic acid
over 240 min followed by 35 minutes of 80%
acetonitrile in 0.1% formic acid. The flow rate was
set to 300 nL/min. The spray voltage was set to
2.7 kV and the temperature of the heated capillary
was set to 40°C. The ion transfer tube
temperature was set to 275 °C. The scan range
was 400-1600 m/z. The HCD collision energy was
set to 50%, appropriate for fragmentation of
glycopeptide ions. Precursor and fragment
detection were performed using an Orbitrap at a
resolution MS1=100,000. MS2=230,000. The
Automatic gain control (AGC) target for MS1 = 4¢&°
and MS2=5e* and injection time: MS1=50ms
MS2 = 54 ms.

Glycopeptide fragmentation data were extracted
from the raw file using Byonic™ and Byologic™
software (Version 3.5; Protein Metrics Inc.). The
glycopeptide fragmentation data were evaluated
manually for each glycopeptide; the peptide was
scored as true-positive when the correct b and y
fragment ions were observed along with oxonium
ions corresponding to the glycan identified. The
MS data was searched using the Protein Metrics
N-glycan library, along with filtering of sulfated
type glycans using wildcard search for sulfation (0,
1, 2, 3). Then the N309 mammalian glycan library
was modified to include the sulfated glycans
identified in previous searches which was then
further used for determining glycan composition of
2P and HexaPro S protein. The relative amounts
of each glycan at each site as well as the
unoccupied proportion were determined by
comparing the extracted chromatographic areas
for different glycotypes with an identical peptide
sequence. All charge states for a single
glycopeptide were summed. The precursor mass
tolerance was set at 4ppm and 10ppm for
fragments. A 1% false discovery rate (FDR) was
applied. The relative amounts of each glycan at
each site as well as the unoccupied proportion
were determined by comparing the extracted ion
chromatographic areas for different glycopeptides
with an identical peptide sequence. Glycans were
categorized according to the composition
detected. HexNAc(2)Hex(9-5) was classified as
M9 to M5. HexNAc(3)Hex(5—6)Neu5Ac(0—4) was
classified as Hybrid with HexNAc(3)Hex(5-6)Fuc(
1)Neu5Ac(0—4) classified as Fhybrid. Complex-
type glycans were classified according to the
number of processed antenna and fucosylation.
Complex glycans are categorized as HexNAc(3)
(X), HexNAc(3)(F)(X), HexNAc(4)(X), HexNAc(4)
(F)(X), HexNAc(5)(X), HexNAc(5)(F)(X), HexNAc
(6+)(X) and HexNAc(6+)(F)(X). Any glycan
containing at least one sialic acid was counted as
sialylated. The quantifications of glycan
compositions were represented as the mean of
three biological replicates + standard error of the
mean.
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Determination of affinity using surface
plasmon resonance (SPR)

Analysis of SARS-CoV-2 HexaPro binding with
ACE2 protein was analyzed using a Biacore
T200 (Cytiva/GE Healthcare). The proteins were
buffer exchanged in the running buffer used for
the SPR, HBS P+ (0.01M HEPES pH 7.4,
0.15M NaCl, 0.005% v/v Surfactant P20). Prior
to injection of NiCl,, metallic contaminants were
removed via a pulse of 350 mM
ethylenediaminetetraacetic acid (EDTA) at a flow
rate of 30 uL/min for 1 min. Followed by loading
of Ni** at a flow rate of 10 puL/min for 1 min.
SARS-CoV-2 S protein (50 ug/mL), ligand was
injected at 10 ulL/min for 240s. Flow cell 2-1
was used in which one of the cells was used
as a control for determination of non-specific
binding to the chip. Control cycles were
performed by flowing the analyte (ACE2 protein)
over the control cell having absence of ligand
(S protein); negligible binding was indicated.
The analyte was serially diluted ranging from
200nM to 3.125nM in triplicated along with
HBS P+ buffer only as a control and were
injected at a flow rate of 50 uL/min. Association
and dissociation time was set as 300s and
600 s respectively. After each cycle, the chip
was regenerated with a pulse EDTA (350 mM)
for 1min at a flow rate of 30 uL/min. The 1:1
binding model was used for fitting the resulting
data using Biacore Evaluation Software (GE
Healthcare) and subsequently fitted curves were
used to calculate Kp.

Patient sample collection and ethical approval

Serological responses to 2P and HexaPro forms
of SARS-CoV-2 S glycoprotein were analyzed in
samples from acutely unwell intensive treatment
unit (ITU) patients with SARS CoV-2,
convalescent individuals who have had mild
disease and normal control sera from pre-2019.
We have previously shown that severi’iy of
disease affects the quantitation of antibody®> and
so a spectrum of samples were used under ethics
gained to aid assay development (NRES Commit-
tee West Midlands - South Birmingham 2002/201
Amendment Number 4, 24 April 2013) and from a
Convalescent health care worker cohort (London -
Camden & Kings Cross Research Ethics Commit-
tee 20/HRA/1817). Hospitalized subjects also pro-
vided nasopharyngeal swabs which were
guanidine isothiocyanate inactivated, then analyzed
by revers-transcriptase PCR directed against the
SARS-CoV-2 ORF1ab and N genes (Viasure,
CerTest Biotec). Pre-2019 negative control sera
were obtained as part of a University of Birmingham
study, reference ERN_16-178. All study partici-
pants gave written, informed consent and samples
were fully anonymized.
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Serum ELISA methodology

All sera were obtained by centrifugation of whole
blood at 3500 RPM for 5 mins, then stored at—20 °C
until use. Antibodies to S glycoprotein were
detected using an in-house developed, high-
sensitivity ELISA, as previously described.® In
short, Nunc 96-well plates (ThermoFisher) or high
binding plates (Corning) were coated with 2 pg/mL
2P or HexaPro or kifunensine HexaPro and blocked
with 2% bovine serum albumin (Sigma Aldritch) (w/
v) in PBS-T (Oxoid phosphate buffered saline with
0.1% Tween-20, Sigma Aldritch). Serum was ini-
tially diluted 1:40 in PBS-T and then serially diluted.
Secondary antibodies (combined horse radish
peroxidase-conjugated mouse anti-human IgG, A
and M monoclonal antibodies) were diluted in
PBS-T (anti-IgG R-10 1:8,000, anti-IgA MG4.156
1:4,000, and anti-lgM AF6 1:2,000; Abingdon
Health). Signal was developed using TMB-Core
(Bio-Rad) for between 6 and 12 minutes then
stopped with 0.2 M H,SO, (Sigma-Aldrich). Optical
density (OD) at 450 nm was detected using the
Dynex DSX automated liquid handler (Dynex Tech-
nologies, USA). Signal:noise ratio (S:N ratio) was
calculated by dividing the individual OD values from
PCR+ serum samples (signal) by the average OD
from the pre-2019 negative controls (noise). Statis-
tical significance was assessed using a RM 2-way
ANOVA with Geisser-Greenhouse correction, fol-
lowed by Sidak’s multiple comparisons test, using
Graphpad Prism version 8.

Integrative modelling and molecular dynamics
simulation

Three S protein models were built using Modeller
version 9.21%%: (i) 2P with one RBD in the “up” con-
formation, (ii) HexaPro with one RBD in the “up”
conformation, and iii) HexaPro with two RBDs in
the “up” conformation. For 2P, the S protein ectodo-
main (ECD) was modelled using the cryo-EM struc-
ture of SARS-CoV-2 2P S ECD in the open state
(PDB: 6VSB)."” The ECD of the one-RBD-up Hex-
aPro was modelled using the cryo-EM structure of
SARS-CoV-2 HexaPro S with one RBD up (PDB:
6XKL)."® For the two-RBD-up ECD, we performed
molecular dynamics flexible fitting (MDFF),®’
whereby the atomic coordinates of the HexaPro
one-RBD-up structure was fitted to the electron
density map of HexaPro two-RBD-up (EMDB:
EMD-22222)."® The initial structure was prepared
in VMD®** and MDFF was performed in vacuum
using NAMD version 2.11%% with the CHARMM36
force field.®* The MDFF simulation was performed
until convergence using a range of scaling factors
from 0.3 to 40, with secondary structural and
domain restraints applied to the protein. The stalk
and the transmembrane (TM) domain of all three
models were built using the NMR structure of
SARS-CoV HR2 domain (PDB: 2FXP)®® and the
NMR structure of HIV-1 gp-41 TM domain (PDB:
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5JYN),*® respectively, while missing loops in the
NTD and the C terminus of the ECD were modelled
based on a higher resolution cryo-EM structure of S
protein in the closed state (PDB: 6XR8).%° The
same modelling protocol previously described to
build a full-length model of the wild-type SARS-
CoV-2 S protein was used.®” The aim of the mod-
eling and MD simulation study was to measure
the accessible surface area (ASA) for each unpro-
cessed glycosylation sites, in order to ascertain
likely accessibility to glycan processing enzymes,
as previously described in Allen et al.>> Man-9 rep-
resents the primary substrate for glycan processing
enzymes; as such Man-9 glycans were added to all
22 glycosylation sites using CHARMM-GUI Glycan
Reader and Modeller.®® The glycosylated S protein
models were then embedded into a pre-equilibrated
model of the endoplasmic reticulum-Golgi interme-
diate compartment (ERGIC) membrane®® built
using CHARMM-GUI Membrane Builder.”® The
system was solvated with TIP3P water molecules
and neutralized with 0.15 M NaCl salt. Stepwise
energy minimization and equilibration simulations
with decreasing amount of positional and dihedral
restraints were conducted following the standard
CHARMM-GUI protocols.”’ For each S protein
model, three replicates of 200 ns production simula-
tion were performed. The Nosé-Hoover thermostat
was used to maintain the temperature at
310 K,%>°® while a semi-isotropic coupling to the
Parrinello-Rahman barostat was used to maintain
the pressure at 1 atm.”* The electrostatic interac-
tions were calculated using the smooth particle
mesh Ewald method with a real-space cut-off of
1.2 nm,”® and the van der Waals interactions were
truncated at 1.2 nm with a force switch smoothing
applied between 1.0 and 1.2 nm. The simulations
employed a 2fs integration time step with the
LINCS algorithm applied on all covalent bonds
involving hydrogen atoms.”® All simulations were
run using GROMACS 2018°” and the CHARMM36
force field.®* ASA calculation was performed using
the GROMACS tool gmx sasa, based on the last
50 ns of each trajectory. Comparison of ASA values
between replica simulations showed overlapping
values within error bars at most sites (Figure S6),
and hence an average value was calculated to rep-
resent each glycosylation site.

Glycan analysis by HILIC-UPLC

Gel bands corresponding to the HexaPro S and
glycan  engineered HexaPro S  protein
(kifunensine-treated) were excised and washed
three times with alternating 1 ml acetonitrile and
water, incubating and shaking for 5 minutes
following addition of each wash solution. All liquid
was removed following the final wash stages and
N-linked glycans were released in-gel using
PNGaseF, (2pug enzyme in 100 uL H,O) (New
England Biolabs) at 37 °C overnight. Following
digestion, the liquid was removed from the gel
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bands and placed into a separate Eppendorf. The
gel bands were then washed twice with 100 pl
MilliQ H,O and this was pooled with the original
solution. The extracted glycans were then dried
completely in a speed vac at 30 °C.

The released glycans were subsequently
fluorescently labelled with procainamide using
110 mg/ml procainamide and 60 mg/ml sodium
cyanoborohydride in a buffer consisting of 70%
DMSO, 30% acetic acid. For each sample, 100 pl
of labelling mixture was added. Labelling was
performed at 60 °C for 2 hours. Excess label and
PNGaseF were removed using Spe-ed Amide-2
cartridges (Applied Separations). First, the
cartridges were equilibrated sequentially with 1 ml
acetonitrile, water and acetonitrile again. Then
1ml of 95% acetonitrile was added to the
procainamide-released glycan mixture and applied
to the cartridge, allowing the cartridge to drain by
gravity flow. After the mixture has emptied the
cartridge, two washes using 97% acetonitrile were
performed. To elute the labelled glycans 1 mi
HPLC grade water was added to the cartridges
and the elution collected. The elution was then
dried completely using a speed vac, before
resuspending in 24 ul of 50 MM ammonium
formate.

A 6 ul aliquot of the resuspended glycans were
mixed with 24 pl of acetonitrile and analysed on a
Waters Acquity H-Class UPLC instrument with a
Glycan BEH Amide column (2.1 mm x 150 mm,
1.7 uM, Waters), with an injection volume of 10 pl.
A gradient of two buffers; 50 MM ammonium
formate (buffer A) and acetonitrile (buffer B) was
used for optimal separation. Gradient conditions
were as follows: initial conditions, 0.5 ml/min 22%
buffer A, increasing buffer A concentration to
441% over 57.75 minutes. Following this the
concentration of buffer A was increase to 100% at
59.25 minutes and held there until 66.75 minutes
and the flow rate was dropped to 0.25 ml/min, to
fully elute from the column. Finally, the %A was
reduced to 20% to prepare for subsequent runs.
Wavelengths used for detection of the
procainamide label were: excitation 310 nm,
emission 370 nm. Data were processed using
Empower 3 software (Waters, Manchester, UK).
The relative abundance of oligomannose-type
glycans was measured by digestion with
Endoglycosidase H (per sample in 20 pl volume)
(Endo H; New England Biolabs). A 6 pul aliquot of
labelled glycans was combined with 1 ng endoH to
a final volume of 20 ul. Digestion was performed
overnight at 37 °C.

Digested glycans were cleaned using a 96-well
PVDF protein-binding membrane (Millipore)
attached to a vacuum manifold. Prior to
application to the membrane, 100 ul HPLC-grade
H.O was added to each sample. Following
equilibration with 150 ul ethanol, and 2 x 150 ul
HPLC-grade H,O, the sample was added to the
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96-well plate and the flow-through was collected in
a 96-well collection plate. Each well was then
washed twice with HPLC-grade H,O to a final
elution volume of 300 ul. The elution was then
dried completely at 30 °C. Prior to analysis the
sample was resuspended in 6 pul ammonium
formate and 24 ul acetonitrilie and analysed as
detailed above.
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