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Abstract.

HIV-1 broadly neutralising antibodies (bNAbs) show great promise at both reducing
viraemia and preventing HIV-1 infection, however, their application may ultimately be
limited due to high manufacturing costs and the requirement for combination-based
therapies. This project describes the development of in vitro transcribed (IVT)-mRNA
delivery of multispecific antibodies as a potential cost-effective, passive immunisation
strategy for the prevention of HIV-1 infection. Previously described bispecific (Bi-scFv
and Bi-NAb) and trispecific (Tri-NAb) antibodies combining VRC01/PGT121 and
VRCO01/PGT121/10E8 paratopes, respectively (>95% neutralisation coverage in vitro
against a 208 pseudovirus panel), with geometric mean IC50 titres <0.4 ug/mL), were
selected for development. Antibody-encoding DNA plasmid constructs, engineered
with T7-IVT mRNA transcription compatibility, were generated. The bispecific
antibodies comprise the variable regions connected with linker peptides, both with and
without an Fc domain (Bi-scFv and Bi-NAb, respectively) as previously described. The
Tri-NAb DNA constructs were designed to express the Tri-NAb from co-transfection
(Co-T) with separate Bi-NAb and 10E8 encoding constructs as well as from a novel
single open reading frame (sORF) encoding the entire multispecific antibody sequence
in a single polycistronic construct. Parental (PGT121, VRCO01, and 10E8) and
multispecific antibodies were expressed from DNA constructs by transient transfection
in mammalian 293F cells, purified and biochemically characterised. Multispecific
antibody-encoding mRNA transcripts were IVT from linearised DNA, purified of
dsRNA, enzymatically capped (5 Cap1 structure), and transfected into 293F cells.
The conformation, assembly, and functionality of the purified antibodies and mRNA-
transfected cell culture supernatants were assessed in vitro against a panel of 17 HIV
tier 2 pseudoviruses. Purified multispecific antibodies demonstrated improved
neutralisation potency and coverage compared to the parental monoclonal antibodies,
as expected. Encouragingly, unpurified mRNA-expressed multispecific antibodies
matched the neutralisation coverage of purified antibodies (94%), with sufficient
multispecific antibody titres to generate inhibitory dilution factors conferring 80%
neutralisation (median ID80) >150: Bi-scFv (1 427), Bi-NAb (655), Tri-NAb Co-T (327),
and Tri-NAb sORF (166). These data provide proof-of-concept of the utility of this HIV-
1 multispecific antibody delivery strategy for passive immunisation to prevent HIV-1

infection and provide the basis for advancement into preclinical development.



Acknowledgements.

| would like to express my deepest gratitude and appreciation to all the people who

made it possible for me to complete this project.

To my supervisor, Dr. Mark Killick, thank you for all the technical expertise, writing, and
presentation skills that you have patiently taught me, for always being available to
discuss our experiments and results, and for constantly challenging and encouraging
me to do more and critically engage with my results. Thank you for your friendship,
guidance, motivation, reassurance, and support that have enabled all the experiences
and opportunities | have been afforded during this project. | hope that | continue to

grow into the scientist you have inspired and shaped me to be.

To my co-supervisor, Prof. Maria Papathanasopoulos, thank you for your support and
encouragement of my scientific endeavours, and for allowing me the fortunate
opportunity of presenting at an international conference. | greatly appreciate all you

have done for me.

Thank you Prof. Elena Libhaber for your guidance and assistance with the statistical

analysis of our results.

To my friends and colleagues in the HIV Pathogenesis Research Unit, especially
Hanna, Nikita, Mel, Adri, and Mark, thank you for all the fun times filled with laughter,
interesting conversations, comradery, and encouragement that have made this

experience so enjoyable.

To my family and friends, thank you for always encouraging and supporting me on this
journey. To my parents, Ros and Mike, thank you for everything you have done and
continue to do to help me achieve the opportunities | want in life. To my sister,
Michaela, and Ross, thank you for always being there for me, and for your reassurance

during some stressful times.

Lastly, thank you to the funders who have made this research possible: research
funding was provided by the Poliomyelitis Research Foundation (PRF grant 21/71)
and the Faculty of Health Sciences, University of the Witwatersrand. Student funding
was provided through the Postgraduate Merit Award from the University of the
Witwatersrand, the PRF (grant 22/61), and the National Research Foundation (NRF
grant PMDS22070230651).



Table of contents.

DeClaration. ... e i
Publications and presentations arising from this study...................ccccccccoo i
ADSTIaCT. ... ..o ii
Acknowledgements..............cccooiiiiiiii iv
List Of FIQUIreS. .......oooiiiiiiiii e X
LisSt Of TabIES. ... Xiii
List of Abbreviations...............ooooiiiiiiiiii Xiv
Chapter 1. Introduction. ... 1
1.1 The HIV-1 global pandemicC. ..........ccooiiiiiiiiiiiii e 1
1.2 HIV-1 structure and life CyCle. ... 1
1.2.1 HIV-1 VIroN StrUCIUFE. ... 1
1. 2.2 HIV-1 [ife CYCI. oot 2
1.2.3 HIV-1 pathogenesis and disease progression..............euvvvveeeeeeeieeeeeeeeeeeeeenn. 4
1.3 HIV-1 treatment and prevention with ART. ..........cccooiiiiiiii i, 5
1.4 HIV-1 broadly neutralising antibodies............ccooooviiiiiiiii, 6
1.4.1 Development of anti-HIV-1 antibodies. ... 6
1.4.2 HIV-1 epitope targets for BNADS. ..o, 7
1.4.2.1 The CD4 binding Site. ....covvviiiiiiie e 7
1.4.2.2 The V1/V2 glycan 100ps of gP120. ........uuumimmimimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiaes 8
1.4.2.3 The V3 glycan supersite of gp120. ..........uuvvimmiiiiiiiiiiiiiiiiiiiiiiiiiiies 8
1.4.2.4 The silent face of gP120. ......uuuiiiiiiiiiiiiiiiiiiiii s 9
1.4.2.5 The gp120-gp41 interface...........cuuuuuvuiiiiiiiiiiiiiiiiiiiiiiis 9
1.4.2.6 The gp41 fusion pepltide. ......ccooeeeiiiiiiiiiie e 9
1.4.2.7 The membrane-proximal external region of gp41. ........ccccccvvvviirnnnnnnnnns 9
1.5 Passive immunisation of HIV-1 bNADS. ..., 10
1.5.1 HIV-1 bNADb passive immunisation-mediated protection in animal models.
........................................................................................................................... 11
1.5.2 bNAb modifications to increase serum half-life.............ccccooeviiiiiiiniiinnn. 12
1.5.3The HIV-1 AMP tralS.....coovvieiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 13
1.5.4 Combination bNAD infusion for HIV-1 prevention..................cccoovvvvviiinnnnnn. 14
1.6 HIV-1 multispecific antibodies. ............coiiiiiiiiiiiici e 17



1.6.1 Engineering multispecific antibodies. ............cccccovviiiiiiiiiiii 17
1.6.1.1 Fv-only (variable domain/variable fragment) multispecific antibodies. 17

1.6.1.2 Fab-based multispecific antibodies.............ccccciviiiiiiiiii, 18
1.6.2 Multispecific antibodies targeting HIV-1. ..o, 20
1.7 Strategies for vectored bNAb exXpression in Vivo...........cccccuuiieiiieeeeeeeeiiinn, 23
1.7.1 Cost of bNAb production for passive infusion. .........ccccccceeeeiiiiiiiiiiiinn. 23
1.7.2 AAV vectored immunoprophylaxis. ..........cevieieeiiiiiiieiiii e 24
1.7.2.1 AAV delivery of HIV-1 DNADS. .........uuuiiiiiiiiiiiiiiiiiiiiienneneeees 25
1.7.3 IVT-MRNA ©XPreSSION.....ccciiiiiiiiiiiieie e 26
LA Tt T I 1= o 1 = o 27
LA 372 I 1= o 1 O I o 28
1.7.3.3 The COdING SEQUENCE. ......uuiiiiiiiiie ettt eeaaaas 28

LA T 1= T O I o N 29
1.7.3.5 The POIY-Atail. ....ouuiiiiiiiiiiiiiiiiiiii e 29
1.7.3.6 Reducing mMRNA immunogenicCity. ..........coeuuiiiiiiiiiiiiiciiiieeeei e, 29
1.7.4 IVT-mRNA delivery and expression of HIV-1 bNADbs..........ccccccviiiiiinnnnnn. 30
1.8 Justification for the current study............oooooeiii 31
1.8.1 The HIV-1 multispecific antibody selection for the current study. .............. 31
1.8.2 IVT-mRNA expression of multispecific antibodies. ...........ccccooooeiiiiiiinnnnnnnn. 33
1.9 AIM and ODJECHIVES. ...ueeiiie e 36
Chapter 2. Materials and Methods. ..., 37
2.1 Reagents used in this study. .........cooiiiiiiiiii 37
2.2 General laboratory teChniqQUES. ............oiiiiiiiiii e, 39
2.3 Multispecific antibody CONSIIUCES...........coeveiiiiiiiii e, 39
2.3.1 Bispecific antibody construct design. ...........ccccoeiiiiiiiiiiicii e, 39
2.3.2 Bispecific antibody cloning into the pmRNA expression vector. ................ 39
2.3.2.1 Bi-NADb antibody construct. ... 39
2.3.2.2 Bi-scFv antibody construct. ... 41

2.4 Silencing the Bpil restriction site in the CH2 domain of the Bi-NAb construct. 42
2.4.1 Screening pmRNA_Bi-NAb colonies with silenced Bpil restriction sites. .. 43

2.5 Tri-NADb conStruct design..........cooiiiiiiiiiii e 43
2.5.1 Generating complementary knob-into-hole mutations. ...............ccccc.uee... 43
2.5.1.1 Confirming the presence of the CH3 hole mutations. ......................... 44

2.5.1.2 Cloning the Bi-NAb_Ho sequence into the pmRNA expression vector.

Vi



2.5.2 Generating the Tri-NADb single open reading frame (Tri-NAb sORF)

CONSIIUCE. <. et e et e e e et e e e e e e e e e e enna e eeeees 45
2.5.3 Improving endogenous furin processing of the 10E8_Kn construct. ......... 47
2.5.3.1 Site-directed mutagenesis of the 10E8_Kn furin sequence. ............... 47
2.5.3.2 Cloning 10E8_Kn into the pmRNA expression vector.............c.c......... 48
2.5.3.3 Improving endogenous furin processing of the 10E8_Kn in the Tri-
NAD _SORF CONSIIUCT.......cooeiiieiie e e 49
2.6 Sub-cloning the firefly luciferase sequence into the pmRNA expression vector.
.............................................................................................................................. 50
2.7 Recombinant antibody expression and purification...............cccooooiiiiiiiiiiiinnnnnn. 51
2.7.1 General 293F cell line maintenance. .........ccccccvvvviiiiiiiiiiiiiiiiiiiieeeeeeee 51
2.7.2 Antibody @XPreSSiON. .........ccuiviiiiiiiiiiiiiiiieeeeee e 52
2.7.3 Assessing furin cleavage efficiency by small-scale mammalian cell
trANSTECHIONS. ... 53
2.7.4 Antibody Purification. ... 53
2.7.4 1 Protein A affinity chromatography. ... 53
2.7.4.2 Immobilised metal-ion affinity chromatography. .........ccccccovviiiiiiinnnn. 55
2.7.4.3 Size exclusion chromatography. ...........cccceeiiiiiiiiiiiiiiie e, 56
2.7.5 Computation of the multispecific antibody molecular weight and predicted
N-linked glyCoSsYIation. ........coooiiii e 57
2.7.5.1 Calculating antibody molecular weight from native SEC profiles. ....... 57

2.7.5.2 Antibody molecular weight determination under reducing conditions. 58
2.7.5.3 Predicted antibody molecular weight and N-linked glycosylation sites.

....................................................................................................................... 58

2.8 In vitro transcription (IVT) of mMRNA encoding multispecific antibody constructs.
.............................................................................................................................. 58
2.8.1 IVT mRNA transcript producCtion. ...........oooeuiiiiiiiiie e 58
2.8.2 IVT mRNA transcript purification. ..., 59
2.8.3 Capping purified IVT MRNA. ... 61
2.8.4 Antibody expression from IVT mMRNA...........oorieeee 61
2.9 Antibody HIV-1 pseudovirus in vitro neutralisation. ............cccccceevvveiiiiiiiiiinnnnnn. 63
2.9.1 Maintenance of the HEK293 and TZM-bl cell lines. .............cccceeeiieennnns 63
2.9.2 HIV-1 pseudoVirus produCHiON. ..........oooeiiiiiiiiiiiie et 64
2.9.2.1 Determining the HIV-1 pseudovirus titres. ........cccccccvvvvviiiiiiiiiiiiiiinnnn. 65
2.9.3 HIV-1 in vitro neutralisation assay. ..........cccccccvviiiiiiiiiiiiiiiiiiiiieeeeeeee 65
2.9.3.1 Determining the percentage viral inhibition..............ccccccoiiiiiiiininnnn. 66
2.9.3.2 Correcting for the antibody molarity difference. ..........cccccccvvvvviiiiinnnn. 67

vii



2.10 Quantification of IVT-mRNA-expressed antibodies. ............ccccoevviiiiiiiiiiinnnnnn. 68

2100 ELISA oo 68
2.10.2 Western blot densitometry. ... 70
2.10.3 IC/ID Neutralisation data estimation of multispecific antibody
(olo] aer=T oY1 =1 (o] o AU PP PPUPPPPPPPPIN 71
2.11 Statistical analysSis. ........uuuuiiiiii i ——— 71
Chapter 3. RESUIES. ..o e 73
3.1 Generation of bispecific antibody expression constructs. ..............ccccevvvinnnnnnn. 73
3.2 Silencing of the Bi-NAb CH2 domain Bpil restriction site to prevent premature
MRNA transcript trunCatioN. ...........coooiiiiii 76
3.3 Generating the Tri-NAb expression constructs.............ccccevvvviiiiiiie e, 79
3.3.1 Heterologous heavy chain assembly through complementing knob-into-
hole mutations in the 10E8 and Bi-NAb constructs. .............ccccvvviiiiiiiiiiieeenns 79
3.3.2 Generating the Tri-NAb sORF construct. ............ccccoo, 83
3.4 Small-scale transfection and assessment of multispecific antibody
EXPIESSION 1N VIEIO. ..ottt e e e e e et e e e e e e e e e eeaannnnes 86
3.4.1 Inefficient endogenous furin processing of 10E8 Kn and Tri-NAb_sORF
CONSITUCES. <.t e et e e et e e e e e e e e e e enaa e eaeees 87
3.4.2 Improved endogenous furin processing and cleavage of the 10E8 Kn
(o70] 0 1 {1 [ FE PRSPPI 90
3.4.3 Sub-cloning of the 10E8_Kn_Afurin and luciferase reporter into the pmRNA
oo (=X T:T o] N7 = T o (o] U 91
3.4.4 Improved endogenous furin processing and cleavage of the Tri-NAb sORF.
........................................................................................................................... 94
3.5 Biochemical and functional characterisation of expressed and purified parental
and multispecific antibodies from DNA constructs. ............ccccvvviiiiiiii e, 97
3.5.1 Recombinant antibody expression and purification.........................coee. 97
3.5.2 Biochemical and functional characterisation of expressed and purified
parental and multispecific antibodies from DNA constructs. ............cccoooeeeeieens 99
3.6 Functional in vitro neutralisation of HIV-1 was achieved by the multispecific
ANTDOAIES. ... e aeaan 103
3.7 IVT mRNA transcript production, purification, and expression. ..................... 107
3.7.1 Production and purification of IVT-mRNA expression cassettes. ............ 107
3.7.2 Multispecific antibody expression from IVT-mRNA transcripts. ............... 107
3.8 Assessment of mMRNA-expressed multispecific antibody functionality and
1] 011 1 (o] o RPN 111
3.9 Relative quantification of the mRNA-expressed multispecific antibodies. ..... 114

viii



Chapter 4. DiSCUSSION.............ouuiiiiiii e eeeeeees 117

4.1 Generation of multispecific antibody expression constructs.............cccc......... 117
4.2 Recombinant antibody expression, purification, and biochemical

CharacCteriSAtION. .........oiii e 122
4.3 Functional in vitro neutralisation of HIV-1 by the multispecific antibodies. .... 125
4.4 IVT mRNA transcript production and multispecific antibody expression........ 130

4.5 IVT-mRNA-expressed multispecific antibodies exhibit high neutralisation titres
with broad in vitro HIV-1 neutralisation coverage. ..........ccccooviiiiiiiiiiiiinncei, 133

4.6 Expression discrepancy between the Co-T and sORF expressed Tri-NAb. .. 136
4.7 Future prospects of mMRNA-multispecific antibody delivery for HIV-1 prevention.

............................................................................................................................ 138
4.8 CONCIUSION. ..o 141
RefEreNCEeS. ..o 143
Appendix A: General laboratory techniques and Kit protocols...........cccccccceeee. 164
Appendix B: Supplementary result figures...........cccoooeeieiiiiiiiii 178
Appendix C: EthiCS WaIVET. .........coooviiiiiii e 186



List of Figures.

Chapter 1. Introduction.

Figure 1.1. The HIV-1 genome and virion structure 2

Figure 1.2. The HIV-1 life cycle 3

Figure 1.3. Schematic representation of the HIV-1 Env antibody responses during

HIV-1 infection in the absence of antiretroviral therapy 4

Figure 1.4. HIV-1 Env trimer epitopes targeted by various classes of broadly

neutralising HIV-1 antibodies 9

Figure 1.5. Multispecific antibody formats of increasing complexity are engineered

using various technologies 19

Figure 1.6. HIV-1 multispecific antibody constructs used in this study 35
Chapter 3. Results.

Figure 3.1 Generation and evaluation of bispecific antibody constructs 75

Figure 3.2. Silencing the Bi-NAb CH2 domain Bpil restriction site to prevent premature

mMRNA transcript truncation 78

Figure 3.3. Generating the pmRNA_Bi-NAb_Ho construct containing the CH3 hole

mutations required for heterologous heavy chain assembly and Tri-NAb production

Figure 3.4. Generating the Tri-NAb single open reading frame (sORF) construct__ 85

Figure 3.5. Multispecific antibody expression and processing of F2Aopt-containing

Figure 3.7. Improved endogenous furin processing and cleavage of the Tri-NAb single

open reading frame (sORF) following modification of the furin cleavage site in the



Figure 3.8. Conformational and purity assessment of expressed HIV-1 broadly

neutralising parental and multispecific antibodies 102

Figure 3.9. Neutralisation profile (breadth and potency) comparison of purified

parental and multispecific antibodies against a panel of 17 tier 2 HIV-1 pseudoviruses

Figure 3.10. IVT-mRNA-mediated multispecific antibody expression in vitro 110

Figure 3.11. Neutralisation profile (breadth and potency) comparison of IVT-mRNA

expressed multispecific antibodies against a panel of 17 tier 2 HIV-1 pseudovirus__113

Appendix A: Supplementary methods.

Figure A1. Plasmid maps for the final pmRNA expression constructs encoding the
multispecific antibodies (Bi-scFv, Bi-NAb, Bi-NAb_Ho, 10E8_Kn, and Tri-NAb_sORF,
as well as green fluorescent protein (GFP) and firefly luciferase (Fluc) (controls for

MRNA-mediated expression, and pMin_iMAb_Ho as an assembly control 167

Appendix B: Supplementary result figures.

Figure B1. Recombinantly expressed multispecific and parental antibodies were

purified by standard affinity chromatography procedures o 171
Figure B2. Molecular weight protein standard calibration curve 172
Figure B3. Relative migration distance of the protein molecular weights______ . 172

Figure B4. Parental and multispecific purified antibody viral inhibition profiles against

a panel of 17 tier 2 HIV-1 pseudoviruses 174

Figure B5. Neutralisation IC50 breadth and potency comparison of purified parental

and multispecific antibodies against a panel of 17 HIV-1 pseudoviruses 175

Figure B6. IVT-mRNA expressed multispecific antibody viral inhibition profiles against

a panel of 17 tier 2 HIV-1 pseudoviruses 176

Figure B7. Neutralisation ID50 breadth and potency comparison of IVT-mRNA

expressed multispecific antibodies against a panel of 17 HIV-1 pseudoviruses 177

Figure B8. Affinity chromatography purification of HIV-1 Env gp120FVC Monomer
glycoprotein 177

Xi



Figure B9. Representation of the multispecific antibody standard curves used to

relatively quantify the mRNA-expressed multispecific antibody titres 178

Figure B10. Western blot images analysed by densitometry to quantify the amount of

mRNA-expressed multispecific antibodies in the clarified cell culture supernatant_178

xii



List of Tables.

Chapter 1. Introduction.

Table 1.1. HIV-1 broadly neutralising antibodies (bNAbs) (both individual and
combinations) that are in early phase 1 and 2 human clinical trials 16

Table 1.2. HIV-1 multispecific antibodies for therapeutic reduction in viraemia or
prevention of HIV-1 infection 22

Chapter 3. Results.

Table 3.1. Recombinant antibody expression and purification yields 98

Table 3.2. Relative quantification of the concentration of mMRNA-expressed
multispecific antibodies 116

Appendix A: Supplementary methods.

Table A1. Primers and thermocycling conditions used in this study 165

Table A2. Composition of SDS-PAGE geltocasttwo 1 mmgels____ 166

Appendix B: Supplementary result figures.

Table B1. Molecular weights of the parental and multispecific antibodies 173

xiii



List of Abbreviations.

a: alpha (or anti- in the context of secondary antibodies)
A: delta, altered sequence in the context of this study
M: micro

Y: pseudouridine

293F: FreeStyle 293 cells

4dCD4: soluble human CD4 receptor

AAV: adeno-associated virus

ADA: anti-drug antibody

AGTRU: Antiviral Gene Therapy Research Unit
AIDS: acquired immunodeficiency syndrome
AMP: antibody-mediated prevention

An: absorbance

ANOVA: analysis of variance

APS: Ammonium Persulfate

ARE: adenylate/uridylate-rich elements

ART: antiretroviral therapy

ARV: antiretroviral

AU: adenine-uracil

BLI: BioLayer Interferometry

bNADbs: broadly neutralising antibodies

bp: base pairs

BSA: bovine serum albumin

CA: capsid proteins

cART: combined antiretroviral therapy

Cat.: catalogue number

CCRS5: C-C chemokine receptor type 5

CD4: clusters of differentiation 4

CD8: clusters of differentiation 8

Xiv


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pseudouridine

CD4bs: CD4 binding site

CDRHa3: third complimentary-determining region of the heavy chain
CH: constant heavy

CHO: Chinese hamster ovary

CL: constant light

CMV: cytomegalovirus

Co-T: co-transfection

CXCR4: C-X-C chemokine receptor type 4
Da: Dalton

DEAE: diethylaminoethyl

DEPC: diethylpyrocarbornate

DMEM: Dulbecco’s Modified Eagle’s Medium
DMSO: dimethyl sulfoxide

DNA: deoxyribonucleic acid

DPBS: Dulbecco’s phosphate buffered saline
dsRNA: double-stranded RNA

DTT: dithiothreitol

E2A: equine rhinitis A virus 2A

E. coli: Escherichia coli

ECL: enhanced chemiluminescence

EDTA: ethylenediamine tetraacetic acid
eGFP: enhanced green fluorescent protein
EGFR: epidermal growth factor receptor
ELISA: enzyme-linked immunosorbent assay
env: HIV-1 envelope gene

Env: HIV-1 envelope glycoprotein

ER: endoplasmic reticulum

F2A: foot-and-mouth disease virus 2A

Fab: fragment antigen-binding region

XV



FBS: Foetal Bovine Serum

Fc: fragment crystallisable

FcRn: neonatal receptor

Fluc: firefly luciferase

FOR: forward

Fv: variable domain

G4S: glysine-4-serine

GC: guanosine-cytosine

GFP: green fluorescent protein

G. nivalis: Galanthus nivalis

GMT: geometric mean titre

Gp: glycoprotein

Gp120FVC M: gp120 founder virus consensus C monomer
HAART: highly active antiretroviral therapy

HC: heavy chain

HEK293: Human Embryonic Kidney 293 cells
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
His: histidine

HIV-1: human immunodeficiency virus type 1

Ho: hole

HPRU: HIV Pathogenesis Research Unit

HPTN: HIV Prevention Trials Network

HRP: horseradish peroxidase

HV: heavy variable

HVTN: HIV Vaccine Trials Network

IC50: inhibitory concentration for 50% viral inhibition
IC80: inhibitory concentration for 80% viral inhibition
ID50: inhibitory dilution for 50% viral inhibition

ID80: inhibitory dilution for 80% viral inhibition

XVi



I.D.: internal diameter

IDA: iminodiacetic acid

IgG: immunoglobulin G

IM: intramuscular

iMAD: Ibalizumab

IMAC: immobilised metal-ion affinity chromatography
IN: integrase

INSTIs: integrase strand transfer inhibitors

IRES: internal ribosome entry sites

ITR: inverted terminal repeat

IV: intravenous

IVT: in vitro transcription

Kav: ratio between the elution volume of a molecule and the column volume
Kb: kilobase

kDa: kilo-Dalton

kg: kilogram

KIH: knob-into-hole

KL: kilolitre

KLD: kinase, ligase, Dpnl reaction

Kn: knob

LB: Luria Broth

LC: light chain

LC-MS/MS: liquid chromatography mass-spectrometry/mass spectrometry
LNP: lipid nanoparticle

LV: light variable

m1Y¥: N’-methyl-pseudouridine

M7G: 7-methylated guanosine

m: milli-

M: molar

XVii



mm: millimetres

MA: matrix proteins

mADb: monoclonal antibody

mg: milligram

mMiRNA: micro RNA

mL: millilitre

MMP: methyl a-D mannopyranoside

MPER: membrane-proximal external region

MPM 6: Microplate Manager 6

MRNA: messenger RNA

Mw: molecular weight marker

n: nano-

N/A: not available or not applicable

NAbs: neutralising antibodies

NC: nucleocapsid proteins

NHLS: National Health Laboratory Service

NHP: non-human primate

NICD: National Institute for Communicable Diseases
NIH: National Institute of Health

NNRTIs: non-nucleoside reverse transcriptase inhibitors
NRTIs: nucleoside reverse transcriptase inhibitors
NSG: NOD-scid gamma mice

NTC: no template control

ORF: open reading frame

P2A: porcine teschovirus-1 2A

PBS: phosphate buffered saline

PBS-T: Tween-20 prepared in PBS

PCR: polymerase chain reaction

PDB: Protein Data Bank

XViii



PEIMAX: Polyethylenimine “Max”

PEP: post-exposure prophylaxis

pg: picograms

Pl: Protease inhibitors

PIC: pre-integration complex

PKR: protein kinase

PLWH: people living with HIV

PNGS: potential N-linked glycosylation sites
Poly-A: poly-adenylation

PR: protease

PrEP: pre-exposure prophylaxis

PRR: pattern recognition receptors

rAAV: recombinant adeno-associated virus
REV: reverse

Rf: relative migration distance

RLU: relative luminescence units

RNA: ribonucleic acid

RNA Pol II: RNA polymerase I

Rpm: revolutions per minute

RT: reverse transcriptase

SAM: S-adenosylmethionine

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2
SC: subcutaneous

scFv: single-chain variable fragment

SDM: site-directed mutagenesis
SDS-PAGE: sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SEC: size-exclusion chromatography

SHIV: simian-human immunodeficiency virus

SIV: simian immunodeficiency virus

XiX



S.0.C.: Super Optimal broth with Catabolite repression
sOREF: single open reading frame

SP: secretion signal peptide

SRP: signal recognition particle

ssRNA: single-stranded RNA

T/F: transmitted/founder virus

T2A: thosea asigna virus 2A

TCID50: tissue culture infectious dose to achieve 50% infection
TEMED: N, N, N’, N’-tetramethylethylene-diamine
TLR3: toll-like receptor 3

TMB: 3, 3, 5, 5’ — tetramethylbenzidine

tRNA: transfer RNA

UTC: untransfected control

UTP: uridine 5’-triphosphate

UTR: untranslated region

UV: ultraviolet

Vc: geometric column volume

Ve: elution volume

VH: variable heavy

VHH: variable heavy domain of heavy chain

VL: variable light

Vo: column void volume

WB: western blot

XX



Chapter 1. Introduction.

1.1 The HIV-1 global pandemic.

The human immunodeficiency virus type 1 (HIV-1) global pandemic has been a major
public health issue for over 40 vyears and the progression to acquired
immunodeficiency syndrome (AIDS) has claimed 40.4 million lives so far (1-3). HIV-1
remains a leading cause of death and disease, especially in sub-Saharan Africa (4—
7). In 2022, there were approximately 39 million people living with HIV-1 (PLWH)
globally, with 1.3 million new infections (2,3). Years of research have unpacked the
structure, life cycle, and pathogenesis of this virus which has and continues to be
crucial in developing treatment and prevention strategies to slow the spread of HIV-1

and reduce its morbidity and mortality.

1.2 HIV-1 structure and life cycle.

1.2.1 HIV-1 virion structure.

HIV-1 is a retrovirus, belonging to the Retroviridae family, and classified as a member
of the Lentiviridae genus. HIV-1 is an enveloped virus enclosed in a lipid bilayer
derived from the modified host cell membrane and contains a 9.8 kb positive-sense
ribonucleic acid (RNA) genome, comprising nine genes encoding multiple proteins (8).
The Gag polyprotein is proteolytically cleaved to generate the matrix (MA), capsid
(CA), nucleocapsid (NC), and p6 proteins (8,9). The Gag-Pol polyprotein contains the
viral enzymes protease (PR), reverse transcriptase (RT), and integrase (IN). The env
gene encodes the secretion signal peptide (SP), and glycoproteins (gp) gp120 and
gp41 (8,9). The remaining sequences encode regulatory proteins (Tat and Rev) (10)
and accessory proteins (Nef, Vpr, Vif, and Vpu) (11). The HIV-1 structural proteins are
all derived from the Gag polyprotein of immature virions, which is proteolytically
cleaved during virion assembly to generate mature virions. The processed proteins
reassemble, generating the distinct layers of the mature virion: the MA remains
associated with the inner viral layer, the NC coats the viral RNA genome, and the CA
assembles to form the capsid surrounding the nucleocapsid and associated virally-
encoded enzymes (12,13). The surface envelope glycoprotein (Env) is a trimer,

composed of three non-covalently associated heterodimers of gp120 (that interact with



host cell receptors) and gp41 (a transmembrane component that mediates viral- and
target host cell- membrane fusion) (14) and is the target for antibodies during an

immune response (15).
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Figure 1.1. The HIV-1 genome and virion structure. (A) Schematic overview of the HIV-
1 genome that comprises open reading frames for nine genes (gag, pol, vpr, vif, vpu, env,
rev, tat, nef). (B) The mature HIV-1 virion comprises structural proteins that are
proteolytically cleaved from the Gag polyprotein (matrix, capsid, nucleocapsid, and p6) and
viral enzymes (protease, reverse transcriptase, and integrase). Env encodes for the
surface gp120 and transmembrane gp41 proteins. Figure obtained from van Heuvel et al.

(9).
1.2.2 HIV-1 life cycle.

HIV-1 infects cells via receptor-mediated entry and targets cells that present the
clusters of differentiation 4 (CD4) receptor and C-C chemokine receptor type 5 (CCRS5)
or C-X-C chemokine receptor type 4 (CXCR4) co-receptors (e.g. human T helper cells
and microglia cells) (16,17). The HIV-1 life cycle has an early and late stage. The early
stage begins with infection of a host cell and ends with viral genome integration into
the host DNA genome. The late stage is the post-integration period until viral
maturation (18). Briefly, the HIV-1 virion Env glycoprotein spikes engage the host cell
CD4 and CCR5/CXCR4 co-receptor, triggering conformational rearrangements that
enable the viral and host cell membrane fusion and release of the viral core into the

host cell cytoplasm (19). The viral capsid begins uncoating and trafficking to the



nucleus (20,21) where the viral genome is reverse-transcribed to generate the pre-
integration complex (PIC) (22). Uncoating and reverse transcription are completed
after nuclear import and before nuclear integration (20,23,24). The capsid localises
the PIC to transcriptionally active sites within the host chromatin and PIC-associated
integrase facilitates the integration of viral transcripts into the host genome resulting
in the integrated provirus (25-27). Host cell RNA polymerase || (RNA Pol |I) mediates
proviral transcription, generating viral messenger RNA (mRNA) transcripts that are
exported from the nucleus and provide the template for viral protein production, such
as the Gag polyprotein which is localised to the plasma membrane (28). Viral protein
components are combined with genome-length RNA to form immature viral particles
that bud from the host cell and have intact Gag polyproteins coating the host-derived
viral membrane (29). Finally, the immature virions undergo protease-mediated
maturation where viral protease cleaves the Gag polyprotein into its smaller, functional
subunits (30), forming the viral capsid to create an infectious HIV-1 viral particle that
can restart the HIV-1 life cycle (31).
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Figure 1.2. The HIV-1 life cycle. 1) The HIV-1 envelope glycoprotein binds to the receptors
on the host cell surface. 2) The virion and cellular membranes fuse and the viral capsid is
released into the cytoplasm. 3) The viral capsid passes through the nuclear pore complex
(NPC) into the nucleus. 4) The capsid partially uncoats and the viral gRNA is reverse
transcribed into the provirus. 5) The provirus is integrated into highly active chromosomal
regions in the host genome. 6) The provirus genes are transcribed. 7) Viral mMRNAs are
exported from the nucleus. 8) Viral mRNA translation occurs in the cytoplasm. 9) Nascent
HIV-1 particles assemble at the cell membrane. 10) Immature HIV-1 particles bud from the
cell membrane and 11) are released from the host cell. 12) The viral particle matures into
infectious HIV-1 virions. Figure obtained from van Heuvel et al. (9).
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1.2.3 HIV-1 pathogenesis and disease progression.

HIV-1 infection and transmission across mucosal membranes is predominantly
established by a single transmitted/founder (T/F) virus (~75-80%) with the remaining
20-25% of infections occurring from two-to-five distinct T/F viral variants (32,33). T/F
viruses have a specific viral phenotype based on the co-receptor used for entry and
the tropism of the cell (33), with viral tropism being shown to influence the infection
outcome and the duration of disease progression (34). In the absence of antiretroviral
(ARV) therapy (ART), the typical HIV-1 infection progresses in three main phases: 1)
an initial acute infection; 2) a prolonged asymptomatic period; and 3) a final rapid
increase in viral load accompanied by a simultaneous drop in healthy CD4* T cells and
the progression to AIDS (35,36). Acute HIV-1 infection can last approximately 2 to 10
weeks. Active viral replication results in high plasma viraemia and a decrease in
circulating CD4" T cells, where patients present with fever and flu-like symptoms
approximately 2 to 4 weeks after infection (37). Initially, HIV-1 replicates rapidly and
peaks at 3 to 4 weeks post-exposure, in the absence of an immune response or ART
(38,39). However, this phase may take up to 3 months after infection until
seroconversion occurs and HIV-1-specific antibodies are detected within the patient’s
serum (40). HIV-1 replication then spontaneously declines for several months, the viral
load decreases dramatically and the circulating CD4* T cells return to near-normal
levels. A viral set point or steady state of viral replication is reached (which determines
disease progression) and an asymptomatic latent phase is experienced for 7 to 10
years (36,41). Following this latent period, the viral load rapidly increases with a
simultaneous decrease in CD4* T cell count to <200 cells/mm?3 increasing a patient’s
susceptibility to opportunistic infections and progression to AIDS (42). Due to the high
viral loads experienced during the early (can last for up to 3 months after
seroconversion) and late stages of HIV-1 infection (10 to 19 months before death),

these periods are associated with high rates of transmission (43).
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Figure 1.3. Schematic representation of the HIV-1 Env antibody responses during
HIV-1 infection in the absence of antiretroviral therapy. HIV-1 infection has an acute
phase, a prolonged asymptomatic period, and a final increase in viral load and decrease
in CD4* T cells and progression to AIDS. It can take up to three months after infection for
seroconversion to occur and for autologous HIV-1 specific antibodies to be present. Cross-
reactive/broadly neutralising antibodies take years to develop. Figure obtained from
Silvestri and Cartwright (40).

Understanding the HIV-1 virion structure, life cycle, and disease progression has
provided targets for active immunisation strategies and treatment to prevent and treat
HIV-1 infection respectively. So far, all attempts to generate a prophylactic vaccine
have failed (44,45) and current biomedical prevention strategies involve male
circumcision, ART-based treatment, and antibody passive immunisation, which will be

the focus of this study.

1.3 HIV-1 treatment and prevention with ART.

Knowledge of the HIV-1 life cycle has identified various targets for ARV interventions
and enabled the development of ART to manage this chronic iliness and has greatly
reduced the morbidity, mortality, and incidence of HIV-1 and resulted in better patient
survival, prognosis, and quality of life (46—48). HIV-1 therapy utilises combined ART
treatment (CART, which combines ARV drugs from different drug classes) and highly
active ART (HAART) to suppress HIV-1 replication. The commonly used ARV drug
classes include: nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside
reverse transcriptase inhibitors (NNRTIs), protease inhibitors (Pls), and integrase

strand transfer inhibitors (INSTIs), with each drug class targeting key enzymes within

5



the different stages of the HIV-1 replication cycle (49). HIV-1 therapy has mostly been
focused on individual ART treatment, however, long-acting ARV drugs demonstrate
improved success of ART and enabled its expansion to include prevention strategies
that reduce transmission risk, such as pre-exposure prophylaxis (PrEP) and post-
exposure prophylaxis (PEP) (50,51). The effective prevention of HIV-1 infection has
been demonstrated using PrEP, where ARV drugs are taken by an uninfected

individual who is at risk for acquiring HIV-1 infection, in serodiscordant couples (52,53).

Unfortunately, HIV-1 drug resistance resulting from the genetic mechanisms (54) or
the epidemiology (55) of HIV-1, threatens the long-term success of ART (56). HIV-1
has great genetic variability due to the high rate of HIV-1 RT processing errors during
viral replication, which can introduce mutations that confer ARV drug resistance
(54,57). HIV-1 drug resistance mutations can be transmitted between people, or be
acquired through drug selection pressure (55). Poor drug adherence and non-
compliance (due to factors such as drug toxicity) accelerate treatment failure resulting
from the emergence of drug-resistant virus that may impact the protection achieved
by PrEP in these patients (58,59). Therefore, alternative HIV-1 prevention strategies
that complement the existing repertoire and address some of the limitations of CART
may offer further benefits in limiting HIV-1 transmission and ending the global HIV-1

pandemic (60).

1.4 HIV-1 broadly neutralising antibodies.

1.4.1 Development of anti-HIV-1 antibodies.

The elicitation of neutralising antibodies (NAbs) from infection or vaccination is an
important component of immunological protection from viral infections. Autologous
neutralising HIV-1 antibodies arise approximately 1 to 3 months after infection (in the
absence of ART) and select for the viral escape mutations (15). During the early stages
of HIV-1 infection in the absence of ART, there is the continuous emergence of
functional viral envelope that changes and competes against the rapidly evolving
neutralising antibody response. However, these early NAbs are specific for the
autologous patient’s virus and do not cross-neutralise heterologous primary isolates
(15). Eliciting broadly neutralising antibodies (bNAbs), capable of neutralising different
HIV-1 subtypes and diverse circulating isolates, is desirable but the development of

bNAbs is rare and evolves over time. bNAbs have a high frequency of somatic
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mutations and are only developed by approximately 10-30% of HIV-1 infected
individuals, with 10-15% producing high serum levels of broad and potent bNAbs (61—
63). The rarity of bNAbs is largely due to the multiple antibody evasion mechanisms
of the HIV-1 Env (64,65). The Env protein displays sophisticated structural
heterogeneity, limiting the accessibility and masking functional epitopes to divert
antibody responses to non-functional surface epitopes, thus ensuring non-neutralising
antibody responses (64,65). HIV-1 Env also has a high mutation rate (RT has no proof-
reading mechanism), enabling its rapid evolution in response to immune selection
pressure (15,66) and generating incredible genetic diversity within an individual during
the course of infection and across different global populations (67). HIV-1 Env is
heavily glycosylated, generating a glycan shield that sterically blocks accessibility of
antibodies to target epitopes, evades antibody recognition by resembling ‘self’, and
shifting surface glycosylation patterns through acquired mutations that further hinder

antibody neutralisation potential (68—70).

1.4.2 HIV-1 epitope targets for bNADbs.

Despite these viral defence mechanisms, numerous broadly neutralising and potent
monoclonal antibodies (mAbs) have been isolated from multiple infected donors and
have enlightened the HIV-1 Env target epitopes (71-76). HIV-1 bNAbs target relatively
conserved, functional epitopes on the surface of the HIV-1 Env trimer (77). The
different Env epitopes targeted by the bNAb subtypes and the proposed mechanism
resulting in neutralisation are discussed briefly (77-79). Where possible and unless
stated otherwise, examples of each bNAb subtype that have reached human passive
immunisation clinical trials are provided with the inhibitory concentration for 50% viral
inhibition (IC50 - ug/mL) and coverage (percentage of “X” number of viruses) indicated
in brackets (80).

1.4.2.1 The CD4 binding site.

The CD4 binding site (CD4bs) is located in a cavity at the interface between gp120
inner and outer domains and is required for HIV-1 to bind to the host cell CD4 primary
receptor, thus, it is a conserved immune target with multiple N-linked glycans (81,82).
Antibodies targeted against this site can prevent viral interaction with CD4 and host-
cell entry. bNAbs to the CD4bs take longer to develop during infection, have the

highest level of somatic hypermutation, and tend to have the best combination of

7



breadth and potency compared to the other bNAb specificities (78). There are two
identified CD4bs bNADb classes: CD4 mimics which have heavy chains encoded by
variable heavy (VH)1-2 of VH1-46 that contact the CD4bs; and third complimentary-
determining region of the heavy chain (CDR H3)-dependent bNAbs (VRCO1-class
antibodies) that utilise the CDR H3 loop to interact with the CD4bs (83). Examples
include (78) (IC50 (ug/mL), coverage % of ‘X’ virus test panel): VRCO01 (0.329, 91% of
196), VRCO07-523, and VRCO07-523LS (0.047, 96% of 179 (84)), 3BNC117 and
3BNC117-LS-J (0.097, 85% of 198), N6 (0.038, 98% of 181 (85)).

1.4.2.2 The V1/V2 glycan loops of gp120.

The V1 and V2 loops are found at the distal end of each gp120 molecule and form an
Env trimer V2 apex that is thought to maintain the metastability of the Env spike
(77,86). The V1/V2 loops rearrange after CD4 engagement to fully expose the
otherwise shielded V3 loop and co-receptor binding site. The V1/V2 loops are the most
variable on Env, and conserved regions surrounding the loops are covered by glycans
(e.g. N160 glycan) (77). bNAbs within this class penetrate the glycan shield using long
CDR H3 loops and are believed to stabilise Env trimer and prevent the structural
changes, thereby neutralising the virus (87). bNAbs to the V2 apex are some of the
most potent antibodies described, but fail to reach the breadth of other antibody
classes (88). Examples (78): PGDM1400 (0.017, 81% of 194), PG9 (0.118, 84% of
200), CAP256-VRC26.25 (0.001, 57% of 200 (89)).

1.4.2.3 The V3 glycan supersite of gp120.

The V3 glycan supersite of gp120 is located near the V1/V2 region. The V3 loop region
contains a highly conserved motif positioned between two N-linked glycans that are
targets for bNAbs (N301 and N332) (90), with all known bNADbs targeting the N332
glycan (77,91). The conservation at the V3 loop base is believed to be due to its crucial
role in CCR5 co-receptor recognition (92). Therefore, bNAb neutralisation is likely
mediated by preventing V3 loop/co-receptor binding or conformational changes that
occur post-binding to enable membrane fusion (93). Examples (78): PGT121 (0.48,
66% of 200), 10-1074 (0.039, 68% of 200).



1.4.2.4 The silent face of gp120.

The Env silent face of gp120 is the highly glycosylated region across from the CD4bs,
and the epitope mainly includes the N262, N295, and N448 glycans on a single gp120
monomer (70). Antibodies against this epitope are suggested to neutralise HIV-1 by
preventing Env conformational changes required for full receptor binding and host cell
entry (70). Neutralisation may also include the N262 glycan that is observed to be
important for CD4-mediated viral entry (94). Examples that have not reached human
clinical trials: VRC-PGO05 (0.8, 27% of 208 (70)) and SF12 (0.2, 62% of 119 (95)).

1.4.2.5 The gp120-gp41 interface.

The glycoprotein gp120-gp41 interface is located below the gp120 lobe. Diverse
bNADbs target this epitope, some with non-overlapping epitopes and different glycan
dependencies (96). Some bNAbs target gp120, or gp41 individually but most are
specific for the assembled Env trimer and depend on gp120-gp41 cleavage. The
neutralisation mechanism includes preventing the conformational changes needed for
membrane fusion which destabilises the trimer and encourages dissociation (96,97).
bNAbs 8ANC195 (1.115, 66% of 200 (78)) and 35022 (0.033, 62% of 181 (98)) are
examples, however to date, no antibody from this class has reached human clinical

trials.

1.4.2.6 The gp41 fusion peptide.

The fusion peptide of gp41 is critical for initiating the viral-host membrane fusion
process and is located at the N-terminus of gp41. In the prefusion Env conformation,
it is exposed and located in a hydrophobic region of the Env trimer (99). bNAbs to this
epitope interact with the fusion peptide N-terminal residues and some also interact
with complex glycans (e.g. N88) at the gp120-gp41 interface and have similar binding
approaches to gp120-gp41 interface bNAbs (77). Examples that have not reached
human clinical trials include (78): VRC34.01 (0.310, 49% of 179), and PGT151 (0.023,
72% of 200).

1.4.2.7 The membrane-proximal external reqgion of gp41.

The membrane-proximal external region (MPER) on gp41 is part of the fusion
machinery and is required for host cell entry by facilitating membrane fusion (100).
This epitope is a challenging target since bNAbs typically recognise both a viral

9



membrane lipid component and a transient Env conformation, made possible by their
long CDR H3 loops (101). Due to the high level of conservation and linear nature of
the target epitope, these MPER-targeting bNAbs are among the most broadly
neutralising (101). The most prominent bNAb within this class that has reached human
clinical trials is 10E8 (0.299, 98% of 199) (78).
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top view
Figure 1.4. HIV-1 Env trimer epitopes targeted by various classes of broadly
neutralising HIV-1 antibodies. The HIV-1 Env trimer (BG505 SOSIP.664) has various
epitope targets for bNAbs: V1/V2 glycan loop (V2 apex - blue), V3 glycan supersite
(purple), CD4 binding site (CD4bs — green), gp120-gp41 interface and gp41 fusion peptide
(FP - red), membrane-proximal external region (MPER - yellow), and silent face (grey).
Images obtained from Sok and Burton (78).

1.5 Passive immunisation of HIV-1 bNAbs.

The desired result for a preventative vaccine against HIV-1 is to elicit bNAbs that can
neutralise heterologous HIV-1 strains and prevent infection (102-104). Multiple
vaccine strategies to elicit bNAbs have been tested in clinical trials, including the
administration of gp120 antigen or adenovirus vectored delivery of Env protein-
encoding genes. However, to date, all active immunisation strategies have failed to
elicit bNAb responses or display efficacy in human clinical trials, reviewed and
summarised in (44,45). Therefore, in the absence of an effective prophylactic vaccine,
novel biomedical prevention and therapeutic strategies capable of preventing HIV-1
transmission are of critical importance and have the potential to end the HIV-1 global
pandemic. Passive immunisation of bNAbs is the main candidate for novel immune-
based therapy and prevention strategies (105). Advantageously, bNAbs can enable

host clusters of differentiation 8 (CD8)* T-cell immunity via the antibody fragment
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crystallisable (Fc) domain for more vigorous suppression of viral replication as well as
the clearance of viral reservoir cells, which cannot be achieved with cART (106). Pre-
clinical evaluation in murine and non-human primate (NHP) models of HIV-1 infection,
as well as human clinical trials, have demonstrated the efficacy of bNAbs for both PrEP
and the therapeutic control of viraemia in patients with antibody-sensitive viruses in
the absence of ART (59,107-109). The following sections will focus on bNAb passive

immunisation as a prevention strategy for HIV-1.

1.5.1 HIV-1 bNADb passive immunisation-mediated protection in animal models.

The humanised mouse model has been utilised to characterise the protection efficacy
of HIV-1 bNAbs. Humanised mice are immunodeficient mice that are transplanted with
human haematopoietic and lymphoid cells or tissues, enabling them to be infected
with HIV-1 and investigate the efficacy of HIV-1 prevention strategies with human
immune cells (110). This in vivo model has been used to demonstrate initial proof-of-
concept of anti-viral protection by HIV-1 bNAbs when passively infused as single
antibodies. Multiple bNAbs at various doses (e.g., b12 (2, 10, 50 mg/kg), PGT126 (10
or 50 mg/kg), PG16 (0.05 and 0.2 mg/kg), VRCO1 (20 mg/kg)) have shown partial or
complete protection within this model (111-115). The humanised mouse model
advantageously enables in vivo experimental intervention and sampling but there are
several disadvantages and limitations to this model’s utility in assessing bNAD efficacy.
The small size and blood volume of the mice restrict blood sampling volume and
frequency, and the reduced lifespan of the mice due to the development of graft versus
host disease can limit long-term bNAb efficacy studies. These mice may also have
incomplete immune reconstitution and lack robust innate and adaptive immune
responses (110). Regardless of these limitations, the humanised mouse model is
important for the initial in vivo evaluation of HIV-1 bNAbs before progressing to larger

animal studies.

The NHP model provides a more relevant model of human HIV-1 infection given their
natural susceptibility to chimeric simian-human immunodeficiency viruses (SHIVSs)
expressing HIV-1 Env on a simian immunodeficiency virus (SIV) backbone without the
need for immune-modifications (116,117). The protective efficacy of multiple HIV-1
bNAbs when passively immunised before vaginal, rectal, and oral SHIV challenge has

been demonstrated in macaques, reviewed (105). Numerous bNAbs (CD4bs: VRCO1,

11



3BNC117, VRCO7; V3 glycan site: PGT121, 10-1074; V2-glycan site: PGDM1400,
CAP256-VRC26.25; and MPER: 10E8) are currently in advanced clinical development
because they have displayed levels of protection against SHIV infection (118—123).
The observed level of protection strongly correlates with the bNAb potency against the
specific SHIV strain and the durability of serum bNADb levels (119,121). Recently, a
meta-analysis was performed of data from 18 bNAb protection studies passively
infusing a total of 242 NHPs with 16 different bNAbs (targeting CD4bs, V1/V2 glycan,
V3-glycan, and MPER) infused at a range of doses (0.05 to 50 mg/kg) and challenged
with eight SHIV strains (124). It demonstrated that serum neutralisation titre on the
day of SHIV challenge was strongly associated with the bNAb protective efficacy in
NHPs, and suggests that serum neutralisation titre against the infecting HIV-1 strain

will be an important determinant of bNAb protection in humans (124).

These studies reflect the NHP HIV-1 challenge models’ utility in determining the factors
contributing to HIV-1 protection in humans. However, several limitations should be
considered: 1) the limited genetic diversity of SHIVs compared to the circulating HIV-
1 strains and the variable SHIV-sensitivity to bNAbs, 2) the infection rate per SHIV
challenge in the model may differ from natural human HIV-1 infection, 3) interspecies
immunoglobulin G (IgG) variability could result in inefficiencies of human bNAbs to
activate NHP innate immune effector functions, and 4) the elicitation of an autologous
antibody response against the passively infused human bNAb within macaques
leading to decreased efficacy (105,119,125-127). Despite these limitations, the NHP
model remains the best animal model for bNADb protection studies and is instrumental
in investigating the safety and protection efficacy of bNAb passive immunisation before

progressing to human clinical trials.

1.5.2 bNAb modifications to increase serum half-life.

HIV-1 bNAbs that have demonstrated HIV-1 neutralisation in vitro, and prevention
efficacy in animal models have progressed to explore the possibility of antibody-

mediated prevention (AMP) of HIV-1 infection in humans.

To improve the bNAD half-lives in circulation, various IgG Fc region modifications have
been made to reduce in vivo catabolism by improving affinity for the neonatal receptor
(FcRn) (128). The FcRn plays a role in IgG transport and homeostasis (129,130).
Under acidic pH (<6.5) but not at physiological pH 7.4, FcRn binds to the Fc portion of
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IgG with high affinity. After endocytosis, free 1gG is degraded in the lysosome but
FcRn-bound 1gG avoids degradation and is recycled into the extracellular space and
maintained in circulation with a prolonged half-life (129,130). Salt bridges between
anionic FcRn residues and protonated IgG Fc residues (positions 117, 132, 137, and
310, 435, 436, respectively) stabilise the hydrophobic interactions, therefore,
mutagenesis of these Fc regions can increase the IgG circulation half-life (128).
VRCO01 had the constant heavy 2 or 3 (CH2 or CH3) regions modified to increase FcRn
binding affinity. Multiple mutations were compared, and the LS mutation
(M428L/N434S) in VRCO1-LS displayed the best improvement in serum half-life in
NHPs and was three-fold longer than VRCO01 (131). Therefore, the LS mutation has

been incorporated in many HIV-1 bNADbs to increase the recirculation of functional IgG.

Multiple bNAbs from different subclasses have been tested in phase 1 human clinical
trials to determine the safety, tolerability, and pharmacokinetic profiles in HIV-1 infected
and uninfected participants and have been deemed to be safe and well tolerated, with
no anti-drug antibody (ADA) responses reported (Table 1.1). Thus far, only VRCO01
(targeting the CD4bs) has advanced to HIV-1 protection efficacy studies and will be

discussed in more detail.

1.5.3 The HIV-1 AMP trials.

The AMP trials were a collaborative effort between the HIV Vaccine Trials Network
(HVTN) and the HIV Prevention Trials Network (HPTN) (132). Following studies that
demonstrated the safety and tolerability of CD4bs-targeting antibody VRCO01 in HIV-1-
uninfected individuals and modest anti-viral effects in HIV-1-infected viraemic
individuals (60,133,134), the potential of VRCO01 to prevent HIV-1 infection was
explored. The AMP trials were divided into two sub-studies receiving the same
regimens, HVTN 704/HPTN 085 (2699 at-risk cisgender men and transgender
persons in the Americas and Europe - NCT02716675) and HVTN 703/HPTN 081
(1924 at-risk women in sub-Saharan Africa - NCT02568215) (135). A total of 10
infusions of VRCO1 at 10 or 30 mg/kg were administered every 8 weeks (a total of 20
months). Overall, VRCO01 infusion offered no protection against HIV-1 acquisition
compared to the saline-infused placebo groups, with the HVTN 704/HPTN 085 and
HVTN 703/HPTN 081 displaying estimated prevention efficacies of 26.6% and 8.8%

respectively.
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While these results were disappointing, factoring in viral VRCO01-sensitivity proved to
be a crucial analysis and gleaned important determinants of antibody protection.
Pooled trial data showed that regardless of the VRCO01 dose, the prevention efficacy
of VRCO1 against sensitive HIV-1 isolates (in vitro sensitivity to VRCO01 with an 1C80
<1 pg/mL) was 75.4% (135). Therefore, against highly sensitive HIV-1 isolates, VRCO01
was associated with a lower risk of HIV-1 infection with 75% protection over the 20
month period, demonstrating a key proof-of-principle that bNAbs can prevent HIV-1
infection in humans (135). However, these data also demonstrated the importance of
viral antibody susceptibility to determine antiviral activity, especially when there are
circulating bNAb-resistant viruses. In this regard, in vitro neutralisation sensitivity is an
important biomarker to be considered. Corey et al. (135) defined the required serum
neutralisation titre for protection, which can be evaluated in vitro using an IC80 cutoff
of <1 pg/mL to predict the clinical potency of antibodies. bNAbs displaying superior
potency and neutralisation coverage than VRCO01 are currently in clinical development
(e.g. N6, 3BBNC119, and VRCOQ7) but it remains to be seen whether this defined cutoff
(<1 pg/mL) for protection translates to other bNAbs or if this threshold is maintained
with repeated passive infusions (80). Nonetheless, these results provide the current
benchmark for bNAb protection from HIV-1 infection and this cutoff should be
considered when screening the neutralisation potency of HIV-1 bNAbs. The AMP trials
results also highlighted the importance of neutralisation breadth and the requirement
of combinations of bNAbs to provide sufficient coverage for in vivo protection.
Cognoscente of this, the neutralisation breadth of bNAb combinations should be
considered based on their in vitro neutralisation data and in animal models for

improved HIV-1 prevention.

1.5.4 Combination bNADb infusion for HIVV-1 prevention.

HIV-1 bNADb infusion within HIV-1 infected patients has been shown to result in the
emergence of bNAb-resistant viral strains with molecular signatures that escape bNAb
neutralisation, resulting in viral rebound (136—-138). This viral bNAb resistance can
emerge due to the bNAb selection pressure on the virus or exist within the myriad of
circulating viruses in the human population (pre-existing bNAb resistance) (139-141).
To address the challenges of bNAb breadth and potency, and associated bNAb
resistance, combinations of different bNAbs can be formulated to collectively target
multiple Env epitopes. While individual HIV-1 antibody monotherapy failed to protect

14



from SHIV infection due to escape mutations, combination bNAbs provided complete
protection from mixed SHIV challenge (142,143). Additionally, combinations of bNAbs
can effectively maintain viral suppression in antibody-sensitive patients and limit viral
escape from individual bNADb selection pressure (previous studies have shown that no
individuals developed resistance to both co-administered antibodies) (59,108). Triple
and quadruple bNAb combinations have achieved even higher efficacy at neutralising
HIV-1 in vitro (144). In this way, it is unlikely for an individual to have pre-existing
antibody resistance affecting multiple paratopes, and if selection pressure results in
viral isolates that escape one antibody, the remaining antibody or antibodies should
retain their activity and effectively neutralise the viral isolates that remain sensitive to

them.

Various combinations of HIV-1 bNAbs targeting different epitopes have been tested or
are in early phase 1 clinical trials (Table 1.1). Double and triple bNAb co-infusions have
displayed their safety and tolerability in humans, with no pharmacokinetic interactions
occurring among the bNAbs (Table 1.1) (59,145-148). Different doses have been
administered in the respective studies, resulting in serum antibody titres ranging from
~10 to >100 pg/mL and half-lives of ~10 to 50 days (Table 1.1). The pharmacokinetics
of the antibody titres required for protection and antibody longevity in circulation are
dependent on both the dose and the antibody/combination, thus requiring extensive
testing and optimisation. The efficacy of bNAb combinations at preventing HIV-1
infection in humans has not reached clinical efficacy testing, however, as suggested
by the AMP trials data, diverse and broad bNAb combinations are believed to be

required for HIV-1 prevention and are key for future research.
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Table 1.1. HIV-1 broadly neutralizing antibodies (bNAbs) (both individual and combinations) that are in early phase 1 and 2 human clinical trials.

pr.‘b ep_lt_ope & Dose (mg/kg) Half-life (days) Serum titre Main clinical outcome Reference
identifier (ug/mL)
Individual bNAb administration
CD4bs
VRCO01 10 or 30 15 N/A Phase 2b: Pooled groups had estimated prevention efficacies NCT02165267 (135)
of 8.8% and 26.6%, sensitive isolates 75.4%.
VRCO01-LS 5, 20, 40 71 40, 180, 326 Phase 1b: safe, well tolerated, 4-fold greater half-life. NCT02599896 (149)
VRCO1 N/A N/A N/A Recruiting, analytical treatment interruption study. NCT04860323/NCT04801758
(150)

VRCO07-523 1,5,20,40 & 38 & 14, 57, 148, 272 & Phase 1b: Safe and well tolerated across a range of doses, no  NCT03015181

2.5,5,20 40 42.2, 80.3, 353.6 anti-drug antibodies detected (151) (152)
3BNC117 1, 3,10, 30 17 >1,>10, >10, >100 Phase 1b: safe and effective at reducing viraemia NCT02018510 (137)
N6-LS 5, 20, 40 44 32, 95, 254 Phase 1b: safe and well-tolerated NCT03538626 (153)
VRCO07 5x 10, 5x10™,25x 102  N/A >1 Phase 1b: safe, some participants developed anti-drug antibbody ~ NCT03374202 (154)

vector genomes/kg responses. Proof of AAV-bNAb expression in humans
MPER
10E8 N/A N/A N/A Suspended due to reactogenicity NCT03565315 (155) (156)
V1/V2 glycan loop
PGDM1400 3,10, 30 20.7 ~2100 Phase 1b: safe and well-tolerated NCT03205917 (146)
PG9 *AAV first in human 4x10'%,4 x10%, 8 x 10", N/A Not detected (ELISA Phase 1b: safe, well tolerated, higher dose required in future NCT01937455 (157)

1.2 x 10™ vg/kg LOD 2.5)
CAP256-VRC26.25 5,10 43 1.5,3.95 Phase 1b: safe and well-tolerated PACTR202003767867253

(145)
V3 glycan loop
PGT121 3,10, 30 22 N/A Phase 1b: safe, well tolerated, viral suppression in 2 individuals ~ NCT02960581 (158)
for 168 days
10-1074 3,10, 30 24 >100 Phase 1b: safe and well tolerated, reduce viraemia NCT02511990 (138)
Gp120 silent face
2G12 10 16.5 238 Phase 1b: safe and well-tolerated (159)
Combinations of bNAbs co-administered
PGT121 PGT121 & PGDM1400: 3, PGT121 & PGDM1400:  ~2100 Phase 1b: safe and well tolerated, first report of triple HIV-1 ~ NCT03205917 (146)
(V3 glycan) 10, 30 20.2and 17.4 antibody administration in humans
PGDM1400 (V1/V2 glycan) Triple: 11.8, 11, 29.3
VRC07-523LS (CD4bs) Triple: 20
3BNC117 (CD4bs) Together: 10 each; 8 weeks 3BNC117: 18, 13.7, 15 3BNC117: >10, <10, Phase 1b: safe and well-tolerated NCT02824536 (147) (healthy
10-1074 Separate: 3, 10 10-1074: 23.3, 19.9, >10 adults)
(V3 glycan) 22.2 10-1074: >100, >10, NCT02825797 (59) (viraemic
~100 individuals)
Together:30, 7 doses 14.9, 20.3 3.5,28.3 Phase 1: viral suppression for ~20 weeks NCT03526848 (160)

VRCO07-523LS (CD4bs)
PGT121 or 10-1074

Double or triple: 20 each

52.9,32.2,275,254

>100, >10, >100, >10

Phase 1a: safe and well tolerated,
interactions among bNAbs

no pharmacokinetic

NCT03928821 (148)

(V3 glycan)

PGDM1400 (V1/V2 glycan)

VRCO07-523LS (CD4bs) N/A N/A N/A Trial completed and results submitted NCT04212091
PGT121.141.LS (V3 glycan)

3BNC117-LS (CD4bs) N/A N/A N/A Active, no results posted NCT04173819 (147)
10-1074-LS-J (V3 glycan)

CAP256V2LS (V1/V2 glycan) 10, 20 43, 66 6, 10 Phase 1b: safe and well-tolerated PACTR202003767867253
VRC07-523LS (CD4bs) (145)

CD4bs, CD4 binding site; MPER, membrane-proximal external region; AAV, adeno-associated virus; ELISA LOD, enzyme-linked immunosorbent assay limit of detection; N/A: not available.
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1.6 HIV-1 multispecific antibodies.

As an alternative to infusing combinations of bNAbs to address the issues surrounding
neutralisation breadth and bNADb resistance, multispecific antibodies have been
engineered to comprise two or more HIV-1 entry-targeting moieties in a single antibody

molecule.

1.6.1 Engineering multispecific antibodies.

Natural antibodies are monospecific in that they target a single epitope and thus
require combinations of antibodies to include additional specificities and increase
coverage. To simplify this, multispecific antibodies can be engineered to create a
single molecule that can recognise different epitopes on the same or different antigen.
Multispecific antibodies have diverse applications in diagnostics, imaging, prophylaxis,
and therapy, with initial therapeutic applications focused on effector cell retargeting for
cancer therapy, reviewed in (161). Multispecific antibodies are engineered by
employing various technologies, reviewed in (162-164). Here, we will focus on the
main strategies that have been utilised to engineer HIV-1 multispecific antibodies with

improved potency and breadth, reviewed in (165).

Native IgG antibodies contain identical heavy and light chain domains in both antibody
arms to form a single paratope binding region on each arm. Multispecific antibodies
incorporate multiple paratopes in different ways by linking variable heavy (VH) and
variable light (VL) domains together and placing separate VH/VL domains in tandem,
linking VH/VL domains to the IgG heavy chain N- or C-terminus, different heavy
chain/light chain (HC/LC) combination pairing, or a combination of these approaches
(Figure 1.5). This is achieved by combining multiple methodologies and technologies,

the main concepts of which are summarised below.

1.6.1.1 Fv-only (variable domain/variable fragment) multispecific antibodies.

The simplest bispecific antibodies are made from single antibody variable domains
(Fv) as the antigen binding unit (dAbs). The dAbs consist mainly of VH, VL, or other
variable domains such as variable heavy domain of heavy chain (VHH) derived from
the heavy-chain only antibodies of camelids (166,167). Naturally in humans and other
mammal species, VH and VL domains must be paired to reconstitute the paratope and

facilitate target epitope binding. There are some cases of VH and VL that comprise the
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full binding capability of the antibody (168). However, in most circumstances, the VH
and VL domains need to be engineered to have sufficient antigen binding capabilities
in isolation (169), and connecting multiple domains with linkers can create multivalent
molecules with multiple specificities (164). Single-chain variable fragment (scFv)
antibodies are made by connecting constituent variable genes VH and VL of an
antibody with linker peptides (like Gly4Ser). The order of the variable domains
separated by the linker sequence can be altered, e.g. VH-VL vs VL-VH (170). Tandem-
scFv antibodies combine the variable genes of two antibodies, joined by linker
peptides (170). All these ‘variable-only’ formats combine multiple antigen-binding
moieties and generally omit the Fc region. Lacking an Fc region can circumvent issues
of chain association but as a consequence results in reduced plasma half-life since

they cannot have Fc-FcRn-mediated protection from catabolism (162).

1.6.1.2 Fab-based multispecific antibodies.

Fv-only antibodies lack the native fragment antigen-binding region (Fab) architecture
that provides stability to the interactions of heavy- and light-chain constant domains
(CH1 and CL). The absence of these stabilising domains can compromise the stability
or solubility of the Fv fragments, leading to aggregation (171). Additionally,
incorporating an Fc domain is advantageous as it enables additional immune effector
functions and improved serum half-life (172). A challenge with full antibody Fab
moieties for multispecific antibodies is ensuring the correct HC/LC pairing when there
are multiple at play, thus creating the need to direct cognate HC/LC pairing to

assemble homogenous multispecific antibodies (173).

CrossMab technology was developed to enforce the correct HC/LC association in
multispecific  heterodimer IgG antibodies (174). This is achieved by
exchanging/crossing different domains within the Fab-fragment: exchange of either
Fab domain (CrossMabF2 format), exchange of only the variable VH-VL domains
(CrossMabVHVL format), or the exchange of the constant-heavy and -light (CH1-CL)
domains (CrossMabC"'-CL format) can facilitate the correct HC/LC pairing within
bispecific conformations (175). Issues with these methods includes the formation of
by-products. The CrossMabFa° format can form non-functional monovalent antibodies
and Fab fragment side products, and the CrossMabVHVL format can form an

undesirable by-product via association between the VL-CH1 containing heavy chain
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and the original VL-CL light chain (174,175). While these by-products can be removed
with chromatographic techniques, the CrossMabCH'-CL format does not have any
undesirable by-products generated as there is no interaction between respective
original light chain and novel VL-CH1 light chain (175).

In contrast to CrossMab technology which enables correct chain association to form
multispecific antibodies, knob-into-hole (KIH) technology enables correct
heterodimerisation of different antibody heavy chains to generate multispecific
antibodies (175,176). KIH uses the sterically complimented T366W ‘knob’ mutation
and the T366S, L368A, and Y407V ‘hole’ mutations in the CH3 domains of respective
antibody heavy chains that resulted in knob-hole heterodimerisation efficiency of
~87% (177). Correct association was further enforced, achieving a ~95%
heterodimerisation rate, by introducing an inter-chain disulphide bond through the
addition of the S354C knob mutation and Y349C hole mutation (178).

D

1gG scFv Tandem-scFv Tandem-scFv-Fc 1gG-Fv fusion
PGT121 VRC01-PGT121 VRCO1-PGT121 iMAbm36
1gG-scFv CrossMADb + KIH Tandem-scFv + KIH KIH + CODV-IgG
iMab-VRC01/PG9-iMADb 10E8.4-iMab* 10E8v4/PGT121-VRCO1 VRC01/PGM1400-10E8v4*

Figure 1.5. Multispecific antibody formats of increasing complexity are engineered
using various technologies. *Indicates currently in clinical development. Figure adapted
from Padte et al. (165). scFv, single chain variable fragment; CrossMab, constant heavy
(CH1) and constant light (CL) domain exchange (CH-CL); KIH, knob-into-hole.
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1.6.2 Multispecific antibodies targeting HIV-1.

Numerous HIV-1 multispecific antibodies have been developed using a myriad of
assembly technologies. Multispecific antibodies have been developed for HIV-1 viral
reservoir clearance strategies where incorporated bNAb paratopes are used to
redirect immune effector functions. Strategies include the targeting of the viral
reservoirs through redirecting CD8* T cell activity (179-182), HIV-1-specific natural
killer cell activity (183), or endocytosis and lysosomal degradation through co-targeting
of the epidermal growth factor receptor (EGFR) (184). Selected HIV-1 multispecific
bNAb conformations that exhibit enhanced neutralisation breadth and potency, making

them best suited for HIV-1 prevention strategies, are described in detail below.

Multispecific antibodies that combine multiple antibody Env-directed paratopes or Env-
CD4 host cell receptor targeting paratopes into a single antibody conformation have
been described. These conformations have applications for both HIV-1 therapy and
prevention, which require broad neutralisation coverage to combat the emergence of
bNADb resistance or counter diverse circulating viral swarms. Various bispecific and
trispecific HIV-1 antibodies have been developed using combinations of multispecific
antibody engineering techniques, summarised in Table 1.2. Importantly, several of the
multispecific antibody conformations have demonstrated synergistic enhancement in
potency compared to the parental antibody combinations (185-192) (Multispecific
antibodies indicated with (*) in Table 1.2), promoting their progression in preclinical

and clinical development.

In humanised mice, HIV-1 multispecific antibodies have displayed therapeutic efficacy
at reducing viraemia (189,190) and preventing infection upon HIV-1 challenge
(185,193). Additionally, the safety and pharmacokinetics as well as potent SHIV
protection of HIV-1 multispecific antibodies have been shown in macaques (188,194).
Importantly, HIV-1 bispecific (10E8v4/iIMAD) and trispecific
(VRC01/PGDM1400/10E8v4) antibodies have progressed to phase 1 human clinical
trials to test the safety, tolerability, pharmacokinetics, and antiviral activity of these

multispecific antibodies, summarised below.

NCT03875209 (completed, results not posted or published) — 10E8v4/iMAD bispecific
antibody has progressed to phase 1b human trials in HIV-1-uninfected and infected

adults. In this dose-escalation trial, HIV-1-uninfected participants received once-off
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doses of 0.3 mg/kg (intravenous - 1V) and 1 mg/kg (IV or subcutaneous - SC), and
once-off IV doses of 3, 10, 30 mg/kg. HIV-1-infected participants also received a once-
off IV dose of 10 and 30 mg/kg (195).

NCT05890963 (recruiting) — 10E8v4/iMAb bispecific antibody alone or in combination
with VRCO07-523LS mAb for treatment in HIV-infected adults. This is currently in the
recruiting stage for an open-label phase 1b clinical trial enrolling PLWH who are ART-
naive or have been off ART for >24 weeks. Participants will receive a single dose of
10E8v4/iMADb at 600 mg IV/intramuscular (IM) or 1800 mg IV, as well as combining
10E8v4/iMAb 1800 mg IV and VRCO07-523LS 1200 mg IV (196).

NCT03705169 (completed, results not posted or published (197)) — SAR441236
(VRCO01/PGDM1400/10E8v4 trispecific antibody with Fc-region LS mutations for half-
life extension). This trispecific antibody has previously provided complete protection
from SHIV challenge in macaques (194), and progressed to a phase 1b study in ART-
treated PLWH. Escalating IV or SC single doses were administered, from 0.3-10
mg/kg, or 4 doses at 30 mg/kg IV every 12 weeks. SAR441236 was safe and well
tolerated and had a half-life of 38 days which is consistent with traditional HIV-1 IgG
antibodies incorporating half-life extension modifications. From these results, it was
predicted that 30 mg/kg IV every 12 weeks could result in a median steady-state serum
trough of 74 uyg/mL (198). An arm of the study was terminated as the planned number

of viraemic participants was not met.

There has been great interest and progress in the development of HIV-1 multispecific
antibodies. Passively infusing a single multispecific construct is simpler and favourable
over combinations of bNAbs, and in some instances provides improved breadth and/or
potency over that of the individual parental antibodies (185-187,189-192). This
potential for synergy and overall enhancement in the potency and/or breadth of
multispecific antibodies provides a further advantage over combination bNAb

infusions.
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Table 1.2. HIV-1 multispecific antibodies for therapeutic reduction in viraemia or prevention of HIV-1 infection.

Potency Breadth %
Reference Antibody paratopes Conformation Best performer (mean IC50 (Number of Models tested in
pg/mL) viruses)

Pace et al., PG9/iMAb scFv linked to iIMAb PG9/iMADb * 0.004 100 (118) In vitro

2013 (186) PG16/iMAb 1gG N-terminal PG16/iMAb * 0.0027

Sun et al., iMAbm36 Linked to C-terminus iMAbm36 * <10 96 (118) In vitro

2014 (187)

Asokan et al., VRCO07/10E8, VRCO7/PGT121, VRC07/PG9-16, CrossMab VRCO07/PG9-16 * 0.055 97 (206) In vitro.

2015 (188) 10E8/PG9-16 KIH Rhesus macaques, 10 mg/kg, half-life 10
days

Bournazos et 1gG1: 3BNC117/10-1074, PG16/10/10-1074, CrossMab 3BNC117/10-1074 — IgG3C 0.110 95.8 (120) In vitro.

al., 2016 (189) PG16/PGT121, PG16/PGT128. IgG3C: 3BNC117/10- KIH 3BNC117/PGT135 — IgG3C* 0.036 93.3 (119) In vivo, 3BNC117/PGT135 — 1IgG3C

1074, PGT151/10-1074, 3BNC117/PGT135, reduced viraemia in HIV-1-infected
8ANC195/PGT128, PGT151/10E8, 8ANC195/10-1074, humanised mice
3BNC117/10E8, PG16/10-1074, CH103/8ANC 195,
10E8/10-1074
Huang et al., PGT121/iMAb, PGT121/P140, 3BNC117/iMADb, CrossMab 10E8v2.0/iMAb * 0.002 100 (118) In vitro.
2016 (190) 3BNC117/P140, PGT128/iMAb, PGT128/P140, KIH NGS mice: improved therapeutic reduction
PGT151/iMAb, PGT151/P140, 10E8/iMAb, 10E8/P140 in viral load over combination (weekly dose
bispecific 0.5 mg), 0.2 mg protective from
infection.

Xu et al., 2017 VRCO01/10E8, PGT121/VRCO1, scFv-IgG N6/PGDM1400-10E8v4 <0.02 99.5 (208) In vitro.

(194) VRCO01/PGDM1400-10E8v4, N6/PGDM1400-10E8v4 KIH Potent SHIV protection in macaques, 5
mg/kg.

Khan et al., 10E8fv-N6fv, m36.4-PRO140, scFv, scFv-IgG 10E8Fab/PGDMfv/PRO140fv 0.007 98 (109) In vitro

2018 (199) 10E8/PGT121/PGDM1400,

10E8Fab/PGDMfv/PRO140fv

Steinhardt et Bi-scFvdVRCO01/PGT121, scFv, scFv-IgG, scFv VRCO01/PGT121/10E8 0.063 99.5 (208) In vitro

al., 2018 (200) Bi-NAbdVRCO01/PGT121, 10E8/Bi-NAbdVRC01/PGT121,  IgG and IgG KIH

Wu et al., 2018 PGT128/Hu5A8 Tandem scFv-IgG PGT128/Hu5A8 0.073 100 (124) In vitro.

(193) Humanised mice: sterile protection (10
mg/kg), complete viraemia control and
eliminates HIV-1 infection (AAV)

Moshoette et iMAb/CAP256, 10E8/iMAb CrossMab iIMAb/CAP256 * <0.001 100 (20) In vitro

al., 2019 (191) KIH

Strokappe et J3-11F1F, 3E3-11F1F, J3-2E7, 3E3-2E7, J3-1F10, 3E3- Bispecific VHH 3E3-11F1F ~10, (4.65 nM) 100 (6) In vitro

al., 2019 (201) 1F10

Davis-Gardner CAP256.VRC26.25/10-1074, PGT145/10-1074, scFv & full IgG arm, CAP256.VRC26.25 0.0128 100 (15) In vitro

et al., 2020 CAP256.VRC26.25/PGT121, AP256.VRC26.25/PGT128  with and without KIH, scFv/IPGT128 *

(192) PGT145/10-1074, PGT145/PGT121, PGT145/PGT128 full IgG arms with KIH

Moshoette et iMAb/NG CrossMab iIMAb/N6 0.0475 100 (21) In vitro

al., 2022 (202) KIH

Liang et al., iMAb/PRO140/10E8, iMAb/PRO140/PGDM1400, Variable regions on iMAb/PRO140/PGDM1400 * 0.05 100 (23) In vitro

2023 (185) iMAb/PRO140/PGT121 1gG, linked third Fab on In humanised mice, 1 mg/kg protective from

N-terminus

viral challenge

* Indicates the multispecific antibody is better than parental antibodies. scFv, single chain variable fragment; IgG, immunoglobulin G, KIH, knob-into-hole; VHH, variable heavy-heavy; AAV,
adeno-associated virus.
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1.7 Strategies for vectored bNAb expression in vivo.

1.7.1 Cost of bNAb production for passive infusion.

Monoclonal antibody therapy effectively treats many conditions. Although it depends
on the type of mAb and the application, mAb therapy is generally considered to be
expensive (the average mAb therapy cost per year in 2018 was $97 731 (203)).
Published costing on HIV-1 bNAb passive immunisation was difficult to find and,
unfortunately, the most recent and relevant cost per dose of VRCO01 administered in
the AMP trials was not available. Antibody passive immunisation costs are based on
many factors, including mAb production and purification, cold-chain storage, and
personnel (204). The cost to produce a mAb (cost of production and purification only
(cost of goods), all-inclusive purchase cost was not available) in 2022 ranged from
$95-200/g, which far exceeds the estimated cost of $10/g required for global mAb
access (205). Unfortunately, this global mAb access price may be unachievable as
cost modelling on mAb production in high-titre very large-scale production facilities
(12-25 kL bioreactors) suggested that ~$20-40/gram is likely the lowest achievable
cost (206). Product royalties, the significant cost of new facilities, purification
procedures, and clinical trial validation suggests that alternative mAb production hosts
are unlikely to be cheaper per gram than the standard optimised Chinese hamster

ovary (CHO) mammalian cell line (206).

We estimate the cost of mAb passive immunisation for HIV-1 based on the cost of
goods price range of $95-200/g (205) and the study parameters of the AMP trial (30
mg/kg administered every 8 weeks, ~6.5 times per year) (135). We assert the following
cost of goods (note that the final purchase price would likely be significantly greater):
for an average 60 kg female ($171-360 per dose and $1 112-2 340 per year), and an
average 80 kg male ($228-480 per dose and $1 482-3 120 per year).

Therefore, whilst passive infusion of HIV-1 bNAbs has demonstrated proof-of-principle
for both therapy and prophylaxis the cost prohibits its large-scale global rollout and it
is unlikely to be a viable option in resource-limited countries with the highest HIV-1
prevalence and greatest need for HIV-1 prevention (4-7). Thus, alternative, more cost-
effective HIV-1 prevention strategies or passive immunisation approaches are
required. To this end, antibody gene transfer techniques that deliver antibody-encoding

nucleotide sequences to tissues for in vivo HIV-1 bNAb expression and secretion are
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being explored in earnest (207). Gene transfer can be mediated by different vector
systems, such as viral vectors, naked deoxyribonucleic acid (DNA), or mRNA (207).
Naked DNA and lentiviral vectors have disadvantages (electroporation delivery, and
safety concerns due to replication-competencies, respectively) (207-210) that have
restricted their use in humans and will not be discussed here. We will focus on adeno-
associated virus (AAV) vector delivery of bNAbs, which are currently the best-studied
gene therapy vector in humans (211), and the newer approach of mRNA delivery of
bNADbs.

1.7.2 AAV vectored immunoprophylaxis.

AAVs are small non-enveloped viruses, packaging a 4.7 kb single-stranded DNA
genome, that require helper viruses (e.g. adenovirus) to replicate. AAVs can infect
different cell types, the specificity of which is determined by the cell tropism of the viral
capsid (212,213). Currently, there are over 100 AAV serotypes and capsids
documented, making this a powerful tool for therapeutic gene delivery in vivo (214).
Advantageously, AAVs have an established safety profile in humans from their use in
previous HIV-1 vaccine strategies and more recently in the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) vaccines, reviewed by (44,215). The viral
vector-based SARS-CoV-2 vaccines produced by AstraZeneca and Johnson &
Johnson were reasonably cost-effective under the not-for-profit model during the
SARS-CoV-2 pandemic, at $5.3/dose and $10/dose, respectively (216). They are no
longer available in the United States and the updated, for-profit prices are not available
(217).

Although AAV gene transfer vectors have been widely used, there are important
considerations and disadvantages. AAVs have a limited transgene carrying capacity,
restricted at a standard 4.5 kb transgene size with larger transgenes of ~5 kb
substantially reducing the transduction efficiency (218). Space-efficient bicistronic
antibody encoding constructs that enable efficient full-length HIV-1 bNAb expression,
by incorporating self-cleaving 2A peptides rather than dual-promoters have been
developed (discussed in more detail later — section 1.8.2) (154,211,219,220).

Additionally, natural AAV exposure results in pre-existing immunity and the global
seroprevalences range from 30 to 60% depending on the AAV serotype (221,222),

which reduces the AAV transduction efficiencies in these individuals and may limit
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large-scale use (223,224). AAVs can also stimulate an adaptive immune response
against the viral capsid proteins or the transgene that severely limits the transgene
expression and reduces the effectiveness of re-administration of multiple doses
(223,224).

1.7.2.1 AAV delivery of HIV-1 bNAbs.

Recombinant AAV (rAAV) vector-mediated delivery of HIV-1 bNAbs has been effective
in humanised mouse and NHP models. rAAV8 delivery of HIV-1 antibodies (b12,
VRCO01, and VRC07-G54W) in humanised mice generated antibody serum titres of
45-313 ug/mL that were protective from viral challenge (219,220). In macaques,
rAAV1, 2, or 8 delivery of bNAbs (4L6 5L7, or N4 immunoadhesin, IgG1 4L6 or 5L7,
simianised VRCO07, and rhesus eCD4-Ig) generated protective antibody serum titres
(17-270 pg/mL) (225-228). Importantly, ADA responses against the expressed
antibodies developed in multiple macaques, greatly reducing the efficacy (226-228).
A favourable property of IM rAAV-mediated antibody delivery is the longevity of
antibody expression. Single IM AAV-delivered SHIV antibody administration to
macaques resulted in one animal that successfully maintained 240-350 ug/mL anti-
SHIV antibody for over 6 years, with no ADA response, and was protected from
repeated SHIV challenges (229). Another study reported sustained AAV-encoded
expression of two HIV-1 antibodies (50-150 pg/mL) in an infected macaque for over 2
years, with an abrupt decline in plasma viraemia (230). This demonstrates the low
turnover in muscle cell tissue (231) that can enable a long-term stable source of

antibody expression in vivo following AAV delivery (229).

rAAV delivery of HIV-1 bNAbs has progressed to early phase 1b clinical trials to assess
the safety of dose escalation (Table 1.1). The first-in-human trial used a rAAV1
cassette dual-promoter system encoding the HIV-1 bNAb PG9 (157). Unfortunately,
PG9 was not detected in the serum, likely due to the PG9 ADA that was present in the
high-dose groups, in combination with the detected anti-AAV1 antibodies and AAV1-
specific T-cell responses (157). A more recent clinical trial administered a bicistronic
AAV8 vector encoding for HIV-1 bNAb VRCO07 heavy- and light-chains to HIV-1
infected adults which was shown to be safe and well-tolerated (154). Maximal serum
VRCO7 titres >1 pyg/mL were detected, and 4/8 individuals maintained stable near-

maximum serum VRCO7 titres for up to 3 years of follow-up. Unfortunately, ADA
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responses occurred in 3 individuals and appeared to decrease the serum VRCO07
production (154).

Therefore, comprehensive AAV HIV-1 bNAb delivery in humanised mice, NHPs and
humans displayed safety and efficacy in long-term antibody expression in vivo.
However, ADA responses and anti-AAV responses have been elicited in macaques
and humans using this method which greatly reduces the serum antibody titres and
thus the efficacy for protection (154,226—-228). Additionally, the size constraint of the
transgene may restrict the antibody conformations that can be delivered using this
strategy, since antibody sequences are quite large and encoding multispecific full

antibodies in AAV vectors may not always be possible.

1.7.3 IVT-mRNA expression.

In vitro transcribed (IVT) mRNA expression cassettes present an attractive means of
vector-mediated delivery and in vivo heterologous antibody expression (232). IVT
MRNA vectors are advantageous compared to DNA- and viral-based systems, since
mMRNA only requires direct uptake into the cytosol for immediate protein expression
without the need for prior DNA entry into the nucleus, negating the risk of insertional
mutagenesis (233,234). IVT mRNA has demonstrated therapeutic activity in multiple
cancers and protein replacement therapies (235,236) and mRNA vaccines created a
new era in vaccinology, highlighted by the rapid production of effective and safe mMRNA
vaccines against SARS-CoV-2 (237,238). This platform is also relatively cost-effective,
based on the estimated commercial cost of the Pfizer-BioNTech SARS-CoV-2 vaccine,
initially purchased at far reduced prices during the SARS-CoV-2 pandemic (average
purchase price of $20.69 per dose (216)) but sold at $120/dose in 2023 (216,239,240).

The mMRNA cost per dose for in vivo delivery and expression of HIV-1
bNAbs/multispecifics would depend on the concentration required to achieve
protective serum titres in vivo, which are currently unknown for HIV-1. We performed
mRNA-mediated antibody delivery costing calculations under the following
assumptions: the current Pfizer-BioNTech SARS-CoV-2 vaccine cost per dose ($120
(216,239,240)) with the AMP trials administration schedule (6.5x a year (135)), giving
an estimated yearly purchase cost of $780. This is more cost-effective than the
estimated antibody passive immunisation cost and the mRNA production costs may

decrease over time as this technology matures and there is increased
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business/manufacture competition. An additional important consideration for antibody
passive immunisation strategies is the ease of administration. Large passive infusion
doses of 30 mg/kg of antibody need scaled and slow IV administration to limit infusion
reactions (241,242) while mRNA is compatible with a simplified injection administration

protocol.

IVT mRNA is produced by different RNA polymerase species (T7, T3, and SP6
polymerases) that overcome the 200 base pair (bp) length restrictions of chemical
RNA synthesis and can achieve long transcripts with high yields (243). The T7 RNA
polymerase, derived from the T7 bacteriophage, is frequently used because of its high
specificity and RNA synthesis activity (244). T7 polymerase recognises the conserved
T7 promoter DNA sequence (TAATACGACTCACTATAGGG) to initiate transcription
and generate full-length RNA transcripts. The downstream sequence (starting with the
5’ untranslated region (UTR)) may affect the T7 promoter activity and should be placed
after the conserved T7 promoter sequence (245). IVT with T7 RNA polymerase yields
high transcript production, however, there is also nonspecific synthesis of double-
stranded RNA (dsRNA) byproducts which can stimulate the immune system
(discussed later — section 1.7.3.6) (246).

The IVT mRNA expression platform is cheaper, faster, simpler, and a more controlled
reaction than recombinant antibody production and purification for passive infusion.
IVT mRNA is a synthetic single-stranded RNA (ssRNA) transcript engineered to mimic
naturally occurring mRNAs (235). Thus, there are key mRNA aspects/structural
elements that can be optimised for improved mRNA stability, transfection, and
expression efficiency and are crucial to achieving its full therapeutic potential
(235,243) which are described briefly below.

1.7.3.1 The 5’ Cap.

Eukaryotic mRNAs all have an evolutionarily conserved 5’ 7-methylated guanosine
(m7G) cap linked to the first RNA nucleotide via a 5’-5 triphosphate bridge. It is
required to modulate nuclear export, pre-mRNA splicing, RNA stability, protection from
5 to 3’ exonuclease cleavage, and for efficient initiation of translation (recruits
translation factors) for protein synthesis (247-249). The Cap0 (m7GpppN) structure is
an early processing event that naturally occurs co-transcriptionally and can be altered

by attaching additional methyl groups to the first and/or second transcribed nucleotides
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to generate a Cap1 (m7GpppNm) or Cap2 (m7GpppNmNm) structure, respectively
(250). The immune system can recognise non-self RNAs (dsRNA lacking a Cap1 or
Cap2 methylation structure) through pattern recognition receptors (PRR) (251). Thus
while both the Cap0 and Cap1 structures are required for efficient in vitro translation,
the Cap1 is required to evade an immune response in vivo (247,251). IVT mRNAs can
be synthetically capped in different ways. The T7 RNA polymerase IVT reaction
initiates transcription with guanosine triphosphate that can then be post-
transcriptionally, enzymatically capped and methylated, usually using the Vaccinia
capping enzyme (Cap0) and 2’0O-methyltransferase (Cap1), respectively (247,252).
Alternatively, cap analogues can be incorporated co-transcriptionally during the IVT
reaction which reduces the number of manufacturing steps (252). Enzymatic capping
allows complete RNA capping but cap analogues can have <100% capping efficiency
(247).

1.7.3.2 The 8’ UTR.

The 5 UTR mRNA section (~100 to 200 nucleotides (253)) is upstream of the coding
region, it is not translated but is a critical binding site for ribosomes to initiate
translation, therefore the 5’ UTR is optimised to improve stability or increase translation
efficiency (243,254). The 5’ UTR sequence is generally adenine-uracil (AU)-rich which
promotes secondary structure formation that impedes or engages the binding of
ribosomes and regulatory factors that control gene expression (255). Additionally, most
eukaryotic 5 UTRs include a Kozak consensus sequence (GCCRCCAUGG - where
R is a purine (A or G)) that contains the AUG start codon (underlined) to initiate
translation (255).

1.7.3.3 The coding sequence.

The open reading frame (ORF) coding sequence encodes for the protein of interest. It
is the largest portion of the transcript, thus modulating this region via codon
optimisation is important as this affects the overall mMRNA stability and translation
capacity (256). The transfer RNA (tRNA) species determine the overall translation rate,
and optimising codon usage to replace rare tRNA species with common tRNA species
can affect the fidelity of translation and efficiency of protein production (257). Modified
nucleosides are widely used to reduce innate immune activation (discussed later —

section 1.7.3.6) but this may affect the overall translation, with contrasting reports of
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impeded and enhanced translation with modified nucleosides (258-260). Therefore,
the dynamic translation mechanisms for different sequences resulting from codon
optimisation and base modification need to be considered and evaluated on an

independent basis.

1.7.3.4 The 3’UTR.

The 3 UTR mRNA regulatory element is crucial for targeting transcripts to specific
cellular compartments which is essential for mMRNA localisation and protein synthesis
(261). Since microRNAs (miRNA) bind to the 3’ UTR to silence mRNA expression,
mMRNAs can be designed to have cell-specific translation and activity by artificially
including miRNA binding sites within the 3° UTR (262,263). Additionally, reducing
unstructured 3’ UTR sequences can facilitate the poly-adenylation (poly-A) tail binding

to translation machinery and enhance translation (264).

1.7.3.5 The poly-A tail.

The poly-A tail is characterised by a long repetitive stretch of adenosine nucleotides
at the 3’ end of mRNA. Generally, longer poly-A tails (>100 bp) provide better
protection of the coding sequence from deadenylating and degrading enzymes and
thus result in more stable mRNA (265), although stable mMRNAs exhibiting shorter poly-
Atails have been documented (266). Interactions between poly-A binding proteins and
other translation initiation proteins regulate mRNA stability and translation efficiency
(267). The poly-A structure can be synthesised using an enzymatic reaction with
recombinant poly-A polymerase that extends the IVT mRNA transcript but this lacks
the control and precision of incorporating a fixed-length tail that is preferred for clinical
applications (235,268). Alternatively, a long “A” sequence stretch is encoded in the
DNA template vector (which can be stabilised by a short UGC linker, as used by the
current Pfizer/BioNTech SARS-CoV-2 vaccine, which controls the length of the
resulting poly-A tail (269).

1.7.3.6 Reducing mRNA immunogenicity.

Chemically modified nucleosides reduce innate immune activation by exogenous
mRNA (270). Substituting uridine (complete or partial replacement) with modified
nucleosides (pseudouridine (W) or N’-methyl-pseudouridine (m1Y¥)) has shown

enhanced protein translation and expression with low immune stimulation (271-274).

29


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pseudouridine

Alternatively, whole sequence engineering, which optimises the codon usage and
chooses the most appropriate regulatory sequence (5’ and 3’ UTRs) for a specific
target and application, has demonstrated increased translation and decreased
immune stimulation without the need for modified nucleosides (275). Additionally,
guanine-cytosine (GC)-rich transcripts are more optimally translated compared to AU-
rich transcripts, and increasing the mRNA transcript GC content may help synthetic
mMRNAs evade targeted degradation by the adenylate/uridylate-rich elements (ARESs)-

binding proteins and protect them from endonuclease digestion (276-279).

T7 RNA polymerase can synthesise dsRNA byproducts from full-length RNA
transcripts through erroneous 3’ extension, and the large amount of smaller
oligonucleotides that result from the abortion of initiation can prime RNA synthesis and
generate dsRNA (244,246,280-283). dsRNA is a common identifier of viral infections
and its presence is actively censored by dsRNA-binding proteins (284). When dsRNA
enters human cells an immune response is activated, dsRNA-dependent enzymes are
activated and inhibit protein synthesis, and dsRNA sensors such as Toll-like receptor
3 (TLR3) are stimulated and release various cytokines (285). Therefore, for improved
and efficient translation of administered mRNA and to limit the activation of cytokine
production (in vitro or in vivo), contaminating dsRNA must be removed from the IVT
mRNA (286). Alternatively, thermostable T7 RNA polymerase has been engineered to
produce IVT mRNA transcripts with improved fidelity, that lack dsRNA byproducts and

display reduced activation of the innate immune system (287,288).

1.7.4 IVT-mRNA delivery and expression of HI\VV-1 bNADbs.

HIV-1 mRNA-based vaccines have tested many delivery systems, including
electroporation, cationic micelles, cationic nanoemulsion, poly (lactic acid)
nanoparticles, cationic lipid nanoparticles (LNPs), and ex vivo loading of dendritic
cells, reviewed by (289). IVT-mRNA encoding combinations of various HIV-1 viral
proteins electroporated into dendritic cells was the first strategy tested in phase 1/2
clinical trials as a therapeutic vaccine in HIV-1 infected individuals. These studies
demonstrated vaccine safety and the induction of transient antigen-specific CD8* and
CD4* T cell responses but there was no evidence of viraemic control (289-295).
Recently, the emphasis has been on the mRNA-LNP platform, since the safety and

immunogenicity were tested in people receiving the SARS-CoV-2 vaccines (296,297).
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MRNA-LNPs encoding HIV-1 Env antigens have been tested in mice, rabbits, and
NHPs and induced robust CD8* and CD4* T cell responses as well as developed

antibodies and neutralising antibodies (298-300).

The mRNA-LNP platform has also successfully been used for HIV-1 bNAb passive
immunisation (234,301). Pardi et al. (234) injected humanised mice with LNP-
encapsulated mRNA encoding VRCO01 heavy- and light-chains (co-administered
separate mRNAs). Systemic administration of 1.4 mg/kg of mRNA yielded plasma
VRCO1 titres of ~170 pg/mL 24 hours post-administration, and weekly injections of 1
mg/kg maintained trough VRCO1 levels >40 ug/mL. Interestingly, the plasma VRCO01
titres were higher in mice receiving mRNA-LNPs than in mice that received a large
bolus (28 mg/kg) of VRCO1 antibody protein (mean plasma titres of 204 and 123
Mg/mL, respectively). Importantly, the translated antibody from a single injection of
VRCO01-mRNA-LNP protected humanised mice from IV HIV-1 challenge (234). Co-
administration of MRNA-LNPs encoding PGDM1400 and PGT121 scFv-Fc and N6
IgG antibodies resulted in co-expression in mice (301). Individual bNAb administration
(0.5 mg/kg) resulted in titres >73 pyg/mL 24 hours after administration and it was
extrapolated that a single 1 mg/kg dose (0.3 mg/kg of each bNADb) could maintain
trough levels >10 pg/mL/antibody for up to 90 days (301).

Therefore, this evolving mMRNA-LNP delivery platform has demonstrated utility as both
an HIV-1 active and passive immunisation strategy, but only mRNA-LNP-mediated
passive immunisation has provided protection from HIV-1 infection in mice and may

represent a more cost-effective delivery strategy than passive infusion of antibodies.

1.8 Justification for the current study.

Passive immunisation of HIV-1 bNAbs can prevent HIV-1 infection but requires
combinations of bNAbs to reduce viral escape. Multispecific antibodies are desirable
over combinations of antibodies since they have simplified manufacturing procedures
and facilitate simultaneous engagement of multiple paratopes which can improve the

antibody binding avidity and may enhance the neutralisation breadth and potency.

1.8.1 The HIV-1 multispecific antibody selection for the current study.

In a study conducted by Steinhardt et al. bispecific and trispecific antibody constructs

were rationally designed and optimised that target the HIV-1 viral Env (200). The
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bispecific antibodies comprise two HIV-1 bNAbs, VRCO01 which targets the CD4bs
(mean IC50 0.33 pg/mL, 91% breadth against 190 viruses (72)), and PGT121 which
targets the V3 region N332 glycan (median IC50 0.03 pg/mL, 70% breadth against
162 viruses (91)). Tandem variable heavy and light chains of these two bNAbs (VRCO01
and PGT121) were joined together by (G4S)n flexible linker sequences (200). Env and
bNAb high-resolution x-ray crystallography structures available in the Protein Data
Bank (PDB - https://www.rcsb.org/) were used to select the bNAb combination and
determine the optimal G4S linker length for an inter-protomer binding model whilst
avoiding unfavourable steric hindrances. This design facilitates intra-spike crosslinking
of Env, where bispecific antibodies bind and cross-link adjacent protomers within the
same HIV-1 Env trimer (200). The tandem variable regions of VRC01 and PGT121
were joined by an additional (G4S)n flexible linker sequence to create the Bi-scFy,
which lacks an Fc domain, thus it is unable to modulate additional immune effector
functions and has a reduced serum half-life (162,200). To address these limitations,
the Bi-scFv was fused to an IgG1 Fc region (using a linker peptide) to create the Bi-
NAb capable of affecting additional immune functions (172,200). The most favourable
molecular topology and linker peptide sequences were determined (VRC01-5xGSG-
PGT121) and BioLayer Interferometry (BLI) confirmed the simultaneous engagement
of both epitopes and the functionality of each antibody arm. Additionally, the bivalent
binding nature of the Bi-scFv/Bi-NAb and Env trimer were confirmed and was
consistent with the design for inter-protomer crosslinking (200). Lastly, the best Bi-NAb
topology was paired with the 10E8 bNAD, targeting the MPER (mean IC50 0.35 ug/mL,
98% breadth against 181 viruses (302)) via knob-into-hole technology to generate the
heterodimeric Tri-NAb (200). BLI confirmed that the Tri-NAb recognised and bound all
three cognate bNAD epitopes on HIV-1 Env (200). Finally, the neutralisation capacity
of the multispecific antibodies was assessed against a comprehensive 208 virus panel
with diverse HIV-1 Env strains. The Bi-scFv, Bi-NAb, and Tri-NAb multispecific
antibodies demonstrated overall improved neutralisation breadth and potency
(geometric mean IC50 (breadth): 0.400 pg/mL (molar corrected) (94.7%), 0.380 ug/mL
(95.1%), and 0.071 pg/mL (99.5%), respectively) than all their respective parental
antibodies (VRCO01 0.492 pug/mL (90.4%), PGT121 0.566 pg/mL (63.9%), and 10E8
0.338 pg/mL (97.6%)) (200).
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Importantly, these broadly neutralising multispecific antibody constructs described by
Steinhardt et al. (200) had key aspects that favoured our selection for IVT-mRNA-
mediated delivery in vitro. The bispecific antibody conformations incorporate antibody
variable domains linked in tandem produce a single open reading frame (sORF)
encoding region, conducive to translation from a single mRNA transcript. Additionally,
the optimised molecular topology of the bispecific antibody constructs had been
validated, with further neutralisation coverage achieved when combined with the third
Env-targeting paratope of the 10E8 bNAb. Therefore, we did not have to optimise the
bispecific topology and could focus on the mRNA-delivery requirements. These
constructs also provided increasing multispecific antibody complexity, from Bi-scFv to
Bi-NAb to Tri-NAb which was of interest for us in evaluating delivery by the IVT-mRNA
expression platform. Therefore, we utilised the best molecular topology of the
previously described Bi-scFv, Bi-NAb, and Tri-NAb antibodies (200) (Figure 1.6) and

explored the possibility of IVT-mRNA expression of multispecific antibodies in vitro.

1.8.2 IVT-mRNA expression of multispecific antibodies.

The bispecific antibodies (Bi-scFv and Bi-NAb) were available in sORF conformations
which easily facilitated mRNA production (Figure 1.6). However, the Tri-NAb was
originally expressed by transient co-transfection of three plasmid constructs (the Bi-
NAb ‘knob’, 10E8 heavy chain ‘hole’ and 10E8 light chain) in mammalian 293F cells
to generate a heterologous dimer via KIH assembly (200). Co-administration of mRNA
encoding HIV-1 antibody heavy- and light-chain or different scFvs has been done
previously and yielded antibody titres in mice (234,301). However, assembling a
polycistronic construct in which multiple antibody-encoding genes are placed in
tandem to yield a sORF that can be transcribed into a single mMRNA may be simpler
and have improved expression than co-transfection. For this purpose, we designed a
novel and distinguishing Tri-NAb polycistronic construct encoding the Bi-NAb and
10E8 heavy and light chain as a sORF to compare Tri-NAb expression from co-
transfection and the sORF constructs (Figure 1.6).

Strategies for multiple gene co-expression from a single vector include using multiple
promoters, fusion proteins, proteolytic cleavage sites, internal ribosome entry sites
(IRES), and “self-cleaving” 2A peptides between genes (303). IRES have been used

to express antibody heavy- and light-chain from a single vector (304), however, the
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reduced translation efficiency of the second ORF and the large size (~500 nucleotides)
of IRES (305) were unfavourable limitations for our purposes. Self-cleaving 2A
peptides are preferable since they are smaller in size (18-22 amino acids long) and
have more balanced cleavage efficiency of genes up- and downstream of the 2A
peptide (306). Self-cleaving 2A peptides have been identified in some picornavirus
genomes, “2A” refers to the specific viral polyprotein region and different viral 2As
have been named after their derived virus: F2A (foot-and-mouth disease virus 2A),
E2A (equine rhinitis A virus 2A), P2A (porcine teschovirus-1 2A) and T2A (thosea
asigna virus 2A) (307,308). The C-terminus of 2A self-cleaving peptides has a highly
conserved “NPGP” amino acid sequence where “cleavage” occurs through a
ribosomal skipping mechanism (309). During translation, the ribosome skips
synthesising at the 2A peptide C-terminus causing cleavage between the glycine and
proline residues (306,310,311). This mediates the cleavage of polypeptides during
translation in eukaryotic cells and separates the 2A peptide from the downstream
peptide (312). However, this results in the remaining 2A peptide sequence being fused
to the C-terminus of the upstream protein and the proline residue attached to the N-
terminus of the downstream protein (308). Some studies have shown a negative effect
of the 2A peptide fused to the C-terminus of the upstream protein, which can be
avoided by incorporating a furin cleavage site before the 2A peptide sequence to
remove the 2A-derived amino acid residues by endogenous furin cleavage in vivo
(313). Furin is a highly conserved eukaryotic endoprotease localised in the Golgi (314),
through the preferential consensus motif Arg.X.Arg/Lys.Arg (RXK/RR), furin efficiently
processes and cleaves precursor proteins (315). Thus furin cleavage before the 2A
sequence can remove the 2A peptide residues and limit the potential adverse effects
(313).

Polycistronic vectors separating HIV-1 antibody heavy- and light-chain sequences with
furin-F2A self-cleaving peptides have been used in AAV vectored immunoprophylaxis
(219,220). Therefore, we incorporated self-cleaving 2A peptides combined with furin
motif sequences to generate the polycistronic Tri-NAb construct (Tri-NAb sORF).
Importantly, we used a furin-F2A self-cleaving peptide to separate the 10E8 knob
heavy- and light chains (a construct previously generated and available in our lab
(191,202)). Thus, our Tri-NAb expressed from co-transfection (Co-T) was from two

plasmid constructs, Bi-NAb_hole and 10E8_knob encoding plasmids (Figure 1.6), and
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not three plasmid constructs as described by Steinhardt et al. (200). The novel Tri-
NAb sORF tricistronic construct incorporated an additional furin/self-cleaving 2A
peptide to separate respective Bi-NAb hole and 10E8 knob antibody encoding regions
(Figure 1.6).
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Figure 1.6. HIV-1 multispecific antibody constructs used in this study. The bispecific
antibody constructs (Bi-scFv and Bi-NAb) are designed as previously described by
Steinhardt et al. (200). The trispecific antibody combination is as described by Steinhardt
et al. (200) but the constructs are designed as single open reading frames (sORF) for
expression by co-transfection (Co-T) and from the complete polycistronic sORF. (A)
Schematic presentation of the multispecific antibody constructs. (B) Schematic diagram of
the molecular configurations of the multispecific antibodies used in this study. * Indicates
constructs that are unique to this dissertation.
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1.9 Aim and objectives.

In the absence of an effective prophylactic HIV-1 vaccine, passive immunisation of
HIV-1 bNAb combinations can be used to prevent infection, unfortunately, the
associated cost may restrict its large-scale use, especially in the resource-limited
countries where HIV-1 predominates. HIV-1 multispecific antibodies with enhanced
neutralisation breadth combined with IVT mRNA expression could present a simpler,
more cost-effective biomedical intervention strategy for prophylactic antibody delivery.
To our knowledge, there are no published findings reporting IVT-mRNA-mediated
delivery of full-length HIV-1 multispecific bNAbs as a potential prevention strategy
against HIV-1. Therefore, the aim of this project was to develop an [VT-mRNA strategy
for the in vitro expression of HIV-1 bispecific and trispecific antibodies as a potential

passive immunisation strategy against HIV-1.

This was achieved using the following objectives:

1) To design HIV-1 bispecific antibody (Bi-scFv and ‘full’ antibody Bi-NAb with an
Fc domain) and trispecific antibody (Tri-NAb, via co-transfection (Co-T) and a
sORF) DNA template constructs compatible with in vitro transcription of mMRNA
expression transcripts.

2) To validate and compare the antibody encoding DNA constructs by biochemical
characterisation, functional neutralisation and conformation assessment of
expressed and purified multispecific antibodies (Bi-scFv, Bi-NAb and Tri-NAbs)
relative to the parental antibodies PGT121, VRCO01 and 10ES8.

3) To transcribe, purify and characterise the respective multispecific-mRNA
encoding transcripts in vitro.

4) To evaluate and compare the in vitro expression, conformational assembly, and
functional neutralisation of the mRNA-translated multispecific antibodies Bi-
scFv, Bi-NAb and the Tri-NAbs (Co-T and sORF).
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Chapter 2. Materials and Methods.

2.1 Reagents used in this study.

The pmRNA_GFP expression vector encoding green fluorescent protein (GFP) and
psiCheck_Hbx_Fluc plasmid encoding firefly luciferase (Fluc) were generously
donated by Prof A. Ely (Antiviral Gene Therapy Research Unit (AGTRU), Faculty of

Health Sciences, University of the Witwatersrand).

The pMin_10E8 and pMin_iMAb single plasmids encoding bNAbs 10E8 and
Ibalizumab (iIMAb) respectively were available in the HIV Pathogenesis Research Unit
((HPRU), Faculty of Health Sciences, University of the Witwatersrand). These
constructs were produced by modification of the original pMin plasmid (generously
donated by Dr. A. Balazs (219,220)) to remove the cytomegalovirus (CMV) promoter
and inverted terminal repeat (ITR) flanking regions to optimise in vitro antibody
expression. The corresponding 10E8 and iMAb heavy- and light-chains, incorporating
the knob and hole mutations, respectively, within the Fc portion were synthesised and
inserted into the pMin vector (pMin_10E8 Kn and pMin_iMAb_Ho) as described
(191,202).

The pCl-neo_4dCD4 plasmid expressing a C-terminal His tagged soluble human CD4
receptor was available in the HPRU and was used as a control for His-tagged protein

detection.

The pcDNA 3.1-furin plasmid encoding the sequence of the furin protease was
originally obtained from Dr. J.P. Moore (316) and was available in the HPRU (317).

The gp120rvc monomer construct, pcDNA3.1gp120FVCm was available in the HPRU
(318).

The PGT122 mAb (generously donated by Dr. Peter Kwong (Vaccine Research
Centre, National Institute of Allergy and Infectious Diseases, National Institute of
Health, Bethesda, Maryland, USA) and was available in the HPRU) is a somatic
variant of the PGT121 mAb and was used as a control in small-scale expression
studies until the PGT121 constructs were obtained. The PGT121 mAb heavy- and
light-chain encoding DNA plasmids were generously donated by Prof. Penny Moore

(SA MRC Antibody Immunity Research Unit, University of the Witwatersrand; Centre
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for HIV and STls, National Institute for Communicable Diseases (NICD) of the National
Health Laboratory Service (NHLS)).

The following reagents were obtained through the National Institute of Health (NIH)
HIV Reagent Program, NIAID, NIH (contributor in parenthesis): antibody expression
vectors (complimenting heavy- and light-chain) encoding parental antibodies VRCO01
mAb Catalogue number (Cat.) ARP-12035 and ARP-12036 (Drs. X. Wu, ZY. Yand, Y.
Li, G. Nabel and J. Mascola (319)), and 10E8v4 mAb, Cat. ARP-12866 and ARP-
12867 (Dr. P. Kwong (320)). Reagents for HIV-1 pseudovirus production including:
TZM-bl (JC53-bl) reporter cell line Cat. ARP-8129 (Drs. J. Kappes and X. Wu,
Tranzyme Inc. (321-326)), HIV-1 pSG32e" Non-infectious Molecular Clone, Cat. ARP-
11051 (Drs. JC. Kappes and X. Wu (68,321,327)), and 17 complementing HIV-1 Env
plasmids comprised primarily of the Panel of Global HIV-1 Env Clones, HRP-12670,
contributed by Dr. David Montefiori (328) (original contributor/s in parenthesis): HIV-1
Env Expression Vectors: 25710%, Cat. ARP-11505 (Drs. R. Paranjape, S. Kulkarni,
H. Tang and D. Montefiori (328,329)), 398F1*, Cat. ARP-12652 and 246F 3*, Cat. ARP-
12658 (Drs. C. Williamson, G. Bandawe and D. Montefiori (328)), CE0217*, Cat. ARP-
12660 and CE1176%*, Cat. ARP-12657 (Drs. R. Swanstrom, Li-H. Ping, J. Anderson
and D. Montefiori (328)), CH119*, Cat. ARP-12659 (Drs. K. Hong, Y. Shao and
D. Montefiori (328)), TRO11*, Cat. ARP-11023 (M. Li, F. Gao and D. Montefiori
(328,330)), X2278*, Cat. ARP-12654 and X1632*, Cat. ARP-12656 (M. Thomson, A.
Revilla, E. Delgado and D. Montefiori (328,331)), CNE8*, Cat. ARP-12653 and
CNES55*, Cat. ARP-12661 (L. Zhang, H. Shang and D. Montefiori (328,332)),
BJOX002000*, Cat. ARP-12655 (F. Gao and D. Montefiori (328)), Du172.17, Cat.
ARP-11307 (Drs. D. Montefiori, F. Gao, S. Abdool Karim and G. Ramjee (333,334))
Du422.1, Cat. ARP-11308 (Drs. D. Montefiori, F. Gao, C. Williamson and S. Abdool
Karim (333,334)), CAP210.2.00.E8, Cat. ARP-11317 (Drs. L. Morris, K. Mlisana and
D. Montefiori (334)), QH343.21M.ENV.A10, Cat. ARP-11896 (Dr. J. Overbaugh
(335,336)) and Ce2103_ES8, Cat. ARP-13363 (Drs. D. Montefiori, R. Swanstrom, LH
Ping, and J. Anderson (337,338)). (* indicates the Panel of Global HIV-1 Env Clones).

Unless stated otherwise, all chemicals used were obtained from Merck (Merck Group,
Darmstadt, Germany) or ACE Chemicals (Associated Chemical Enterprises Pty Ltd,
Johannesburg, South Africa).
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2.2 General laboratory techniques.

General laboratory techniques, commercially available kit protocols, thermocycling
conditions, and primer sequences used in this study are available in the appendix

methods (Appendix A).

2.3 Multispecific antibody constructs.

2.3.1 Bispecific antibody construct design.

Previously  reported multispecific  antibody  configurations  incorporating
VRCO01/PGT121 paratopes as tandem single-chain variable fragments alone, for the
Bi-scFv and Bi-NAb constructs, and in combination with 10E8 to generate the Tri-NAD,
were designed according to the methods described by Steinhardt et al. (200). The Bi-
NAb antibody construct containing the variable regions interspaced with tetraglycine-
serine peptide linker sequences (G4S) (X’ representing the number of repeats
incorporated) in the following order: VRCO01 delta E112/V3S light chain variable region,
3x GSG linker sequence, the VRCO01 heavy chain variable region, 5x GSG linker
sequence, the PGT121 light chain variable region, 3x GSG linker sequence, the
PGT121 heavy chain variable region, and a GSG linker sequence linking the hinge,
CH2/CH3 Fc region (Figure 1.6). This Bi-NAb sequence was codon-optimised for
mammalian cell expression and synthesised by GenScript (GenScript Biotech
Corporation, Piscataway, NJ, USA), incorporating additional flanking sequences on
the 5’ end (including a Kpnl restriction site, a 5° UTR with a T7 promoter sequence,
and a secretion signal peptide) as well as on the 3’ end (two stop codons (tga tga) and
the Apal restriction site. The Kpnl and Apal restriction sites were used for directional

sub-cloning procedures below.

2.3.2 Bispecific antibody cloning into the pmRNA expression vector.

2.3.2.1 Bi-NAb antibody construct.

The Bi-NAb sequence and flanking regions were provided in the pUC57-Mini holding
plasmid from GenScript (GenScript Biotech Corporation, Piscataway, NJ, USA) and
the DNA pellet was resuspended in nuclease-free water to a concentration of 0.2
Mg/uL. The Bi-NAb sequence was sub-cloned into the pmRNA expression vector using
the restriction endonuclease sites Kpnl and Apal present in both the Bi-NAb sequence
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and the pmRNA plasmid. Restriction digests of 2 yg of pUC57-Mini_Bi-NAb and
pmRNA_GFP plasmid DNA were performed with 2 pL of each FastDigest Kpnl and
Apal enzyme prepared in 10x FastDigest Green Buffer (Thermo Fisher Scientific,
Waltham, MA, USA) diluted to 1x in a final volume of 20 pL and incubated at 37°C for
1 hour. Digest reactions were resolved on a 0.8% agarose gel (prepared and resolved
as described in Appendix A4) and the Bi-NAb insert sequence (2 374 bp) and the
pmRNA backbone sequence (3 638 bp) were extracted using the QIAquick Gel
Extraction Kit (Qiagen, Hilden, Germany) as described in the Appendix A2.1.

The gel-purified fragments were ligated using T4 DNA Ligase (New England Biolabs,
Ipswich, MA, USA) using 100 ng total DNA and a ratio of insert to backbone of 3:1 (Bi-
NAb: pmRNA = 3:1) and incubated at room temperature for 10 minutes. DH5a
chemically competent bacteria (prepared as described in Appendix A1) (50 uL) were
transformed with 5 pl (1/10 volume of DH5a cells) of the ligation reaction, incubated
on ice for 20 minutes, heat-shocked at 42°C for 45 seconds (GLS Aqua 12 Plus water
bath - Grant Instruments, Cambridgeshire, UK), and placed back on ice for 5 minutes.
An hour outgrowth step was performed at 37°C, 200 rpm in 200 L of S.0.C. Medium
(2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCI2, 10 mM
MgSO4, and 20 mM glucose - Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA), and 1/10 of the outgrowth culture volume was plated onto carbenicillin (100
pg/mL)-containing LB nutrient agar plates and incubated at 37°C overnight. Single
colonies were selected and inoculated into 6 mL Luria Broth (LB) Medium (1%
tryptone, 0.5% yeast extract, and 170 mM NaCl) containing 100 pg/mL carbenicillin
and incubated overnight at 37°C, 200 rpm. A 100 uL aliquot of each colony culture was
stored at 4°C and the remaining culture had the plasmid DNA of the colonies extracted
using the High Pure Plasmid Isolation Kit (Roche Group, Basel, Switzerland) according
to the manufacturer’s instructions (described in Appendix A2.3). Isolated colony
plasmid DNA was screened by restriction double digest of 500 ng, alongside 500 ng
of control pmRNA_GFP DNA, with 0.5 pL of each FastDigest Kpnl and Apal enzyme
prepared with 2 yL of 10x FastDigest Green Buffer (Thermo Fisher Scientific,
Waltham, MA, USA) in a final volume of 20 pL, and incubated for 15 minutes at 37°C.
Digests were resolved on a 0.8% agarose gel (as previously described) to analyse the
banding pattern. A single positive pmRNA_Bi-NAb clone was expanded from the 100

ML culture sample into a starter culture of 5.5 mL of carbenicillin-containing LB media

40



and incubated at 37°C, 200 rpm for 8 hours. The starter culture was expanded 1: 1
000 into 150 mL of carbenicillin-containing LB medium and cultured overnight at 37°C,
200 rpm in a 500 mL Erlenmeyer flask. Bacterial glycerol stocks were prepared by
adding glycerol to a final concentration of 25% and stored at -80°C. The pmRNA_Bi-
NAb plasmid DNA was isolated using a modified alkaline-lysis method followed by ion
exchange chromatography using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions (described in Appendix A2.4).

2.3.2.2 Bi-scFv antibody construct.

The Bi-scFv expression construct was generated from the Bi-NAb sequence using
primers that amplified out the tandem-scFv sequence but excluded the Fc region using
the Q5® High-Fidelity 2x Master Mix (New England Biolabs, Ipswich, MA, USA) for the
polymerase chain reaction (PCR). The amplicon extended from the minimal CMV
promoter and incorporated the 5’ Kpnl restriction site (using the CMV_FOR primer) to
the end of the PGT121 heavy chain variable region, excluded the Fc region, and
incorporated a six histidine residue encoding region (His tag), followed by stop codon
and 3’ terminal Apal restriction site to facilitate sub-cloning via the reverse primer (Bi-
scFv_REV — Appendix Table A1). The PCR product (1 696 bp) was purified using the
GeneJET PCR Purification Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions (described in Appendix A2.2). The
purified PCR product was digested (1 pg) with 1 pL of each FastDigest enzyme, Kpnl
and Apal, prepared with 2 puL of 10x FastDigest Green Buffer (Thermo Fisher
Scientific, Waltham, MA, USA) in a final volume of 20 yL and incubated at 37°C for 1
hour. The digested Bi-scFv fragment was re-purified using the GeneJET PCR
Purification Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) to remove
restriction enzymes and cleavage products, and sub-cloned into the pmRNA backbone
(prepared in section 2.3.2.1) using compatible restriction ends (Kpnl and Apal).
Ligation and transformation procedures were performed as previously described in
section 2.3.2.1. Individual colonies were inoculated into 6 mL of carbenicillin-
containing LB media, cultured at 37°C, 200 rpm overnight, and the plasmid DNA was
extracted using the High Pure Plasmid Isolation Kit (Roche Group, Basel, Switzerland)
as previously described. Extracted plasmid DNA samples were screened by Kpnl and
Apal restriction double digest as described in section 2.3.2.1. Following screening,

culture samples taken before the DNA Mini plasmid isolation corresponding to a
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positive clone was expanded by inoculating 5.5 mL of carbenicillin-containing LB
media at a ratio of 1:100. Cultures were grown at 37°C, 200 rpm for 8 hours. This
starter culture was expanded (1: 1 000) into 150 mL carbenicillin-containing LB media
at 37°C, 200 rpm overnight. Residual starter culture volume was used to generate
glycerol stocks by adding glycerol to a final concentration of 25% and stored at -80°C.
The 150 mL cultures were used for plasmid DNA isolations using the QIAGEN Plasmid

Maxi Kit (Qiagen, Hilden, Germany) as described previously.

2.4 Silencing the Bpil restriction site in the CH2 domain of the Bi-NAb construct.

The Bi-NAb encoding sequence contained an additional Bpil restriction site in the
corresponding C-terminus of the CH2 domain of the Fc region that required silencing
prior to mMRNA transcription. The pmRNA construct contains a functional Bpil restriction
site at the 3’ terminus of the poly-A signal which is used to linearise the DNA plasmid
template to improve mRNA transcript production by resulting in a specific poly-A tail
sequence length of 46 nucleotides. Targeted-Bpil silencing was achieved by
synonymous mutation of the Bpil restriction site in pmRNA_Bi-NAb using the Q5® Site-
Directed Mutagenesis (SDM) Kit (New England Biolabs, Ipswich, MA, USA) according
to the manufacturer’s instructions with the following modifications. The SDM reaction
was performed using the primer set Bpil SDM_FOR and Bpil SDM_REV and the
cycling conditions provided in Appendix, Table A1. The Bpil SDM_FOR primer
incorporated a single nucleotide mutation (1959G>A) on the 5’ terminus to silence the
Bpil restriction site without altering the lysine amino acid. The SDM product was
resolved on a 0.8% agarose gel and the 6 012 bp fragment was purified using the
QlAquick Gel Extraction Kit (Qiagen, Hilden, Germany) as described previously, to
remove lower molecular weight non-specific bands. Approximately 40 ng (2 pL) (as
estimated from the resolved molecular weight marker on the agarose gel) of the Bi-
NAb SDM product was added to the kinase, ligase, Dpnl (KLD) reaction and incubated
at room temperature for 15 minutes. The transformation was performed according to
the manufacturer’s instructions as follows. The supplied ultra-chemically competent
DH5a cells were transformed with 5 uL of the total KLD reaction, incubated on ice for
30 minutes, heat shocked at 42°C for 30 seconds, and returned to ice for a further 5
minutes. An hour outgrowth was performed at 37°C, 200 rpm in 950 uL of Super
Optimal broth with Catabolite repression (S.0.C.), 1/10 of the outgrowth volume was

plated onto carbenicillin-containing LB agar plates and incubated overnight at 37°C.
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2.4.1 Screening pmRNA Bi-NAb colonies with silenced Bpil restriction sites.

Single colony inoculates were cultured in 6 mL of carbenicillin-containing LB media at
37°C, 200 rpm overnight and the plasmid DNA was extracted using the High Pure
Plasmid Isolation Kit (Roche Group, Basel, Switzerland), as described previously.
Isolated colony plasmid DNA was screened by restriction digest of 500 ng, alongside
500 ng of original pmRNA_Bi-NAb and pmRNA_GFP DNA as appropriate controls,
with 0.5 uL of Bpil prepared in 2 uL of 10x Buffer G (with BSA) (Thermo Fisher
Scientific, Waltham, MA, USA) in a final volume of 20 uL, incubated at 37°C for 1 hour.
Digests were resolved on a 0.8% agarose gel to analyse the banding pattern. The
introduction of the synonymous mutations within the Fc portion in combination with the
removal of the Bpil restriction site in the CH2 domain was confirmed by Sanger
sequencing using the CH3 _Ho FOR and CH3 _Ho_REV primers (Appendix Table A1)
and performed by Ingaba Biotech (Ingaba Biotech, Johannesburg, South Africa). A
glycerol stock of culture taken prior to the DNA plasmid isolation, corresponding to the
confirmed pmRNA_Bi-NAb construct with the silenced Bpil restriction site in the CH2
region was expanded (1:1 000) into 150 mL carbenicillin-containing LB media and
cultured at 37°C, 200 rpm overnight. The plasmid DNA was isolated using the QIAGEN
Plasmid Maxi Kit (Qiagen, Hilden, Germany) as described previously. The resultant
pmRNA_Bi-NAb construct with the silenced Bpil restriction site was now compatible
with mRNA production and was used in all downstream antibody expression and

characterisation experiments.

2.5 Tri-NAb construct design.

2.5.1 Generating complementary knob-into-hole mutations.

The Tri-NAb was generated by assembling the Bi-NAb and the bNAb 10E8 antibody
heavy- and light-chains through the specific introduction of knob-into-hole mutations
in the complimenting Fc regions (200). This ensures that the ‘knob’ (Kn) mutations
(S354C and T366W) in the 10E8 CH3 domain (pMin_10E8_Kn construct already
generated by our research unit — (191,202)) assembles with the complimenting ‘hole’
(Ho) mutations (Y349C, T366S, L368A and Y407V) introduced into the corresponding
CH3 domain of the IgG1 Fc arm of the Bi-NAb to allow expression of the Tri-NAb
(PGT121/VRCO1/10E8) (200). Hole mutations were introduced in the Bi-NAb
construct using Gibson assembly (339,340). A 390 bp region encompassing the hole
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mutations was amplified from the iIMAb_Ho template construct ((pMin_iMAb_Ho)
previously reported by our research group (341)) using CH3 Ho FOR and
CH3_Ho_REV primers (Appendix Table A1). The CH3 Ho fragment was assembled
in place of the existing CH3 region by linearising the pUC57-Mini_Bi-NAb
(experimentally found to have improved amplification over the pmRNA_Bi-NAb — data
not shown) using the Bi-NAb_Linear_FOR and Bi-NAb_Linear_REV primer sets, and
the cycling conditions described in Appendix Table A1. Assembly of amplicons was
achieved through 21 bp homologous overlap on both the corresponding 5’ and 3’ ends.
Fortuitously, the amplified CH3_Ho region included the CH2 C-terminal encoding
region without the erroneous Bpil restriction site, and thus did not require further
correction as was done in section 2.4.1. The amplified, linearised DNA was resolved
on a 0.8% agarose gel and the pUC57-Mini_Bi-NAb backbone (3 889 bp) and CH3 Ho
(390 bp) bands were extracted using the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) as described previously. Gibson Assembly of the two fragments was
performed using the NEBuilder Hifi DNA Assembly Kit (New England Biolabs, Ipswich,
MA, USA) according to the manufacturer’s instructions, using a total of 100 ng DNA,
a vector to insert ratio of 1:2 (pmRNA_Bi-NAb: CH3 Ho = 1:2) and incubated at 50°C
for 15 minutes. Transformation and plating were performed as described above using

DH5a competent cells (described in section 2.3.2.1).

2.5.1.1 Confirming the presence of the CH3 hole mutations.

Resulting individual selected colonies were cultured in 6 mL carbenicillin-containing
LB media at 37°C, 200 rpm overnight, and the plasmid DNA was extracted using the
High Pure Plasmid Isolation Kit (Roche Group, Basel, Switzerland), as described
previously. Extracted plasmid DNA samples were screened by Kpnl and Apal
restriction double digest as described in section 2.3.2.1. Finally, the presence of the
hole mutations was confirmed by performing in-house Sanger sequencing as
described in Appendix A5, using the CH3_Ho_Screen_FOR and CH3_ Ho REV
primers (Appendix Table A1).

2.5.1.2 Cloning the Bi-NAb Ho sequence into the pmRNA expression vector.

The confirmed Bi-NAb_Ho encoding sequence was directionally sub-cloned using
Kpnl and Apal restriction sites into the pmRNA expression vector as described in

section 2.3.2.1. Selected colonies were cultured in 6 mL of carbenicillin-containing LB
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media at 37°C, 200 rpm overnight. The plasmid DNA was isolated using the High Pure
Plasmid Isolation Kit (Roche Group, Basel, Switzerland) as described previously.
Extracted plasmid DNA samples were screened by Kpnl and Apal restriction double
digest as described in section 2.3.2.1 or Bpil single digest as described in section
2.4.1. The Kpnl/Apal digest confirmed the correct assembly of the construct while the
Bpil digest indicated that the CH3 hole segment was present as this did not contain
an additional Bpil restriction site so the plasmid DNA would be linearised. A confirmed
pmRNA_Bi-NAb_Ho transformed colony was inoculated from a glycerol stock (1: 1
000) into 150 mL carbenicillin-containing LB media and cultured in a 500 mL
Erlenmeyer flask at 37°C, 200 rpm overnight. The plasmid DNA was isolated using the
QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, Germany), as described previously, and
was used in combination with the 10E8 Kn sequence to produce the Tri-NAb by co-
transfection in 293F cells (Section 2.7.2).

2.5.2 Generating the Tri-NADb single open reading frame (Tri-NAb sORF) construct.

A sORF construct for the expression of the Tri-NAb antibody was produced by insertion
of a furin cleavage peptide sequence in combination with a self-cleaving 2A peptide
sequence (P2A) in frame and downstream of the Bi-NAb_Ho encoding sequence
followed by the 10E8 Kn encoding sequence (Figure 1.6). The modified furin
sequence (RRRRRR) in combination with the P2A cleavage peptide were chosen
because they have been shown to result in improved processing and cleavage
(303,309,342), and the P2A has demonstrated this improvement in multiple human
cell lines in vitro as well as in mice in vivo (306). The three fragments (omRNA_Bi-
NAb_ Ho, P2A cleavage peptide, and 10E8_Kn) were assembled by Gibson Assembly
using the respective primers provided in Appendix Table A1. The pmRNA_Bi-NAb_Ho
backbone (6 006 bp) was amplified using primers Bi-NAb_Ho_linear_ FOR and Bi-
NAb Ho linear_REV that linearised the construct at the 3’ terminus of the Bi-NAb
encoding sequence, eliminating the stop codons. The 10E8_Kn sequence (2 322 bp)
was amplified from the pMin_10E8_Kn sequence described above (section 2.5.1). The
forward 10E8_Kn_linear_FOR primer incorporated a 21 bp overlap with the P2A
cleavage peptide on the 5’ end, whilst the reverse 10E8 Kn_linear_ pmRNA_REV
primer sequence maintained the 10E8_Kn construct’s stop codon and incorporated a
21 bp homologous overhang for compatible assembly with the pmRNA backbone

(Appendix Table A1). Amplified fragments were resolved on a 0.8% agarose gel and
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were extracted using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) as
described previously. The interlinking P2A encoding peptide sequence (93 bp) was
generated using the Q5® High-Fidelity 2x Master Mix (New England Biolabs, Ipswich,
MA, USA) with an overlapping primer strategy. The forward Cleavage peptide FOR
primer sequence (54 bp) and reverse Cleavage_peptide_REV primer sequence (59
bp), which have 20 bp complimentary overlap on their respective 3’ ends, were used
to generate the template P2A DNA. Briefly, 1 uM of each primer was combined with
the Q5® High-Fidelity 2x Master Mix (New England Biolabs, Ipswich, MA, USA) and
allowed to anneal and extend to complete the polymerase reaction (Appendix Table
A1). The generated P2A DNA template was analysed on a 1.5% agarose gel to confirm
the correct size, and 200 pg of the P2A template DNA was amplified using the primers
Cleavage peptide. AMP_FOR and Cleavage peptide AMP_REV (Appendix Table
A1) to ensure compatibility in the Gibson assembly reaction. P2A DNA products were
purified using the GeneJET PCR Purification Kit (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) as previously described.

The three fragments were assembled using the NEBuilder Hifi DNA Assembly Kit (New
England Biolabs, Ipswich, MA, USA) to generate a single 8 379 bp product. A total of
100 ng of DNA was used at a ratio of pmRNA_Bi-NAb_Ho: 10E8 Kn: P2A cleavage
peptide of 1:2:5. The reaction was incubated at 50°C for 30 minutes before E. coli
DH5a cell transformation and plating of the transformed bacteria were performed as
previously described (section 2.3.2.1). Selected colonies were cultured overnight at
37°C, 200 rpm in 6 mL of carbenicillin-containing LB media, and the plasmid DNA was
extracted using the High Pure Plasmid Isolation Kit (Roche Group, Basel, Switzerland)
as previously described. Extracted plasmid DNA samples were screened by Kpnl and
Apal restriction double digest as described in section 2.3.2.1 and with 0.5 uL of each
FastDigest Kpnl and Notl, prepared with 2 uL 10x FastDigest Green Buffer (Thermo
Fisher Scientific, Waltham, MA, USA) in final volumes of 20 pL, incubated for 15
minutes at 37°C and resolved on a 0.8% agarose gel. Targeted in-house Sanger
sequencing, as described previously, of presumptive constructs was performed to
confirm the Bi-NAb_Ho-P2A cleavage peptide-10E8_Kn transition sequences using
the single CH3_Ho_Screen_FOR primer (Appendix Table A1).
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2.5.3 Improving endogenous furin processing of the 10E8 Kn construct.

2.5.3.1 Site-directed mutagenesis of the 10E8 Kn furin sequence.

The 10E8_Kn F2Aopt furin encoding sequence (amino acid sequence RKRR) used to
separate the heavy- and light-antibody chains following translation was altered to six
consecutive arginine residues (RRRRRR - sequence shown to improve cleavage
(343)) using site-directed mutagenesis. Non-overlapping SDM primers were designed
to remove the lysine (K) (omitted from the reverse primer -
10E8_Kn_furin_SDM_REV) and incorporate an additional three arginine residues (R)
(on the 5’ end of the forward primer — 10E8_Kn_furin_SDM_FOR, Appendix Table A1).
The SDM reaction was performed using the Q5® Site-Directed Mutagenesis Kit (New
England Biolabs, Ipswich, MA, USA) according to the manufacturer’s instructions. A
linearised amplicon with incorporated mutations was amplified from the
pMin_10E8_Kn template (6 183 bp), resolved on a 0.8% agarose gel, extracted, and
purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany), as
previously described, to remove the smaller non-specific bands. Purified SDM product
(25 uL) was concentrated by DNA precipitation, with the addition of 1/10 the volume
(2.5 pL) 3 M sodium acetate and one volume (27.5 uL) isopropanol, incubated at room
temperature for 15 minutes and centrifuged at 13 000 x g for 15 minutes at 4°C to
pellet the DNA. The supernatant was carefully discarded, and the DNA pellet was
washed with one volume (27.5 pL) of chilled 70% ethanol and centrifuged at 13 000 x
g for 15 minutes at 4°C. The ethanol supernatant was discarded, and the DNA pellet

was resuspended in 5 ul nuclease-free water.

The KLD reaction was performed according to the manufacturer’s instructions, except
a greater amount of PCR product DNA (4 ul) generated above was used in the reaction
to maximise transformation efficiency and incubated at room temperature for 15
minutes. The transformation was performed as described above (section 2.4) using
DH5a chemically competent bacteria and 1/10 of the outgrowth volume was plated on
carbenicillin-containing LB agar plates and incubated overnight at 37°C. Selected
colonies were cultured in 6 mL carbenicillin-containing LB media and the plasmid DNA
was extracted using the High Pure Plasmid Isolation Kit (Roche Group, Basel,
Switzerland) according to the manufacturer’s instructions. Colonies were screened by

Sanger Sequencing in-house using the primer set 10E8 Kn_CP_seq FOR and

47



10E8_Kn_CP_seq_REV (Appendix Table A1) as described above. A sequence
confirmed pMin_10E8_Kn_Afurin clone was expanded by inoculating 50 mL of
carbenicillin-containing LB media with 100 uL of a glycerol stock (25% glycerol, stored
at -80°C) and cultured overnight at 37°C in a 250 mL Erlenmeyer flask. The plasmid
DNA was extracted and purified using the QIAGEN Plasmid Midi Kit (Qiagen, Hilden,
Germany) as described previously. Small-scale transient mammalian cell
transfections were performed in the presence and absence of supplemental furin to
confirm improved proteolytic in vitro furin cleavage. Refer to Section 2.7.3 below for
details. Except where stated, hereafter, 10E8_Kn denotes the construct with the

improved furin cleavage sequence.

2.5.3.2 Cloning 10E8 Kn into the pmRNA expression vector.

To enable 10E8 Kn mRNA transcript production, the 10E8 Kn was sub-cloned out of
the pMin vector and into the pmRNA expression vector using Gibson Assembly. This
cloning method was necessary as restriction cloning using Kpnl and Apal was
incompatible since the 10E8_Kn sequence contains an additional Apal restriction site
in the 10E8_Kn heavy chain constant region. The 10E8_Kbn insert was amplified using
the primers; 10E8 Kn_linear pmRNA_FOR and 10E8 Kn_linear_ pmRNA_ REV
(Appendix Table A1), each with 21 bp homologous overlap with the pmRNA vector to
enable assembly. The pmRNA backbone was amplified using primers; Bi-
NAb_Ho_linear_ FOR and pmRNA_linear_REV (Appendix Table A1). The amplicons
were purified using the GeneJET PCR Purification Kit (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) as described above. The two fragments were
assembled using the NEBuilder Hifi DNA Assembly Kit (New England Biolabs, Ipswich,
MA, USA) according to the manufacturer’s instructions, using a total of 50 ng DNA and
a vector to insert ratio of 1:2 (pmRNA: 10E8_Kn_Afurin = 1:2) and incubated at 50°C
for 15 minutes. Transformation and plating were performed as described above
(section 2.3.2.1). Resulting single colonies were inoculated into 6 mL carbenicillin-
containing LB media and grown overnight at 37°C. The plasmid DNA was extracted
using the High Pure Plasmid Isolation Kit (Roche Group, Basel, Switzerland).
Extracted plasmid DNA samples were screened by Kpnl and Apal restriction double
digest as described in section 2.3.2.1. Digests were resolved on a 1% agarose gel to
confirm the insertion of the 10E8_Kn encoding region within the pmRNA vector.

Confirmation of the furin sequence modification and the 5’ termini were confirmed by
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in-house Sanger sequencing, as described previously, using the primers; CMV_FOR,
10E8_Kn_CP_seq_FOR, and 10E8 Kn_CP_seq_REV (Appendix Table A1). A
confirmed pmRNA_10E8 Kn transformed colony was expanded into 150 mL
carbenicillin-containing LB media from a glycerol stock (1: 1 000) and cultured at 37°C,
200 rpm overnight. The plasmid DNA was isolated using the QIAGEN Plasmid Maxi
Kit (Qiagen, Hilden, Germany) as previously described, and was used in combination
with the pmRNA_Bi-NAb_Ho construct to produce the Tri-NAb by co-transfection (see

section 2.7.3 below for details).

2.5.3.3 Improving endogenous furin processing of the 10E8 Kn in the Tri-NAb sORF
construct.

Modification of the furin cleavage site within the F2Aopt sequence of the 10E8 _Kn in
the pmRNA_Tri-NAb_sORF construct was performed by SDM using the Q5® Site-
Directed Mutagenesis protocol and primer sets described previously (section 2.5.3.1)
(Appendix Table A1). The resulting SDM product (8 385 bp) was resolved on a 0.8%
agarose gel and extracted using the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) as previously described. The DNA was precipitated using a sodium
acetate/isopropanol protocol, the KLD reaction, and the bacterial cell transformation
were performed as described above (section 2.5.3.1). Selected colonies were cultured
overnight at 37°C, 200 rpm in 6 mL of carbenicillin-containing LB media, and the colony
plasmid DNA was extracted using the High Pure Plasmid Isolation Kit (Roche Group,
Basel, Switzerland). Extracted plasmid DNA samples were screened by restriction
double digests with Kpnl and Apal, and Kpnl and Notl, as described in section 2.5.2.
Targeted in-house Sanger sequencing of a screened positive construct was performed
using primers; CMV_FOR, CH3 Ho-Screen_ FOR, 10E8 Kn CP_seq FOR, and
10E8_Kn_CP_seq_REV (Appendix Table A1). These primers were used to confirm
the specific transition regions from pmRNA into the Bi-NAb-encoding sequence,
inclusion of the Bi-NAb hole mutations within the CH3 region, correct assembly of the
Bi-NAb_Ho-P2A cleavage peptide-10E8_Kn transition, and modification of the furin
sequence within the 10E8 Kn F2Aopt region respectively. A sequence-confirmed
construct with the improved furin sequence is hereafter referred to as the pmRNA_Tri-
NAb_sOREF. A single pmRNA_Tri-NAb_sORF construct was expanded from a glycerol
stock (1: 1 000) overnight at 37°C in 150 mL of carbenicillin-containing LB media and
the plasmid DNA was extracted using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden,
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Germany) as previously described. Small-scale transient mammalian cell
transfections were performed in the presence or absence of supplemental furin to
confirm improved proteolytic in vitro furin cleavage. Refer to Section 2.7.3 for details.

2.6 Sub-cloning the firefly luciferase sequence into the pmRNA expression
vector.

The firefly luciferase (Fluc) expression construct was included as a control to optimise
mRNA-mediated expression in vitro with the potential to also be a control for in vivo
mRNA-mediated expression in preclinical testing (unfortunately, this aspect was not
part of this study). The Fluc sequence was sub-cloned from the psiCheck Hbx_Fluc
plasmid into the pmRNA expression vector by Gibson assembly. The Fluc sequence
(1 695 bp) was amplified out of the psiCheck Hbx_Fluc plasmid using Fluc_FOR and
Fluc_REV primers (Appendix Table A1) that each incorporated 21 bp homologous
overlap with pmRNA for compatible assembly. The pmRNA vector (3 638 bp) was
amplified using the Bi-NAb_Ho_linear FOR and pmRNA_linear_ REV primers that
linearised the vector to remove the GFP-encoding sequence to be replaced with the
Fluc sequence. The amplicons were purified using the GeneJET PCR Purification Kit
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) as described previously.
The two fragments were assembled using the NEBuilder Hifi DNA Assembly Kit (New
England Biolabs, Ipswich, MA, USA) according to the manufacturer’s instructions,
using a total of 50 ng DNA and a vector to insert ratio of 1:2 (pmRNA: Fluc = 1:2) and
incubated at 50°C for 15 minutes. Transformation and plating were performed as
described above (section 2.3.2.1). Resulting single colonies were inoculated into 6 mL
carbenicillin-containing LB media and grown overnight at 37°C. The plasmid DNA was
extracted using the High Pure Plasmid Isolation Kit (Roche Group, Basel,
Switzerland). Extracted plasmid DNA samples were screened by Kpnl and Apal
restriction double digest as described in section 2.3.2.1 and resolved on a 1% agarose
gel to confirm insertion of the Fluc encoding region within the pmRNA. Confirmation
of the pmRNA_Fluc sequence at the 5’ termini was confirmed by in-house Sanger
sequencing using the CMV_FOR primer (Appendix Table A1). A confirmed
pmRNA_Fluc construct was inoculated into 50 mL carbenicillin-containing LB media
from a glycerol stock (1: 1 000) and cultured at 37°C, 200 rpm overnight. The plasmid
DNA was isolated using the QIAGEN Plasmid Midi Kit (Qiagen, Hilden, Germany), as
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described previously, and stored at -20°C. All final pmRNA plasmid maps used for DNA

and mRNA expression are available in the Appendix (Figure A1).

2.7 Recombinant antibody expression and purification.

2.7.1 General 293F cell line maintenance.

The FreeStyle 293F cell line (Thermo Fisher Scientific, Waltham, MA, USA) was
maintained in Corning® 50 mL or 125 mL Polycarbonate Erlenmeyer Flasks with a
vent cap (Corning Inc., Corning, NY, USA) in Gibco FreeStyle™ 293 Expression
Medium at a volume not exceeding 1/5 the volume of the flask. The 293F cells were
incubated at 37°C in 5% CO:2 (Forma Series Il, Water Jacketed CO2 Incubator -
Thermo Fisher Scientific, Waltham, MA, USA) at 130 rpm on a shaking platform (VWR
Advanced Digital Shaker — VWR, Radnor, PA, USA). The 293F cells were passaged
twice a week and reseeded in 1/5 the flask volume in Gibco FreeStyle™ 293
Expression Medium (Thermo Fisher Scientific, Waltham, MA, USA) at a concentration
of 0.5 x 108 cells/mL and cultured to a maximum concentration of 4 x 106 cells/mL. Cell
viability was assessed by trypan blue exclusion and enumeration by diluting a 15 L
cell culture sample 1:1 with trypan blue solution (0.4% trypan blue, 0.81% NacCl, 0.06%
K2HPO4, 0.2 pm filtered — Sigma Life Science, Merck Group, Darmstadt, Germany)
and a total of 15 yL was loaded onto the haemocytometer and counted using the
Countess Il FL (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). The
cells were maintained in a single seeding-flask which was cleaned of debris once a
week using a Nunc™ Cell Scraper (Thermo Fisher Scientific, Waltham, MA, USA).
The 293F cell line was discarded into Virkon at passage number 35 or when a cell

viability of <70% was recorded.

Freezer stocks were made when 293F cells were at a low passage number with >90%
viability. The cell culture was enumerated as described above, and the volume
equivalent to 50 x 10° viable cells was collected into a Nunc™ 15 mL Conical Sterile
Polypropylene Centrifuge tube (Thermo Fisher Scientific, Waltham, MA, USA),
centrifuged at 300 x g for 5 minutes to gently pellet the cells and the media supernatant
was discarded. The cell pellet was gently resuspended in 5 mL freezing mix (90%
FreeStyle Expression Medium, 10% dimethyl sulfoxide (DMSO), 0.2 um filtered)
yielding a final concentration of 1 x 107 cells/mL. The cell suspension was divided into

five 1 mL aliquots in Nunc™ 1.8 mL CryoTube™ Vials (Thermo Fisher Scientific,
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Waltham, MA, USA) and placed in a CoolCell® LX freezing unit (Biocision, Larkspur,
CA, USA) to control the freezing rate (-1°C/minute) when placed in the -80°C freezer.
The following day, the cryovials were transferred to liquid nitrogen for long-term

storage.

293F cell line freezer stocks were brought up by rapid thawing in a 37°C water bath
and diluted into warm Gibco FreeStyle™ 293 Expression Medium (Thermo Fisher
Scientific, Waltham, MA, USA) in a new Corning® Polycarbonate Erlenmeyer Flask
with vent cap (Corning Inc., Corning, NY, USA), ensuring the DMSO was diluted to

<1%. Cells were maintained and passaged as described above.

2.7.2 Antibody expression.

Parental and multispecific antibodies were expressed by transient transfection of the
PGT121, VRCO1, and 10E8v4 heavy and light chain plasmids or Bi-scFv, Bi-NAb, and
Tri-NAb sORF or co-transfected with 10E8 Kn and Bi-NAb_Ho plasmids (Tri-NAb Co-
T), respectively, in FreeStyle 293 F cells. A scalable transfection protocol reported by
Raymond et al. (344) was used for a Greiner CELLSTAR® multiwell 12-well culture
plate (Greiner Bio-One, Kremsmunster, Austria - cell culture volume of 1 mL) up to a
Corning® 500 mL Polycarbonate Erlenmeyer Flasks with vent cap (Corning Inc.,
Corning, NY, USA - cell culture volume of 100 mL). The 293F cells were seeded 24
hours prior to transfection at 0.75 x 108 cells/mL at 280% viability, with the culture
passage number not exceeding 30. Cells were transfected with a total of 1 ug of DNA
per mL of cell culture, complexed with Polyethylenimine “Max” (PEIMAX -
Polysciences Inc., Warrington, PA, USA) (DNA: PEI = 1:3 (w:w)) made up to 10% of
the final volume of the transfection in FreeStyle™ 293 Expression Medium (i.e., 100
mL cell suspension transfected with 100 ug DNA/ 300 ug PEI in a final volume of 10
mL). DNA/PEI complexes were vortexed briefly, incubated at room temperature for 5
minutes to allow complexing before being added to the cells. For small-scale
transfections performed in 6 and 12 well plates, the culture supernatant was harvested
48 hours post-transfection by centrifugation of the culture media at 2 000 x g for 5
minutes. For larger-scale production in 50-, 250- or 500-mL Erlenmeyer flasks, culture
supernatants were harvested at 72 hours by centrifugation at 300 x g for 5 minutes.
The culture supernatant was harvested from the cell pellet and centrifuged for an

additional 10 minutes at 1 000 x g and the clarified culture supernatant was stored at
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4°C. Cell pellets were reseeded to a final cell concentration of 2 x 10° cells/mL in fresh
FreeStyle™ 293 Expression Medium and cultured for an additional 72 hours. At 144
hours, cell culture supernatants were harvested by centrifugation at 1 000 x g for 15
minutes. Combined 72- and 144-hour clarified cell culture supernatants were stored

at 4°C until protein purification.

2.7.3 Assessing furin cleavage efficiency by small-scale mammalian cell transfections.

The improvement in cleavage of the pMin_10E8_Kn_Afurin,
pmRNA_10E8_Kn_Afurin, and the pmRNA_Tri-NAb_sORF_Afurin construct were
confirmed by performing small-scale mammalian cell transfections in the presence or
absence of supplemental furin. Freestyle 293F cells were seeded 24 hours prior to
transfection at 0.75 x 10° cells/mL at 280% viability in Greiner CELLSTAR® multiwell
6-well culture plate (Greiner Bio-One, Kremsmunster, Austria - a total volume of 2 mL).
A total of 1.5 ug of DNA per mL of cell culture was used, with an experimentally
optimised ratio of antibody DNA to furin DNA of 2:1 (data not shown). Where antibody
construct co-transfections were performed to produce multispecific antibody
conformations (Tri-NAb Co-T, iMAb/10ES8), the antibody DNAs were used at a 1:1 ratio
(thus an overall ratio of antibody DNA 1: antibody DNA 2: furin DNA = 1:1:1). The DNA
was complexed with PEIMAX (Polysciences Inc., Warrington, PA, USA) (DNA: PEI =
1:3 (w:w)) made up to 10% of the final volume of the transfection (0.2 mL) in
FreeStyle™ 293 Expression Medium. DNA/PEI complexes were vortexed briefly,
incubated at room temperature for 5 minutes to allow complexing before being added
to the cells. The culture supernatant was harvested 48 hours post-transfection by
centrifugation at 2 000 x g for 5 minutes and the clarified cell culture supernatant was

analysed by western blot as described in Appendix A7.

2.7.4 Antibody Purification.

2.7.4.1 Protein A affinity chromatography.

PGT121, VRCO1, 10E8v4, Bi-NAb, and Tri-NAb antibodies with IgG1 Fc domains were
purified using Protein A affinity chromatography. Supernatants were 0.8 um filtered
(Pall Corporation, Port Washington, NY, USA) and incubated with 1 mL of packed
Pierce™ Protein AAgarose (Thermo Fisher Scientific, Waltham, MA, USA) per 200 mL

clarified cell culture supernatant at 4°C overnight. A magnetic stirrer was used to
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maintain the Protein A agarose in suspension. Luer Lock, non-jacketed, liquid
chromatography columns (internal diameter (1.D.) x L 2.5 cm x 10 cm (total volume
~50 mL - Merck Group, Darmstadt, Germany) were cleaned and primed with 50 mL of
binding buffer (0.02 M Sodium phosphate, pH 7.0). The antibody-bound protein A
agarose resin (1 mL) was collected by passing the culture supernatant through the
column. The resin was washed with 2 x 50 resin bed volumes (100 mL) of binding
buffer and eluted in 2 x 2.5 resin bed volumes of elution buffer (0.1 M glycine-HCI, pH
2.7) into a vessel containing 10% (v/v) of neutralising buffer (1 M Tris-HCI, pH 9.0).
Following the elution, the resin was washed with 50 column volumes of binding buffer,
re-incubated with the culture supernatant flow-through for an additional 2-4 hours
before performing a second round of antibody purification. The combined eluates were
0.2 um filtered (Pall Corporation, Port Washington, NY, USA), buffer exchanged into
1x Gibco™ phosphate buffered saline (PBS) (0.001 M KH2PQ4, 0.150 M NaCl, 0.003
M Na2HPO4-7H20, pH 7.4 - Thermo Fisher Scientific, Waltham, MA, USA) and
concentrated to 0.3 — 1.0 mL final volume using an Amicon Ultra 50 kDa molecular
weight cut-off concentrator (Merck Group, Darmstadt, Germany) centrifuged at 3 000
x g. Purified antibodies were quantified using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Bovine serum albumin (BSA) protein assay standards were prepared
from 2 mg/mL to 62.5 ug/mL, and antibody protein samples were diluted 2-6x in 1x
Gibco™ PBS (Thermo Fisher Scientific, Waltham, MA, USA). BSA standards and
samples (20 pL) were added to a Nunc™ 96 well PolySorb plate (Thermo Fisher
Scientific, Waltham, MA, USA) and incubated with 200 uL of BCA working reagent
(50:1, BCA Reagent A:B) at 37°C, 300 rpm for 30 minutes on an orbital plate shaker
(THERMOstar Microplate incubator, BMG Labtech, Ortenberg, Germany). The plate
was allowed to cool for 10 minutes at room temperature and the absorbance was
measured at As7onm on the BioRad iMark™ microplate reader (BIO-RAD Laboratories,
Hercules, CA, USA). Protein concentrations of the unknown samples (correcting for
the dilution factor) were interpolated from their Aszonm against the derived BSA
standard curve generated on the Microplate Manager 6 software (MPM 6). Purified
and concentrated antibodies were supplemented with glycerol to a final concentration
of 25% (v/v) to improve stability, snap-frozen in liquid nitrogen, and stored at -80°C

until testing.
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The parental PGT121, Bi-NAb, and Tri-NAb antibodies were observed to be prone to
precipitation when using the standard Protein A chromatography protocol described
above, resulting in reduced yields of purified protein. Alternative chromatography
buffers were explored, and the optimal combination that reduced the occurrence of
visible precipitation was achieved using 2 x 50 column volumes of 1x Gibco™ PBS
(Thermo Fisher Scientific, Waltham, MA, USA) wash buffer; 2 x 5 column volumes of
elution buffer (0.1 M glycine, 0.15 M NaCl, 5% glycerol, pH 3.0); and 10% (v/v)
neutralising buffer (1M Tris-HCI, pH 8.0). All buffers and eluate were maintained on ice
to reduce the precipitation of the antibodies. The eluate was dialysed in SnakeSkin®
Dialysis Tubing (Thermo Fisher Scientific, Waltham, MA, USA) against 2 L of 1x
Gibco™ PBS (Thermo Fisher Scientific, Waltham, MA, USA) overnight, 0.2 um filtered
(Pall Corporation, Port Washington, NY, USA) and concentrated to a volume of 0.3 —
1 mL using Amicon Ultra 50 kDa molecular weight cut-off concentrators and quantified
using the Pierce™ BCA Protein Assay Kit as described above. Purified and
concentrated antibodies were supplemented with glycerol to a final concentration of

25% (v/v) to improve stability, snap-frozen in liquid nitrogen, and stored at -80°C.

2.7.4.2 Immobilised metal-ion affinity chromatoqraphy.

The Bi-scFv antibody fragment was purified using immobilised metal-ion affinity
chromatography (IMAC) via it's C-terminal 6x His tag. Iminodiacetic acid cross-linked
4% beaded agarose (IDA) (Merck Group, Darmstadt, Germany) was rinsed with 3 x
20 resin bed volumes of MilliQ water and charged by incubating the resin in a resin-
bed volume of 250 mM Nickle(ll) sulphate hexahydrate at room temperature for 20
minutes on a rotary shaker (HulaMixer ® Sample Mixer - Life Technologies, Thermo
Fisher Scientific, Waltham, MA, USA; orbital 20 rpm for 15s; reciprocal 45° for 10s;
and vibro/pause 3° for 5s). The resin was collected by centrifugation at 2 000 x g for 2
minutes and the charging solution was discarded. The resin was washed with 3 x 20
resin bed volumes of MilliQ water before final resuspension to 50% aqueous charged
resin slurry (IDA-Ni?*) in 1x Gibco™ PBS (Thermo Fisher Scientific, Waltham, MA,
USA). The supernatant was 0.8 um filtered (Pall Corporation, Port Washington, NY,
USA) and incubated with 2 mL packed IDA-Ni?* charged resin per 200 mL culture
supernatant at 4°C overnight using a magnetic stirrer to maintain the resin in
suspension. Luer Lock, non-jacketed Liquid chromatography columns (I.D. x L 2.5 cm

x 10 cm - Merck Group, Darmstadt, Germany) were cleaned and primed with 50 mL
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of wash buffer (0.02 M NasPOa4, 0.5 M NaCl, pH 7.4). The IMAC resin was collected
by passing the culture supernatant through the primed column, and the flow-through
was retained for a second round of purification. The resin was washed with 2 x 20
resin-bed volumes of wash buffer followed by 2 x 20 resin-bed volumes of wash buffer
containing 0.05 M imidazole and incubated in 5 resin-bed volumes of elution buffer
(0.02 M NasPOg4, 0.5 M NaCl, 0.2 M C3sN2H4 (imidazole), pH 7.4) for 5 minutes at room
temperature prior to the eluate being collected. The resin was re-equilibrated with 2 x
20 resin-bed volumes of wash buffer and re-incubated with the culture supernatant
flow-through for an additional 2-4 hrs before the second round of protein purification.
The combined eluate was 0.2 pm filtered (Pall Corporation, Port Washington, NY,
USA), buffer exchanged into 1x Gibco™ PBS (Thermo Fisher Scientific, Waltham, MA,
USA), and concentrated to a final volume of 1 mL at 3 000 x g using an Amicon Ultra
10 kDa molecular weight cut-off concentrator and quantified using the Pierce™ BCA
Protein Assay Kit as described in section 2.7.4.1. Purified and concentrated Bi-scFv
antibody was supplemented with glycerol to a final concentration of 25% (v/v), snap-

frozen in liquid nitrogen, and stored at -80°C.

2.7.4.3 Size exclusion chromatoqgraphy.

Conformational heterogeneity and isolation of monomeric isoforms of the affinity-
purified antibodies were performed using size exclusion chromatography (SEC) on a
HiLoad 16/600 Superdex 200pg column (Cytiva, Marlborough, MA, USA) using the
AKTA fast protein liquid chromatography (FPLC) UPC-900 system (Amersham
Biosciences, GE Healthcare - Cytiva, Marlborough, MA, USA) with UNICORN 5.20
software. The HiLoad 16/600 Superdex 200pg column void volume was determined
based on the elution volume for Blue Dextran 2000, prepared as per the
manufacturer’s instructions. Chromatographic separation and a calibration curve for
the HiLoad 16/600 Superdex 200pg column were generated using a mixture of low
and high molecular weight (MW) standard proteins (aprotinin (6 500 Da), ribonuclease
A (13 700 Da), carbonic anhydrase (29 000 Da), ovalbumin (44 000 Da), conalbumin
(75 000 DA), aldolase (158 000 Da), ferritin (440 000 Da)) as per the manufacturer’s
recommendations (Cytiva, Marlborough, MA, USA). The Blue Dextran and protein
standards were resolved at a flow rate of 1 mL/min on the pre-equilibrated HiLoad
16/600 Superdex 200pg column in 1x Gibco™ PBS (Thermo Fisher Scientific,
Waltham, MA, USA).
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Purified antibodies at concentrations ranging from 2-5 mg/mL were injected onto a 1x
Gibco™ PBS (Thermo Fisher Scientific, Waltham, MA, USA) pre-equilibrated HiLoad
16/600 Superdex 200pg column and resolved at a flow rate of 1 mL/min in 1x Gibco™
PBS (Thermo Fisher Scientific, Waltham, MA, USA). The eluted fractions containing
monomeric antibody conformations were 0.2 ym filtered (Pall Corporation, Port
Washington, NY, USA) and concentrated to 1 mL using Amicon Ultra 50 kDa or 10 kDa
molecular weight cut-off concentrators, as above, at 3 000 x g, and quantified using
the Pierce™ BCA Protein Assay Kit as described in section 2.7.4.1. Pure monomeric
antibodies were supplemented with glycerol to a final concentration of 25% (v/v), snap-
frozen, and stored at -80°C. Purity was analysed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) on NUPAGE™ 4-12% Bis-Tris gels
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) under reducing
(+dithiothreitol (DTT)) and non-reducing (-DTT) conditions (described in Appendix A6).

2.7.5 Computation of the multispecific antibody molecular weight and predicted N-
linked glycosylation.

2.7.5.1 Calculating antibody molecular weight from native SEC profiles.

From the SEC profiles, the retention volume of the antibodies was compared to that
of the MW standard proteins with known sizes to determine the relative molecular
weight of the native monomeric antibody conformations. The MW standard calibration
curve (as described by Cytiva, Marlborough, MA, USA) was generated from the
calculated Kav values for each protein standard using the equation:

(Ve—Vo)

Kav = ———
aw (Ve —Vo)

where Vo= column void volume, Ve= elution volume, and Vc= geometric column

volume.

The calibration curve of Kav versus log (molecular weight (Da)) was generated on
Microsoft excel (Microsoft Corporation, Redmond, WA, USA). The corresponding Kav
values for each antibody were calculated and substituted into the calibration curve
equation to calculate the antibody’s molecular weight.
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2.7.5.2 Antibody molecular weight determination under reducing conditions.

Purified parental and multispecific antibodies were resolved under reducing conditions
(+DTT) on NuPAGE™ 4-12% Bis-Tris gels (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), as described previously. The relative migration distance (Rf) of
the resolved polypeptides and the molecular weight marker bands were calculated

using the equation:

migration distance of the protein (mm)

Rf =

migration distance of the dye front (mm)

The molecular weight marker standards were plotted as log (molecular weight (kDa))
versus Rf value using Microsoft excel (Microsoft Corporation, Redmond, WA, USA) to
generate the standard curve. The corresponding Rf values for each antibody
polypeptide were calculated and substituted into the standard curve equation to

calculate the molecular weight of the respective antibody polypeptides.

2.7.5.3 Predicted antibody molecular weight and N-linked glycosylation sites.

The predicted molecular weights of the parental and multispecific antibody
polypeptides were computed from their respective amino acid sequences (excluding
the secretion signal peptide sequence) using the online “Protein Molecular Weight”

tool (https://www.bioinformatics.org/sms/prot_mw.html).

The predicted N-linked glycosylation sites, based on the antibody amino acid
sequences, were determined using the “NetNGlyc — 1.0, N-linked glycosylation sites
in human proteins” online tool (345). This server predicts N-glycosylation sites in
human proteins by examining Asn-Xaa-Ser/Thr sequences. The presence of these
sequences is predicted as potential sites for N-linked glycosylation but may not

necessarily be glycosylated in vitro.

2.8 In vitro transcription (IVT) of mRNA encoding multispecific antibody
constructs.

2.8.1 IVT mRNA transcript production.

IVT mRNA expression cassettes were generated from the pmRNA DNA plasmids
described above. Homogenous mRNA transcripts of defined length were produced

from the T7 promoter sequence positioned at the 5’ terminus of the coding sequence
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and had a 46-nucleotide poly-A sequence incorporated on the 3’ terminus following
DNA template linearisation. The DNA constructs encoding the multispecific antibodies
(bispecific: Bi-scFv and Bi-NADb; trispecific: Tri-NAb sORF and 10E8_Kn/Bi-NAb_Ho
combination for the co-transfection production of the Tri-NAb) or the GFP and Fluc
controls for mMRNA-mediated expression were linearised at the single Bpil restriction
site located downstream of the poly-A sequence. Overnight digests (16 hours) of 20
HMg of pmRNA DNA plasmid with 0.6 pL (6 units) Bpil prepared in Buffer G (with BSA)
(Thermo Fisher Scientific, Waltham, MA, USA) to a final volume of 50 pyL were
performed at 37°C. A 100 ng sample of the linearised DNA was resolved on a 0.8%
agarose gel, prepared and resolved as described in Appendix A4, and the remaining
linear DNA was purified using the GeneJET PCR Purification Kit (Thermo Fisher
Scientific, Waltham, MA, USA) as described previously. mRNA transcripts were
produced using the TranscriptAid T7 High Yield Transcription Kit according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). The
components were combined at room temperature in the specified order:
diethylpyrocarbornate (DEPC)-treated water (up to 20 pL), 4 pL of 5x TranscriptAid
Reaction Buffer, 8 pL of an equal mix of ATP/CTP/GTP/UTP (each 100 mM), 1 pg of
template DNA, and 2 uL of TranscriptAid Enzyme Mix. The reaction was mixed, spun
briefly to collect the droplets, and incubated at 37°C for 2 hours. Samples of the IVT-
mMRNA transcripts were diluted 20-40-fold in DEPC-treated water, 3 uL was prepared
in 2x RNA Loading Solution (Thermo Fisher Scientific, Waltham, MA, USA), heated at
70°C for 10 minutes to denature the RNA secondary structure, chilled on ice for 3
minutes, and resolved on a 1% agarose gel with ethidium bromide along with
RiboRuler™ RNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA) that had

been denatured in parallel with the samples (Appendix A4).

2.8.2 IVT mRNA transcript purification.

IVT mRNA transcripts were purified using a standard lithium chloride (LiCl)
precipitation protocol (Thermo Fisher Scientific, Waltham, MA, USA), by adding 0.5
volume of chilled 7.5 M LiClI (LiCl final concentration of 2.5 M) to the mRNA transcript
solution, precipitated at -20°C for 1 hour, and centrifuged at 16 000 x g for 15 minutes
at 4°C. The RNA pellet was washed in 0.2 mL chilled 70% ethanol, centrifuged at
16 000 x g for 15 minutes at 4°C, and resuspended in 100 uL nuclease-free water.

dsRNA contaminants were removed from IVT mRNA transcripts using Pierce™ Spin
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Cups with a Cellulose Acetate Filter (Thermo Fisher Scientific, Waltham, MA, USA)
and cellulose fibres (Cat. C6288, Sigma Aldridge - Merck Group, Darmstadt, Germany)
to bind the dsRNA as previously described, which has been shown to result in
increased translation and eliminate immunoreactivity in vivo (286). Briefly, the
cellulose was pre-washed in a chromatography buffer (0.01 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH 7.2), 0.1 mM ethylenediamine tetraacetic
acid (EDTA), 0.125 M NaCl, and 16% (v/v) ethanol) to make a 0.2 g cellulose/mL slurry.
After mixing the cellulose slurry at room temperature for 10 minutes, 0.14 g cellulose
slurry was transferred to a spin cup, centrifuged for 60 seconds at 14 000 x g and the
flow-through was discarded. The cellulose was resuspended in the spin cup in 0.5 mL
fresh chromatography buffer, mixed for 5 minutes, centrifuged for 60 seconds at
14 000 x g and the flow-through was discarded. IVT mRNA (100 to 500 ug) diluted in
chromatography buffer (final volume of 0.5 mL) was added to the spin cup containing
pre-washed cellulose and incubated with vigorous shaking on the HulaMixer ® Sample
Mixer (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) (orbital 20 rpm
for 15s; reciprocal 45° for 10s; and vibro/pause 3° for 5s) at room temperature for 30
minutes to maximise dsRNA contact with the cellulose. The spin cup was centrifuged
for 60 seconds at 14 000 x g to harvest the unbound ssRNA contained within the flow-
through from the contaminating dsRNA bound to the cellulose. The cellulose was
discarded from the spin cup and replaced with fresh pre-washed cellulose, and
collected single-stranded IVT mRNA flow through was transferred back into the upper
chamber of the spin cup, and the purification procedure was repeated. The purified
ssRNA was recovered from the filtrate using the lithium chloride precipitation
procedure described above and the RNA pellet was resuspended in 50 pL nuclease-
free water. The purified RNA was quantified by ultraviolet (UV) absorption at A2sonm on
the NanoDrop® Spectrophotometer ND-1000, software version 3.8.1 (Thermo Fisher
Scientific, Waltham, MA, USA) which was initiated with and blanked against nuclease-
free water, diluted to 2 pg/pL and aliquots were stored at -80°C prior to capping.
Samples of the purified IVT-mRNA transcripts were diluted in DEPC-treated water to
100 ng/pl, 10 yl was prepared in 2x RNA Loading Solution (Thermo Fisher Scientific,
Waltham, MA, USA) and heated at 70°C for 10 minutes to denature the RNA
secondary structure. Samples were chilled on ice for 3 minutes prior to resolving 500

ng on a 1% agarose with ethidium bromide for visualisation, as described in Appendix

60



A4. RiboRuler™ RNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA) was

prepared and denatured in parallel and resolved with the samples for size estimation.

2.8.3 Capping purified IVT mRNA.

The single-stranded, purified IVT mRNA transcripts were enzymatically capped in a
single reaction using the Vaccinia Capping System (New England Biolabs, Ipswich,
MA, USA) and methylated using the mRNA Cap 2’-O-methyltransferase (New England
Biolabs, Ipswich, MA, USA) resulting in a 5 Cap1 structure, according to the
manufacturer’s instructions but scaled up two-fold. A 2 ug/uL aliquot of purified RNA
was thawed on ice, 10 pyL (20 pg total RNA) was diluted in nuclease-free water to a
final volume of 28 L, heated at 65°C for 5 minutes and placed on ice for 5 minutes.
The denatured uncapped RNA was added to the one-step capping and methylation
reaction, comprising of the following reagents added in the specified order: 4 uL of 10x
Capping Buffer, 2 yL of GTP (10 mM), 2 yL of S-adenosylmethionine (SAM - 4 mM
diluted in DEPC-treated water from 32 mM stock), 2 uL of Vaccinia Capping Enzyme,
and 2 puL of mMRNA Cap 2’-O-methyltransferase to a final volume of 40 pL. The reaction
was incubated at 37°C for 1 hour. Capped IVT mRNA transcripts were recovered using
the lithium chloride precipitation protocol as described above (section 2.8.2), the
capped RNA pellet was resuspended in 20 pL nuclease-free water, quantified by UV
absorption at Azsonm on the NanoDrop® Spectrophotometer ND-1000, software
version 3.8.1 (Thermo Fisher Scientific, Waltham, MA, USA) and stored at -80°C at a

concentration of 0.5 pg/uL until transfections.

2.8.4 Antibody expression from IVT mRNA.

Multispecific antibodies were expressed in FreeStyle 293F cells by transient
transfection with purified, capped IVT mRNA encoding the GFP or Fluc controls, Bi-
scFv, Bi-NAb, Tri-NAb sORF, and Bi-NAb_Ho with 10E8_Kn (Tri-NAb Co-T). Cells
were seeded into Greiner CELLSTAR® multiwell 6-well culture plate (Greiner Bio-One,
Kremsmunster, Austria - cell culture volume of 2 mL) 24 hours prior to transfection at
0.75 x 108 cells/mL at 280% viability, with the culture passage number not exceeding
30. Cells were transfected with 1 ug of mRNA per mL of cell culture, complexed with
Lipofectamine™ MessengerMAX™ Transfection Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions (mRNA:

Lipofectamine MessengerMAX = 1:3). Transfection complexes were made up to 10%
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of the final volume of the transfection reaction in FreeStyle™ Expression Medium (i.e.,
2 mL cell suspension transfected with 2 pug mRNA/ 6 pg Lipofectamine
MessengerMAX in a final volume of 200 pL). The transfection complexes were made
in a two-step process. A Lipofectamine MessengerMAX/FreeStyle Expression Medium
mix (6 L in 94 yL) was incubated at room temperature for 10 minutes before being
combined with the mRNA that had been diluted in FreeStyle Expression Medium (4 pL
(2 pg) in 96 pL). Combined mRNA/Lipofectamine MessengerMAX complexes were
vortexed briefly and incubated at room temperature for 5 minutes before being added
to the cells. The cell culture supernatant was harvested 72 hours post-transfection by
centrifugation at 2 000 x g for 5 minutes. Clarified cell culture supernatant was 0.45
pm filtered (Pall Corporation, Port Washington, NY, USA), aliquoted, and stored at 4°C
short term or snap frozen in liquid nitrogen and stored at -80°C long term prior to

quantification and performing in vitro neutralisation assays.

The clarified cell culture supernatant was analysed for expressed and secreted
multispecific antibodies by SDS-PAGE followed by western blot, developed using a-
Penta-His-HRP (1: 2 000) for detection of the His-tagged Bi-scFv and a-Human-IgG-
horse-radish peroxidase (HRP) (1: 3 000) for detection of the Bi-NAb and Tri-NAb (as
described in Appendix A7). As the GFP and Fluc controls for mMRNA-transfection are
not secreted into the supernatant (lack a secretion signal peptide), the cell lysates
were evaluated for expressed protein. The harvested cell culture pellets were
resuspended in 0.5 mL of Glo Lysis buffer (Promega Corporation, Madison, WI, USA)
and incubated for 5 minutes at room temperature to lyse the 293F cells. Lysate was
centrifuged at 2 000 x g for 5 minutes to pellet the cell debris and 50 pL of lysate, in
triplicate per transfection culture, were transferred to a white 96-well plate.
Fluorescence was measured using the Promega Glomax Explorer luminometer
(Promega Corporation, Madison, WI, USA) at an excitation wavelength of 488 nm and
an emission wavelength of 507 nm. Subsequently, equal volumes (50 uL per well) of
Bright Glo Luciferase reagent (Promega Corporation, Madison, WI, USA) was added
to the 96-well white plate to determine luminescence from luciferase expression and
quantified using the Promega Glomax Explorer luminometer (Promega Corporation,
Madison, WI, USA). The measured florescence and relative luminescence units (RLU)

for each transfection lysate were plotted using GraphPad Prism 8.
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2.9 Antibody HIV-1 pseudovirus in vitro neutralisation.

2.9.1 Maintenance of the HEK293 and TZM-bl cell lines.

The HEK293T (available in the HPRU) and TZM-bl cell lines were maintained at 37°C
in 5% CO2 (Forma Series Il, Water Jacketed CO:2 Incubator - Thermo Fisher Scientific,
Waltham, MA, USA) in Nunc™ EasYFlask™ 75 cm? Cell Culture Flasks with filter cap
(Thermo Fisher Scientific, Waltham, MA, USA) in 13 mL of Dulbecco’s Modified
Eagle’s Medium (DMEM) (4.5 g/L Glucose, L-glutamine, sodium pyruvate, 3.7 g/L
NaHCOs - PAN Biotech, Aidenbach, Germany) supplemented with 10% Foetal Bovine
Serum (FBS - Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The TZM-bl cell’s
DMEM media also contained 100 U/mL penicillin/ 100 pg/mL streptomycin (PAN
Biotech, Aidenbach, Germany). These cell lines were passaged when they were
approximately 90% confluent (HEK293T cells - every two or three days, TZM-bl cells
— every three to four days). The media was discarded into 1 % Virkon solution (Agluco
Pharmaceuticals Pty Ltd, Pretoria, South Africa), and the cells were washed with 4 mL
of 1x DPBS (without (w/o) Ca and Mg - PAN Biotech, Aidenbach, Germany) and
discarded. To detach the cells from the flask, they were incubated with 1 mL of TrypLE
Express Enzyme (1x) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at room
temperature for 15 or 45 seconds (HEK293T and TZM-bl cells, respectively), the
TryPLE Express was discarded and the cells were incubated for an additional 4
minutes at 37°C. The cells were resuspended in 5 mL of complete DMEM and 500 uL
(cells were passaged 1/10) was diluted in 13 mL of fresh complete DMEM. Remaining
cells were discarded. Culture flasks were discarded after 10 to 20 passages in the
same flask. Freezer stocks were made at lower passage numbers when the cells were
~90% confluent by gently pelleting the trypsinised, resuspended cells by centrifugation
at 300 x g for 5 minutes. The media supernatant was discarded, and the cell pellet
was gently resuspended in 5 mL freezing mix (90% FBS, 10% DMSO, 0.2 um filtered)
and split into 1 mL aliquots in Nunc™ 1.8 mL CryoTube™ Vials (Thermo Fisher
Scientific, Waltham, MA, USA) and slowly frozen at -1°C/minute in a CoolCell® LX
(Biocision, Larkspur, CA, USA) overnight to -80°C before being moved to liquid
nitrogen storage. Cell line freezer stocks were thawed rapidly at 37°C and diluted in
15 mL complete, warm DMEM in a new Nunc™ EasYFlask™ 75 cm? Cell Culture
Flasks with filter cap (Thermo Fisher Scientific, Waltham, MA, USA). Cell lines were

maintained and passaged as described above.
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2.9.2 HIV-1 pseudovirus production.

Antibody mediated neutralisation breadth and potency was assessed against a panel
of 17, clinically relevant tier 2 HIV-1 pseudoviruses using a single-round HIV-1
pseudovirus infectivity assay in the TZM-bl reporter cell line as described previously
(346). The 17 HIV-1 pseudovirus panel comprised the Panel of Global HIV-1 Env
Clones (328) supplemented with viruses with the desired resistance profiles. The
CATNAP tool under the neutralisation database of the Los Alamos National Laboratory
HIV Database (347) was used to determine the resistance profiles of the selected
viruses in our panel. These include the PGT121/VRCO01 dual sensitive viruses (25710,
398F1, CE0217, CE1176, CH119, TRO11, and X2278); PGT121 resistant viruses
(246F3, CNES8, CNE55, and X1632); VRCO1 resistant viruses (BJOX002000,
Du172.17, and Du422.1); and PGT121/VRCO01 dual resistant viruses
(CAP210.2.00.E8, QH343.21M.ENV.A10, and Ce2103_E8). HEK293T cells were
seeded into Nunc™ EasYFlask™ 25 cm? Cell Culture Flasks with filter cap (Thermo
Fisher Scientific, Waltham, MA, USA) at 0.25 x 108 cells/mL in total 5 mL volume of
complete DMEM and transfected when approximately 70% confluent (roughly 24
hours post seeding). Single-round HIV-1 Env pseudotyped viruses were produced by
co-transfection of HEK293T cells with a 1:2 ratio with HIV-1 rev/env expression
plasmids and the env-deficient HIV-1 backbone plasmid (pSG32e™). A total of 10 g of
DNA (Env: backbone = 1:2) was combined with FuGene HD transfection reagent
(Promega Corporation, Madison, WI, USA) at a ratio of DNA:FuGene of 1:3 (30 L),
made up to 10% of the final volume of the transfection (500 yL) in FreeStyle™
Expression Medium (Thermo Fisher Scientific, Waltham, MA, USA), incubated at room
temperature for 5 minutes and carefully added to the culture media without disturbing
the adhered cells. The media was discarded and replaced with 7 mL of warm, complete
DMEM approximately 10-12 hours post-transfection. Pseudovirus-containing culture
supernatants were harvested at 48 hours post-transfection, filtered through 0.45 ym
filter (Pall Corporation, Port Washington, NY, USA), supplemented to a final
concentration of 20% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
aliquoted into 2 mL screw-cap vials and stored at -80°C. The cell culture was incubated for
a further 24 hours in 5 mL of fresh complete DMEM and a second pseudovirus harvest was

collected as described above.
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2.9.2.1 Determining the HIV-1 pseudovirus titres.

Tissue culture infectious dose to achieve 50% infection (TCID50) of each virus was
determined in the TZM-bl cell line as previously described (348). Briefly, serial 5-fold
dilutions of pseudovirus, for a total of 11 dilution points, were made in duplicate wells
in Nunc™ Edge™ 96-well microplates (Thermo Fisher Scientific, Waltham, MA, USA)
in DMEM growth medium to a final volume of 100 pL. Freshly trypsinised TZM-bl cells
(1 x 10* cells per well) in DMEM supplemented with diethylaminoethyl (DEAE)-Dextran
(to increase the transduction efficiency) to a final concentration of 20 ug/mL were
added to each well (100 pL per well). The four outer chambers of the edge of the plate
were filled with 2.5 mL of 1x PBS each to reduced evaporation affects, and the plates
were incubated at 37°C in 5% CO2 (Forma Series I, Water Jacketed CO2 Incubator -
Thermo Fisher Scientific, Waltham, MA, USA) for 48 hours. Following the incubation,
the media was aspirated from the wells and 80 pL of Glo Lysis buffer (Promega
Corporation, Madison, WI, USA) was added to each well and incubated for 5 minutes
at room temperature to lyse the TZM-bl cells. Fifty microliters of the cell lysate were
transferred to a white 96-well plate and an equal volume of Bright Glo Luciferase
reagent (Promega Corporation, Madison, WI, USA) was added to determine luciferase
expression and quantified using the Promega Glomax Explorer luminometer
(Promega Corporation, Madison, WI, USA). Wells were scored positive where RLU
units were 2.5x greater than the background cell-only control wells. The TCID50 was
determined using the TCID50 Macro, available on the Los Alamos National Laboratory
HIV Database, Standardised Assessments of Neutralising Antibodies for HIV/AIDS
Vaccine Development (https:/lwww.hiv.lanl.gov/content/nab-reference-

strains/html/home.htm) as previously described (348).

2.9.3 HIV-1 in vitro neutralisation assay.

Neutralisation assays were performed by preparing a serial dilution of purified parental
(PGT121, VRCO1, and 10E8v4) and multispecific antibodies (Bi-scFv, Bi-NAb, Tri-NAb
sORF and Tri-NAb Co-T), as well as mRNA-transfected clarified cell culture
supernatant including GFP and Fluc controls and multispecific antibodies (Bi-scFv, Bi-
NADb, Tri-NAb sORF, and Tri-NAb Co-T). All the purified antibodies, clarified cell culture
supernatant, pseudoviruses, and TZM-bl cells were prepared or diluted in complete
DMEM containing 100 U/mL penicillin/ 100 ug/mL streptomycin (PAN Biotech,
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Aidenbach, Germany). Serial dilutions of purified antibodies were prepared in Nunc™
Edge™ 96-well microplates (Thermo Fisher Scientific, Waltham, MA, USA), starting at
a maximum concentration of 25 ug/mL with an eight-point 3-fold dilution series in
DMEM. A serial dilution of mRNA-expressed clarified cell culture supernatant was
performed, starting at a maximum 10-fold dilution, followed by an eight-point 4-fold
dilution series in a Nunc™ Edge™ 96-well microplate (Thermo Fisher Scientific,
Waltham, MA, USA). Each antibody or mRNA-transfected cell culture supernatant was
performed in duplicate wells per each dilution point. Two hundred TCID50s of
pseudovirus prepared in complete DMEM were added to each well of the plate, before
filling the four outer chambers of the edge of the plate with 2.5 mL of 1x PBS each and
incubating at 37°C in 5% COz2 for 1 hour. Following the incubation, freshly trypsinised
TZM-bl cells were added at 1 x 10* cells/well. The TZM-bl cells were prepared in
complete DMEM, and to enhance the pseudovirus infectivity in the TZM-bl cells, each
well was supplemented with DEAE Dextran to a final assay concentration of 20 pg/mL
with a final well volume of 250 pL. Cell-only and virus-only wells were included as
appropriate controls, and the plate was incubated for 48 hours at 37°C in 5% COa.
Luciferase expression was determined 48 hours later, as described above (Section
2.9.2.1) using the Glo Lysis buffer and Bright Glo Luciferase reagent (Promega
Corporation, Madison, WI, USA) and quantified using the Promega Glomax Explorer

luminometer (Promega Corporation, Madison, WI, USA).

2.9.3.1 Determining the percentaqge viral inhibition.

Percent viral inhibition, as a reduction in the RLU values achieved by the antibody-
containing wells (test wells) corrected for background RLU (less average cell control
wells) relative to the background corrected (less average cells control wells) average
virus only containing control wells (average virus control wells) was determined using

the following equation.

(test wells — average cell control wells)

% Inhibition = 100 — ( X 100)

(average virus control wells — average cell control wells)

Inhibitory concentration (IC) IC50 and IC80 values for the purified antibodies, and
inhibitory dilution (ID) ID50 and ID80 values for the mRNA expressed antibodies within
the unpurified cell culture medium, were calculated by fitting a non-linear variable
slope curve to the duplicate data using the non-linear regression function (log(agonist)

66



vs response — Find ECanything) in GraphPad Prism 8. IC values represent the
antibody concentration (ug/mL) required to reach 50% and 80% pseudovirus inhibition
respectively. ID values represent the reciprocal of the serum dilution required to
achieve 50% and 80% inhibition respectively. IC/ID50 data were used to estimate the
concentration (ug/mL) of mMRNA-expressed Bi-scFv, Bi-NAb, and Tri-NAb antibodies
within the cell culture supernatant (see section 2.10.3). For the following specified
virus/antibody combination (purified antibody assays: 398F1 — 10E8v4 and Tri-NAbs;
CNES8 — Bi-scFv; Du172.17 — PGT121, Bi-scFv, and Bi-NAb; CAP210.2.00.E8 — Bi-
scFv, Bi-NAb, and Tri-NAbs; and QH343.21M.ENV.A10 — VRCO01, Bi-scFv, and Bi-NAb
and mRNA-expressed cell culture supernatant assays: CNES5 and CAP210.2.00.E8
— Bi-scFv, Bi-NAb, and Tri-NAbs) the non-linear regression function in GraphPad
Prism 8 did not have the favourable sigmoidal curve that reaches a maximum at
~100% and a minimum at ~0% inhibition. As a result, the interpolated IC/ID50 and
IC/ID80 values were either under or over-estimated. To correct for this, these
calculations were performed using Microsoft excel (Microsoft Corporation, Redmond,
WA, USA). For each virus/antibody, the average percentage inhibition vs
log(concentration) or average percentage inhibition vs log(dilution factor) were plotted.
Three or four data points falling within the linear portion of the curve were used to
generate the graph equation which was used to calculate the 1C50/80 and 1D50/80

values by substituting the y value and solving for x.

2.9.3.2 Correcting for the antibody molarity difference.

The parental antibodies (PGT121, VRCO1, and 10E8v4) and the multispecific
antibodies (Bi-scFv, Bi-NAb, and Tri-NAb) were observed to have different molecular
sizes, thus this molarity difference would affect the number of antibody molecules
present per ug of purified, diluted antibody. Antibody molar concentrations were
calculated based on the relative molecular weights as determined from their SEC
profiles (Section 2.7.5.1) The IC50 and IC80 antibody concentrations were corrected
to molarity (nM) prior to statistical analysis.
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2.10 Quantification of IVT-mRNA-expressed antibodies.

2.10.1 ELISA.

The gp120rvcM construct encoding the inferred Founder virus consensus C sequence
(FVC) was previously described and available in our laboratory (318,349). HIV-1
monomeric gp120rvc monomer Env was recombinantly expressed by transient
transfection of 293F cells using 1 ug/mL DNA complexed with PEI, cultured, and
harvested as described in section 2.7.3. Harvested culture supernatant containing the
expressed Env glycoprotein was purified using an optimised Galanthus (G.) nivalis
lectin-affinity chromatography procedure and SEC as previously described (318).
Briefly, 200 mL culture supernatant was incubated with 2 mL of G. nivalis lectin cross-
linked to 4% beaded agarose (Merck Group, Darmstadt, Germany) on a magnetic
stirrer overnight. The resin was collected in Luer Lock, non-jacketed Liquid
chromatography columns (I.D. x L 2.5 cm x 10 cm - Merck Group, Darmstadt,
Germany). The collected resin was washed with 50 resin-bed volumes (100 mL) of
0.65 M NaCl in 1x DPBS (Thermo Fisher Scientific, Waltham, MA, USA), 25 resin-bed
volumes (50 mL) of 1.0 M NaCl in DPBS, and a final 25 resin-bed volumes (50 mL)
DPBS wash. Bound Env glycoprotein was eluted from the resin with 2 x 10 mL of
DPBS containing 1.0 M methyl a-D mannopyranoside (MMP) (Merck Group,
Darmstadt, Germany), 0.45 um filter-sterilised (Pall Corporation, Port Washington, NY,
USA) and concentrated to a final volume of ~1 mL at 3 000 x g using an Amicon Ultra
50 kDa molecular weight cut-off concentrator. Purified and concentrated Env was
quantified using the Pierce™ BCA Protein Assay Kit as described in section 2.7.4.1,
prior to snap-freezing in liquid nitrogen and storage at -80°C. The purity of the
gp120rvcM protein was confirmed by SDS-PAGE (as described previously).
Subsequently, the purified gp120rvcM was further purified using size exclusion
chromatography, at a flow rate of 1 mL/min on a HiLoad 16/600 Superdex 200pg
column (Cytiva, Marlborough, MA, USA) using the AKTA FPLC UPC-900 system
(Amersham Biosciences, GE Healthcare - Cytiva, Marlborough, MA, USA) with
UNICORN 5.20 software (as described in section 2.7.4.3). The collected monomeric
fractions were concentrated to a final volume of ~0.5 mL at 3 000 x g using an Amicon
Ultra 50 kDa molecular weight cut-off concentrator and quantified using the Pierce™
BCA Protein Assay Kit as described in section 2.7.4.1. Purified and concentrated Env

was aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C.
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Antibody titres of the mRNA expressed Bi-scFv, Bi-NAb, and Tri-NAbs (expressed from
co-transfection and sORF) were quantified using an in-house HIV-1 Env gp120rvcM
specific binding enzyme-linked immunosorbent assay (ELISA). Unless stated
otherwise, a working reaction volume in the ELISA assay of 100 yL was used. All
washes were performed using the Biotek ELx50 automated microplate washer (BioTek
Instruments, Inc., Winooski, VT, USA). Briefly, HIV-1 Env gp120rvc monomer was
prepared at 1 uyg/mL in 1x Gibco™ PBS (Thermo Fisher Scientific, Waltham, MA, USA)
and immobilised at 100 ng per well on a Nunc™ 96 well MaxiSorb plate (Thermo
Fisher Scientific, Waltham, MA, USA) overnight at 4°C. The binding buffer solution
was aspirated using the (BioTek Instruments, Inc., Winooski, VT, USA), and the wells
were blocked with 250 L of 1% BSA, PBS-T (0.05% Tween 20 prepared in phosphate
buffered saline) buffer solution for 1 hour at room temperature. The wells were washed
3 x 300 pl with PBS-T. A 3-fold serial dilution ranging from 10 — 0.004 pg/mL of
recombinantly expressed and purified Bi-scFv, Bi-NAb, or Tri-NAb multispecific
antibodies were prepared in PBS-T, was added to the gp120 coated wells and allowed
to bind for 1 hour at room temperature. In parallel, clarified cell culture supernatant from
MRNA transfected 293F cells was diluted 50 and 100 times in PBS-T and 100 uL of the
respective dilutions were added to the respective gp120 coated wells and incubated at
room temperature for 1 hour. Unbound antibody was removed by washing each well 5
x 300 ul PBS-T. Bound Bi-scFv was detected using 100 pL/well of His-probe HRP
conjugate (4 ug/mL - Thermo Fisher Scientific, Waltham, MA, USA), the Bi-NAb or Tri-
NAb bound antibodies were detected using 100 pL/well of an anti-Human-IgG (Fc
specific)-HRP produced in goat (1: 2 000 - Cat. A0170, Merck Group, Darmstadt,
Germany) both prepared in PBS-T, for one hour at room temperature. Each well was
washed with 5 x 300 yl PBS-T. Bound primary antibody-secondary HRP-conjugate
antibody complexes were detected using 100 uL of chromogenic substrate (1-Step
Turbo 3, 3, 5, 5 — tetramethylbenzidine (TMB)-ELISA Substrate Solution - Thermo
Fisher Scientific, Waltham, MA, USA) incubated in the dark at room temperature for
approximately 10-15 minutes and neutralised with 50 yL 0.5 M H2SO4. Absorbance
readings were measured at 450 nm on the BioRad iMark™ microplate reader (BIO-
RAD Laboratories, Hercules, CA, USA). The Microplate Manager 6 software (MPM 6)
was used to generate a standard curve of the prepared serial dilution of Bi-scFv, Bi-
NADb, or Tri-NAb. The mRNA-expressed antibody concentrations present in the

clarified culture supernatant were determined by interpolating the obtained A4sonm
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values against the generated standard curve and correcting for the dilution factor.
Standards and samples were assayed in triplicate, with the assay being capable of
accurately quantifying 0.1 ug/mL of the expressed antibodies (Bi-scFv, Bi-NAb/Tri-
NADb) based on the generated standard curve. For visualisation of the standard curves
the sigmoidal 4PL equation on GraphPad prism 8 was used on the triplicate 450 nm
absorbance readings of each multispecific antibody standards to generate the

respective standard curves.

2.10.2 Western blot densitometry.

Antibody titres of the mRNA expressed Bi-scFv, Bi-NAb, and Tri-NAbs (expressed from
Co-T and sORF) were also quantified using densitometry analysis of a western blot.
Multispecific antibody standards were prepared by performing a 2-fold dilution series
of recombinantly expressed and purified antibody, such that a final amount of antibody
loaded ranged from 1 — 0.007 pg (Bi-NAb), 1 — 0.062 pg (Tri-NAb), and 3 — 0.187 ug
(Bi-scFv). In parallel, clarified cell culture supernatant from mRNA transfected 293F cells
were assayed neat (undiluted) and as 2- or 4-fold dilutions prepared in water. The
antibody standards and clarified cell culture supernatant were prepared in reducing
(+DTT) NuPAGE™ LDS sample buffer, resolved on NUPAGE™ 4-12% Bis-Tris Gels
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and transferred onto
HybondTM-C Extra nitrocellulose membranes (Amersham Biosciences, GE
Healthcare, Amersham, UK) as described in Appendix A6 and A7. The nitrocellulose
membranes were developed using His-Probe-HRP conjugate (4 pg/mL - Thermo
Fisher Scientific, Waltham, MA, USA) for the Bi-scFv, or anti-Human-IgG (Fc specific)-
HRP produced in goat (1:3 000 - Cat. AO170, Merck Group, Darmstadt, Germany) for
the Bi-NAb and Tri-NAb. The membranes were imaged on the ChemiDoc™ MP
Imaging System and the Quantity One® software, version 4.6.9 (BIO-RAD
Laboratories, Hercules, CA, USA) on the chemiluminescence setting with no filter for
maximal exposure, as described previously. Densitometry analysis was performed on
the images using the volume rectangle tool and volume analysis report function on the
Quantity One® software, version 4.6.9 (BIO-RAD Laboratories, Hercules, CA, USA).
The resolved antibody standard bands were identified, and the respective amounts
(microgram) of antibody were entered to generate a standard curve. The standard
curve was used to compute the corresponding resolved protein bands in the IVT-

mRNA-expressed antibody clarified cell culture supernatants. Final IVT-mRNA-
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expressed antibody concentration in the clarified cell culture supernatants were
estimated once corrected for the dilutions. The standard curves and equations were

unavailable for export from the Quantity One® software program.

2.10.3 IC/ID Neutralisation data estimation of multispecific antibody concentration.

The relative concentration of the mRNA-expressed multispecific antibodies was
determined by comparing the antibody/virus paired percentage inhibition data
generated from the purified multispecific antibody data (IC50) in relation to the mRNA-
expressed multispecific antibody inhibition data (ID50), produced using the in vitro
neutralisation assays. It was reasoned that the IC50 and ID50 values would represent
equivalent neutralisation antibody concentrations and that the starting concentration
in the undiluted mRNA-expressed clarified cell culture supernatants could be inferred
by multiplying the IC50 for the purified antibodies for each virus with the respective
ID50 value. Previous studies have quantified human serum antibody titres, following
passive bNAb infusion, using TZM-bl neutralisation assays (measure antibody
neutralisation activity) and ELISA (measure bound antibody levels) and have shown
good agreement between the two assays (108,147,350). Thus, we performed the

following calculations:

E.g. mRNA expressed antibody starting concentration (ug/mL) = IC50 pg/mL x ID50

(dilution factor).

For this calculation, it was assumed that the unpurified mMRNA-expressed multispecific
antibodies display similar conformation assembly and neutralisation activity to the
DNA-expressed and purified antibodies. IC50 x ID50 was calculated for each virus,
multispecific antibody pair (n=17), excluding the resistant viruses (IC50 >10 pg/mL (Bi-
scFv) or >25 ug/mL, ID50 <10). The means and standard deviation were calculated
using Microsoft excel (Microsoft Corporation, Redmond, WA, USA) and reported for

each multispecific antibody.

2.11 Statistical analysis.

The median antibody IC50 and IC80s (molarity corrected), and the mRNA-expressed
multispecific antibody ID50 and ID80s were analysed using the descriptive statistics
parameters in GraphPad Prism 8. Scatterplots depicting the median and interquartile

range were generated in GraphPad Prism 8. The smaller number of viruses and the
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preferential inclusion of resistant strains in the tested viral panel would result in the
data being more affected by outliers. Therefore, the data was analysed using the
median (rather than the geometric mean) which is more conservative. Comparisons
of median neutralisation values (corrected molarity difference IC50 and IC80 values,
uncorrected molarity difference ID50 and ID80 values) were performed using a non-
parametric, paired one-way analysis of variance (ANOVA) (Friedman test) and two-
tailed p-value with Dunns correction post hoc in GraphPad Prism 8. The following
groups were compared for the purified antibody (IC50/IC80): PGT121 vs VRCO01 vs
10E8v4, PGT121 vs each multispecific antibody, VRCO01 vs each multispecific
antibody, 10E8v4 vs Tri-NAbs (Co-T and sORF), and Bi-scFv vs Bi-NAb vs Tri-NAb
Co-T vs Tri-NAb sORF. For the mRNA-expressed antibody clarified cell culture
supernatants, the ID50 and ID80 values between the multispecific antibodies were
compared (Bi-scFv vs Bi-NAb vs Tri-NAb Co-T vs Tri-NAb sORF). Breadth versus
potency plots were produced using the survival plots in GraphPad Prism 8 by
representing the 1IC50/IC80 and ID50/ID80 values as zero for resistance or one for

neutralisation for each antibody.

72



Chapter 3. Results.

3.1 Generation of bispecific antibody expression constructs.

The Bi-NAb sequence incorporating tandem scFv VRCO01 and PGT121 bNAb domains
with optimised interspacing glycine-serine linker sequences, fused to the human Fc
domain as reported by Steinhardt et al. (200) was synthesised and sub-cloned into the
pmRNA expression vector by directional restriction endonuclease digest using Kpnl
and Apal (Figure 3.1A). Digested pUC57-Mini_Bi-NAb and pmRNA_GFP plasmids
(removing the GFP encoding sequence from the pmRNA vector and replacing it with
the Bi-NAb sequence) were resolved on an agarose gel and the Bi-NAb insert (2 374
bp) and the pmRNA vector backbone (3 638 bp — Figure 3.1B) were extracted, purified,
and ligated together. Single pmRNA_Bi-NAb cultured colonies were screened by
restriction digest with Kpnl and Apal and resolved on a 0.8% agarose gel. Successful
ligation of the Bi-NAb insert into the pmRNA backbone was confirmed as anticipated
DNA fragments for the Bi-NAb insert and pmRNA backbone were visible (Figure 3.1C
— correct banding pattern displayed by clones 2 and 3). The expression and secretion
of the Bi-NAb from the pmRNA_Bi-NAb construct was confirmed and compared to the
expression of the parental VRCO01, PGT122 (PGT122 is a somatic variant of PGT121
and was used as a substitute for the PGT121 parental antibody until the PGT121
constructs were obtained), and 10E8v4 antibodies (third parental antibody
incorporated into the Tri-NAb confirmation, described in section 3.3 below) by transient
transfection of mammalian cells. The harvested, clarified cell culture supernatants
were resolved by SDS-PAGE under reducing conditions and expressed antibodies
detected using anti-human secondary antibody by western blot. The parental
antibodies (VRCO01, PGT122 and 10E8v4) produced the characteristic heavy- and
light-chain banding pattern of ~60 kDa and ~30 kDa respectively (Figure 3.1D). The
Bi-NAb resolved as a single polypeptide of ~100 kDa (Figure 3.1D), confirming the
correct expression and secretion of the Bi-NAb. A corresponding faint band was
observed in the adjacent GFP lane, which most likely represents carryover from the
Bi-NAb lane as no antibody expression should result from the pmRNA_GFP

transfected cells (Figure 3.1D — lane two).

Having confirmed expression of Bi-NAb, the pUC57-Mini_Bi-NAb construct was used

to generate the Bi-scFv by amplification of the tandem-scFv sequence excluding the
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Fc region. The position of the amplification primers are presented in Figure 3.1E (red
arrows) and the reverse primer was used to incorporate an in-frame six histidine
purification tag (6x His-tag) on the C-terminus followed by an Apal restriction site to
facilitate sub-cloning into the pmRNA expression vector by directional restriction
endonuclease digest using Kpnl and Apal (Figure 3.1E). The Bi-scFv amplicon product
of 1 696 bp was generated and visualised on an agarose gel (Figure 3.1F). The Bi-
scFv insert was sub-cloned into the pmRNA vector using Kpnl and Apal endonuclease
restriction sites. Selected colonies were cultured, plasmid DNA isolation was
performed and subsequently screened by restriction digest with Kpnl and Apal and
resolved on a 0.8% agarose gel. All three of the selected clones displayed the
successful insertion of the Bi-scFv sequence resulting in the anticipated banding
pattern observed, Bi-scFv (1 696 bp) and pmRNA (3 638 bp) (Figure 3.1G). The
resulting pmRNA_Bi-scFv construct was used to determine the expression and
secretion of the Bi-scFv antibody following transient mammalian cell transfection.
Clarified culture supernatants were resolved by SDS-PAGE under reducing conditions
and detected by western blot using the incorporated C-terminal 6x His tag. The Bi-
scFv was successfully expressed and observed to be of the approximate size ~70 kDa
(Figure 3.1H). The 4dCD4 His-tagged positive control was detected at the correct
approximate size ~56 kDa and the GFP and Bi-NAb negative controls that lack the His
tag were not detected (Figure 3.1H), indicating the specific detection of the Bi-scFv

that confirmed the correct expression and secretion of the Bi-scFv.

In summary, the pmRNA_Bi-NAb and pmRNA_Bi-scFv constructs were successfully
generated with small-scale transfections confirming expression and secretion of the
bispecific antibodies. These constructs were advanced into large-scale production to
generate sufficient quantities of antibody for in vitro characterisation and neutralisation

testing.
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Figure 3.1. Generation and evaluation of bispecific antibody constructs. (A) Schematic representing the
synthesised Bi-NAb sequence (tandem scFv VRCO01 and PGT121 domains with a human Fc region) which
was subcloned into the pmRNA expression vector by directional restriction endonuclease digest using Kpnl
and Apal. (B) The Bi-NAb (2 374 bp) and pmRNA (3 638 bp) sequences were isolated following double digests
with Kpnl and Apal and resolved on a 0.8% agarose gel. (C) Single pmRNA_Bi-NAb cultured colonies were
screened by restriction digest with Apal and Kpnl and resolved on a 0.8% agarose gel to confirm assembly of
the Bi-NADb insert (2 374 bp) into the pmRNA vector. (D) The expression and secretion of the Bi-NAb from the
pmRNA_Bi-NAb construct was confirmed and compared to the expression of the parental VRC01, PGT122
(PGT122 is a somatic variant of the parental antibody PGT121), and 10E8v4 (third parental antibody for the
Tri-NAb conformation described later) antibody controls by transient transfection of mammalian cells. Reduced
clarified cell culture supernatant samples (Bi-NAb and parental antibodies) were resolved on a 10% SDS-PAGE
gel, transferred onto a nitrocellulose membrane, and detected using ECL™ anti-human IgG horseradish
peroxidase (HRP) linked whole antibody (1: 2 000). The Bi-NAb resolved as a single polypeptide (~100 kDa)
and the parental antibodies produced the characteristic heavy- and light-chain banding pattern (~60 kDa and
~30 kDa respectively). (E) Schematic representation of the cloning strategy used to generate the Bi-scFv
construct. The tandem scFv sequence, excluding the Fc region, was amplified using primers (red arrows) that
incorporated a six histidine tag (6x His-tag) and Apall restriction site on the 3’ end on the reverse primer
sequence, and sub-cloned into the pmRNA expression vector by directional restriction endonuclease digest
using Kpnl and Apal. (F) The Bi-scFv amplicon was visualised on a 0.8% agarose gel (1 696 bp) and was
cloned into the pmRNA vector. NTC — no template control amplification PCR reaction. (G) Single pmRNA_Bi-
scFv cultured colonies were screened by restriction digest with Apal and Kpnl and resolved on a 0.8% agarose
gel to visualise the Bi-scFv (1 696 bp) and pmRNA (3 638 bp) segments. (H) The expression and secretion of
the Bi-scFv from the pmRNA_Bi-scFv construct were confirmed by transient transfection of mammalian 293F
cells. Clarified cell culture supernatant (Bi-scFv, Bi-NAb, His-tagged positive control human, soluble four
domain CD4 (4dCD4) and negative control (green fluorescent protein - GFP)) were resolved on a 10% SDS-
PAGE gel, transferred onto a nitrocellulose membrane and detected using a-Penta-His-HRP (1: 2 000). The
Bi-scFv was observed at the correct approximate size (~70 kDa). The DNA molecular weight marker (Mw) on
agarose gels is the GeneRuler DNA Ladder Mix, ready-to-use SM0333 (Thermo Fisher Scientific, Waltham,
MA, USA), the protein ladder on western blots is the Color Protein Standard Broad Range P7712S (New
England Biolabs, Ipswich, MA, USA).

3.2 Silencing of the Bi-NAb CH2 domain Bpil restriction site to prevent
premature mRNA transcript truncation.

Analysis of the pmRNA_Bi-NAb plasmid sequence revealed an additional Bpil
restriction site within the CH2 domain (C-terminus) of the Bi-NAb Fc encoding region.
Whilst this additional Bpil restriction site does not affect expression of the antibodies
by DNA plasmid transfection (Figure 3.1 D), Bpil is used to linearise the pmRNA
template for the in vitro mRNA transcription reaction (Figure 3.2A). Failure to silence
this additional Bpil restriction site would thus result in premature truncation of the Bi-
NAb transcript and protein expression failure (Figure 3.2A). The additional Bpil
restriction site was silenced by site-directed mutagenesis (SDM — via a single
nucleotide mutation (1959G>A) without altering the lysine amino acid) while retaining
the functional Bpil restriction site at the 3’ terminus of the poly-A signal (Figure 3.2A).
The amplification step of the SDM reaction was performed in both the pUC57-Mini_Bi-
NAb and pmRNA_Bi-NAb vectors, with no visible benefit of the starting template vector
as both PCR amplification products had a larger non-specific band present (Figure
3.2B). Therefore, the band corresponding to the linear SDM amplicon was extracted
from the gel for the pmRNA_Bi-NAb vector (6 012 bp — Figure 3.2B) to continue with

76



the KLD reaction. Single pmRNA_Bi-NAb_ABpil cultured colonies were screened by
restriction digest with Bpil and analysed by agarose gel electrophoresis. Compared to
the original pmRNA_Bi-NAb construct that has two Bpil restriction sites, resulting in
two bands of 5 513 bp and 499 bp respectively (Figure 3.2C), the SDM clones were
found to successfully have silenced the additional Bpil restriction site resulting in
linearisation of the pmRNA_Bi-NAb_ABpil following Bpil treatment (Figure 3.2C — all
three selected colonies displayed the correct banding pattern). Silencing of the Bpil
restriction site within the Bi-NAb CH2 encoding region whilst preserving the native
amino acid sequence at this position (EKT) was confirmed by Sanger sequencing
(Figure 3.2D). The expression of the Bi-NAb from the pmRNA_Bi-NAb_ABpil was
confirmed in small-scale mammalian 293F cell transfection to have been unaltered by
the SDM, producing the ~95 kDa Bi-NAb band of identical intensity to that of the
original Bi-NAb construct when analysed by western blot (Figure 3.5A). Therefore, the
resultant pmRNA_Bi-NAb_ABpil construct should be compatible with mRNA
production and is subsequently used to replace the existing pmRNA_Bi-NAb construct
in all downstream antibody expression and characterisation experiments (i.e.
pmRNA_Bi-NAb henceforth contains the silenced Bpil restriction site in the CH2

domain).
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Figure 3.2. Silencing the Bi-NAb CH2 domain Bpil restriction site to prevent premature mRNA transcript
truncation. (A) The Bpil restriction site in the poly-adenylation (poly-A) signal is used to linearise the DNA
construct for mRNA transcript production. The Bi-NAb sequence was found to contain an additional Bpil
restriction site within the C-terminus of the CH2 domain of the Fc region which would result in premature
truncation of the Bi-NAb transcript and protein expression failure. Therefore, the additional Bpil restriction site
was silenced using site-directed mutagenesis (SDM) while retaining the functional poly-A signal Bpil restriction
site. (B) The SDM amplification reaction was performed using both the pUC57-Mini and pmRNA vector
templates with no discernible difference in amplification efficiency (higher non-specific bands noted in both
reactions). The SDM band was extracted from the pmRNA_Bi-NAb (6 012 bp) to perform the kinase, ligase,
Dpnl (KLD) reaction and transformation. (C) Single pmRNA_BIi-NAb_ABpil cultured colonies were screened
by Bpil restriction digest and resolved on a 0.8% agarose gel. The additional Bpil restriction site was
successfully silenced in all constructs as the single remaining functional Bpil restriction site in the poly-A signal
linearised the constructs to 6 012 bp. (D) Sanger sequencing was performed (forward (FOR) and reverse (REV)
sequencing chromatograms shown) on a pmRNA_Bi-NAb_ABpil construct to confirm abrogation of the Bpil
restriction site (1959G>A) in the Bi-NAb CH2 region while preserving the native amino acids at this position
(EKT). The DNA molecular weight marker (Mw) on agarose gels is the GeneRuler DNA Ladder Mix, ready-to-
use SM0333 (Thermo Fisher Scientific, Waltham, MA, USA).
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3.3 Generating the Tri-NAb expression constructs.

3.3.1 Heterologous heavy chain assembly through complementing knob-into-hole
mutations in the 10E8 and Bi-NAb constructs.

The Tri-NAb construct was generated based on the Tri-NAb described by Steinhardt
et al. (200) through incorporating the assembly of the Bi-NAb and the 10E8 antibody
heavy- and light-chains with the specific introduction of knob-into-hole mutations in the
complimenting Fc regions to favour heterodimeric heavy chain assembly. The
pMin_10E8_Kn construct containing the knob mutations (S354C and T366W) was
already available in our research unit (191,202). The complimenting hole mutations
were introduced in the Bi-NAb via the Gibson Assembly mechanism, in which the
pmRNA_Bi-NAb construct was linearised and amplified to exclude the CH3 region and
substituted with the pMin-iMAb_CH3_Ho region (previously produced in our research
unit (191,202)) (Figure 3.3A). As the iIMAb CH2 region did not contain a Bpil restriction
site, the C-terminal CH2 region was included in the substitution region of the Bi-NAb
(Figure 3.3A). The corresponding CH3 hole region, containing the hole mutations
(Y349C, T366S, L368A, and Y407V), was amplified (390 bp) from the pMin_iMAb_Ho
construct and substituted into the linearised pUC57-Mini_Bi-NAb (3 889 bp — this
vector was used as the template since improved amplification was achieved (data not
shown) - Figure 3.3B). The resulting pUC57-Mini_Bi-NAb_Ho clones were screened
by restriction digest with Kpnl and Apal, resolved on an agarose gel, and displayed
the correct band sizes for the Bi-NAb (2 374 bp) and pUC57-Mini (1 863 bp) (Figure
3.3C — all three colonies) and were identical to the parental pUC57_Mini_ Bi-NAb
construct. This result confirmed an intact Bi-NAb sequence but is unable to confirm
that the CH3_Ho region substitution had occurred, given that this would not result in a
size difference compared to the original Bi-NAb construct (Figure 3.3C — right side,
clones compared to the original). Therefore, a selected pUC57-Mini_Bi-NAb_Ho
construct was Sanger sequenced and confirmed the presence of the hole mutations
in the CH3 region of the Bi-NAb_Ho (data not shown, however incorporated hole
mutations were confirmed in the final construct, data shown below) prior to sub-

cloning.

The confirmed Bi-NAb_Ho sequence was sub-cloned into the pmRNA vector using
Kpnl and Apal restriction sites and individual cultured colonies were screened by
restriction digest with Kpnl and Apal and compared to the digested backbone control
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pmRNA_GFP DNA when resolved on an agarose gel (Figure 3.3D). Clone 1 appeared
to be pmRNA_GFP backbone vector but the anticipated Bi-NAb_Ho (2 374 bp) and
pmRNA (3 638 bp) bands were present in the remaining clones (Figure 3.3D — e.g.
clones 2 and 3) indicating successful sub-cloning into the pmRNA vector (Figure 3.3D).
To ensure that the Bpil restriction site had been eliminated from the Bi-NAb CH2
region, selected pmRNA_Bi-NAb_Ho colonies were further screened using a Bpil
restriction digest and compared to digested pmRNA_Bi-NAb DNA (before and after
silencing the CH2 Bpil restriction site) (Figure 3.3E). Clones 2 and 3 were successfully
linearised to 6 012 bp (Figure 3.3E), indicating the presence of only a single Bpil
restriction site, implying correct incorporation of the CH3 hole-mutation-containing
section into the pmRNA_Bi-NAb. As final confirmation, a selected pmRNA_Bi-NAb_Ho
construct was sequenced to confirm the presence of the hole mutations (Figure 3.3F)
as well as the absence of the Bpil restriction site and retained amino acid sequence
(EKT) in the CH2 region of the Bi-NAb_Ho (Figure 3.3G). Taken together, these data
confirm the generation of the pmRNA _Bi-NAb_Ho construct which could now be
evaluated for Tri-NAb expression by co-transfection with pMin_10E8 Kn construct in

mammalian cells.
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Figure 3.3. Generating the pmRNA_Bi-NAb_Ho construct containing the CH3 hole mutations required
for heterologous heavy chain assembly and Tri-NAb production. The Tri-NAb is generated by the
assembly of two different antibody heavy chains (Bi-NAb and 10E8) through the specific introduction of knob-
into-hole mutations to favour heterodimer assembly. (A) Schematic representation of the cloning strategy for
replacement of the CH3 region. The CH3 region containing the hole mutations was amplified from the iMAb_Ho
template sequence and substituted into the linearised Bi-NAb sequence via Gibson assembly to generate the
pUC57-Mini_Bi-NAb_Ho construct and then sub-cloned into the pmRNA vector using the Kpnl and Apal
restriction sites. (B) Gibson assembly amplified fragments of the CH3 region containing the ‘hole’ (Ho)
mutations (Y349C, T366S, L368A, and Y407V — 390 bp) and linearised amplified pUC57-Mini_Bi-NAb
excluding the corresponding CH3 domain (3 889 bp). (C) pUC57-Mini_Bi-NAb_Ho cultured colonies were
screened by restriction digest with Apal and Kpnl, resolved on a 0.8% agarose gel, and displayed the correct
banding pattern (Bi-NAb, 2 374 bp and pUC57-Mini, 1 863 bp). (D) The Bi-NAb_Ho sequence was sub-cloned
into the pmRNA vector using the Kpnl and Apal restriction endonuclease sites and individual cultured colonies
were screened (compared to backbone control pmRNA_GFP) by restriction double digest with Kpnl and Apal
and resolved on a 0.8% agarose gel. Clones 2 and 3 were cloned successfully (correct banding pattern of 2
374 and 3 638 bp present). (E) Elimination of the Bpil restriction site in the pmRNA_Bi-NAb through substitution
of the CH3_Ho region was confirmed by Bpil digest on selected clones (Clones 2 and 3 reflecting the correct
linearisation of the plasmid, 6 012 bp). Sanger sequencing was performed on a pmRNA_Bi-NAb_Ho construct
to confirm the presence of the hole mutations in the CH3 region of the Bi-NAb (F) as well as the absence of
the Bpil restriction site in the CH2 region (G). Forward (FOR) and reverse (REV) sequencing chromatograms
are shown. The DNA molecular weight marker (Mw) on agarose gels is the GeneRuler DNA Ladder Mix, ready-
to-use SMO0333 (Thermo Fisher Scientific, Waltham, MA, USA). NTC, no template control; GFP, green
fluorescent protein.
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3.3.2 Generating the Tri-NAb sORF construct.

Steinhardt ef al. (200) expressed the Tri-NAb by co-transfecting mammalian cells with
the Bi-NAb ‘knob’, 10E8 heavy chain ‘hole’, and 10E8 light chain plasmid constructs
that generated a heterologous dimer via KIH assembly. However, for direct mRNA
delivery in vitro or in vivo, having the entire encoding sequence in a sORF that
generates a single mRNA transcript may be advantageous in simplifying the delivery
process (single versus two or three constructs), provided transfection efficiency or
downstream protein expression is not sacrificed. To this end, a Tri-NAb sORF
construct was generated. The pmRNA_Bi-NAb_Ho construct was linearised and used
as a template, to which a furin/P2A cleavage peptide sequence was inserted followed
by the 10E8_Kn sequence (containing sequential heavy and light chain encoding
regions, separated by the furin/F2Aopt cleavage peptide sequence). All sequences
were cloned in frame using compatible overhangs and Gibson assembly to generate
the Tri-NAb_sORF of an anticipated size of approximately 4 000 bp (Figure 3.4A).

The P2A cleavage peptide was synthesised in-house using a primer extension method
(Figure 3.4A— 93 bp) followed by amplification yielding a 114 bp insert with compatible
overhang with the 3’ terminus of the Bi-NAb (Figure 3.4C). The pmRNA_Bi-NAb_Ho
construct was linearised to eliminate the stop codon (6 006 bp) and the complete
10E8_Kn encoding region including the stop codon (2 322 bp — with compatible
overhangs with the P2A cleavage peptide 5 and pmRNA 3’) were amplified in separate
reactions (Figure 3.4C). Primer dimers were visible in the 10E8_Kn reactions, but all
the no-template controls were negative (Figure 3.4C). The three fragments were
assembled via their incorporated compatible overhang regions using a Gibson
assembly reaction. The pmRNA_Bi-NAb_Ho construct has a Kpnl restriction site at
the 5’ terminus and Apal and Notl restriction sites at the 3’ terminus (Figure 3.4A).
However, the 10E8 Kn sequence contains an additional Apal restriction site in the
heavy chain sequence (Figure 3.4A), therefore, this provides a characteristic banding
pattern when the Tri-NAb_sORF is generated. Selected pmRNA_Tri-NAb_sORF
colonies were screened by restriction double digests with Kpnl and Apal, and Kpnl
and Notl, and resolved on an agarose gel. The anticipated banding patterns of 3 638
bp, 2 943 bp, and 1 798 bp; and 4 933 bp and 3 446 bp, respectively, were observed
(e.g.,clones 1,2, and 4 - Figure 3.4D). Clone 3 appeared to be the original pmRNA_Bi-

NAb_Ho with unsuccessful assembly (Figure 3.4D — banding pattern comparable to

83



control pmRNA_Bi-NAb_Ho for both double digests). The Bi-NAb_Ho-P2A cleavage
peptide-10E8 Kn transition sequence of a pmRNA_Tri-NAb_sORF construct was
confirmed by Sanger sequencing to be intact and in the correct order (Figure 3.4E).
The furin-P2A cleavage peptide was synthesised correctly and of the designed amino
acid sequence and the transitions from Bi-NAb_Ho and into 10E8_Kn were intact with
no frameshifts created from the assembly process (Figure 3.4E). Therefore, the
generated pmRNA_Tri-NAb_sORF could now be evaluated for expression of the Tri-
NAb antibody and expression levels and heterologous heavy chain assembly
compared to the expression of the Tri-NAb by conventional co-transfection procedures
(pmRNA_Bi-NAb + pMin_10E8 Kn).
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Figure 3.4. Generating the Tri-NAb single open reading frame (sORF) construct. The Tri-NAb sORF
combines the Bi-NAb and the broadly neutralising antibody 10E8, with the ‘hole’ (Ho) and ‘knob’ (Kn) mutations
respectively, separated by a P2A cleavage peptide. (A) Schematic representation depicting the cloning strategy
used to generate the pmRNA_Tri-NAb_sORF by Gibson assembly of the linearised pmRNA-Bi-NAb_Ho and
the 10E8_Kn sequence (sequential heavy- and light-chain encoding regions), separated by a furin/P2A
cleavage peptide sequence. (B) The P2A cleavage peptide template DNA was synthesised using a primer
extension method (93 bp) and resolved on a 1.5% agarose gel. (C) To facilitate assembly of the three
fragments, pmRNA_Bi-NAb_Ho, P2A cleavage peptide, and 10E8_Kn were amplified with primers that
incorporate the corresponding overlapping regions and were resolved on a 1% agarose gel for visualisation of
the 6 006 bp, 114 bp, and 2 322 bp bands (respectively). (D) The three fragments were assembled, and colonies
were screened by restriction digests with Apal and Kpnl (two Apal restrictions sites present, resulting banding
pattern of 3 638 bp, 2 943 bp, and 1 798 bp), and Kpnl with Notl (resulting banding pattern of 4 933 bp and 3
446 bp), and resolved on a 0.8% agarose gel. The correct banding pattern, indicating successful assembly,
was observed for clones 1, 2, and 4. (E) A pmRNA_Tri-NAb_sORF construct was Sanger sequenced (forward
(FOR) sequencing chromatogram shown) to confirm insertion and assembly of the P2A interspacing sequence.
The DNA molecular weight marker (Mw) on agarose gels is the O’GeneRuler 50 bp DNA Ladder, ready-to-use
SM1133 (B) and the GeneRuler DNA Ladder Mix, ready-to-use SM0333 (C and D) (Thermo Fisher Scientific,
Waltham, MA, USA). NTC, no template control.

3.4 Small-scale transfection and assessment of multispecific antibody expression in
vitro.

Small-scale mammalian cell transfections were conducted to assess the expression
of Bi-NAb antibody from the pmRNA_Bi-NAb_ABpil construct and the expression and
assembly of Tri-NAb by co-transfection (Co-T, pmRNA_Bi-NAb_Ho & pMin_10E8 Kn)
or single pmRNA_Tri-NAb_sORF constructs. Following transfection, cell culture
supernatants were evaluated under reducing SDS-PAGE/western blot using anti-
human Fc specific secondary antibody to detect expression of the antibody heavy
chains (Figure 3.5A & B). The anti-human IgG-HRP secondary antibody western blot
analysis from this point forward did not have apparent detection of antibody light chain
(Figure 3.5A & B), which differs from the previously used anti-human IgG-HRP
secondary antibody which did detect light chain (Figure 3.1C). The modified
pmRNA_Bi-NAb_ABpil construct demonstrated identical expression with regard to
size and intensity of the Bi-NAb antibody when compared to the original pmRNA_Bi-
NAb construct. Thereby confirming the introduced mutation to silence the Bpil
restriction site in the CH2 domain (Section 3.2) did not affect the expression levels of
the Bi-NAb antibody (Figure 3.5A). Henceforth, all expressed Bi-NAb contained the
silenced Bpil restriction site in the CH2 domain. Tri-NAb antibody expression was
evaluated by co-transfection (pmRNA_Bi-NAb_Ho & pMin_10E8 Kn) or by single
transfection using the pmRNA_Tri-NAb_sORF construct. The iMAb-10E8 bispecific
antibody generated through co-transfection with (pMin_iMAb_Ho & pMin_10E8 Kn)
was included as an appropriate expression and assembly control based on our group's
previously published data (191). Single transfections of individual constructs
(pmRNA_Bi-NAb_Ho, pMin_10E8 Kn, and pMin_iMAb_Ho), as well as 10E8v4
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parental (co-transfection), were included as expression controls (Figure 3.5A & B). Co-
transfection with pmRNA_Bi-NAb_Ho & pMin_10E8_Kn or pmRNA_Tri-NAb_sORF
produced visible banding corresponding to both the Bi-NAb (~95 kDa) and 10E8 heavy
chain (~60 kDa) polypeptides. The 10ES8 light chain was not detected using the
selected anti-human Fc-specific antibody, consistent with the parental 10E8v4
expression analysis (Figure 3.5A & B). There was a noticeable decrease in intensity
in both the Bi-NAb and 10E8 heavy chain bands when comparing Tri-NAb expression
using the Co-T strategy to the Tri-NAb produced by single Tri-NAb_sORF transfection.
This suggests that there may be a decrease in expression efficiency when using a
sOREF transfection strategy considering total DNA amounts and cell passage number,
culture conditions, etc. were controlled for during the transfection procedure (Figure
3.5B). Confirmation of the co-expression and secretion of the Bi-NAb and 10E8 heavy
chain polypeptides in the cell cultures media suggest heterologous chain assembly
based on our previous published findings. However, the individual transfection controls
(pPmRNA-Bi-NAb_Ho, pMin_10E8 Kn or pMin_iMab_Ho) suggest homodimeric chain
assembly of either Kn or Ho containing heavy chains may assemble and effectively be
secreted in the culture supernatant (Figure 3.5A & B). Confirmation of the heterologous
heavy chain assembly for production of the Tri-NAb was verified in the large-scale

expression analysis below (Section 3.5.2).

3.4.1 Inefficient endogenous furin processing of 10E8 Kn and Tri-NAb sORF
constructs.

During initial mammalian cell expression of the Tri-NAb by co-transfection with
pmRNA_Bi-NAb_Ho and pMin_10E8 Kn (and co-transfection with pMin_10E8 Kn
and pMin_iMAb_Ho as an assembly control) and from the Tri-NAb_sOREF, analysis by
western blot revealed that there was an additional band of ~65 kDa present above the
anticipated heavy chain bands of ~60 kDa (Figure 3.5A). This additional band was
present in the 10E8_Kn or co-transfection combinations with the pMin_10E8_Kn and
in the pMin_iMAb_Ho controls as well as the pmRNA_Tri-NAb_sOREF transfections,
but not in the controls 10E8v4 or Bi-NADb (Figure 3.5A & B). Therefore, it was suspected
that there was incomplete furin cleavage occurring within the F2Aopt region that is
used to separate the heavy- and light-chain sequences within these pMin constructs
(pMin_10E8_Kn and pMin_iMAb_Ho), resulting in a furin-F2Aopt peptide tag (~3.4
kDa) fused to the C-terminus of the 10E8 heavy chain (Figure 3.5C). This high
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molecular weight 10E8 heavy chain band was not removed by Protein A affinity
chromatography purification in the Tri-NAb Co-T or sORF expressed antibodies
(Appendix Figure B1C & D), suggesting that inclusion of the tag does not affect heavy
chain assembly and/or antibody secretion. Additionally, there was also a high
molecular weight 10E8 light chain band (~35 kDa) visible above the 10E8 light chain
band in the expressed Tri-NAb antibodies (Co-T and sORF) (Appendix Figure B1C
and D), indicating cleavage at the furin sequence but cleavage failure of the F2Aopt,
resulting in a F2Aopt-tag fused to the N-terminus 10E8 light chain (Figure 3.5C). An
additional aberrant band (~90 kDa) was present below the Bi-NAb band of the
expressed Tri-NAbs (Figure 3.5A & B) which we posited to be a result of complete
cleavage failure at both the furin and F2Aopt sequences resulting in 10E8 heavy-light
chain fusion peptides (Figure 3.5C). There was no apparent incomplete cleavage
occurring in the P2A cleavage peptide furin sequence of the pmRNA_Tri-NAb_sORF
construct, as the Bi-NAb band was of the correct approximate size (~95 kDa) with no
observed additional higher molecular weight bands that would otherwise suggest
inefficient Bi-NAb/10E8 heavy chain processing resulting in P2A cleavage peptide
fusion (Figure 3.4B).

The presence of this additional higher molecular weight 10E8 heavy chain band
suggests fusion of the F2opt peptide sequence to the C-terminus of the heavy chain
antibody constructs (Figure 3.5C). Given that the furin cleavage site is located at the
N-terminus of the F2Aopt sequence, with the role of separating the F2A peptide from
the antibody heavy chain, failure to remove this sequence (the furin-F2Aopt sequence
is estimated to be ~3.4 kDa based on the amino acid sequence) from the 10E8_Kn
heavy chain could explain this size of the additional 10E8_Kn heavy chain band
observed (Figure 3.5A, B, and C). To examine this further, cleavage efficiency was
evaluated through the supplementation of exogenous furin by co-transfection with
plasmid encoding the furin protease (pcDNA 3.1-furin - (316,317)). Supplementing with
exogenous furin, whilst maintaining antibody encoding construct concentration, clearly
demonstrated improved cleavage and eliminated the 10E8 higher molecular weight,
heavy chain band when transfected alone (pMin_10E8_Kn — lanes 9 and 10) or in
combination with pmRNA_Bi-NAb_Ho or the pmRNA_Tri-NAb_sORF constructs
(lanes 5 and 6, and 7 and 8 respectively - Figure 3.5D). We therefore set about to

improve the processing of the F2Aopt sequence by endogenous furin without the
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requirement for exogenous supplementation, given that it would overcomplicate the

proposed in vivo mRNA delivery strategy downstream.
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Figure 3.5. Multispecific antibody expression and processing of F2Aopt-containing constructs
(pMin_10E8_Kn and pmRNA_Tri-NAb_sORF) in vitro. (A) Western blot analysis of cell culture supernatant
from initial mammalian cell expression of the 10E8 containing the ‘knob’ (Kn) mutations alone or in combination
with Bi-NAb_Ho or iMAb ‘hole’ (Ho) (assembly control) displayed an additional high molecular weight band
(~65 kDa) above the 10E8_Kn heavy chain (HC) (~60 kDa). (B) This additional band above the 10E8_Kn HC
band was also observed following transfection of mammalian cells with the pmRNA_Tri-NAb_sORF. (C)
Schematic representation of the furin-F2Aopt processing between 10E8 heavy- and light-chain, with
incomplete processing resulting in various observed additional high molecular weight bands. Complete
processing separates the two antibody chains, incomplete furin cleavage results in a furin-F2Aopt peptide (3.4
kDa) attached to the C-terminus of 10E8 HC, incomplete F2Aopt processing results in an F2Aopt peptide fused
to the N-terminus of 10E8 LC, and incomplete processing of both furin and F2Aopt results in a 10E8 HC-
furin/F2Aopt-LC fusion polypeptide. (D) Cleavage efficiency was evaluated by performing mammalian cell
transfections in the presence and absence of supplemental exogenous furin (co-transfecting antibody
DNA:furin DNA = 2:1). Culture supernatant was analysed by western blot and demonstrated improved cleavage
and eliminated the 10E8 higher molecular weight heavy chain band when exogenous supplemental furin was
present. All western blots were transferred onto nitrocellulose membranes and developed with a-Human-1gG-
Horse Radish Peroxidase (HRP) (1:3 000). The protein ladder is the Color Protein Standard Broad Range
P7719S (New England Biolabs, Ipswich, MA, USA). SP, secretion signal peptide.

3.4.2 Improved endogenous furin processing and cleavage of the 10E8 Kn construct.

To improve the endogenous furin cleavage and processing of the 10E8 Kn
polypeptide (including expression from the Tri-NAb_sORF construct), the furin
recognition sequence was altered. The existing RKRR sequence was modified to an
RRRRRR sequence (Afurin) for enhanced furin recognition through site-specific
introduction of additional arginine residues and simultaneous removal of the lysine
residue by site-directed mutagenesis. The Afurin sequence was selected based on
previously published findings that demonstrate improved furin cleavage (343).
Incorporating the Afurin sequence into the Tri-NAb_sORF P2A cleavage peptide
sequence displayed no observed processing inefficiency compared to the 10E8

F2Aopt sequence (Figure 3.5B).

The SDM reaction was initially performed in the pMin_10E8 Kn construct, and the
PCR amplicon was resolved on an agarose gel (Figure 3.6A). The SDM product
corresponding to 6 183 bp was extracted from the gel to remove the smaller non-
specific bands observed (Figure 3.6A) prior to performing the KLD reaction and
bacterial transformation. Selected pMin_10E8_Kn_Afurin clones were sequenced to
confirm the alteration of the furin cleavage site (data not shown). Furin cleavage
efficiency was then compared between the 10E8 antibody expressed from the original
pMin_10E8_Kn construct and the pMin_10E8 Kn_Afurin construct in the presence
and absence of exogenously supplemented furin. The 10E8 Kn transfections
(pMin_10E8_Kn or pMin_10E8 Kn_Afurin) were performed alone or in combination
with the pmRNA_Bi-NAb_Ho assembly partner (Figure 3.6B). Modification of the furin
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cleavage site (pMin_10E8_Kn_Afurin) clearly demonstrated improvement both alone
and when co-transfected with the Bi-NAb_Ho assembly partner, eliminating the higher
molecular, 10E8 heavy chain band (~65 kDa) that is observed when expressed from
the original pMin_10E8 Kn construct (Figure 3.6B). Most importantly, supplemental
furin was no longer required, and efficient processing was achieved by the
endogenously expressed furin (Figure 3.6B, lanes 10E8_Kn_Afurin and
10E8_Kn_Afurin & Bi-NAb_Ho). Once again, Bi-NAb_Ho and 10E8 Kn homodimeric
heavy chain assembly and secretion into the culture supernatant were detected when
transfected in isolation (Figure 3.6B, left panel). However, homodimeric expression
was observed to be lower than when compared to the heterologous heavy chain
assembly using the complimenting knob-and-hole mutated heavy chains (Tri-NAb)
(Figure 3.6B, right panel). Given the success of the modified furin cleavage, the
10E8_Kn_Afurin sequence was sub-cloned into the pmRNA vector by Gibson
assembly for downstream IVT mRNA production and subsequent Tri-NAb expression

by co-transfection with Bi-NAb_Ho mRNA transcripts.

3.4.3 Sub-cloning of the 10E8 Kn Afurin and luciferase reporter into the pmRNA
expression vector.

To facilitate mRNA transcript production, the 10E8_Kn with the altered furin sequence,
as well as the firefly luciferase (Fluc) sequence (to serve as an additional IVT mRNA
control for downstream in vitro expression and characterisation studies), required
cloning into the pmRNA expression vector. Since both sequences contained two Apal
restriction sites, restriction cloning using Kpnl and Apal was incompatible (Figure
3.6C). Gibson assembly was used to assemble the desired encoding sequences into
the pmRNA expression vector in place of GFP (Figure 3.6C). The 10E8_ Kn_Afurin
sequence was amplified (2 285 bp) from the pMin_10E8_Kn plasmid and sub-cloned
into the linearised pmRNA expression vector (3 638 bp — Figure 3.6D). In parallel, the
Fluc encoding region was amplified separately (1695 bp) from the
psiCheck_Hbx_Fluc plasmid and sub-cloned into the linearised pmRNA expression
vector (3 638 bp - Figure 3.6D). Following the assembly reactions, selected colonies
were expanded in liquid culture and screened by restriction double digest with Kpnl
and Apal and resolved on a 1% agarose gel. All the pmRNA_10E8 Kn_Afurin
constructs displayed the correct band sizes (3 638 bp, 1 804 bp, and 552 bp — Figure
3.6E), thus indicating the correct assembly of the vector and inserts. The pmRNA_Fluc
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constructs had the 3 638 bp and 1 627 bp bands present but the 96 bp band could not
be resolved or visualised (Figure 3.6E). A pmRNA_10E8_Kn_Afurin construct and
pmRNA_Fluc construct were Sanger sequenced. The furin sequence modification in
the 10E8 Kn (Figure 3.6F — right side panel) and the 5 termini Kozak sequence
(GCCGCCACCATGG - with the ATG start codon (underlined)) for both the
pmRNA_10E8_ Kn_Afurin (Figure 3.6F left side panel) and pmRNA_Fluc (Figure
3.6G) were intact and unaltered during the assembly process. Therefore, the
pmRNA_10E8 Kn_Afurin and pmRNA_Fluc constructs were generated and
compatible for DNA and mRNA expression. Henceforth, pmRNA_10E8 Kn refers to
the 10E8_Kn_Afurin sequence with the modified furin sequence (Afurin — RRRRRR),

and the Tri-NAb Co-T was expressed from this construct.
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Figure 3.6. Improved endogenous furin processing and cleavage following alteration to the furin site
in the F2Aopt of the 10E8_Kn construct. (A) Amplification of the pMin_10E8_Kn construct using site-directed
mutagenesis (SDM) primers to modify the furin cleavage site (RRRRRR = Afurin) within the F2Aopt sequence.
The SDM product was resolved on a 0.8% agarose gel and the ~6 000 bp DNA band was extracted and purified
from the gel to remove the non-specific bands prior to completing the KLD reaction and bacterial
transformation. (B) Furin cleavage efficiency in the 10E8_Kn F2Aopt was compared between the original and
modified Afurin constructs in the presence and absence of exogenously supplemented furin (antibody
DNA:furin DNA = 2:1) co-transfected in mammalian 293F cells. Compared to the original, the 10E8_Kn_Afurin
construct achieved improved cleavage, no longer requiring supplemental exogenous furin for efficient
cleavage. (C) Schematic representation of the Gibson assembly strategy used to sub-clone the
10E8_Kn_Afurin sequence, and the firefly luciferase (Fluc) sequence (to serve as an IVT mRNA control) into
the pmRNA expression vector. (D) The 10E8_Kn_Afurin sequence (2 285 bp), Fluc encoding sequence (1 695
bp), and pmRNA expression vector were amplified, incorporating compatible overhang regions for assembly,
and resolved on a 0.8% agarose gel. (E) Colonies were screened by restriction digest with Kpnl and Apal and
resolved on a 0.8% agarose gel. The pmRNA_10E8_ Kn_Afurin constructs displayed the correct banding
pattern (3 638, 1 804, and 552 bp), as did the pmRNA_Fluc constructs (3 638 and 1 627 bp bands visible, 96
bp band did not resolve). (F) Sanger sequencing of pmRNA_10E8 Kn_Afurin construct was performed and
confirmed the 5’ terminal Kozak sequence and start codon sequence (GCCGCCACCATGG — with the ATG
start codon (underlined)) was unaltered (left) and the Afurin sequence modification was present (right). (G)
Sanger sequencing of a pmRNA_Fluc construct demonstrates that the 5’ terminus was unaltered during Gibson
assembly and the Kozak sequence was present for the initiation of protein transcription. Forward (FOR) and
reverse (REV) sequencing chromatograms are shown where available. The DNA molecular weight marker
(Mw) is the GeneRuler DNA Ladder Mix, ready-to-use SM0333 (Thermo Fisher Scientific, Waltham, MA, USA).
The protein ladder is the Color Protein Standard Broad Range P7719S (New England Biolabs, Ipswich, MA,
USA).
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3.4.4 Improved endogenous furin processing and cleavage of the Tri-NAb sORF.

Given the observed improvement in endogenous furin processing in the modified
10E8_Kn_Afurin, the 10E8_ Kn F2Aopt furin sequence in the Tri-NAb_sORF was
modified using site-directed mutagenesis as previously described (section 3.4.2). The
pmRNA_Tri-NAb_sORF SDM amplification product of 8 385 bp (Figure 3.7A) was
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extracted and purified from the agarose gel to perform the KLD and bacterial cell
transformation. Selected cultured colonies were screened by restriction double digests
with Kpnl and Apal which resulted in the anticipated banding pattern of 3 638 bp, 2 943
bp, and 1 804 bp (two Apal restriction sites present), as well as with Kpnl and Notl
which also showed the expected bands of 4 939 bp and 3 446 bp (e.g., clones 2 and
3 resemble the correct banding pattern to that of the pmRNA_Tri-NAb_sORF control -
Figure 3.7B). However, the restriction digest analysis is unable to confirm the
alternation of the F2Aopt furin sequence as there was no visible change in size.
Sanger sequencing was performed on a pmRNA_Tri-NAb_sORF_Afurin construct and
confirmed that the P2A cleavage peptide transitions were unaltered (Figure 3.7C) and
that the F2Aopt furin sequence had been modified correctly from the RKRR to
RRRRRR sequence (Figure 3.7D). Western blot analysis compared the original Tri-
NAb_sORF construct with the modified Tri-NAb_sORF_Afurin construct following
mammalian cell expression in the presence and absence of supplemental exogenous
furin. This demonstrated that while there was initially incomplete endogenous furin
cleavage of the original F2Aopt sequence (Tri-NAb_sORF), the endogenous
processing was improved with the modified furin sequence (Tri-NAb_sORF_Afurin)
and removed the ~65 kDa high molecular weight 10E8_Kn heavy-chain band (Figure
3.7E - right side of the middle pane). As observed for the 10E8 Kn versus
10E8_Kn_Afurin, both alone and when co-transfected with Bi-NAb_Ho (Figure 3.7E —
left and middle left pane, controls for verified furin cleavage efficiency), supplemental
furin was no longer required for efficient endogenous cleavage of the 10E8 heavy- and
light-chains within the Tri-NAb_sORF_Afurin (Figure 3.7E). Henceforth, pmRNA_Tri-
NAb_sORF refers to the Tri-NAb_sORF_Afurin containing the modified F2Aopt furin

sequence, unless otherwise stated.

Overall, all four multispecific antibody constructs (pmRNA_Bi-scFv, pmRNA_Bi-NAb,
co-transfection with pmRNA_Bi-NAb_Ho and pmRNA_10E8 Kn, and pmRNA_Tri-
NAb_sORF) were produced and their initial expression and secretion were confirmed
in small-scale transfection studies. These constructs were therefore available for
larger-scale expression, purification, and subsequent characterisation and
functionality studies.
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Figure 3.7. Improved endogenous furin processing and cleavage of the Tri-NAb single open reading
frame (sORF) following modification of the furin cleavage site in the F2Aopt. (A) Modification of the furin
sequence within the F2Aopt to RRRRRR (Afurin) of the Tri-NAb_sORF construct using site-directed
mutagenesis (SDM) amplification primers to produce 8 385 bp linearised plasmid vector was analysed on a
0.8% agarose gel and extracted to perform the KLD reaction and bacterial cell transformation (no template
control (NTC) amplification reaction). (B) Selected cultured colonies were screened by restriction digests with
Apal and Kpnl, as well as with Kpnl and Notl and 250 ng was resolved on a 0.8% agarose gel. Clones 2 and
3 had the correct banding patterns of 3 638 bp, 2 943 bp, and 1 804 bp (two Apal restriction sites present); and
4 939 bp and 3 446 bp respectively. Sanger sequencing of a pmRNA_Tri-NAb_sORF_Afurin construct
confirmed that the P2A cleavage peptide was unaltered (C) and the F2Aopt furin sequence was correctly
modified from the RKRR to RRRRRR sequence (D) in the Tri-NAb_sORF (forward (FOR) and reverse (REV)
sequencing chromatograms are shown where available). (E) Western blot analysis of mammalian 293F cell
expression in the presence and absence of supplemental exogenous furin demonstrated that the Tri-
NAb_sORF_Afurin had improved cleavage efficiency, removing the high molecular weight 10E8 heavy chain
band (~65 kDa), and supplemental furin is no longer required for efficient endogenous furin processing.
Western blots were transferred onto a nitrocellulose membrane and developed using a-Human-IgG-HRP (1:3
000). The DNA molecular weight marker (Mw) is the GeneRuler DNA Ladder Mix, ready-to-use SM0333
(Thermo Fisher Scientific, Waltham, MA, USA). The protein ladder is the Color Protein Standard Broad Range
P7719S (New England Biolabs, Ipswich, MA, USA).

3.5 Biochemical and functional characterisation of expressed and purified
parental and multispecific antibodies from DNA constructs.

3.5.1 Recombinant antibody expression and purification.

Following construct optimisation, and sub-cloning of all constructs into the pmRNA
vector backbone, initial small-scale studies confirmed the expression of the predicted
antibodies (Figures 3.1D & H, and 3.7E). For further biochemical and HIV-1 in vitro
functional neutralisation characterisation, large-scale transfections of the parental and
multispecific antibodies from the DNA constructs were achieved by transient
mammalian cell transfection (293F cell line). Antibody conformations including an Fc
portion (VRCO1, PGT121, and 10E8v4 parental antibodies, and multispecific
antibodies Bi-NAb and Tri-NAb (expressed by co-transfection (Co-T) or sORF) were
purified by standard Protein A affinity chromatography. Two rounds of purification were
performed on the cell culture supernatants, as antibody was still present in the flow-
through after the first incubation and purification, and high antibody yields with good
purity were recovered with each elution. An example of the Protein A purification
procedure of Bi-NAb, and Tri-NAb Co-T and sORF (before modification of the furin
sequence) as determined by SDS-PAGE and/or western blot analysis is in the
Appendix (Figure B1A, C & D respectively). The parental antibodies PGT121, VRCO01,
and 10E8v4 displayed similar results and were not shown. The expressed Bi-scFv was
purified using the C-terminal His tag IMAC, washing the resin with increasing
concentrations of imidazole which yielded highly pure eluted antibody (Appendix

Figure B1B). Consecutive elutions were performed by incubating the resin for 5
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minutes with 200 mM imidazole elution buffer for each round of purification to
maximise the Bi-scFv yields recovered (Appendix Figure B1B). All antibodies were
concentrated and quantified following affinity chromatography purification to determine
purified yields of expressed proteins. Expressed and purified antibodies were of the
anticipated sizes (results of post-SEC purified antibodies are shown below, Figure
3.8B)

Variations in the purified yield were noted for the different antibodies, however, both
parental and multispecific antibody constructs exceeded 5 mg/L purified protein yields
following affinity chromatography. Purified antibody yields varied between 6.5 — 8.5
mg/L for VRCO1 parental, and the Bi-scFv, Bi-NAb, and Tri-NAb sORF multispecific
antibodies (Table 3.1). The 10E8v4 and PGT121 parental antibodies and the Bi-NAb
and 10E8 co-transfection produced Tri-NAb (Tri-NAb Co-T) returned approximately 2-
fold higher yields ranging from 15.7 — 19.5 mg/L (Table 3.1). Tri-NAb achieved better
expression efficiency and yield when produced by co-transfection than from the sORF
(Table 3.1) and supports our previously observed differences noted during the small-
scale expression experiments which demonstrated darker western blot banding of the
Tri-NAb constituents (Bi-NAb and 10E8 heavy chain) produced by co-transfection (Bi-
NAb Ho & 10E8 Kn) versus the Tri-NAb sORF construct (Figure 3.5B and 3.7E).
However, the Tri-NAb Co-T was observed to have precipitated after Protein A
purification, which was removed by centrifugation prior to SEC purification and thus
there was less retained Tri-NAb Co-T after SEC than the Tri-NAb sORF (Table 3.1).
Table 3.1. Recombinant antibody expression and purification yields. The levels of recombinantly
expressed parental and multispecific antibodies were obtained after the first-round affinity chromatography
purification (Protein A chromatography for 10E8v4, PGT121, VRCO1, Bi-NAb, Tri-NAb produced from co-
transfection (Co-T) and Tri-NAb produced from single open reading frame (sORF) or immobilised metal-ion
affinity chromatography (IMAC) (Bi-scFv). The antibodies subsequently underwent a second purification by

size exclusion chromatography and the percentage retained corresponding to the monomeric conformation is
indicated.

Affinity chromatography Size exclusion
. (Protein A or IMAC) chromatography
Antibody Volume Yield % Retained
Amount (mg) (mL) (mg/L) Amount (mg) post-SEC
10E8v4 9.1 580 15.7 5.8 63.7
PGT121 3.9 200 19.5 3.1 76.9
VRCO01 3.8 480 7.9 2.7 71.4
Bi-scFv 3.8 570 6.7 1.6 424
Bi-NAb 51 600 8.5 51 52.9
Tri-NAb Co-T 6.4 400 16.0 6.1 36.6
Tri-NAb sORF 3.9 600 6.5 3.0 50.6
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The native conformational heterogeneity of the affinity-purified antibodies was
assessed by SEC and the respective monomeric conformations isolated (Figure 3.8A
— shaded grey boxes represent respective monomeric conformations) followed by
sample concentration and re-quantification. Yields of purified, monomeric antibody
conformations (percentage retained) are expressed as a percentage of total protein
loaded on the SEC column (affinity chromatography purified amount) (Table 3.1).
Parental antibodies, 10E8v4, PGT121, and VRCO1 displayed the highest percentage
retention of monomeric conformations achieving 63, 76, and 71% respectively. The
multispecific antibodies experienced greater losses, with reduced monomeric
conformation yields observed (Tri-NAb Co-T = 36%, Bi-scFv = 42%, Tri-NAb sORF =
50.6 % and Bi-NAb = 53% retained - Table 3.1). This is primarily a result of the parental
antibodies exhibiting greater homogeneity as observed by the SEC chromatograms
that present as a single peak, compared to the multispecific antibodies elution profiles
that indicate the presence of higher oligomeric/aggregate conformations (Figure 3.8A).
The expressed Bi-NAb and Tri-NAbs (Co-T and sORF) were prone to precipitation
during the Protein A affinity chromatography, low pH elution step and post-freeze-thaw
cycles for Bi-scFv antibody, and support the greater heterogeneity in the observed
SEC chromatograms compared to the purified parental antibodies (Figure 3.8A).
Interestingly, while the Tri-NAb Co-T displayed improved expression efficiencyl/yield
following affinity chromatography purification compared to the sORF, lower retention
percentages of the final monomeric conformation were obtained for the Co-T
compared to the sORF expressed Tri-NAb post-SEC (37% and 51% retained
respectively — Table 3.1). Regardless of these losses during purification, sufficient
amounts of purified parental and multispecific antibodies were obtained for functional

neutralisation assessment.

3.5.2 Biochemical and functional characterisation of expressed and purified parental
and multispecific antibodies from DNA constructs.

The multispecific antibodies were observed to be predominantly in the monomeric
conformation (highlighted in the grey box — Figure 3.8A) with the Bi-NAb and Tri-NAbs
(Co-T and sORF) displaying similar retention volumes to the native monomeric
parental antibodies (generally considered to be ~150kDa) (Figure 3.8A), suggesting
correct assembly of native-like antibody sized proteins. The antibody molecular
weights were calculated from the Kav vs log (MW) calibration curve of the protein
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standards (Appendix Figure B2 and Table B1) to be: PGT121 (~196 kDa); VRCO1
(~185 kDa); 10E8v4 (~136 kDa); Bi-NAb (~219 kDa), and Tri-NAbs (~187 kDa).
Furthermore, the homogeneity of the single symmetrical Tri-NAb peak suggests
heterologous heavy chain assembly and not merely expression of separate Bi-NAb
and 10E8 antibodies which would have been distinguishable (Figure 3.8A). The Bi-
scFv displayed a longer retention volume due to its smaller molecular weight
(calculated to be ~60 kDa — Appendix Table B1) and inability to dimerise as it lacks the
C-terminal Fc antibody portion (Figure 3.8A).

Polypeptide chain assembly and purity of the parental and multispecific antibodies
were confirmed by SDS-PAGE under reducing and non-reducing conditions (Figure
3.8B). The relative migration distance of the molecular weight marker proteins were
determined and plotted against the log of the molecular weight to generate a standard
curve from which the molecular weights of the resolved parental and multispecific
antibodies (reduced conformations only) were determined (Appendix Figure B3). As
expected, the bispecific antibodies, Bi-scFv and Bi-NAb, resolve as a single
polypeptide under reducing conditions of ~70 and ~95 kDa respectively (Figure 3.8B,
left panel and Appendix Table B1). While the Bi-NAb visibly dimerises under non-
reducing conditions (~230 kDa) due to the intact Fc region, there is no size shift
between native and denatured states for the Bi-scFv due to its inability to dimerise
(Figure 3.8B — right panel). The non-reduced Bi-scFv did not resolve into a distinct
band, but the size demonstrates this is not due to dimerisation (Figure 3.8B — right
panel). The parental antibodies (PGT121, VRCO01, and 10E8v4) displayed their
characteristic heavy- and light-chain banding pattern of ~60 to 64 kDa and ~30 kDa
respectively (Appendix Table B1) when resolved under reducing conditions (Figure
3.8B, left panel) but assemble and dimerise natively (~200 kDa) under non-reducing
conditions (Figure 3.8B, right panel). However, it was observed that 10E8v4 had a
larger SEC retention volume (and smaller molecular weight) than PGT121 and
VRCO01, but this data is inconsistent with the SDS-PAGE analysis (Figure 3.8A and B).
The delayed elution of 10E8v4 has been reported to result from non-specific
interactions of the hydrophobic CDR H3 region of 10E8v4 with SEC resin (351,352).
Therefore, the apparent molecular weight of 10E8v4 was adjusted to approximate the
size of the other parental antibodies (~190 kDa) (Appendix Table B1) for conversion

of neutralisation values into nM (see section 3.6 for details).
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The expressed Tri-NAbs (Co-T and sORF) display the characteristic triple banding
pattern comprising the Bi-NAb (~95 kDa), 10E8 heavy chain (~60 kDa) and 10E8 light
chain (~30 kDa) (Appendix Table B1) under reducing conditions (Figure 3.8B, left
panel) and assemble into a native antibody conformation of approximately 220 kDa
under non-reducing conditions (Figure 3.8B, right panel). The antibody molecular
weights observed were larger than predicted using an online molecular weight
calculator, but similar in size to those previously described and published (Appendix
Table B1). This discrepancy in the observed versus predicted molecular weights may
result from glycosylation at the predicted N-linked glycosylation sites in each of the
antibodies (Appendix Table B1). Additionally, all the antibodies were of high purity
under reducing conditions, however, various heavy- and light-chain pairing was
observed under non-reducing conditions (Figure 3.8B). Therefore, the parental and
multispecific antibodies were shown to have high purity and assemble correctly into

their quaternary structures and their functionality could be assessed.

101



3
c 31
©
-g — MW standards (kDa)
0
g 21 — B!-scFv
i — Bi-NAb
g — Tri-NAb Co-T
= 4 — Tri-NAb sORF
£
16 — 10E8v4
=2 - PGT121
o s
L L] L] L 1
0 25 50 75 100 125
Volume (mL)
Reducing Non-reducing
& s
2 N
N (A " 0 0
O & o5 o0 S (&
X Q O NA K
kDa .
250
- |80 | - ——
w130 -—
95
Heavy 72 N
chain 55
43
Light 34
chain
26
17

NuPAGE® Novex 4-12% Bis-Tris gel

Figure 3.8. Conformational and purity assessment of expressed HIV-1 broadly neutralising parental and
multispecific antibodies. (A) Size-exclusion chromatography purification (post primary affinity purification
procedures), performed on a HiLoad 16/600 Superdex 200pg column, was used to interrogate the
heterogeneity of the purified antibodies and isolate the monomeric conformations of each antibody relative to
the molecular weight (MW) standards (~150 kDa for parental, Bi-NAb, and Tri-NAb antibodies, and ~70 kDa
for the Bi-scFv as indicated by the grey shaded areas) (y-axis is staggered for chromatogram visualisation and
comparison). (B) Assessment of antibody purity and conformation by SDS-PAGE. Five micrograms of purified
recombinantly expressed antibodies were resolved on a 4-12% Bis-Tris gel under reducing (+dithiothreitol (DTT
— left panel) and non-reducing (-DTT — right panel) conditions. Bands were visualised by Coomassie
blue/destaining protocols. Parental antibodies (PGT121, VRCO01, and 10E8v4) displayed the characteristic
heavy- and light chain banding pattern (~60 and ~30kDa respectively) under reducing conditions and ~200
kDa under non-reducing conditions. The bispecific antibodies resolved as a single polypeptide when reduced
(Bi-scFv ~70 kDa, Bi-NAb ~95 kDa), with only the Bi-NAb dimerising under non-reducing conditions (~230).
The Tri-NAbs displayed the characteristic three banding pattern when reduced (Bi-NAb ~95 kDa, 10E8 heavy
chain ~60 kDa, and 10ES8 light chain ~30 kDa) that assemble to ~220 kDa under non-reducing conditions. The
protein ladder is the Color Protein Standard Broad Range P7719S (New England Biolabs, Ipswich, MA, USA).
Co-T, co-transfection, sORF, single open reading frame.
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3.6 Functional in vitro neutralisation of HIV-1 was achieved by the multispecific
antibodies.

Purified parental and multispecific antibodies were assessed for their ability to
neutralise a panel of 17 HIV-1 pseudoviruses (inclusive of the global HIV-1
pseudovirus panel) using an in-house single-round HIV-1 pseudovirus infectivity
assay. Neutralisation assays were performed using the TZM-bl reporter cell line and
the percentage viral inhibition (IC50 and IC80 representing 50% and 80% inhibition
percentages respectively) for the purified antibodies were determined (Figure 3.9 and
Appendix Figure B4). To account for the differences in size between the antibodies,
the 1C50 and IC80 values were normalised to nM concentration before statistical
analyses (Figure 3.9B & C). Due to the clinical significance of the IC80 values (cutoff
of <1 yg/mL (normalised to the molecular weight of a ~150 kDa antibody to be ~6 nM))
to predict the clinical potency of antibodies (135), these results for breadth and potency

are discussed while the IC50 results are reported in the Appendix Figure B5.

The PGT121 and VRCO1 parental antibodies displayed the expected neutralisation
profiles, neutralising sensitive viruses but unable to neutralise their respective resistant
viruses or the dual resistant viruses (Figure 3.9A). Interestingly, VRCO01 did neutralise
50% of the dual-resistant virus QH343.21M.ENV.A10 at high concentrations but could
not reach 80% neutralisation at the maximal tested concentration of 25 ug/mL (Figure
3.9A). The parental antibody 10E8v4 was able to neutralise all 17 HIV-1 pseudoviruses
tested which was to be expected given the viruses’ sensitivity to this antibody (Figure
3.9A). Overall, PGT121 was observed to be the most potent parental antibody (median
IC80 0.187 pg/mL (0.953 nM)) but least broadly neutralising, achieving only 59%
coverage (Figure 3.9A, B, and C). Conversely, 10E8v4 has the broadest neutralisation
coverage (100%) but the lowest potency (median IC80 2.845 ug/mL (14.92 nM))
(Figure 3.9A, B & C). VRCO01 demonstrated slightly improved coverage over PGT121,
65% versus 59% neutralisation coverage, respectively, with a ~10-fold lower median
IC80 potency of 1.332 ug/mL (7.185 nM) (Figure 3.9A, B, & C).

Importantly, the multispecific antibodies demonstrate neutralisation of single-PGT121
and -VRCO1-resistant viruses, thus confirming the functionality of each antibody
paratope in the multispecific antibody conformation and enabling the observed
enhanced neutralisation breadth, with the Bi-scFv, Bi-NAb, and Tri-NAb (Co-T and
sORF) achieving 94% neutralisation coverage at IC80 <100 nM (25 pg/mL) (Figure
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3.9A & B). Ce2103_E8 was the only virus that was not neutralised by the multispecific
antibodies despite showing sensitivity to the 10E8v4 parental (IC50 3.136 ug/mL and
IC80 11.12 ug/mL) (Figure 3.9A). However, inspection of the neutralisation curves
(Appendix Figure B4, Ce2103_E8) indicates that low-level neutralisation activity (O-
49%) at the highest concentration tested (25 ug/mL) was obtained but fell short of
achieving 50% inhibition. Similarly, reductions in multispecific antibody potency were
noted when compared to the parental antibodies for the dual-sensitive and single-
resistant pseudoviruses (Figure 3.9A & C). The PGT121 antibody was overall the most
potent antibody tested against the selected virus panel, median IC80 0.953 nM (Figure
3.9C) but was only statistically more potent than the Bi-scFv antibody (median IC80 —
3.65 nM) (Figure 3.9C, p=0.0066). The multispecific antibodies gained potency from
the inclusion of the PGT121 paratope, particularly against VRCO1-resistant
pseudoviruses, with the Bi-NAb and Tri-NAbs (Co-T and sORF) being statistically
more potent (p<0.001) than the VRCO1 parental antibody (median IC80: VRCO1 -
7.185 nM, Bi-NAb — 2.209 nM, Tri-NAb Co-T — 2.869 nM and Tri-NAb-sORF — 3.639
nM (Figure 3.9 A & C)). The Tri-NAbs (Co-T and sORF) were also shown to be
statistically more potent than the 10E8v4 parental antibody (median IC80 — 14.92 nM
p<0.02) (Figure 3.9C). Multispecific antibodies displayed similar potencies (Figure
3.9C) with only the Bi-NAb and Tri-NAb (Co-T) reaching statistically better potency
than the Bi-scFv (p<0.001 and 0.005, respectively). Similar statistically significant
differences in potencies were observed for the IC50 data (Appendix Figure B5B).
These data indicate that retention of parental antibody potency is not guaranteed
within multispecific conformations, but that improvements in neutralisation breadth are

readily attainable.

Synergistic enhanced neutralising potency of multispecific antibodies was observed
against several HIV-1 pseudoviruses. The Bi-scFv and Bi-NAb conformations
effectively neutralised the dual-resistant strains CAP210.2.00.E8 and
QH343.21M.ENV.A10 at IC80 8.716 or 18.25 pg/mL, respectively and 3.37 or 7.36
Mg/mL respectively (Figure 3.9A and Appendix B4A). In addition, the multispecific
antibodies (Bi-scFv, Bi-NAb and Tri-NAbs (Co-T and sORF)) showed enhanced
potency in neutralising PGT121-resistant strain 246F3 compared to parental
antibodies, PGT121, VRCO1 and 10E8v4 (Figure 3.9A and Appendix B4A). The Tri-
NAbs (Co-T and sORF) demonstrated enhanced potency (IC80 ~0.2 ug/mL) (>5 fold)
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against the CNES8 virus, compared to the parental VRC01 and 10E8v4 antibodies (1.25
and 2.28 ug/mL respectively), but also the Bi-scFv and Bi-NAb multispecifics (1.88 and
3.03 pg/mL, respectively) (Figure 3.9A and Appendix Figure B4A). These data support
the notion that multispecific conformations may develop enhanced potency over the
parental antibodies through their ability to engage dual or triple epitopes

simultaneously thereby increasing the overall affinity through improved avidity.

Importantly, the multispecific antibodies median IC80 were all <1 yg/mL (Figure 3.9A
& C) and were able to neutralise more viruses (>70%) at this concentration compared
to the parental antibodies that neutralised only 24-59% of the pseudovirus panel
(Figure 3.9A & B). In summary, the functionality of each antibody paratope was
confirmed within each multispecific antibody conformation, resulting in improved
neutralisation coverage at an I1C80 of <1 pg/mL (6 nM) compared to parental
antibodies. These data validate the constructs for the expression of functional
multispecific antibodies and were advanced into in vitro mRNA production and mRNA-

mediated antibody expression analyses.
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Purified Antibody IC50 (pg/mL) Purified Antibody IC80 (ug/mL)
Parental Antibodies Multispecific Antibodies. Parental Antibodies Multispecific Antibodies
) - " TriNAb  Tri-NAb . i TriNAb  Tri-NAb
Pseudovirus Subtype PGT121 VRCO1  10E8v4 BiscFv  Bi-NAb CaT SORF PGT121 VRCO1  10E8v4 Bi-scFv  Bi-NAb Co-T SORF
25710% c 0.018 0379 0110 0.051 0.108 0.096 0.102 0.048 1.166 0.369 0124 0.282 0231 0.260
308F1° c 0017 0259 0521 0032 0077 0011 0012 0044 1088 6284 0094 018 0094  0.085
CE0217" c oeeEN o.265 0.355 0.013 0.036 0.049 0.051 0.015 1.005 2.681 0.032 0.082 0122 0.132
Dual sensitive CE1176" Cc 0.031 3181 1214 0.082 0.142 0.241 0.259 0.067 10.970 4972 0.183 0.389 0.656 0.682
CH118* CRF07_BC 0.037 1.013 2436 0.092 0.183 0.341 0.324 0.102 2921 7.514 0.222 0.513 0.811 0.915
TROM* 8 0014 0260 0153 0041 0079 0041 0084 0045 0830 0637 0100 0253 018  0.190
X2278° B 0024 0201 0449 0042 0101 | 0057 = 0059 0060 0480  0.940 0110 0201 0200 0238
246F3° AC Recombinant >25 0.297 0.605 0.047 0121 0.151 0.147 >25 0.850 3.816 0.133 0.334 0.399 0.406
PGTI21 CNE®* CRFO1_AE >25 0489 0780 0644 | 1220 | 0054 | 0049 >25 | 1248 | 2270 1884 | 3029 0225 0194
Resistant CNESS* CRFO1_AE =25 0373 0529 1032 | 2895 0597 0666 >25 | 1332 | 2690 2332 9007 2466 2357
X1632* G >25 0263 0848 0146 0234 0320 0363 >25 0662 | 2845 035 0484 0836 | 1227
BIOX002000° CRFO7_BC 0031 >25 0910 005 0138 0166  0.60 0076 >25 | 3432 0471 0352 0524 0511
VRCO1 Resistant Du172.17 c 0126  »25 0225 0184 028 0201 0281 0644  >25 0594 0559 0624 0538 0872
Du4d22.1 C 0.061 >25 0.756 0112 0.351 0.361 0.395 0187 >25 2087 0.386 0.830 0948 0.896
eoT1zIVRGo]  CAPZ10200E8 5 >25 >25 0756 2184 4377 2380 3308 >25 >25 | 3188 8716 18255 11258 15213
Dl ey QHBA32IMENV.ATD A >25 | 18.498 2602 0850 | 1868 | 1.830 | 2033 >25 >25 11440 3370 7362 5836  7.298
Ce2103 E8 c >25 >25 | 343% >10  >25 >25 >25 >25 >25 | 11420 > 10 >25 >25 >25
Number of Viruses e 17 17 17 17 17 17 17 17 17 17 17 17 17
Total Virus Neutralised 10 12 17 16 1% 16 16 10 11 17 18 16 16 18
% Total Virus Neutralised 5 70 100 9% 94 94 9 59 65 100 94 94 94 94
% Virus Neutralised <1 pgfmL 59 53 76 82 7 82 82 59 24 24 7 7 76 7
Median (pg/mL) 0.061 0.489 0756 0.092 0483 0201 0.259 0187 | 1332 2845 0222 0484 0538  0.682
? Median (nV) 0.309 | 2638 3.963 152 0.837 | 1.074 | 1.381 0953 | 7185  14.92 3.65 2209 2869  3.639
Geormetrie Mean (ug/mi) 0449 1731 0622 0158 0346 0235 0.259 0318  3.655 2653 0418 0903 0731  0.784
* Geometric Mean (nM) 2291 9339 3.260 2.606  1.579 1256 1.384 4164 19.720 13.910 6.886 4421 3.901  4.185
IC50/IC80 Values (ugimL) [DIO0AS0I04] 0.01-0] 01-1.0 [10-260] >10 | >25
B C -
T 1
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Figure 3.9. Neutralisation profile (breadth and potency) comparison of purified parental and
multispecific antibodies against a panel of 17 tier 2 HIV-1 pseudoviruses. (A) IC50/IC80 neutralisation
data for the purified monoclonal parental and multispecific antibodies (Bi-scFv, Bi-NAb, and Tri-NAb generated
from co-transfection (Co-T) and the single open reading frame (sORF)). Parental monoclonal antibodies
demonstrate greater potency against dual-sensitive viruses compared to the multispecific antibodies. However,
multispecific conformations achieved enhanced neutralisation breadth, neutralising both single- and dual-
resistant viruses. To account for the differences in antibody size, the IC50 and IC80 data were normalised to
nM concentration before statistical analyses. (B) Breadth-potency curve of parental and multispecific antibody
IC80 values (nM) indicating the enhanced neutralisation breadth of the multispecific antibodies over the VRCO01
and PGT121 parental antibodies. (C) Scatterplots depicting median IC80 values and interquartile range
obtained for the parental and multispecific antibodies. Median IC80 values (nM) of parental and multispecific
antibodies demonstrate that the multispecific antibodies did not conserve the potency of the PGT121 parental
antibody but did have enhanced potency over the VRCO01 and 10E8v4 parental antibodies. The Bi-NAb and
Tri-NAb Co-T were statistically more potent than the Bi-scFv. The dotted line (B and C) indicates the clinical
cutoff 1C80 of <1 ug/mL, calculated to be ~6 nM for a ~150 kDa antibody. Statistical differences were
determined using a Friedman test with Dunns correction post hoc, the level of significance is indicated as
follows: * <0.05, ** <0.01, *** <0.001. (A) * Denotes HIV-1 pseudoviruses from the Global Panel of HIV-1 Env
reference clones (Cat# 12670), NIH AIDS Reagent Program, and are representative of the globally circulating
viruses. *Indicates the median or geometric mean molar corrected antibody concentrations (nM).
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3.7 IVT mRNA transcript production, purification, and expression.

3.7.1 Production and purification of IVT-mRNA expression cassettes.

IVT mRNA expression cassettes were generated from Bpil linearised pmRNA DNA
plasmids encoding controls for mMRNA-mediated expression (GFP (4 464 bp) and Fluc
(5 361 bp)) and multispecific antibodies (bispecific: Bi-scFv (5 337 bp) and Bi-NAb
(6 012 bp); trispecific: Tri-NAb_sORF (8 385 bp) and for co-transfection with 10E8_Kn
(5 994 bp) and Bi-NAb_Ho (6 012)) (Figure 3.10A). mRNA transcripts of the defined
length (including a 46-nucleotide poly-A signal for improved mRNA transcript stability)
were produced from the linearised DNA templates, denatured, and resolved on an
agarose gel to analyse their integrity before purification procedures (data not shown),
transcript integrity was observed to be identical pre- and post-cellulose purification —
Figure 3.10B). mRNA transcripts were purified of contaminant dsRNA for increased
translation efficiency of the retained ssRNA. Purified IVT mRNA samples were
denatured and resolved on an agarose gel to evaluate their integrity before performing
the capping reactions (Figure 3.10B). Homogenous mMRNA transcripts of the
anticipated defined sizes were present, GFP (961 bases), Fluc (1 858 bases), Bi-scFv
(1 834 bases), Bi-NAb and Bi-NAb_Ho (2 509 bases), 10E8 Kn (2 491 bases), and
Tri-NAb_sORF (4 882 bases) (Figure 3.10B), indicating the successful generation of

intact mMRNA transcripts.

3.7.2 Multispecific antibody expression from IVT-mRNA transcripts.

Purified mRNA transcripts were enzymatically capped (5’ Cap1 structure) which is
necessary to protect the mRNA transcripts from decay during transcription. The
purified mRNA transcripts were transfected into mammalian 293F cells and the mRNA-
mediated expression, polypeptide chain assembly, and secretion of the multispecific
antibodies into the cell culture media were confirmed by western blot under reducing
and non-reducing conditions, detected with a-Penta-His-HRP (Bi-scFv) or a-Human-
lgG-HRP (Bi-NAb and Tri-NAbs - Figure 3.10C & D). Analogous to the antibody
banding patterns observed from DNA-expressed and purified antibodies (Figure 3.8B),
the multispecific antibodies were observed to be of the anticipated molecular weights
and conformations when resolved under reducing conditions (Figure 3.10C). The
bispecific antibodies resolved as single polypeptides, Bi-scFv (~70 kDa) and Bi-NAb
(~95 kDa), and the Tri-NAbs (Co-T and sORF) displayed the characteristic banding
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pattern comprising the Bi-NAb (~95 kDa) and 10E8 heavy chain (~60 kDa) (the 10E8
light chain (~30 kDa), due to the limitations of the secondary antibody used, this light-
chain was not detected) (Figure 3.10C). Although the F2Aopt furin sequence had been
optimised to improve cleavage efficiency (Figure 3.7), there does appear to be a faint
high molecular weight 10E8 heavy chain band (~65 kDa) present in the Tri-NAb sORF
but not the Co-T (Figure 3.10C). This may be a result of reduced cleavage efficiency
occurring at the F2Aopt furin sequence due to the tandem nature of successive
cleavage peptides being present in the sORF construct. A low molecular weight band
(~35 kDa) was detected in the Bi-NAb lane (Figure 3.10C — right side pane), while its
size approximates that of antibody light chain, due to the structural conformation of the
Bi-NAb single polypeptide this is unlikely to be antibody light chain. This band is also
visible in the Tri-NAb lanes (Figure 3.10C -right side pane), which is postulated to be
the aberrant Bi-NAb band and not 10ES8 light chain since the secondary antibody does
not detect light chain (Figure 3.10C — right side). The aberrant Bi-NAb band does
appear to be specific for the anti-human-IgG detection, suggesting aberrant antibody-
related polypeptide which is specific to the Bi-NAb construct as it was not present with
the controls (GFP, Fluc nor the Bi-scFv transfected cell culture supernatants - Figure
3.10C). The mRNA-expressed Bi-scFv was not observed to dimerise as expected, with
a ~70 kDa band visible under both reducing and non-reducing conditions (Figure
3.10C & D — left side pane). The mRNA-expressed Bi-NAb and Tri-NAbs assembled
to their respective ~200 and ~190 kDa conformations under non-reducing conditions,
with various observed combinations of heavy- and light-chain pairing (Figure 3.10D —
right side pane). These data are consistent with that of the expressed and purified
multispecific antibodies (Figure 3.8) and suggest that the mRNA-expressed antibodies

achieved comparable assembly.

The detection intensity of the multispecific antibodies indicates that they were
expressed efficiently, while the observed intensity of the Bi-NAb was the greatest. The
reduced intensity of the Bi-scFv was mostly likely a result of differences in sensitivity
of the respective secondary antibodies (Anti-human IgG versus Penta-His) and is not
necessarily indicative of differences in expression levels between the multispecific
antibodies (Figure 3.10C & D). The transfection efficiency of GFP was confirmed
visually (data not shown), however no bands in the GFP or Fluc controls were

observed on the western blots as expected (Figure 3.10C & D). This result was
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anticipated given that neither protein is secreted into the culture supernatants
(constructs lack the secretion signal peptide) nor do these proteins have the anti-
human/His-tag epitopes for detection by the secondary antibodies used (Figure 3.10C
& D). The GFP and Fluc controls for mRNA transfection had their expression confirmed
by analysing the cell lysates for fluorescence at 507 nm and luminescence (Figure
3.10E & F respectively). GFP was efficiently expressed from mRNA transfection and
was present in the cell lysate as its fluorescence was greater than 6-fold above the
background fluorescence detected for the other cell lysates (Figure 3.10E). Fluc was
also efficiently expressed from mRNA transfection and had luminescence detected 10
000-fold greater than the background luminescence of the other cell lysates (Figure
3.10F). Therefore, the expression and conformation of the multispecific antibodies and
controls (GFP and Fluc) from mRNA transcripts were confirmed and resembled that of

the multispecific antibody DNA-expressed counterparts.
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Figure 3.10. IVT-mRNA-mediated multispecific antibody expression in vitro. (A) Resolved multispecific antibody, green
fluorescent protein (GFP), and firefly luciferase (Fluc) (controls). DNA constructs were linearised with Bpil to serve as
templates for mRNA in vitro transcription (IVT) reactions. One hundred nanograms of linearised plasmid DNA was resolved
on 0.8% agarose gel. Complete digestion was achieved, linearising the DNA constructs to the anticipated sizes (GFP (4 464
bp) and Fluc (5 361 bp)) and multispecific antibodies (bispecific: Bi-scFv (5 337 bp) and Bi-NAb (6 012 bp); trispecific: Tri-
NAb_sORF (8 385 bp) and for co-transfection with 10E8_Kn (5 994 bp) and Bi-NAb_Ho (6 012)). (B) IVT-mRNA transcripts
were generated from linearised DNA, purified of contaminating dsRNA, and 500 ng was denatured prior to the integrity being
evaluated by agarose gel electrophoresis on a 1% agarose gel. Homogenous mRNA transcripts of defined length were
observed to be intact - GFP (961 bases), Fluc (1 858 bases), Bi-scFv (1 834 bases), Bi-NAb and Bi-NAb_Ho (2 509 bases),
10E8_Kn (2 491 bases), and Tri-NAb_sORF (4 882 bases). Purified IVT-mRNA transcripts were enzymatically capped (5’
Cap1 structure), and antibody expression and secretion were confirmed by western blot analysis of unpurified mammalian
cell culture supernatants under reducing (+dithiothreitol (DTT) (C) and non-reducing (-DTT) conditions (D), following mRNA-
transcript transfection in mammalian 293F cells. (C) The multispecific antibodies were of the anticipated sizes and
conformations, analogous to that of purified antibodies from the DNA transfections — single polypeptide Bi-scFv (~70 kDA)
and Bi-NAb (~95 kDa), and Tri-NAbs displaying three bands (Bi-NAb, ~95 kDa, 10E8 heavy chain (~60 kDa) and 10E8 light
chain (~30 kDa). (D) The Bi-scFv does not dimerise (as expected) but the mRNA-expressed Bi-NAb and Tri-NAb antibodies
dimerised and assembled under non-reducing conditions. Fluorescence at 488/507 nm (E) and luminescence (relative
luminescent units (RLU)) (F) of mRNA transfected cell lysates were determined to confirm mRNA-expression of GFP and
Fluc, respectively. Western blots were transferred onto nitrocellulose membranes and developed using a-Penta-His-Horse
Radish Peroxidase (HRP) (1:2 000) for detection of the Bi-scFv (left side pane) and a-Human-IgG-HRP (1:3 000) for detection
of the Bi-NAb and Tri-NAb (right side pane). The RNA ladder (Mw) is the RiboRuler High Range RNA Ladder, ready-to-use
SM1823 (Thermo Fisher Scientific, Waltham, MA, USA). The protein ladder is the Color Protein Standard Broad Range
P7719S (New England Biolabs, Ipswich, MA, USA). UTC, untransfected control.
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3.8 Assessment of mRNA-expressed multispecific antibody functionality and
inhibition.

IVT-mRNA expressed GFP and Fluc (controls for mRNA-mediated expression,
negative controls for HIV-1 neutralisation) and multispecific antibodies were assessed
for their ability to neutralise the previously described panel of 17 HIV-1 pseudoviruses
in-house. Neutralisation assays were performed using the TZM-bl reporter cell line.
IVT-mRNA multispecific antibodies would ultimately be expressed directly in vivo with
no purification, therefore, unpurified clarified cell culture supernatant was functionally
tested directly for in vitro neutralisation. Clarified cell culture supernatants were diluted
in the assay to determine the dilution factor corresponding to 50% or 80% viral
inhibition (ID50 and ID80 respectively) (Figure 3.11 and Appendix Figure B6). Again,
due to the clinical significance of 80% neutralisation metrics (IC80), the ID80 results
for breadth and potency are described while the ID50 results are available in the

appendix (Appendix Figure B7).

The mRNA-expressed multispecific antibodies achieved high neutralisation titres
(median ID80s all >100) and could be diluted up to 6 000x and still achieve 80%
neutralisation in exceptional circumstances (Bi-scFv against the dual sensitive virus
CEO0217 - Figure 3.11A). Given the similarity of the purified multispecific antibodies (Bi-
scFv, Bi-NAb, Tri-NAb (Co-T and sORF) potencies (IC80 ~3 nM — Figure 3.9A & C)
the differences observed in the ID80 values (Figure 3.11A & C) largely represent
differences in protein expression efficiency between the constructs. The smaller Bi-
scFv construct achieved the highest relative expression and given that it has the
smallest relative molecular weight, produced the highest median neutralising titre
(ID80) of 1 427 and was significantly higher than the Tri-NAb produced by Co-T (ID80
362 — p=0.0002) or the sORF construct (ID80 166 — p<0.0001) (Figure 3.11A & C).
The Bi-NAb mRNA construct demonstrated high expression efficiency in vitro,
achieving a median ID80 neutralising titre of 655, however, this was only found to be
significantly higher than the Tri-NAb sORF construct (p=0.0007) (Figure 3.11A & C).
Tri-NAb sORF mRNA construct resulted in the lowest ID80 titre suggesting the lowest
protein expression efficiency, with an approximate 2-fold lower expression efficiency
than the co-transfection strategy (Figure 3.11A & C). This finding is consistent with the

small- and large-scale DNA expression results (Figure 3.7E and Table 3.1) that
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demonstrate the Tri-NAb sORF had lower expression efficiency in vitro. Similar

statistical differences were observed for the ID50 data (Appendix Figure B7B).

The mRNA-expressed multispecific antibodies once again displayed neutralisation of
both single- and dual-PGT121/VRCO1-resistant viruses, thus confirming the
functionality of each paratope (PGT121, VRCO01 and 10E8) within the multispecific
conformation and increasing their neutralisation coverage. mRNA-expressed
multispecific antibodies inhibited 80% viral infectivity against 94% (Bi-scFv, Bi-NAbD,
and Tri-NAb Co-T) and 82% (Tri-NAb sORF) at maximum concentration (10-fold
dilution) against the 17 HIV-1 viruses (Figure 3.11A & B). This slight decrease in the
observed neutralisation coverage of the mMRNA sORF expressed Tri-NAb was in the
failure to reach 80% neutralisation cut-off for CAP210.2.00.E8 and
QH343.21M.ENV.A10 dual resistant strains (Figure 3.11A & B). This indicates that the
expression level of the Tri-NAb_sORF was not high enough to achieve 80%
neutralisation of these viruses, since they were sensitive to neutralisation at higher
concentrations from the DNA-expressed Tri-NAb_sORF (Figure 3.9A) and ID50 for

these two viral strains were obtained (Figure 3.11A and Appendix Figure B7A).

Using an arbitrary dilution factor of 100x for comparison (Figure 3.11B - dotted line),
the neutralisation data demonstrate that sufficient expression of all four multispecific
antibodies was achieved from mMRNA constructs. The unpurified cell culture
supernatant could be diluted to this extent (100x times) and still inhibit 80% of virus
infectivity with >75% neutralisation coverage against the 17 pseudovirus panel tested.
The GFP and Fluc mRNA transfected cell controls demonstrate no neutralisation

capacity of HIV-1 pseudoviruses as expected (Figure 3.11).

Therefore, in summary, the multispecific antibodies were successfully expressed from
IVT-mRNA transcripts, retaining the functional paratopes of each antibody, at
sufficiently potent titres to achieve enhanced neutralisation breadth against the viruses
tested. Furthermore, the mMRNA-expressed multispecific antibodies had a
neutralisation coverage comparable to that achieved by the DNA-expressed and
purified multispecific antibodies, thus proving the validity of this antibody expression

platform in vitro.
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Unpurified mRNA Expressed D50 Unpurified mRNA Expressed ID80
Controls Multispecific Antibodies Controls Multispecific Antibodies
] ! TriNAb _ Tri-NAb l TriNAb _ Tri-NAb
Pseudovirus Subtype GFP Fluc Bi-ScFv  Bi-NAb Co-T SORF GFP Fluc Bi-ScFv  Bi-NAb Co-T SORF
25710" C <10 <10 4997 2292 1105 708 <10 <10 1903 824 384 253
398F1* c <10 <10 |[EA7EIN 5367 3532 2250 <10 <10 3887 1769 1281 681
CE0217* c <10 <10 [N208500 6540 2673 1603 <10 <10 6247 2111 1069 562
Dual sensitive CE1176* c <10 <10 4911 2084 839 408 <10 <10 1986 850 361 166
CH119" CRF07_BC <10 <10 3103 1257 704 420 <10 <10 1374 560 327 194
TRO11* B <10 <10 [F06EGN 3637 1846 1119 <10 <10 3912 1445 677 380
X2278" B <10 <10 8871 4523 1755 1020 <10 <10 3023 1255 569 287
246F3* AC Recombinant <10 <10 5424 3285 1305 660 <10 <10 1348 72 297 153
PGT121 CNE8* CRFO1_AE <10 <10 600 503 971 949 <10 <10 232 153 215 139
Resistant CNE55* CRFO1_AE <10 <10 75 39 a4 40 <10 <10 26 12 12 12
X1632* G <10 <10 2532 1303 560 305 <10 <10 954 509 177 106
BJOX002000* CRF07_BC <10 <10 4724 1799 1023 692 <10 <10 1853 655 388 231
VRCO1 Resistant Dut72.17 c <10 <10 4489 2076 1879 966 <10 <10 1695 795 653 378
Du422.1 C <10 <10 3152 1008 694 297 <10 <10 1427 433 278 103
poTI2IVRCD . CAP210200E8 5 <10 <10 242 131 107 67 <10 <10 61 34 24 <10
Dual resistant QH343 21MENV.A10 A <10 <10 272 138 31 <10 <10 88 33 13 <10
Ce2103_E8 C <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Number of Viruses 17 17 17 17 17 17 17 17 17 17 17 17
Total Virus Neutralised V] V] 16 16 16 186 0 [} 16 16 16 14
% Total Virus Neutralised [ 0 94 94 94 94 0 0 94 94 94 82
% Virus Neutralised >100 [ 0 88 88 82 76 0 0 76 76 76 76
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Figure 3.11. Neutralisation profile (breadth and potency) comparison of IVT-mRNA expressed
multispecific antibodies against a panel of 17 tier 2 HIV-1 pseudoviruses. (A) ID50/ID80 depicted
neutralisation data for IVT-mRNA expressed multispecific antibodies (Bi-scFv, Bi-NAb, and Tri-NAb generated
from co-transfection (Co-T) and the single open reading frame (sORF), and controls Green Fluorescent Protein
(GFP) and firefly luciferase (Fluc). Multispecific conformations achieved enhanced neutralisation breadth,
neutralising both single- and dual-resistant viruses. (B) Breadth-potency curve of controls and multispecific
antibodies ID80 values indicating the broad neutralisation breadth of the multispecific antibodies. (C) Scatter
plots depicting median ID80 values obtained for the multispecific antibodies. Median and interquartile ranges
(IQR) are shown. Statistical differences were determined using a Friedman test with Dunns correction post
hoc, the level of significance is indicated as follows: * <0.05, ** <0.01, *** <0.001. (A) * Denotes HIV-1
pseudoviruses from the Global Panel of HIV-1 Env reference clones (Cat# 12670), NIH AIDS Reagent Program,
and are representative of the globally circulating viruses. The dotted line indicates an arbitrary dilution factor of
100x, used for comparison of neutralisation data.

113



3.9 Relative quantification of the mRNA-expressed multispecific antibodies.

Having demonstrated that mRNA-mediated expression of multispecific antibodies
could be achieved in vitro, we were interested in quantifying the expression of
antibodies into the cell culture media from each construct. To do so, antibody titres of
the mRNA-expressed multispecific antibodies were quantified relative to purified
multispecific antibody prepared standards using an in-house HIV-1 Env (gp120
founder virus C monomer) specific binding ELISA, densitometry analysis of known
antibody standards and unknown cell culture supernatant samples detected by
western blotting, and the direct calculation based on the IC50 and ID50 data reported
(Table 3.2). HIV-1 Env gp120rvc M was recombinantly expressed and purified using a
lectin-affinity chromatography procedure (Appendix Figure B8A) followed by SEC to
isolate the monomeric fraction (Appendix Figure B8B) and purified gp120rvc M
glycoprotein was used in the ELISA.

The clarified, unpurified cell culture supernatant obtained following mRNA transfection
(as was used in the neutralisation assays) was diluted 50x and 100x and quantified
relative to each antibody standard curve (Appendix Figure B9). When correcting for
the dilution factor, the calculated concentrations were similar between the dilutions,
indicating the precision of the quantification. The bispecific IVT-mRNA constructs (Bi-
scFv and Bi-NAb) achieved higher antibody expression than the Tri-NAb constructs
(Co-T and sORF) (Table 3.2). The Bi-NAb achieved the highest concentration (~22
pMg/mL) and thus the best expression, followed by the Bi-scFv (~14 pg/mL) and the Tri-
NAbs had the lowest expressed concentration (Co-T, ~10 ug/mL; sORF, ~7 ug/mL)
(Table 3.2). However, these low values contradict the neutralisation titre data obtained

(Figure 3.11) and suggest an underestimation of antibody concentration by 15-30-fold.

As an alternative method, quantities of IVT-mRNA expressed antibodies were
estimated by western blot detection and densitometry measurements relative to
purified antibody standards on known concentration (Appendix Figure B10 — standard
curves were not available for export). Purified multispecific protein standards of known
loaded amounts were resolved against cell culture supernatant (diluted 1, 2, and 4
times) and transferred onto nitrocellulose membranes for analysis (Appendix Figure
B10). Quantification by densitometry was less precise than the ELISA, as once the

initial dilution was corrected for, the final concentrations varied by as much as 2.3 to
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3.4-fold when comparing undiluted (1x) to the 4x diluted samples (Table 3.2). The Bi-
scFv had the highest average concentration (across dilution points) (~312 pg/mL),
followed by the Bi-NAb (~210 pg/mL) and the Tri-NAbs (Co-T, ~152 pg/mL; sORF,
~121 ug/mL) (Table 3.2). These estimated starting concentrations matched the
neutralisation titre data obtained (Figure 3.11). However, the high variability between
dilutions was concerning. In an effort to consolidate the data, the mRNA-expressed
multispecific antibody concentrations were also determined from their in vitro
neutralisation data by multiplying the IC50 for each purified multispecific antibody/virus
combination by the ID50 of the corresponding clarified cell culture supernatant.
Concentrations were averaged and reported in Table 3.2. For this calculation, an
assumption is made that the unpurified recombinantly IVT-mRNA-expressed
multispecific antibodies shared the assembled conformations and neutralisation
functionality of the DNA-expressed and purified multispecific antibodies. Consistent
with the densitometry quantification method, the Bi-scFv had the highest mean
concentration (~352 ug/mL), followed by the Bi-NAb (~344 pg/mL) and the Tri-NAbs
which were ~157 ug/mL for the Co-T and ~100 ug/mL for the sORF (Table 3.2). These
concentrations were more closely quantified by densitometry than the ELISA (Table
3.2). Although there were discrepancies with the quantification results, the pattern of
expression levels observed was similar, with bispecific antibodies (Bi-scFv and Bi-
NADb) having the highest expression levels while the Tri-NAbs were consistently lower
(Table 3.2). Additionally, the expression achieved from mRNA transfection for the Tri-
NAb sORF was lower than that achieved by the Tri-NAb Co-T (Table 3.2), which is
consistent with the lower ID80 neutralisation titres obtained (Figure 3.11) and is
analogous to the observed expression levels achieved from DNA transfection (Table
3.1). Final mRNA-expressed multispecific antibody concentrations are estimated to
range between ~150-350 ug/mL for the Bi-scFv, ~125-340 pg/mL for the Bi-NAb, and
90-155 pg/mL or 70-100 pug/mL for the Co-T or sORF expressed Tri-NAbs, respectively
(Table 3.2).

Regardless of the titres, the mRNA-expressed multispecific antibodies were of the
correct assembled conformations, retained the functionality of each paratope and
displayed equal neutralisation coverage of the HIV-1 pseudovirus panel to that of the
DNA-expressed and purified multispecific antibodies. The levels of mMRNA-expressed

multispecific antibodies were sufficiently high enough to be diluted >100x and achieve
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80% viral inhibition (section 3.8, Figure 3.11C). In summary, these data overall confirm

the successful expression of multispecific antibodies from IVT-mRNA constructs in

vitro result in sufficient titres of functional multispecific antibodies to inhibit viral

infection.

Table 3.2. Relative quantification of the concentration of mRNA-expressed multispecific antibodies.
Multispecific antibody concentrations were measured by ELISA and western blot (WB) densitometry analysis.
The clarified cell culture supernatant was diluted, and the concentration was determined from the respective
purified antibody standard curves for each respective method and corrected for the dilution factor (individual
dilution point values and the average between the dilution points are shown). The amount (ug) of multispecific
antibody in the 9.64 pL loaded (excluding the volume of the sample buffer) quantified by densitometry was
converted into the concentration which was corrected for the dilution factor. The concentrations were also
determined from the in vitro neutralisation values by multiplying the paired virus per multispecific antibody 1C50
values by the ID50 values of the mMRNA-expressed clarified cell culture supernatant. The average neutralisation
concentration per multispecific antibody is reported.

. . Tri-NAb Tri-NAb
Bi-scFv Bi-NAb Co-T SORF
50x 13.62 21.03 10.07 721
100x 15.12 241 9.43 6.97
ELISA (ug/mL) Average concentration 14.37 22.57 9.75 7.09
Standard deviation 1.06 217 0.45 0.17
1x 149.47 126.77 93.67 69.03
Western blot 2x 267.59 195.2 141.23 109.61
densitometry 4x 519.73 305.24 220.76 184.97
(mg/mL) Average concentration 312.26 209.07 151.89 121.2
Standard deviation 189.13 90.04 64.21 58.83
Neutralisation IC50 Average concentration 352.4 344.2 157.1 101.3
x ID50 (ug/mL) Standard deviation 161 135.3 95.06 65.33
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Chapter 4. Discussion.

To end the HIV-1 pandemic, alternative long-lasting biomedical treatment and
prevention strategies are required. BNAbs have shown great promise at both reducing
viraemia and preventing HIV-1 infection in various animal models and human clinical
trials. However, it is clear that combinations of bNAbs are required for effective
treatment as they limit viral escape due to antibody selective pressure, whilst offering
broader coverage as a preventative strategy to counter the diverse circulating viral
swarms within the human population. The major drawback of bNAb combination
therapy is the associated increased production cost. Multispecific antibodies are
engineered to comprise two or more HIV-1 entry-targeting moieties in a single
molecule with the aim of achieving increased potency and neutralisation breadth, while
also reducing the cost of antibody production for combination antibody therapy. In vitro
transcribed (IVT) mRNA expression cassettes that encode multispecific antibodies
that achieve clinically relevant antibody titres in vivo may represent a further cost-
saving benefit. Therefore, HIV-1 multispecific antibodies with enhanced neutralisation
breadth combined with IVT mRNA expression could present a cost-effective

biomedical intervention strategy for therapeutic or prophylactic antibody delivery.

This dissertation describes the generation of multispecific antibody encoding DNA
constructs (Bi-scFv, Bi-NAb, and Tri-NAb), compatible with IVT-mRNA transcript
production and details the multispecific antibody expression, biochemical

characterisation and neutralisation of clinically relevant HIV-1 pseudoviruses in vitro.

4.1 Generation of multispecific antibody expression constructs.

The multispecific antibody sequences were designed as described by Steinhardt et.
al., 2018 (200). These constructs were selected since the conformation had been
rationally designed and optimised to achieve inter-protomer crosslinking using the
PGT121 and VRCO1 epitopes and demonstrated enhanced neutralisation breadth and
coverage (200). The tandem single chain variable fragment (scFv) topology enables
expression of the Bi-scFv and Bi-NAb conformations from a sORF making them more
amenable to an IVT-mRNA delivery strategy. The Bi-scFv and Bi-NAb DNA constructs
were successfully generated and expression of the Bi-scFv and Bi-NAb conformations
were confirmed in vitro (Figures 3.1D & H). The Bi-NAb construct required

synonymous mutation of the Bpil restriction site within the CH2 domain to eliminate

117



premature truncation and ensure compatibility with the IVT-mRNA reaction (Figure
3.2).

Similarly, the Tri-NAb construct was generated as described by Steinhardt et al. (200)
by the heterodimeric assembly of the Bi-NAb and the 10E8 antibody heavy- and light-
chains through the specific introduction of complimenting Fc region knob-into-hole
mutations following co-transfection with the respective antibody plasmids. In addition,
we describe the generation of a novel sORF encoding Tri-NAb construct sequence
which we hypothesised to be more favourable for mRNA delivery than a co-

transfection (Co-T) strategy.

Both Tri-NAb expression strategies (Co-T vs sORF) rely on heterologous heavy
antibody chain assembly in situ, using the complimenting knob-into-hole mutations.
Our co-transfection strategy differed slightly from that originally reported by Steinhardt
et al., in which the authors used a three-plasmid co-transfection procedure to express
the Tri-NAb (Bi-NAb hole, 10E8 knob heavy chain and 10E8 light chain encoding
plasmids respectively) (200). The pMin_10E8_Kn construct utilised within this study
encodes the 10E8 heavy chain (containing the knob mutations) and light chain in
tandem as a sORF, separated by a furin protease/F2A self-cleaving peptide sequence
according to the strategy originally developed by Balazs and colleagues (219,220).
This strategy has been successfully used to express bNAb and bi-specific bNAbs in
vitro and in vivo (191,202,219,220).

We describe the successful generation of the novel Tri-NAb sORF construct by
assembling the 10E8 Kn encoding region downstream of the pmRNA_Bi-NAb_Ho
encoding region, interspaced with the modified furin protease cleavage site
(RRRRRR) and P2A self-cleaving peptide sequence (Figure 3.4). Small-scale
expression of the Tri-NAb was achieved using both the Co-T and sORF strategies,
which was confirmed by western blot detection of the secreted Bi-NAb_Ho and 10E8
heavy chains into the culture media (Figure 3.5 A & B, respectively). The 10ES8 light
chain could not be detected in western blots using the anti-human Fc-specific
secondary antibody (as anticipated), and consistent with the 10E8v4 parental bNAb
expressed by co-transfection of separate heavy and light encoding constructs in which
the light chain fragment was also not detected (Figure 3.5 A & B). Based on our
laboratory’s previous experience with bi-specific antibody expression using a KIH
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heterologous heavy chain assembly strategy (iMAb_Ho and 10E8_Kn included as
known assembly control (191,202)), detection of the individual expressed constituents
(Bi-NAb_Ho and 10E8 Kn) suggests successful heavy chain assembly. This was
confirmed by SEC and SDS-PAGE analysis under reducing and non-reducing
conditions (Figure 3.8).

It was noted, however, that knob-knob Fc or hole-hole Fc homodimeric heavy chain
assembly and secretion can occur when transfected alone, albeit in lower
concentration (based on band intensity) to the heterologous knob-hole heavy chain
assembly (Figure 3.5 A & B — lower band intensity of Bi-NAb_Ho and 10E8_Kn only
transfections compared to Bi-NAb_Ho & 10E8 Kn or Tri-NAb_sORF). The formation
of knob-knob and hole-hole Fc fragment homodimers upon single vector expression,
regardless of the presence or absence of the S354C and Y349C cysteine mutations
that enforce correct heterodimer assembly, has been described previously (176).
Homodimer knob-knob Fc was determined to be structurally altered and destabilised,
thus suggesting a disadvantage in formation compared to hole-hole homodimers
(176). However, this did not translate to the expression observed in this study where
the homodimer 10E8_Kn appeared to display higher expression levels compared to
homodimer Bi-NAb_Ho (Figure 3.5D).

In addition, the small-scale Tri-NAb expression analysis by co-transfection or the
sORF construct revealed the presence of an additional higher molecular weight band
above the 10E8 heavy chain. We were able to demonstrate that this was a result of
inefficient proteolytic cleavage by endogenous furin (Figure 3.5D). Performing co-
transfections with supplemental exogenous furin improved processing and resulted in
the removal of the higher molecular weight 10E8 heavy chain band (Figure 3.5D). It
has previously been shown that fusion of the F2A cleavage peptide tag results in a 2-
3 kDa shift in the migration pattern of an e GFP reporter protein (311). This is consistent
with the shift in migration pattern observed for the 10E8 heavy chain, indicating that
the furin sequence was not cleaved efficiently thus the furin-F2Aopt peptide (~3.4 kDa)
remained attached to the C-terminus of the 10E8 heavy chain (Figure 3.5A & B). This
10E8 heavy chain-F2Aopt fusion peptide band was not removed during Tri-NAb
Protein A purification, however, SEC was not performed, and it is unclear whether SEC
would have removed this high molecular weight 10E8 heavy chain (Appendix Figure

B1C & D). Additional cleavage inefficiencies occurring in the 10E8 F2Aopt sequence
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were also noted. Cleavage failure of both the furin and F2Aopt resulted in a 10E8
heavy-light chain fusion protein of 95 kDa (10E8 HC (61k Da) + 10E8 LC (31 kDa) +
F2A (3.4 kDa)) (Figure 3.5 A & B, faint band observed below the Bi-NAb_Ho in the Bi-
NAb Ho & 10E8 Kn co-transfection production of the Tri-NAb). These observed
banding patterns resulting from incomplete cleavage at respective furin or 2A

recognition sequences are consistent with previous findings (353,354).

Although not readily observable by western blot analysis of small-scale expression
experiments, large-scale expression, purification, and concentration of the Tri-NAb
displayed an observed N-terminus F2Aopt-tag-10E8 light chain fusion protein (~35
kDa) (Appendix Figure B1C & D). Given the current understanding of the secretory
pathway, the presence of the fusion F2Aopt-tag-10ES8 light chain peptide is surprising
in that it suggests an intact secretion signal peptide (SP) (including the F2Aopt
sequence fusion) on the mature, secreted polypeptide, resulting in the presence of an
additional higher molecular weight (+ ~5 kDa) light chain (Appendix Figure B1C & D).
In mammalian cells, the SP of nascent polypeptides are co-translationally recognised
and bound by the signal recognition particle (SRP) while they are still being
synthesised by the ribosome (355,356). This induces a translation stalling to provide
time for the SRP to deliver the nascent polypeptide chain and associated ribosome to
the endoplasmic reticulum (ER) protein translocon (355,356). After arriving at the
translocon and before the protein is exported across the ER membrane (which
prevents early cytosolic folding of a secreted protein), the SP is cleaved (355,357,358),
and polypeptide translation and synthesis resumes (355). Once in the ER, initial
glycosylation and protein folding occur, and proteins are exported to the Golgi complex
for maturation and secretion (355). Thus, if furin cleavage occurs but F2Aopt
processing does not, and the F2Aopt peptide remains fused to the N-terminus of the
10E8 light chain SP (Figure 3.5C), this entire sequence should be removed from the
mature secreted protein by the secretory pathway as described above. In this way,
only mature (devoid of the SP) 10E8 light chain should be secreted into the cell culture.
An extensive review of the literature revealed the presence of intact SPs on both
antibody heavy and light chains following excision from SDS-PAGE gels and analysis
by liquid chromatography mass-spectrometry/mass-spectrometry (LC-MS/MS) (353).
This suggests the possibility that the SP may remain attached to the secreted antibody,
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supporting our explanation for the presence of this observed high molecular weight
10ES8 light chain band.

During the construct design and in vitro optimisations, we were made aware of the
furin cleavage inefficiency of the 10E8 heavy chain due to our ability to detect this
aberrant processing by western blotting. Incorrect processing of antibody heavy- and
light-chain polypeptides from reduced cleavage efficiency is unfavourable as it has
been shown to result in aggregation of expressed mAbs (354 ). While these aggregates
can readily be removed by protein purification and clarification methods, mRNA
expression directly in vivo necessitates the expression of homogenous, monomeric
antibodies as there is no opportunity for purification. Thus, optimising the endogenous
processing of these interspacing cleavage peptide sequences (furin-F2A) is likely to
be an important consideration when advancing such strategies into preclinical and

clinical testing.

The furin recognition sequence in the 10E8_Kn-F2Aopt sequence was modified to six
consecutive arginine residues (RRRRRR — previously shown to have improved
cleavage efficiency (306)) which resolved this processing inefficiency by endogenous
cellular furin, and supplemental exogenous furin was no longer required (Figure 3.6B
and Figure 3.7E). Therefore, large-scale expression of the Tri-NAb from both Co-T
(pmRNA_Bi-NAb_Ho and pmRNA_10E8 Kn) and the pmRNA_Tri-NAb_sORF was
performed using constructs with the modified F2Aopt furin sequence. The 10E8 light
chain aberrations could not be detected by western blot during initial small-scale
expression and were only retrospectively observed following initial Protein A
purification once the laboratory work had been completed. Furthermore, despite the
advanced nature of the expression of antibodies from constructs incorporating the
F2Aopt sequence (154,219,220,228), none of these processing inefficiencies have
been documented. Future improvements to or replacement of the F2Aopt sequence
may be considered to improve cleavage efficiency. It should be noted that there were
no observed furin or P2A processing inefficiencies in the P2A cleavage peptide that
separates the Bi-NAb_Ho from the 10E8_Kn encoding region in the Tri-NAb sORF
construct. Thus, replacement of the F2Aopt with P2A may resolve the processing

issues.
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4.2 Recombinant antibody expression, purification, and biochemical
characterisation.

The multispecific antibodies were biochemically characterised and their conformation
and functional in vitro neutralisation were evaluated and compared to the parental
antibodies (PGT121, VRCO01, and 10E8v4) before progressing to IVT-mRNA
expression. This provided validation of the design and functionality of the multispecific

antibodies from DNA for comparison with subsequent mRNA-mediated expression.

Parental and multispecific antibodies were recombinantly expressed by large-scale
mammalian cell transfection and purified by standard affinity chromatography
procedures. PGT121, the Bi-NAb and Tri-NAb antibodies were prone to precipitation
upon elution in the low pH elution buffer. Alternative elution buffers were explored
including; 0.1 M citric acid buffer, with or without 0.5 M arginine, and increasing the
pH to 3.5 (original pH 2.7) that have previously been described to reduce protein
precipitation (359-361). No discernible reduction in observed precipitation or improved
antibody yield was achieved with these buffers (data not shown). Improvement was
achieved by keeping all purification solutions chilled, using a 0.15 M NaCl 1x PBS
wash buffer, and eluting in larger volumes of a 0.15 M NaCl, 5% glycerol-containing
elution buffer with a moderately higher pH of 3.0. Additionally, all the purified antibodies
were noted to precipitate upon freeze-thaw cycles which was improved by

supplementing the DPBS solution with 25% glycerol prior to storage.

Antibodies that are prone to precipitation may present a concern in vivo. A study
estimating the in vivo immunogenicity risk of antibodies with poor solubility that
precipitate at neutral pH in vitro determined that antibody aggregation led to retention
at the injection site, resulting in macrophage association and germinal centre
localisation with a delay in antibody draining to the lymph nodes (362). However, no
overall impact on the immune response in the lymph nodes or systemic exposure of
the antibody was noted and it was concluded that poor solubility antibody precipitation
delivered subcutaneously may not be of immunogenicity concern (362). However, this
apparent lack of immunogenicity of precipitated antibody was reported with
subcutaneous delivery, and expressed, circulating antibody aggregates may reduce
the efficacy of the antibody therapeutic or have additional clinical impacts. It is unclear
whether the multispecific antibodies described herein would precipitate or aggregate

in the physiological environment without the initial sudden drop in pH (during the

122



Protein A elution) triggering the instability. The stability and aggregation of multispecific
antibodies infused or endogenously expressed from IVT-mRNA transcripts would have

to be explored in vivo going forward.

The multispecific antibodies, Bi-scFv, Bi-NAb, and Tri-NAb-sORF displayed reduced
expression efficiency and yield (~7-9 mg/mL) compared to the 10E8v4 and PGT121
parental antibodies (16-20 mg/mL) that had the best expression but were similar to the
VRCO01 parental antibody (~8 mg/mL) (Table 3.1). Interestingly, the expression of the
Tri-NAb by co-transfection (Co-T) outperformed the Tri-NAb sORF transfections, by
approximately 2.4-fold (Tri-NAb sORF (6.5 mg/L) and Tri-NAb Co-T (16.0 mg/L)) and
was comparable to the yield generated by the 10E8v4 and PGT121 parental
antibodies (Table 3.1). However, greater precipitation of the Tri-NAb expressed by Co-
T was observed during the Protein A chromatography elution step and again when
thawed prior to SEC, which greatly reduced the percentage retained after SEC (Co-T
(~36%) versus sORF (~50%) - Table 3.1). These antibody yields were sufficient for our
purposes, although they were modest compared to other published data. Using the
optimised transfection method that was utilised here, large-scale (5 L) expression in a
bioreactor achieved chimeric B72.3 monoclonal antibody titres of ~40 mg/L after 72
hours and a maximum of ~100 mg/L after six days (344). Although the type of antibody
and scale of production impact the expression and yield, these reported titres are
much higher than those achieved in this study. However, small-scale production of
HIV-1 trispecific antibodies reported in the literature yielded 5-10 mg/mL (185), which
is similar to the expression of the multispecific antibodies reported in this study. The
Tri-NAb had better expression efficiency and yield (2.4-fold difference) when produced
by co-transfection than from the sORF, which was more profound in DNA expression
than from mRNA expression but the proposed reasoning for this will be discussed

below.

The multispecific antibodies were observed to be primarily in the monomeric form, but
aggregates were noted, particularly for the Bi-scFv and Bi-NAb antibodies which were
removed by sample fractionation following SEC. Additionally, the Tri-NAb Co-T
precipitated upon thawing and the precipitate was removed by centrifugation prior to
SEC resolution, and thus a large aggregate peak is not visible on the SEC profile
(Figure 3.8A). The multispecific antibodies displayed similar retention volumes to the

native monomeric parental antibodies, which suggests the correct assembly of native-
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like antibody-sized proteins. Furthermore, the homogeneity of the single resolved Tri-
NAb peak suggests heterologous heavy chain assembly and not merely expression of
separate Bi-NAb and 10E8 antibodies (Figure 3.8A). Encouragingly, the expressed
Tri-NAbs (Co-T and sORF) produced identical SEC separation profiles and SDS-
PAGE banding patterns, confirming the successful expression and processing of the
novel Tri-NAb sORF construct generated for this study. The discernible difference in
the Bi-NAb and Tri-NAb SEC profiles is likely representative of the heterologous heavy
chain assembly of the Tri-NAb construct which presumably allows for a slightly more
compact conformation than the homodimeric Bi-NAb heavy chain assembled
bispecific conformation (Figure 3.8A). The formation of homodimer by-products (knob-
knob or hole-hole) was consistently noted during small-scale expression studies when
Bi-NAb_Ho or 10E8_Kn constructs were transfected alone (Figure 3.5A, B, & D, Figure
3.6B, and Figure 3.7E) and may reduce the efficiency of heterodimerisation and
potentially threaten the homogeneity of the expressed Tri-NAb antibodies. However,
the homogeneity of the single SEC-resolved Tri-NAb peak suggests the presence of
uniform conformation through heterologous heavy chain assembly (Figure 3.8A).
There was no indication of separate Bi-NAb and 10E8 homodimer antibody expression
that would be anticipated to have slightly different elution volumes (additional peaks
corresponding to either the Bi-NAb or 10E8v4 elution peaks) but no multiple peak
profile was observed (Figure 3.8A). Heavy- and light-chain constituents of multispecific
antibodies (Bi-scFv, Bi-NADb, Tri-NAb (Co-T and sORF)) were confirmed by reducing
and non-reducing SDS-PAGE analyses (Figure 3.8B).

The larger retention volume observed during elution of 10E8v4 is consistent with
previously reported results by our group (191), and others (including comparisons with
VRCO01) (320,352). The intrinsic hydrophobic nature of the CDR H3 region of 10E8v4
required for paratope engagement has been noted to non-specifically interact with
SEC resin, artificially increasing its retention volume and resulting in the apparent
smaller molecular weight. The comparative SDS-PAGE analysis were not performed
in these studies (351,352) but has previously been reported by our research group
(191). Therefore, the apparent molecular weight of 10E8v4 was adjusted to
approximate that of the other parental antibodies for conversion of neutralisation data
to nM. This non-specific hydrophobic interaction with the SEC resin, mediated through
the 10E8 CDR H3 within the purified Tri-NAb antibody may also occur, artificially
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reducing the estimated molecular weight. Although the expressed Tri-NAbs displayed
a slightly smaller molecular weight compared to the Bi-NAb as determined by SEC
(Figure 3.8A), these estimates are consistent with the SDS-PAGE analysis (Figure
3.9B). Based on the generated data we can neither confirm nor refute the potential
contribution of the 10E8-mediated hydrophobic interaction in altering the Tri-NAb
molecular weight estimate. Therefore, the decision was made not to adjust the

molecular weight of the Tri-NAbs, as was done for the 10E8v4 parental antibody.

Slight discrepancies in the observed molecular weights of the parental and
multispecific antibodies were noted when compared to the predicted molecular
weights based on the amino acid sequence (Appendix Table B1), which may have
been as a result of post-transcriptional glycosylation. IgG mAbs have conserved
glycosylation at the asparagine position 297 of the Fc region CH2 domain (363,364)
and approximately 10-20% of Fab binding regions contain N-linked glycosylation sites
(172). A single incorporated glycan can shift the molecular weight by ~2 kDa (365).
Using an N-linked glycosylation site predictor, the number of potential N-glycosylation
sites (PNGS) were determined for each antibody amino acid sequence (parental and
multispecific), across both heavy and light chains where applicable (excluding SP
sequence) (Appendix Table B1). The multispecific antibodies, Bi-scFv, Bi-NAb, and
Tri-NAb sequences have 3, 4, and 6 PNGS, respectively (Appendix Table B1). While
it is not known whether these predicted glycosylation sites are indeed glycosylated,
additional glycans may account for the experimentally larger observed sizes (Appendix
Table B1). Future work may determine the glycosylation status of the expressed
antibodies using PNGase to enzymatically deglycosylate the antibodies and compare
them to the untreated antibody (366). Combined, these data confirm the correct
assembly of each multispecific antibody into the quaternary structures, where
appropriate (e.g. Bi-NAb and Tri-NAb), and that the expressed and purified antibodies
were of high purity for their neutralisation functionality to be assessed.

4.3 Functional in vitro neutralisation of HIV-1 by the multispecific antibodies.

Viral resistance to PGT121 is associated with mutations resulting in the loss/removal
of the N332 glycan (gp120 mutations at position 332 and/or 334), which confers
complete resistance (158,367). The V3 loop (position 324-327) is also a critical binding
site for V3 glycan bNAbs, therefore, mutations at position 325 (e.g., D325N, D325K
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identified in humans following PGT121 passive infusion) may also confer resistance
in rebound viruses (158). Most VRCO1-resistant viral isolates contain alterations in the
V5 region and loop D of gp120 (368). Mutations of structurally defined contact residues
in loop D (N terminal to V3 region, residues 278 to 283), the CD4 binding loop
(residues 362 to 365), and the V5-B24-a5 region (residues 458 to 467) prevent
VRCO01-mediated binding and neutralisation (369).

The CATNAP tool (347) was used to determine the resistance profiles of the selected
viruses in our panel. Information for CE0217 was not available for our antibodies, and
CAP210.2.00.E8 only displayed VRCO1-resistance. Based on the resistance and
sensitivity profiles observed in our in vitro testing (Figure 3.9A), CE0217 was classified
as dual-sensitive, and CAP210.2.00.E8 was classified as dual VRC01/PGT121
resistant given that 50% neutralisation by either PGT121 or VRCO01 antibody was not
achieved at a maximum tested concentration of 25 pyg/mL (Figure 3.9A and Appendix
Figure B4A). Additionally, QH343.21M.ENV.A10 was predicted and classified as dual
VRCO01/PGT121 resistant but did demonstrate low-level sensitivity to both antibodies,
approaching 50% inhibition at 25 pyg/mL (Figure 3.9A and Appendix Figure B4A).

The neutralisation functionality of recombinantly expressed and purified multispecific
antibodies was confirmed and compared to the parental antibodies (Figure 3.9). To
account for the molarity difference between the antibodies, the SEC-determined native
molecular weights were used to standardise the antibody inhibitory concentrations to
nM. The multispecific antibodies demonstrated neutralisation of dual PGT121/VRCO01-
sensitive and single-resistant viruses, confirming the functionality of each antibody
paratope that enabled the multispecific antibodies’ enhanced neutralisation breadth
over PGT121 and VRCO1 parental antibodies (Figure 3.9A). Importantly, the
multispecificity of the Bi-scFv, Bi-NAb and Tri-NAb facilitated the neutralisation of two
of the three dual-resistant viruses (Figure 3.9A) increasing the overall neutralisation

coverage of the 17 HIV-1 pseudovirus panel to 94% (Figure 3.9A & B).

Unfortunately, the multispecific antibodies did not always retain the overall potency of
the parental antibodies against this pseudovirus panel. This was most notable against
dual-sensitive viruses, where the potency of the multispecific antibodies was markedly
reduced and did not conserve the potency of the most potent parental antibody,
PGT121 (Figure 3.9A). While the median IC50 (0.309 nM) and IC80 (0.953 nM) of
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PGT121 were only statistically significantly more potent than the Bi-scFv (Appendix
Figure B5B and Figure 3.9C), the limited virus panel tested included ~40% PGT121-
resistant viruses which would impact PGT121 median inhibitory concentrations.
Previous studies directly comparing the IgG to scFv conformations of PGT121 have
shown that the scFv format did not retain the potency of the IgG conformation (average
3.7-fold lower potency) (370,371). It is unclear whether this potency reduction is a
result of the loss of epitope bivalency of the scFv conformation compared to 1gG, or
subtle differences in the paratope structure due to inclusion of the scFv-linker
sequences potentially resulting in the observed reduced neutralisation potency and/or
breadth compared to IgGs (372). IgG binding is generally believed to be monovalent
for most HIV-1 antibodies, due to the spatial distance between epitopes on HIV-1 Env
trimer and the distance between adjacent trimers (373). The potential of PGT121 I1gG
to bind bivalently to the Env spike is yet to be confirmed/determined. Despite
monovalent IgG binding, the presence of two binding arms on IgG (versus one in a
Fab) may lead to decreases in the off-rate due to avidity effects, overall increasing the
binding affinity and neutralisation efficacy and potency (373). Smaller antibody
conformations (e.g. scFv) display a general trend of increased off-rates and overall
reduced binding affinities compared to their matched IgG conformations in in vitro
binding assays (374,375), consistent with the inability of the scFv conformations
(excluding Bi-scFv strategies) to accommodate bivalency. In our data, the Bi-NAb
conformation (PGT121 binding) was unable to restore potency, suggesting loss of
bivalency is not solely responsible for the observed potency reduction (Figure 3.9A).
However, it should be noted that the bivalent arrangement of the PGT121 paratopes
in the Bi-NAb and parental conformations are structurally dissimilar, with a reduced
molecular distance spanning between the intramolecular PGT121 paratopes for the
Bi-NAb conformation. This constraint may limit active, bivalent engagement of
epitopes and the overall potency of the PGT121 paratopes in the Bi-NAb conformation.
Alternatively, subtle detrimental differences may arise within the antibody paratope as
a result from the inclusion of the scFv peptide-linker modifications. It has been shown
that while the PGT121 scFvs retain the ability to interact with their known epitopes,
they are more sensitive to single-residue variations of the epitopes (370), suggesting
the existence of these subtle differences and impact on neutralisation. Ultimately, the
observed inability of the multispecifics to retain the potency of the desired parental

antibody could be a combination of the above points, requiring further elucidation
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beyond the current scope of the presented work. However, this observation of reduced
potency between the multispecifics relative to the most potent parental antibody
(PGT121) is consistent with previous studies of various HIV-1 bispecific antibody
combinations that failed to recapitulate the neutralisation potency of the parental
bNAbs (188-190,202). However, other studies have found remarkable improvements
in HIV-1 bispecific (186,187,189,191,192) and trispecific (185,194) antibodies over the
parental antibodies, with the improvements in antibody potency being highly
synergistic as the bispecific antibodies were shown to be more potent than

combinations of the parental antibodies (185-187).

Importantly, the potencies of the multispecific antibodies compared to the parental
antibodies reported in this study differ from those reported by Steinhardt et al. (200).
We report the PGT121 parental antibody as displaying the best overall neutralisation
potency (median IC50 0.309 nM) and demonstrate that the Bi-NAb was the most
potent multispecific antibody (statistically more potent than the Tri-NAbs - median
IC50: Bi-NAb, 0.837 nM versus Bi-scFv (1.52 nM), and Tri-NAb Co-T (1.074 nM) and
sORF (1.381 nM)) (Figure 3.9A and Appendix B5B). However, Steinhardt et al.
demonstrated the Tri-NAb (geometric mean titre (GMT) 0.071 ug/mL) to be the most
potent antibody overall, and was statistically more potent than the bispecific antibodies
(Bi-scFv (0.400 pg/mL, molar corrected by multiplying by 3) and Bi-NAb 0.380 ug/mL)
and all the individual parental antibodies (200). When using the GMT as a comparative
measure, our data is consistent with the results reported by Steinhardt et al. (200) in
that the Tri-NAb (both Co-T and sORF) display the lowest geometric mean titre (Figure
3.9A). However, consistent with our reported statistical analyses, there was not
enough evidence to show a significant difference between the Tri-NAbs and PGT121
(the most potent parental antibody), likely due to the relatively small number of viruses
in the test panel. Additionally, the bispecific antibody constructs we generated may be
different from those used by Steinhardt et al., given that we inferred our construct
designs based on the reported description only but the amino acid sequences were
not published (200). However, it is more plausible that the observed discrepancy in
antibody potency and multispecific antibody neutralisation is a result of the differences
in the pseudovirus panels, since the panel tested by Steinhardt et al. was larger and
more diverse than the panel tested in this study (208 vs 17 viruses). Regardless, the

general trend of the multispecific antibodies displaying improved neutralisation
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coverage over parental antibodies was found in both studies (Figure 3.9 and Appendix
B5, and (200)).

Although these multispecific antibody constructs, particularly the VRCO01/PGT121
tandem scFv region, were rationally designed to simultaneously engage multiple
paratopes (200), the observed synergistic effects were limited to select viruses. The
Bi-scFv and Bi-NAb demonstrated potency enhancement against PGT121 resistant
virus, 246F 3, and dual resistant viruses, CAP210.2.00.E8 and QH343.21M.ENV.A10
(Figure 3.9A). Inspection of the QH343.21M.ENV.A10 demonstrates that there is low-
level sensitivity of the virus to both VRC01 and PGT121 parental antibodies
(approaching 50% inhibition at 25 pg/mL), whilst CAP210.2.00.E8 and 246F3 show
high-level resistance to VRCO01 and PGT121, respectively (Appendix Figure B4A).
Importantly, Steinhardt et al. also reported bispecific antibody neutralisation of dual-
resistant viruses, including CAP210.2.00.E8 (200), which is consistent with our results.
These data demonstrate that while there is sufficient augmentation of the target
epitope to convey resistance to either one or both parental antibodies, there is not
complete loss of antibody paratope binding in these instances. Thus, the enhanced
potency observed for the bispecifics (Bi-scFv and Bi-NADb) is likely a result of overall
improvement in binding affinity through increased avidity provided by the simultaneous

engagement of VRC01 and PGT121 paratopes.

The Tri-NAb (Co-T and sORF) demonstrated similar potency enhancement to the Bi-
NAb against 246F3 (PGT121 resistant), presumably through the improved avidity
provided by the engagement of the VRC01/PGT121 tandem scFv arm. However, the
most noticeable enhancement in potency was observed against CNE8 (PGT121
resistant) when compared to the VRCO01 or 10E8v4 parental and Bi-NAb multispecific
antibodies (Figure 3.9A). This neutralisation result indicates that the combination of
the 10E8 with either VRCO01 or PGT121 paratopes on the Bi-NAb, promotes dual
engagement of the target epitopes (increased avidity) leading to overall increased
affinity and potency enhancement. This was not a result of triple epitope engagement,
given the relatively poor performance of the Bi-NAb alone (Figure 3.9A). Similarly, a
slight potency enhancement of the Tri-NAb was noted compared to the Bi-NAb against
X2278 pseudovirus, presumably through a similar 10E8/VRCO01 or PGT121 dual
engagement, however, in this instance the PGT121 parental antibody produced overall

greater potency (Figure 3.9A).
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Dual PGT121/VRCO1 resistant virus, Ce2103_E8 demonstrated high-level PGT121
and VRCO1 resistance, and 10E8v4 requiring >25 pg/mL to achieve 100% viral
inhibition. However, inclusion of the 10E8 paratope into the Tri-NAb conformation
facilitated 50% inhibition of Ce2103_ES8 at the maximum concentration of 25 ug/mL

whilst the bispecifics showed no neutralisation activity (Appendix Figure B4A).

Combined this data confirmed the neutralisation functionality of the expressed and
purified multispecific antibodies, Bi-scFv, Bi-NAb, and Tri-NAb from their respective
DNA constructs and we were confident in advancing the study to explore the in vitro

multispecific antibody expression via IVT-mRNA.

4.4 IVT mRNA transcript production and multispecific antibody expression.

In vitro transcribed (IVT) mRNA transcripts were generated from the identical pmRNA-
plasmid vectors described and characterised above (including the GFP and Fluc
controls), by linearising each vector in the poly-A signal region with Bpil restriction
enzyme, to define the transcript and poly-A length (Figure 3.10A). Homogenous mRNA
transcripts of defined length were generated and confirmed to be of the anticipated
sizes (Figure 3.10B). Importantly, the pmRNA_Bi-NAb and Bi-NAb_Ho DNA plasmids
linearised to a single band (Figure 3.10A) and the mRNA transcripts were not
truncated (Figure 3.10B), thus further validating the successful silencing and
replacement, respectively, of the Bpil restriction site in the CH2 domain in the
pmRNA_Bi-NAb_ABpil and pmRNA_Bi-NAb_Ho constructs (Figure 3.2 and 3.5,
respectively). The Tri-NAb sORF mRNA transcript is consistent with the proposed
construct design to generate a sORF encoding Bi-NAb_Ho and 10E8_Kn constructs

in tandem resulting in the large transcript size observed (Figure 3.10B).

The IVT mRNA transcripts were purified of contaminating dsRNA using a cellulose
purification method previously described, that selectively binds dsRNA to cellulose
powder in an ethanol-containing buffer (286). The resulting dsRNA-free, pure mRNA
would have improved translation efficiency and limit the activation of cytokine
production in vivo (286). Purified mRNA transcripts were enzymatically capped (5’
Cap1 structure) to protect them from decay during transcription and transfected into
mammalian 293F cells (capped mRNA transcripts were experimentally confirmed to
be necessary for expression, data not shown). The transfection procedure was initially
optimised by varying the nucleic acid quantities of GFP and Bi-scFv mRNA transcripts,
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the ratios to Lipofectamine™ MessengerMax™ transfection reagent, and cell culture
volumes to determine transfection efficiency and protein expression (data not shown).
The manufacturer’s recommendations of 1 yg mRNA with a 1:3 ratio per mL of 293F
cell suspension was deemed to be optimal for in vitro transfection efficiency and
expression as this yielded Bi-scFv antibody expression at levels similar to that

previously achieved DNA 293F cell transfections (data not shown).

Our data demonstrate that the multispecific antibodies were successfully expressed
from IVT-mRNA transcripts following mammalian cell transfection and secreted into
the cell culture supernatants, as determined by western blot detection (Figure 3.10C
& D). Given the relatively low mRNA-mammalian cell transfection volumes (4 mL) and
the proposed mRNA-mediated delivery for antibody expression strategy, the
intentional decision was made not to purify the expressed multispecific antibodies from
the culture supernatants and examine their expression in situ. Thus, expression
analysis of the antibodies necessitated the use of western blotting. Analogous to the
antibody banding patterns observed from DNA expressed and purified antibodies
(Figure 3.8B), the multispecific antibody constituents (where applicable) were
observed to be of the anticipated molecular weights when resolved under reducing
conditions (Figure 3.10C). Faint banding of approximately ~38 kDa was noted and
may be construed as the 10E8 light chain in the resolved Tri-NAb lanes (Figure 3.10C).
However, upon closer inspection, this ~38 kDa band was determined to be a by-
product of Bi-NAb mRNA transfection (Figure 3.10C) (or pmRNA_Bi-NAb DNA plasmid
transfection (Figure 3.5A & D)) that is readily detected by anti-human Fc specific
antibody. The identity of this expressed protein is unknown, and the potential impact
in vivo would require further exploration. The multispecific antibodies with intact Fc
domains (Bi-NAb and Tri-NAbs) assembled and dimerised under non-reducing
conditions into their corresponding quaternary structures (Figure 3.10D), consistent
with results observed for the expressed and purified multispecific antibodies (Figure
3.8B).

mRNA-mediated Tri-NAb expression levels were indistinguishable by western blot
analysis between the Co-T and sORF strategies (Figure 3.10C), demonstrating similar
transfection and expression efficiency were achieved. However, it was noted that the
Tri-NAb expressed from the mRNA sORF construct displayed reduced intracellular

furin protease cleavage resulting in a faint band consistent with the 10E8 heavy chain-
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F2Aopt fusion protein as described prior to furin cleavage site modification (Figure
3.7E). This 10E8 heavy chain-F2Aopt fusion species was not evident in the mRNA
Co-T expressed Tri-NAb (Figure 3.10C). We hypothesised that despite successful
modification of furin protease cleavage (Afurin) in both the pmRNA_10E8 Kn and
pmRNA_Tri-NAb_sORF constructs (Figure 3.7), having the dual furin sites in the
sORF expressed peptide compared to only a single furin site within the expressed Bi-
NAb Ho & 10E8 Kn Co-T combination, may have resulted in the reduced processing
efficiency observed. A known limitation of polycistronic constructs is the reduced
cleavage efficiency of successive 2A cleavage peptides (303) which may also be true
for multiple furin cleavage sequences within polycistronic vectors. The available
literature on the use of multiple furin sequences in a single polycistronic vector
encoding antibody or reporter sequences is limited. Tricistronic vectors using the same
furin sequence with different 2A peptides to separate viral structural proteins could not
clearly show the efficiency of furin-mediated removal of the 2A peptides (376), but
another study separating cardiac transcription factors reported no reduced cleavage
efficiency of the second furin sequence (377). Therefore, the observed reduced furin
cleavage in the Tri-NAb sORF is more likely to be due to the adjoining F2Aopt
sequence rather than its position within the polycistronic construct, since the same
furin sequence motif has demonstrated reduced cleavage efficiency when combined
with an F2A than with a P2A peptide sequence (354). It is possible that the incomplete
cleavage may have still occurred after F2Aopt-furin modification during large-scale
DNA Tri-NAb sORF expression and was removed during SEC purification as
evaluations were only performed post-SEC purification (Figure 3.8). Since the mRNA-
expressed antibodies were not purified, this may explain why the 10E8 heavy chain-
F2Aopt band was once again seen in the Tri-NAb sORF but this would require further
exploration and experimental validation. Inefficiency of the F2Aopt sequence with
respect to 10E8 heavy and light chain processing (F2Aopt-10E8-light chain fusion)
could not be verified given the inability to detect the expressed light chain by western

blot (Figure 3.10C) and would also require further exploration.

Overall, the expression of the multispecific antibodies and the controls from the
generated IVT-mRNA were confirmed in vitro. The mRNA-expressed multispecific
antibodies were deemed to be in the correct conformations and functional HIV-1

pseudovirus neutralisation could be determined.
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4.5 IVT-mRNA-expressed multispecific antibodies exhibit high neutralisation
titres with broad in vitro HIV-1 neutralisation coverage.

The neutralisation functionality of the IVT-mRNA expressed multispecific antibodies in
unpurified, clarified cell culture supernatants were confirmed against the panel of 17
tier 2 HIV-1 pseudoviruses. We demonstrate that abundant expression of the
multispecific antibodies was achieved in vitro from IVT-mRNA delivery that resulted in
in vitro titres that could be diluted ~160-1 420 fold (Median ID80 values) whilst retaining
80% viral inhibition of 82-94% of the viruses tested (Figure 3.11A). The IVT-mRNA
expressed multispecific antibodies recapitulated the broad neutralisation breadth
achieved by the recombinantly expressed and purified multispecific antibodies
(compare Figure 3.9B and Figure 3.11B), reiterating the functionality and correct
assembly (where appropriate, e.g. Bi-NAb and Tri-NADb) of the unpurified multispecifics
in vitro. The Bi-scFv, Bi-NAb and Tri-NAb Co-T exhibited 94% neutralisation coverage
at ID80 of 10 (Figure 3.11A & B). The sORF expressed Tri-NAb demonstrated a slight
reduction in coverage, neutralising 82% at an ID80 of 10 (Figure 3.11A & B). The
slightly lower expressed titre resulted in failure to achieve 80% neutralisation of dual
resistant strains, CAP210.2.00.E8 and QH343.21M.ENV.A10 at minimum 10-fold
dilution tested (Figure 3.11A & B).

Given the similarity in the calculated median IC50 (~1.2 nM) and IC80 (~3 nM)
obtained for the recombinantly expressed and purified multispecific antibodies (Figure
3.9A & C) offers insight into the significant difference in ID50 and ID80 titres observed
between multispecifics expressed from mRNA (Figure 3.11A & C). These observed
differences are largely a result of differences in protein expression from the different
mRNA constructs and the relative molecular weights of the expressed proteins. The
Bi-scFv demonstrated the highest median ID80 titres, which were 2 to 8.8-fold greater
than mRNA-expressed Bi-NAb, Tri-NAb Co-T and sOREF titres, but were only shown
to be significantly higher than the Co-T and sORF expressed Tri-NAbs (Figure 3.11C).
These high titres may be explained by the combination of (a) higher levels of
expression of Bi-scFv achieved from mRNA transcripts, and (b) the smaller molecular
weight of the active Bi-scFv (~70 kDa) relative to the Bi-NAb and Tri-NAbs (~200 kDa).
Thus, on a microgram basis, the Bi-scFv would be estimated to have 3-fold the number
of active molecules (antibodies) compared to Bi-NAb and Tri-NAb and would require
3-fold greater dilution to achieve the equivalent molar concentration. This is illustrated
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by the difference in IC50 or IC80 potencies of the multispecific antibodies when
presented as pg/mL versus nM (Figure 3.9A). Thus, the combination of the relatively
high expression of the Bi-scFv and the relatively low molecular weight of the active
compound results in the high neutralisation titres (ID50 and ID80) obtained (Figure
3.11A & C). The Bi-NAb demonstrated a 2 to 4-fold higher ID80 when compared to Co-
T or sORF-expressed Tri-NAbs, respectively, with significant differences only
confirmed against the mRNA sORF-expressed Tri-NAb (Figure 3.11C). Given the
similarity in the antibody conformations and hence the molecular weights (~200 kDa),
the observed difference in ID80 titres is most likely due to a greater concentration of
Bi-NAD in the tested culture supernatants. The difference in Bi-NAb expression over
the Tri-NAbs (Co-T and sORF) may stem from the reduced complexity of the Bi-NAb
constructs compared to the Tri-NAb mRNA strategies, two mRNA transcripts for the
Co-T strategy versus single long transcripts that require in situ processing for the
sOREF. This increased in situ processing may also account for the 1.4-fold difference
observed in ID80 titre between the Co-T and sORF expressed Tri-NAbs. Our data
suggest that the longer, more complicated mRNA transcripts may have reduced
protein expression efficiencies at least for multispecific antibody expression and may
favour the delivery of scFv tandem bispecific antibody conformations (Bi-scFv and Bi-
NADb) in vivo (Figure 3.11C).

Interestingly, although the mRNA-expressed Tri-NAb displayed overall lower titres
than the Bi-NADb, the Tri-NAb ID50s were higher (Co-T, 971 and sORF, 949) than the
Bi-scFv and Bi-NAb ID50s (503 and 600 respectively) against the PGT121-resistant
virus CNES8. Once again illustrating the synergistic-enhanced potency achieved by the
Tri-NAb conformation against this virus as was reported for the purified Tri-NAb
antibodies (Figure 3.9A and Figure 3.11A).

These differences in multispecific antibody expression and concentration within the
unpurified cell culture supernatants were consistent with the results obtained from the
relative quantification methods (Table 3.2). Disappointingly there was no concordance
between ELISA, IC50 x ID50 and WB densitometry concentration estimates of mMRNA
expressed multispecific antibodies (Table 3.2). The relatively low concentrations
estimated by ELISA would imply that an enhanced potency is achieved by the mRNA-
expressed multispecific antibodies which cannot be explained. The average

concentrations quantified by WB densitometry analysis more closely resembled those
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predicted by the in vifro neutralisation data (Table 3.2). However, the densitometry
analysis had noted discrepancies when correcting for the dilution factor and could not
accurately quantify a 2-fold dilution series of the prepared cell culture samples (Table
3.2). The undiluted cell culture supernatants had observed concentrations most
closely resembling the highest standard concentration on the respective western blots
(Appendix Figure A8).

Despite discrepancies in the concentration estimates between the different
quantification methods (ELISA, WB densitometry, IC50 x ID50 neutralisation data —
Table 3.2), all methods show a similar pattern. The bispecific antibodies (Bi-scFv and
Bi-NAb) were expressed at higher, yet relatively similar concentrations, followed by
the Co-T expressed Tri-NAb that was on average 1.4-fold greater than the sORF
expressed Tri-NAb. Estimation of the multispecific antibody concentrations using the
neutralising IC50 x ID50 methods was deemed the best method, as the determined
concentrations reflect the dilution patterns (median ID50 or ID80) of the multispecific
antibodies required for equivalent viral inhibition. For example, Bi-scFv: 352.4 ug/mL
(average IC50 X ID50 - Table 3.2) / 4 489 or 1 427 (median ID50 or ID80 values -
Figure 3.11A) = 0.078 or 0.24 yg/mL, which is close to the determined Bi-scFv median
IC50 (0.092 pg/mL) and IC80 (0.22 ug/mL) values (Figure 3.9A). Previous studies
quantified human serum antibody titres following passive infusion using the derived
IC50 x ID50 estimate from TZM-bl neutralisation assays (measure antibody
neutralising activity) or ELISA (measure bound antibody levels) and showed good
agreement between the two assays (108,147,350). Assuming that the functional
neutralisation activity of the unpurified, mRNA-expressed multispecifics are
comparatively similar to the recombinantly expressed and purified multispecific
antibodies, then this method would correctly estimate the concentrations within our
study (Table 3.2).

Unfortunately, given the discrepancies between the quantification strategies, we are
unable to unequivocally provide a concentration of the mRNA-expressed multispecific
antibodies but can estimate it to be: Bi-scFv (~150-350 pg/mL), Bi-NAb (125-340
pug/mL), Tri-NAb Co-T (90-155 pg/mL), and Tri-NAb sORF (70-100 pg/mL). If we had
more confidence in the quantification of the mRNA-expressed multispecific antibodies,
IC50 and IC80 values could have been calculated and corrected for the molecular

weight differences of the multispecific antibodies. This would have allowed for more
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stringent statistical analysis to be performed to compare the potency of the mRNA-

expressed and recombinantly expressed and purified multispecific antibodies.

4.6 Expression discrepancy between the Co-T and sORF expressed Tri-NAb.

Interestingly, the Tri-NAb had better expression efficiency and yield when produced by
co-transfection than from the sORF, which was more profound in DNA expression
(Table 3.1) than from mRNA expression (Table 3.2). Plasmid DNA size affects
mammalian cell transfection efficiency and consequent protein expression. DNA
plasmid size has been shown not to influence the DNA lipoplex morphological
structure or the efficiency of vector uptake into the cell (378-380), but may influence
DNA release from the cationic lipids, the intracellular migration of DNA from the
cytoplasm to the nucleus, and/or nuclear import (379,381). Smaller plasmids localise
to the nucleus and express their protein products faster than larger plasmids, thus,
transfection efficiencies and gene expression for equimolar amounts of plasmid DNA
are inversely proportional to plasmid size (378,379,381,382). This was demonstrated
by a sharp decrease in luciferase activity resulting from 3.7 kb versus 8.6 kb plasmid
DNA sizes (379). Additionally, tricistronic vectors have been reported to have improved
(377) or much-reduced protein production efficiency (309,376,383) than combining
monocistronic or using bicistronic constructs, which potentially depends on the
encoded gene. This may be attributed to the larger size of the ftricistronic gene
requiring more resources and time for transcription and translation, and co-
translational cleavage at the 2A peptide sequences may slow down the translation rate
(376) as is the case for the Tri-NAb sORF construct compared to the Co-T.

Alternatively, polycistronic vectors have equal amounts of heavy- and light-chain
sequences that can yield equal amounts of protein or potential decreased cleavage
efficiency of the second 2A cleavage peptide can reduce translation of the downstream
peptide (303). Antibody light chain to heavy chain ratio (LC: HC) influences
immunoglobulin assembly and assembly time, and having an abundance of light chain
(LC: HC ~1.24-3.43) is required for improved antibody folding, assembly, stability
(decreased aggregation that is important for reduced immunogenicity), and expression
(384-388). Therefore, a potential reduction in the translation of the 10E8 light chain
(third cistron in the Tri-NAb_sORF) and thus the reduced availability of light chain may

be a rate-limiting factor of antibody synthesis (389). Since we only observed
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assembled and secreted antibodies by western blot, the expression of the Tri-
NAb_sOREF constituents appeared proportional to each other, with an overall decrease
compared to the Tri-NAb Co-T (Figure 3.7E (DNA) and 3.10C (mRNA)). Our
experimental workflow was not designed to assess intracellular heavy- and light-chain
translational imbalances that may hinder antibody assembly and consequently overall
antibody expression. Furthermore, the expression mechanism of antibodies from
combined monocistronic versus polycistronic vectors may affect the SP affinity. Co-
transfected antibody heavy- and light-chain SPs can be independently but
simultaneously recruited to the ER, where the antibody chains may interact while
folding and assembling which affects the antibody secretion level (389). Polycistronic
constructs have the SP of the upstream heavy chain co-translationally recognised and
complexed to the ER membrane translocon before the light chain SP is translated,
which may influence the assembly interactions and level of secreted antibody
(355,356,389). Given the nature of cistron translation efficiencies being impacted by
their relative position in the polycistronic vector, changing the position of the light chain
has been shown to improve antibody expression (353). Although an F2A-mediated
expression vector with antibody light chain in the first cistron position expressed similar
amounts of antibody chains, it was hypothesised that the mRNAs of the different
conformations may have different secondary structures such that having light chain in
the first position results in higher translation efficiency and yields a higher mAb
expression level (353). Therefore, it would be interesting to investigate whether
changing cistron positions in the Tri-NAb_sORF, in which the 10E8 light chain
encoding region precedes the 10E8 heavy chain encoding region, or the 10ES8 light
chain is located in the first position followed by the 10E8 heavy chain and then the Bi-

NAb, could improve the overall Tri-NAb assembly capacity and expression titres.

Combined, the differing DNA plasmid sizes and the polycistronic nature of the
pmRNA_Tri-NAb_sORF (8 385 bp) could explain the reduced Tri-NAb expression
achieved by the sORF construct compared to co-transfection pmRNA_Bi-NAb_Ho
(6 012 bp) and pmRNA_10E8 Kn (5 994 bp) (measured based on yields post-
purification — Table 3.1). However, in the case of mMRNA which does not enter the
nucleus, the size difference between the Co-T (Bi-NAb_Ho (2 509 bases) and
10E8_Kn (2 491 bases)) and sORF (4 882 bases) mRNA transcripts could have less

impact on expression efficiency than for DNA constructs. Thus, mRNA transfection
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efficiency and subsequent protein expression may be greater than the equivalent DNA
plasmid construct (390). This is consistent with our results, where the mRNA-
expressed Tri-NAb sORF titre, although reduced, was not significantly different from
the Tri-NAb Co-T (based on neutralisation ID data that relates to antibody expression
- Figure 3.11C and Appendix Figure B7B). A direct comparison of mRNA and DNA Tri-
NAb Co-T and sORF expression would be required to determine if mMRNA expression

has more efficient yields.

4.7 Future prospects of mRNA-multispecific antibody delivery for HIV-1
prevention.

The success of immunoprophylaxis strategies against HIV-1 relies on maintaining
protective bNADb titres in vivo that can neutralise diverse swarms of HIV-1 strains
circulating within the local human population. The AMP trial data provided proof of
concept that bNAb prophylaxis can be effective for sensitive HIV-1 isolates but
highlighted the importance of potent antibody combination therapy for effective HIV-1
prevention (135). Furthermore, the AMP study defined the required serum
neutralisation titre for protection, which can be evaluated in vitro using an IC80 cut-off
of <1 pg/mL to predict the clinical potency and protection of antibodies (135). The
multispecific antibodies detailed in this study, comprising VRC01/PGT121 bispecific
antibody configurations (Bi-scFv and Bi-NAb) and the VRC01/PGT121/10ES trispecific
(Tri-NAb), had median IC80s between 0.22 — 0.68 ug/mL (~3 nM) with neutralisation
coverage of 71-76% at an 1C80 <1 pg/mL (Figure 3.9), thus meeting this potential
clinical protective criteria (IC80 <1 ug/ml). Whether IVT-mRNA-mediated expression
of the HIV-1 bNAbs or multispecific antibodies can achieve sufficient protective titres
in humans is currently unknown. It is becoming apparent that IVT mRNA is an efficient
means to express antibodies in vitro as well as presenting a viable
therapeutic/prophylactic/passive immunisation strategy for various biological threats,
including viral infections, intoxication, and cancer (391). IVT-mRNA has been shown
to be a robust vaccine platform and may represent opportunities for passive
immunisation as well, making it advantageous for applications that may require a

combination of passive and active immunisation (391) such as HIV-1.

Current delivery of IVT-mRNA is through LNP delivery platforms. Recent SARS-CoV-
2 vaccine candidates demonstrated the successful delivery of mRNA vaccine

immunogens by LNPs (237,238), however, there is a scarcity of the mRNA/LNP-
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mediated expression of antibody studies that have progressed to human clinical trials,
with the majority still in preclinical development in mice and NHPs (391-394). Prior to
preclinical testing, additional considerations pertaining to the generation and
preparation of IVT-mRNA transcripts are required. Primarily the uridine 5’-triphosphate
(UTP) is replaced with N1-methyl pseudouridine 5’ triphosphate (pseudouridine) that
reduces activation of RNA-dependent protein kinase (PKR) and improve the stability
and translation capacity of mRNA whilst diminishing its immunogenicity in vivo
(273,274). In addition during IVT, the T7 RNA polymerase is prone to synthesise
smaller oligonucleotides that result from the abortion of initiation (244,283). These
short abortive RNA fragments as well as the 3’ end of full-length RNA transcripts can
prime RNA synthesis generating dsRNA (246,280-282). Double-stranded RNA
activates TLR3 pattern recognition receptors and dsRNA-dependent enzymes upon
entry into human cells, triggering an immune response and inhibiting intra-cellular
protein synthesis (285). Therefore, for improved and efficient translation of
administered mRNA and to limit the activation of cytokine production (in vitro or in
vivo), it is necessary to remove the dsRNA contaminant from the IVT mRNA (286). In
the current study, this was achieved using a cellulose purification method previously
described, that selectively binds dsRNA to cellulose powder in an ethanol-containing
buffer, resulting in pure single-stranded mRNA with >95% removal of dsRNA (286). A
limitation of the current study was that despite performing the dsRNA-cellulose
purification we were unable to confirm the removal of the residual dsRNA
contaminates. Prior to clinical advancement, confirmation of the IVT-mRNA purity, LNP

formulation and in vitro testing would be required.

There is limited published data available mMRNA-LNP expression of antibodies in vivo.
However, two preliminary studies have demonstrated efficacy at in vivo delivery of
individual (234) and co-expression (301) of anti-HIV-1 bNAbs/scFvs using the mRNA-
LNP platforms and reported the following. Nucleoside-modified mRNAs encoding the
heavy- and light-chains of bNAb VRCO01 encapsulated in LNPs were co-administered
in equimolar concentrations by IV injection at a total of 1.4 mg/kg (30 ug) mRNA into
BALB/c mice, resulting in VRCO1 antibody expression of ~170 ug/mL 24 hours later
(234). Furthermore, weekly administrations of 1 mg/kg (30 pg) of mRNA into NOD-scid
gamma (NSG) mice was sufficient to maintain VRCO1 titres of ~40 pg/mL (234).
Surprisingly, 30 ug of VRC01 mRNA resulted in plasma VRCO1 levels that were 1.65
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times higher than BLT humanised mice injected with 600 pg of purified VRC01 mAb
(24 hours post-injection mean titres 204.7 pg/mL and 123.4 yg/mL respectively) and
was protective against challenge with the SF162 HIV-1 isolate (234). Alternatively,
individual bNAb mRNA-LNP [V administration of (0.5 mg/kg) of PGT121 and
PGDM1400 scFvs resulted in systemic titres of >73 pg/mL 24 hours later, and full-
length N6 1gG peak titres of 974 pg/mL after 24 hours (301). Co-formulation of mMRNAs
(1:1:1:0.5) encoding PGT121 scFv, PGDM1400 scFv, and N6 IgG heavy- and light-
chain (HC: LC, 2:1) were administered to Tg32 hemizygous mice. The authors
extrapolated that a dose of 1 mg/kg (0.3 mg/kg of each bNAD) in mice or 0.2 mg/kg in

humans could maintain levels of >10 pg/mL of each antibody up to 90 days (301).

In support of these data, mMRNA-LNP in vivo delivery of full-length antibodies against
the Chikungunya virus have been performed in mice, NHP and humans (392,394),
and provides comparative titre data between species. Overall, mMRNA-LNP delivery of
anti-Chikungunya antibodies achieved protective titres across all species, but reduced
serum titres were observed in NHP and human studies: mice (dose 0.5 mg/kg; titre:
14.9 ug/mL), NHP (dose: 0.5 mg/kg; titre: 10.1 pg/mL or repeated dose of 3 mg/kg,
titre 1: 16.2 pg/mL, titre 2: 28.8 pg/mL), and human (dose 0.6 mg/kg; titre >1 pyg/mL)
(392,394). These studies confirm IVT-mRNA-LNP antibody delivery as a passive
immunisation strategy in vivo and suggest that human clinical trials would likely require
>1 mg/kg (IVT-mRNA-LNP) dosing to achieve protective titres. Clinically protective
titres against HIV-1 are currently unknown, however, this would depend upon the bNAb
potency and the susceptibility of the infecting virus/viral swarm. Current NHP-SHIV
challenge models indicate that bNAbs targeting the same conserved epitope that
display higher potency against the viral challenge strain are able to protect against
infection at lower titres than less potent bNAbs (395). Given the failure of the first AMP
trials, the consensus within the field is the requirement for bNAb
combinations/multispecifics that will ensure protection within the real-world context.
These complexities in bNADb selection, multispecific engineering and construct design
may in turn affect IVT-mRNA-LNP dosing.

This study has demonstrated the utility of mRNA-delivery of HIV-1 multispecific
antibodies in vitro and reports efficient expression of the Bi-scFv, Bi-NAb and Tri-NAb
conformations. Furthermore, we demonstrate that multispecific antibodies

incorporating heterologous heavy chain assembly can be expressed from single open
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reading frame mRNA transcripts (Tri-NAb sORF), simplifying the manufacture and
delivery process. We have therefore demonstrated proof-of-principle of mRNA-
multispecific antibody delivery in vitro and this study provides a basis for the
advancement into preclinical testing. Importantly, the IVT-mRNA strategy could be
applied to the various established multispecific HIV-1 antibodies that have
demonstrated therapeutic and protective efficacy, and improved potency over parental
antibodies (Table 1.2). This strategy may provide a significant cost-benefit to those
HIV-1 multispecific antibodies that have reached clinical development, 10E8v4/iMAb
(195), VRC01/PGDM1400/10E8v4 (198), and 10E8/iMAb and VRCO07-523LS (196),
and facilitate the large-scale roll-out and may even facilitate the simultaneous delivery

of multiple multispecific antibody configurations.

Cognisant of the challenges that arise with in vivo delivery of multispecific antibodies,
designing multispecific antibodies in which the selected combinations display synergy
may be paramount to the multispecific antibody efficacy. Bispecific combinations of
N6, CAP256-VRC26.25, PGDM14000, 3BNC117, PGT135, 10E8, and iMAb
demonstrate the best combination of potency and neutralisation against HIV-1 subtype
C pseudoviruses in vitro (141). Thus, elite multispecific antibodies engineered using
these specific bNAb combinations, in combination with IVT-mRNA-LNP delivery, may
provide a potent HIV-1 prevention strategy that would realise maximum benefit in the
sub-Saharan African region (4-7) in which the global HIV-1 infection burden is

predominated by the subtype C strains.

4.8 Conclusion.

In the absence of an effective HIV-1 prophylactic vaccine, passive transfer of bNAbs
presents a viable alternative. bNAb combinations or engineered multispecific bNAbs
are likely required to cope with the extensive diversity of HIV-1 strains in circulation
globally. IVT-mRNA-mediated expression of HIV-1 bNAbs/multispecific antibodies
may lower the cost of the passive immunisation strategies, promoting large-scale

clinical roll-out, particularly in resource-limited countries.

This dissertation describes the generation of IVT-mRNA compatible DNA plasmid
constructs for the expression and functional characterisation of previously reported Bi-
scFv, Bi-NAb and Tri-NAb multispecific constructs (200). Importantly, we describe the

generation of the novel Tri-NAb sORF construct that achieved comparable expression
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to traditional co-transfection from IVT-mRNA, simplifying the delivery process for
multispecific antibody expression and could further enable the delivery of
combinations of multispecific antibodies (i.e. combinations of two bispecifics or
multispecifics). Our data demonstrate that all three multispecific antibody
conformations could be successfully expressed and assembled from IVT-mRNA
transcripts and retained the functional paratopes of each antibody to achieve
enhanced neutralisation breadth against a clinically relevant tier 2, HIV-1 pseudovirus
panel. Furthermore, the mRNA-expressed multispecific antibodies had a
neutralisation coverage comparable to that achieved by the DNA-expressed and
purified multispecific antibodies, thus proving the validity of this antibody expression

platform in vitro.

In conclusion, we have demonstrated proof-of-principle of IVT-mRNA expression of
HIV-1 multispecific antibodies encoded by single mRNA transcripts. These data
support the advancement into preclinical animal testing to determine if therapeutically
relevant titres are attainable in vivo following LNP-mediated delivery of these
constructs. If successful, IVT-mRNA expression of multispecific antibodies could
present a viable strategy for immunoprophylaxis against HIV-1 and other viral

infections for which protective vaccines do not yet exist.
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Appendix A: General laboratory techniques and Kit
protocols.

A1 Preparation of chemically competent cells.

Chemically competent Escherichia coli (E.coli) DH5a cells were prepared using the
Inoue methods previously described (396). Chemically competent DH5a E. coli cells
were streaked (to isolate a single bacterial colony for expansion) on Luria Bertani (LB)
nutrient agar plates (2% (w/v) yeast extract, 5% (w/v) peptone, 5% (w/v) NaCl, 15%
(w/v) agar) and incubated at 37°C overnight. A single colony was inoculated into 30
mL of super optimal broth (SOB) media (85 mM NaCl, 20% (w/v) tryptone, 5% (w/v)
yeast extract, 2.5 mM KCI) in a 250 mL Erlenmeyer flask and incubated at 37°C, 200
rom overnight. From this starter culture, three 1 L Erlenmeyer flasks containing 200
mL SOB media were inoculated with increasing volumes of starter culture (4 mL, 8
mL, and 20 mL) and incubated overnight at 18°C, 200 rpm. The OD600 of the cultures
was monitored the following morning until one of the three cultures reached an OD600
of 0.4-0.45. The culture was placed in an ice-bath for 10 minutes. The bacteria cells
were harvested by centrifugation at 2 500 x g for 10 minutes at 4°C, the media
supernatant was discarded, and the bacterial cell pellet was gently resuspended and
washed in 40 mL of chilled Inoue transformation buffer (55 mM MnCl2.4H20; 15 mM
CaCl2.2H20; 250 mM KCI; 10 mM piperazine-1,2-bis (PIPES) solution, pH 6.7; sterile
filtered through a 0.22 pm filter (Pall) insert reference). The bacterial cells were
harvested by centrifugation at 2500 x g for 10 minutes at 4°C, the Inoue
transformation buffer was discarded, and the cell pellet was gently resuspended in an
additional 20 mL of chilled Inoue transformation buffer. Dimethylsulfoxide (DMSO - 1.5
mL, final concentration 7.5% v/v) was added to the bacterial suspension and swirled
to mix before incubating on ice for 10 minutes. Aliquots (50 - 100 uL) were dispensed

into chilled, sterile 1.5 mL microfuge tubes kept on ice, and stored at -80°C.

A2 Isolation and purification of DNA.

A2.1 DNA extraction from agarose gel.

DNA was extracted from 0.8% agarose gels using the QIAquick Gel Extraction Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions with slight

alterations. The gel fragments containing the DNA of interest was excised from the
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agarose gel and three volumes of solubilisation Buffer QG (composition unavailable)
were added to one weight-volume of gel (100 mg gel ~ 100 pL) and incubated at 50°C
for 10 minutes to completely dissolve the gel slice. One gel volume of isopropanol was
added to the sample, mixed, and loaded into the QIAquick spin column and centrifuged
at 16 000 x g for one minute to allow the DNA to bind to the silica membrane in the
high-salt buffer. The flow-through was discarded and 500 uL of Buffer QG (composition
unavailable) was added to the column and centrifuged for one minute at 16 000 x g
(recommended if the DNA will be used for sequencing or in vitro transcription). The
flow-through was discarded and the bound DNA was washed with 750 pL of Buffer PE
(composition unavailable), incubated at room temperature for 2 to 5 minutes, and
centrifuged at 16 000 x g for 1 minute. The flow-through was discarded and the wash
procedure was repeated with 500 uL of Buffer PE. After discarding the second wash
buffer PE flow-through, the empty column was centrifuged at 16 000 x g for an
additional 1 minute to remove any residual wash buffer. The DNA was eluted with a
low-salt buffer into a clean 1.5 mL microfuge tube with 30 uL of Buffer EB (10 mM Tris-
Cl, pH 8.5) applied to the centre of the membrane, incubated at room temperature for
2 to 4 minutes, and centrifuged at 16 000 x g for 2 minutes. The purified DNA
fragments were quantified by UV absorption at Azom on a NanoDrop®
Spectrophotometer ND-1000, software version 3.8.1 (Thermo Fisher Scientific,
Waltham, MA, USA), initiated with nuclease-free water and blanked against the

appropriate Buffer EB. Purified DNA was stored at 4°C short term or -20°C long term.

A2.2 PCR DNA amplicon purification.

PCR amplified DNA products were purified via a silica-based membrane column using
the GeneJET PCR Purification Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA, not all buffer compositions were available) to remove primers, dNTPs, enzymes,
and salts from the DNA prior to downstream cloning and ligation reactions. A 1:1
volume of Binding Buffer (containing chaotropic agents to denature proteins and
promote DNA binding to the silica membrane in the column) was added to the PCR
mixture, mixed, transferred into the GeneJET purification column, and centrifuged at
12 000 x g for 1 minute. The flow-through was discarded and bound DNA was washed
with 700 pL of Wash Buffer (diluted 1:5 with ethanol) and centrifuged at 12 000 x g for
1 minute. The flow-through was discarded and the empty column was centrifuged for

an additional 2 minutes to remove any residual wash buffer. The DNA products were
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eluted into a clean 1.5 mL microfuge tube in 30 pL of Elution Buffer (10 mM Tris-HCI,
pH 8.5) applied to the centre of the membrane, incubated at room temperature for 2
minutes and centrifuged at 12 000 x g for 2 minutes. The purified DNA products were
quantified by UV absorption at A2sonm on the NanoDrop® Spectrophotometer ND-
1000, software version 3.8.1 (Thermo Fisher Scientific, Waltham, MA, USA) which was
initiated with nuclease-free water and blanked against the appropriate Elution Buffer.

Purified DNA products were stored at 4°C (short term) or -20°C (long term).

A2.3 Plasmid DNA isolation (Mini prep).

Plasmid DNA was extracted from 6 mL of overnight E. coli culture using the High Pure
Plasmid Isolation Kit (Roche Group, Basel, Switzerland) according to the
manufacturer’s instructions. Culture was harvested by centrifugation at 4 500 x g for
10 minutes, the media supernatant was discarded, and the cell pellet was
resuspended in 250 pL of chilled RNase-containing Suspension Buffer (50 mM Tris-
HCI, 10 mM EDTA, 0.01% (w/v) RNase A, pH 8.0). The solution was transferred to a
clean 1.5 mL microfuge tube and 250 pL of Lysis Buffer (0.2 M NaOH, 1% (v/v) SDS)
was added, mixed gently, and incubated at room temperature for 5 minutes to ensure
adequate lysis of the bacterial cells. Chilled Binding Buffer (350 uL — 4 M CHsN3.HCI,
0.5 M CH3CO2K, pH 4.2) was added, mixed gently, and incubated on ice for 5 minutes
to precipitate genomic DNA and proteins before being centrifuged at 16 000 x g for 10
minutes. The debris pellet was discarded, and the supernatant was transferred to the
High Pure filter tube and centrifuged at 16 000 x g for 1 minute to allow DNA binding
to the membrane. The flow-through was discarded and the bound DNA was washed
with 500 pL of Wash Buffer | diluted in ethanol (5 M CH3N3.HCI; 20 mM Tris-HCI; 60%
(v/v) ethanol, pH 6.6) and centrifuged at 13 000 x g for 1 minute. The flow-through was
discarded and an additional wash was performed with 700 uL of Wash Buffer Il diluted
in ethanol (20 mM NaCl; 2 mM Tris-HCI; 80% (v/v) ethanol, pH 7.5), centrifuged at
13 000 x g for 1 minute and an additional 2-minute centrifugation after the wash buffer
flow-through was discarded. The DNA was eluted into a clean 1.5 mL microfuge tube
with 100 pL of Elution Buffer (10 mM Tris, pH 8.5) added to the centre of the
membrane, incubated at room temperature for 2 minutes and centrifuged at 13 000 x
g for 2 minutes. The purified plasmid DNA was quantified by UV absorption at A2sonm

on the NanoDrop® Spectrophotometer ND-1000, software version 3.8.1 (Thermo
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Fisher Scientific, Waltham, MA, USA) which was initiated with nuclease-free water and

blanked against the appropriate Elution Buffer. Purified DNA was stored at -20°C.

A2.4 Plasmid DNA isolation (Midi and Maxi preps).

Plasmid DNA was isolated from 50 mL (Midi) or 150 mL (Maxi) of E. coli culture using
a modified alkaline-lysis method followed by ion exchange chromatography using the
QIAGEN Plasmid Midi and Maxi Kits (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions with slight modifications. The bacterial culture was
harvested by centrifugation at 6 000 x g for 15 minutes at 4°C (Eppendorf Centrifuge
5804 R — Eppendorf, Hamburg, Germany), and the media supernatant was discarded.
The bacterial cell pellet was resuspended in 4 mL (Midi) or 10 mL (Maxi) of chilled
resuspension buffer (P1 resuspension buffer: 50 mM Tris-Cl; 10 mM EDTA; 100 ug/mL
RNase A, pH 8.0), the bacterial cells were lysed in 4 mL (Midi) or 10 mL (Maxi) lysis
buffer (P2 lysis buffer: 200 mM NaOH; 1% (w/v) SDS), mixed, and incubated at room
temperature for 5 minutes. The reaction was neutralised with 4 mL (Midi) or 10 mL
(Maxi) chilled neutralisation buffer (P3 neutralisation buffer: 3 M CH3CO2K, pH 5.5),
mixed and incubated on ice for 15 minutes (Midi) or 20 minutes (Maxi). The lysate was
removed by centrifugation at 4 500 x g for 15 minutes and filtered through nylon filter
wool (available at any aquarium store). The supernatant containing plasmid DNA was
added to the anion-exchange QIAGEN-tip100 (Midi) or QIAGEN-tip500 (Maxi) (all
buffers passed through the QIAGEN-tips by gravity flow), pre-equilibrated with 4 mL
(Midi) or 10 mL (Maxi) equilibration buffer (QBT equilibration buffer: 750 mM NacCl; 50
mM MOPS, 15% (v/v) isopropanol; 0.15% (v/v) Triton® X-100, pH 7.0) that facilitated
selective DNA binding to the resin. The bound DNA was washed with a high-salt buffer
to remove RNA, proteins, and other impurities with 2 x 10 mL (Midi) or 2 x 30 mL (Maxi)
of wash buffer (QC: 1 M NaCl; 50 mM Tris-Cl; 15% (v/v) isopropanol, pH 7.0). The
DNA was eluted from the resin in 5 mL (Midi) or 15 mL (Maxi) of elution buffer (QF:
1.25 mM NaCl; 50 mM Tris-Cl; 15% (v/v) isopropanol, pH 8.5), precipitated with 3.5
mL (Midi) or 10.5 mL (Maxi) isopropanol and mixed. For the Midi prep, the eluate
mixture was divided among four 2 mL microfuge tubes and centrifuged at 16 000 x g
for 30 minutes at 4°C (Eppendorf Centrifuge 5415 R — Eppendorf, Hamburg,
Germany). The supernatant was carefully discarded, the DNA pellets were each
washed with 0.5 mL of 70% ethanol and centrifuged at 16 000 x g for 10 minutes at
4°C (Eppendorf Centrifuge 5415 R - Eppendorf, Hamburg, Germany). The
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supernatant was carefully aspirated, the DNA pellets were air-dried for 5-10 minutes
and resuspended in 100 yL endotoxin-free TE buffer (10 mM Tris-Cl; 1 mM EDTA, pH
8.0). The Maxi prep eluate mixture was centrifuged at 15 000 x g for 30 minutes at4°C
(Eppendorf Centrifuge 5415 R — Eppendorf, Hamburg, Germany). The supernatant
was carefully discarded, and the DNA pellet was washed with 5 mL of 70% ethanol
and centrifuged at 15 000 x g for 10 minutes at 4°C (Eppendorf Centrifuge 5415 R —
Eppendorf, Hamburg, Germany). The supernatant was carefully discarded, and the
DNA pellet was air-dried for 5-10 minutes and resuspended in 500 uL endotoxin-free
TE buffer (10 mM Tris-Cl; 1 mM EDTA, pH 8.0). The DNA concentration was
determined by UV absorption at A2sonm on a NanoDrop Spectrophotometer ND-1000,
software version 3.8.1 (Thermo Fisher Scientific, Waltham, MA, USA) which was
initiated with nuclease-free water and blanked against the TE buffer. Purified plasmid
DNA was diluted to 0.5 ug/uL with TE buffer and stored at -20°C.

A3 Thermocycling.

Polymerase chain reactions (PCRs) were performed according to the cycling
conditions described in Table A1. PCR thermocycling and temperature incubations
were performed on the GeneAmp® PCR System 9700 (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA) or C1000 Touch™ Thermal Cycler (BIO-RAD
Laboratories, Hercules, CA, USA).

A4 Agarose gel electrophoresis.

Agarose (0.8 - 2% (w/v)) was dissolved in 1x tris, acetic acid, EDTA (TAE)
Electrophoresis Buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA) (Thermo Fisher
Scientific, Waltham, MA, USA) with 40 ug (final concentration 0.8 pg/uL) of Ethidium
Bromide Solution (BIO-RAD Laboratories, Hercules, CA, USA) for nucleic acid
visualisation by agarose gel electrophoresis. DNA samples were prepared with 6x
Orange DNA Loading Dye (Thermo Fisher Scientific, Waltham, MA, USA), diluted to a
final 1x concentration, and resolved along the GeneRuler DNA Ladder Mix, ready-to-
use SM0333 (Thermo Fisher Scientific, Waltham, MA, USA) or the O’GeneRuler 50
bp DNA Ladder, ready-to-use SM1133 (Thermo Fisher Scientific, Waltham, MA, USA)

depending on the anticipated size, according to the manufacturer’s instructions.

Samples of IVT-mRNA transcripts pre- and post-purification were diluted in DEPC-
treated water and prepared in 2x RNA Loading Dye R0641 (Thermo Fisher Scientific,
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Waltham, MA, USA), heated at 70°C for 10 minutes to denature the RNA secondary
structure, chilled on ice for 3 minutes and resolved along the RiboRuler High Range
RNA Ladder, ready-to-use SM1823 (Thermo Fisher Scientific, Waltham, MA, USA)
that had been denatured in parallel with the samples. Agarose gel electrophoresis was
performed in a multiSUB tank (Cleaver Scientific, Thistle Scientific Ltd, Warwickshire,
UK) resolved at 80 V for approximately 1 hour and visualised using the ChemiDoc™
MP Imaging System and the Quantity One® software, version 4.6.9 (BIO-RAD

Laboratories, Hercules, CA, USA) under Trans UV light exposure.

A5 Sanger sequencing.

In-house Sanger sequencing was performed using the BigDye™ Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) on a 3730xI DNA Analyzer (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions with the following
modifications. A final volume of 10 pL per well was used in a MicroAmp™ Optical 96-
well Reaction plate (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA), comprising: 2 ul of 5x Sequencing Buffer, 1 pl of BigDye™ Terminator v3.1
Ready Reaction Mix, 1.5 ul of 3.5 yM primer, 300 ng of purified plasmid template DNA
and PCR grade water to make up the remaining reaction volume. Various primer sets
were used to sequence the forward and reverse direction to cover the area/s of interest
(Table A1). The sequencing plate was centrifuged at 2 000 x g for 2 minutes and the
thermal cycling was performed on the PCR System 9700 GeneAmp Thermocycler
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) using the
following conditions: 96°C for 1 minute, followed by 25 cycles of 96°C for 10 seconds,
50°C for 5 seconds, 60°C for 4 minutes, and held at 4°C (Table A1). The sequencing
reaction was purified by precipitation by adding 50 uL ethanol-sodium acetate solution
(3 M sodium acetate, pH 5.25: 100% ethanol = 1:25) to each well prior to centrifugation
at 2 000 x g for 30 minutes at 4°C to pellet the amplicons. The plate was inverted and
centrifuged at 100 x g for 20 seconds to remove the sodium acetate-ethanol solution,
150 pL of chilled 70% ethanol was added to each well and the plate was centrifuged
at 2 000 x g for 5 minutes. The plate was inverted and centrifuged at 500 x g for 30
seconds to remove the ethanol and incubated at 95°C for 3 minutes to evaporate any
remaining ethanol. Hi-Di"™ Formamide (Applied Biosystems, Thermo Fisher Scientific,

Waltham, MA, USA) was added to the plate (10 uL per well). The reactions were
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incubated at 65°C for 5 minutes, vortexed, the plate was centrifuged at 1 000 x g for
30 seconds and loaded into the 3730xI DNA Analyser (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA) to be sequenced. The sequences were analysed
using SnapGene® 3.1.2, the sequence reads were trimmed on the 5’ and 3’ ends to
remove low-quality sequences and aligned to an in silico reference plasmid sequence

generated in SnapGene® 3.1.2 to confirm the DNA constructs.

A6 SDS-PAGE.

Protein samples were analysed by SDS-PAGE and/or western blot. SDS-PAGE gels
(10% acrylamide as described in Table A2) were cast in-house using the BIO-RAD
Mini-Protean system (BIO-RAD Laboratories, Hercules, CA, USA). Protein samples
(clarified cell culture supernatant or purified antibody) were prepared in reducing
sample buffer (4x stock diluted to a final 1x: 0.025 M Tris-HCI, pH 6.8; 2% (w/v) SDS;
5% (v/v) glycerol; 0.1% (v/v) B-Mercaptoethanol; 0.0125 M ethylenediaminetetraacetic
acid (EDTA); 0.02% (w/v) Bromophenol Blue) and heated at 80°C for 5 minutes. SDS-
PAGE gels were resolved in 1x tank buffer (0.025 M Tris, 0.192 M Glycine, 0.1% (w/v)
SDS) at 30 mA per gel for approximately 1 hour. NUPAGE™ 4-12% Bis-Tris Precast
Gels (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) were also used for
protein sample analyses. Protein samples (clarified cell culture supernatant or purified
antibody) were prepared in NUPAGE™ LDS Sample Buffer (4x) (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) for non-reducing conditions and NUPAGE™ LDS
Sample Buffer (4x) supplemented with 0.5 M dithiothreitol (DTT)- LDS sample buffer:
DTT = 2.5:1) for reducing conditions and were heated at 70°C for 10 minutes. NuPAGE
gels were resolved using 1x NUPAGE™ MOPS SDS Running Buffer (20x) (final
concentration 1x: 50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7 -
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) performed in the Invitrogen
Novex Mini-Cell system at 200 V for approximately 35 minutes. The samples were
resolved along with the Color Protein Standard Broad Range P7719S or P7712S (New
England Biolabs, Ipswich, MA, USA). Resolved protein bands were visualised using
an overnight comassie blue staining (50% (v/v) methanol, 10% (v/v) acetic acid,
0.025% (w/v) Coomassie R250)/ followed by destaining (5% (v/v) ethanol, 7% (v/v)
acetic acid) protocol and were imaged on the ChemiDoc™ MP Imaging System and
the Quantity One® software, version 4.6.9 (BIO-RAD Laboratories, Hercules, CA,
USA) under Trans UV light exposure.
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A7 Western Blot.

SDS-PAGE resolved antibodies were transferred onto a Hybond™-C Extra
nitrocellulose membrane (Amersham Biosciences, GE Healthcare, Amersham, UK)
using the XCell Il ™ Blot Module at 30 V for 1 hour, using NuPAGE® Transfer Buffer
(20x) (final 1x concentration: 0.5 M Bicine, 0.5 M Bis-Tris, 20.5 mM EDTA free acid,
10% (v/v) methano, pH 7.2 - Thermo Fisher Scientific, Waltham, MA, USA). The
nitrocellulose membrane was blocked overnight in 5% milk powder prepared in Tris
Buffered Saline with Tween-20 (TTBS - 1% Tris, 0.01% Tween 20, pH 7.4). The
blocking buffer was washed off the membrane with two 30 mL TTBS washes and
placed flush on a clean glass surface for the development incubations. Resolved
antibodies containing an intact Fc domain (parental antibodies; PGT121/122, VRCO01
or 10E8v4 and multispecifics; Bi-NAb and Tri-NAb (Co-T & sORF)), were detected by
incubating the membrane with secondary antibody for 1 hour at room temperature.
Initial western blots used ECL™ anti-human IgG horseradish peroxidase linked whole
antibody (from sheep) (Cat. NA933V, GE Healthcare UK Limited, Buckinghamshire,
UK) diluted 1:2 000 in TTBS, subsequent western blots used anti-Human-IgG (Fc
specific)-horseradish peroxidase (HRP) produced in goat (Cat. AO170, Merck Group,
Darmstadt, Germany) diluted 1:3 000 in TTBS. Transferred His tagged proteins
(4dCD4 (control) and Bi-scFv) were detected by incubating the blocked membranes
for 1 hour at room temperature in Penta-His HRP Conjugate diluted 1:2 000 in Penta-
His Blocking Buffer (0.5% (w/v) Blocking Reagent, 0.1% (v/v) Tween-20 - Qiagen,
Hilden, Germany), or His-Probe-HRP conjugate (4 ug/mL - Thermo Fisher Scientific,
Waltham, MA, USA) diluted 1:1 000 in Penta-His Blocking Buffer. Residual HRP-linked
antibody was washed off the membrane with 5 x 3-minute washes in 50 mL of TTBS.
The membrane was developed using an HRP substrate for enhanced
chemiluminescence (ECL) - (Pierce™ ECL Western Blotting Substrate (Thermo Fisher
Scientific, Waltham, MA, USA)), according to the manufacturer’s instructions. A 1:1
mix of peroxide solution and luminol enhancer solution was prepared, added to the
membrane surface, and incubated for 5 minutes at room temperature. The membrane
was imaged on the ChemiDoc™ MP Imaging System and the Quantity One® software,
version 4.6.9 (BIO-RAD Laboratories, Hercules, CA, USA) on the chemiluminescence

setting with no filter for maximal exposure.
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Table A1. Primers and thermocycling conditions used in this study.

Construct  Experimental Procedure and Section ~ Primer name Primer Sequence (5' to 3') PCR Conditions g?;zh(z%r;
Bi-scFv Amplify Bi-scFv sequence CMV_FOR AGGTCTATATAAGCAGAGCTCGG 98°C for 10s; 30 cycles of: 98°C for 10s, 65°C for 15s, 1696
(section 2.3.2.2) Bi-scFv_REV CAGGGGCCCTCATCAGTGATGGTGATGGTGGTGGCCGGAGCCGCTGC and 72°C for 45s; 72°C for 5 min; 4°C hold.
Mutagenesis
Silence Bpi | in CH2 domain of pmRNA_Bi-NAb  Bpil_SDM_FOR AACAATCTCCAAGGCCAAGGG 98°C for 30s; 25 cycles of: 98°C for 20s, 69°C for 15s, 6012
(section 2.4) Bpil_SDM_REV TTCTCGATTGGGGCAGGC and 72°C for 3 min 30s; 72°C for 5 min; 4°C hold.
Assembly.
CH3_Ho_FOR GACTGGCTGAACGGCAAGGAG 98°C for 30s; 30 cycles of: 98°C for 10s, 65°C for 15s, 390
Gibson Assemble Bi-NAb and CH3_Hole CH3_Ho_REV CAGGCTCTTCTGGGTGTAGTG and 72°C for 30s; 72°C for 5 min; 4°C hold.
Bi-NAb (section 2.5.1) Bi-NAb_Linear_FOR CACTACACCCAGAAGAGCCTG 98°C for 30s; 30 cycles of: 98°C for 20s, 70°C for 15s, 3889
Bi-NAb_Linear REV CTCCTTGCCGTTCAGCCAGTC and 72°C for 2 min; 72°C for 5 min; 4°C hold.
Sanger sequencing
* Bi-NAb Bpi | CH2 silenced CH3_Ho_FOR GACTGGCTGAACGGCAAGGAG NA
(section 2.4.1) CH3_Ho REV CAGGCTCTTCTGGGTGTAGTG NA
pmRNA_Bi-NAb_Ho assembled CH3_Ho_Screen_FOR GAGCCTGAGCTGCGCC 96°C for 1 min; 25 cycles of: 96°C for 10s, 50°C for 5s,
(section 2.5.1.1) CH3 Ho REV CAGGCTCTTCTGGGTGTAGTG and 60°C for 4 min; 4°C hold.
Assembly
Generate P2A cleavage peptide template DNA Cleavage_peptide_FOR GGCTCCGGCCGACGAAGAAGGCGACGAGGAAGCGGAGCTACTAACTTCAGCCTG 98°C for 30s; 5 cycles of: 98°C for 10s, 63°C for 5s, 03
(section 2.5.2) Cleavage_peptide_ REV AGGTCCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGCAGGCTGAAGTTAGTAGCTC  and 72°C for 10s; 72°C for 5 min; 4°C hold.
Bi-NAb_Ho_linear_FOR GGGCCCGTTTAAACGCTG 98°C for 30s; 25 cycles of: 98°C for 20s, 62°C for 15s, 6006
Bi-NAb_Ho_linear_REV CTTGCCAGGAGACAGGGA and 72°C for 4 min; 72°C for 5 min; 4°C hold.
Gibson Assemble pmRNA_ Tri-NAb_sORF  10E8_Kn_linear_FOR GTGGAGGAGAACCCTGGACCTATGGCGACGGGTTCAAGA 98°C for 30s; 30 cycles of: 98°C for 20s, 68°C for 15s, 21320
(section 2.5.2) 10E8_Kn_linear_pmRNA_REV AGGCAGCGTTTAAACGGGCCCTTAGCTGCACTCGGTAGGG and 72°C for 1 min 10s; 72°C for 5 min; 4°C hold.
Cleavage_peptide_ AMP_FOR CTGTCCCTGTCTCCTGGCAAGGGCTCCGGCCGACGAAG 98°C for 30s; 30 cycles of: 98°C for 20s, and 70°C for 114
Cleavage peptide AMP_REV _AGGTCCAGGGTTCTCCTCC 15s; 72°C for 5 min; 4°C hold.
Sanger seguencing
PMRNA_Tri-NAb_sORF CH3_Ho_Screen_FOR GAGCCTGAGCTGCGCC 96°C for 1 min; 25 cycles of: 96°C for 10s, 50°C for 5s, NA
(section 2.5.2) and 60°C for 4 min; 4°C hold.
Mutagenesis
SDM furin in 10E8_Kn 10E8_Kn_furin_SDM_FOR CGAAGAAGGAGAAGATCAGGTTCGGGT 98°C for 30s; 25 cycles of: 98°C for 20s, 65°C for 15s, 6177
(section 2.5.3.1) 10E8_Kn_furin SDM_REV TCGGCCAGGGCTCAG and 72°C for 4 min 10s; 72°C for 5 min; 4°C hold.
o . 10E8_Kn_furin_SDM_FOR CGAAGAAGGAGAAGATCAGGTTCGGGT 98°C for 30s; 10 cycles of: 98°C for 20s, 63°C for 15s,
Tri-NAb SDM furin in IOEIQ—K'Z‘ gf; g'NAb—SORF 10E8_Kn_furin SDM_REV TCGGCCAGGGCTCAG and 72°C for 5 min; 15 cycles of: 98°C for 20s, 69°C 8385
(section 2.5.3.3) for 15s, and 72°C for 5 min; 72°C for 5 min; 4°C hold.
Assembly.
10E8_Kn_linear_pmRNA_FOR AGAAGAAATATAGCCGCCACCATGGCGACGGGTTCAAGA 98°C for 30s; 30 cycles of: 98°C for 20s, 68°C for 15s, 2085
Gibson Assemble 10E8_Kn_Afurin into pmRNA 10E8_Kn_linear_pmRNA_REV AGGCAGCGTTTAAACGGGCCCTTAGCTGCACTCGGTAGGG and 72°C for 1 min 15s; 72°C for 5 min; 4°C hold.
(section 2.5.3.2) Bi-NAb_Ho_linear_FOR GGGCCCGTTTAAACGCTG 98°C for 30s; 30 cycles of: 98°C for 20s, 64°C for 15s, 3638
pmRNA_linear_REV GGTGGCGGCTATATTTCTTC and 72°C for 2 min 30s; 72°C for 5 min; 4°C hold.
Sanger sequencing
CMV_FOR AGGTCTATATAAGCAGAGCTCGG
pmRNA_Tri-NAb_sORF_Afurin CH3_Ho_Screen_FOR GAGCCTGAGCTGCGCC 96°C for 1 min; 25 cycles of: 96°C for 10s, 50°C for 5s,
(section 2.5.3.3) 10E8_Kn_CP_seq_FOR TTCCTGTACAGCAAGCTG and 60°C for 4 min; 4°C hold.
10E8 Kn _CP_seq REV CCAGGGCCACTGACAC
10E8_Kn_Afurin 10E8_Kn_CP_seq_FOR TTCCTGTACAGCAAGCTG 96°C for 1 min; 25 cycles of: 96°C for 10s, 50°C for 5s, N/A
(section 2.5.3.1) 10E8 Kn_CP_seq REV CCAGGGCCACTGACAC and 60°C for 4 min; 4°C hold.
. CMV_FOR AGGTCTATATAAGCAGAGCTCGG o, . . 9@/° o
meg’;E:igfifggfgf””" 10E8_Kn CP_seq FOR TTCCTGTACAGCAAGCTG gﬁ d%gf,'clfg:'z’ rf‘a_cif'gi;fa_% C for 10s, 50°C for 5s,
10E8 Kn_CP_seq REV CCAGGGCCACTGACAC !
Assembly.
Fluc_FOR AGAAGAAATATAGCCGCCACCATGGCCGATGCTAAGAAC 98°C for 30s; 30 cycles of: 98°C for 20s, 63°C for 15s, 1695
Gibson Assemble Fluc into pmRNA Fluc_REV AGGCAGCGTTTAAACGGGCCCTTACACGGCGATCTTGC and 72°C for 1 min 5s; 72°C for 5 min; 4°C hold.
Firefly (section 2.6) Bi-NAb_Ho_linear_FOR GGGCCCGTTTAAACGCTG 98°C for 30s; 30 cycles of: 98°C for 20s, 64°C for 15s, 3638
luciferase PmMRNA_linear_REV GGTGGCGGCTATATTTCTTC and 72°C for 2 min 30s; 72°C for 5 min; 4°C hold.
Sanger sequencing
PMRNA_Fluc CMV_FOR AGGTCTATATAAGCAGAGCTCGG 96°C for 1 min; 25 cycles of: 96°C for 10s, 50°C for 5s, NA

(section 2.6)

and 60°C for 4 min; 4°C hold.

*Indicates Sanger sequencing performed by Ingaba Biotech; red text indicates incorporated His tag and Apal restriction site; blue text indicates the incorporated mutation; green text

indicates corresponding homologous overlap. N/A, not applicable.
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Table A2a. Composition of 10% Separating PAGE gel to cast two 1 mm gels.

Solution (composition) Volume (mL)
30% Acrylamide/2.7% Bisacrylamide monomer 5.0
4x Separating Gel Buffer (1.5 M Tris-HCI, pH 8.8) 3.75
10% SDS 0.15
Water 6.5
10% APS (make up fresh) 0.075
TEMED 0.0075

Table A2b. Composition of 4% Stacking PAGE gel to cast two 1 mm gels.

Solution (composition) Volume (mL)
30% Acrylamide/2.7% Bisacrylamide monomer 1.33
4x Stacking Gel Buffer (0.5 M Tris-HCI, pH 6.8) 2.5
10% SDS 0.1
Water 6.0
10% APS (make up fresh) 0.075
TEMED 0.0075

SDS, sodium dodecyl sulphate; APS, Ammonium Persulfate; TEMED, N, N, N’, N’-

tetramethylethylene-diamine
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Figure A1. Plasmid maps for the final pmRNA expression constructs encoding the multispecific antibodies (Bi-
scFv, Bi-NAb, Bi-NAb_Ho, 10E8_Kn, and Tri-NAb_sORF, as well as green fluorescent protein (GFP) and firefly
luciferase (Fluc) (controls for mMRNA-mediated expression, and pMin_iMAb_Ho as an assembly control.
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For the pmRNA multispecific antibody constructs, the 5 UTR, multispecific antibody
amino acid sequence, and 3’ UTR sequences are given below, with the main features
indicated as follows: Minimal CMV promoter, T7 promoter, secretion signal, VRCO1
light chain variable region, VRCO01 heavy chain variable region, PGT121 light chain
variable region, PGT121 heavy chain variable region, His tag, Fc domain,

, 10E8 heavy chain variable region, 10E8 heavy chain constant
region, , 10E8 light chain variable region, 10E8 light chain constant region,
poly-A signal, glycine-serine linkers.

>pmRNA_Bi-scFv

ggtaggcgtgtacggtgggaggtctatataagcagagctcggtacctaatacgactcactatagggaaataagaga
gaaaagaagagtaagaagaaatatagccgccaccMGWSCIILFLVATATGVHSSLTQSPGTLSLS
PGETAIISCRTSQYGSLAWYQQRPGQAPRLVIYSGSTRAAGIPDRFSGSRWGPDYN
LTISNLESGDFGVYYCQQYEFFGQGTKVQVDIGGGGSGGGGSGGGGSQVALVQS
GGQMKKPGESMRISCRASGYEFIDCTLNWIRLAPGKRPEWMGWLKPRGGAVNYA
RPLQGRVTMTRDVYSDTAFLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTP
VIVSSGGGGSGGGGSGGCGCGSGCGCGEGESGGGEGSSDISVAPGETARISCGEKSLGSRA
VQWYQHRAGQAPSLIIYNNQDRPSGIPERFSGSPDSPFGTTATLTITSVEAGDEADY
YCHIWDSRVPTKWVFGGGTTLTVLGGGGSGGGGSGGGGSQMQLQESGPGLVKP
SETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNYSPSLKSRVNLS
LDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFYMDVWGNGT
QVTVSSGSGHHHHHH**gggcccgtttaaacgctgccttctgeggggcttgecttctggecatgeccttcttcte
tcccttgcacctgtacctcttggtctitgaataaagcctgagtaggaaggctagaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

>pmRNA_Bi-NAb

ggtaggcgtgtacggtgggaggtctatataagcagagcteggtacctaatacgacicactatagggaaataagaga
gaaaagaagagtaagaagaaatatagccgccaccMGWSCIILFLVATATGVHSSLTQSPGTLSLS
PGETAIISCRTSQYGSLAWYQQRPGQAPRLVIYSGSTRAAGIPDRFSGSRWGPDYN
LTISNLESGDFGVYYCQQYEFFGQGTKVQVDIGGGGSGGGGSGGGGSQVALVQS
GGQMKKPGESMRISCRASGYEFIDCTLNWIRLAPGKRPEWMGWLKPRGGAVNYA
RPLQGRVTMTRDVYSDTAFLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTP
VIVSSGGGGSGGGGSGGCGGSGGCGEGSGGGGSSDISVAPGETARISCGEKSLGSRA
VQWYQHRAGQAPSLITYNNQDRPSGIPERFSGSPDSPFGTTATLTITSVEAGDEADY
YCHIWDSRVPTKWVFGGGTTLTVLGGGGSGGGGSGGGGSQMQLQESGPGLVKP
SETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNYSPSLKSRVNLS
LDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFYMDVWGNGT
QVTVSSGSGMVRSDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVV
VDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGK
EYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREELTKNQVSLTCLVKGFYP
SDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMH
EALHNHYTQKSLSLSPGK**gggcccgtttaaacgctgcecttctgecggggcttgectictggecatgeccttctt
ctctcecttgcacctgtacctcttggtctttgaataaagcctgagtaggaaggctagaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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>pmRNA_10E8_Kn

ggtaggcgtgtacggtgggaggtctatataagcagagctcggtacctaatacgactcactatagggaaataagaga
gaaaagaagagtaagaagaaatatagccgccaccMATGSRTSLLLAFGLLCLPWLQEGSAEVQ
LVESGGGLVKPGGSLRLSCSASGFDFDNAWMTWVRQPPGKGLEWVGRITGPGEG
WSVDYAAPVEGRFTISRLNSINFLYLEMNNLRMEDSGLYFCARTGKYYDFWSGYPP
GEEYFQDWGRGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVT
VSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKV
DKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVS
HEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKC
KVSNKALPAPIEKTISKAKGQPREPQVYTLPPCRDELTKNQVSLWCLVKGFYPSDIA
VEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEAL
HNHYTQKSLSLSPG MATGSRT
SLLLAFGLLCLPWLQEGSASYELTQETGVSVALGRTVTITCRGDSLRSHYASWYQK
KPGQAPILLFYGKNNRPSGVPDRFSGSASGNRASLTISGAQAEDDAEYYCSSRDKS
GSRLSVFGGGTKLTVLSQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVA
WKADSSPVKAGVETTTPSKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTV
EKTVAPTECS*gggcccgtttaaacgctgccttctgecggggcttgectictggccatgeccttctteteteecttgecac
ctgtacctcttggtctttgaataaagcctgagtaggaaggctagaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaa

>pmRNA_Tri-NAb_sORF

ggtaggcgtgtacggtgggaggtctatataagcagagctcggtacctaatacgacticactatagggaaataagaga
gaaaagaagagtaagaagaaatatagccgccaccMGWSCIILFLVATATGVHSSLTQSPGTLSLS
PGETAIISCRTSQYGSLAWYQQRPGQAPRLVIYSGSTRAAGIPDRFSGSRWGPDYN
LTISNLESGDFGVYYCQQYEFFGQGTKVQVDIGGGGSGGGGSGGGGSQVALVQS
GGQMKKPGESMRISCRASGYEFIDCTLNWIRLAPGKRPEWMGWLKPRGGAVNYA
RPLQGRVTMTRDVYSDTAFLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTP
VIVSSGGGGSGGGGSGGCGGSGGCGEGSGGEGGSSDISVAPGETARISCGEKSLGSRA
VQWYQHRAGQAPSLIIYNNQDRPSGIPERFSGSPDSPFGTTATLTITSVEAGDEADY
YCHIWDSRVPTKWVFGGGTTLTVLGGGGSGGGGSGGGGSQMQLAQESGPGLVKP
SETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNYSPSLKSRVNLS
LDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFYMDVWGNGT
QVTVSSGSGMVRSDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVV
VDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGK
EYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREELTKNQVSLTCLVKGFYP
SDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMH
EALHNHYTQKSLSLSPGK MATGS
RTSLLLAFGLLCLPWLQEGSAEVQLVESGGGLVKPGGSLRLSCSASGFDFDNAWM
TWVRQPPGKGLEWVGRITGPGEGWSVDYAAPVEGRFTISRLNSINFLYLEMNNLR
MEDSGLYFCARTGKYYDFWSGYPPGEEYFQDWGRGTLVTVSSASTKGPSVFPLA
PSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSV
VTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVF
LFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQY
NSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPP
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CRDELTKNQVSLWCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSK
LTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG
MATGSRTSLLLAFGLLCLPWLQEGSASYELTQETGVSVA
LGRTVTITCRGDSLRSHYASWYQKKPGQAPILLFYGKNNRPSGVPDRFSGSASGN
RASLTISGAQAEDDAEYYCSSRDKSGSRLSVFGGGTKLTVLSQPKAAPSVTLFPPS
SEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQSNNKYAASSYL
SLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS*gggcccgtttaaacgctgccttctgecggg
gcttgccttctggccatgceccttcttctcteecttgecacctgtacctettggtetttgaataaagcctgagtaggaaggctag
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

For control constructs, the 5 UTR, amino acid sequence, and 3’ UTR sequences are
given below, with the main features indicated as follows: Minimal CMV promoter, T7
promoter, green fluorescent protein (GFP), Firefly luciferase (Fluc), poly-A signal.

>pmRNA_GFP

ggtaggcgtgtacggtgggaggtctatataagcagagctcggtacctaatacgactcactatagggaaataagaga
gaaaagaagagtaagaagaaatatagccgccaccMGYPYDVPDYASRVSKGEELFTGVVPILVE
LDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSR
YPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGID
FKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNT
PIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK*
gggcccgtttaaacgctgccttctgcggggcttgcecttctggecatgceccttcttctcteccttgecacctgtacctcettggtcett
tgaataaagcctgagtaggaaggctagaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaa

>pmRNA_Fluc

ggtaggcgtgtacggtgggaggtctatataagcagagcteggtacctaatacgacicactatagggaaataagaga
gaaaagaagagtaagaagaaatatagccgccaccMADAKNIKKGPAPFYPLEDGTAGEQLHKA
MKRYALVPGTIAFTDAHIEVDITYAEYFEMSVRLAEAMKRYGLNTNHRIVVCSENSLQ
FFMPVLGALFIGVAVAPANDIYNERELLNSMGISQPTVVFVSKKGLQKILNVQKKLPII
QKIIIMDSKTDYQGFQSMYTFVTSHLPPGFNEYDFVPESFDRDKTIALIMNSSGSTG
LPKGVALPHRTACVRFSHARDPIFGNQIIPDTAILSVVPFHHGFGMFTTLGYLICGFR
VVLMYRFEEELFLRSLQDYKIQSALLVPTLFSFFAKSTLIDKYDLSNLHEIASGGAPLS
KEVGEAVAKRFHLPGIRQGYGLTETTSAILITPEGDDKPGAVGKVVPFFEAKVVDLDT
GKTLGVNQRGELCVRGPMIMSGYVNNPEATNALIDKDGWLHSGDIAYWDEDEHFFI
VDRLKSLIKYKGYQVAPAELESILLQHPNIFDAGVAGLPDDDAGELPAAVVVLEHGKT
MTEKEIVDYVASQVTTAKKLRGGVVFVDEVPKGLTGKLDARKIREILIKAKKGGKIAV*
gggcccgtttaaacgctgccttctgcggggcttgcecttctggecatgceccttcttctcteccttgcacctgtacctcettggtcett
tgaataaagcctgagtaggaaggctagaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaa

177



Appendix B: Supplementary result fiqures.
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Figure B1. Recombinantly expressed multispecific and parental antibodies were purified by standard
affinity chromatography procedures. (A) Antibody conformations containing an Fc domain (Bi-NAb, Tri-NAb,
and parental VRCO01, PGT121, and 10E8v4) were purified using protein A affinity chromatography. Two rounds
of purification were performed to maximise yields of pure antibody (Bi-NAb purification is given as an example,
the other antibodies displayed similar results). (B) The Bi-scFv antibody was purified by immobilised metal-ion
affinity chromatography via its C-terminal His tag. Increasing wash concentrations of Imidazole eluted non-
specific proteins and two rounds of elution incubations maximised the yield of pure Bi-scFv. SDS-PAGE gels
(right side) resolved the antibody purification samples under reducing conditions on NUPAGE® Novex 4-12%
Bis-Tris gels. Initial purification of the Tri-NAb Co-T (C) and the Tri-NAb sORF (D) demonstrated that the high
molecular weight 10E8 heavy chain band (~65 kDa) was not removed during purification, further necessitating
the need to improve the furin cleavage efficiency. Additionally, there was a 10E8 light chain high molecular
weight band (~35 kDa) likely resulting from inefficient cleavage of the F2Aopt and a F2Aopt-tag attached to the
C-terminus of the 10E8 light chain. Western blots had the samples resolved in parallel to the SDS-PAGE gels
and transferred onto nitrocellulose membranes and developed using ECL™ anti-human IgG horseradish
peroxidase (HRP) linked whole antibody (1: 2 000 - A), a-Human-IgG-HRP (1:3 000 - D) and a-Penta-His-HRP
(1:2 000 - B). The protein ladder is the Color Protein Standard Broad Range P7719S (New England Biolabs,
Ipswich, MA, USA). 178
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Figure B2. Molecular weight protein standard calibration curve. Chromatographic separation and a
calibration curve for the HiLoad 16/600 Superdex 200pg column were generated using Blue Dextran and a
mixture of low and high molecular weight standard proteins (aprotinin (6 500 Da), ribonuclease A (13 700 Da),
carbonic anhydrase (29 000 Da), ovalbumin (44 000 Da), conalbumin (75 000 DA), aldolase (158 000 Da),
ferritin (440 000 Da)). The Kav values of each protein standard was determined from the protein retention
volumes of the size exclusion chromatography profile and plotted against the log of the protein standards
molecular weight (Da). The calibration curve equation was used to determine the molecular weight of the
parental and multispecific antibodies by substituting their Kav values and solving for x.
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Figure B3. Relative migration distance of the protein molecular weights. The parental and
multispecific antibodies were resolved on a 4-12% Bis-Tris gel (Figure 3.8B) alongside the Color
Protein Standard Broad Range P7719S (New England Biolabs, Ipswich, MA, USA). The relative migration
distance (Rf) of each molecular weight marker band was determined (migration distance of the
protein/migration distance of the dye front) and plotted against the log molecular weight (MW) of the protein.
The generated standard curve was used to determine the relative molecular weight of the reduced parental
and multispecific antibody polypeptides, calculated from the standard curve by substituting their Rf values. This
standard curve was less accurate at predicting the non-reducing sizes; therefore, the native antibody molecular
weights were only calculated from the size exclusion standard calibration curve.
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Table B1. Molecular weights of the parental and multispecific antibodies. Antibody molecular weights
(kDa) were calculated from the respective relative migration distance (Rf) of the reduced and SDS-PAGE
resolved polypeptides. Published molecular weights are from the SDS-PAGE results of Steinhardt et. al. (200).
The native molecular weights were calculated from the calibration curve from the size exclusion
chromatography (SEC) profiles. The predicted molecular weights the predicted N-linked glycosylation sites
were computed from the antibody amino acid sequences (excluding the secretion signal sequence) using

online computing tools.

Anstt':&dy PGT121 VRCO01 10E8v4 Bi-scFv  Bi-NAb Tri-NAb
Calculated Bi-NADb
from Rf HC (~64); HC (~59); HC (~61); B - (~96), 10ES8:
values (kDa) educed o0y Lc(~31)  LC(~31) 7 % Hc(~61),
LC (~31)
Bi-NAb
- - (~85), 10E8:
Published Reduced N/A N/A N/A 58 95 HC (~52),
(kDa) LC (~22)
Non- N/A N/A N/A ~60 ~170 ~165
reduced
Calculated ~136.4
from SEC Native ~195.9 ~1853  (‘adjustedto  ~606  ~219 ~187.3
profiles ~190.7)
(kDa) )
Bi-NAb
Predicted Amino e 506);  HC (49.9);  HC (~50.8); (~80.3),
molecular acid LC (~22.6) LC (23.1) LC (~22.9) ~55.1 ~80.3 10E8:
weight (kDa) sequence ) ) ) HC (~51.2),
LC (~29)
Predicted Amino
number of acid 3 2 1 3 4 6
glycosylation sequence
sites

*Molecular weight compensation for the non-specific hydrophobic interaction of 10E8v4 with SEC resin. See

section 3.5.2 for details.
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398F1 (R1) 1.005 9.123*
398F1 (R2) 0.521 6.284
398F1 (R3) 1.142 8.452
Average 0.889 7.953

Figure B4. Parental and multispecific purified antibody viral inhibition profiles against a panel of 17 tier
2 HIV-1 pseudoviruses. (A) Neutralisation curves indicating the percentage viral inhibition achieved at the
various concentration of antibody. The 50% and 80% viral inhibition achieved by each antibody relative to the
virus-only control were used to generate the IC50/IC80 depicted date respectively. (B) The dual
PGT121/VRCO1 sensitive virus 398F1 plateaued at ~40% viral inhibition for the 10E8v4 parental and the Tri-
NAb antibodies. The assay was repeated three times with no adjustment to the Tri-NAb (Co-T and sORF)
profile, but slight differences in the 10E8v4 profiles. (C) The 10E8v4 IC50 and IC80 values determined for the
398F1 repeat neutralisation assays, indicating slight variation but no greater than a two-fold difference in

values. Repeat 2 (R2) was used for the results. *Extrapolated IC80 value as this was not reached at the
maximum concentration for that assay.
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Figure B5. Neutralisation IC50 breadth and potency comparison of purified parental and multispecific
antibodies against a panel of 17 HIV-1 pseudoviruses. IC50 depicted data (corrected to nM concentration)
for the purified monoclonal parental and multispecific antibodies (Bi-scFv, Bi-NAb, and Tri-NAb generated from
co-transfection (Co-T) and from the single open reading frame (sORF)). (A) Breadth-potency curve of parental
and multispecific IC50 values (nM) indicating the enhanced neutralisation breadth of the multispecific
antibodies over the parental antibodies VRC01 and PGT121. (B) Scatterplots depicting median IC50 values
and interquartile range obtained for the parental and multispecific antibodies. Median IC50 values,
demonstrating the enhanced potency of the multispecific antibodies over VRCO01 and 10E8v4 parental
antibodies but the potency of the PGT121 parental antibody was not conserved. Statistical differences were

determined using a Friedman test with Dunns correction post hoc, level of significance indicated as follows: *
<0.05, ** <0.01, *** <0.001.
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Figure B6. IVT-mRNA expressed multispecific antibody viral inhibition profiles against a panel of 17 tier 2 HIV-1 pseudoviruses. Neutralisation curves indicating the percentage viral
inhibition achieved at the dilutions of mMRNA-expressed clarified cell culture supernatant. The 50% and 80% viral inhibition achieved by each antibody relative to the virus-only control were used
to generate the ID50/ID80 depicted date respectively.

183



A ID50 breadth vs potency B *%

e
1004 94% 100000 *kk
GFP 10000 ry
— - A
754 ) W
°\° Fluc 2 *
= 1000 v %
< — Bi-scFv 2 %
ke} 50" o A
8 — Bi-NAb = 100- v .
v ¢
B ] — Tri-NAb Co-T o
104 o= A v * @
- Tri-NAb sORF
0 1 1 1 1 1 1 1 1 1 1 1 1
1 10 100 1000 10000 100000 Ry
e éq Q\°° 93 ‘\v;o 4 oQg
Dilution factor R N )
¥V N
R
&(\ «{\'

Clarified cell culture supernatant

Figure B7. Neutralisation ID50 breadth and potency comparison of IVT-mRNA expressed multispecific
antibodies against a panel of 17 HIV-1 pseudoviruses. ID50 depicted data for the mRNA-expressed controls
(green fluorescent protein (GFP) and firefly luciferase (Fluc)) and multispecific antibodies (Bi-scFv, Bi-NADb,
and Tri-NAb generated from co-transfection (Co-T) and from the single open reading frame (sORF)). (A)
Breadth-potency curve of the ID50 values indicating the enhanced neutralisation breadth of the multispecific
antibodies. (B) Scatter plots depicting median ID50 values obtained for the multispecific antibodies. Median
and interquartile ranges (IQR) are shown, demonstrating the potency of the multispecific antibodies achieved
from mRNA expression. Statistical differences were determined using a Friedman test with Dunns correction
post hoc, level of significance indicated as follows: * <0.05, ** <0.01, *** <0.001.
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Figure B8. Affinity chromatography purification of HIV-1 Env gp120FVC Monomer glycoprotein. Gp120
founder virus consensus C (gp120FVC) Monomer was recombinantly expressed in mammalian 293F cells. (A)
An optimised lectin-affinity chromatography procedure purified harvested culture supernatant containing the
expressed protein and SDS-PAGE analysed the concentrated eluate (5 pg) under reducing conditions (+DTT).
(B) Size exclusion chromatography was performed on the HiLoad 16/600 Superdex 200pg column to isolate
the monomeric fraction (shaded grey). The protein ladder is the Color Protein Standard Broad Range P7719S
(New England Biolabs, Ipswich, MA, USA). SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel
electrophoreses; MW, molecular weight.
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Figure B9. Representation of the multispecific antibody standard curves used to relatively quantify the
mRNA-expressed multispecific antibody titres. A three-fold serial dilution ranging from 10 — 0.004 pg/mL of
recombinantly expressed and purified Bi-scFv, Bi-NAb, or Tri-NAb (expressed from co-transfection (Co-T) and
single open reading frame (sORF)) multispecific antibodies were run in triplicate in an ELISA. To generate the
standard curve, the sigmoidal, 4PL equation on GraphPad prism 8 was used. R? values for the Bi-scFv was
0.85, the Bi-NAb and Tri-NAbs (Co-T and sORF) were 0.998.
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Figure B10. Western blot images analysed by densitometry to quantify the amount of mRNA-expressed
multispecific antibodies in the clarified cell culture supernatant. Purified multispecific antibodies were
used to make the standards with known loaded amounts of protein to generate a standard curve. Clarified cell
culture supernatant from mRNA-expressed multispecific antibodies were diluted and quantified relative to the
respective standard curves. Western blots were transferred onto nitrocellulose membranes and developed
using His-probe horseradish peroxidase (HRP) conjugate (4 ug/mL - Thermo Fisher Scientific, Waltham, MA,
USA) and anti-Human-IgG (Fc specific)-HRP produced in goat (1:3 000 - Cat. A0O170, Merck Group, Darmstadt,
Germany). The protein ladder is the Color Protein Standard Broad Range P7719S (New England Biolabs,
Ipswich, MA, USA).
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