
  

Envelope glycoproteins of 

vesiculoviruses: characteristics 

of antibody interactions and 

immunogenicity 

 

Altar Mert Munis 

 

 

Thesis submitted to University College London 

for the degree of Doctor of Philosophy 

2018 

 

 

 

Division of Infection and Immunity 

University College London 

 



2 
 

Declaration 

I, Altar Mert Munis, confirm that the work presented in this thesis is my own.  

Where information has been derived from other sources, I confirm that this has 

been indicated in the thesis. 

  



3 
 

Abstract 

Vesicular stomatitis virus Indiana strain is the prototype envelope glycoprotein 

for the genus Vesiculovirus.  While the wild-type virus, VSVind, has developed 

into a potent and versatile oncolytic virotherapy and vaccine vector delivery 

platform, the G protein (VSVind.G) is ubiquitously used to pseudotype lentiviral 

vectors (LVs) for experimental and clinical applications. Recently, G proteins 

derived from other vesiculoviruses (VesG), for example, Cocal, Piry, and 

Chandipura viruses have been proposed as alternative LV envelopes with 

possible advantages compared to VSVind.G.  However, vesiculovirus 

research has not developed extensively, and there is a gap in knowledge 

regarding the antigenic and immunogenic characteristic of VesG.  In this work, 

I investigated two anti-VSVind.G monoclonal antibodies for their ability to 

cross-react with other VesG, identified the epitopes they recognise, and 

explored the mechanisms behind their neutralisation activity.  Furthermore, 

these G proteins were characterised for their sensitivity to inactivation by fresh 

mammalian sera.  Using some mix-and-match constructs, I identified that the 

hypervariable PH domain of VSVind.G confers sensitivity to otherwise serum 

resistant Cocal G.  I further examined VesG regarding their immunogenicity, 

explored the humoral immune response triggered by systemic administration 

of LVs and investigated the inhibitory effects of the induced anti-G neutralising 

response on subsequent LV administrations.  However, this could be alleviated 

using a heterogeneous panel of envelopes sequentially.  Taken together, this 

work will broaden the use of VesG pseudotyped lentiviral vectors in clinical 

gene therapy by providing the proof-of-concept to circumvent anti-envelope 

immunity where repeated systemic vector administration is necessary and the 

opportunity to modify the VesG and improve G protein-containing advanced 

therapy medicinal products and vaccine vectors. 
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Impact Statement  

Vesiculovirus research is expanding rapidly following their adaptation to 

oncolytic virotherapy and clinical gene therapy.  Therefore, well-characterised 

antibodies that recognise these G proteins are useful for vesiculovirus 

research, development of G protein-containing advanced therapy medicinal 

products (ATMP), and VSVind-based vaccine vectors. Here I have identified 

antibodies that can cross-react with a variety of the VesG and cross-neutralise 

VesG-LV.  I further characterised the commercially available monoclonal anti-

VSVind.G antibodies in-depth including their affinities towards VSVind.G, 

VesG-LV neutralisation strengths, epitopes, and the key amino acid residues 

that dictate G protein-antibody interactions.  Furthermore, despite recent 

successes of LV-mediated gene therapy in clinical trials and approvals of 

ATMP using this technology, repetition of systemic administration of LVs 

remains to be a problem due to the humoral immune response induced by the 

primary administration.  To overcome this problem, I explored immunogenic 

properties of VesG and demonstrated that anti-envelope immune response 

can be evaded by utilising a heterogeneous panel of envelopes allowing 

repetitive LV administration. This method will serve as a proof-of-principle and 

may help achieve higher levels of therapeutic transgene expression and anti-

tumour effect in LV-based gene therapy and oncolytic virotherapy. 
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1 Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.Gene Therapy 

Gene therapy is the introduction of exogenous genes into the cells of patients 

in order to treat diseases via gene editing, addition or deletion (1).  This method 

of treatment originated from the identification of genetic causes for several 

disorders and developed the strategy that possible curative clinical benefits 

could be achievable with a single treatment following the expression of the 

correct genes in patients (2).  Application of gene therapy required a vehicle 

for delivering the exogenous genomic material into the nucleus of patients’ 

cells, and as viruses can transform mammalian cells through transferring parts 

of their genetic material, the idea of using viruses as vectors was born (3).   

By the late 20th century, the causes of many primary immunodeficiencies were 

identified, and many preclinical studies were underway using the gene transfer 

approach.  Following the subsequent development of gene delivery vectors 
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including replication-defective retroviruses, adenoviral and adeno-associated 

virus (AAV) vectors encouraging results were obtained in preclinical disease 

models (2).  The use of viral vectors and the growing biological knowledge of 

retroviruses led to the first clinical trial of gene transfer into humans in late 

1990s (4, 5).  However, the early gene therapy trials raised issues regarding 

the toxicity of vectors and vector-mediated insertional mutagenesis leading to 

activation of proto-oncogenes (2).  This led to more research into the biology 

of the vectors to improve their safety and efficacy.  The unique ability of 

lentiviruses to infect both dividing and nondividing cells, combined with the 

possible self-inactivating (SIN), safe vector designs helped translation of 

successful gene therapies into the clinic.   

Thus far several clinical trials have targeted haematopoietic stem cells (HSC) 

as well as T cells for a range of disorders (6).  Notably, adoptive T cell therapy 

has been a promising approach targeting tumour–associated antigens.  

Furthermore, autologous HSC-based clinical trials have led to curative benefits 

in several primary immunodeficiencies, metabolic, and storage disorders (2).  

However, there are still several obstacles remain, and further work is needed 

to improve the efficacy and manufacture of vectors, prevent potential 

genotoxicity, and limit off-target effects of these promising approaches (7-12).   

Several recent clinical trials utilising retroviral vectors are summarised in Table 

1-1. 
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Table 1-1: List of Selected RV-mediated Gene Therapy Clinical Trials.  ADA-SCID, adenosine deaminase deficiency; X-SCID, X-linked severe combined 

immunodeficiency; X-CGD, X-linked chronic granulomatous disorder; WAS, Wiskott Aldrich syndrome; WASP, WAS protein; ALD, adrenoleukodystrophy; MLD, 

metachromatic leukodystrophy; IL2RG, interleukin-2 receptor common gamma chain; ARSA, arylsulfatase-A; LV, lentiviral vector; GRV, gammaretroviral vector; MLV-

A, amphotropic murine leukaemia virus; GALV, gibbon ape leukaemia virus; TAR; transactivation response element; CAR, chimeric antigen receptor. 

Target Cells Disease Group Disease/Transgene Vector Envelope References 

Hematopoietic 

Stem Cells 

(CD34+) 

Primary 

Immunodeficiencies 

ADA-SCID; ADA 

GRV MLV-A (13) 

GRV GALV (14) 

GRV GALV (15) 

X-SCID:IL2RG 

GRV MLV-A (16) 

GRV GALV (17) 

GRV GALV (18) 

X-CGD: gpphox91 

GRV GALV (19, 20) 

GRV GALV (21) 

GRV MLV-A (22, 23) 

WAS: WASP 

GRV GALV (24) 

LV VSVind.G (25) 

LV VSVind.G (26) 

Hereditary Anaemias β-thalassemia: βA(T87Q) LV VSVind.G (27) 

Storage Disorders ALD: ABCD1 LV VSVind.G (28) 
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  MLD: ARSA LV VSVind.G (29) 

HIV Infection 
AIDS; Tat/Rev shRNA, TAR decoy and 

CCR5 ribozyme 
LV VSVind.G (30) 

T Cells 

Cancer 

Neuroblastoma; αGD2-CAR GRV GALV (31, 32) 

Lymphoma/Leukaemia; αCD19-CAR 

GRV RD114 (33-35) 

GRV GALV (36) 

GRV GALV (37, 38) 

GRV RD114 (39) 

LV VSVind.G (40, 41) 

LV VSVind.G (42-44) 

Melanoma; αMART-1, αgp100, αNY-ESO-

1, and αgp53 T-cell receptors 

GRV GALV (45) 

GRV GALV (46) 

Synovial Sarcoma; αNY-ESO-1 T-cell 

receptor 
GRV GALV (47) 

Colorectal Cancer; αCarcinoembroyonic 

antigen T-cell receptor 
GRV RD114 (7) 

HIV Infection AIDS; αgp120 RNA LV VSVind.G (48, 49) 

Neurons 
Neurodegenerative 

Disorders 

Parkinson’s Disease; tyrosine hydroxylase, 

aromatic L-amino acid decarboxylase and 

GTP cyclohydrolase-1 

LV VSVind.G (50) 
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1.2.Retroviral Biology 

The retrovirus family comprise of many enveloped RNA viruses that contain 

two copies of positive (+) sense, linear, single-stranded RNA genome (51).  

Retrovirus family is divided into two main subfamilies: Orthoretroviridae and 

Spumaretroviridae.  Orthoretroviridae is further divided into simple and 

complex viruses which include gammaretroviruses and lentiviruses within 

them respectively.  The replication method of retroviruses is considered the 

hallmark of this family as they use the reverse transcriptase enzyme encoded 

by the pol gene to transcribe the single-stranded viral RNA into double-

stranded DNA (dsDNA) which integrates into the target cell genome (52-55). 

1.2.1.Retrovirus Structure 

Most retroviruses have similar structural morphology which is made up of the 

virion core housing the genomic materials: two copies of genomic RNA 

associated with the nucleocapsid (NC) protein and a tRNA which is involved 

in the initiation of the reverse transcription.  The capsid (CA) surrounds the 

core and contains the three enzymes pivotal for retroviral infection: protease 

(PR), reverse transcriptase (RT), and integrase (IN) (56).  Matrix (MA) lies right 

below the viral envelope which is acquired from the host cell membrane.  The 

envelope glycoprotein of retroviruses forms spikes protruding from the viral 

surface and is composed of a surface unit (SU) and a transmembrane domain 

(TM) (57).  

1.2.2.Retroviral Genome 

All retroviruses encode gag-pol and env genes.  These are necessary for the 

formation of the structural components described above.  Gag encodes for all 

internal structural proteins of the virus.  Precursor Gag polyprotein gets 

proteolytically cleaved into MA, CA, and NC.  Furthermore,  the Pro-Pol from 

the Gag-Pro-Pol precursor goes through similar modifications to form the 

enzymatic components PR, RT, and IN  (58).  Env encodes the glycoprotein 

which after post-translational glycosylation and cleavage forms the viral 

envelope (56).  In simple retroviruses, like murine leukaemia virus (MLV), 
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these are the only genes encoded by the viral genome (Figure 1-1).  However, 

complex retroviruses encode several other regulatory and accesorry genes.  

For example, in the HIV-1 lentivirus genome there are regulatory genes tat and 

rev, in addition to accessory genes nef, vif, vpr and vpu (53, 56). 

These essential, regulatory, and accessory genes are flanked by long-terminal 

repeats (LTRs) (51).  LTRs are generated during the reverse transcription 

process, comprised of identical sequences, and contain the same three 

regions (i.e. U3, R, and U5).  The motifs housed in the LTRs, promoters, 

enhancers, and polyadenylation signals, drive viral transcription and control 

post-transcriptional modifications (58). 

 

 

Figure 1-1: Retroviral Genomes. Genomes of (A) Mo-MLV (simple retrovirus) and (B) HIV-

1 (lentivirus).  The essential genes encoding structural and enzymatic components of the virus, 

gag, pol, and env are shown in light grey.  The regulatory genes, tat and rev, are coloured 

black and the accessory genes, vif, vpr, vpu, and nef, are depicted in dark grey.  LTR: long-

terminal repeats; U3: LTR element derived from sequences unique to 3’ end of the RNA 

genome; R: LTR element derived from sequences repeated in both LTRs; U5: LTR element 

derived from sequences unique to 5’ end of the RNA genome; Ψ: packaging signal; PPT: 

polypurine tract; cPPT: central polypurine tract; RRE: rev response element. 

 

 

A 

B 
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1.2.3.Principles of Retroviral Life Cycle 

Retroviruses infect the host cell by receptor-mediated fusion of viral envelope 

with the cellular membrane and release of the virion core in the cytoplasm.  

The attachment of virions to the target cells are mediated by the interactions 

between the Env and cellular receptors.  Several receptors utilised by the 

major retroviral subgroups have been identified (57), however, 

gammaretroviral and lentiviral receptors have been more extensively studied.  

Most GRVs use multiple membrane spanning transporter proteins such as 

CAT-1 (cationic amino acid transporter), Pit2 (sodium/phosphate co-

transporter), XPR1 (inorganic phosphate transporter) (59, 60).  These 

receptors are responsible for both attachment and fusion of GRVs.  On the 

other hand, some lentiviruses, such as human and simian immunodeficiency 

viruses (HIV and SIV), use two receptors: one for attachment and the other for 

cell entry.  Namely, the CD4 antigen on T helper cells is the high-affinity 

receptor involved in virus-cell recognition whereas the chemokine co-

receptors, CCR5 or CXCR4, are involved in endocytosis of the viral particles 

(61-68).   However, binding of the viral glycoprotein to its specific receptor is 

not sufficient to trigger viral entry.  The attachment of the viral surface protein 

to the cellular receptor leads to conformational changes that expose a fusion 

peptide followed by fusion (52, 57, 69, 70).  The site of fusion for viruses is 

either the plasma membrane or the endosomes following endocytosis.  If the 

virus carries out fusion in the endosome, the changes in the pH within the 

endocytic vehicle triggers conformational changes which lead to membrane 

fusion.  However, not all retroviruses are pH dependent (e.g. ecotropic MLV) 

(71, 72). 

After cell entry, reverse transcription occurs, followed by the dsDNA entering 

the nucleus and integrating into the host cell genome using the viral integrase.  

Following viral fusion, genomic RNA in complex with NC is delivered to the 

cytoplasm where it is reverse transcribed (57).  Reverse transcription begins 

from a tRNA bound to the genomic RNA and carried out by the RT.  Specifics 

of lentiviral reverse transcription are discussed in section 1.3.4.  In simple 

retroviruses, such as GRVs, nuclear entry of the dsDNA occurs only when the 

cell is going through mitosis when the nuclear envelope dissociates which 
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renders them unable to infect non-dividing cells (73, 74) .  However, in 

lentiviruses nucleoprotein complex can enter the nucleus during interphase via 

active transport allowing infection of non-dividing cells (75-77). 

The viral IN mediates the interactions between the viral DNA and host cell 

DNA.  The integration is completed via the cellular enzymes which ligate the 

viral and host DNA, correct nucleotide mismatches, and repair gaps and 

breaks (78).  The unique characteristic of retroviral infection is that the reverse 

transcription and integration of the viral genome into the host cells make the 

infection permanent and it is passed onto the daughter cells. 

With integration, the provirus becomes a part of the cellular genome and, like 

other viruses, can employ the cellular systems such as RNA polymerase II and 

ribosomes to express viral genes and proteins (52, 53).  The structural proteins 

of retroviruses are translated as gag and gag-pol-pro precursors 

(approximately in a 10:1 ratio) to ensure correct amounts of proteins are 

packaged into each virion (56, 79).  Viral assembly occurs in the host cell 

plasma membrane; the gag-pro-pol core and gRNA migrate to the assembly 

site directed by the MA domain.  The packaging signal, Ψ, in the retroviral RNA 

interacts with gag to ensure encapsidation of the particle (80).  It acquires its 

envelope and subgenomic RNA during the budding process, and then the virus 

is released from the plasma membrane. 

The late stages of the life cycle involve maturation of the viral particle which in 

most cases occur at late assembly or quickly after budding. The gag-pro-pol 

precursor is cleaved by viral proteases to initiate maturation of the particle 

following which the virion detaches from the membrane (58). 

1.2.4.HIV-1 Life Cycle 

HIV-1 is a lentivirus which is a part of the complex retrovirus subfamily.  It is 

characterised by a long incubation, latent, period during which the virus 

pathogenicity is at low levels.  In its two copies of (+) sense RNA genome wild-

type (wt) HIV-1 encodes nine genes: gag, pol, env, rev, tat, vpr, vpu, vif, and 

nef (53, 56).  Its replication cycle often can be divided into an early and a late 

stage (81).  In the early phase, viral attachment and entry to cell occur, and 
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this phase ends in proviral integration.  Late phase is characterised by viral 

gene expression, particle assembly, budding, release, and maturation (70)  

(Figure 1-2).   

 

 

Figure 1-2: Simple Schematic of HIV-1 Life Cycle.  The major steps of the human 

immunodeficiency virus type-1 life cycle are shown.  The lentiviral proteins are only shown 

where relevant, and some are not shown at all (e.g. accessory proteins).  The relevant cellular 

components are labelled in the diagram.  Adapted from (82). 

 

The envelope of HIV-1 is a homotrimer with each monomer consisting of 

gp120, the receptor-binding unit, and gp41, the fusogenic transmembrane unit.  

In the early phase of the HIV-1 replication cycle, gp120 binds to the CD4 

receptor which is followed by conformational changes in both envelope 

subunits.  The changes in the gp120 subunit result in its attachment to co-

receptors CCR5 or CXCR4 while the changes in gp41 enable the insertion of 

the fusion peptide into the target cell membrane (83, 84).  In studies performed 

with patients with HIV-1 infection, it has been elucidated that the co-receptor 
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CCR5 usage is predominant in the asymptomatic early phase of the infection 

and following disease progression, in many patients, HIV-1 utilises CXCR4 for 

cellular entry (85-87).  The interactions between the gp41 and the co-receptors 

lead to membrane fusion and releases the nucleocapsid into the cytosol (88).  

It was assumed that HIV-1 fusion takes place at the plasma membrane as it 

follows pH-independent pathways and expression of the envelope glycoprotein 

on cell surface leads to syncytia formation in cells expressing the receptors 

(71, 89, 90)  However, a recent study utilising live cell imaging suggested that 

HIV-1 fuses with endosomal membrane (91). 

Reverse transcription of viral RNA follows viral fusion (Figure 1-3).  This is 

initiated when tRNA binds to the primer binding site (PBS).  tRNAlys3 is the main 

transfer RNA utilised by HIV-1 while others (e.g. tRNApro and tRNAtrp) have 

been identified in other retroviruses (92).  Using tRNAlys3 as a primer the 

synthesis of the negative strand DNA begins, which later hybridises with the 3’ 

end of gRNA using the identical R sequences in the LTRs (93-95).  Following 

this, the extension of the negative DNA strand continues towards the 5’ end of 

the genomic RNA.  Simultaneously, gRNA is degraded by RNase H except for 

the highly resistant PPT and cPPT regions.  These two regions are later 

exploited as primers in the synthesis of the positive strand DNA.  The extension 

is halted when RT reaches the tRNA primer sequence at which time HIV-1 

RNase H cleaves the primer one nucleic acid from the 3’ end (96, 97).  A 

second strand transfer occurs; this time the complementary PBS sequences 

lead to annealing of both DNA strands which form the circular intermediate.  

Upon completion of extension, a double-stranded provirus is produced with 

identical LTRs on each side (98). 

The reverse transcription process is the main contributor to the HIV-1 genomic 

diversity which poses an essential issue during development of vaccines and 

drugs to treat AIDS (99, 100).  This genomic diversity is due to two main 

reasons: the infidelity of the RT and the complex steps of reverse transcription 

(101).  The lack of proof-reading activity of RT leads to high rates of mutation 

(102).  In addition, the two strand transfers, tRNA transfer to 3’ end of positive-

strand and PBS transfer to 5’ end on negative strand, leads to recombination 

events contributing to the divergence of the viral sequences. 
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Figure 1-3: Steps of Reverse Transcription.  Schematic of HIV-1 reverse transcription 

depicting the conversion of ssRNA genome into double stranded DNA.  RNA is shown in black 

and DNA in blue.  (A)  Reverse transcription is initiated using the RT following base painting 

of tRNA with the primer binding site. (B)  Minus-strand synthesis starts from the U5 and R 

sequences in the 5’ end of the genome.  The RNase H activity of RT degrades the viral RNA 

as an RNA-DNA duplex is created at this stage (dotted line).  (C)  The minus strand is 

transferred to the 3’ end of the viral RNA utilising the identical R sequences.   (D)  DNA 

synthesis continues while viral RNA gets degraded except for RNase H resistant cPPT and 

PPT sequences.  (E)  cPPT and PPT sequences act as primers for the plus strand DNA 

synthesis.  (F)  The tRNA primer is cleaved by RNAse H domain and plus strand DNA 

elongated from the PPT sequence is transferred to the 3’ side of the minus strand DNA.  DNA 

synthesis of the plus strand is resumed from the cPPT.   (G)  Following elongation of both 

strands of DNA, a double stranded provirus is produced with a central DNA flap caused by the 

cPPT.  Adapted from (103). 

 

The processes in HIV-1 life cycle after cell entry and reverse transcription is 

still unclear.  Viral uncoating is the next crucial step which enables 
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translocation of the reverse transcribed viral genome into the target cell 

nucleus (104).  It has been established that the uncoating occurs in the early 

stages of the infection and contributes to the transition between the reverse 

transcription complex and the pre-integration complex (105). 

The dsDNA-viral integrase interaction forms the pre-integration complex (PIC) 

which later enters the nucleus and integrates into the host cell DNA (106, 107).  

Currently there is no consensus on how HIV-1 enters the nucleus, but it is 

agreed that it involves active transfer as unlike most retroviruses it is not 

dependent on the dissolution of the nuclear membrane to enter the nucleus 

(108).  There are several theories regarding the mechanism behind HIV-1 

nuclear import including the binding of importins to nuclear localisation signals 

in all PIC components aiding in the transport of the complex through 

interactions with nucleoporins (76, 109-111).  Another theory involves the 

interaction of HIV-1 capsid in the nucleoprotein complex with the nuclear pore 

protein NUP358 for import to a transcription-active region (112). 

The integration happens in a non-random manner with a high preference 

towards active transcription units.  This is believed to ensure efficient viral gene 

expression after integration (113, 114).  Viral integrase coordinates the 

integration process which happens in three steps.  First, 3’ end of the proviral 

DNA is cleaved by IN.  After, this recessed 3’ end attacks the phosphodiester 

bonds in the chromosomal host cell DNA to initiate strand transfer.  Integration 

is completed by DNA repair by the host cell mechanisms (115).  The IN and 

LTRs of retroviruses promote preferential interactions with active host cell 

promoters and enhancers, specifically MLVs with bromodomain and 

extraterminal (BET) family proteins and HIV with lens epithelium-derived 

growth factor (LEDGF/p75) (116-120).  N-terminal nuclear localisation signal 

and chromatin binding elements on LEDGF/p75 strongly bind to the IN and 

guide the PIC to the target site (121).  It has been shown that depletion of 

LEDGF/p75 reduces HIV-1 infectivity and alters the integration sites (115, 122, 

123).  Studies have demonstrated that the states of target cell chromatin during 

viral infection as well as different host proteins utilised to guide the PIC to the 

target genome sites determine the integration profile differences between MLV 

and HIV-1 (107, 124). 
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The integration is followed by the commencement of the late phase during 

which the viral genome is transcribed under the control of the U3 segment in 

viral 5’-LTR by the cellular RNA polymerase II complex.  The two NF-κB sites 

in the enhancer region of HIV-1 LTR play an essential role in the initiation of 

the two-phase transcription (125).  The expression of multiply-spliced 

regulatory genes characterises the first phase and the later phase involves the 

expression of singly-spliced and unspliced RNAs. 

Following post-transcriptional processing, both spliced and unspliced viral 

RNAs are exported to the cytosol.  Adaptor complex TREX associates with the 

central nuclear transport receptor TAP to ensure the export of mature mRNAs 

only (126).  However, HIV-1 also requires the export of unspliced RNAs.  The 

Rev protein encoded by the genome interacts with RRE and ensures nuclear 

export of unspliced RNAs (127).  This mechanism is exploited in lentiviral 

vector production as the packaging cells encode Rev and the vector genome 

contains RRE. 

The first proteins to be translated, Tat and Rev, play critical roles in regulating 

the transcriptional and post-transcriptional gene expression levels.  While Tat 

is responsible for the recruitment of the cellular RNA polymerase II, Rev 

promotes nuclear export of the viral RNAs (128, 129).  Gag and Pol are 

translated in the cytoplasm.  Env is translated in the rough endoplasmic 

reticulum and localises in the cell membrane (130).  During post-translational 

glycosylation and modifications, Env is cleaved in the Golgi apparatus to 

produce the mature units of the envelope glycoprotein: surface unit (SU) and 

the transmembrane unit (TM).   

After these units are transported to the cell membrane, viral assembly, 

budding, and release of immature virions occur.  In most retroviruses, including 

HIV-1, these three processes occur simultaneously.  Expression of Gag alone 

among other viral proteins is sufficient for viral budding to occur, however, in 

HIV-1 it accumulates at the cell membrane where it initiates RNA 

encapsidation (131).  Viral assembly and budding follow this as previously 

explained.  As the last step in the HIV-1 life cycle, viral protease triggers viral 

maturation, and mature infectious HIV-1 virions are formed (132). 
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Some accessory proteins are also packaged into the HIV-1 particles.  Vpr, Nef, 

and Vif have vital roles in host-pathogen interactions.  Consequently, p6 in 

Gag recruits Vpr, Vif is packaged dependent on its interactions with the viral 

RNA, and Nef is incorporated passively (133, 134).  Membrane fission allows 

the release of the assembled viral proteins as virions.  For this HIV-1 exploits 

cellular endosomal sorting complexes required for transport (ESCRTs) which 

are naturally involved in vesicle formation and membrane scission.  Two 

peptide motifs in p6 interact with ESCRTs and mediate viral release.  Mutations 

in these motifs have been shown to significantly reduce HIV-1 release from 

infected cells (133).  Lastly, immediately after virion release particle maturation 

occurs.  This process involves cleavage of Gag into MA, CA, NC, and p6, and 

Gag-Pro-Pol into PR, RT, IN, and the Gag cleavage products above (135, 

136).  Following maturation, the virus particle is ready to infect a new target 

cell. 

1.3.Retroviral Vectors 

As obligate parasites, viruses have evolved to exploit cellular machineries to 

deliver their genomes into the cells of higher organisms.  Manipulation of the 

genomes of several viruses have enabled their conversion into viral vectors.  

The permanent integration of the viral genome allowed long-term gene 

expression and the genome could be further manipulated to make them 

replication-defective and less pathogenic.  Owing to these characteristics, they 

are attractive tools for the efficient delivery of therapeutic genes into target 

cells.   

Retroviral vectors were amongst the earliest vectors to be developed.  They 

were initially derived from gamma-retroviruses such as the Moloney murine 

leukaemia virus (Mo-MLV) (137).  In addition, replication defective vectors 

derived from avian and bovine retroviruses as well as alphaviruses have been 

reported (138-142)   Later lentiviral vectors (LVs) were developed based on 

HIV-1 (143).  There are also other LVs based on simian immunodeficiency 

virus (SIV), equine infectious anaemia virus (EIAV), and feline 

immunodeficiency virus (FIV) (144). 
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1.3.1.Principles of Retroviral Vector Design 

These vectors are produced from producer cells expressing the structural and 

enzymatic components of the particle (envelope and packaging constructs) as 

well as the vector genome carrying the transgene of interest (transfer vector 

construct).  The efficient transduction and integration of these vectors are 

ensured via the inclusion of several cis-acting viral sequences.  LTRs are vital 

for transcription initiation and carry out essential functions throughout reverse 

transcription.  Therefore, they are indispensable to achieving functional 

vectors.  Promoter, viral enhancer, and polyadenylation sequences within 

LTRs ensure full-length transcription of the vector genome (137, 145).  

Moreover, incorporation of the transgene into the vector particles requires a 

packaging signal.  In HIV-1 this signal, Ψ, is made up of a stem-loop in gag.  

Therefore, a modified version of this loop is included in the vector to ensure 

packaging (146, 147).  Lastly, inclusion of primer binding site (PBS) and 

polypurine tract (PPT) are essential for initiation of the first- and second-strand 

DNA synthesis (148).  Utilising these viral elements the first replication-

competent retroviral vectors based on rous sarcoma virus, MLV, HIV-1, and 

human foamy virus were generated (149-153). 

However, for most research and gene therapy applications safer, non-

replicating vectors are necessary.  This was achieved by replacement of 

retroviral coding regions with transfer genes so that the vectors were incapable 

of synthesising the viral proteins required for additional rounds of replication 

(148).  The viral enzymes and structural proteins necessary for the initial 

infection were provided in trans by cells transfected with packaging plasmids 

(i.e. cells expressing gag-pol and env).  LTRs were manipulated for safer 

vector designs.  5’ LTR drives transcription of the vector genome and thus 

needs to be intact, yet, most of the transcription binding sites can be removed 

from the U3 region of the 3’ LTR.  Vectors carrying these deletions are referred 

to as self-inactivating (SIN).  During reverse transcription, the deleted U3 

(ΔU3) is transferred to the 5’ LTR resulting in an integrated provirus with two 

ΔU3s.  Therefore, when SIN vectors transduce cells, they are defective in 

production of vector RNA genomes (154). 
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Currently transient production is the most efficient mode of retroviral vector 

production (155).  This is achieved by three plasmid co-transfection of the 

packaging plasmid (encoding gag-pol), envelope plasmid (encoding the 

envelope glycoprotein), and the vector plasmid (encoding the transgene of 

interest and the cis-acting elements).  Transient production of vectors yields 

high-titres for a short amount of time and is advantageous for research where 

production of various vectors is needed in small amounts.  However, GRV’s 

success in clinical trials (discussed in section 1.2.1) required production of 

large amounts of vectors with batch-to-batch consistency.  This has led to the 

development of stable GRV production through packaging cell lines (156, 157).  

Thus far generation of packaging cell lines producing LVs suitable for 

widespread clinical use has proven to be challenging.  Throughout this thesis 

transient LV production was utilised for all experiments (LV production 

methods discussed in detail in section 1.5.1). 

1.3.2.Other Elements in Vector Design 

Several modifications have been made to the vector design to drive and 

increase the specificity, level, and longevity of the transgene expression.  As 

SIN vectors have transcriptionally inactive LTRs, they are incapable of driving 

gene expression.  Therefore, internal promoters have been utilised to drive 

high levels of transgene expression.  Promoters derived from human 

cytomegalovirus (CMV), gammaretroviral LTRs, simian virus 40, and spleen-

focus forming virus (SFFV) are commonly used (158).  In addition, vector 

packaging and expression were made Tat-independent by replacing the 5’ 

promoter and enhancer sequences in the U3 region with another heterologous 

promoter (159). 

Furthermore, advances in the vector design have led to the investigation of 

several cis-acting accessory factors which enhanced transgene expression.  

The main two were the inclusion of Woodchuck post-transcriptional regulatory 

element (WPRE) (160) and polyadenylation (polyA) enhancers (161).  WPRE 

is derived from Woodchuck hepatitis virus and is now frequently included in 

retroviral vector design (162).  A study in the late 1990s by Zufferey and 

colleagues demonstrated that inclusion of this regulatory sequence increased 
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gammaretroviral and lentiviral vector titres by approximately ten-folds (163, 

164).   On the other hand, polyA sequences were inserted in vectors to 

decrease transcriptional readthrough of the 3’LTR which is associated with the 

changes made to achieve SIN designs (165).  Addition of 3’ polyA enhancer 

sites aided with transcriptional termination and increased vector titres and 

transgene expression (161).  Moreover, further addition of cPPT has been 

demonstrated to improve transduction efficiency and titres, hence, is now 

incorporated into the vector design (166, 167). 

1.3.3.Safety of Retroviral Vectors 

Despite their several advantageous characteristics (e.g. ability carry large 

genetic payloads, decreased immunogenicity compared to some other 

vectors, ability to integrate into the host genome), there are a number of safety 

concerns associated with the use of retroviral vectors in clinical applications.  

A major one is the rise of replication competent retroviruses through 

recombination between the vector and packaging constructs expressed in 

producer cells.  To prevent this packaging constructs are provided in separate 

plasmids with reduced homology between the vector and helper constructs.  

There have been no reported cases of identification of replication-competent 

retroviruses in any clinical trials or preclinical studies that utilised HIV-1-based 

LVs to date. 

Furthermore, the permanent integration achieved through retroviral infection 

which makes them attractive tools for gene delivery has the potential to lead 

to insertional mutagenesis.  Integration of retroviral genome into regions with 

enriched transcription factor binding sites has caused transcriptional activation 

of nearby proto-oncogenes resulting in myelodysplasia or lymphoid leukaemia 

in gene therapy trials for X-linked SCID (16, 168), WAS (169, 170), and CGD 

(171). 

1.4.Lentiviral Vectors 

The major drawback of utilising GRVs is that they are unable to transduce non-

dividing cells.  This becomes a concern when targeting non-dividing or slow-
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dividing cells such as haematopoietic stem cells, the main target of 

immunodeficiency disorder trials; quiescent lymphocytes, targeted in cancer 

trials; hepatocytes; neurons; and muscle fibres.  However, since lentivirus PIC 

can cross nuclear membranes (see section 1.3.4), they can transduce these 

cells more efficiently (50, 146, 172-175).  Their efficiency can be further 

increased following stimulation of cells into the G0/G1 phase (176-178). 

Furthermore, as discussed above, insertional mutagenesis is caused due to 

retroviral integration to transcriptional hotspots.  In contrast to GRVs’ tendency 

to integrate preferentially around transcriptional start sites enriched in proto-

oncogenes and genes regulating cell growth and proliferation (179, 180), it has 

been reported that LVs target transcriptionally active sites of the host genome 

and integrate more widely throughout the genome (114, 179-181).    Therefore, 

LVs’ integration pattern suggests lower oncogenic potential and thus better 

vector safety (182-184). 

For lentiviral vectors, the packaging components underwent various iterative 

developments leading to the latest vectors typically using a four-plasmid 

system (i.e. two packaging plasmids encoding gag-pol and rev, env encoding 

plasmid, and vector plasmid encoding transgene of interest) (144, 159).  In 

these vectors, the necessary trans-acting components are split into three 

plasmids to increase the safety (Figure 1-4).  All HIV-1 accessory genes are 

excluded from the packaging plasmids.  The first plasmid encodes the gag-pol 

genes which are responsible for the structural and enzymatic components of 

the particles.  The second plasmid expresses the rev gene that enables the 

export of the viral RNA from the nucleus.    Lastly, the envelope is provided by 

the third plasmid; this is usually a heterologous glycoprotein most commonly 

that of vesicular stomatitis virus Indiana strain (VSVind.G) (185).  

In LVs, the interaction between the viral Rev and RRE encoded in the vector 

plasmid is required for the successful nuclear export of the genome (186).  This 

interaction is required for the expression of both the transgene encoded by the 

vector and gag-pol encoded by the packaging construct.   As discussed in 

section 1.3.4 Rev is required for the nuclear export of unspliced lentiviral RNA.  

Although the constructs used in LV production are not identical to wild-type 
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(wt) HIV gag-pol, Rev is still required for correct expression and stabilisation 

of the gag-pol RNA (187, 188).  To circumvent this problem, there have been 

attempts to codon-optimise gag-pol constructs to make the expression of the 

proteins Rev-independent.  However, this was soon abandoned as vectors 

produced using the codon-optimised sequences yielded substantially lower 

titres in the presence and absence of Rev (187). 

 

 

A 

B 
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Figure 1-4: Engineering of Lentiviral Vector Systems to Improve Biosafety and 

Performance.  (A) First generation lentiviral vectors.  All HIV-1 proteins except the Env are 

provided in a packaging plasmid.  Heterologous envelope (usually VSVind.G) is provided 

separately in a second plasmid, and notably, the vector construct has intact LTRs.  Both 

packaging and envelope plasmids contain strong constitutive promoters (e.g. CMV).  (B)  The 

second generation system still consists of three plasmids.  All HIV-1 accessory genes are 

removed, but the system is Rev and Tat dependent.  (C)  In the third generation vector system, 

the packaging plasmid encodes gag and pol, while rev is provided in a separate plasmid.  The 

system is Tat-independent as 5’ U3 in the transfer vector is replaced with a promoter, and it is 

SIN following deletions in the 3’ U3 enhancer region.  Addition of cPPT and WPRE elements 

have aided in increasing titres. U3: LTR element derived from sequences unique to 3’ end of 

the RNA genome; R: LTR element derived from sequences repeated in both LTRs; U5: LTR 

element derived from sequences unique to 5’ end of the RNA genome; Ψ: packaging signal; 

cPPT: central polypurine tract; RRE: rev response element.  Arrows signify locations of the 

heterologous promoters. 

 

 

1.4.1.Production of Lentiviral Vectors 

Currently, the most efficient method to produce LVs is by transient transfection 

of human embryonic kidney (HEK) 293T cells (189, 190).  Following 

transfection of plasmids, the supernatant containing the produced vectors is 

collected, filtered to clear out cell debris, and if desired, concentrated by 

ultracentrifugation.  In this method, the vector production duration is usually 

two to three days, and there is relative batch-to-batch viral vector titre variation 

(191).  This method is ideal for preclinical research where low amounts of 

vectors encoding different transgenes or different pseudotypes are needed.  

However, clinical trials require large amounts of the same vector with minimal 

discrepancies in characteristics between each batch (192).  In clinical trials 

where gammaretroviral vectors were utilised production of the vectors from 

stable packaging cell lines has been preferred. 

Stable production is achieved by transfecting the plasmids into the producer 

cells followed by selection for the viral gene expression.  This production 

method reduces the risk of DNA recombination between different plasmids 
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which in return helps to reduce the possibility of generating replication-

competent vectors. In addition, stable production enables the production of 

large batches with minimal variations in titre levels as well as reducing 

production costs. 

However, development of such stable packaging cells lines has proven 

challenging.  Notably, the constitutive expression of the gold-standard 

VSVind.G envelope is reported to be toxic to cells leading to syncytia formation 

and cell death (193).  This has led to the construction of LV producer cell lines 

with inducible VSVind.G expression (194, 195).  Another approach has been 

to use alternative envelopes such as that of the feline endogenous virus 

RD114 with a modified cytoplasmic tail to allow LV incorporation (RDpro) (196-

199) and the G protein of Cocal virus, a vesiculovirus phylogenetically related 

to VSVind (200).  While producer cell clones for clinical use have been 

developed using these envelopes, they have not progressed to clinical trials 

(201, 202). 

The work presented in this thesis focuses on characterisation of VSVind.G and 

several other G proteins from the vesiculovirus genus for their use in preclinical 

research and clinical gene therapy. 

1.5.Viral Membrane Fusion Proteins 

Viral membrane fusion proteins can be classified into several distinct groups 

based on their structural similarities, fusion mechanisms, and viral fusion 

proteins (203).  Despite such diversity these viral fusion proteins are 

responsible for both viral-cell and cell-cell fusion which dictate viral spread, 

pathogenicity, and persistence of infection (84, 204, 205).  Virus-cell fusion is 

mediated by one (e.g. retroviruses) or more (e.g. herpesviruses) glycoproteins 

found on the viral membrane and it follows several environmental or physical 

triggers including low pH and receptor binding (206-208).  Viral membrane 

fusion proteins are generally grouped into three based on their key structural 

features: class I, class II, and class III. 
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1.5.1.Class I  

Class I proteins form homotrimers in both their pre- and post-fusion forms and 

are typified by the α-helical coiled coil structure (209).  The unique 

characteristics of class I proteins are illustrated by influenza virus 

haemagglutinin: while the viral attachment is dictated by one subunit, another 

is responsible for fusion (210).  Sendai virus HN/F proteins function similarly 

whereby F protein drives membrane fusion following its unmasking via 

receptor-recognition by HN (211). 

1.5.2.Class II  

The fusion domain of class II proteins mainly consists of β-sheets (203).  In 

addition, the fusion protein on these viruses, such as Dengue (212) and West 

Nile viruses (213), associate with a chaperone protein which triggers fusion in 

response to low pH.  When activated these proteins assemble into 

homotrimers (from homodimers – flaviviruses or heterodimers –alphaviruses) 

which is critical for the fusion process (214).  Fusion proceeds through 

extensive domain rearrangement resulting in the connection of the viral and 

cell membranes (215). 

1.5.3.Class III  

Class III proteins are a relatively novel group with the structural confirmation 

of a combination of both class I and class II.  VSVind.G is the only class III 

protein of which the structures of both pre- and post-fusion conformations are 

elucidated (214, 216).   Rabies virus G protein, herpes simplex virus 1 

glycoprotein B, baculovirus gp64, and G proteins from other vesiculoviruses 

are considered to be all class III proteins (217-219).  In addition to structural 

difference, the key feature of class III proteins is the reversibility of the low-pH-

induced conformational changes during membrane fusion (220). 

1.6.Rhabdoviruses 

Rhabdoviruses are a biologically diverse group of viruses which can infect 

vertebrates, invertebrates, and plants (221).  The natural host for the majority 

of rhabdoviruses are arthropods which they exploit to infect vertebrate or plant 
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hosts.  There are several exceptions: lyssaviruses (e.g. rabies virus (RABV)) 

have evolved to infect vertebrates without using other organisms as vectors 

and sigmaviruses (e.g. Drosophila melanogaster sigma virus) are congenitally 

transmitted in fruit flies (222). 

The name rhabdovirus is based on its characteristic shape and is derived from 

the Greek word “rhabdos” meaning rod or wand.  The rhabdovirus shape is 

epitomised by the bullet or cone-shaped form characteristics of vesicular 

stomatitis virus (VSV) (223).  The replication mechanism of their non-

segmented, negative sense, single-stranded RNA genome is almost universal 

across the family.  Their replication cycle involves cell entry, facilitated by 

clathrin or receptor binding-mediated endocytosis, uncoating, transcription and 

translation, genome replication and assembly, and budding (221, 224). 

The classical vertebrate rhabdoviruses are composed of the two genera 

vesiculoviruses and lyssaviruses which are represented by the prototype 

species VSV and RABV.  Vesiculoviruses have a broad host range including 

mammals and are transmitted by insects while lyssaviruses utilise bats as their 

principal reservoir hosts (221, 222, 225, 226).  Structurally they share the 

enveloped bullet shape packaging a genome consisting of five genes (3’-N-

PP-M-G-L-5’) (227, 228). Reverse genetics of the prototype viruses allowed 

exploration of rhabdovirus evolution, investigation of gene expression and 

pathogenesis, and led to their development as vaccine vectors and oncolytic 

viruses (229, 230).  These prototype viruses, VSV and RABV, have been 

studied extensively for decades and serve as model systems for investigating 

rhabdovirus life cycle, infectivity, and antigenic properties (221). 

1.6.1.Rabies Virus 

RABV, similar to the vesiculovirus Chandipura virus, is closely associated with 

fatal diseases in humans.  RABV is the model virus of the genus Lyssavirus. 

The glycoprotein of rabies virus is comprised of four domains: signal peptide, 

ectodomain, transmembrane and cytoplasmic domain (231).  The native 

RABV.G is located in the viral envelope and homotrimerises on viral surface 

(232, 233).  It is the only antigen on the viral surface that is responsible for 

entry of the viral particle into the cell.  It is a special protein that combines the 
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characteristics of class I and II virus fusion peptides (234).  It is able to bind at 

least three different receptors, allowing virus endocytosis: the neurotrophin 

receptor (p75NTR), the nicotinic acetylcholine receptor, and the neural cell 

adhesion molecule (235-240).  Following virus endocytosis, the fusion 

between the virus and the cell membrane is mediated by RABV.G through 

hydrophobic interactions occurring in low pH environment of the endocytic 

compartments (241, 242). Beyond its utilisation for virus infection studies and 

vaccination, RABV.G has also been used for studies of the nervous system.  It 

has been used for mapping or tracing neuronal connections for better 

understanding nervous system processes (243). 

1.6.2.Vesiculoviruses 

Vesiculoviruses are a genus of the Rhabdoviridae that can infect mammals, 

insects, and fish.  Taxonomically classified using host range, serological 

relatedness, and genome organisation, the genus has sixteen viruses 

assigned to it (225, 244).  Most ubiquitously studied members of the genus can 

cause diseases in farm animals, while other vesiculoviruses can also infect 

humans causing diseases ranging from febrile syndromes to fatal encephalitis 

(244-246). 

The first vesiculovirus described is the vesicular stomatitis virus (VSV).  With 

its four serotypes, VSV Indiana (VSVind), VSV New Jersey (VSVnj), Cocal 

virus (COCV), and VSV Alagoas (VSVala), it is one of the most studied viruses.  

In fact, its serotype VSVind is regarded as the prototype virus for all 

vesiculoviruses (244, 247-250).  It infects domestic farm animals such as 

cattle, swine, and horses causing lesions in oral tissue, udders, and hooves 

(251).  First described in 1927, VSV infections were seen in livestock as early 

as the 1810s in the USA while the infections in South America date back to 

1930s.  VSV infection is mainly endemic in South and Central America while 

several outbreaks have been reported in central-northern Mexico and the 

southwestern United States over the past five decades (252-255).  The only 

two VSV cases seen outside the Americas were in France during World War I 

and South Africa in 1897 as single cases of isolated infections (250, 256).   
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Two other major vesiculovirus serotypes are Chandipura virus (CHAV) and 

Piry virus (PIRYV).  Isolated in northern Brazil, PIRYV has only 5 cases of 

human infection all of which were non-fatal lab accidents (251).  On the other 

hand, CHAV is becoming a health concern in India and is classified as an 

emerging human pathogen.  First isolated in 1966 as the cause of febrile 

diseases, more recently it has been associated with outbreaks of fatal 

encephalitis in children in India (257-259).  It is very likely that there are many 

more vesiculoviruses yet to be discovered that exist in nature circulating in 

animals, humans, and insects without any visible symptoms. 

1.6.2.1.Use of Vesiculoviruses in Pseudotyping Viral Particles 

Pseudotyping is producing virus particles or viral vectors using the surface 

glycoprotein of a foreign virus.  The result is called a pseudotyped virus 

particle.  This method was first used in cells infected with two different viruses 

resulting in phenotypically mixed particles or pseudotypes (260-263).  The 

choice of envelope used to pseudotype virus particles can alter cell tropism, 

increase or decrease the stability and infectivity of the virus particle, or change 

sensitivity to serum complement proteins.   

The glycoprotein of VSVind (VSVind.G) is commonly used as a model 

envelope in many studies (146, 264, 265).  VSVind.G pseudotyped retroviral 

particles can produce high titres, are physically stable during 

ultracentrifugation, and have a wide range of cell tropism.  However, viral 

vectors that bear the VSVind envelope are hypersensitive to human serum 

which may limit their potential for in vivo applications (266).  Furthermore, the 

glycoprotein is reported to be cytotoxic (267). 

This led some investigators to look for new substitute envelopes to replace 

VSVind.G.  Another VSV serotype, COCV, has been reported to share 

VSVind.G’s advantages while lacking some of the drawbacks such as 

cytotoxicity and inactivation by human serum complement (200, 202).  This 

indicates that the envelopes of some vesiculovirus subfamily members might 

be more suitable to high titre viral vector production than VSVind.G.   
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1.6.2.2.Vesiculovirus Classification, Genome Organisation, and Viral 

Proteins 

Vesiculoviruses have a genome that is a single-stranded RNA molecule with 

negative polarity (268-270).  This negative sense RNA codes for five structural 

proteins: nucleoprotein (N), viral polymerase (L), phosphoprotein (PP), matrix 

protein (M), and glycoprotein (G) (269, 271, 272).   

The interactions between N, PP, and L make up the transcription and 

replication complex which modulates the RNA-dependent RNA polymerase 

activity (273, 274).  The most abundant protein, M, interacts with the G protein 

monomers and drives their trimerisation on the viral surface (275).  G protein 

is a class I membrane-associated glycoprotein with a small transmembrane 

and C-terminal domain.  More than 90% of its N-terminal region protrudes from 

the viral surface forming spikes on viral envelope.  It plays a critical role in the 

viral life cycle as G is both involved in receptor recognition and the fusion of 

viral and cellular membranes (246, 268, 270, 275).   

When comparing full-length genomes of VSVind, VSVnj, and COCV, although 

the length of noncoding regions varies significantly, the five structural protein 

lengths are within six amino acid residues of each other.  The structural 

proteins N, M, and L are the most conserved ones on both nucleotide and 

amino acid levels while G and PP have much more variance (247).  The 

analyses of these structural proteins highlight that although VSVnj and COCV 

viruses are genetically closely related to VSVind strain, all three are 

serologically distinct (249, 276).  

1.6.2.3.Vesiculovirus Glycoprotein Structure 

In natural vesiculovirus infection, the G protein plays a critical role during the 

initial steps.  The trimers of the envelope protein anchored to the viral cell 

membrane mediate both receptor recognition and membrane fusion (264, 268, 

269).  The attachment of virus onto the target receptor initiates the endocytotic 

pathway mediated by the glycoprotein followed by pH-dependent viral fusion 

(268).  The decrease of pH in the early endosomal compartments of the target 

cell induces conformational changes in the viral G protein which then trigger 
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the fusion of the viral envelope with the cell membrane (224, 269, 277-280).  

The pH-dependent fusion is a shared characteristic amongst vesiculoviruses 

which occurs around pH 6 (269, 281-283). 

Furthermore, its central role in receptor attachment and viral penetration into 

the target cell makes the G protein the principal target of neutralising 

antibodies generated by the humoral immune response (251).  Therefore, 

exploration of the functional domains and immunogenic determinants of the 

vesiculovirus glycoproteins is essential to understanding the structure-function 

relationship of antigenicity, host range determination, and infectivity (264). 

1.6.2.3.1.Vesiculovirus glycoprotein comparison and phylogenetic analysis 

The glycoproteins of VSVind (prototype for vesiculoviruses), VSVnj, and CHAV 

have been relatively well studied.  However, there is little known about the 

other VesG, namely Maraba virus G protein (MARAV.G), COCV.G, VSVala.G 

or PIRYV.G.  The G proteins of these seven vesiculoviruses have been 

sequenced.  While CHAV.G and PIRYV.G have a similar number of amino acid 

residues, 530 and 529 respectively, other five G proteins are shorter, around 

511-517 amino acid residues long (248, 264, 284-286).   

The phylogenetic analysis of the amino acid sequences of the G proteins 

indicates that both MARAV and COCV are closely related to VSVind (Figure 

1-5) (264).  On the other hand, it is evident that CHAV and PIRYV are closely 

related to each other as well (245).  These lineage distinctions seen at 

glycoprotein level fit the vesiculovirus clusters identified after full-length 

genome analysis (244).   
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Figure 1-5: Phylogenetic Relationship of Vesiculoviruses Based on G Protein Amino 

Acid Sequences. (A) G proteins of the major vesiculoviruses, as well as the G protein of the 

rabies virus (another prototype rhabdovirus, utilised as the base for the phylogenetic tree), 

were included in the analysis. The amino acid sequences were aligned using ClustalOmega 

online multiple sequence alignment tool (EMBL-EPI) (see Table 2-16).  The evolutionary 

analyses were conducted in MEGA7 (287).  The evolutionary history was inferred by using the 

maximum likelihood method based on the Jones-Taylor-Thornton matrix-based model (288).  

The tree with the highest likelihood is shown with the bootstrap confidence values (out of 100) 

indicated at the nodes.  The tree is drawn to scale, with branch lengths measured in the 

number of substitutions per site, depicted in the linear scale.  CJSV: Carajas Virus, ISFV: 

Isfahan Virus. Vesiculoviruses that this thesis focuses on are highlighted in coloured boxes. 

(B) The percent amino acid identities of the G proteins compared to VSVind.G are summarised 

in the table.  

 

 

A 
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Deduced amino acid sequences show that vesiculovirus G proteins (VesG) are 

typical class I membrane-associated glycoproteins with long extracellular 

regions at the N-terminal ends, a hydrophobic transmembrane domain 

anchoring the protein to the cell membrane, and a C-terminal domain that 

projects into the cell (244, 289).  Results of amino acid sequence analyses 

show a high degree of structural and functional similarity between the seven 

glycoproteins (234, 246, 289-291).  The G protein alignment demonstrates that 

there are a large number of blocks of amino acid residues conserved amongst 

the different vesiculovirus strains (Figure 1-6) (289). With approximately 78% 

and 72% sequence homology respectively, MARAV.G and COCV.G are the 

most similar G proteins to the prototype VSVind.G.  VSVala.G follows with 

64%, while VSVnj.G has 50% homology.  PIRYV.G has the most variance 

amongst six VesG with just 40% sequence homology on amino acid level 

(Figure 1-5). 

The signal sequences of the seven strains show a number of differences in 

length and amino acid composition (264, 289).  However, in the four VSV 

serotypes, the nature of the signal peptides, precisely, the presence of a 

charged residue near the N-terminal end, the hydrophobic central region and 

decreased hydrophobicity at the C-terminal end is maintained (292, 293).  On 

the other hand, the predicted signal sequences of CHAV.G and PIRYV.G are 

larger than that of VSV serotypes and MARAV.G (21 residues compared to 16 

for VSVind.G/VSVnj.G/VSVala.G/MARAV.G and 17 for COCV.G).  They do 

not show the homologous nature seen between VSV serotypes and CHAV.G 

has no lysine residue near the expected cleavage site (264, 285, 289). 
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Figure 1-6: Multiple Amino Acid Sequence Alignment of the G proteins of Major 

Vesiculoviruses. The sequences of major vesiculoviruses were aligned using ClustalOmega 

online multiple sequence alignment tool (EMBL-EPI) (see Table 2-16), and the alignments 

were visualised using JalView software (294).  Dashed lines represent gaps introduced to 

maximise matching of amino acid residues. Blue shading indicates percent identity; dark blue: 

* 

* 
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80-100%, medium blue: 60-80% light blue: 40-60%, and no colour indicating <40% identity.  

The arrow indicates the signal peptide cleavage sites. The asterisks indicate the two 

conserved sites for N-linked glycosylation. The hydrophobic membrane-anchoring domains 

are underlined. The conserved W, P, C residues are annotated with triangles.   

 

 

Furthermore, the N-linked glycosylations occur at identical positions on all 

seven G proteins since there are only two sites in each glycoprotein that 

contain the potential glycosylation sequences of asparagine-X-

serine/threonine (248, 295).  The two sites are precisely aligned within highly 

conserved regions.  Similarly, most of the tryptophan (W), proline (P), and 

cysteine (C) residues occur in non-variant positions in all seven VesG.  It is 

hypothesised that while P residues might be defining domains, C residues are 

possibly involved in disulphide bond formation which is essential for the protein 

to assume its functional folding (264).  

On the other hand, the membrane anchoring sequences of the virus G proteins 

do not have a similar level of homology.  For COCV.G this is located at amino 

acid residues 465-483 and shows approximately 50% identity to that of 

VSVind.G (264).  Like the signal sequences, the transmembrane domains of 

the glycoproteins are amongst the least conserved regions at the amino acid 

level.  However, in all seven, the hydrophobicity of the region is maintained 

which implies that the exact amino acid may be insignificant as long as the 

hydrophobicity is conserved (248).  A similar trend can be observed in the 

cytoplasmic domains of the G proteins as there is minimal identity. Although 

the amino acid homology is not shared, the overall charge distribution is 

conserved (248, 264). Since the cytoplasmic sequence is shown to have a 

critical role in virus assembly by providing an essential scaffold for the matrix 

protein and the nucleocapsid to bind, it can be concluded that the amino acid 

character of the domain drives this process (248, 296). 

A couple of the conserved blocks of amino acid residues amongst the G 

proteins can be matched to VSVind.G’s functional domains.  Two of the largest 

conserved blocks, located at aa residues 74-90 and 123-136 of VSVind.G, lie 
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in its fusogenic domain1 (297).  Thus, these two conserved regions may 

represent the fusion peptide of vesiculoviruses and may play an essential role 

in controlling the low-pH-induced conformational changes of the glycoproteins 

(298-302).  

Moreover, covalent modification of VSVind.G at the cytoplasmic domain is a 

known characteristic of the protein (289).  The covalent attachment of fatty 

acids, such as the palmitic acid, to cysteine or less frequently to serine or 

threonine residues via thioester bonds is a well-observed occurrence that 

VSVind.G shares with CHAV.G and PIRYV.G.  However, it has been 

demonstrated by biochemical and genetic means that COCV.G and VSVnj.G 

do not share this characteristic (244, 285). 

1.6.2.3.2.G protein conformational states, domains, and structure 

Based on fusion kinetics analysis of VSVind.G and other rhabdovirus G 

proteins, it has been elucidated that the G protein assumes three key 

conformational states which have distinct biochemical and biophysical 

characteristics (241, 269, 270, 281, 300, 301, 303-306).  The native, pre-fusion 

state is detected at the viral surface above pH 7.  When activated by low pH, 

the active, hydrophobic state drives interactions with the target membrane as 

the first step of viral fusion (300).  The post-fusion state is antigenically distinct 

from both native and active states and is fusion-inactive (307).  There is a pH-

dependent equilibrium between all three states of the G protein which shifts 

towards the post-fusion state at low pH.  Unique to rhabdoviruses, this low-pH-

induced structural change of the G protein is reversible and is essential to allow 

transportation of the mature G protein through the acidic compartments of the 

Golgi apparatus and for it to assume its infectious, pre-fusion, state when it is 

on the viral surface (301, 303, 306, 307). 

Both pre- and post-fusion (i.e. native and inactive) states of VSVind.G, as well 

as possible monomeric intermediates in the active state and several 

conformations of the fusion complex, have been identified by X-ray 

                                            
1 In this thesis, the amino acid residue numbers of VesG are indicated, unless otherwise 

specified, with regards to the precursor G proteins containing their respective signal peptides. 
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crystallography (269, 270, 297, 307).  Though it shares some features with 

well-known class I and class II fusion proteins, VSVind.G has been classified 

in a novel class of fusion proteins, class III, due to the reversibility of its 

structural changes (269, 308).  In both structures, four distinct domains were 

identified within the N-terminal extracellular domain of the G protein (Figure 1-

7) (270, 297).   

The domains can be summarised: 

a. Domain I  

Also called the lateral domain, is a β-sheet rich domain made out of 

approximately 90 amino acids in two discontinuous segments. 

b. Domain II  

Domain II, the trimerisation domain, is involved in forming the six-helix-bundle 

in the trimeric pre-fusion conformation.  The four α-helices making up this 

domain dictate trimerisation of the G proteins via hydrophobic interactions. 

c. Domain III 

Domain III is organised into two α-helices and two β-sheets and contains the 

fold of pleckstrin homology (PH) domain.  This is the most exposed domain of 

VSVind.G in the pre-fusion conformation.  Domain III,  inserted into domain II, 

is located at the top of the G protein.  Thus, it is hypothesised that it might be 

involved in receptor recognition.  

d. Domain IV 

Domain IV is the only domain made up of a single continuous segment.  It is 

inserted into domain III and contains two hydrophobic fusion loops that are 

capable of interacting with the target membrane.  The structure contains six β-

sheets with highly conserved amino acid residues.  Multiple disulphide bonds 

in this domain help to stabilise the structure of the G protein. 

The conformational changes from pre- to post-fusion structure of VSVind.G 

entails a dramatic reorganisation of the entire molecule.  During these changes 

domains I, III, and IV retain their tertiary conformation.  However, they undergo 

rearrangements in their relative orientation.  This is mediated by the structural 
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changes in the hinge regions and the major refolding of domain II (269, 270, 

297).   

The post-fusion structure looks like the flipped version of the pre-fusion 

conformation relative to the rigid block of domain I (269). Therefore it is 

postulated that these changes might not be topologically possible without the 

transient dissociation of the trimer of the G protein (270, 309).  There has been 

some evidence suggesting that monomeric intermediates are involved in the 

structural transition of VSVind.G (269, 290).  One intermediate in the fusion 

pathway is found to expose the fusion domain at the top of the molecule 

allowing the interaction of the fusion loops with the target membrane (269). 

Although the structural organisations of the two separate conformations of 

VSVind.G are very different to other classified fusion proteins, namely class I 

and class II, the amino acid alignment of the VesG shows that all these 

glycoproteins should have similar folds (269).  In support of this, recently the 

low-pH conformation of CHAV.G has been elucidated, and striking similarities 

to VSVind.G have been observed (246).  The high structural similarity 

expected from the primary structure of the peptides is also evident in the 

protein’s tertiary structure.  The overall structure of CHAV.G is very similar to 

the post-fusion conformation of VSVind.G and the three identified domains, 

central domain, fusion domain, and pleckstrin homology domain, are more 

conserved than expected from the sequence divergence of the molecules 

(246, 297, 310, 311).  While the central and upper parts of the fusion domain 

are almost superimposable, PH domain appears to have the most divergence.  

This is expected since, along with DI, VSVind.G’s DIII which contains the PH 

domain is thought to be the major target of the neutralising antibodies with 

multiple epitopes reported in these two domains (312).  PH domain remains to 

be the most divergent domain amongst the vesiculoviruses which might be 

reflecting the effects of host-pathogen interactions or immune-system driven 

evolutions (246). 
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Figure 1-7: Overall Structure and Domain Organisation of VSVind.G in Pre- and Post-

Fusion Conformations.  Mature VSVind.G protein (aa 17-429) generated by thermolysin-

mediated limited proteolysis of virions (i.e. Gth (270, 297)) in (A) pre- and (B) post-fusion 

monomeric and homotrimeric conformations respectively (PBD IDs: 5I2S and 5I2M 

respectively).  VSVind.G monomers are coloured by domain (red: DI, lateral domain; blue: DII, 

trimerisation domain; orange: DIII, PH domain, yellow: DIV, fusion domain; grey: 

transmembrane and C-terminal domains). 3D structures were retrieved from RCSB Protein 

Data Bank, visualised, and coloured using JalView software. (C) Domain architecture of 

VSVind.G depicted in a linear diagram. Domain boundaries are numbered according to the G 

protein precursor (i.e. including the signal peptide).  Figure adapted from (297). 
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1.6.2.4.Vesiculovirus Glycoprotein Function 

1.6.2.4.1.Cellular receptors for vesiculovirus cell entry 

Receptors are critical to understanding the mechanism of viral disassemblies.  

Envelope-receptor interactions either directly trigger the conformational 

changes that lead to fusion or they help to guide the virus-receptor complex to 

cellular locations where environmental cues such as pH trigger fusion and lead 

to infection (313).  Viral surface units, such as membrane glycoproteins or  viral 

capsid, attach to factors (e.g. heparan sulphate proteoglycans) located on the 

target cell surface during the initial interactions between a virus and a host cell 

(89, 314, 315).  These first interactions may lack specificity and are often 

mediated by electrostatic forces.  They help the virus to recruit specific 

receptors which triggers the processes leading to cell entry.  Some receptors 

can efficiently aid virus endocytosis. Alternatively, for others,  receptor binding 

may activate signalling pathways that facilitate viral entry by directly promoting 

viral fusion or aiding pH-induced conformational changes within endocytic 

compartments of the target cell (313). 

Many viruses exploit the intrinsic properties of endocytic vesicles to pass 

through the cell membrane.  They require exposure to low pH or lysosomal 

enzymes to initiate fusion (313).  Recently it has been elucidated that viruses 

can exploit several different endocytic mechanisms which are either 

constitutively active or can be induced in host cells (316).   

Like other endocytic cargoes, most of the endocytosed viruses are transported 

to the endosomes.  In these intracellular compartments, viruses use 

environmental cues, primarily low pH, to initiate the membrane fusion that 

allows them to translocate their genome into the host cell cytoplasm (317, 318).  

There are several advantages to viral fusion from endosomes.  Endosomes 

lack the actin-myosin cytoskeleton barrier that limits receptor mobility (319).  

Furthermore, in the case of enveloped viruses, it limits the display of viral 

proteins on the cell surface where the innate and adaptive immune systems 

may target them, and in the case of viruses which enter cells through 

membrane lysis, for example adenoviruses, it limits the membrane damage to 

just endocytic components (313).  However, there are several obstacles 
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invading viruses need to avoid.  While endosomes can return the virus-

receptor complex to the cell surface through their sorting function, maturation 

of the vesicle to late endosomes and lysosomes generates a potentially 

hazardous environment for the virus (320).  Thus, many viruses fuse at mildly 

acidic pH 6.0 while others exploit the changing environment to control the 

timing or cellular location of fusion (313).  

The entry of the vesiculoviruses into the host cells is dictated only by their 

glycoprotein that protrudes from the viral surface (234).  The G protein first 

mediates the viral attachment by interacting with the cellular receptor.  In the 

case of VSVind.G, the low-density lipoprotein receptor (LDLR) and its family 

members have been demonstrated to be the cellular receptors responsible for 

viral entry (321-323).  It is shown that LDLR is the primary entryway for 

VSVind.G pseudotyped particles in various cell lines which include a human 

epithelial cell line.  Furthermore, this viral infection could be successfully 

inhibited in a dose-dependent manner via soluble LDLR molecules and was 

entirely blocked by the addition of receptor-associated protein (RAP) which is 

known to bind to other LDLR family members [74].  Similar dose-dependent 

partial inhibition of COCV.G pseudotyped LV (COCV.G-LV) infection has also 

been demonstrated (200).   

Recently, the crystal structures of the interactions between VSVind.G and two 

cysteine-rich domains of LDLR, CR2 and CR3, have been elucidated (323) 

(Figure 1-8).  These complexes highlighted that both domains of LDLR interact 

with the same residues on the G protein in its pre-fusion conformation and the 

interactions are blocked following pH-induced conformational changes.  This 

is due to the fact that the residues which mediate the interactions are pulled 

apart in the post-fusion conformation.  

The basic residues H24 and K63 on VSVind.G dictate CR domain and G 

protein interactions by interacting with acidic residues on the CR domains, 

D69/73/79, E80 and D108/112/118, E119 respectively on CR2 and CR3.  

These interactions allow docking and coordination of Ca2+ ions which are 

essential for LDLR functionality (321, 322, 324-326).  In addition, R370 on 

VSVind.G interacts with the carbonyl groups in the LDLR main chain forming 



58 
 

the key residue-residue interactions between the two proteins (323).  This 

mode of binding which involves calcium cage-mediated protein-protein 

interaction that VSVind.G exploits is identical to that of LDLR and its 

endogenous ligands (324, 327-329). However, the key residues on VSVind.G 

that are involved in receptor binding are not conserved amongst the genus.  

For example, CHAV.G does not have basic residues in the positions 

corresponding to 63 and 370 (I68 and S379 respectively) and does not bind to 

LDLR CR domains (323).  Therefore, neither the use of this epitope nor the 

receptor can be generalised to all vesiculoviruses. 

 

Figure 1-8:  Crystal Structures of Interactions Between VSVind.G and CR2-CR3 

Domains of LDLR.  (A) Diagram demonstrating the bound structure of VSVind.G to both CR2 

and CR3 on LDLR at neutral pH while both proteins are anchored to the viral and cell 

membranes respectively. Detailed structure of basic VSVind.G residues H24, K63, Y225, and 

R370 interacting with the acidic residues on (B) CR2 and (C) CR3. Detailed struture of the 

hydrophobic interactions betweeen the aromatic residues of (D) CR2 and (E) CR3 with 

VSVind.G.  The lateral domain of VSVind.G is in red, the pleckstrin homology domain (PHD).  

The S2 domain within PHD that dictates VSVind.G-CR interactions is coloured green. LDLR 

residues are in black. The calcium ion is depicted as a green sphere. Adapted from (323). 

A 
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1.6.2.4.2.pH sensing mechanism 

In the pre-fusion structure of VSVind.G, three histidine residues, H76, H178, 

and H423, cluster together and act as the pH sensing molecular switches for 

the glycoprotein (270, 297, 305).  Although counterparts of this switch have 

not been identified in other vesiculoviruses’ pre-fusion structures, the histidine 

residues are conserved between all seven vesiculovirus strains analysed (see 

Figure 1-6).  It is postulated that low pH triggers conformational changes 

allowing the fusion domain to move away from the viral surface and towards 

the target membrane.  This is mediated by the protonation of the histidine 

residues leading to the destabilisation of the interaction between the C-

terminal end of the ectodomain and the fusion domain (269, 270).  

In contrast, in the post-fusion structure of VSVind.G, four acidic residues, 

D284, D290, D409, and D411, are brought closer which has been 

demonstrated to play the role of the pH sensing switches for the transition back 

to pre-fusion conformation from the post-fusion conformation (246, 330).  The 

acidic character of the residues corresponding to D290, D409, and D411 of 

VSVind.G is conserved throughout the vesiculoviruses.  However, this is not 

the case for D284.  Although these residues are critical for VSVind.G, local 

amino acid differences suggest that other vesiculoviruses such as CHAV have 

evolved alternate structural solutions.  For CHAV.G the cluster formed by 

D290, E255, and H230 act as the pH sensing switch.  The deprotonation of 

these residues at high pH levels results in the destabilising effect that triggers 

the conformational change back to the pre-fusion structure.  It is thought that 

these three amino acid residues compensate the switch of D284 with A292 for 

the correct function of the G protein (246). 

Comparison of the 3D structures of CHAV.G and VSVind.G revealed 

substantial divergence between vesiculoviruses (e.g. location of pH sensing 

residues), however, preservation of key functional and structural aspects (246, 

270, 297).  Most strikingly the orientation difference between fusion and PH 

domains between the two G proteins demonstrated strict structural constraints. 

However, despite these malleable local conformations, overall structure and 

function of the G protein with regards to the pH-dependent fusion of 

homotrimers are retained throughout the genus (246, 331, 332). 
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1.6.2.4.3.Fusogenic activity 

The first step of a successful infection is the translocation of the viral genome 

across the cell membrane into the host cell (333).  For enveloped viruses, such 

as vesiculoviruses, this step is mediated by the glycoproteins on the viral 

surface that promote both receptor recognition and membrane fusion.  As 

mentioned in the previous sections, the activation of the fusogenic pathway 

involves major structural rearrangements and refolding of the glycoprotein.  

This is triggered by molecular cues involving receptor recognition and low pH.  

After endocytosis, upon reaching the acidic endosomal compartments, VesG 

undergo low-pH-induced structural changes from their trimeric pre-fusion 

conformations to post-fusion conformations.  These changes lead to the 

exposure of the fusion peptide or loops which then drive the merger between 

viral and endosomal membranes (269, 270, 277, 290, 300, 303, 304, 334). 

To identify the critical sequences for this fusogenic activity, investigators have 

used mutational analysis.  It is known that VSVind.G is sensitive to even mildly 

acidic pHs and its levels of infection are at their highest around the 

physiological pH (i.e. pH 7.2) (246, 280).  In support of this, researchers have 

observed a thirty-fold drop in the titres of wt VSVind when the infections were 

carried out at pH 7.0 compared to infection rates at pH 7.2 and a further thirty-

fold drop at pH 6.8 (251).  Through pH-driven adaptations and mutations, four 

amino acid replacements, F18L, Q301R, K462R, and H65R, were identified in 

low-pH adapted versions of VSVind.G.  F18L and Q301R were identified as 

the major contributors to pH adaptation.  In addition, the fact that three out of 

the four changes were to arginine residues suggests that these positive 

charges are essential for modulating pH-induced conformational changes in 

the G protein. 

While VSVind.G is extremely sensitive to mildly acidic pHs, it is reported that 

both VSVnj.G and CHAV.G have lower pH thresholds for their fusogenic 

activity (246, 251).  While VSVind replication is completely hindered at acidic 

pH, cell-to-cell fusion assays demonstrated that CHAV and VSVnj were able 

to replicate in infected cells and cause syncytia formations under the same 

conditions.  This viral vigour and resilience in mildly acidic pHs are postulated 
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to be the reason behind why VSVnj outbreaks in animals and CHAV outbreaks 

in humans are more severe than VSVind infections (251).  When the 

glycoprotein alignment is carefully analysed, it can be seen that VSVnj.G 

already contains the K462R amino acid switch while CHAV.G has the F18L 

switch.  This suggests that PIRYV.G which also has the amino acid 

replacement K462R might also have a lower pH threshold compared to 

VSVind.G. 

The pH-dependent fusion of two lipid bilayers involves a hemifusion state 

facilitated by VSVind.G (220).  In this state, conformational changes that 

expose the fusion peptide pull the bilayers closer and accelerate the merging 

of the two membranes.  The merger is modulated by the equilibrium between 

the pre-fusion trimers and extended monomers in the active state.  pH-induced 

attachment of VSVind.G occurs even in the absence of specific receptor 

interactions explaining the observation of syncytia formation following its 

expression in cells (335).  At neutral pHs (i.e. pH 7-8), only a low number of 

fusion loops are exposed, but as the pH decreases, attachment becomes 

progressively tighter and stronger.  The fact that the fusion loops extended by 

the monomeric G can withdraw from the membrane after raising the pH 

highlights the reversibility of this fusion process (220).  Lowering the pH below 

6.6 facilitates fusion loops to cluster as trimers pulling the lipid bilayer and the 

G protein much closer, provided that a critical number of post-fusion trimers 

can form within the contact zone of the virion and the lipid bilayer.  Depending 

on the number of G in the pre-fusion trimeric and monomeric conformations on 

the virion surface, the equilibrium requires pH to drop to 6.2 or lower to ensure 

the dissociation of enough number of trimers and extension of fusion loops 

from monomers before the critical number of post-fusion trimers will be present 

within the contact zone for membrane fusion to ensue.  

This shows that although receptor recognition is important for binding and 

entry into target cells, for VSVind.G, and therefore other VesG, pH or 

protonation is the trigger that initiates conformational transitions in the fusion 

proteins (220).  The antiparallel interactions between the fusion domains and 

transiently stable monomeric intermediates during virion fusion is the hallmark 

characteristic that differentiates VSVind.G and other class III fusion proteins 
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from class I and II.  In addition, the mechanism through which VSVind.G fuses 

also opens up the possibility that, depending on the local environment (pH, 

viral membrane curvature, local glycoprotein density), the G proteins can be 

shuttled onto the path of the post-fusion trimer network leading to spontaneous 

fusion (277, 336). 

1.6.3.Vesiculoviruses as Oncolytic and Vaccine Vectors 

Many naturally occurring and laboratory produced strains of viruses are utilised 

as clinical tools to fight human diseases (337).  Most notably, VSVind, has 

become a clinically significant vaccine vector and in recent years is being 

investigated as a potent oncolytic virus.  

1.6.3.1.Oncolytic Virotherapy 

VSVind’s oncolytic ability stems from its sensitivity to type I interferon (IFN)-

based antiviral responses (338).  As tumours progress they become 

unresponsive to IFN signalling, lose expression of IFN stimulated genes (e.g. 

major histocompatibility complex), and accumulate defects in genes that 

promote apoptosis and halt cell growth (339-342).  While VSVind replication is 

robustly suppressed in normal tissue via IFN signalling, it flourishes in non-

responsive cancer tissue. 

Due to the defects in the IFN pathway, in vitro, VSVind preferentially infects, 

replicates in, and lyses tumour cells while healthy cells with intact IFN 

pathways remain unaffected (343). Mixed culture infection and viral 

propagation assays have elucidated that tumour cells with protein kinase 

receptor deficiencies and defects in p53, ras, and myc are extremely 

susceptible to VSVind-induced apoptosis (344, 345). 

Furthermore, VSVind’s oncolytic capacity on several human cancer cell lines 

derived from lungs, ovary, prostate, colon, breast, and brain (e.g. A549, Lewis 

lung carcinomas, LNCaP human prostate carcinomas) have been 

demonstrated in detail (342, 344, 346, 347).  This lytic efficiency also could be 

translated to in vivo applications where both human xenografts and 

immunocompetent syngeneic cancers have been eradicated in several animal 
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models (342, 346, 348, 349).  VSVind also efficiently targets leukaemic cells 

in primary multi myeloma patients and purges bone marrow while having no 

effect on normal bone marrow progenitor cells or peripheral blood leukocytes 

(350, 351). 

Following the advent of virus cloning and plaque rescue (352), researchers 

have produced modified VSVind mutants (e.g. A1 and A2) (338, 347) which 

displayed enhanced tumour selectivity and less dependence on IFN signalling 

(342).  Another approach undertaken to improve safety and enhance 

therapeutic efficacy is to ensure tumour selectivity via virus targeting.  Most 

notably replacement of VSVind.G with the envelope of Sindbis virus 

conjugated to a monoclonal antibody successfully retargeted the virus against 

Her2/neu receptor expressing breast cancers (353-355).  Currently, 

incorporation of immunotherapeutic and suicide genes into the virus is being 

investigated (338). 

All in all, VSVind has demonstrated substantial tumour selectivity and efficient 

oncolytic activity in vitro and potent anti-tumour activity in numerous in vivo 

models.  However, although in vitro the viral infection remains potent and 

spreads, several studies have highlighted the need of administration of several 

therapeutic virus doses to elicit the desired oncolytic response in vivo implying 

that barriers regarding virus delivery and host immune response remain to be 

overcome for the establishment of a clinical therapy (356).  

1.6.3.2.VSVind as a Vaccine Vector 

Vaccine vectors expressing foreign proteins aim to elicit a robust and specific 

immune response exploiting the inflammatory properties of viruses.  For these 

purposes attenuated or modified strains of animal viruses are ubiquitously 

utilised which also help to avoid problems associated with pre-existing 

immunity (357).  These vectors can not only be delivered via injections but also 

administered intranasally through the mucosal route making them versatile 

and effective vaccines.  Particularly, single intranasal administration of 

recombinant VSVind expressing influenza haemagglutinin (HA) and measles 

virus hemagglutinin has been shown to confer full protection to mice and rats 

against lethal challenges (358-360).  A similar vaccine developed using the 
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Ebola virus (Zaire strain) envelope (rVSV-ZEBOV) was able to induce a 

neutralising response against the wt virus and demonstrated high levels of 

protection during the 2016 Guinea and 2017 Congo outbreaks (361-364). To 

date numerous recombinant VSVind-based vaccines have been reported 

against antigens from HIV-1, influenza, hepatitis C, and measles virus (360, 

365-368). 

1.7.Immunity  

Infection of immunocompetent hosts by viruses or viral vectors triggers both 

innate and adaptive branches of the immune system.  The innate immune 

response mainly controlled by the activation of type I interferon responses 

while adaptive immune response is responsible for production of specific 

antibodies and governing cytotoxic T cell activation (338).  While the adaptive, 

both humoral and cellular, immune response will develop memory of antigens 

encountered, innate immunity mainly functions as a non-specific defence 

system.  Sophisticated networks of intracellular sensors evolved by the cells 

(e.g. protein kinase receptors, toll-like receptors, single-stranded RNA 

inducible genes) detect early viral infections and activate the immune response 

pathways (369-373). 

1.7.1.Adaptive Immune Response 

One of the immune system’s major functions is the production of 

immunoglobulins (Igs) or antibodies which bind to and help eliminate any 

foreign material that might enter the body (374).  Each antibody binds to a 

particular epitope or determinant.  Although an antigen may have many 

epitopes that react with many different antibodies, an individual antibody binds 

to only one specific epitope.  Antibody production plays an important role in 

controlling foreign infections, especially by viruses  (375).   

1.7.1.1.B Cells and Antibody Production 

Antibodies are produced by B lymphocytes (B cells) in the body (374, 376).  

These cells are produced and mature in the bone marrow.  B cell maturation 

serves as the basis for immunological diversity.  To protect individuals against 
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pathogens, antibodies directed against more than 107 different antigens must 

be produced  (377).  This is achieved by genetic rearrangement in B cells via 

four different mechanisms: joining and rearrangement of variable region gene 

segments, somatic hypermutation of variable regions, class switch 

recombination of constant heavy regions, and gene conversion of variable 

genes.  Rearranged variable regions are produced during B cell maturation 

while somatic hypermutation and class switch recombination are triggered by 

antigen recognition (378).  Through all the variance and mutations, the 

production of antibodies directed at self-antigens is unavoidable.  However, B 

cells recognising self-antigens get terminated preventing autoimmune 

reactions (379). 

During infection or immunisation, antigens enter the bloodstream and are 

counteracted by the immune system’s defensive response of antibody 

production.  At the initial stages of infection, the higher number of antigens in 

the blood promote antibody production.  After seroconversion, the period 

during which a specific antibody develops and becomes detectable in blood, 

the amounts of antibody and antigen in the blood equalise.  Furthermore, the 

immune system preserves an immunological memory of the infection to aid in 

rapid detection and immunological protection against reinfection (377). 

1.7.1.2.Antibody Structure 

Antibodies are made up of two distinct parts: variable fragment (Fv) which 

recognises an epitope and the constant region (Fc) that grants effector 

functions such as antibody-dependent cell-mediated cytotoxicity and activation 

of the classical complement pathway (380).  Each antibody contains two sets 

of light and heavy chains linked by disulphide bonds.  While the light chain 

contains one variable and one constant region, the heavy chain is made up of 

one variable and three to four constant regions.  There are five primary classes 

of Igs: IgG, IgM, IgA, IgD, and IgE (381).  There are two key differences 

between the antibody classes:  the amino acid sequences of the heavy chain 

constant regions and the number of subunits (382, 383). 

Antibody production and secretion in the body follows B cell activation.  Once 

secreted antibodies can contribute to the immune response through several 
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modes of action: they can block pathogen-receptor interactions hindering 

infection,  neutralise toxins and viruses, activate the complement cascade via 

the classical pathway, interact with effector cells to trigger antibody dependent 

cell-mediated cytotoxicity (ADCC), and mediate phagocytosis of pathogens. 

1.7.1.3.Humoral Immune Response 

During maturation, B cells develop independently of antigens.  However, 

mature B cells, with specific B-cell receptors formed of a CD79 signal 

transduction domain and antigen-recognising single isotype immunoglobulin 

domain (i.e. IgD, IgM, IgA, IgG, or IgE), continually move through secondary 

lymphoid organs searching for antigens.  Once one is encountered, B cells act 

as antigen presenting cells triggering a humoral response.  B cell binds to the 

antigen which leads to its subsequent endocytosis by the lymphocyte (384).  

The antigen is later processed in the B cell and is presented on the cell surface 

bound to the groove of the major histocompatibility complex (MHC).  The 

presentation of these antigens recruits helper T lymphocytes which bind to the 

antigen-expressing B cells.  The cytokines secreted by the helper T cell drive 

B cell proliferation and maturation into antibody-producing plasma cells.  This 

is essential for the development of B cell memory (385, 386).  Released into 

the blood by mature B cells, antibodies lock onto matching antigens forming 

antibody-antigen complexes.  These are later cleared by the complement 

cascade or by the liver and the spleen. 

In the case of “original antigenic sin,” a concept first proposed by Thomas 

Francis in 1960s, the production of the aforementioned neutralising antibodies 

is not always as effective (375).  The concept implies that when the epitope 

present on an antigen varies slightly in the case of a secondary infection, then 

the immune system relies on memory of the earlier infection rather than 

mounting another primary immunological response which would allow faster 

and stronger response.  This usually results in an inadequate immunological 

response towards the new strain and in some cases, such as the dengue virus 

and human immunodeficiency virus (HIV) infection, result in antibody-

dependent enhancement (ADE) (387, 388).  In the case of ADE cross-reactive 

antibodies against the new strain are unable to neutralise the new virus fully.  
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Therefore, binding of such antibodies triggers internalisation of the virus by 

macrophages and dendritic cells involved in the complement cascade 

enhancing the virus entry and infection.  

1.7.1.3.1.Antibody-mediated neutralisation of viruses 

Antibodies (Abs) play numerous roles in clearance of viruses from organisms.  

The synergistic effects of both neutralising and non-neutralising antibodies 

contribute greatly to both adaptive and innate immune responses (389, 390).  

The significance of antibody-mediated immunity has been well-established in 

the literature through protection by passive immunisation studies utilising 

immunodeficient animals (391, 392).   

The interactions between antibody paratope (i.e. antigen binding site) and 

antigen epitopes (i.e. immunogenic determinants on viruses, usually on 

envelope proteins which are recognised by antibodies) dictate antibody-virus 

binding and is required to achieve neutralisation.  During a humoral antibody 

response, B cells that express Abs with the highest affinity directed towards 

the virus grow through clonal expansion (393-396).  While these Abs usually 

demonstrate the most potent neutralising activity (397-399), other Abs with 

lower affinities or non-specific interactions can be involved in so-called “hit-

and-run” neutralisation (400).  These Abs dissociate after inducing 

conformational changes in the viral envelopes which may affect their infectivity 

(390). 

Therefore, the coating of viruses by Abs is thought to be required for an 

efficient block of infection.  Several mechanisms of neutralisation have been 

described in the prevention of different viruses from infecting cells.  Most 

neutralising antibodies (nAbs) hinder interactions between the viral envelopes 

and their respective receptors (401).  This block can be through either direct 

competition by nAb binding to receptor recognition epitope or in some cases 

through steric hindrance (e.g. mouse mammary virus) (402-404).  Another 

mechanism that prevents viral attachment to cells is Ab-mediated aggregation 

or cross-linking of viral particles (405, 406).  However, in such cases complete 

neutralisation or protection might not be observed as aggregated viral particles 

can still infect cells, albeit a lower number of cells.  Alternatively, Abs can 
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interfere with post-attachment interactions between viruses and receptors or 

co-receptors blocking or reducing internalisation of the virions (e.g. some 

antibodies against influenza virus) (407-409).  Lastly, there are several post-

endocytosis mechanisms identified: interference with fusion in endosomal 

vesicles and with uncoating of the virus, and inhibition of initial metabolic steps 

(389, 394-396, 401, 404, 408, 410-414).   

All in all, the task of viral infection blocking, dictated by antibody binding, 

comprises intricate mechanisms to achieve potent protection.  While in vitro 

assays will select for nAbs with highest affinities and dominant neutralisation 

mechanisms directed towards viral attachment and early infection functions, a 

potent humoral response would likely to be multi-hit exploiting several 

mechanisms at the same time through concerted efforts of several nAbs (389, 

390, 401). 

1.7.1.4.T Cell-Mediated Immunity 

T cell-mediated immunity comprises the second branch of the adaptive 

immune response (415).  It involves recognition and clearance of pathogens 

or pathogen-infected cells (416).  The two major types of T cells, CD4+ helper 

and CD8+ cytotoxic, originate from the bone marrow progenitors and mature 

in the thymus (417). 

The immune response commences when naïve T cells encounter antigen 

presenting cells (e.g. dendritic cells, macrophages) expressing antigens and 

co-stimulatory molecules.  This leads to differentiation of T cells into effector 

cells, production of cytokines and chemokines as well as further activation of 

macrophages and natural killer cells (415, 418).  While CD8+ cytotoxic T cells 

are able to induce apoptosis of viruses, pathogens, and infected cells (419-

421), CD4+ helper cells are involved in the secondary signalling pathways to 

induce a potent antibody-based response as well as producing cytokines (422-

424).  The concerted efforts of these effector T cells mediate infection 

clearance (425, 426).  These specialised subsets of T cells target viral proteins 

and antigens that are more likely to be conserved amongst different subtypes 

and pathogens, in contrast to epitope-specific antibody-dependent immunity, 

therefore, conferring broader protection (422, 427). 
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1.7.2.Innate Immune Response  

Innate immune responses against viruses depend on innate pattern-

recognition receptors of organisms (428-430).  These receptors are key 

sensors which recognise conserved microbial motifs called pathogen 

associated molecular patterns (PAMPs) (431-435).  These motifs, including 

genomic materials such as genomic DNA, single-stranded or double-stranded 

RNA and surface proteins, are in most cases essential for the survival of the 

pathogen and hence cannot be modified for immune evasion.   

Toll-like receptors (TLRs), an evolutionarily conserved family of type I 

membrane glycoproteins, are the major pattern-recognition receptors utilised 

by the innate immune cells including macrophages, dendritic cells, B cells, and 

T cells.  They are expressed constitutively in these cells regardless of function, 

immunological memory, and life-cycle stage (373, 436).  However, the levels 

of expression are not static and can be modulated effectively in response to a 

recognised pathogen, cytokine signalling or inflammatory stress (431, 437). 

Amongst the TLR family members, TLR2 and TLR4, expressed on the 

extracellular cell surface, are involved in viral glycoprotein recognition (432, 

438). On the other hand, TLR3, 7, 8, and 9, almost exclusively expressed in 

intracellular compartments of the immune cells, recognise viral genomic 

materials.  Regardless of which PAMP is recognised, TLR activation leads to 

type I interferon production.  This robust antiviral response activates other cells 

through autocrine or endocrine signalling pathways (439-441).  

Especially secretion of type I interferon is key to modulation of both innate and 

subsequent adaptive immune responses (442, 443).  It induces dendritic cell 

maturation which leads to antigen presentation to T cells via MHCs, further 

cytokine secretion and triggering of adaptive immune responses.  Dendritic 

cells are also involved in the secretion of chemokines that mediate both CD8+ 

and CD4+ T cell activation as well as recruitment of other phagocytic cells 

(442). 

In return, pathogens, especially viruses have evolved strategies to circumvent 

this response.  Most common ones include inhibition of type I interferon 
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response, prevention of antigen presentation to immune cells, and blocking of 

cell death induction (444-450). 

1.7.2.1.Complement-Mediated Immunity 

The complement cascade is an essential part of the innate immunity and is a 

major effector mechanism of humoral immunity (451-453).  The cascade is 

made up of more than thirty proteins produced mainly by hepatocytes, 

macrophages, and gastrointestinal epithelial cells.  The proteins in the cascade 

interact with each other regulating activation enzymatically.  The cascade can 

follow three different pathways, the classical, alternative, and the lectin route.  

All three pathways result in the formation of the membrane attack complex 

(MAC) which induces lysis of many types of cells (454). 

The classical pathway is triggered by antibody binding to antigens.  This results 

in a conformational change in the constant region of the antibody exposing the 

complement binding site.  Complement component C1 recognises this site and 

upon binding goes through conformational changes and enzyme activations 

which in return magnify its signal (455). 

The alternative pathway functions though antibody-independent mechanisms. 

This pathway can proceed on many microbial surfaces and leads to the 

generation of distinct C3 convertase.  It is initiated by hydrolysis of C3 into C3b.   

A number of mechanisms ensure that when C3b binds to host cells, 

complement-regulatory proteins stop complement activation (456, 457). 

Lastly, the lectin pathway uses a protein very similar to C1 to trigger the 

cascade.  Mannose-binding lectin (MBL) recognises structural patterns and 

interacts with mannose residues and some other specific sugars on the 

pathogen surface.  Through this binding MBL initiates the immune response 

(455, 458). 

1.7.2.1.1.Complement-mediated inactivation of viruses and viral vectors 

Oncolytic therapy utilising viruses like VSVind has yielded promising results in 

the treatment of a variety of cancers (459-465).  However, neutralisation of 

these viruses by nonimmune sera can potentially block the viral infection and 
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diminish the efficacy of the systemic therapy.  This also applies to viral vectors 

pseudotyped with envelopes from such viruses.  Serum inactivation poses a 

major concern in the development of these vectors for in vivo gene therapy 

(466).  

Wild-type VSVind and VSVind.G pseudotyped viral vectors have been shown 

to be sensitive to neutralisation by fresh human, mouse, and dog sera (266, 

466-470).  This anti-VSV activity is mediated by serum IgM and the 

complement components, mainly C1q (467).  Furthermore, presence of the 

galactosyl(α1-3)galactosyl (αGal) epitope on these oncoviruses, when they are 

produced by cell lines expressing the sugar, was found to make them less 

stable in human serum as well as more vulnerable to complement killing via 

natural anti-αGal antibodies (470). 

One way to circumvent these problems is to pseudotype vectors with serum-

resistant envelopes.  Glycoproteins of some members of the vesiculovirus 

family, COCV, MARAV, and PIRYV, unlike VSVind, have been reported to be 

resistant to complement-mediated neutralisation by human serum (200, 467, 

471).  Therefore, there have been attempts to adapt these viral envelopes in 

vector systems as well as to produce recombinant chimeric VSVind G proteins 

(202, 467).  Another strategy that has been fruitful is the synthetic modification 

of the envelope.  Specifically, poly-ethylene glycosylation (PEGylation) of a 

VSVind.G pseudotyped HIV-1-based virus vectors has shown to protect the 

vectors from complement-mediated inactivation by human and mouse sera 

while not affecting transduction efficiency in vitro (466).  Developing oncolytic 

viruses or vectors with envelopes that can resist serum inactivation may 

provide the opportunity for systemic administration.  Furthermore, it also could 

aid in lowering the dose necessary to achieve therapeutic levels of gene 

expression and, therefore, minimising the vector or virus-associated toxicity. 

1.7.3.Immune Responses Against in vivo Oncolytic 

Virotherapy and Gene Therapies 

Rhabdoviruses such as VSVind and MARAV have been developed into 

promising oncolytic and vaccine vectors, and their clinical evaluation is 
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underway (356, 472-476).  Their efficacy in the treatment of a variety of human 

cancers has been validated preclinically (459-465).  VSVind is a preferred 

candidate for oncolytic virus development due to its broad tropism, short 

replication cycle, and high sensitivity to interferon-mediated antiviral activity 

(341, 356, 477-482). 

However, the primary immune response elicited following administration of 

VSVind leads to the production of neutralising antibodies which limit multiple 

rounds of administration (483).  In contrast, some other viruses such as 

lymphocytic choriomeningitis virus and arenavirus, are not as immunogenic 

and do not generate a robustly-neutralising antibody response (484). 

Previous reports claim that VSVind is neutralised by several mammalian sera 

(see section 1.7.2.1.1) (468-470).  The complement system not only acts as 

the first line of defence towards these viruses but also aids the adaptive branch 

of the immune system (485).  The neutralising activities of antibodies against 

viral epitopes are enhanced by the complement (486, 487).   

Furthermore, in the case of gene therapies innate and adaptive immune 

responses against viral-vector derived antigens limit the efficacy of LVs as well 

as affect the longevity and therapeutic effectivity of the transgene expression 

(488).  Therefore, so far while ex vivo gene therapies utilising LVs have been 

successful in the clinic, in vivo administration of LVs is still in its preclinical 

stage (489).  Historically it has been shown that systemic LV administration 

induce inflammatory responses which include the rapid production of cytokines 

such as interleukin-1 (IL-1), IL-6, tumour necrosis factor α (TNFα), and type I 

interferons (IFNα and IFNβ) (490).  Furthermore, efficient transduction of 

antigen-presenting cells by LVs prime the adaptive branch of the immune 

system and activate T cell responses (435).  Induction of a potent CTL 

response following systemic administration of LVs pseudotyped with 

glycoproteins from Ebola virus, lymphocytic choriomeningitis virus, Mokolo 

virus, and VSVind has led to a robust anti-transgene response resulting in 

clearance of transduced cells from the organism (491, 492).  Although this 

ability to generate CTL responses via LV administration has been exploited to 

generate antitumour immunity or achieve a robust immune response through 
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vaccine vectors (493-495), this is a major concern in achieving sustained 

transgene expression in gene therapies. 

In addition, induction of cell-mediated immunity also primes B cells to produce 

high-affinity antibodies against vector components via helper T cell-dependent 

pathways (489, 496).  Thus far, production of strongly neutralising antibodies 

directed towards matrix and capsid proteins of LVs (i.e. p17 and p24 

respectively) has been observed (496-501).  Although these antibodies did not 

affect sustained transgene expression, they limited the efficacy of a 

subsequent administration of the same vector (497).  Generation of high-

affinity antibodies directed towards the envelope glycoproteins of LVs is 

postulated to be as problematic, but, this remains to be fully explored in 

preclinical models (488). 

Currently, extensive research is underway developing more tolerogenic 

vectors to either avoid or override the innate immune response pathways (488, 

502).  In addition, better understanding both the humoral and T cell-mediated 

immunity against the systemic administration of LVs will enable 

personalisation of therapies as well as dampening the anti-vector and anti-

transgene effects ensuring longevity of the vectors and transduced cells in the 

organism for successful gene therapies. 

1.8.Rationale 

VSVind.G confers broad tropism and efficient cellular uptake.  In combination 

with the low seroprevalence of neutralising anti-VSVind.G antibodies in 

humans, VSVind.G psudotyped recombinant viruses and viral vectors have 

substantial potential as in vivo gene delivery systems.  Similarly, vesiculovirus 

research is expanding expeditiously following their adaptation to oncolytic 

virotherapy and gene therapy research.  Despite this there exists a gap in 

knowledge regarding the antigenic and immunogenic characteristics of 

vesiculovirus glycoproteins.  Identification of well-characterised antibodies as 

well as strongly neutralising epitopes on glycoprotein bring substantial utility to 

the development of G protein containing advanced therapy medicinal products. 
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Lentiviral vectors are a particularly promising group of ATMPs as they can 

transduce non-dividing cells efficiently and enable transgene integration 

leading to stable expression.  Their use in cellular therapies and gene editing 

approaches are paving the way for novel curative treatments for a variety of 

hereditary and acquired diseases.  However, this untapped potential cannot 

be fully exploited due to the induction of humoral and cell mediated immune 

responses in vivo limiting the scope and efficacy of therapies. Therefore, a 

detailed investigation of the characteristics of such responses as well as the 

generation of a proof-of-principle method to circumvent them will have 

significant implications for the potentials of cancer immunotherapy and gene 

therapy.  In addition, it will allow for the development of improved therapies 

tailored for every individual to achieve sustained therapeutic effects. 

1.9.Aims of Thesis 

In this thesis, research exploring antigenic and immunogenic characteristic of 

six vesiculovirus G proteins was undertaken. 

In the first part of the thesis (Chapter 3), I have attempted to identify a 

commercially available reagent which will be valuable for vesiculovirus and 

VesG-based gene therapy research.  I characterised the interactions of two 

commercially available monoclonal anti-VSVind.G antibodies with other 

vesiculovirus G proteins.  This work comprised the identification of their binding 

epitopes, examining the strength of cross-neutralisation of VesG-LV, and 

investigation of their neutralisation mechanisms. 

In the final part of the thesis, the innate and adaptive immune responses 

elicited against VesG were examined.  In Chapter 4, I aimed to deduce the 

sensitivity of VesG to complement-mediated inactivation by fresh mammalian 

sera.  Further work was conducted with the intention of identifying the region(s) 

on the G proteins that conferred resistance or sensitivity.  This work was 

expanded in Chapter 5, where the primary immune response elicited following 

systemic administration of LVs and methods to avoid it were studied.  As a 

proof-of-principle for a repeated LV administration approach in clinical gene 

therapy and oncolytic virotherapy applications, I was able to demonstrate that 
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inhibitory effects of pre-existing anti-envelope immunity could be circumvented 

via the use of a heterogeneous panel of pseudotypes enabling systemic re-

administration of LVs. 
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2 Materials and Methods 

 

 

 

 

 

 

 

 

 

 

All buffer recipes and primer sequences are listed in an appendix at the end of 

this chapter. 

2.1.Cell Culture 

In all experiments, human embryonic kidney (HEK) 293T cells were used.  

HEK293T cells are a derivative of HEK293 cells that were originally isolated 

from an aborted human embryo in 1973 (503).  In contrast to HEK293 cells, 

HEK293T cells express the large SV40 T antigen which allows them to be 

transfected with high efficiencies and grow in much higher rate than their 

parental cell line (504).  These characteristics make HEK293T cells a good 

candidate for LV production (505). 

The cell line was maintained in Dulbecco's Modified Eagle Medium (DMEM) 

(Sigma-Aldrich, St Louis, MO) supplemented with 10% heat-inactivated Foetal 

Calf Serum (Gibco, Carlsbad, CA), 2mM L-Glutamine (Gibco), 100 units/ml 
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Penicillin (Gibco), 100µg/ml Streptomycin (Gibco).  All cells were kept in cell 

culture incubators at 37ºC and 5% CO2. 

2.2.Gene Transfer to Mammalian Cells 

2.2.1.Transfection of Cells for G Protein Expression 

Single plasmid transfection was used to express VesG on HEK293T cell 

surface.  HEK293T cells were seeded on the day prior to transfection at 4x106 

cell per 10cm plate density.  These cells were transfected by lipofection using 

FuGENE6 (Promega, Madison, WI).  First, 5µg/plate of G protein-encoding 

plasmid was mixed with 10µl/plate of dH2O.  The mixture was then added to a 

solution of OptiMEM (Gibco) (85µl/plate) and FuGENE6 (1:5 µg of DNA: µl of 

FuGENE6), incubated at room temperature for 20 minutes and then added 

dropwise to each 10cm plate of HEK293T cells (the medium was changed with 

fresh DMEM just before the addition of DNA/OptiMEM/FuGENE6).  The details 

of the plasmids used are in section 2.3.1.7.  The cells were harvested 48h later 

to be used in various flow cytometry assays. 

2.2.2.Transient Lentiviral Vector Production and 

Concentration 

Three-plasmid co-transfection into HEK293T cells was used to make 

pseudotyped LV as described previously (155). Briefly, 2x107 HEK293T cells 

were seeded in 15cm plates. 24 hours later, they were transfected using 

FuGene6 (Promega, Madison, WI) with following plasmids: 3.75µg of SIN 

pHV.GFP (green fluorescent protein (GFP) expressing vector plasmid (198, 

506)) or pCCL.FLuc.2A.eGFP (firefly luciferease and enhanced GFP 

expressing vector plasmid (507)), 2.5 µg of p8.91 (Gag-Pol and Rev 

expression plasmid (508)), and 2.5 µg of envelope expression plasmids (see 

Table 2-2). 4h after transfection the medium was changed to OptiMEM 

supplemented with 2mM L-Glutamine, 100 units/ml Penicillin, and 100µg/ml 

Streptomycin.  Vector containing media (VCM) was collected 48h and 72h after 

transfection, passed through Whatman Puradisc 0.45µm cellulose acetate 

filters (SLS, UK) and concentrated ~100-fold by ultra-centrifugation at 22,000 
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rpm (87,119xg) for 2 hours at 4ºC in Beckmann Optima LK-90 ultracentrifuge 

using the SW-28 swinging bucket rotor (radius 16.1cm).  The virus was 

resuspended in cold plain OptiMEM on ice, aliquoted, and stored at -80ºC. 

2.3.Plasmid Cloning 

2.3.1.Transformation, Amplification, and Purification 

2.3.1.1.Transformation of Bacterial Cells with Plasmid DNA 

2.3.1.1.1.Transformation of competent cells with plasmid DNA 

5-alpha high-efficiency competent Escherichia coli (NEB, Ipswich, MA) were 

thawed on ice for 10min. 2µl of 100ng of plasmid or 50ng of ligation mix (see 

section 2.3.1.6) was added to 50µl of competent cells, incubated on ice for 

30min and heat shocked at 42ºC for precisely 30sec.  The heat-shocked cells 

were then placed on ice for a further 5min before addition of 950µl of SOC 

(super optimal broth with catabolite repression) medium (provided by the 

manufacturer).  The cells were then incubated in a shaker at 250rpm at 37ºC 

for ~1 hour.  In the transformation of bacteria with a ligation mix 250µl (of SOC 

and transformed bacteria) was spread onto an agar plate containing 100µg/ml 

ampicillin (Sigma-Aldrich).  In the transformation of plasmid DNA for large-

scale harvest (see section 2.3.1.3.2) 100µl (of SOC and transformed bacteria) 

was spread onto an agar plate containing 100µg/ml ampicillin (Sigma-Aldrich).   

2.3.1.1.2.Transformation of XL10-Gold ultracompetent cells with mutant 

plasmid DNA 

XL10-Gold ultracompetent cells (Agilent, Santa Clara, CA) were transformed 

with the mutated plasmid DNA produced via site-directed mutagenesis method 

(see section 2.4.2.).  The cells were gently thawed on ice and aliquoted a 

volume of 45µl to prechilled 15ml BD Falcon polypropylene round-bottom 

tubes.  Then, 2µl of β-mercaptoethanol (provided by the manufacturer) was 

added to the cells followed by 10min incubation on ice. After, 2µl of 

mutagenesis reaction mix was added to the cell-β-mercaptoethanol mixture, 

incubated on ice for 30min and heat shocked at 42ºC for precisely 30sec in a 
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water bath.   The heat-shocked cells were then placed on ice for a further 2min 

before addition of 500µl of NZY+ broth (see Appendix).  The cells were then 

incubated in a shaker at 250rpm at 37ºC for ~1 hour.  After the incubation 

250µl (of NZY+ and transformed bacteria) was spread onto an agar plate 

containing 100µg/ml ampicillin (Sigma-Aldrich).   

2.3.1.2.PCR Colony Screening 

Polymerase chain reaction (PCR) was used to screen antibiotic resistant 

colonies for the correct constructs.  GoTaq HotStart Green Master Mix 

(Promega) was prepared in a final volume of 25µl per reaction.  Colonies were 

picked with a pipette tip, streaked on an agar plate containing 100µg/ml 

ampicillin (Sigma-Aldrich), and then transferred to PCR mastermix.  PCR 

cycling conditions were 98ºC, 5min; 30 cycles (98ºC, 30sec; X ºC, 30sec; 

72ºC, 30sec/kb of insert); 72ºC, 7min.  The annealing temperature, denoted 

as X ºC, was set as the lowest melting temperature of the primer pair used in 

the PCR.  Melting temperatures were calculated using the NEB Tm Calculator: 

(http://tmcalculator.neb.com/#!/ ). 

Table 2-1: PCR Master Mix for Colony Screens. 

Reagent Amount per reaction (µl) 

GoTaq Hot Start Green Master Mix, 
(2X) 

12.5 

Primer Forward, 10µM 2.5 

Primer Reverse, 10µM 2.5 

DNA template, 100ng 1 

Nuclease-free Water To a final volume of 25µl 

 

2.3.1.3.Preparation of Plasmid DNA 

2.3.1.3.1.General method for small-scale plasmid amplification 

For each small-scale plasmid amplification (mini-prep), a single bacterial 

colony was picked from an agar plate and transferred to 5ml LB Broth with 

http://tmcalculator.neb.com/#!/
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100µg/ml ampicillin (Sigma-Aldrich) and grown overnight at 37ºC, shaking at 

250rpm. 

All plasmids were purified from bacterial cultures using the QIAprep spin 

miniprep kit (Qiagen, Germany).  Overnight LB cultures were pelleted by 

centrifugation at 4000rpm (3452xg) for 30min.  The bacteria were then 

resuspended in Buffer P1 and exposed to a high pH detergent by the addition 

of Buffer P2 which leads to denaturing of plasmid and genomic DNA, as well 

as proteins.  The alkaline conditions caused by the buffer completely disrupt 

the base pairing, but the closed circular structure of the plasmids ensures that 

the two strands of complementary DNA do not separate in the short duration 

of exposure.  By adding Buffer N3 the lysate was neutralised, leaving the 

plasmid DNA in the supernatant, which later was purified via anion-exchange 

chromatography.  After elution of the plasmid DNA from the exchange resin 

via Buffer EB, DNA concentrations were determined using a NanoDrop 

(Spectrophotometer, ND-1000). 

2.3.1.3.2.Large-scale plasmid harvest 

For large scale plasmid harvest, a single bacterial colony was picked from an 

agar plate and transferred to 100ml LB Broth with 100µg/ml ampicillin (Sigma-

Aldrich) and grown overnight at 37ºC, shaking at 250rpm.  After overnight 

incubation, the cells were pelleted by centrifugation at 4000rpm (3452xg) for 

30min.  All plasmids were purified from bacterial cultures using QIAprep 

midiprep kit (Qiagen, Germany) in a similar manner as described in the 

previous section.  The detailed protocol can be found at: 

https://www.qiagen.com/us/resources/download.aspx?id=c164c4ce-3d6a-

4d18-91c4-f5763b6d4283&lang=en.   

2.3.1.4.Restriction Endonuclease Enzyme Digests 

Several restriction endonuclease enzymes were used, all obtained from New 

England Biolabs.  In a typical reaction, up to 2µg of plasmid DNA was digested 

with 5 units of enzyme/µg DNA, 1X of the CutSmart Buffer provided by the 

manufacturer and nuclease-free water (Qiagen) made up to a final reaction 

https://www.qiagen.com/us/resources/download.aspx?id=c164c4ce-3d6a-4d18-91c4-f5763b6d4283&lang=en
https://www.qiagen.com/us/resources/download.aspx?id=c164c4ce-3d6a-4d18-91c4-f5763b6d4283&lang=en
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volume of 50µl.  The reaction mix was incubated at 37ºC for 30-60min and 

digestion was stopped with the DNA loading dye provided by the manufacturer. 

2.3.1.5.DNA Dephosphorylation Reactions 

Shrimp alkaline phosphatase (NEB) was used according to manufacturer’s 

instructions to dephosphorylate the 5’ end of DNA backbone before ligation 

reactions.  In a sample reaction, ~1µg of DNA was mixed with 2µl of 10X 

CutSmart Buffer (provided by the manufacturer), 1µl of 1,000 units/ml shrimp 

alkaline phosphatase, and nuclease-free water to a final volume of 20µl.  The 

mixture was incubated at 37ºC for 30min and reaction was later stopped by 

incubation at 65ºC for 5min.  DNA concentration was measured via a 

NanoDrop (Spectrophotometer, ND-1000) and the dephosphorylated 

backbone was used in ligation reactions without any further purifications. 

2.3.1.6.DNA Ligation Reactions 

Ligations of DNA were used to clone new plasmids.  T4 DNA ligase (NEB) was 

used in all reactions.  In a typical reaction, 50ng of backbone DNA was used, 

with a 1:3 molar ratio of backbone to insert DNA in a final concentration of 1X 

ligase buffer (provided by the manufacturer) made up to a final volume of 20µl 

with nuclease-free water (Qiagen).  The reaction was incubated at room 

temperature for 4 hours and chilled on ice until bacterial transformation or 

stored at -20ºC. 

2.3.1.7.Plasmid Details 

All VesG envelopes were cloned into the high-expression plasmid backbone 

pMD2, driven by a CMV promoter (Figure 2-1).  Amino acid sequences for 

VSVnj.G (UniProt Accession Number: P04882), PIRYV.G (UniProt Accession 

Number: Q85213), MARAV.G (UniProt Accession Number: F8SPF4), 

VSVala.G (UniProt Accession Number: B3FRL4) were retrieved from UniProt.  

Codon-optimised genes were ordered from Genewiz (South Plainfield, NJ) and 

subcloned into the backbone following previously described methods.  
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Figure 2-1: Configuration of G-protein Expressing Plasmids.  The expression is driven by 

a human cytomegalovirus (CMV) promoter.  The G-protein is flanked by an upstream bovine 

beta-globin intron and a downstream bovine growth hormone poly-A site.  The restriction 

endonuclease enzyme sites used for subcloning are marked. 

 

The list of all plasmids used is summarised in Table 2-2. 

Table 2-2: Summary of Plasmids Used.  Where the details of plasmids are published 

reference is given, otherwise the name of the person who provided the plasmid is given. “Self-

made” plasmids are produced by me using the PCR, digestion, and ligation protocols 

described. 

Plasmid Source Type of Vector 

pMD.VSVind.G 
(pMD.G) 

Plasmid Factory 
(Germany) (146) 

G protein expression 
plasmids 

pMD2.COCV.G Kiem Group (202) 

pMD2.VSVnj.G Self-made 

pMD2.PIRYV.G Self-made 

pMD2.MARAV.G Self-made 

pMD2.VSVala.G Self-made 

pRDpro-LF 
Khaled Sanber 

(Collins/Takeuchi 
Group) (198) 

pMD2.1A-4A &1B-
4B.G1 

Self-made; chimeric 
G proteins originally 
produced by Maha 

Tijani 
(Collins/Takeuchi 

group) 

Chimeric G protein 
expression plasmids 

pMD2.Cocal-
mutants& 

Self-made (see 
section 2.4.2) 

Mutant G protein 
expression plasmids 
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pMD.VSVind-mutants 
(Total 22) 1 

pMD2.Ind1-
3&COCV1-3 

Self-made (see 
section 2.4.2) 

Chimeric G protein 
expression plasmids for 
complement sensitivity 

experiments 

p8.91 
Plasmid Factory 
(Germany) (146) 

Gag-pol and rev expression 
plasmid 

pCCL.FLuc.2A.eGFP 
Waddington Group 

(507) 
Lentiviral vector with SIN 

LTR 

SIN pHV.GFP 
Sean B. Knight 

(Collins/Takeuchi 
Group) (506) 

Lentiviral vector with SIN 
LTR 

1The plasmids are named after the individual chimeric G-proteins and mutants which can be 

found in section 3.3.3. 

 

2.4.Polymerase Chain Reaction (PCR) 

PCR was used for various purposes.  For plasmid cloning, Phusion DNA 

polymerase (NEB) was used.  For the generation of mutant G proteins, 

PfuUltra DNA polymerase (Agilent) and for diagnostic purposes, GoTaq 

polymerase (Promega) was used (see section 2.3.1.2). 

2.4.1.PCR Method 

Phusion High-Fidelity PCR Kit (NEB) was used to perform the PCR reactions.  

Phusion polymerase was provided in an inactive form, requiring incubation at 

98ºC for 5min before the enzyme became active.  Hence, at room temperature, 

the enzyme was not active and did not exert any endonuclease activity that 

would cause primer degradation enabling reaction set up at room temperature.  

All primers used were obtained from Sigma-Aldrich.  A typical PCR reaction 

was set up with a final reaction volume of 50µl (Table 2-3).  The reactions were 

carried out in a PCR thermal cycler (Applied Biosystems, GenAmp PCR 
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system 2700) with settings shown in Table 2-4.  XºC which denotes the 

annealing temperature was determined as previously explained. 

 

Table 2-3: PCR Composition for Phusion. 

Reagent Amount per reaction (µl) 

5X Phusion HF/GC Buffer 10 

Primer Forward, 10µM 2.5 

Primer Reverse, 10µM 2.5 

DNA template, 100ng 1 

dNTPs, 10mM 1 

Phusion DNA polymerase (1 
unit/50µl reaction) 

0.5 

Nuclease-free Water To a final volume of 50µl 

 

Table 2-4: Cycling Conditions for Phusion PCR. 

Step Temperature (ºC) Time 

1 98 5min 

2 98 30sec 

3 X 30sec 

4 72 1min/kb 

Repeat steps 2-4, 35 times 

5 72 7min 
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2.4.2.Site-Directed Mutagenesis (SDM) PCR for Mutant G 

Production 

Site-directed mutagenesis (SDM) method was utilised to produce G protein 

mutants that were used in epitope mapping experiments.  For this, Agilent 

QuikChange II XL Site-Directed Mutagenesis Kit was used.  

Initially, primers that would have the desired nucleotide changes were 

designed using the QuikChange Primer Design Tool 

(http://www.genomics.agilent.com/primerDesignProgram.jsp ).   All primers 

used were obtained from Sigma-Aldrich.   

In a typical SDM reaction, double-stranded DNA (dsDNA) template plasmid 

was mixed with the forward and reverse primers of the desired mutation, the 

reaction buffer, dNTP mix, QuikSolution (provided by the manufacturer) and 

dH2O to a final volume of 50µl (Table 2-5). The reaction setup was completed 

by adding 1µl of PfuUltra High-Fidelity DNA Polymerase (2.5 units/µl) 

(provided by the manufacturer). 

 Table 2-5: Reaction Setup of SDM PCR. 

Reagent Amount per reaction (µl) 

10X Reaction Buffer 5 

Primer Forward, 125ng X1 

Primer Reverse, 125ng X1 

DNA template, 10ng X1 

dNTP mix 1 

QuikSolution 3 

Nuclease-free Water To a final volume of 50µl 

1X represents the volume of the reagent that equates to the indicated mass. 

 

 

http://www.genomics.agilent.com/primerDesignProgram.jsp
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Each reaction was then carried out using a PCR thermal cycler (Applied 

Biosystems, GenAmp PCR system 2700) using the cycling parameters 

outlined in Table 2-6. 

Table 2-6: Cycling Conditions for SDM PCR. 

Step Temperature (ºC) Time 

1 95 1min 

2 95 50sec 

3 60 50sec 

4 68 
1min/kb of 

plasmid length 

Repeat steps 2-4, 18 times 

5 68 7min 

 

Following the PCR step of the mutagenesis reaction, the tubes were placed 

on ice for 2 minutes to cool the reaction below 37ºC.  The amplified mutant 

and original template dsDNA mix was then digested by directly adding 1µl of 

DpnI (10 Units/µl) (provided by the manufacturer) restriction endonuclease to 

each amplification reaction and incubation at 37ºC for 1 hour.  This allowed the 

digestion of the parental, nonmutated supercoiled dsDNA to be digested by 

DpnI which cuts dam methylated DNA.  Mutant DNA was then transformed into 

ultracompetent cells as described in section 2.3.1.1.2. 

2.5.Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to separate DNA of different sizes, to 

analyse PCR products, and to separate digested plasmid DNA fragments in 

cloning. 
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2.5.1.Agarose Gels 

Agarose gels of 1% were made by dissolving agarose (Sigma-Aldrich) in buffer 

Tris/Borate/EDTA (TBE).  For the 1% gel, 1g of agarose was added to 100ml 

of TBE, placed in a 950W microwave oven (Proline, UK) on high setting for 2 

min, manually shaking approximately every 30sec. Once agarose was 

dissolved, it was cooled before adding 0.1µl/ml SyberSafe DNA gel stain 

(Invitrogen, Carlsbad, CA).  Gels were set in various casting trays with various 

sizes of combs depending on need and were left to set at room temperature 

for 45-60min. 

2.5.2.Electrophoresis 

To separate DNA fragments, the agarose gel, set in the gel tray was placed in 

an electrophoresis tank, with the line of wells closest to (parallel to) the 

cathode.  A 1kb GeneRuler DNA Ladder (Thermo-Fisher Scientific, UK) was 

added to 1 well and DNA samples (containing DNA loading dye (Thermo-

Fisher Scientific)) were added to the other wells.  The gels were run using 

constant voltage of 100V for 90min.  The gel was then placed on a UV 

transilluminator (UVP, UK) to visualise the DNA bands, following which a photo 

was taken.  If necessary bands were extracted using a scalpel (Swann-Morton, 

UK). 

2.5.3.Extraction of DNA from Agarose Gel Fragments 

DNA was extracted from gel fragments cut out after electrophoresis using 

QIAquick gel extraction kit (Qiagen), according to the manufacturer’s 

guidelines.  In summary, the gel fragments were dissolved in Buffer QG, 

centrifuged through an anion exchange resin to which DNA binds in acidic 

conditions.  After washing with Buffer PE, DNA was eluted with Buffer EB (high 

pH). 
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2.6.Flow Cytometry 

Flow cytometry analysis was used to determine the G protein expression on 

the plasma cell membrane and the existence of GFP or eGFP to titrate 

lentiviral vectors and check for infection in various assays. 

2.6.1.Single Population Live Cell Gating and Single Cell 

Analysis 

Flow cytometry analysis was done using fluorescence-activated cell sorting 

(FACS), a specialised type of flow cytometry in which cells are carried by a 

liquid flow in a way so that they pass through laser light beams one cell at a 

time for sensing.  Then a detector measures the forward-scattered light (FSC) 

and side scattered light (SSC), as well as dye-specific fluorescence signals.  

FSC is proportional to the cell size while SSC is a measure of cell granularity.  

All flow cytometry experiments were carried out using FACSCanto II (BD 

Biosciences, San Jose, CA) machine and FACS Diva analysis software (BD 

Biosciences). 

To analyse the data, FlowJo single cell analysis software (BD Biosciences) 

was utilised.  First, the negative control cells, HEK293T cells, were gated for 

single cell population based on FSC and SSC data to eliminate any dead cells 

and debris.  These gated cells represent the working population, “live cells,” 

for the assay analysis.  To eliminate any unspecific antibody binding or 

background GFP expression levels (measured by fluorescein isothiocyanate 

(FITC) signal), these negative control cells were gated with regards to their 

single fluorescence signal strengths.  The samples were analysed to 

determine percentages of GFP positive cells, single parameter fluorescence 

histograms, and median fluorescence intensity values. 
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2.6.2.Infection Assays and Determining GFP Expression 

Levels 

2.6.2.1.Titration of Lentiviral Vectors 

The functional titre of each vector preparation was determined via flow 

cytometry analysis for GFP expression following transduction of HEK293T 

cells.  This was quantified as transduction units (TU) per ml which represented 

a functional measure of the number of cells that can be transduced with a given 

volume of the viral vector.  For this HEK293T cells were seeded in 12-well 

plates at 2x105 cell/well density in 2ml of medium containing 8µg/ml polybrene 

(Merck-Millipore).  Approximately 3-4 hours later, 5-fold serial dilutions of the 

vector preparations using plain OptiMEM (Gibco) were made and 200µl of 

each dilution for unconcentrated preparations and 50µl of each dilution for 

concentrated preparations was added to each well.  48 hours post-

transduction cells were trypsinised and analysed via flow cytometry for GFP 

expression.  Titres were calculated from virus dilutions with 1-30% GFP 

expression according to the following equation: 

Titre (
TU

ml
) =  

(no.  of cells seeded)× (% of GFP+ve cells)×(dilution factor)

(the volume of virus preparation added (ml))
     

 

2.6.2.2.Antibody Neutralisation Assay 

To determine whether commercially available anti-VSVind.G antibodies and 

murine serum samples obtained in in vivo experiments neutralise VesG 

pseudotyped LVs an infection assay was performed.  Briefly, HEK293T cells 

were seeded in a 96-well plate at a density of 2x104 cells/well with 200µl of 

medium containing 8µg/ml polybrene.  Approximately 3 hours later, 

antibodies/sera were serially diluted in plain OptiMEM to 12 different 

concentrations/dilutions ranging from 0.5mg/ml (1:2 dilution) to 1.6x10-7 mg/ml 

(1:6,250,000 dilution).  10µl of an LV dilution at 4.0x105 TU/mL titre was mixed 

1:1 v/v with each antibody dilution or plain OptiMEM, incubated at 37ºC for 1h, 

and plated on the cells.  48 hours after challenging the cells with the antibody-
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LV mixes, cells were trypsinised and analysed for GFP expression by flow 

cytometry. 

Measured GFP percentages were normalised for each VesG and denoted as 

“infection%” following the equation below: 

Infection% =  
Titre of Antibody/Serum−LV mix added sample

Titre of OptiMEM−LV mix added sample
× 100        

In the in vivo studies titres were normalised to the infection rates measured 

after mixing the LVs with dilutions of sera obtained from PBS control mice.   

The data obtained from the above analysis was plotted against antibody 

concentration/antiserum dilution using the graphing and statistics software 

GraphPad Prism 5.  Furthermore, non-linear regression analysis was carried 

out using the same software to fit neutralisation ([inhibitor] vs. response) 

curves and calculate IC50 values. 

2.6.2.3.Serum Sensitivity Assay 

Approximately 3 hours prior to infection, HEK293T cells were seeded in 12-

well plates at 2x105 cell/well density in 2ml of complete medium containing 

8µg/ml polybrene (Merck-Millipore).  Later 2.5µl of VesG-LV at 1.6x107 TU/ml 

titre were mixed with plain OptiMEM (Gibco), fresh mammalian sera (human 

[cat#: S1764], guinea pig [cat#:S1639] , rabbit [cat#:S7764], Sigma-Aldrich), 

mouse (cat#: IMS-C57BL6-COMPL, Patricell, Nottingham, UK), and heat-

inactivated mammalian sera (at 56°C for 1h) 1:20 v/v, incubated at 37ºC for 

1h, and plated on the cells.  48 hours later cells were harvested and analysed 

via flow cytometry for GFP expression.  Relative infection rates for all samples 

within individual VesG-LV were calculated using the equation below: 

Infection% =  
Titre of serum mixed sample

Titre of plain OptiMEM mixed sample
× 100     
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2.6.3.Investigation of Antibody Binding  

2.6.3.1.Fluorescence Quantification 

All antibody binding assays were carried out using flow cytometry as described 

in section 2.6.1.  Antibody binding was analysed using single parameter 

fluorescence histograms comparing sample stains to negative control cell 

stains. In order to calculate affinities of antibodies to different VesG and 

determine their relative expression levels on the plasma membrane 

quantitative fluorescence cytometry method was utilised. 

2.6.3.1.1.Use of molecules of equivalent soluble fluorochrome (MESF) system  

Quantum Alexa Fluor 647 MESF kit (Bangs Laboratories, Fishers, IN) was 

utilised for all quantitative fluorescence cytometry experiments.  This is a 

microsphere kit that enables the standardisation of fluorescence intensity 

units.  Beads with a pre-determined number of fluorophores are run on the 

same day and at the same fluorescence settings as stained cell samples to 

establish a calibration curve that relates the instrument channel values (i.e. 

median fluorescence intensity (MFI)) to standardised fluorescence intensity 

(MESF) units.  

For this Alexa Fluor 647 labelled and blank microspheres were run on the 

same day and settings on FACSCanto II, each fluorescence peak was gated 

using the full width at half maximum gating and MFI values were calculated. 

Using QuickCal software (provided by the manufacturer, 

http://www.bangslabs.com/quickcal ) the standard curve of MESF vs. MFI was 

drawn and detection threshold of the machine was calculated (Figure 2-2). 

MESF values of all antibody stained cell samples were determined using this 

calibration curve and the software. 

  

http://www.bangslabs.com/quickcal
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Figure 2-2: Standard Curve for Fluorescence Quantification. (A) Histograms showing the 

different fluorescence intensities of the control beads with specific numbers of fluorophores.  

Using these numbers summarised in the above table (C), QuikCal software (provided by the 

manufacturer) generated the standard curve used to relate MFI values to the number of 

fluorophores (B).  This calculation also allowed the determination of the detection threshold of 

the FACSCanto II used in these experiments.  This value was regarded as background or zero 

for the rest of the affinity assays.  

 

2.6.3.2.Extracellular Antibody Binding Assay 

HEK293T cells were transfected as described in section 2.2.1.  48 hours later 

cells were harvested, washed twice with phosphate-buffered saline (PBS) and 

plated in U-bottom 96-well plates at identical densities.  Cells were then 

incubated with serial dilutions of extracellular antibodies ranging from 

0.1mg/ml to 2x10-7 mg/ml in 1% bovine serum albumin (BSA) (Sigma-Aldrich) 

in PBS in a total reaction volume of 200µl for 30min at 4ºC (where a single 

dilution was used, it is indicated in the figure legends throughout the thesis).  

After washing twice with PBS (Sigma-Aldrich) to remove unbound antibodies, 

the cells were incubated for another 30min at 4ºC with their respective 

A B 

C 
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fluorophore-conjugated secondary antibodies (detailed list of all antibodies 

used can be found in the appendix at the end of the chapter) in 1% BSA in 

PBS in total reaction volume of 200µl.  Cells were then washed twice, fixed in 

2% paraformaldehyde (PFA) in PBS, and analysed by flow cytometry. 

2.6.3.3.Intracellular Antibody Binding Assay 

HEK293T cells were transfected as described in section 2.2.1.  48 hours later 

cells were harvested, washed twice with PBS and plated in U-bottom 96-well 

plates at identical densities. Cells were then fixed for 20min at room 

temperature with 1% PFA (Sigma-Aldrich) in PBS and washed twice with PBS. 

Following this, cells were permeabilised by incubation at room temperature for 

10min in 0.05% saponin (Sigma-Aldrich) in PBS, washed twice in PBS, and 

blocked with 1% BSA in PBS for 60min at room temperature.  Blocked cells 

were then stained with 1:500 dilution of the anti-VSVind.G antibody P5D4 

(Sigma-Aldrich) in 1% BSA in PBS for 60min at room temperature in a total 

reaction volume of 200µl.  After washing with PBS twice to remove unbound 

antibodies, the cells were incubated with the respective secondary antibody in 

the same buffer composition for another hour at room temperature.  Following 

two washes with PBS and resuspension in PBS, the stained cell samples were 

analysed via flow cytometry. 

2.6.4.Infection Assay to Evaluate the Role of Low-density 

Lipoprotein Receptor (LDLR) in Lentiviral Entry 

To determine whether the human LDLR plays a role in mediating infection of 

pseudotyped LVs, an infection assay was performed in the presence and 

absence of soluble recombinant LDLR (sLDLR).  HEK293T cells were seeded 

at a density of 2x104 cells/well in 96-well plates in 100µl of complete medium.  

3 hours later these cells were incubated, for 30mins at 37ºC, with four different 

concentrations of sLDLR (0.05µg/ml, 0.5µg/ml, 1.5µg/ml, and 3µg/ml) (R&D 

Systems, Minneapolis, MN). The cells were then challenged with GFP 

encoding VesG or RDpro-pseudotyped LVs at two MOIs (0.1 or 0.5) in a total 

volume of 120µl.  48h later transduced cells were analysed for GFP expression 

by flow cytometry. 
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2.6.5.sLDLR Binding to G Protein Expressing Cells 

Following transfection protocol detailed previously in section 2.2.1, cells were 

plated in U-bottom 96-well plates at equal densities.  Cells were then either 

incubated with the extracellular polyclonal VSV-Poly (a kind gift from Dr Hiroo 

Hoshino, Gunma University, Japan (263, 509, 510)) or anti-RDpro antiserum 

(NCI, Rockville, MD) at 1:200 and 1:500 dilutions respectively following the 

protocol in section 2.6.3.2 or 3µg/ml of sLDLR in 1%BSA in PBS in a total 

reaction volume of 100µl.  The cells that were incubated with 1%BSA/PBS 

were then stained.  After washing twice with PBS, cells stained with anti-

VSVind.G and anti-RDpro antibodies were incubated with their respective 

secondary antibodies.  On the other hand, the cells incubated with sLDLR were 

stained with an anti-6His-tag antibody, ab18184 (Abcam, UK) against the C-

terminal 6His-tag on sLDLR to probe for sLDLR binding following the protocol 

in section 2.6.3.2.  Cells were then washed twice with PBS, fixed in 2% PFA 

in PBS, and analysed via flow cytometry. 

2.7.Surface Plasmon Resonance  

Analyses were performed using a BIAcore T100 instrument (GE Healthcare, 

Chicago, IL).  Wild-type (wt) VSVind.G produced by thermolysin limited 

proteolysis of viral particles, Gth (a kind gift from Drs Yves Gaudin and Aurélie 

Albertini) (270, 297), (0.04 mg/mL) and monoclonal antibody (mAb) 8G5F11 

(0.03 mg/mL) in sodium acetate buffers (10mM, pH 4.5 and 4.0 respectively) 

were immobilised on a CM5 sensor chip using the amine coupling system 

according to the manufacturer’s instructions.  To measure mAb affinity to 

VSVind.G, 8G5F11 (MW 155kDa) and IE9F9 (MW 155kDa) were suspended 

in HBS-EP (0.01M HEPES pH7.4, 0.15M NaCl, 3mM EDTA, 0.005v/v 

Tween20®) and passed over the immobilised Gth at the various 

concentrations.  To measure VesG-LV avidity against 8G5F11, LV 

preparations were suspended in HBS-EP buffer and passed over the 

immobilised mAb at various titres.  The dissociation constants were calculated 

using BIAevaluation software according to the manufacturer’s instructions.  For 

the competitive binding assay, multiple injections of mAbs at 10µg/mL 



95 
 

concentration was performed followed by the injection of soluble recombinant 

LDLR (R&D Systems, Minneapolis, MN) at an identical concentration. 

2.8.SDS-PAGE and Immunoblotting 

G protein expressing HEK293T cells in 10cm plates were washed with ice-cold 

PBS twice and then were lysed with 0.40ml per plate of lysis buffer [(25mM 

TrisHCl pH7.5, 150mM NaCl, 1% v/v Triton X-100) supplemented with Roche 

cOmplete™ protease inhibitor cocktail (Sigma-Aldrich)].  The lysates were 

centrifuged (17,000xg, 20 mins) and the supernatants containing the cellular 

proteins were collected.  Protein concentrations were determined using a 

Pierce BCA Protein assay reagent kit (Thermo-Fisher Scientific) using BSA as 

the standard.  After normalisation of protein concentrations, samples were 

boiled at 95ºC for 5 mins in 5X Laemmli buffer (0.5M Tris-HCl pH6.8, 10% 

glycerol, 2% sodium duodecylsulfate (SDS), 0.2 mg/ml Bromophenol blue, 5% 

β-Mercaptoethanol, and 0.1M dithiothreitol (DTT)) and were resolved by  

electrophoresis in a 4% (wt/vol) SDS-polyacrylamide staking gel, followed by 

10% (wt/vol) resolving gel for 2h at 120 volts.  Proteins were then transferred 

onto a nitrocellulose membrane (GE Healthcare), blocked with 5% (wt/vol) 

skimmed milk in PBS-T (washing buffer; PBS with 0.1% (v/v) Tween20), and 

incubated with the indicated antibodies in the blocking buffer.  Secondary 

antibodies were visualised by ECL™ Prime Western Blotting Reagent (GE 

Healthcare).  Gth was visualised via Ponceau S staining of the nitrocellulose 

membrane after protein transfer. 

2.9.Animal Studies Investigating Lentiviral Vector 

Immunogenicity 

2.9.1.Mice 

All animal studies described were done according to protocols approved by 

Biological Services Division (BSD) at the National Institute for Biological 

Standards and Control (NIBSC) and within the remit of a Home Office Project 

License (PPL 70/8091). Animals were purchased from Charles River 

Laboratories (Kent, UK).  6 to 8-week-old female Balb/c mice with a minimum 

weight of 18g were used for both experiments.  
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Mice were immunised and boosted with wild-type VSVind.G protein produced 

by thermolysin limited proteolysis of viral particles (Gth)  (270, 297) 

subcutaneously using the Sigma Adjuvant System (Sigma-Aldrich) at 

0.08mg/mL antigen concentration.  LVs were administered intravenously into 

the tail vein. 

Blood sampling was performed by tail vein bleeding. Serum was obtained by 

centrifuging clotted blood samples at 10,000xg for 15 minutes at 4oC. Serum 

was stored at -20oC until further use.  

At the termination of the studies, the animals were killed by exsanguination 

under terminal anaesthesia and several organs including lungs, liver, spleen, 

kidneys, and lymph nodes were autopsied and kept in sterile PBS on ice until 

further processing.  Organ samples were processed on the day of harvest for 

luminescence or snap-frozen and stored at -80oC until further analysis. 

2.9.2.In Vivo Bioluminescence Imaging 

Transduction efficacy, transgene expression, and biodistribution of the viral 

vectors were monitored using IVIS Spectrum In Vivo Imaging System (Perkin 

Elmer, Waltham, MA).  Mice were injected intraperitoneally with D-Luciferin 

(Perkin Elmer, Waltham, MA) in PBS at 150mg per kilogram body weight dose 

prior to subjection to general anaesthesia via isoflurane inhalation in the 

induction chamber.  Mice were then transferred to the imaging chamber while 

anaesthesia was maintained, and images were captured between 10 to 15 

minutes post D-Luciferin injection. Mice were monitored during recovery after 

imaging. Images were analysed, and radiance determined via region of 

interest (ROI) analysis using Living Image® software (Perkin Elmer).   

2.9.3.Enzyme-linked Immunosorbent Assay (ELISA) for 

Detection of anti-G Protein Antibodies  

An enzyme-linked immunosorbent assay (ELISA) was used to detect anti-

VSVind.G antibodies in murine sera.  For this VSVind.G-LVs were produced 

as previously described, purified on a 20% sucrose (Sigma-Aldrich) cushion, 

and resuspended in sterile PBS.  Total protein concentration of the LV 
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preparations was determined using a Pierce BCA Protein Assay Kit according 

to manufacturer’s instructions using BSA as the standard. 

A coating mix of 25µg/mL total protein in PBS was prepared and each well of 

Nunc Maxisorp ELISA plate (Thermo-Fisher Scientific, UK) was coated at a 

volume of 100µl/well overnight at 4oC.  The plate was washed three times with 

200µl of PBS before the samples were incubated with 200µl/well of blocking 

buffer, 2% fish gelatine (Sigma-Aldrich) in PBS, for 1h at 37oC.  The plate was 

washed three times with 300µl/well of washing buffer, PBS-0.05% (v/v) 

Tween20®, before 100µl/well of serum samples and mAb controls diluted in 

diluent buffer, 10%FCS (heat-inactivated) in PBS, were added to the wells and 

incubated at 37oC for 2h.  After another three washes, the samples were 

incubated with the secondary antibody, horseradish peroxidase (HRP)-

conjugated anti-mouse IgG (GE Healthcare) diluted 1:5000 in diluent buffer for 

1h at 37oC.  Following three washes, 100µl/well of Ultra TMB-ELISA Substrate 

(Thermo-Fisher Scientific) was added to each well incubated at room 

temperature for 10 minutes and the reaction was stopped by adding isovolume 

of 4N sulfuric acid. The absorbance was determined at 450nm using a 

SpectraMax M5 Microplate Reader (Molecular Devices, San Jose, CA).  

2.9.4.Luminescence Assay to Determine Luciferase 

Expression in Organ Samples 

Upon receipt, samples from autopsied organs were cut and weighed 

individually using a high-sensitivity balance (Sartorius, Germany).  Using 

gentleMACS™ C Tubes and gentleMACS™ Dissociator (Miltenyi Biotec, 

Germany) single-cell suspensions were obtained in 500µl PBS via tissue 

dissociation.  These cells were washed once with PBS and plated on white 96-

well plates (Thermo-Fisher Scientific) in triplicates at a volume of 100µl/well 

following resuspension in PBS.  Bright-Glo luciferase assay system (Promega) 

was utilised to quantify relative protein expression levels.  For this, isovolume 

of the Bright-Glo substrate was added onto the single cell suspensions, 

incubated at room temperature for 5min and luminescence was measured 

using MicroBeta2 2450 Microplate Counter (PerkinElmer).  Measured relative 

light units (RLU) were normalised to g of tissue weight. 
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 2.9.5.Extraction of Genomic DNA (gDNA) from Murine Organ 

Samples 

Genomic DNA was obtained from murine tissue samples for quantitative PCR 

analysis.  For this organic DNA extraction was performed using TRIzol 

(Thermo-Fisher Scientific) according to manufacturer’s instructions.  gDNA 

pellets were resuspended in 200-500µl of AE buffer (10mM Tris-Cl, 0.5mM 

EDTA, pH 9.0). 

DNA concentration of gDNA was then quantified by a NanoDrop 

spectrophotometer through measurement of absorbance at 260nm (OD260).  

Multiplication of OD260 by 50 resulted in the concentration of DNA in ng/µl.  

Purity of the gDNA samples was established by the ratio of absorbance at 

260nm to 280nm as well as 230nm to 260nm.  All samples had a ratio close to 

A230:260:280 1:1.8:1 which is indicative that the DNA is largely free from 

contaminants such as proteins, organic compounds, and RNA. 

2.9.6.Quantification of Reverse-transcribed LV Copies by 

Quantitative PCR (qPCR)  

qPCR was used to quantify reverse-transcribed LV copies in tissues of 

interest.  In all qPCR reactions QuantiTect SYBR Green PCR Kit (Qiagen, 

Germany) was utilised.  The SYBR Green dye is an asymmetrical cyanine dye 

used as a nucleic acid stain in molecular biology.  The dye preferentially binds 

to double stranded DNA, resulting in a DNA-dye complex that absorbs blue 

light and emits green light.  As the specific DNA sequence is amplified by the 

polymerase (e.g. Taq DNA polymerase) the amount of double stranded DNA 

thus bound SYBR Green amount and the fluorescence of the sample increase.  

The number of PCR cycles taken to reach a threshold fluorescence (Ct) gives 

a measure of how much specific DNA sequence was present in the sample at 

the beginning of the qPCR program.  Meanwhile, the presence of ROX, a 

passive reference dye, compensates for non-PCR-related variations in 

fluorescence detection.  As fluorescence from ROX dye does not change 

during the qPCR, PCR-related fluorescent signals can be normalised using the 

ROX signal.  Furthermore, to control for non-specific DNA amplification, which 
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is a potential drawback of SYBR Green-based detection, a melting curve is 

run, whereby the thermocycler detects the melting point of the PCR product.  

Detection of a single melting point is indicative of a single PCR product. 

To convert the Ct value into a useful measure of DNA amount, absolute 

quantification was used throughout this thesis.  Therefore, standards 

containing known quantities of the DNA sequence of interest were included in 

the qPCR, and Ct values from these were used to calculate a standard curve.  

Table 2-7 contains an example of the calculations used to make up standards.  

Linear regression was later utilised to calculate the number of copies of the 

DNA sequence of interest in the reactions containing gDNA according to the 

standard curve. 

Table 2-7: Sample Calculations for Standards Prepared for qPCR.  Calculations for 

standards made for qPCR using HIV leader primers to detect reverse-transcribed LV provirus 

copies.  The size of the plasmid was used to calculate the molecular weight of the molecule 

which was then used to calculate the weight of 1010 plasmid copies in nanograms (ng).  1010 

plasmid copies/2µl aliquot of the plasmid was prepared in nuclease-free water which was then 

serially diluted to obtain 108, 107, 106, 105, 104, 103, 102, 101 plasmids/2µl. 

Standard 
Concentration 

(ng/ul) 
Plasmid 
Size (bp) 

Molecular 
Weight 

(Da) 
Mass (g) 

Weight 
of 1010 
copies 

(ng) 

pJet-Infect1 815 3397 2242020 3.7x10-18 37.23 

1Plasmid generated by Christopher Perry, Takeuchi Group. 

 

As the concentration of DNA can vary amongst samples and nanodrop is not 

a highly accurate method to quantify DNA concentration, a control is needed 

to ensure that the integrity of the qPCR result is not compromised.  Usually 

this is the quantification of an endogenous gene that has a known copy number 

per cell (for qPCR on gDNA).  For all qPCR experiments presented in this 

thesis murine glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used 

as the endogenous control (Table 2-8). 
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Table 2-8: Primers and Standards Used in qPCR. 

Component Standard Primer Primer Sequence 

LV provirus pJet-Infect1 

3’LTR_FW CCCAACGAAGACAAGATCTGC 

5’LTR_RS TCCCATCGCGATCTAATTCTCC 

Murine 
Gapdh 

Gapdh2 

mGAPDH_FW ACGGCAAATTCAACGGCAC 

mGAPDH_RS TAGTGGGGTCTCGCTCCTGG 

1Plasmid generated by Christopher Perry, Takeuchi Group. 

2Standard was amplified and quantified from the endogenous gene, a kind gift from Prof 

Simon Waddington’s Group. 

 

 

The same method was carried out for the setup of all qPCRs.  A master mix 

was assembled according to Table 2-9.  23µl of the master mix was dispensed 

into each well (including 12 well for standards and 2 wells for template-negative 

controls) of a 96-well qPCR plate (Agilent, Santa Clara, CA).  Next, 2µl of the 

standard, sample or water per reaction was added to corresponding wells to 

make a final volume of 25µl in each well. 

qPCR plates containing the PCR master mix, standards, and samples were 

sealed with an optically clear adhesive tape (Thermo-Fischer Scientific) and 

centrifuged briefly to collect the samples.  A Stragene Mx3005P qPCR System 

(Agilent) was used to run qPCR reactions with settings shown in Table 2-10 

and the data were analysed using the MxPro Software (Agilent). 
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Table 2-9: Composition of Reactions for SYBR Green-Based Quantification.   

Component Concentration 
Volume per reaction 

(μl) 

Primer FW 10 µM 1 

Primer RS 10 µM 1 

Quantitect SYBR 
Green Master Mix 

- 12.5 

Nuclease-Free Water - 8.5 

Template gDNA - 2 

Total Reaction 
Volume 

- 25 

 

Table 2-10: Cycling Conditions for SYBR Green-Based Quantification. 

Step Temperature (ºC) Time 

1 95 15min 

2 95 15sec 

3 55 30sec 

4 72 30sec 

Repeat steps 2-4, 40 times 

5 Melting curve 

 

2.10.Statistical Analyses 

All statistical analyses were performed using the GraphPad Prism 5 software 

(Graphpad software, La Jolla, CA).  Details of all tests, including the 

calculated p-values, are indicated in respective figure legends.  
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2.11.Appendix 

2.11.1.Primers 

All primer sequences in the subsequent sections are written 5’ – 3’. 

2.11.1.1.Primers Used in Cloning of Vectors 

Table 2-11: Primers Used in Cloning of A and B Chimaeras 

Vector Primer Name Primer Sequence 

pMD2.1A.G1 

pMD2.2A.G 

pMD2.3A.G 

pMD2.4A.G 

COCV-FW-
PmlI 

GCAAATCACGTGGCCACCATGAATTTT
CTTCTCTTGACC 

VSVind–RS-
EcoRI 

GAGATGAACCGACTTGGAAAGTAAGA
ATTCATTTGC 

pMD2.1B.G 

pMD2.2B.G 

pMD2.3B.G 

pMD2.4B.G 

VSVind-FW-
PmlI 

GAAATTCACGTGGCCACCATGAAGTG
CCTTTTG 

COCV-RS-
EcoRI 

AGCCGCTTCAGGAAGTGAGAATTCTTT
TCC 

1 A and B chimaeras originally produced by Maha Tijani, Collins/Takeuchi group. 
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Table 2-12: Primers Used in Cloning Chimeric and Mutant G proteins. 

Mutant Primer Name Primer Sequence 

C1.1 

C1.1-FW 
CACAGTTCTCGTTCAGTCGTGGT
TCCAGAGATCATACCCACCATCT

TAGAGAT 

C1.1-RS 
ATCTCTAAGATGGTGGGTATGAT
CTCTGGAACCACGACTGAACGAG

AACTGTG 

C1.2 

C1.2-FW 
GAGATCATACCCACCATCCTAGA

GAGGATAGGATTGTCGATGTC 

C1.2-RS 
GACATCGACAATCCTATCCTCTC

TAGGATGGTGGGTATGATCTC 

C1.3 

C1.3-FW 
CATCTTAGAGATGATAGGAGCGG
CGATGTCGACGCGGATATAGCG

AGTCTCG 

C1.3-RS 
CGAGACTCGCTATATCCGCGTCG
ACATCGCCGCTCCTATCATCTCT

AAGATG 

C1.4 

C1.4-FW 
ATCCTAGAGAGGATAGGAGCGG
CGATGTCGACGCGGATATAGCG

AGTCTC 

C1.4-RS 
GAGACTCGCTATATCCGCGTCGA
CATCGCCGCTCCTATCCTCTCTA

GGAT 

C8.1 

C8.1-FW 
GTTTGAGTTCGTGGACAAGGACG

TCTACGCAGC 

C8.1-RS 
GCTGCGTAGACGTCCTTGTCCAC

GAACTCAAAC 

C8.2 

C8.2-FW 
GCTGCGTAGACGTCCTTGTCCGC

CATCTCAAACCACACGCCG 

C8.2-RS 
CGGCGTGTGGTTTGAGATGGCG

GACAAGGACGTCTACGCAGC 

C8.3 C8.3-FW 
TTGGCGGCTGCGAAGAGGTCCT
TGTCCGCCATCTCAAACCACACG

CCGG 
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C8.3-RS 
CCGGCGTGTGGTTTGAGATGGC
GGACAAGGACCTCTTCGCAGCC

GCCAA 

V1.1 

V1.1-FW 
CCACAGTTCCCTTTCTGTCTGAG
ATCCACTGATCTTTCCGACCATT

CTTGAGAGG 

V1.1-RS 
CCTCTCAAGAATGGTCGGAAAGA
TCAGTGGATCTCAGACAGAAAGG

GAACTGTGG 

V1.2 

V1.2-FW 
ACTGATCTTTCCGACCATTTTTGA
GATGATTGGAGCAGCAATATCG 

V1.2-RS 
CGATATTGCTGCTCCAATCATCT
CAAAAATGGTCGGAAAGATCAGT 

V1.3 

V1.3-FW 
ATTCTTGAGAGGATTGGATTATC

AATATCGATTCTGATGTATCTGGT
CTCAAAGTATTTTAGGGTAC 

V1.3-RS 
GTACCCTAAAATACTTTGAGACC

AGATACATCAGAATCGATATTGAT
AATCCAATCCTCTCAAGAAT 

V1.4 

V1.4-FW 

CCATTTTTGAGATGATTGGATTAT
CAATATCGATTCTGATGTATCTG
GTCTCAAAGTATTTTAGGGTACC

A 

V1.4-RS 

TGGTACCCTAAAATACTTTGAGA
CCAGATACATCAGAATCGATATT

GATAATCCAATCATCTCAAAAATG
G 

LSR 

LSR-FW 
GAGATCTTACCCACCATCCTAGA

GAGGATAGGATTGTCGATGTC 

LSR-RS 
GACATCGACAATCCTATCCTCTC
TAGGATGGTGGGTAAGATCTC 

AA 

AA-FW 
ACCATCTTAGAGATGATAGGAGC
GGCGATGTCGATGCGGATATAG

C 

AA-RS 
GCTATATCCGCATCGACATCGCC
GCTCCTATCATCTCTAAGATGGT 
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V 

V-FW 
GGATTGTCGATGTCGACGCGGAT

ATAGCGAGTC 

V-RS 
GACTCGCTATATCCGCGTCGACA

TCGACAATCC 

K 

K-FW 
TGGTAGTTCCACTGATCTTTCCG

ACCATTCTTGAG 

K-RS 
CTCAAGAATGGTCGGAAAGATCAG

TGGAACTACCA 

I 

I-FW 
GAGCAGCAATATCGATTCTGATGT

ATCTGGTCTCAAAG 

I-RS 
CTTTGAGACCAGATACATCAGAAT

CGATATTGCTGCTC 

G 

G-FW 
CAGCAAAGAGATCCTTACCAGCCA

TCTCGAACCAG 

G-RS 
CTGGTTCGAGATGGCTGGTAAGG

ATCTCTTTGCTG 

A 

A-FW 
GGCTGCAGCAAAGAGAGCCTTAT

CAGCCATCTC 

A-RS 
GAGATGGCTGATAAGGCTCTCTTT

GCTGCAGCC 

N 

N-FW 
GGCTGCAGCAAAGAGATTCTTATC

AGCCATCTCGA 

N-RS 
TCGAGATGGCTGATAAGAATCTCT

TTGCTGCAGCC 

SQ 

SQ-FW 
ATCCCACAGTTCCCTTTCTGTCT
GAGATCCACTGATCATTCCGACC

ATTC 

SQ-RS 
GAATGGTCGGAATGATCAGTGGA
TCTCAGACAGAAAGGGAACTGTG

GGAT 

DN DN-FW 
GACCATTCTTGAGAGGATTGGAT
TATCAATATCGACTCTGATGTATC

TGGT 
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DN-RS 
ACCAGATACATCAGAGTCGATAT
TGATAATCCAATCCTCTCAAGAAT

GGTC 

ISK 

ISK-FW 
ACTGATCATTCCGACCATTTTTGA
GATGATTGGAGCAGCAATATCG 

ISK-RS 
CGATATTGCTGCTCCAATCATCT
CAAAAATGGTCGGAATGATCAGT 

VSVind.G 
COMPLEMENT 

CHIMAERAS 
(IND 1-3) 

VSV-RS-OUT 
ATCAAGAATTCTTACTTTCCAAGT

CGGTTCATC 

VSV-FW-OUT 
ATCAACACGTGGCCACCATGAAG

TGCCTTTTG 

VSV-RS 
GAGGTCTGAGATGGAGCGGAAA

TTGTAGCTCCCACTGGACAC 

VSV-FW 
GCCACCATGAAGTGCCTTTTGTA

CTTAGCC 

V1.1-RS 
AAAAACGTTATCTCTGTGTCAATG

AGGTTAGAATCACATAGCCC 

V1.1-FW 
TATGTGATTCTAACCTCATTGACA

CAGAGATAACGTTTTTTTCCG 

V1.2-RS 
GATGGGAGTCTGACTCCCCAGT
GTTTGCAATAATTCATTTTGCAG 

V1.2-FW 
AAATGAATTATTGCAAACACTGG

GGAGTCAGACTCCCATC 

V2.1-RS 
GAGGGCAGCCTTACCCCGGCAT

GCTTGCAGTATTGCATTTTGC 

V2.1-FW 
AAATGCAATACTGCAAGCATGCC

GGGGTAAGGCTGCC 

V2.2-RS 
GAGGTCTGAGATGGAGCAGAAAT

TGTAGCTCCCACTGGACACTC 

V2.2-FW 
GTCCAGTGGGAGCTACAATTTCT

GCTCCATCTCAGACCTCAG 

COCV.G 
COMPLEMENT 

COCV-RS-OUT 
ATCAAGAATTCTCACTTCCTGAA

GCGGCTC 
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CHIMAERAS 
(COCV 1-3) 

COCV-FW-OUT 
ATCAACACGTGGCCACCATGAAT

TTTCTTCTCTTG 

COCV-RS 
TCACTTCCTGAAGCGGCTCATCT

C 

COCV-FW 
GCCACCATGAATTTTCTTCTCTTG

AC 

C1.1-RS 
AAGAAGGTGATGTCCATGGACAC

CAGTGTGGCGTCGCAAAG 

C1.1-FW 
GGCTTTGCGACGCCACACTGGT
GTCCATGGACATCACCTTCTTCT

CAG 

C1.2-RS 
GGAGGGCAGCCTTACCCCGGCA
TGCTTGCAGTATTGCATTTTGCA

G 

C1.2-FW 
AAAATGCAATACTGCAAGCATGC

CGGGGTAAGGCTGCCC 

C2.1-RS 
CTGATGGGAGTCTGACTCCCCAG
TGTTTGCAATAATTCATTTTGCAG 

C2.1-FW 
TGCAAAATGAATTATTGCAAACAC
TGGGGAGTCAGACTCCCATCAG 

C2.2-RS 
TGAGGTTTGTGTCGGTGCGGAG
ATACTTGACCCTTCTGGGCATTC 

C2.2-FW 
GCCCAGAAGGGTCAAGTATCTCC

GCACCGACACAAACCTC 

Chimeric VesG 

VSV-flanking 
RS 

GAATTCTTACTTTCCAAGTCGGTT
CATCTC 

PIRY-flanking 
FW 

ATCAACACGTGTCTAGAGCCACC
ATGGATC 

NJ-flanking FW 
ATCAACACGTGTCTAGAGCCACC

ATGCTG 

COCV-flanking 
FW 

ATCAACACGTGGCCACCATGAAT 

PIRY-inner FW 
CCAGGGATGGTTCAGTAGTTGGA

AAAGC 
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PIRY-inner RS 
GCTTTTCCAACTACTGAACCATC

CCTGGATC 

NJ-inner FW 
GAGGGCTGGTTCAGTAGTTGGAA

AAGC 

NJ-inner RS 
GCTTTTCCAACTACTGAACCAGC

CCTCCAC 

COCV-inner FW 
GAAGGTTGGTTTAGTAGTTGGAA

AAGCTCT 

COCV-inner RS 
CCAACTACTAAACCAACCTTCGA

TAAGCTC 
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2.11.2.Buffers 

Table 2-13: Buffers. 

Protocol Buffer/Reagent Name Composition 

Bacterial 
Amplification 

Luria-Bertani (LB) Agar 

1% bacto tryptone 
0.5% bacto yeast 

0.5% NaCl (pH 7.0) 
15g/L bactoagar 

Luria-Bertani (LB) Broth 
1% bacto tryptone 
0.5% bacto yeast 

0.5% NaCl (pH 7.0) 

NZY+  Broth 

Per litre: 
10g of NZ amine (casein 

hydrolysate) 
5g of yeast extract 
5g of NaCl, pH 7.5 
12.5ml of 1M MgCl2 

12.5 ml of 1M MgSO4 
20ml of 20% (w/v) glucose 

Elution Buffers 

EB 10mM Tris-Cl, pH 8.5 

AE 
10mM Tris-CL, pH 9.0 

0.5mM EDTA 

Electrophoresis TBE 
89 mM Tris (pH 7.6) 

89 mM boric acid 
2 mM EDTA 

SDS-PAGE and 
Immunoblotting 

Lysis Buffer 

5mM TrisHCl pH7.5 
150mM NaCl 

1% v/v Triton X-100) 
supplemented with Roche 

cOmplete™ protease 
inhibitor cocktail 

Laemmli Buffer 

50 mM Tris, pH6.8 
10% Glycerol 

2% SDS 
5% 2-Mercapthoethanol 
0.2 mg/ml Bromophenol 

blue 
0.1 M DTT 

Running Buffer 

25 mM Tris, pH8.5 
200 mM Glycine 

0.1% sodium dodecyl 
sulphate (SDS) 

Transfer Buffer 
100 mM Tris, pH6.8 

200 mM Glycine 
20% Methanol 

4% Stacking Gel 
125 mM Tris-HCl, pH6.8 

4% Acrylamide/bis 
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10% SDS 
0.1% 

Tetramethylethylenediamine 
(TEMED) 

1% Ammonium persulphate 
(APS) 

10% Resolving Gel 

125 mM Tris-HCl, pH8.8 
10% Acrylamide/bis 

10% SDS 
0.1% TEMED 

1% APS 

 
Ponceau S Staining 

Solution 

1g Ponceau S 
50ml acetic acid 

Make up to 1L with ddH2O 

Surface 
Plasmon 
Resonance 

HBS-EP 

10mM HEPES 
150mM NaCl 
3mM EDTA 

0.005% Polysorbate 20 
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2.11.3.Antibodies 

Table 2-14: Primary Antibodies Used. 

Against Antibody Host Isotype 

Manufacturer/
Source, 

Catalogue 
Number 

Dilution 

VSVind.G 

8G5F11 Mouse 
IgG2a 
kappa 

Kerafast 
(Boston, MA), 
originally Lyles 

(511) 

EB0010 

Varied 

IE9F9 Mouse 
IgG2a 
kappa 

Kerafast 
(Boston, MA), 
originally Lyles 

(511) 

EB0012 

Varied 

VSV-Poly Goat N/A1 

Dr Hoshino 
(Gunma, 
Japan)  

(263, 509, 510) 

Varied 

P5D4 Mouse IgG1 

Sigma-Aldrich, 
St Louis, MO 

SAB4200695 

1:500 

Human 
GAPDH 

GAPDH Mouse IgM 
Sigma-Aldrich,  

G8795 
1:5,000 

RDpro Anti-RD114 
antiserum 

Goat N/A NCI 1:500 

6XHis-tag Monoclonal 
anti-6His-

tag 

Mouse IgG2b Abcam, UK, 
ab18184 

1:500 

1Not applicable, polyclonal 
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Table 2-15: Secondary Antibodies Used. 

 

 

  

Antibody Host 
Manufacturer/Source, 

Catalogue Number 
Dilution 

Alexa Fluor® 
647 AffiniPure 
Goat Anti-
Mouse IgG 
(subclasses 
1+2a+2b+3), 
Fcγ Fragment 
Specific 

Goat 

Jackson Immunoresearch, UK
 115-605-164 

 

1:500 

Alexa Fluor® 
647 AffiniPure 
Rabbit Anti-
Goat IgG, Fc 
Fragment 
Specific 

Rabbit 

Jackson Immunoresearch, UK
 305-605-046 

 

1:500 

Anti-6X His 
tag® antibody 

(FITC) 
Rabbit Abcam, UK, ab1206 1:500 

Amersham ECL 
Mouse IgG, 
HRP-linked 

whole Antibody 

Sheep GE Healthcare 

NA931 1:5,000 
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2.11.4.G Proteins 

 

Table 2-16: Accession Numbers of Vesiculovirus and Rabies Virus G Proteins. 

Virus 
UniProtKB/Swiss-

Prot Accession 
Number 

Genbank Accession 
Number 

Vesicular stomatitis 
Indiana virus (VSVind) 

– San Juan strain 
P03522 M35219 

Maraba virus (MARAV) F8SPF4 HQ660076 

Cocal virus (COCV) O56677 AF045556 

Vesicular stomatitis 
Alagoas virus (VSVala) 

B3FRL4 ACB47442 

Vesicular stomatitis 
New Jersey virus 

(VSVnj) – Ogden strain 
P04882 V01214 

Piry virus (PIRYV) Q85213 D26175 

Chandipura virus 
(CHAV) - I653514 

strain 
P13180 AY614717.1 

Carajas virus (CJSV) A0A0D3R1Y6 AY335185.1 

Isfahan virus (ISFV) Q5K2K4 AJ810084.2 

Rabies virus (RABV) – 
CVS-11 strain 

O92284 EU126641.1 
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3 The Interactions of Monoclonal 

Anti-VSVind.G Antibodies with 

the G Proteins of Other Major 

Vesiculoviruses 

 

 

 

 

 

 

 

 

 

3.1.Overview 

The rhabdovirus, vesicular stomatitis virus Indiana strain (VSVind), has been 

used to study glycoprotein processing, viral assembly, and humoral and 

cellular antiviral immune responses.  Because the virus lyses infected cells, it 

is now being developed for clinical oncolytic virotherapy (512-514).  

Furthermore, its envelope G protein (VSVind.G) is the most commonly used 

envelope to pseudotype lentiviral vectors and has been used in many 

experimental and clinical studies (146, 264, 265).  VSVind.G’s crystal 

structure, fusogenic residues, serum sensitivity, and cell fusion and entry 

mechanisms have been identified (269, 270, 297, 321, 515, 516). 

Pseudotyping is producing virus particles or viral vectors using the surface 

glycoprotein of a different virus, resulting in a pseudotyped virus particle (260, 

261, 517).  Pseudotyping can be used to modify the tropism of LVs and 
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increase their stability since the choice of envelope glycoprotein determines 

many biophysical and infectious characteristics of a particular LV pseudotype 

(518).  VSVind.G pseudotyped particles can produce high titres and their 

stability allows for LV concentration by ultracentrifugation.  They can also 

transduce a wide range of cells including important gene therapy targets such 

as haematopoietic stem cells and T cells.  However, viral vectors that bear the 

VSVind envelope are particularly sensitive to human serum which limits their 

potential for in vivo applications (266).  In addition, it has been reported that 

VSVind.G is cytotoxic and cannot be constitutively expressed (267, 519).  This 

led some investigators to use inducible promoters to drive envelope 

expression in packaging cell lines and look for alternative envelopes (197, 520, 

521). Recently G proteins derived from the other vesiculovirus subfamily 

members Cocal, Piry, and Chandipura viruses, have been proposed as 

alternative envelopes for lentiviral vector production due to some possible 

advantages over VSVind.G (200, 202, 471).  

Although some antigenic and biochemical characteristics of VSVind.G have 

been reported, there is little known about the other vesiculovirus G proteins 

(VesG), and there is a general lack of reagents available to identify and 

characterise them.  In the past, monoclonal antibodies (mAbs) have been used 

to study the antigenic determinants found on viral glycoproteins, for example 

the hemaegglutinin (HA) of influenza virus, the gp70 protein of murine 

leukaemia virus (MLV), gp120 of human immunodeficiency virus (HIV-1), and 

rabies virus G protein (522-526).  These previous studies have identified 

epitopes essential in virus neutralisation (526-528).  Also, mAbs have proven 

useful in viral pathogenesis studies as mutants selected for escape from 

neutralising antibodies, often have altered pathogenicity compared to their 

wild-type counterparts (529-531).   

There are several commercial mAbs which recognise the C-terminal 

cytoplasmic tail of VSVind.G since the eleven amino acid determinant 

YTDIEMNRLGK is used as a peptide-tag to purify, visualise, and study other 

proteins of interest (531).  Moreover, in the early 1980s, a group of researchers 

has produced many mAbs against VSVind.G and VSVnj.G with the purpose of 

dissecting antigenic determinants to characterise the G proteins (511, 532).  
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Later, their work was developed by other groups leading to a broad 

characterisation of VSVind.G epitopes (312, 512, 533).  Currently, two of these 

antibodies are available commercially (Table 3-1). Compared to this antibody 

research on VSVind.G and VSVnj.G, there are currently no available 

monoclonal antibodies that were raised against G proteins of other 

vesiculoviruses. 

  

Table 3-1: List of Commercially Available Monoclonal Anti-VSVind.G Antibodies.  

Name Manufacturer Epitope 

F-6* Santa Cruz 

Biotechnology 

C-terminal 

P5D4* Sigma-Aldrich C-terminal 

EPR12997* Abcam C-terminal 

8G5F11 (I1) Kerafast (511) Extracellular 

IE9F9 (I14) Kerafast (511) Extracellular 

*There are other commercially available mAbs which recognise the same epitope as the listed 

antibodies. 

 

 

The current knowledge on the major antibody binding sites on VSVind.G dates 

to the research done by the Lefrancois and Wagner groups in the 1980s (312, 

512, 533).  The mAbs that were used to carry out these characterisation 

studies were produced using the hybridoma method (511).  Spleen cells from 

mice that were either hyper-immunised or given a single injection of wt VSVind 

or VSVnj were utilised as the antibody-producing part of the hybridoma cell 

lines.  Out of the 58 isolated hybridomas that produced antibodies, 38 

produced antibodies towards the G proteins of either VSVind or VSVnj.  The 

reactivity of the mAbs was classified by ELISA, competitive binding assays, 

and their ability to neutralise viral infection.  The neutralising antibodies, eleven 

for VSVnj.G (Table 3-2) and sixteen for VSVind.G (Table 3-3), were then used 

to determine antibody binding epitopes on the glycoproteins.  
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Table 3-2: Review of Anti-VSVnj.G mAbs Produced by Lefrancois et ala.  

Designation Neutralising 
Activity 

Cross-
reactivity 

with 
VSVind.G 

Neutralising 
Epitope 

Recognisedb 

Competition 
with mAbs 

N1 + NRc I 

All compete 
only with mAbs 

within the 
same 

designated 
group/epitope  

N2 + NR I 

N3 + NR I 

N4 + NR I 

N5 + NR I 

N6 + NR II 

N7 + NR II 

N8 + NR II 

N9 + NR III 

N10 + NR III 

N11 + NR IV - 

N12 - - N/Ad Enhances 
binding of 
other non-

neutralising 
mAbs 

N13 - - N/A 

N14 - - N/A 

IN2 - + N/A Varying levels 
of competition 
with I17 and 

non-
neutralising 

anti-VSVind.G 
mAbs 

IN5 - + N/A 

IN6 - + N/A 

 

aInformation collated from (312, 511, 532, 533). 

bEpitopes were designated arbitrarily based on the mAb groups identified via binding 

competition assays. 

cNot reported 

dNot applicable 
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Table 3-3: Review of Anti-VSVind.G mAbs Produced by Lefrancois et ala.  

Designation 
Neutralising 

Activity 

Cross-
reactivity 

with 
VSVnj.G 

Neutralising 
Epitope 

Recognised 

Competition 
with mAbs 
(Epitope 

Designation) 

I1 (8G5F11) + NRb A1 A, C 

I2 + - A2 A, C 

I3 + - A2 A, C 

I4 + NR A3 A, C 

I5 + - A3 A, C 

I6 + NR A3 A, C 

I7 + NR A3 A, C 

I8 + - A1 A, C 

I9 + NR A3 A, C 

I10 + NR B B, C 

I11 + NR B B, C 

I12 + NR B B, C 

I13 + NR B B, C 

I14 (IE9F9) + - B B, C 

I15 + NR C A, B, C 

I16 + NR C A, B, C 

I17 + 
 + (non-

neutralising) 
D 

 competes 

with non-

neutralising 

mAbs 

IN1 - - N/Ac Varying levels 
of competition 
with I17 and 

non-neutralising 
anti-VSVnj.G 

mAbs 

IN3 - + N/A 

IN4 - + N/A 

IN7 - + N/A 

aInformation collated from (312, 511, 532, 533) 

bNot reported 

cNot applicable 
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Determination of these sites was carried out using competitive binding assays.  

Briefly, ELISA plates were coated with virus particles, then dilutions of 

unlabelled competitor antibodies were added, followed by an 125I-labelled mAb.  

Plates were incubated at 37ºC, unbound antibody was washed away, and a 

gamma counter was used to determine bound radioactivity in counts per 

minute (CPM).  The percentage competition was then calculated (Equation 3-

1).  This work was further built upon by both groups who investigated the 

binding of the same antibodies as well as some others to chimeric, truncated, 

and mutated version of VSVind.G, further mapping the epitopes.   

%𝐶𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛: 
𝑐𝑝𝑚𝐴𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑟− 𝑐𝑝𝑚𝑃𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑚𝑝.

𝑐𝑝𝑚𝐴𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑟
𝑥100  [Equation 3-1] 

 

Overall, four distinct neutralising, non-overlapping epitopes were identified on 

VSVnj.G, while the topological relationship of the VSVind.G epitopes was more 

complicated (511, 533).  VSVnj.G epitopes that are involved in neutralisation 

are located at the centre of the 517 amino acid long glycoprotein.  The broad 

locations of the antigenic sites are residues 214-289, which contains three 

epitopes, and 43-267 (512) (Table 3-2).   

Some conserved determinants between VSVind.G and VSVnj.G have been 

discovered.  These epitopes are non-neutralising presumably because 

neutralising antibodies exert stronger selective pressure for the evolution of 

the antigenic variant (532, 533).  Antibodies that bound to these epitopes 

(NJ15-17 and I17-20) were mostly cross-reactive and demonstrated varying 

levels of competition (Tables 3-2 and 3-3). 

VSVind.G antigenic sites were more extensively analysed.  While one epitope 

is mapped to cysteine-rich residues at an N-terminal domain of the 

glycoprotein, two others are located towards the cysteine-poor C-terminal 

domain (512).  The epitopes, named A, B, and C, though found in highly 

conserved regions of both glycoproteins are unique to VSVind.G.  These three 

antibody binding sites,  have varying degrees of interaction and overlap  

(Figure 3-1) (532).  In addition, a fourth epitope, D, utilised only by a single 
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neutralising antibody, I17 (Table 3-3), was described, however, its location on 

the G protein hasn’t been elucidated.  

 

 

 

Figure 3-1: Identified Antigenic Epitopes of VSVind.G Mapped on a Linear Diagram of 

the G Protein.  The three major epitopes, A (A1 and A2), B, and C and their approximate 

locations are identified on the diagram.  As the location of epitope C has not been precisely 

identified, its position is mapped tentatively.  The domain architecture of VSVind.G is 

represented in a linear diagram, colour-coded by domain (red: DI, lateral domain; blue: DII, 

trimerisation domain; orange: DIII, PH domain, yellow: DIV, fusion domain; grey: 

transmembrane and C-terminal domains).  Domain boundaries are numbered according to the 

G protein precursor (i.e. including the signal peptide).  Diagram adapted from (270).  

 

 

a. Epitope A 

The dominant neutralising epitope for VSVind.G, A, is divided into two major 

regions A1 and A2 that are separated in the primary structure of the protein.  

Although a third subdomain for epitope A, A3, has been described, its location 

hasn’t been reported.  Both continuous and discontinuous determinants have 

been identified in these two antigenic sites located at 263-317 and 17-200 

respectively (312, 512).  In the mutants selected by A1 mAbs an extremely high 

rate of amino acid substitution has been observed (312).  Combined with the 

extensive lack of structural constraints in the region, the results indicate that 

A1 may be a continuous epitope analogous to highly variable continuous 

antigenic loops elucidated in the influenza virus (524).  
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Furthermore, A2 epitope shows varying interactions with the A1 epitope through 

reciprocal binding and competition (511, 533).  The most likely reason behind 

this comes from the 3D crystal structure of the glycoprotein (see section 

1.6.2.3.2).  Both epitopes lie divided between domains II and III of VSVind.G, 

therefore, although spread apart in primary structure, in the tertiary 

conformation of the protein epitopes may be in very close proximity to each 

other (297).   

It is reported that 8G5F11’s epitope lies in the antigenic variant A1 (297, 312, 

511).  As 8G5F11 has neutralising activity, it might bind to the fusion loops of 

trimeric domain II.  On the other hand, 8G5F11’s neutralising effects might 

come from reciprocal interactions with epitope A2. 

b. Epitope B 

Reported to have a partial overlap with epitope A possibly through tertiary 

folding, epitope B is towards the C-terminal end of the extracellular domain of 

the glycoprotein.  It is reported to be located at residues 339-428 (312, 512).  

IE9F9’s epitope is also thought to be within this antigenic determinant which 

corresponds to the domain I of VSVind.G (297). 

c. Epitope C 

Although the exact location of this epitope is not yet identified, it is known to 

be in close proximity of epitope A (533).  The antibodies that bind to epitopes 

A and C demonstrate reciprocal competition which is thought to be occurring 

due to steric hindrance (511).  In addition, due to high reciprocal competition 

between the antibodies binding to both epitopes, it is postulated that epitope B 

and epitope C have an overlapping region (312, 533). 

In summary, the major antigenic sites of rhabdoviruses are in the lateral and 

PH domains of the viruses (270, 522).  Similar to this, the neutralising epitopes 

of VSVind.G are located in domains I, II, and III (297, 312).    Since segments 

containing the antigenic determinants are the most exposed parts of 

VSVind.G, it is most probable that other vesiculoviruses have similar antigenic 

regions in their corresponding domains (246, 312, 522).  However, the lack of 

cross-reaction and cross-neutralisation reported between VSVind.G and 

VSVnj.G mAbs highlights that sequence of these antigenic sites may differ.   
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Both receptor recognition and membrane fusion by wild-type VSVind and other 

vesiculoviruses, as well as the pseudotyped particles, are mediated by the viral 

glycoprotein. This is a type I membrane protein with a single transmembrane 

domain, which homotrimerises and protrudes from the viral surface (270, 534, 

535).  The G protein mediates viral attachment by interacting with a cellular 

receptor.  In the case of VSVind.G, the low-density lipoprotein receptor (LDLR) 

and its family members have been demonstrated to be the cellular receptor 

responsible for viral entry (321, 322).  It has been shown that LDLR is the 

primary entryway for VSVind.G pseudotyped particles in various cell lines that 

includes a human epithelial cell line.  Furthermore, viral infection was inhibited 

in a dose-dependent manner by soluble LDLR molecules and was entirely 

blocked following the addition of receptor-associated protein (RAP) which 

binds to other LDLR family members [74].  Similar dose-dependent partial 

inhibition of COCV infection has also been demonstrated (200).   

Recently Nikolic and colleagues have demonstrated that VSVind.G is able to 

bind two cysteine-rich (CR) domains, CR2 and CR3, of LDLR with similar 

affinities (323).  The crystal structure of both domains with VSVind.G show that 

both CR2 and CR3 interact with the same site on the glycoprotein in its pre-

fusion form.  This epitope is split apart when the G protein in its post-fusion 

form, hence, rendering the proteins unable to interact.  

CR domain binding to VSVind.G is dictated by basic residues H24 and K63 on 

VSVind.G which dock onto acidic residues in CR2 and CR3 (D69/73/79, E80 

and D108/112/118, E119 respectively) that coordinate calcium ions and R370 

which interacts with carbonyl groups of W66 and F105 on CR2 and CR3 

respectively (323).  This type of binding is similar to the ones employed by 

LDLR family members to bind to their endogenous ligands (324, 328, 329, 

536).  However, these key residues are not conserved amongst 

vesiculoviruses. Therefore, the use of this epitope and the use of LDLR per se 

cannot be generalised to other vesiculoviruses. Indeed, CHAV.G which does 

not possess the basic residues in the positions corresponding to 63 and 370 

on VSVind.G does not bind to the CR domains (323). 
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Therefore, a study to characterise antigenic sites amongst the VesG would 

provide valuable insights into virus neutralisation and receptor recognition.  

Identification of antibodies that recognise VesG will not only be valuable for 

vesiculovirus research but also aid in the development of G protein-containing 

advanced therapy medicinal products and vaccine vectors. 
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3.2.Aims 

In this chapter, I aimed to identify anti-VSVind.G antibodies that can cross-

react with other vesiculovirus G proteins.  In addressing this aim, I utilised 

antibodies with extracellular binding epitopes: two commercially available 

monoclonal antibodies, 8G5F11 and IE9F9, as well as a goat polyclonal 

antibody VSV-Poly.  Furthermore, critical amino acid residues that dictate 

antibody binding were identified and the neutralisation mechanisms of mAbs 

were investigated. 
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3.3.Results 

3.3.1.Cross-reactivity of Anti-VSVind.G Antibodies with Other 

VesG 

To investigate antibody binding to different vesiculovirus G proteins, I 

constructed vectors expressing the six different VesG: VSVind.G, COCV.G, 

VSVnj.G, PIRYV.G, VSVala.G, and MARAV.G.  Codon-optimised G protein 

genes were subcloned in the pMD2 plasmid backbone, which is widely used 

to express VSVind.G in lentivector productions (202).  Feline endogenous 

retrovirus RD114 derived RDpro envelope (515, 517) was used as a negative 

control.  Using these constructs commercially available monoclonal anti-

VSVind.G antibodies, 8G5F11, IE9F9, and P5D4, and goat polyclonal VSV-

Poly were investigated for binding. 

Briefly, HEK293T cells were transiently transfected to express the G proteins 

on the cell surface.  These cells were then incubated with the antibodies and 

analysed via flow cytometry 48 hours post-transfection.  Stained HEK293T 

cells were first gated for single cell population, i.e. “live cells” (Figure 3-2A).  

Following which the live cell populations were analysed for median 

fluorescence intensity (MFI).  Mock-transfected cells and cells incubated with 

fluorophore-conjugated secondary antibody only were included as further 

negative controls (Figure 3-2B).    

Amongst the extracellular antibodies tested IE9F9 only bound to VSVind.G 

(Figure 3-2C).  However, anti-VSVind.G monoclonal antibody 8G5F11 and 

polyclonal VSV-Poly both could recognise various VesG with different binding 

strengths depicted by the shifts in MFIs of the histograms.  PIRYV.G, the most 

distant vesiculovirus G investigated, with approximately 40% identity to 

VSVind.G on amino acid level, could be recognised by VSV-Poly while 

8G5F11 did not bind to it.   Lastly, a weak cross-reaction was also observed 

between the anti-VSVind.G mAb P5D4 which binds to the cytoplasmic tail of 

the G protein and COCV.G. 
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Figure 3-2: Overview of Gating and Flow Cytometry Analyses Depicting Antibody 

Cross-reactivity. (A) Single population cells were gated on mock-transfected HEK293T cells 

as “live cells.”  This gating was used for all further analyses.  Live cells were also gated at zero 

(0) for median fluorescence intensity (MFI) measurements.  This panel represents the scatter 

plots of 8G5F11 staining shown in (B).  (B) Gated live cell populations of all controls and 

samples were plotted as histograms to distinguish unspecific background binding from true 

antibody cross-reaction. 8G5F11, mAb with ectodomain epitope; VSV-Poly polyclonal Ab; 

P5D4, mAb with endoplasmic epitope. Unrelated feline endogenous virus RD114 derived 

RDpro envelope (515, 517) was used as negative control.  P5D4 staining was carried out after 

permeabilisation of transfected cells. (C) Histograms represent the binding of the antibodies 

to the VesG expressed on the surface of transfected HEK293T cells.  The strength of cross-

reaction is depicted via the different MFIs of the histograms.  Data shown is one of the three 

repeats performed. 
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3.3.2.Characterisation of IE9F9 and 8G5F11 Interactions with 

G Proteins 

Chimeric G proteins were then synthesised to confirm that the difference in 

MFI values of 8G5F11 binding to VesG was indicative of the mAb affinity 

towards VesG and not a difference in relative expression levels of the G 

proteins.  The endogenous transmembrane and C-terminal domains of VesG 

were switched with that of VSVind.G (Figure 3-3A).  Following expression of 

these chimeric G proteins in HEK293T cells, 8G5F11 and IE9F9 binding 

saturation was investigated using quantitative flow cytometry (see section 

2.6.3.1) while the relative expression levels of the G proteins were monitored 

using P5D4 (Figure 3-3B and C).  8G5F11 demonstrated a wide range of 

affinities towards VesG: while its affinity for MARAV.G was comparable to that 

of VSVind.G, its interactions with COCV.G and VSVnj.G were much weaker. 

mAb-G protein interactions were further investigated via surface plasmon 

resonance to perform a more quantitative analysis.  First, in order to quantify 

mAb binding to G protein monomers under conformationally correct folding, 

wild-type (wt) VSVind.G produced by thermolysin limited proteolysis of viral 

particles (Gth) (270, 297) was immobilised on a CM5 chip and was tested for 

the dose-dependent binding of two extracellular mAbs (Figure 3-3D).  The 

dissociation constants (Kd) which indicate the binding affinity of antibodies to 

Gth were measured as 2.76nM and 14.7nM for 8G5F11 and IE9F9 

respectively.  These values matched and corroborated the results acquired via 

quantitative flow cytometry.  To further explore 8G5F11-VesG cross-reactivity, 

the mAb was immobilised, and VesG-LV binding to the antibody was 

quantified.  Since pseudotyped lentiviral particles contain many trimeric G 

protein spikes (321), this analysis of the interaction between the viral particles 

and the mAb reflects avidity.  A specific, vector dose-dependent (i.e. increasing 

binding response with increasing titres) binding of VSVind.G was detected 

which saturated faster than the mAb-Gth interaction (Figure 3-3E).  

Furthermore, when equal doses of VesG-LV at 1x108 TU/ml were injected on 

immobilised 8G5F11, similar patterns and strengths of binding were observed 

to that of quantitative flow cytometry, in the order of strength of VSVind, 
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MARAV, VSVala, Cocal, and VSVnj (Figure 3-3F). Unrelated RDpro envelope 

pseudotyped LVs were utilised as negative control to deduce unspecific 

interaction of enveloped particles with immobilised mAb.  PIRYV.G-LV 

demonstrated a similar response to that of RDpro-LV indicative of the lack of 

binding between the G protein and 8G5F11. 

 

 

 

Figure 3-3:  Investigation of 8G5F11 and IE9F9 Affinities Towards VSVind.G and 

Characterisation of 8G5F11 Cross-reactivity. (A) Schematic representation of the chimeric 

vesiculovirus G proteins with VSVind.G transmembrane and C-terminal domains. (B) 

HEK293T cells expressing these chimeric VesG were incubated with serial dilutions of 

8G5F11 and analysed via flow cytometry.  MFIs of the fluorescent signals were converted into 

the number of fluorophores using the MESF standard curve (see Figure 2-2), the background 

signal from mock-transfected HEK293T cells was subtracted, and binding saturation curves 

were plotted.  The distinct affinities of the mAb towards different VesG are demonstrated by 

the shift in the slope of the binding curves. The curves were fitted and dissociation constants 
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(Kd) calculated using the software GraphPad Prism 5 modelling the interaction as 1:1 specific 

binding: VSVind.G: 2.64x10-9M, COCV.G: 5.88x10-7M, VSVnj.G: 1.57x10-7M, MARAV.G: 

4.13x10-9M, VSVala.G: 3.09x10-9M.  Data shown represent the mean of three repeats 

performed in duplicates. (inset) The expression levels of the chimeric G proteins were 

determined via intracellular P5D4 staining.  Data shown represent the mean +/- standard 

deviation (SD) of three repeats performed in duplicates.  (C)  Binding saturation analysis of 

IE9F9 and VSVind.G.  The dissociation constant of this interaction was calculated as 4.8x10-

9M.  (D) Surface plasmon resonance (SPR) analysis of (top) 8G5F11 and (bottom) IE9F9 

binding to immobilised Gth in HBS-EP buffer.  (right) SDS/PAGE of Gth (15µg) visualised via 

Ponceau S stain.  The molecular mass markers (kDa) are shown on the left lane.  (E) Surface 

plasmon resonance analysis of VSVind.G-LV binding to immobilised 8G5F11 in HBS-EP 

buffer.   (F) Surface plasmon resonance analysis of Ves.G-LV (1x108 TU/ml) binding to 

immobilised 8G5F11 in HBS-EP buffer.  The binding curves are normalised with regards to 

the relative response of unenveloped LV particles (Env -ve) which was regarded as the 

background.   SPR data shown is one of the three repeats performed. 
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3.3.3.Determination of Neutralisation Activity of Anti-

VSVind.G Antibodies 

Three antibodies, 8G5F11, IE9F9, and VSV-Poly, were further evaluated for 

their ability to neutralise VSVind.G and VesG pseudotyped LVs (Figure 3-4).  

For this, a flow cytometry-based infection assay in the presence of the 

antibodies was developed.  Briefly, GFP encoding LVs (LV.GFP) pseudotyped 

with VesG were incubated with serial dilutions of the antibodies in 1:1 v/v ratio 

at 37ºC for 1 hour.  After the incubation, this LV-antibody mix was plated on 

HEK293T cells seeded 4h prior in 96 well plates with a total volume of 200µl.  

GFP expression of the cells were measured 48h after infection and results 

were normalised to control infection by LVs incubated with plain OptiMEM in 

parallel.   

8G5F11 demonstrated varying strengths of neutralisation against VesG 

pseudotyped LVs, IC50 values ranging from 11.5ng/ml to 86.9µg/ml (Figure 3-

4A).  There was, however, a limited correlation between G proteins’ binding 

strength and sensitivity of LV to neutralisation. While COCV.G and VSVala.G 

bound to 8G5F11 stronger compared to VSVnj.G, LVs pseudotyped with either 

G proteins were less sensitive to neutralisation than VSVnj.G-LV. (Figure 3-2 

and 3-3).  IE9F9 neutralised only VSVind.G-LV at an IC50 of 137ng/ml, about 

twelve-folds weaker than 8G5F11 (Figure 3-4B).  In the case of VSV-Poly, I 

only observed cross neutralisation at high serum concentrations (Figure 3-4C).  

Furthermore, although VSV-Poly bound to PIRYV.G, it did not neutralise 

PIRYV.G-LVs.  
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Figure 3-4:  Neutralisation Activity Observed by mAbs and VSV-Poly.  Neutralisation of 

VesG-LV by (A) 8G5F11, (B) IE9F9, and (C) VSV-Poly.  Solid lines signify the neutralisation 

effect observed while the dotted lines indicate the lack of neutralisation.  (D) Calculated IC50 

values for 8G5F11 and IE9F9, depicting the potency of neutralisation.  The curves were fitted 

using the software GraphPad Prism 5 modelled as an [inhibitor] vs response curve with 

variable Hill Slopes and IC50 values calculated.  Data shown represent the mean +/- SD of 

three repeats performed in duplicates. 
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3.3.4.Investigation of Key Amino Acid Residues that Dictate 

Binding and Neutralisation via Epitope Mapping 

I have identified that the two commercially available anti-VSVind.G antibodies 

are both strongly neutralising against VSVind.G-LV.  However, they differ 

considerably in their ability to recognise other VesG.  The epitopes these mAbs 

bind to might be the underlying reason behind this difference in characteristics.  

To address this, an epitope mapping analysis was undertaken.  First, a series 

of chimeric G proteins between VSVind.G and COCV.G, A-chimaeras and B-

chimaeras (produced by Maha Tijani, Collins/Takeuchi group, see Table 2-2), 

were constructed (Figure 3-5A) and LVs pseudotyped with these chimeric 

proteins were investigated for their sensitivity to neutralisation by both mAbs 

(Figure 3-5B and C).  The results enabled narrowing down of the epitopes of 

these mAbs to lie between amino acid (aa) residues 137-369 on VSVind.G.  

Combining this work with previously published data on 8G5F11 and IE9F9’s 

epitopes obtained through mutant virus escape assays (Figure 3-6A)  (312, 

511, 512, 532, 533) I concentrated on two distinct regions on VSVind.G and 

synthesised twenty-two different mutant G proteins via site-directed 

mutagenesis to study the epitopes (Figure 3-6).  The mutants were then 

evaluated for display and pseudotyping functionality (Figure 3-7A).  All were 

confirmed to be functional and could successfully pseudotype LVs yielding 

comparable titres to their wild-type (wt) counterparts.  Furthermore, they could 

be detected by extracellular VSV-Poly and intracellular P5D4 staining implying 

a lack of significant protein display and structure conformation issues (Figure 

3-7B).   
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Figure 3-5: Sensitivity of Chimeric VSVind.G/COCV.G Proteins to Neutralisation by 

mAbs.  (A) The design and the cross-over points of the chimeric G proteins are represented 

in linear diagrams, in which white bars stand for wild-type (wt) VSVind.G sequences and wt 

COCV.G sequences are represented by black hatched bars.  The cross-over point between 

the two wt sequences is indicated by the amino acid number above the bar.  Chimaera 3A, 

mirror image of 3B in terms of G protein construction, was non-functional and, therefore, was 

omitted from analyses.  The neutralisation curves for chimeric G proteins plotted for (B) 

8G5F11 and (C) IE9F9.  Solid lines signify the neutralisation observed.  The results indicated 

that the epitopes of both mAbs lie between aa residues 137-369 on VSVind.G.  The curves 

were fitted using the software GraphPad Prism 5 modelled as an [inhibitor] vs response curve 

with variable Hill Slopes.  Data shown represent the mean from three experiments performed 

in triplicates.  
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Figure 3-6:  Mutants and Chimeric G Proteins Produced for Epitope Mapping. Mutants 

and chimaeras produced for epitope mapping of monoclonal antibodies (A) 8G5F11 and (B) 

IE9F9.  Names and linear representations of the mutants and chimaeras are listed on either 

side of the amino acid alignments of the regions where mutations were made.  The boundaries 

are labelled with respective amino acid numbers.  Amino acid alignment legend: black, 

residues from wt VSVind.G; white with a black background, residues from wt COCV.G; grey, 

shared residues; white with a grey background, previously identified mutants (312).  Linear G 

protein representations: dotted lines represent the regions that the mutations were carried out. 

Black bars represent wt VSVind.G sequences while grey-bordered bars are for wt COCV.G 

residues.  A bar and a circle denote point mutations. 
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Figure 3-7: Investigation of Mutant G Protein Functionality and Display. (A) LVs 

pseudotyped with wt and mutant G proteins were titrated on HEK293T cells in parallel.  The 

cell supernatant vector titres achieved are plotted for (left) VSVind.G and (right) COCV.G 

mutants.  The data represent the average +/- SEM of two separate vector productions. (B) 

HEK293T cells were transfected to express the mutant G proteins on their surface.  They were 

then incubated with intracellular P5D4 and extracellular VSV-Poly antibodies to examine the 

relative expression levels of (left) VSVind and (right) COCV mutant G compared to their wt 

counterparts.  The data represent average +/- SD of three repeats performed in duplicates. 
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First, mAb binding to these mutants were examined via flow cytometry.    

Extracellular VSV-Poly and intracellular P5D4 stains determined relative 

expression levels of the mutants.  For both sets, the relative difference 

between expression levels of mutant and wt proteins was in most cases less 

than two-fold (Figure 3-8A and B).  In the case of 8G5F11, binding to VSVind.G 

mutants was reduced by approximately 100-folds while the amino acid 

switches on COCV.G enabled these mutants to bind to 8G5F11 at similar 

levels to that of wt VSVind.G (Figure 3-8C).  This change in binding could also 

be observed on a western blot.  While none of the VSVind.G mutants could be 

visualised, 8G5F11 could bind to COCV.G chimaera C8.3 (Figure 3-8E).  It 

can be inferred from these results that aa 257-259 (DKD) are the predominant 

residues that dictate 8G5F11 binding to G proteins. 

On the other hand, for IE9F9 no statistically significant changes in antibody 

binding were observed for VSVind.G mutants except for chimaeras V1.2 and 

V1.4 (Figure 3-8D). However, there was a substantial gain of binding effect for 

COCV.G mutants.  While IE9F9 does not bind to wt COCV.G, mutations of 

amino acid residues LSR and AA (Figure 3-6) alone led to significant increases 

in the fluorescence signal, thus, antibody binding.  C1.4 with both LSR and AA 

had a comparable MFI level to that of wt VSVind.G. 

Neutralisation profile of both VSVind.G and COCV.G mutants was also 

examined (Figure 3-8F-I). While 8G5F11 did not neutralise VSVind.G mutants 

(Figure 3-8F), COCV.G mutants demonstrated varying degrees of sensitivity 

with the strongest binder being the most sensitive (Figure 3-8H).  On the other 

hand, this was not the case for IE9F9 mutants.  The mAb blocked VSVind.G 

mutant V1.2 pseudotyped LV infection in a dose-dependent manner, while 

V1.4-LVs were resistant to IE9F9 neutralisation (Figure 3-8G).  Furthermore, 

no effect was observed on COCV.G mutant LV infection even though all bound 

to the mAb, some at similar levels to wt VSVind.G (Figure 3-8I).  The data 

show that while 8G5F11 employs a neutralisation mechanism that is 

universally effective amongst the VesG it binds to, IE9F9’s is VSVind.G 

specific, and mAb binding does not necessarily result in neutralisation. 
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Figure 3-8:  Investigation of Antibody Binding to Mutant G proteins and Neutralisation 

of Mutant-LVs. HEK293T cells were transfected to express the mutant G proteins on their 

surface.  (A-B) The cells expressing chimeric mutants were stained with extracellular VSV-

Poly (white bars) and intracellular P5D4 (grey bars) as expression control for the G proteins.  

The measured MFI values were normalised to the wt VesG signals for each set of mutants.  

The same population of cells were also incubated with (C) 8G5F11 and (D) IE9F9 at saturating 

concentrations. One-way ANOVA analysis with Dunnett’s post-test was performed to compare 

the MFI values of mutant G proteins to that of their wild-type counterpart.  Legged lines denote 

the significance of a single comparison, while straight lines signify all the individual 

comparisons within the group share the denoted significance unless otherwise stated (*, 

p<0.05; **, p<0.01; ***, p<0.001).  This assay was performed three times in duplicates; mean 

+/- SD is plotted above.  (E)  Western blot analysis of 8G5F11 binding to wt and mutant G 

proteins.  Data shown is one of the three repeats performed.  The neutralisation curves for 

select mutant G-LV are plotted for (F and H) 8G5F11 and (G and I) IE9F9.  Solid lines signify 

the neutralisation effect observed.  (F and G) Previously reported reductions in binding for 

VSVind.G mutants translated into either complete or partial resistance to neutralisation by both 

antibodies.  For COCV.G mutants (H and I), the mutations conferred the G proteins sensitivity 

to neutralisation by 8G5F11 but not by IE9F9.  The curves were fitted using the software 

GraphPad Prism 5 modelled as an [inhibitor] vs response curve with variable Hill Slopes.  Data 

shown represent the mean from three experiments performed in independent triplicates. 
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3.3.5.Investigation of Neutralisation Mechanisms Utilised by 

the mAbs: Binding Competition with Low-density Lipoprotein 

Receptor (LDLR) 

Antibodies neutralise viruses and viral vectors by several mechanisms.  Many 

neutralising antibodies (nAbs) prevent virions from interacting with cellular 

receptors (389).  VSVind.G’s primary receptor has been identified as the low-

density lipoprotein receptor (LDLR) (321, 323).  All six VesG investigated 

throughout this work have high degrees of sequence homology on amino acid 

level (i.e. five >50% and three >70%) and are phylogenetically and 

serologically closely related.  Therefore, I hypothesised that the primary 

cellular entryway might be conserved amongst VesG. 

To evaluate this, first, the interaction between soluble recombinant LDLR 

(sLDLR) and G proteins expressed on the surface of HEK293T cells was 

investigated.  As with previous assays, RDpro envelope was utilised as a 

negative control since its primary receptor has been identified as ASCT-2, a 

neutral amino acid transporter (60, 537, 538).  Briefly, RDpro and VesG 

expressing cells were incubated with respective antibodies and sLDLR in 

parallel.  VSV-Poly was used to determine envelope expression for VesG and 

goat anti-RD114 antiserum for RDpro expression.  A separate aliquot of the 

same cell population was also incubated with sLDLR and was probed for the 

C-term 6XHis-tag on the recombinant protein to determine binding to G 

proteins.  All cells were then analysed via flow cytometry.  While all proteins 

were successfully expressed on the cell surface, all VesG but PIRYV.G bound 

to sLDLR (Figure 3-9A).  PIRYV.G, like the unrelated RDpro envelope, did not 

interact with the recombinant receptor protein. 

This discrepancy in binding was further explored through an infection inhibition 

assay.  HEK293T cells were challenged with VesG and RDpro pseudotyped 

LVs at two multiplicities of infection (MOI) in the presence and absence of 

sLDLR.  In line with the binding profiles, PIRYV.G-LV and RDpro-LV infections 

were unaffected by the presence of sLDLR in the media (Figure 3-9B).  On the 

other hand, VesG-LV infection was blocked in a dose-dependent manner with 

on average 90% infection inhibition achieved with 3µg/mL sLDLR for all 
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pseudotypes at both MOIs.  The infection hindrance observed or lack thereof 

in the case of PIRYV.G, combined with the binding data, strongly suggested 

that the remaining five VesG shared LDLR as their main receptor for viral entry 

into cells. 

Therefore, I investigated the competition in binding VSVind.G between mAbs 

and LDLR via SPR as a potential neutralisation mechanism for the mAbs 

(Figure 3-9C).  VSVind.G (Gth, see section 3.3.2), immobilised on the chip 

surface, was saturated with repeated injections of 8G5F11 and IE9F9.  This 

was followed by an injection of recombinant soluble human LDLR (sLDLR), 

and its binding to Gth was examined.  While sLDLR was able to bind to Gth 

following 8G5F11 saturation as well as without antibody exposure (buffer 

control), this interaction was almost completely abrogated by IE9F9.  These 

data suggest that IE9F9, but not 8G5F11, neutralises VSVind.G-LV by 

blocking the G protein-receptor interaction either through steric hindrance or 

direct competition. 
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Figure 3-9: Exploring sLDLR VesG Interactions and How mAb Binding Affects Receptor 

Recognition. (A)  VesG and RDpro expressing HEK293T cells were incubated with (left) 

VSV-Poly and anti-RD114 antiserum to determine envelope expression and (right) sLDLR in 

parallel. The cells were then probed with the respective secondary antibodies to determine 

envelope expression and anti-6XHis-tag antibody for sLDLR binding.  PIRYV.G did not bind 

to sLDLR while other VesG showed similar levels of interaction with the soluble receptor 

protein (The maximum difference between the calculated MFI values was <3-fold).  Data 

shown is one of the three repeats performed. (B) HEK293T cells were challenged with GFP 

expressing VesG and RDpro pseudotyped LV at MOIs (left) 0.1 and (right) 0.5 in the absence 

and presence of sLDLR.  The infection rates were analysed 48h later via flow cytometry and 

were normalised to that of sLDLR-free samples. Percentage GFP of sLDLR-free samples 

ranged 2-10% and 13-30% for MOI 0.1 and 0.5 respectively.  Data shown represent relative 

infection +/- SD from three experiments performed in duplicates. (C)  Concentration scouting 

of recombinant LDLR binding to immobilised Gth.  LDLR was injected over Gth to determine 

its binding levels to the G protein at various concentrations.  From the relative binding 

responses 10µg/ml was determined to be the optimal concentration to be used in the 

competitive binding study.  The data presented represent one of the three repeats performed.  

(D) 8G5F11 and IE9F9 were injected over immobilised Gth at 10µg/ml concentration three 

times to achieve binding saturation.  Following this, sLDLR was injected over the chip at the 

same concentration, and its binding to Gth was measured.  As negative control, an identical 

sLDLR injection was performed following multiple injections of HBS-EP running buffer.  

Measured sLDLR binding levels are indicated above the binding response curves and times 

of injections are marked with arrows.  The data presented represent one of the three repeats 

performed. 
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3.4.Discussion 

As discussed in section 3.1, lentiviral vectors pseudotyped with VSVind.G 

have several beneficial characteristics including high-titres, physical stability, 

and broad cell tropism.  However, there are a couple of major problems 

associated with the use of this envelope: VSVind.G is reported to be cytotoxic 

to cells, therefore, it is thought to be difficult to express it constitutively in stable 

packaging cell lines, and VSVind.G-LVs are sensitive to complement-mediated 

inactivation (193, 266, 267, 466-469).  Therefore, several G proteins of the 

other members of the vesiculovirus subfamily are proposed as alternative 

envelopes to pseudotype LVs (200, 202, 471).  However, currently, there are 

no commercially available reagents to identify or characterise these new G 

proteins. 

Historically antibody-based research has been utilised effectively to elucidate 

antigenic determinants in various viral envelopes.  The structure-function 

studies of neutralising antibodies have led to invaluable findings with regards 

to viral evolution, pathogenesis, and essential targets of innate and adaptive 

immune responses (526-531). 

VSVind.G crystal structure has been extensively studied with regards to viral 

fusion, receptor attachment, and infection (269, 270, 290, 297, 307, 323).  

However, its antigenic sites and neutralising epitopes remain to be fully 

characterised.  Current knowledge on VesG binding antibodies dates back to 

late twentieth century, during which several scientists have investigated cross-

reacting and cross-neutralising mAbs between VSVind.G and VSVnj.G (511) 

and have loosely mapped four major antigenic sites (312, 512, 533).   

In the past several decades VSVind has developed into a potent and efficient 

oncolytic virotherapy platform while numerous successful gene therapies have 

been conducted using VSVind.G pseudotyped LVs in the laboratory and the 

clinic (2, 539).  However, the anti-VesG antibody research has not developed 

as rapidly and extensively.  Currently, the majority of the anti-VSVind.G 

monoclonal antibodies commercially available are directed towards the C 

terminal tail of the G protein.  The eleven amino acid long epitope located there 

(i.e. YTDIEMNRLGK) is widely utilised as a peptide-tag to purify and analyse 
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various other proteins of interest.  8G5F11 and IE9F9, produced for antigenic 

site studies (511), are the only two commercially available mAbs against 

ectodomain epitopes. 

In this chapter, I undertook a detailed investigation of the two commercially 

available monoclonal anti-VSVind.G antibodies with ectodomain epitopes: 

8G5F11 and IE9F9.  Unlike 8G5F11 which could recognise a variety of 

vesiculovirus G proteins and neutralise VesG pseudotyped LVs, IE9F9 only 

bound to VSVind.G.  Moreover, VSV-Poly, a polyclonal anti-VSVind.G 

antibody, demonstrated binding and neutralising activities similar to 8G5F11.  

Intriguingly, 8G5F11 bound to even distant relatives of VSVind.G, e.g. 

VSVnj.G, with high affinity implying its epitope might be well-conserved 

amongst the vesiculoviruses.  However,  there was a lack of correlation 

between the affinities derived from binding saturation analyses and 

phylogenetic relatedness.  mAb’s interaction with COCV.G, one of the closest 

relatives of VSVind.G with 72% homology on amino acid level, was 

approximately 250-fold weaker compared to VSVind.G (Figure 3-3B). 

Fine mapping of 8G5F11’s epitope provided possible explanations for this 

discrepancy.  I identified that the predominant residues for 8G5F11 binding are 

located at positions 257-259 (DKD) on VSVind.G.  In this key determinant two 

negatively charged aspartic acid residues flank the positively charged lysine.  

Antibody binding was significantly reduced when either of the aspartic acid 

residues was mutated into a neutral amino acid (Figure 3-8C).  These 

mutations possibly prevent the formation of salt-bridges and destabilise the 

structure of the α-helix in which 8G5F11’s epitope is located (269, 270, 297).   

Comparison of the corresponding three residues on other VesG revealed 

insights demonstrating that 8G5F11 binding is considerably more dependent 

on the overall charges of the amino acid side chains rather than the types of 

residues (Figure 3-10).  Since MARAV.G has identical residues at these 

positions 8G5F11 binds to this protein as strongly as it does to VSVind.G.  

However, the mAb’s affinity for VSVala.G is almost identical to that of both 

VSVind.G and MARAV.G although the residues are not fully conserved.  In 

VSVala.G the second aspartic acid residue is replaced with glutamic acid.  
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However, it is possible that the conservation of the second negative charge 

and the structural similarities between these two residues enable a robust G 

protein-antibody interaction.  In contrast, in both COCV.G and VSVnj.G, 

although both aspartic acid residues are retained the positively charged amino 

acid in between is missing: the lysine is replaced with a hydrophilic, polar 

glutamine and a non-polar proline residue in these two G proteins respectively.   

In VSVind.G’s 3D structure several pH sensing residues, D268, D274, E276, 

and D395 (330), are located in the vicinity of the epitope.  In addition, it is 

known that salt-bridges between E286-K290 (331, 332) act as stabilisers in 

the pre-fusion structure of the protein.  The charge distribution of 8G5F11’s 

binding site enables the epitope to fold into an α-helical conformation which 

most probably contributes to the aforementioned interactions (269, 270, 297).  

The absence of such charge distribution in COCV.G and VSVnj.G implies that 

although these G proteins are phylogenetically closely related, they might be 

structurally distinct. Lastly, the corresponding aa residues in PIRYV.G, VEQ, 

have electrostatically and structurally different characteristics to that of lysine 

and aspartic acid leading to the lack of interaction between the mAb and G 

protein. 
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Figure 3-10: 8G5F11 and IE9F9 Epitopes Mapped onto the 3D Crystal Structure of 

VSVind.G.  (A) Comparison of 8G5F11’s epitope in other VesG through amino acid alignment.  

Amino acid residues for the vesiculovirus G proteins were retrieved from UniProt. The 

sequences were aligned using ClustalOmega online multiple sequence alignment tool (EMBL-

EPI) (see Table 2-16), and the alignments were visualised using JalView software (294).  The 

boundaries are labelled with respective amino acid numbers.  Dashed lines represent gaps 

introduced to maximise matching of amino acid residues. Blue shading indicates percent 

identity; dark blue: 80-100%, medium blue: 60-80% light blue: 40-60%, and no colour 

indicating <40% identity.  Amino acid residues that dictate 8G5F11 binding are highlighted in 

a red box.  Epitopes recognised by 8G5F11 and IE9F9 mapped onto VSVind.G (B) pre-fusion 

and (C) post-fusion (PBD IDs: 5I2S and 5I2M respectively 3D crystal structures.  Blue, 

trimerisation domain; orange, 8G5F11 epitope; red, IE9F9 epitope.  The key amino acids 

discussed in the chapter are also identified 352-353 (AA), and 356-358 (LSR) are turquoise, 

257-259 (DKD) are green. Epitope mapping and colouring of the 3D crystal structures were 

performed using JalView. 
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Furthermore, I demonstrated that IE9F9 binds a β-sheet rich domain of the 

VSVind G protein (270, 297).  In contrast to the significant abrogation of 

binding observed between 8G5F11 and VSVind.G mutants, a similar loss of 

function effect was not observed between IE9F9 and the mutants.  This 

signifies that the antibody might be relying on other structural cues and 

environmental charges around it for binding or can utilise a secondary epitope.  

However, by switching the corresponding residues on COCV.G with 

VSVind.G’s, I was able to identify two determinants, AA and LSR, located at 

positions 352-353 and 356-358 respectively on VSVind.G, which are key to 

this mAb’s binding.   

Overall, all three antibodies examined demonstrated neutralising activities.  

8G5F11 had the greatest ability to cross-neutralise; inhibiting infections of LVs 

pseudotyped with five of the six vesiculovirus G proteins tested.  However, for 

the mAb higher affinity towards a G protein did not translate into stronger 

neutralisation (Figures 3-3 and 3-4). This suggests that innate differences 

between VesG, such as protein structure, might be playing a role in LV 

neutralisation.  Since the structures of VesG other than VSVind.G and 

CHAV.G are not yet delineated, it is hard to point out the key factors and 

mechanisms involved accurately.  

However, 8G5F11’s epitope lies close to the cross-over point between 

pleckstrin homology and trimerisation domains of VSVind.G (270, 297, 323, 

331, 332).  In the proximity of the epitope, several hinge segments have been 

identified which undergo large rearrangements in their relative orientations 

while the G protein refolds from pre- to post-fusion conformation in the low-pH 

conditions of the endosomes following endocytosis (269, 323, 331).  

Therefore, I propose that 8G5F11 might be hindering this process ultimately 

preventing viral fusion and infection.  As pH-induced conformational changes 

during viral fusion is a shared characteristic amongst VesG (540), hence, this 

might be the feature 8G5F11 exploits to cross-neutralise VesG-LV. 

Moreover, I have identified that IE9F9 blocks VSVind.G from binding to its 

primary receptor: LDLR (Figure 3-9C).  The crystal structure of VSVind.G in 

complex with LDLR have been recently delineated.  Co-crystallisation of the 
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bound receptor-G protein complex revealed that VSVind.G can interact with 

two distinct cysteine-rich domains (CR2 and CR3) of LDLR (323).  Several 

determinants on VSVind.G mediate the interactions between the G protein and 

the CR domains; one of which lies between residues 366-370.  This is only 

seven amino acids away from the critical determinants AA and LSR.  Hence, 

it can be concluded that IE9F9 blocks receptor binding via physical hindrance.  

Sequence alignment of VesG revealed that neither AA nor LSR is conserved 

within the genus.  Therefore, although I have demonstrated several other 

vesiculovirus G proteins interact with LDLR, the use of this epitope cannot be 

generalised to the other members of the genus, making IE9F9’s epitope and 

neutralisation mechanism specific to VSVind.G.  mAb’s lack of cross-reactivity 

and cross-neutralisation (Figures 3-3 and 3-4) as well as its failure to neutralise 

COCV.G mutants when its epitope is inserted into the wt G protein (Figure 3-

8) strengthens the theory that the LDLR binding epitope is not conserved 

amongst VesG.  Nikolic and colleagues have demonstrated that VSVind.G has 

specifically evolved to interact with the CR domains of LDLR and other LDLR 

family members (323).  The other members of the receptor family have already 

been identified as secondary ports of entry for the virus (321).  Complete 

neutralisation achieved with IE9F9 (Figure 3-4B) indicates that the other LDLR 

family members might be interacting with the same epitope on VSVind.G as 

well. 

Following VSVind.G-LVs success in clinical gene therapies, more research 

has been focused on generating stable packaging cell lines (PCLs) for long-

term, low-cost, high-yield LV production (196, 541, 542).  Thus far, several 

PCLs have been generated using inducible promoters to drive VSVind.G 

expression (197, 520, 521).  In addition, a few other vesiculovirus G proteins 

have been proposed as promising candidates owing to their several 

advantages over VSVind.G (200, 202, 471).  Collins/Takeuchi group’s 

(UCL/NIBSC, UK) efforts have led to the establishment of WinPac cells to 

which both RD114 derived RDpro envelope (198) and COCV.G envelope been 

adapted (manuscript accepted) (543).  Availability of a mAb which binds to 

various VesG provides the opportunity for these G proteins to be utilised in 

PCL generation in order to exploit possible differences in tropism and serum 



151 
 

resistance, as it provides the opportunity for researchers to detect and track 

envelope expression cells as well as use the mAb in various LV 

characterisation and infection assays. 

Further work on the two strongly neutralising epitopes 8G5F11 and IE9F9 

recognise regarding their immunodominance will be instrumental.  A detailed 

immunogenic characterisation of these epitopes may provide valuable insights 

on host-pathogen interactions and adaptive immune response targets towards 

LVs and viruses in gene therapy or oncolytic virotherapy applications.  

Furthermore, biomathematical analyses on degrees of epitope conservation 

could help researchers understand more about the co-evolution of the genus 

vesiculovirus.  Thus, further structure-function studies on VSVind.G and other 

VesG should be performed exploring both 8G5F11 and IE9F9 binding and 

neutralisation.  The information acquired from these studies may provide the 

opportunity for modifying VSVind.G or adapting other VesG to improve G 

protein-containing advanced therapy medicinal products and VSVind-based 

vaccine vectors.  

A couple of the experiments performed in this chapter had minor limitations; 

first of which was the binding affinity analysis shown in Figure 3-3B.  To control 

expression levels, intracellular antibody staining was utilised against the 

VSVInd.G tail added onto VesG.  Despite intracellular P5D4 signal was 

comparable for all VesG, VSVind.G demonstrated approximately four-times 

higher maximum binding levels to 8G5F11 compared to other VesG.  This 

might be because although the chimeric VesG are expressed at similar levels 

to wt VSVind.G (determined by P5D4 staining) a smaller number of G protein 

spikes might be present on the cell surface either due to inherent properties of 

VesG or to protein trafficking issue.  Another explanation for the binding levels 

might be that 8G5F11’s epitope might not be accessible to the mAb when 

VesG other than VSVind.G assume their homodimeric or homotrimeric 

conformations, therefore, reducing the number of bound 8G5F11 molecules 

on the cell surface.  The second one was the competitive binding experiment 

performed using SPR (see Figure 3-9D).  Although mAb saturation was aimed 

to be achieved using a slow injecting method with high mAb concentration, the 

Biacore T100 utilised in the experiments did not allow for more than three 
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injections thus leaving both IE9F9 and 8G5F11 binding levels below 

saturation.  But despite this limitation the desired hindrance effect was 

observed.  All in all,  taken together the work presented in this chapter identifies 

a commercially available reagent that can be widely utilised in VesG research.    
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4 Sensitivity of Lentiviral Vectors 

Pseudotyped with Vesiculovirus 

G Proteins to Inactivation by 

Mammalian Sera 

 

 

 

 

 

 

 

 

4.1.Overview  

Innate immune responses are the first line of defence against viral infections 

and lentiviral vectors (489).  This response is generated by the complement 

system, phagocytes, and antigen presenting cells (APCs) (502). 

The complement cascade is one of the central pathways of defence of the 

immune system (451-453).  The cascade, made up of more than thirty proteins, 

can follow three different pathways; classical, alternative, and the lectin route 

all leading to cell lysis (454).  The complement response by nonimmune sera 

against versatile vectors utilised in oncolytic virotherapy such as VSVind and 

MARAV is a severe drawback of systemic therapy for cancer.  Also, a similar 

barrier needs to be addressed with regards to in vivo viral vector gene therapy 
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as serum inactivation of the viral pseudotypes diminishes the effectiveness of 

otherwise highly efficient vectors (466). 

Involved in all three pathways, C3 serves as the pivotal component of the 

complement-mediated immunity.  C3 is activated following its cleavage into 

two functional subunits: C3a and C3b.  C3a is involved in modulation of 

inflammation while C3b is an opsonin which can covalently bind to any 

adjacent surfaces and mark it for phagocyte recruitment (544). 

The classical pathway has a recognition molecule, C1q (545, 546). C1q 

deposition is dictated mostly via charged patterns.  It can recognise numerous 

molecules including immune complexes containing natural IgG and IgM which 

are involved in lentiviral vector inactivation (547).  C1q can also bind to 

molecular patterns displayed on surfaces of the pathogens (e.g. bacterial 

lipopolysaccharides, viral capsid peptidoglycans, and endotoxins) (545, 548).  

As C1q can interact with more than a hundred molecules, classical pathway 

activation can occur both in an immune complex-dependent or -independent 

manner.  Thus, complement activation relies on the versatility of the target 

pattern recognition molecules that can discriminate between pathogen-

associated molecules and host cells. 

The alternative pathway is activated by spontaneous hydrolysis of C3 into C3b.  

In addition to contributing to membrane attack complex formation, the pathway 

also functions as a positive feedback mechanism amplifying the activation of 

C3 initiated via the classical or the lectin pathway (549).  Variety of complement 

regulatory proteins mediate the functions of this pathway (550).  Incorporation 

of membrane associated regulators found on human cell lines, for example 

CD55 and CD59, is a known mechanism of evasion utilised by viruses such 

as HIV-1, human T-lymphotropic virus-1, and human cytomegalovirus (551, 

552).  During the production of lentiviral vectors, the envelope protein 

expressed on the producer cells may interact differently with these membrane-

associated proteins restricting their incorporation onto the vector membrane or 

blocking their functions conferring sensitivity to complement-mediated 

inactivation (266, 551, 553, 554). 
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The lectin pathway functions through MBL, a lectin that can recognise and bind 

to a variety of carbohydrates on pathogen surfaces (555).  Once bound it can 

either act as an opsonin or further activate the complement cascade.  Although 

specific function of the lectin pathway in innate immunity against viral vectors 

is yet to be elucidated, these carbohydrate-protein interactions have been 

shown to neutralise viral infections (549).  Notably, MBL can bind to HIV-1 

infected cells and HIV-1 envelope protein gp120 (556, 557) leading to 

opsonisation of HIV-1 particles (558).  Recently, several studies have 

demonstrated that with Ebola virus, dengue virus, West Nile virus and retroviral 

vectors pseudotyped with glycoproteins from these viruses are susceptible to 

MBL-mediated neutralisation (559, 560). 

Serum sensitivity of wt VSVind and VSVind.G-LV is well-established in the 

literature (266, 466-470).  IgM antibodies and complement components of 

nonimmune human, mouse, and dog sera have been reported to neutralise 

these vectors (467).  Furthermore, α-galactosylation of these vectors was 

found to make them more vulnerable to complement-mediated killing (470).  

Recent studies have demonstrated the dose-dependent nature of 

complement-mediated LV inactivation.  The high titre vector preparations 

utilised in vivo rapidly saturate this neutralising response hence explaining the 

achievement of successful gene transfer in some animal models such as dogs 

despite previously established LV neutralising activities (174, 561, 562).   

The complement system can also exert unfavourable pressure on LV efficacy 

by mediating phagocytosis through complement receptors and further 

activation of innate responses rather than blocking efficient gene transfer to 

target cells (502).  Therefore, it may still be beneficial to avoid complement 

activation.  There is evidence that alternative LV pseudotypes (e.g. RDpro, 

COCV.G, PIRYV.G) (200, 471, 515, 517), or co-display of complement 

regulatory proteins on vector particles (563), or synthetic modification (e.g. 

PEGylation) of envelope proteins (466), or mutant envelopes produced by 

directed evolution (564) can confer resistance to complement-mediated 

inactivation.  Furthermore, the amount of complement sensitive envelope 

spikes on the LV surface and the presence of complement-blocking antibodies 
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in the vector preparation also play a role in preserving LV infectivity in human 

serum samples (562). 

When complement cascade components and LV-binding antibodies opsonise 

LV particles resulting in phagocytosis by macrophages and APCs,  these cells 

act as detectors for pathogen-associated molecular pathways and can 

promote inflammation and activate adaptive immune responses through 

antigen presentation (428, 435, 565).  LV RNA and proviral DNA can engage 

toll-like receptor (TLR) 3 and TLR7 inducing a robust type I interferon (IFN) 

response (489, 490, 566, 567).  In addition, a transient increase in 

proinflammatory cytokines has been observed within hours of LV 

administration (174). These cytokines can limit the gene delivery efficiency of 

the vectors and promote adaptive immune responses through APCs (490, 567) 

and antigen-specific T cell responses (435).  Therefore, developing viral 

vectors with envelopes that can resist complement-mediated inactivation or 

avoid complement cascade activation may allow optimal gene transfer to 

target cells after systemic in vivo delivery while minimising vector-related 

toxicity and negating the need for high repetitive dosing. 
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4.2.Aims 

The work presented in this chapter was aimed at characterising VesG 

envelopes for their sensitivity to complement-mediated inactivation by fresh 

human serum.  The scope of the work was later expanded to include some 

other mammalian sera.  Lastly, some mix-and-match chimeric constructs were 

investigated to map the region(s) on the G proteins that are responsive to 

serum inactivation. 
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4.3.Results 

4.3.1.Inactivation of VesG Pseudotyped LVs by Mammalian 

Sera 

One limitation of VSVind.G-LV is that, in humans, serum neutralisation of LVs 

reduces their effectiveness in vivo.  Therefore, I wanted to investigate the 

sensitivity of other VesG-LV to inactivation by human serum complement 

(Figure 4-1).  For this, GFP encoding LVs (LV.GFP) pseudotyped with VesG 

and RDpro envelopes were incubated in serum-free media, heat-inactivated 

(HI) or fresh human serum for 1h at 37ºC and plated onto HEK293T cells.  

Infectious titres of the LVs were measured 48h later via flow cytometry.  

When the titres were normalised to that of serum-free samples, the loss of 

titres for all envelopes incubated in HI serum was less than 30%, indicating the 

inactivation of LVs by fresh human serum was due to the heat-labile 

component which includes the complement cascade proteins.  The level of 

serum inactivation varied significantly (p<0.001) between VSVind.G and three 

other VesG, COCV.G, PIRYV.G, and MARAV.G.  While VSVind.G-LVs lost 

more than 70% of their original titre, COCV.G, MARAV.G, and PIRYV.G-LVs 

showed similar levels of inactivation resistance to that of RDpro-LVs which is 

known to withstand complement inactivation.  On the other hand, VSVnj.G and 

VSVala.G-LVs were, like VSVind.G, highly sensitive to fresh human serum. 
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Figure 4-1: Neutralisation of Lentiviral Pseudotypes by Fresh Human Serum. VesG and 

RDpro pseudotyped LV.GFP were incubated with serum-free media, fresh or heat-inactivated 

(HI) human serum at 37ºC for 1h and plated on 293T cells.  The infectious titres of the LVs 

were measured 48h later via flow cytometry and were normalised to that of serum-free 

samples.  While the loss of titres for HI samples (grey) was less than 30% for all LV, the level 

of inactivation by fresh serum (white) varied significantly amongst VesG-LV.  Percentage GFP 

of serum-free samples ranged 10-30%.  Data shown represent relative titres +/- SD for four 

experiments performed in duplicates. One-way ANOVA analysis with Dunnett’s post-test was 

performed to compare relative titres.  (*** p<0.001)  
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The study was then expanded to include sera from other mammalian species, 

specifically mouse, rabbit, and guinea pig: animal models commonly used in 

gene therapy studies (568).  The relative sensitivity of LVs to neutralisation by 

these sera was compared as above (Figure 4-2).  Overall, COCV.G, PIRYV.G, 

and MARAV.G envelopes proved to be intrinsically more resistant to 

complement-mediated inactivation by mammalian sera compared to VSVind.G 

and VSVnj.G.  On average, the reduction of overall titres of COCV.G, 

PIRYV.G, and MARAV.G-LV for all three sera were 20-30%, while VSVind.G-

LV titres decreased by 50-90%.   Lastly, VSVala.G was more resistant to 

inactivation by these mammalian sera than by human serum, performing better 

than VSVind.G and VSVnj. 

 

Figure 4-2: Serum Neutralisation of VesG-LV by Mammalian Sera. Serum sensitivity of 

VesG and RDpro pseudotyped LV.GFP were measured as previously described.  Measured 

titres were then normalised to that of serum-free samples.  Reduction of titre by heat-

inactivated sera was <30% for all LV (data not shown).   Percentage GFP of serum-free 

samples ranged 10-30%.  Data shown represent relative titres +/- SD for three experiments 

performed in duplicates. One-way ANOVA analysis with Tukey’s post-test was performed to 

compare relative titres to that of HI samples.  (# p<0.001, * p<0.05, n.s. not significant). 
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4.3.2.Mapping the VSVind.G Region Responsible for Serum 

Sensitivity 

Having identified envelope G proteins with different levels of resistance to 

serum neutralisation, I wanted to investigate the determinants that conferred 

serum resistance.  For this, I aimed to determine the region(s) on VSVind.G 

which sensitised the G protein to complement-mediated neutralisation.   

Briefly, some mix-and-match chimeric G-proteins between VSVind.G and 

COCV.G (produced by Maha Tijani, Collins/Takeuchi group, see Table 2-2) 

were investigated for their relative resistance to human and mammalian sera 

(Figure 4-3).  Chimeric G pseudotyped LVs were incubated with serum-free 

media, fresh or HI sera and plated onto cells.  Titres were measured 48h later 

via flow cytometry and were normalised to that of serum-free samples. 
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Figure 4-3: Serum Neutralisation of LVs Pseudotyped with Chimeric G Proteins. (A) 

Serum sensitivity of the chimeric G was measured as previously described.  Reduction of titre 

by heat-inactivated sera was <30% for all LV (data not shown).  Percentage GFP of serum-

free samples ranged 10-30%.  Data shown represent relative titres +/- SD for four experiments 

performed in duplicates. One-way ANOVA analysis with Tukey’s post-test was performed to 

compare relative titres to that of HI samples.  (# p<0.001, ** p<0.01 * p<0.05, n.s. not 

significant).  (B)  Two sets of mix-and-match constructs were investigated; A-chimaeras and 

B-chimaeras.  The design and the cross-over points of the chimeric G-proteins are represented 

in linear diagrams, in which white bars stand for wt VSVind.G sequences, and hatched bars 

represent wt COCV.G sequences.  Numbers indicate the cross-over point between the two wt 

sequences.  (C) A linear diagram depicting VSVind.G’s domain architecture, colour-coded by 

domain (Lateral domain, red; trimerisation domain, blue; PH domain, orange; fusion domain, 

yellow; transmembrane domain and C-terminal tail, grey).  Several domain boundaries are 

labelled (16 amino acid long signal peptide of VSVind.G is omitted from the diagram).  The 

deduced responsive region to complement-mediated inactivation is marked with bold black 

lines.  Diagram adapted from (270). 
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Relative levels of inactivation revealed a general trend amongst the chimeric 

envelopes. LVs pseudotyped with chimaeras 1A, 2A, 3B, and 4B which 

consisted mostly of VSVind.G got inactivated by all sera considerably more 

than the other three pseudotypes.  The levels of reduction of titres were on 

average similar to that of wt VSVind.G.  On the other hand, LVs pseudotyped 

with chimaeras mostly consisting of COCV.G, 4A, 1B, and 2B, resisted serum 

inactivation similar to wt COCV.G-LVs.  It can be deduced from the data that 

the region that is responsive to complement activity by fresh mammalian sera 

lies between the amino acid residues 138-369 on wt VSVind.G.  This region 

comprises most of the pleckstrin homology domain and parts of the fusion, 

trimerisation, and lateral domains (297). 

The identified region on VSVind.G was further analysed through pairwise 

amino acid sequence distance analysis (Figure 4-4).  Aligned amino acid 

sequences for all six VesG were investigated for the evolutionary divergence 

between them.  Pairwise distances of COCV.G, MARAV.G, VSVala.G, 

VSVnj.G, and PIRYV.G vs VSVind.G, individually and as a group, were 

calculated via the Kimura model using the analysis platform SSE (569-571).  

This analysis is based on the dissimilarity amongst the investigated group or 

between the pair of VesG.  The pairwise evolutionary distance between two 

protein sequences is estimated as a single value as a function of dissimilarity.  

Dissimilarity is defined as “the fraction of positions in which both sequences 

differ” (572).  Since these sequence differences, in most cases, are results of 

multiple evolutionary events, calculated pairwise variance underestimates the 

actual evolutionary distances.  Kimura model for amino acid evolution is a 

rough yet quick and simple model that approximates PAM distances.  A PAM 

distance or 1-PAM unit describes an amount of evolution which will change, 

on average, 1% of the amino acid sequence of a protein.  Because Kimura 

model approximates PAM values, it shares the limitations of the PAM matrices.  

Hence, it does not take into account the similarity of the amino acid differences 

but rather only relies on the diversity of the residues (i.e. a switch between two 

non-polar residues vs. a switch from a non-polar residue to a charged residue).  

Despite this, Kimura model is still a suitable and viable analysis tool to visualise 
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the phylogenetic diversity between VesG which the source of complement 

resistance might be. 

 

 

 

 

Figure 4-4: Multiple Alignment Amino Acid Sequence Homology Plots. Pairwise amino 

acid sequence analysis was carried out on six VesG amino acid alignment via Kimura model 

using the analysis platform SSE (569).  (A) The global evolutionary divergence of five VesG 

(COCV, MARAV, VSVala, VSVnj, and PIRYV) vs VSVind.G. (B) Pairwise distance plots of 

each VesG vs VSVind.G (pink, PIRYV.G; blue, VSVnj.G; red, VSVala.G; green, COCV.G; 

orange, MARAV.G).  The inset graph focuses on the VesG divergence between residues 137 

and 369. In both graphs, the x-axis denotes the residue location, and y-axis stands for the 

average pairwise divergence at a specific residue.  The linear domain architecture of VSVind.G 

is plotted below the graphs to match corresponding locations of the residues; the colour code 

of the G protein domains is identical to Figure 4-3. Black dotted lines mark the deduced 

sensitive region, and the square bracket indicates where the PH domain is located within the 

region.  The black arrows mark the end of the signal peptide and the beginning of the 

transmembrane domain for VSVind.G. 
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It can be inferred from the global average divergence plot that the PH domain, 

located within the responsive region, is the most diverse domain in the 

ectoplasmic part of the G proteins.  The individual pairwise homology graphs 

confirm this overall observation for each G protein since the PH domain 

remains to be the most variable region in the ectodomain of all five VesG 

compared to VSVind.G.   

Two sets of chimeric G proteins between VSVind.G and COCV.G were 

synthesised to further investigate PH domain’s involvement in complement-

mediated serum inactivation (Figure 4-5).  The two identified hypervariable 

regions were switched between the two glycoproteins.  All chimaeras except 

COCV2 were functional and could pseudotype LVs reaching crude titres 

comparable to wt VSVind.G and COCV.G.  The five functional chimeric G 

proteins were then tested for their sensitivity to complement-mediated 

inactivation by human, rabbit, and guinea pig serum.   

No statistically significant changes in sensitivity were observed for the 

VSVind.G chimaeras Ind1, Ind2, and Ind3.  LVs pseudotyped with these three 

G proteins got inactivated by all three sera losing on average >80% of their 

original titres.  However, switching VSVind.G’s PH domain into COCV.G had 

significant effects on the G protein’s serum resistance (p<0.001).  Both the 

partial switch (i.e. COCV2) and full switch (i.e. COCV3) conferred serum 

sensitivity to COCV.G for all sera tested substantially reducing the transduction 

ability of the LVs.  It can be inferred from these results that COCV.G’s serum 

resistance is the result of the amino acid changes in its PH domain mediated 

most probably by evolutionary divergence through immune pressure. 
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Figure 4-5: VSVind.G PH Domain Confers Serum Sensitivity. (A) Two sets of VSVind.G 

and COCV.G chimaeras were produced by switching parts of or the entire hypervariable PH 

domains.  wt VSVind sequences are denoted by the colour blue wt COCV.G sequences are 

with red.  The switches performed are indicated with solid coloured bars. (B) Comparison of 

PH domains of VSVind.G and COCV.G through amino acid alignment, domain boundaries are 

labelled.  Amino acid sequences for the G proteins were retrieved from UniProt (See Table 2-

16). The sequences were aligned using ClustalOmega online multiple sequence alignment 

tool (EMBL-EPI), and the alignments were visualised using JalView software (294).  Blue 

shading indicates percent identity: dark blue, 80-100%; light blue, 60-80%. (C) All chimeric G 

proteins but COCV1 were functional and could pseudotype LVs reaching crude titres 

comparable to their wt counterparts. NF: non-functional. Data presented represent mean titres 

+/- SD of three independent vector preparations.  (D) Serum sensitivity of the chimeric G was 

measured as previously described. While no statistically significant changes were observed in 

serum sensitivity for VSVind.G chimaeras, COCV.G became substantially more sensitive to 

human, guinea pig, and rabbit complement-mediated inactivation.  Data shown represent 

relative titres +/- SD for three experiments performed in duplicates.  Reduction of titre by heat-

inactivated sera was <30% for all LV (data not shown).  Percentage GFP of serum-free 

samples ranged 10-30%.   One-way ANOVA analysis with Dunnett’s multiple comparison post-

test was performed to compare the reduction of titres of LVs pseudotyped with chimeric G 

proteins to that of wt Gs (*** p<0.001). 
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4.4.Discussion  

The sensitivity of the VSVind.G pseudotyped lentiviral vector to human 

complement-mediated inactivation is a drawback.  Combined effects of natural 

serum IgM and complement are responsible for the observed neutralising 

activity (467).  This neutralisation occurs slowly and is not completely 

abrogated by heat-inactivation, i.e. destruction of the complement.  The 

mechanism of the limited independent neutralisation of IgM is thought to be 

either through viral aggregation or hindrance of G protein-receptor interactions 

(467, 573). 

The complement cascade does not only function as a lytic system targeting 

pathogens.  It is also a highly effective surveillance tool which can modulate 

other branches of the immune system (545, 546).  It acts as the first line of 

defence against pathogens, altered and malfunctioning host cells (485).  A 

pathogen infection triggers the activation of the complement cascade which 

comprises the central component of the innate immunity.  While complement 

activation ultimately results in triggering of the adaptive immune response 

which stimulates the host to produce antibodies, complement suppresses the 

infection through inflammation, opsonisation, phagocytosis, and destruction of 

the pathogen (546). 

Several approaches have been explored to evade the innate immune system 

or limit its activation to achieve better transduction efficiencies in gene therapy 

and oncolytic virotherapy: use of infected cells as carriers to protect and 

transport the virus to sites of tumour growth, synthetic modification of envelope 

G proteins of viral vectors and viruses to prevent antibody neutralisation, to 

generate neutralisation-resistant variants of VSVind.G through directed 

evolution and incorporation of factors such as CD46, CD55, and CD59 into the 

vector to modulate serum responses (466, 468, 550, 564, 574-577) .  However, 

each method has limitations. 

Therefore, serum resistant envelopes such as feline endogenous retrovirus 

RD114 derived envelopes (e.g. RDpro) and COCV.G have been utilised as 

alternatives (200, 517).  However, RDpro pseudotypes lentiviral vectors less 

efficiently compared to VSVind.G (i.e. approximately 100-folds lower titres) 
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and thus its in vivo use has been limited so far (578, 579), whereas no current 

studies have reported in vivo use of COCV.G. 

Furthermore, VSVind virus has been extensively studied and characterised as 

a promising oncolytic platform as it can selectively kill cancerous cells both in 

vitro and in vivo (346, 356, 477-481, 514).  Several preclinical studies have 

confirmed its effectiveness against human cancers (353, 357, 459, 465, 580-

587).  Therefore, effective systemic delivery of the virus in oncolytic therapy or 

pseudotyped lentiviral vector in gene therapy is critical for achieving 

therapeutic effects (467). 

I have demonstrated that three vesiculovirus G proteins, COCV.G, PIRYV.G, 

and MARAV.G, are relatively resistant to this neutralisation mediated by the 

serum complement.  To achieve long-term therapeutic efficacy and sustained 

gene expression in clinical gene therapy, repeated administration of viral 

vectors may be necessary.  Therefore, serum-resistance of these G proteins 

grants them an advantage over VSVind.G pseudotyped vectors for their future 

use in in vivo applications.  

Furthermore, I have identified, on VSVind.G, the region which is responsive to 

serum inactivation.  It lies in between the amino acid residues 137-369.  This 

region comprises most of the PH domain of the G protein which is reported to 

be the most diverse and antigenically active ectoplasmic domain amongst 

vesiculovirus G proteins.  As MARAV.G and COCV.G have 80% and 72% 

sequence homology to VSVind.G on amino acid level, it is most probable that 

the structure, the overall charges, and the presence or absence of specific 

epitopes on this domain is responsible for the relative resistance between 

these envelopes.   

Two hypervariable regions were identified which lie within sensitive 

determinant comprising the PH domain.  Their role in conferring serum 

sensitivity or resistance to VSVind.G and COCV.G were investigated using 

chimeric proteins.  When the PH domain of VSVind.G was switched into 

COCV.G (determined through amino acid alignment) partially or entirely, it 

conferred sensitivity to wt COCV.G against human, rabbit, and guinea pig sera.  

This indicated that VSVind.G’s PH domain contains epitopes that enable IgM 
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binding and C1q deposition. However, the reverse did not confer resistance to 

wt VSVind.G. This implies that although VSVind.G’s PH domain contains 

complement sensitive triggers, not all are localised in that domain.  In line with 

these findings, through directed evolution studies, several mutations in 

VSVind.G have previously been identified that confer the G protein serum 

resistance.  Out of the three key mutations,  S162T, T230N, and T368A (564),  

although all three are within the sensitive region initially determined (i.e. aa 

137-369), only T230 lies within the PH domain.  To sum up, VSVind.G has 

several other serum sensitive triggers located throughout the G protein and 

not only at the hypervariable PH domain, therefore, replacing this domain with 

one from COCV.G does not confer resistance. 

It is still unknown whether the slow neutralising effect of the complement 

system would be sufficient enough to shut down vector efficacy following 

systemic administration.  However, it is a part of a network of the innate 

immune response that harnesses phagocytes and antigen presenting cells 

(489).  IgM and activated complement system components can opsonise LVs, 

but also can trigger the sensors associated with pathogen-associated 

molecular patterns (PAMPs) eventually promoting inflammation and activating 

adaptive branches of the immune system  (428, 435, 565).  It has been shown 

that proviral DNA robustly activates innate immunity sensors and induces a 

powerful type I interferon response by activating TLR3 and TLR7 (489, 490, 

566, 567).  In addition, LVs’ ability, especially VSVind.G-LVs’, to efficiently 

transduce myeloid dendritic cells directly contributes to this TLR-dependent 

induction of IFN and cytotoxic T cell response (588-590).  The PAMPs present 

in the vector backbone stimulate dendritic cells (and other APCs) to process 

the transgene and present it to CD4+ and CD8+ T cells through major 

histocompatibility complexes (591) irrespective of mode of uptake (592-595). 

Several studies have demonstrated a rapid but transient increase in 

proinflammatory cytokine secretion in dogs and mice following systemic 

delivery of LVs (174, 489).  These cytokines might not only interfere with LV 

transduction but also can recruit inflammatory cells and activate APCs 

triggering the adaptive immune response (435, 490, 567). 
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One of the current approaches to prevent the activation of the innate immune 

system is to use cocktails of monoclonal antibodies and small molecules to 

inactivate cytokines and costimulatory molecules or specifically target and 

block subsets of immune cells (596-602).  In addition to these 

immunomodulatory molecules, drug-based strategies have also been 

explored.  Anti-inflammatory glucocorticoids such as dexamethasone have 

been tested as preconditioning regimens prior to LV administration to increase 

vector delivery efficacy and limit the activation of the innate immune response 

(566, 603). 

The specifics of the innate immune response to lentiviral vectors and how it is 

modulated according to vector titre, envelope, and administration method 

remains to be fully explored.  Regardless, the mechanisms through which the 

innate immune system tackles LVs should be judiciously analysed to develop 

less immunogenic gene therapies.  It may prove useful to perform site-directed 

mutagenesis studies on VSVind.G and serum-resistant VesG to deduce any 

possible C1q deposition sites as well as to map IgM and serum IgG interaction 

epitopes to understand further the innate characteristics of these envelopes 

which confer them serum-resistance.  Moreover, the effects of utilising pre-

treatment regimens of complement inhibitors and incorporating complement-

antagonising molecules on the vector surface on gene delivery efficacy and 

vector stability can be investigated in established preclinical animal models.   

Such approached will also allow for the circumvention of the limitations of in 

vitro serum sensitivity assays.  The most crucial of which, that also affected 

the work presented in this chapter, is despite isolated or reconstituted sera are 

utilised in physiological concentrations in vitro incubation of heat labile 

complement cascade proteins with LVs or wild-type viruses substantially 

magnify the inhibitory effects exhibited by the sera.  Therefore, results obtained 

and conclusions derived may not reflect in vivo circumstances or the native 

characteristics of LV pseudotypes and viruses (see Chapter 5 discussion).  
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5 Circumventing the Humoral 

Immune Response Against 

Envelope G protein of Lentiviral 

Vectors for In Vivo Gene and 

Oncolytic Virotherapy 

 

 

 

 

 

 

 

5.1.Overview 

Lentiviral vectors are potent gene delivery platforms in the treatment of both 

hereditary and acquired diseases (488).  Currently, LVs are utilised in 7% of 

all gene therapy clinical trials worldwide with one-fifth targeting monogenic 

diseases (502, 604).  Despite this, in vivo LV gene therapy is still at preclinical 

development stage (50, 174, 605, 606) while ex vivo therapies using 

haematopoietic stem and progenitor cells and T lymphocytes are in clinical use 

(28, 607-610).  A significant obstacle in in vivo LV gene therapy advancement 

is the immune responses directed towards LVs which may limit the efficacy 

and safety of the therapy (488, 611).   

Administration of vectors may induce a primary immune response against the 

LV envelope or core proteins [14].  In this case, although the efficacy and 

safety of the initial vector administration should not be affected, the effect of 
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subsequent doses of therapy may be limited.  Indeed, production of antibodies 

through CD4+ T cell-mediated mechanisms directed towards vector proteins 

has been observed following systemic administration of vectors (497).  

Although the development of these antibodies did not limit transduction 

efficiency, strongly neutralising antibodies toward the matrix (p17) and capsid 

proteins (p24) limited the efficacy of a subsequent administration of the same 

vector.  On the other hand, the effects of neutralising anti-envelope antibodies 

to LV efficacy remains to be fully explored in animal models (489). 

LVs acquire plasma membrane proteins of the producer cells as well as their 

envelope proteins during the complex assembly and budding processes. 

Since, in most cases, vectors are produced in the immortalised human cell line 

HEK293T, they acquire an array of proteins from the producer cells.  Upon 

recognition by the immune system or opsonisation of LVs by APCs, these 

proteins may trigger robust immune responses both in animal models and in 

patients (562).  Some studies have demonstrated allogeneic major 

histocompatibility complex class I (MHC-I) mediated T cell activation in human 

cells in vitro and a robust anti-MHC-I immune response in vivo following LV 

administration to mice (502, 562, 612).  Furthermore, it has been elucidated 

that the generation of antibodies against MHC epitopes plays a substantial role 

in the inactivation of LVs (562).  Therefore, the presence of such allo-

antibodies might reduce LV transduction efficacy dramatically and lead to 

phagocytosis and cytotoxic T cell (CTL)-mediated killing of LV-transduced 

autologous cell in in vivo and ex vivo gene therapies. To prevent this response 

raised against MHC-I on the vector surface, MHC-I negative LV production has 

been explored through genetic inactivation of beta-2 macroglobulin gene in the 

producer cell.  This has substantially reduced LV’s ability to induce human T 

cells immunity (562).   

Another major hurdle for successful in vivo LV gene therapies is achieving 

long-term transgene maintenance and expression.  Thus, considerable effort 

has been dedicated to the development of vector platforms that can promote 

transgene expression at therapeutic levels through transgene specific 

immunological tolerance (498, 613-616).  The immune response elicited 

towards the transgene product following LV administration ranges between 
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active immunity, ignorance, and active immune tolerance (502).  This can vary 

depending on several factors: the nature of the transgene product, the LV titre, 

transduced tissues, and type of genetic disorder targeted.  The transgene is 

more likely to be tolerated if it shares homology with other self-antigens or is 

partially known to the immune system (617).  The ubiquitously used VSVind.G 

envelope confers broad cell tropism to LVs, including macrophages and 

dendritic cells.  Therefore, transduced APCs presenting the transgene product 

can efficiently prime CD8+ CTLs, which when activated, can clear transgene 

expressing cells from the organism (492, 618).  This property of vectors has 

been extensively exploited to induce anti-tumour and anti-pathogen immune 

responses following administration of LV encoding tumour associated antigens 

(493, 494).  

Local delivery of LVs facilitates better access to the target tissues and reduces 

the risk of spread of vector and transgene products, therefore, limiting the 

specific anti-vector immune responses.  This method has been utilised 

effectively especially targeting immune privileged tissues such as eyes or parts 

of the central nervous system (50, 497, 605, 619, 620).  However, when an 

extensive systemic expression of the transgene product is required, the 

inherent capacity of the LVs to transduce antigen presenting cells (APCs) 

plays a crucial role in inducing adaptive immune responses (498).  An 

approach developed to circumvent this was to incorporate several repeats of 

target sequences of micro RNAs (miRNA) into the 3’ end of the transcript to 

block bone-marrow derived professional APCs (621).  The therapeutic efficacy 

of this technique has been documented in haemophilia B mice, where 

sustained correction of coagulation was achieved using miRNAs (622, 623).   

Additionally, recognition of the transgene by antibodies also poses a concern 

toward the success of gene therapies (624).  Generation of neutralising 

antibodies towards the transgene enhances the clearance of the encoded 

proteins especially in cases where systemic expression is utilised (489).  For 

example, the function of enzymes and factors delivered via LVs in murine 

haemophilia A models have been curtailed substantially through antibody-

mediated immune responses thus limiting the efficacy of the treatments (499, 

500).  Furthermore, such immune responses will persist in patients through the 
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development of memory B cells and limit re-administration of the treatment 

(624). 

The activation of cell-mediated and humoral adaptive immunity leads to the 

generation of immune responses directed towards both vector and transgene-

derived antigens (502).  LV derived antigens, i.e. envelope and capsid 

proteins, are expected to induce immune responses both in humans and 

animal models following intravenous administration (497).  The capacity of the 

immune system’s memory will likely render subsequent doses of the same 

vector less effective.  However, a detailed characterisation of this immune 

response remains to be investigated in animal models (502).  As LVs, like 

many other viruses and viral vectors, may also activate innate immune 

responses in parallel to adaptive immune pathways, their administration may 

exacerbate any anti-vector or anti-transgene immune responses due to 

induction of inflammatory pathways (623).  Therefore, combined therapies may 

need to be tailored for successful and sustained therapeutic gene delivery in 

vivo. 

In this chapter the focus will be mainly on the anti-envelope response elicited 

following systemic administration of LVs and how to overcome it in a murine 

animal model.  Furthermore, the transgene expression and the localisation of 

transduced cells will also be investigated to provide some preliminary data on 

the in vivo effects of the immune system against LVs. 
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5.2.Aims 

The anti-vector immune response elicited following systemic administration of 

LVs in vivo remains to be investigated extensively.  It is expected that a 

possible anti-envelope response induced by the LV injection will be 

problematic for repeated administration of viral vectors or viruses with the 

same envelope.  Therefore, I aimed to explore the effects of adaptive immune 

response against intravenous LV administration focusing on the following three 

points of investigation: 

1. Does the administration of VesG-LV induce a neutralising anti-G 

immune response?  Is this response broadly neutralising? 

2. How will the elicited immune response against a VesG affect the 

secondary vector dose efficacy? 

3. Can a potent neutralising anti-G response be circumvented via the 

usage of a heterogeneous panel of envelopes sequentially? 

 

 

 



177 
 

5.3.Results 

5.3.1.Induction of a Neutralising Anti-envelope Response 

Following Intravenous LV Administration 

A potential humoral immune response against the envelope G proteins of LVs 

is a major concern regarding transgene delivery efficacy of the vectors and 

remains to be fully explored.  Although VSVind.G is sensitive to inactivation by 

fresh mammalian sera from humans, mice, guinea pigs, and rabbits in vitro 

(see Chapter 4), the potency of this inactivation has not been investigated in 

vivo, nor has the induction of anti-envelope antibodies following LV 

administration.  Therefore, I aimed to determine whether intravenous (IV) 

administration of VSVind.G-LV would lead to the production of envelope-

specific neutralising antibodies.   

Three female Balb/c mice were injected with 5x107 TU/mouse of VSVind.G-LV 

(titres determined by titration on HEK293T cells) through their tail vein, and 

blood samples were collected after twenty-one days, allowing for maturation 

of the immune response.  Sera were isolated, pooled (to investigate the overall 

response), and neutralising activity was determined through the in vitro 

neutralisation assay described in section 3.3.3.  Although VSVind.G-LV 

infection was blocked in a dose-dependent manner, a similar effect was 

observed for LVs pseudotyped with the unrelated RDpro envelope (Figure 5-

1A dotted lines).  This unspecific neutralising activity implied that the hindrance 

of LV infection was due to antibodies directed against the human proteins on 

the vector surface which were acquired during the production as the vectors 

bud out of HEK293T cells.  This anti-human response was thought to be 

against proteins encoded by the human leukocyte antigen (HLA) complex, as 

a similar non-specifically neutralising response was previously observed 

during early attempts of HIV-1 vaccine production (625).  In addition, a similar 

MHC-I directed immune response has been reported in haemophilia B mouse 

models (562). 

To distinguish the anti-human response from anti-VSVind.G response, 150µl 

of pooled sera was first incubated with 1x107 HEK293T cells on ice for 1h and 
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the neutralisation assay was carried out.  This incubation successfully 

removed anti-human antibodies as, after adsorption, the neutralising activity 

against RDpro-LV was lost.  This then revealed a strongly neutralising anti-

VSVind.G response (Figure 5-1A solid lines).  This response was specific to 

VSVind.G as LVs pseudotyped with the other five VesG remained infectious 

(Figure 5-1B). 

 

A 

B 
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Figure 5-1:  Intravenous LV Administration Elicits a Specific Neutralising Anti-envelope 

Response. (A) Neutralisation activity of pooled sera on VSVind.G and RDpro pseudotyped 

LVs pre- (dotted lines with clear symbols) and post-adsorption (solid lines with filled 

symbols) with HEK293T cells.  (B) The neutralising activity observed was exclusively against 

VSVind.G as no reduction in infectivity was observed for the other five VesG pseudotyped 

LVs. Data shown represent the mean of three repeats performed in duplicates.  Data 

presented in this section were obtained as a part of a larger in vivo study described in section 

5.3.2. 

 

 

5.3.2.Investigation of the Effects of Pre-existing Anti-envelope 

Immunity to a Subsequent LV Administration  

The neutralising humoral response induced by LV administration identified in 

the previous section may become a substantial problem limiting the efficacy of 

subsequent administration of LVs pseudotyped with the same envelope where 

repeated injections of the vectors are necessary to achieve therapeutic levels 

of transgene expression.  To investigate this, I designed a subsequent 

challenge study.  However, the anti-HEK293T response following IV LV 

injection made a different immunisation protocol necessary.  Therefore, an 

immunisation-boost regimen using wild type VSVind.G protein (Gth, see 

Chapter 3) (270, 297) was chosen to prompt the anti-G response.   

Mice were immunised and boosted subcutaneously (SC) with 4µg of Gth 

protein mixed with Sigma Adjuvant System® Oil on either side (for a total of 

8µg of protein/mouse) two weeks apart (Figure 5-2A).  Three weeks later, the 

immune response group (i.e. immunisation+challenge; IC) were challenged 

with intravenous injection of 5x107 TU/mouse VSVind.G-LV encoding both 

firefly luciferase (FLuc) and enhanced green fluorescent protein (eGFP).  

Immunisation-only (IO) and challenge-only (CO) groups were either only 

immunised and received PBS injections or received a vector dose following 

immunisation/boost with the adjuvant only (Figure 5-2B).  The study was 

terminated at two time points; five days (D5) and twenty-one days (D21) post-

challenge at which time terminal bleeds were collected and lungs, kidneys, 

lymph nodes, livers, and spleens were harvested.  During the study, none of 
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the mice showed signs of distress (observation) and no substantial changes in 

body weights were observed (Figure 5-2C).  Throughout the study, serum 

antibody levels were assessed via the blood samples collected through tail 

vein bleeds.  The LV transduction efficacy as well as initial and sustained 

transgene expressions were assessed by in vivo bioluminescence imaging 

and several post-termination assays including analysis FLuc activity in 

harvested organs and quantitative PCR were performed. 
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Figure 5-2:  Design of LV Challenge Study Exploring the Effects of Pre-existing Anti-

envelope Immunity on Subsequent LV Administrations. (A) Timeline of the study.  

Immunisation and boost points are identified by light blue arrows while the black arrow 

indicates the time of LV challenge.  Red arrows designate the times blood samples were 

collected through tail vein bleeds.  Green lines show the days mice were imaged.  Dark blue 

arrows indicated the early and late termination dates.  On the early termination day; three 

mice, selected at random on the day, were culled from the CO and IC groups while rest of the 

mice were culled at the end of the study. w: weeks. (B) Study groups including the PBS (non-

treatment control) group are summarised in a table indicating the injections at immunisation, 

boost, and challenge.  (C)  Bodyweights (bw) of mice throughout eight weeks normalised to 

that of at the beginning of the study.  Each data point represents the mean bw of all mice in 

the indicated group. Standard deviation of each data point for all the groups was <5%. LV 

negative includes both PBS and IO groups.  (D) Infectious titres and (E) luciferase activity of 

the VSVind.G-LV batch used in this study.  Infection assays on HEK293T cells were carried 

out as outlined in section 2.6.2.  Quantitative PCR and luciferase activity assays were 

performed as outlined in sections 2.9.4 and 2.9.6.  Data shown represent mean +/- SEM of 

two experiments performed in duplicates. 

 

 

Prior to the LV challenge the serum antibody levels in immunised mice were 

assessed, and the induced immune response was characterised to ensure a 

VSVind.G specific neutralising response was elicited.  Serum antibody levels 

were determined via enzyme-linked immunosorbent assay (ELISA) against 

VSVind.G-LV.  Monoclonal anti-VSVind.G antibody 8G5F11 was utilised as a 

positive control and blood samples obtained pre-study were used to determine 

background levels caused by unspecific binding of antibodies and/or matrix 

effect in high serum concentrations (Figure 5-3A-C).  In both the IO and IC 

groups signals were detected indicating the presence of anti-VSVind.G 

antibodies.  The signal could be titrated by serial dilutions showing dose-

dependence.  On the other hand, no substantial absorbance difference was 

observed between pre-study and pre-challenge serum antibody levels for any 

of the mice in the CO group (Figure 5-3B) and the PBS one (Figure 5-3A 

square).  Further characterisation revealed that the induced humoral response 

was neutralising and VSVind.G specific (Figure 5-3D-E).  Analyses of serum 

samples revealed that the humoral immune response induced via Gth 

immunisation exhibited similar properties to the one elicited against an IV LV 
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administration.  The study continued with VSVind.G-LV challenge.  Mice in IC 

and CO groups received 5x107 TU/mouse of LVs expressing Fluc and eGFP 

(LV.FLuc-eGFP) via tail vein injections (see Figure 5-5 for vector construct 

map).  Luciferase expression was monitored via bioluminescence imaging for 

twenty-one days (Figure 5-4).  Starting from day 2 post-challenge a strong 

luciferase signal could be detected in CO mice mainly localised at the liver, 

spleen, and inguinal and auxiliary lymph nodes (Figure 5-4A).  This signal was 

sustained for two weeks.  On day fourteen total clearance of the luciferase 

signal from the liver and spleen was observed, however, luciferase expression 

in the lymph nodes and the tracheal region was remained constant until the 

termination of the study.   
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Figure 5-3:  Pre-challenge Antibody Levels and Neutralising Activity Induced via Gth 

Immunisation.  Wells were coated with 25 µg/ml of VSVind-LV and were incubated with serial 

dilutions of serum samples to determine anti-VSVind.G serum antibody levels for mice in (A) 

PBS (M1, i.e. mouse 1) and IO (M2, M3, M4), (B) CO, and (C) IC groups.  The antibody levels 

were determined by measuring absorbance at 450nm. Anti-VSVind.G mAb 8G5F11 was used 

as positive control and was utilised to compare the values obtained from different plates.  mAb 

concentrations ranged from 10 µg/ml to 0.2 pg/ml.  Green lines represent pre-challenge serum 

samples, and red lines denote pre-study serum samples for each mouse.  Each mouse is 

denoted with a different symbol.  Immunised IO and IC groups displayed varying levels of 

A B 
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antibodies while no substantial absorbance difference was observed between the pre-study 

and pre-challenge serum samples for PBS (M1) and CO groups.  The curves were fitted in 

GraphPad Prism 5 modelling the interaction as 1:1 specific binding.  Data shown represent 

the mean +/- SD of three repeats performed in duplicates.  Neutralisation activity of pooled IO 

sera on (D) VSVind.G and RDpro pseudotyped LVs and (E) other VesG-LV.  Data shown 

represent the mean of three repeats performed in duplicates. 

 

 

In the CO group, overall measured radiance levels throughout the study were 

significantly lower compared to that of the IC group (p<0.0001) (Figure 5-4B).  

In addition, a multiple comparison of each imaging time point revealed 

significant differences in luciferase expression in the CO group compared to 

IC group and naïve mice (Figure 5-4B).  In the IC group, luciferase expression 

could not be detected, and the radiance of mice in the IC group remained 

comparable to that of LV negative mice for the whole study (overall average 

radiances 2.01x105 and 1.24x105 p/sec/cm2/sr respectively).  Thus, the 

induced anti-envelope immunity significantly reduced the efficacy of a 

subsequent viral vector injection utilising the envelope homologous to the 

immunogen.  On the other hand, in the CO group sustained tissue transduction 

was achieved in the lymph nodes and tracheal region, but, transgene 

expression clearance was observed in the liver and spleen two weeks after 

injection.  A similar vector clearance has been previously reported in the liver 

(490). 
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Figure 5-4:  Pre-existing Anti-VSVind.G Immunity Abrogates the Efficacy of a 

Subsequent VSVind.G-LV Administration.  (A)  Representative bioluminescence images of 

transduced and naïve mice at three time points of day 5, 14, and 21 post-challenge.  

Localisation and the intensity of the luciferase signal are depicted in a heat map.  (B)  Photon 

emission from each mouse was quantified as radiance (p/s/cm2/sr) post-imaging using region 

of interest analysis in Living Image® software.  Each dot represents a mouse, and the 

horizontal bar shows the median. Two-way ANOVA followed by Bonferroni’s multiple 

comparison test was performed to analyse the significance of luciferase expression 

differences in LV negative, CO group, and IC mice at each imaging time point (indicated on 

the graph) as well as overall throughout the study (indicated on the legend).  In all comparisons 

the difference between LV neg and IC samples were not significant (not shown). (**** 

p<0.0001, ** p<0.01, * p<0.05). Neg: negative. 

 

 

To investigate the biodistribution of VSVind.G-LVs and examine the effects of 

the pre-existing immunity and observed vector clearance on the transgene 

expression in transduced tissues, kidneys, lungs, livers, spleens, and lymph 

nodes (inguinal and auxiliary) were harvested from each mouse on both 

termination dates (day 5-D5 and day 21-D21 post-challenge).  First, luciferase 

activity was quantified in the tissues using the Bright-Glo™ luciferase assay 

system and was normalised to the weight of the tissue (Figure 5-5A-D).  

Corroborating the bioluminescence imaging results, in CO-D5 samples, the 

most robust luciferase activity was measured in the liver, spleen, and lymph 

nodes.  Although some signal was detected in the lungs in both D5 and D21 

samples, it was not statistically significant, and no difference in luciferase 

activity was observed in the kidneys compared to that of the negative control. 

Furthermore, the inhibition of viral vector transduction was also evident in 

organs harvested from IC mice compared to CO mice.  Significant differences 

in luciferase activity were observed in the liver (p<0.001) and spleen (p<0.01) 

while in all tissues investigated there were no statistically significant 

differences between the luciferase activity of IC samples and LV negative 

samples implying LV transduction was blocked by the pre-existing anti-

envelope immunity. 
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Figure 5-5:  Investigation of LV Transduction Efficacy via Analyses of Organ Samples. 

Tissue samples from harvested organs were collected, weighed, and homogenised.  

Luciferase activity in all samples was measured using the Bright-Glo™ luciferase assay 

system and was normalised to the weight of the organ. D5: early sacrifice group, D21: late 

sacrifice group. (A)  Luciferase activity measured in the kidneys and lungs.  A complete 

shutdown of transduction in IC samples and viral clearance in D21 samples were confirmed 

via lack of luciferase activity in both (B) liver and (C) spleen.  (D)  On the other hand, in CO 

mice, sustained gene expression was achieved in the lymph nodes.  Data shown represent 

mean +/- SD of luciferase activity measured.  Legged lines denote the significance of a single 

comparison, while straight lines signify all the individual comparisons within the group share 

the denoted significance unless otherwise stated.  For (B), (C), and (D) One-way ANOVA 

analysis was performed with Tukey’s multiple comparison post-test (*** p<0.001, ** p<.0.01, * 

p<0.05).  (E) Schematic representation of the qPCR primers mapped on the LV vector 

sequence pre- and post-reverse transcription.  Reverse transcription reorganises the vector 

genome bringing the primers together forming the qPCR amplicon.  (F)  LV provirus was 

quantified by amplification of reverse transcribed LV genome via qPCR.  The calculated copy 

numbers were normalised to that of murine gapdh in each tissue.  Data presented represent 

mean +/- SEM of the qPCR assay performed in triplicates.  Legged lines denote the 

significance of a single comparison, while straight lines signify all the individual comparisons 

within the group share the denoted significance unless otherwise stated.  One-way ANOVA 

analysis was performed with Tukey’s multiple comparison post-test (*** p<0.001, ** p<.0.01, * 

p<0.05).  Neg: negative. 
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I then quantitated LV provirus in tissues to gain insights on mechanisms of 

vector clearance observed in bioluminescence imaging.  For this, genomic 

DNA was extracted from tissue samples and was analysed via qPCR (Figure 

5-5E-F).  To avoid amplifying any plasmid DNA which might have been 

delivered into the mice via the tail vein injections distinct set of primers were 

designed which would allow quantification of reverse-transcribed copies of the 

vector genome (Figure 5-5E).  Murine gapdh was also quantified in parallel to 

assess the quality of the extracted genomic DNA samples and was further 

utilised to normalise calculated LV copy numbers in each tissue.  In the liver, 

the reverse transcribed provirus DNA copies were significantly higher 

(p<0.001) in the CO-D5 samples compared to the other groups.  On the other 

hand, in the spleen, while some reduction in LV genome copies was observed 

between CO-D5 and CO-D21 this was less prominent (p<0.01).  Furthermore, 

the hindering effects of pre-existing immunity could be observed in both IC-D5 

and IC-D21 groups which had substantially lower levels of LV copies 

(p<0.001).  Reverse transcribed LV copies were also detected in lung and 

lymph node samples, albeit in lower levels, confirming the biodistribution of the 

LVs established above (Figure 5-5A-D).   

All in all, the data acquired demonstrate that pre-existing immunity directed 

against the envelope G protein of LVs significantly hinders gene delivery in 

subsequent vector administrations.  This may pose a substantial problem in 

gene therapy and oncolytic virotherapy where repeated vector and virus 

administration may be necessary. 

5.3.3.LV Administration Boosts Pre-existing Anti-Envelope 

Immunity 

In section 5.3.1, I have demonstrated that IV injection of viral vectors into naïve 

mice elicits a specific, robust neutralising anti-envelope response.  Therefore, 

LV challenge of pre-immunised mice may boost the immune system prompting 

an even stronger response which blocks vector transduction.  To investigate 

this, I explored the neutralising activity of the sera isolated from the end of test 

terminal bleeds of IC-D21 mice.  As previously described, sera were pooled, 

adsorbed to HEK293T cells, and incubated with VSVind.G and VesG 
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pseudotyped LVs (Figure 5-6).  As expected, IV LV injection to mice pre-

immunised with Gth strengthened the neutralising anti-envelope response 

shifting the IC50 (i.e. serum dilution where 50% neutralisation is achieved) 

value approximately fifty-folds (from 0.007 to 0.0001) (Figure 5-6A).  This 

response elicited by the combination of SC immunisation and IV vector 

injection was ten times more potent than the one induced by LV challenge only 

(IC50 0.0001 and 0.001 respectively). 

Interestingly, although LV administration and Gth immunisation alone did not 

produce any detectable cross-neutralising antibodies against VesG (Figures 

5-1B and 5-3E), sera of IC-D21 mice demonstrated weak neutralising activity 

against MARAV.G and COCV.G pseudotyped LVs.  The potency of 

neutralisation by the mouse sera displayed similar characteristics to that of 

VSV-Poly (Figure 3-3C) although lacked the broad cross-neutralising activity 

observed with the polyclonal antibody.  MARAV.G and COCV.G are the 

closest phylogenetic relatives of VSVind.G (see Figure 1-5) and may share 

several immunodominant epitopes resulting in antibody cross-reactivity and 

neutralisation.  Furthermore, although in vitro neutralisation strength of the 

pooled serum is weak (IC50 0.2 for COCV.G and 0.06 for MARAV.G), this 

might still lead to in vivo protection against or partial hindrance of MARAV.G- 

and COCV.G-LVs. 
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Figure 5-6:  LV Challenge of Pre-immunised Mice Strengthens the Immune Response. 

(A) The strength of VSVind.G-LV neutralisation activity elicited by Gth immunisation, LV 

challenge, and the combination of both.  Calculated IC50 values: immunisation (IO-D21 sera 

pooled), 6.96x10-3; vector challenge (CO-D21 sera pooled), 1.20x10-3; 

immunisation+challenge (IC-D21 sera pooled), 1.51x10-4.  (B) Cross-neutralising activity of 

sera isolated from IC-D21 terminal bleeds.  Solid lines signify the neutralisation effect observed 

while the dotted lines indicate the lack of neutralisation.  Data shown represent the mean of 

three repeats performed in duplicates.  To calculate IC50 values, curves were fitted using the 

software GraphPad Prism 5 modelled as an [inhibitor] vs response curve with variable Hill 

Slopes.  

A 

B 
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5.3.4.Utilising a Heterogeneous Panel of Envelopes  

Circumvents Humoral Anti-envelope Response   

The viral vector immunogenicity study (section 5.3.2) demonstrated that SC 

immunisation with Gth elicited a strong enough immune response to protect 

the mice against a subsequent LV challenge.  In in vitro studies the IC50 of 

this neutralising activity was approximately ten-folds higher (i.e. weaker 

neutralisation) compared to that of the response induced by IV VSVind.G-LV 

injection (Figure 5-6A).  This implies that if sequential LV administration is 

utilised, the first dose administered would confer resistance against the 

subsequent ones.  But, a heterogeneous panel of envelopes could be utilised 

to side-step the anti-vector immunity allowing for sequential injections to 

achieve desired levels of therapeutic transgene expression and anti-tumour 

effect. 

To test this theory, four VesG, VSVind.G, COCV.G, MARAV.G, and PIRYV.G, 

were selected.  A study with the same Gth immunisation-boost regimen was 

designed (Figure 5-7A-B).  However, after priming the immune system for anti-

VSVind.G immunity mice were challenged with either VSVind.G-LV or other 

VesG-LVs.  LV gene delivery efficacy was assessed utilising bioluminescence 

imaging and the study was terminated seven days post challenge.  

The study design allowed examination of the following points: 

1) Evasion of pre-existing anti-envelope immunity by using vectors 

pseudotyped with envelopes phylogenetically related to VSVind.G.  

2) Effects of complement resistance to in vivo gene delivery (in vitro effect 

in Figure 4-2). 

3) Evolution of the immune response following administration of LV with 

different pseudotypes. 

Like the previous study, no adverse health effects were observed throughout 

the study (Figure 5-7C).  Pre-challenge serum antibody levels were assessed 

via LV-based ELISA to ensure the presence of a VSVind.G specific humoral 

response (Figure 5-7D).  In IO and all IC groups anti-VSVind.G antibodies were 

detected, with measured absorbance levels comparable to that of the   
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Figure 5-7:  Design of VesG-LV Challenge Study Exploring G Protein Immunogenicity 

and Immune Evasion. (A) Timeline of the study.  Immunisation and boost points are identified 

by light blue arrows while the black arrow indicates the time of LV challenge.  Red arrows 

designate the times blood samples were acquired through tail vein bleeds.  Green lines show 

the days mice were imaged.  Dark blue arrow indicates termination of the study where terminal 

bleeds and post-mortem organ harvest were performed.  w: weeks. (B) Study groups including 

the PBS (non-treatment control) group are summarised in a table indicating the injections at 

immunisation, boost, and challenge time points. Power analysis was performed on the 

radiance data acquired from the previous study (see section 5.3.2).  Comparison of the 

radiances from LV negative and LV positive samples yielded a signal:noise ratio of 2.8.  Hence 

for 80% power assuming a 5% significance level a sample size of three mice or higher was 

needed per experimental group.  N/A: not applicable. (C)  Bodyweights (bw) of mice 

throughout eight weeks normalised to that of at the beginning of the study.  Each data point 

represents the mean bw of all mice in the indicated group. Standard deviation of each data 

point for all the groups was <5%. LV negative includes both PBS and IO groups.  (D) Pre-

challenge anti-VSVind.G serum antibody levels of immunised and non-immunised mice were 

determined via LV-based ELISA.  mAb 8G5F11 was used as positive control to compare 

values obtained from different plates (10µg/ml).  Single dilution of 1:100 pre-study and pre-

challenge serum samples were added to wells coated with identical concentrations (25µg/ml) 

of VSVind.G-LVs in triplicates.  Absorbance of pre-study samples was regarded as 

E 

F 
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background (overall <0.1 for all samples) and subtracted from that of pre-challenge samples.    

Each dot represents a mouse, and the horizontal bar shows the median. Data shown are the 

mean absorbance difference obtained from two repeats performed in triplicates.  (E) Infectious 

titres and (F) luciferase activity of the VSVind.G-LV batch used in this study.  Infection assays 

on HEK293T cells were carried out as outlined in section 2.6.2.  Quantitative PCR and 

luciferase activity assays were performed as outlined in sections 2.9.4 and 2.9.6.  Data shown 

represent mean +/- SEM of two experiments performed in duplicates. 

 

 

control mAb 8G5F11.  Following, the mice in CO and IC groups were 

challenged with 5x107 TU/mouse of VesG-LV.Fluc-eGFP via tail vein 

injections.  Gene delivery and expression were monitored for seven days by 

bioluminescence imaging at three time points (Figure 5-8).  A similar 

biodistribution pattern was observed for all four pseudotypes: luciferase 

expression mainly detected in the four organs previously investigated.   

In non-immunised mice, initial levels of gene delivery of all pseudotypes were 

comparable (median radiances VSVind.G: 1.23x108 p/s/cm2/sr, COCV.G: 

3.67x107 p/s/cm2/sr, MARAV.G: 3.73x107 p/s/cm2/sr, PIRYV.G: 5.01x107 

p/s/cm2/sr).  Overall, these levels remained constant for all pseudotypes 

throughout seven days indicating that sustained gene expression can be 

achieved with all envelopes.   

On the other hand, LV challenges of VSVind.G immunised mice revealed 

intriguing differences regarding the Gs’ capacity to evade the humoral immune 

response.  Like the previous study, VSVind.G-LV gene delivery was blocked 

entirely as indicated by the radiance at similar levels to the naïve mice.  Both 

COCV.G and MARAV.G pseudotyped LV could circumvent the pre-existing 

immunity.  Although radiance of IC mice challenged with these two 

pseudotypes was reduced compared to the CO mice, it was substantially 

higher than that of VSVind.G-LV (>100-fold on day 2-5).  In Figure 5-5B, I have 

shown that following VSVind.G-LV challenge of pre-immunised mice cross-

neutralising antibodies against COCV.G and MARAV.G are produced implying 

that there may be some conserved immunodominant epitopes on these closely 

related G proteins.  In line with the neutralising activity observed previously,  
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Figure 5-8:  Evading Pre-existing Anti-VSVind.G Immunity by Using a Heterogeneous 

VesG Panel.  (A)  Representative bioluminescence images of transduced and naïve mice at 

three time points of day 2, 5, and 7 post-challenge.  Localisation and the intensity of the 

luciferase signal are depicted in a heat map.  The envelopes of the challenge vector are 

indicated at the top of the images, and the experimental groups are located at the bottom.   

The time points when the images were acquired are indicated on the left.  (B)  Photon emission 

from each mouse was quantified as radiance (p/s/cm2/sr) post-imaging using region of interest 

analysis in Living Image® software.  Each data point represents a mouse, and the horizontal 

bar shows the median. Different colours indicate the pseudotype of the challenge vector, solid 

dots stand for the IC group and crosses the CO group. (C) Two-way ANOVA followed by 

Bonferroni’s multiple comparison test was performed to compare relative radiance levels in 

CO and IC groups.  Comparisons summarised in a table. Neg: negative; n.s.: not significant. 

 

 

MARAV.G-LV’s gene delivery efficacy was transient as bioluminescence 

levels dropped considerably by day 7.  On the other hand, sustained FLuc 

expression with COCV.G-LV in the IC group was achieved at comparable 

levels to the CO group and approximately 100-folds higher than VSVind.G.  

Strikingly PIRYV.G-LV efficacy was unaffected throughout and significantly 

higher levels of transgene expression was achieved (p<0.0001 on day 2 and 

5, p<0.01 on day7). 

Following termination of the study seven days post-challenge, gene 

transduction efficacy was investigated (Figure 5-9).   As previously described, 

the luciferase activity was measured following organ homogenisation using the 

Bright-Glo™ luciferase assay system.  The overall biodistribution was similar 

for all four pseudotypes implying general broad tropism of all envelopes.  

Furthermore, all pseudotypes were efficient in transducing spleen cells 

reaching on average 100-fold higher luciferase activity compared to that of 

naïve samples.  One of the undelying reasons behing this might be that the 

internal promoter used in the vector construct, driven from spleen focus-

forming virus (SFFV) (Figure 5-5E), might be more active or efficient in the 

spleen cells.  
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Furthermore, IC samples support the overall results obtained via 

bioluminescence imaging.  While the luciferase activity in organs transduced 

with MARAV.G-LV is at comparable levels to the VSVind.G-LV transduced and 

naïve samples, COCV.G-LV challenged mice exhibited substantially higher 

levels of activity (~ten-folds higher in the spleen and lymph nodes).  In addition, 

PIRYV.G-LV challenged mice expressed FLuc at significantly higher levels in 

all four organs (p<0.01 in liver and spleen; p<0.05 in lungs and lymph nodes) 

which is comparable to that of CO mice injected with PIRYV.G-LVs.   

These data demonstrated that PIRYV.G-LV outperformed the other 

pseudotypes completely evading the humoral immune response.  While 

COCV.G-LV transduction is partially blocked, viable levels of transgene 

expression were detected, and immune evasion could be bolstered with a 

higher dose. 
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Figure 5-9:  Investigation of LV Transduction Levels Through Luciferase Activity in 

Organ Samples. Tissue samples from harvested organs were collected, weighed, and 

homogenised.  Luciferase activity in all samples was measured utilising the Bright-Glo™ 

luciferase assay system and was normalised to the weight of the organ. CO: Challenge-only, 

IC: Immunisation+Challenge.  Data shown represent mean +/- SD of luciferase activity 

measured.   One-way ANOVA analysis was performed with Dunnett’s multiple comparison 

post-test comparing luciferase activity of IC samples to that of LV negative mice (** p<0.01, * 

p<0.05).   

 

 

5.3.5.Investigation of VesG Immunogenicity in the Presence 

and Absence of Anti-VSVind.G Immunity 

In section 5.3.3, I have demonstrated that IV injection of viral vectors boosted 

the immune system prompting an even stronger response and leading to the 

production of cross-neutralising antibodies.  Therefore, investigation of 

immune response evolution in response to VesG-LV challenge could provide 

essential insights on VesG immunogenicity.  For this in vitro neutralisation 

assays were carried out.  As previously described sera were isolated from 

terminal bleeds of CO and IC group mice, pooled, adsorbed to HEK293T cells 

and incubated with VesG-, VSVind.G-, and RDpro-LVs encoding GFP.  GFP 

expression was measured 48h later via flow cytometry and neutralising activity 

was determined by normalising CO/IC-group responses to that of PBS group 

(Figure 5-10).  

First, VesGs’ ability to induce anti-G neutralising response following LV 

injection to naïve mice was explored (Figure 5-10A-C).  Pooled sera from CO 

mice challenged with COCV.G-LV (CO-COCV.G), and MARAV.G-LV (CO-

MARAV.G) demonstrated neutralising activities against their respective 

pseudotypes.  The IC50 values for both neutralisation profiles were 

comparable implying similar levels of immunogenicity (Figure 5-10E).  

Interestingly, while the response against COCV.G-LV was specific, MARAV.G-

LV administration yielded cross-neutralising antibodies against VSVind.G; 

once again indicating homology between immunodominant neutralising 
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epitopes between these two closely related G proteins.  On the other, 

surprisingly, CO-PIRYV.G did not hinder PIRYV.G-LV infectivity.   

Furthermore, the presence of an anti-VSVind.G immunity at the time of the LV 

challenge boosted the production of neutralising anti-VesG antibodies (Figure 

5-10D).  When the in vitro neutralisation assay was carried out using IC sera, 

stronger neutralising responses were observed for all pseudotypes.  While 

IC50 values of COCV.G and MARAV.G infections decreased by approximately 

two- and four-folds respectively, PIRYV.G-LV infection was partially hindered 

(<50%). 

A similar trend was evident for the neutralising anti-VSVind.G response.  All 

VesG-LV challenges but PIRYV.G-LV boosted the pre-existing immunity 

resulting in stronger VSVind.G-LV neutralisation (Figure 5-10E).  While 

VSVind.G challenge had the most potent effect enhancing the neutralising 

response by approximately 100-folds, both COCV.G and MARAV.G-LV 

administrations resulted in the production of cross-neutralising antibodies and 

a modest improvement on pre-existing G immunity.  All in all, the evolution of 

the immune response post-LV administration highlighted that PIRYV.G-LVs is 

less immunogenic compared to the other three VesG-LVs.   
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Figure 5-10: Neutralising Antibody Response After VesG-LV Administration.  After 

isolation from terminal bleeds sera from each study group were pooled (e.g. CO mice 

challenged with COCV.G: CO-COCV.G; IC mice challenged with PIRYV.G: IC-PIRYV.G etc.)  

and adsorbed onto HEK293T cells. Following, in vitro neutralisation assays were carried as 

previously described.  RDpro-LVs were utilised as negative control to detect any remaining 

anti-human neutralising response post-adsorption.  Neutralising activities of (A) CO-COCV.G, 

(B) CO-MARAV.G, and (C) CO-PIRYV.G.  (D)  Neutralising activity of IC-COCV.G, -

MARAV.G, and -PIRYV.G against their respective pseudotypes.  (E)  Neutralising activity of 

IC-VesG sera against VSVind.G-LV compared to the neutralising activity observed after SC 

Gth immunisation.  Solid lines signify the neutralisation effect observed while the dotted lines 

indicate the lack of neutralisation. Calculated IC50 values: Immunisation-only, 7.15x10-3; 

COCV, 5.21x10-3; MARAV, 2.49x10-3; PIRYV, 1.90x10-2; VSVind, 1.52x10-4. Data shown 

represent the mean of three repeats performed in duplicates. (F) Table summarising measured 

IC50 values of the observed neutralising activity of CO- and IC-VesG sera.  To calculate IC50 

values, curves were fitted using the software GraphPad Prism 5 modelled as an [inhibitor] vs 

response curve with variable Hill Slopes. 
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5.4.Discussion 

Lentiviral vector systems are promising gene therapy vehicles owing to their 

ability to integrate into the host cell genome (626).  This is thought to allow 

more prolonged and more stable transgene expression.  Also, they are less 

immunogenic than other vector systems such as high capacity adenoviruses 

(627-629).  Previous studies have shown sustained transgene expression and 

successful therapies in experimental animal models in the absence of immune 

responses (626, 630-634). 

In several preclinical gene therapy and oncolytic virotherapy studies 

requirement of repeated vector and virus administration has been a cause of 

concern with regards to the safety and efficacy of subsequent vector 

administration due to the induced immune responses (497).  Extensive 

research is being done to evade, manipulate, and suppress undesirable 

immune responses.  Some of the promising strategies involve altered delivery 

techniques such as administration to immune-privileged sites, exploited organ-

specific immune responses, and immunomodulatory regimens prior to vector 

administration (488). 

In this chapter, I have explored the anti-vector primary immune response 

elicited following the systemic administration of LVs and its effect on 

subsequent administrations.  As hypothesised in literature, I have 

demonstrated that IV injection of VSVind.G-LVs into naïve mice induces a 

potent and specific neutralising anti-envelope response (Figure 5-1).  

Interestingly, the challenge of naïve mice also revealed a potent anti-vector 

response which blocked infection of LVs pseudotyped with unrelated RDpro 

envelope in vitro.  This is thought to be mediated by antibodies that recognise 

antigens acquired by the vectors during production from HEK293T cells (e.g. 

MHC-I and -II) and, therefore, may be an anti-host response.  This underlined 

a major obstacle in studying repeated administration of viral vectors to non-

immune privileged sites in animal models.  In addition, the generation of such 

allo-antibodies may lead to cytotoxicity and allogeneic immune responses in 

both in vivo and ex vivo gene therapies in patients. 
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Due to this effect, in the following studies, the immune system was primed via 

subcutaneous injection of wild-type VSVind.G protein, Gth (270, 297).  The 

protein is produced and purified through limited proteolysis cleavage of wt viral 

particles and hence retains its immunogenicity.  Furthermore, through x-ray 

crystallography studies it has been demonstrated that Gth, in solution, can 

assume monomeric and trimeric forms as well as go through pH-dependent 

conformational changes (290, 331).  Owing to these characteristics, Gth 

injections coupled with an adjuvant system elicited a VSVind.G specific 

neutralising immune response similar to one following intravenous VSVind.G-

LV administration (Figure 5-3D-E). 

It has been long discussed in the literature that the induction of a primary 

immune response, although wouldn’t affect the initial vector injection, could be 

problematic for subsequent administrations (488, 489, 502).  In this chapter, 

the potency of a pre-existing anti-envelope immunity has been demonstrated.  

VSVind.G-LV gene delivery efficacy was significantly reduced to the point of 

complete abrogation (Figures 5-4 and 5-5).  However, utilising a 

phylogenetically distant relative of VSVind.G, PIRYV.G, I was able to 

demonstrate repeated administration is achievable (Figure 5-8).    The efficacy 

of MARAV.G-LVs was substantially reduced while PIRYV.G-LVs completely 

avoided the pre-existing immunity. On the other hand, COCV.G got partially 

neutralised but achieved sustained gene delivery which may be boosted to 

higher levels with increased dosage.  The degree of immune evasion achieved 

by the three different pseudotypes could be explained with regards to 

phylogenetic relatedness (see Figure 1-5).  MARAV.G and COCV.G are two 

of the closest relatives of VSVind.G with 78% and 72% homology on amino 

acid level respectively.  In vitro neutralisation assays performed using the sera 

isolated from terminal bleeds of pre-immunised mice challenged with 

VSVind.G-LVs displayed weak but neutralising cross-reactivity against these 

two pseudotypes (Figure 5-6B).  This implies that these three closely-related 

G proteins share immunodominant epitopes where neutralising antibodies 

recognise.  Furthermore, they may also share several other immunogenic 

determinants where non-neutralising antibodies bind to.  These antibodies 

most probably contribute to concerted efforts of the immune system through 
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several mechanism: coating the viral vectors and leading to vector 

aggregation, aiding the deposition of complement cascade proteins leading to 

vector opsonisation, and contributing to antigen presentation stimulating the 

activation of macrophages and cytotoxic T cells (389, 390, 401, 415, 422, 467).  

This would explain the more robust viral transduction hindrance observed in 

vivo compared to modest vector neutralisation in vitro.  On the other hand, 

PIRYV.G, with only 40% amino acid homology, may lack these determinants 

rendering the antibodies unable to bind to the glycoprotein. 

On the other hand, administration of these four different pseudotypes led to 

distinct humoral immune responses.  Following IV injection of VesG-LV into 

naïve mice, envelope specific neutralising antibodies were detected for 

VSVind.G, COCV.G, and MARAV.G but not for PIRYV.G (Figure 5-10A-D).  

PIRYV.G-LV infection was blocked partially (<50%) only with IC-PIRYV.G 

sera, while complete neutralisation was observed for both CO- and IC-VesG 

sera for other pseudotypes.  In addition, similarly, further administration of 

VSVind.G-, COCV.G-, and MARAV.G-LVs boosted the pre-existing anti-

VSVind.G immunity in the IC groups while PIRYV.G-LV injection had no effect 

(Figure 5-10E).  It can be deduced from the data that PIRYV.G in comparison 

to the other three G proteins is much less immunogenic and might need three 

or four boosts/sequential administrations to elicit a robust neutralising 

response.  This difference, once more, follows phylogenetic relatedness.  

Furthermore, a recent study in which the low pH conformation of another 

vesiculovirus, Chandipura virus (CHAV), was investigated has revealed 

several evolutionary variances amongst VesG (246).  Comparison of CHAV.G 

3D structure and previously elucidated VSVind.G structures (270, 297) 

highlighted selective pressure of primary immune responses with regards to 

the main antigenic sites of the G proteins.  Although the general structure-

function of both G protein trimers remained universally constant, close 

examination of local structures especially the ones that undergo substantial 

conformational changes between pre- and post-fusion forms revealed that 

VesG could be classified into two subgroups.  While VSVind.G, COCV.G, 

MARAV.G, VSVnj.G, and VSVala.G were clustered together, CHAV.G and 

PIRYV.G were in the second group with several other G proteins (246).  The 
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overall structural differences between PIRYV.G and the other tested VesG 

could lead to substantially different antigen presentation in their PH domains.  

Therefore, the way antigenic domains are structured may dictate the 

immunogenicity difference as well as the lack of cross-neutralisation observed 

with pooled mice sera and goat polyclonal antibody VSV-Poly (see Chapter 3).  

Another reason behind the lack of neutralising PIRYV.G-LV antibodies, may 

be the number of glycoprotein spikes acquired by LVs during assembly and 

budding from the producer cells.  PIRYV.G-LVs may have a considerably 

smaller number of glycoproteins compared to the other VesG-LV, therefore, 

providing the immune system with fewer immunogenic targets leading to a 

weaker response.  Therefore, it will be important to quantify whether the 

amount of G protein on the surface of the LVs are similar. 

Furthermore, the promotion of sustained transgene expression at therapeutic 

levels has proven to be complicated.  CTL-mediated rapid clearance of 

transduced cells has been considered the major hurdle to overcome in 

establishing immune tolerance (492, 618).  Furthermore, ubiquitously utilised 

VSVind.G envelope has been demonstrated to exacerbate this as VSVind.G 

pseudotypes are very efficient in transducing APCs hence enhancing and 

accelerating CD8+ CTL priming.  In line with the literature, total vector 

clearance from the liver and spleen was observed fourteen days post vector 

administration to naïve mice (Figure 5-4).  Further genomic analyses of LV 

provirus in liver and spleen samples revealed that while almost all transduced 

cells were getting cleared from the liver, in the spleen a combination of cell 

clearance and gDNA modifications (e.g. promoter methylation) may be 

involved in the anti-transgene immune response as a substantial number of 

LV provirus copies were detected in CO-D21 samples (Figure 5-5F).  However, 

this may also be due to a transduced cell population persisting and proliferating 

in the spleen (588). 

Transgene delivery levels in the CO group mice, in both studies, provided 

insights on in vivo effectiveness of complement-mediated viral vector 

inactivation.  Serum sensitivity of wt VSVind and VSVind.G-LV is well 

established in the literature (266, 466-470).  Recent studies have 

demonstrated the dose-dependent nature of complement-mediated LV 
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inactivation (174, 561, 562).  The data shown in section 4.3.1 established that 

COCV.G, MARAV.G, and PIRYV.G are substantially more resistant to 

complement-mediated inactivation by both human and mouse sera (See 

Figure 4-2).  It has been postulated that the titres utilised in vivo are high 

enough to saturate this neutralising response.  In vivo bioluminescence 

imaging and luciferase activity detected in organs harvested post-mortem have 

confirmed this (Figure 5-8).  While high levels of transgene expression were 

achieved with serum resistant pseudotypes, VSVind.G-LV transduction 

efficiency was comparable to or better than these pseudotypes.  This highlights 

that, although >70% reduction of titres is observed in vitro compared to <30% 

for serum-resistant pseudotypes, in vivo transduction efficiency remains 

unaffected in this experimental setting. 

In the past two decades, both VSVind and attenuated strains of Maraba virus 

have developed into potent and flexible vaccine vectors in oncolytic 

virotherapy (476, 514).  There has been extensive research on both 

vesiculoviruses to improve viral survival, oncoselectivity, oncotoxicity, safety, 

and tumour immunity.  Several approaches targeting these issues have been 

to use M (356, 483, 635-639) and G mutants (640-642), incorporation of 

immunomodulatory (480, 643, 644)  and cancer suppressor (645) molecules 

into the virus, and utilising/co-expressing foreign glycoproteins to retarget the 

virus (353, 582, 646-651). 

Premature clearance of the oncolytic viruses as well as virus sequestration has 

been one of the major hurdles in oncolytic virotherapy.  Several approaches in 

delivery methods to mask the virus from neutralising antibodies (i.e. 

immunoshielding) (577, 652-654), incorporation of genes or molecules 

favouring virus survival (644, 655), and combination therapies (656-659) have 

been explored with variable success.  If adopted, the heterogenous envelope 

panel approach will allow evasion of oncolytic vectors from circulating 

neutralising antibodies, non-specific host proteins, complement system, and 

other innate and pre-existing immune responses.  This will also prevent the 

creation of overcomplicated recombinant viruses to elude host antiviral 

responses which may compromise the biosafety of the treatments. 
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Sustained gene expression, especially in the liver and spleen (Figures 5-4 and 

5-5), remains an issue in systemic LV administration.  Further work 

characterising the primary and innate immune responses (e.g. cytokines 

released) induced following LV administration may be performed, and APC 

transduction efficiency of different pseudotypes can be explored.  This will 

allow tailoring or expansion of the envelope panel to included less 

immunogenic G proteins permitting double/triple LV administrations without 

eliciting a potent humoral response.   

In addition, the anti-host response identified will be problematic if repeated 

systemic administration of LVs aimed to be studied further.  There are several 

approaches including the use of humanised animal models, modification of LV 

production methods to incorporate different cell lines, and masking/blocking 

these antigens prior to LV administration.  However, each has several 

drawbacks (e.g. cost, lower vector titres, decreased vector stability) and 

requires extensive investigation and optimisation.  

Lastly, a couple of limitations were identified pertaining to the second LV 

challenge study designed.  First, as mentioned in Figure 5-7 power analysis of 

the data obtained in the first study allowed for the use of at least three mice 

per experimental group in this study.  Therefore, IO, CO, and IC groups were 

designed accordingly.  Despite this PBS group (non-immunised, non-

challenged) only had one mouse which is underrepresented.  However, as 

described in section 2.6.2.2 only the serum obtained from this mouse was used 

in neutralisation assays (see Figures 5-1, 5-3, 5-6, 5-10) and it was not 

included in other analyses.  Therefore, the underrepresentation of the PBS 

does not invalidate the study which is otherwise adequately powered.  More 

importantly, prior to LV challenge total LV particle number was not 

characterised for the pseudotypes.  Although all pseudotypes had similar 

functional titres, determined by both flow cytometry and qPCR, and displayed 

comparable levels of luciferase activity following HEK293T infection, number 

of non-functional particles could have affected the immune response elicited.  

But the lack of cross-neutralising antibodies produced following Gth 

immunisation (see Figure 5-3E) meant that the presence of any non-functional 

G protein bearing particles would not alter the inhibitory effects of pre-existing 
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anti-envelope immunity substantially.  Regardless establishment of total LV 

particle number for all pseudotypes and normalisation of challenge doses to 

total particle number as well as functional particle number would have 

strengthened the study. 

In the past, translation from animal models to human therapeutics gene 

therapy has not always been straightforward.  However, taken together, the 

work presented in this chapter serves as the proof-of-principle for a vector 

administration method in gene therapy and oncolytic virotherapy.  This method 

will allow tailoring a panel of pseudotypes for every individual as well as cell 

target permitting repeated systemic administration of vectors and viruses to 

achieve sustained therapeutic levels of transgene expression and anti-tumour 

effects. 
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6 General Discussion 

 

Lentiviral vectors (LVs) are promising tools for gene therapy.  Recent clinical 

trials have demonstrated the translation of their effectiveness in preclinical 

laboratory studies to curative therapies (28, 30, 48, 607).  Vesicular stomatitis 

virus Indiana strain G protein (VSVind.G) is the most commonly used envelope 

glycoprotein to pseudotype lentiviral vectors for experimental and clinical 

applications.  Furthermore, the wild-type virus has been developed into a 

potent and versatile oncolytic viral and vaccine vector (514).  Recently, G 

proteins derived from other vesiculoviruses (VesG), for example, Cocal virus 

and Piry virus, have been proposed as alternative LV envelopes with possible 

advantages compared to VSVind.G (manuscript accepted) (200, 202, 471, 

543).  Therefore, research focusing on the characterisation of VesG will be 

useful for vesiculovirus research, development of G protein containing 

advanced therapy medicinal products, and VesG’s adaptation into preclinical 

and clinical gene therapies. 

In this work, I have addressed a gap in vesiculovirus research by exploring 

antigenic and immunogenic characteristics of VesG.  I investigated two anti-

VSVind.G monoclonal antibodies for their ability to cross-react with other 

VesG, namely COCV.G, VSVnj.G, VSVala.G, MARAV.G and PIRYV.G.  

Understanding how cross-neutralising antibodies interact with other G proteins 

may be of interest in the context of host-pathogen interactions and may give 

some insights on the targets of adaptive and innate immune responses 

triggered in in vivo applications of VesG containing vectors.  However, 

currently, there are no commercially available reagents to identify and 

characterise the majority of VesG.  The prototype G protein, VSVind.G, has 

been extensively studied with regards to its crystal structure, receptor 

attachment, and pH-mediated cell fusion (269, 270, 290, 297, 323).  But, as 

discussed in section 3.1, the current information about its antigenic sites, 

antibody binding epitopes, and immune response targets date back to 1980s.  
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Furthermore, although vesiculoviruses research has been growing anti-VesG 

antibody research has not developed as rapidly and extensively. 

In Chapter 3, I undertook a detailed characterisation of two anti-VSVind.G 

mAbs, 8G5F11 and IE9F9.  Initial investigations revealed that while IE9F9 was 

a VSVind.G specific antibody, 8G5F11 could bind to various VesG and 

neutralise LVs pseudotyped with these G proteins.  Following site-directed 

mutagenesis work, the epitopes that these mAbs recognise and the key amino 

acids dictating these interactions were identified.  The binding and 

neutralisation profiles of the mAbs to wild-type and mutant G proteins revealed 

intriguing characteristics.  Binding to an epitope located on an α-helix in 

VSVind.G’s PH domain (270, 297), 8G5F11 has a broad ability to cross-

neutralise; blocking infections of LVs pseudotyped with five out of the six 

VesGs tested. Yet, the strength of neutralisation activity observed did not 

correlate with the affinity of the mAb towards the VesG, suggesting that innate 

structural differences (relating to the antigen-Ab quaternary structure) amongst 

VesG may be involved in LV neutralisation.  On the other hand, I identified that 

IE9F9 inhibits the binding between VSVind.G and its primary receptor LDLR 

(321, 323), suggesting that the IE9F9 epitope has a critical role in the receptor 

recognition.  I have also demonstrated that other vesiculoviruses, namely 

COCV, MARAV, VSVala, and VSVnj, utilise LDLR for cell infection. However, 

the residues that dictate IE9F9 binding are not conserved amongst the genus.  

Furthermore, I have demonstrated that IE9F9 cannot neutralise mutant 

COCV.G-LV even when its epitope is inserted into the G protein.  Taken 

together, these strengthen the theory that although the use of the receptor 

might be shared, the receptor recognition epitope is not conserved amongst 

VesG. 

Another aspect of VesG important for their in vivo application and investigated 

in this project is their sensitivity to fresh mammalian serum and the related 

inactivation of VesG-LVs (266, 467, 469, 470, 516).  This neutralising activity 

is dependent on the concerted efforts of serum IgM and the complement 

system (467).  Several approaches have been explored to evade this innate 

immune response allowing for higher transduction efficiencies in gene therapy 

and oncolytic virotherapy.  The use of virus-infected cells as carriers, 
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biochemical modification of LV envelopes to incorporate serum response 

modulators, and pseudotyping of vectors with serum resistant envelopes are 

some of the most ubiquitously explored ones (466, 468, 550, 564, 574, 576, 

577).  However, each has limitations and the sensitivity to complement-

mediated neutralisation remains to be one of the major concerns in the 

systemic delivery of vectors and viruses (467). 

The work presented in Chapter 4 has focused on investigating VesG with 

regards to their relative serum resistance in comparison to VSVind.G.  Serum 

neutralisation assays have revealed while VSVnj.G and VSVala.G, like 

VSVind.G, are sensitive, COCV.G, PIRYV.G, and MARAV.G are substantially 

more resistant to inactivation by fresh human, mouse, guinea pig, and rabbit 

sera.  Further investigation of some mix-and-match chimeric constructs 

between VSVind.G and COCV.G targeting two identified hypervariable regions 

revealed that VSVind.G’s PH domain confers sensitivity to inactivation by 

human, rabbit, and guinea pig sera.  However, switching this domain on 

VSVind.G with that of a serum-resistant G protein (i.e. COCV.G) does not 

rescue titres and protect against complement-mediated neutralisation.   Three 

key mutations on VSVind.G, S162T, T230N, and T368A (564), have been 

previously identified through directed evolution studies which confer serum 

resistance to the G protein.  Out of the three only one, T230 lie within the 

hypervariable PH domain, but all are located within the broader responsive 

domain identified.  Therefore, the data implies that S162 and T368 can still 

confer sensitivity in the absence of T230 for VSVind.G. 

Furthermore, despite the establishment of serum sensitivity in vitro, it remains 

to be fully explored whether the slow neutralising activity of the complement 

cascade would be sufficient to block transduction in vivo.  In Chapter 5, I 

demonstrated that high levels of transgene expression could be achieved with 

VSVind.G pseudotypes, comparable to that of serum resistant pseudotypes 

(i.e. COCV.G, MARAV.G, PIRYV.G), following systemic administration of LV 

into naïve mice.  This highlights that despite in Chapter 4 VSVind.G-LV titres 

were reduced by fresh mouse serum by >70%, in vivo transduction efficiency 

remained unaffected in these experimental settings.  Therefore, it can be 

inferred that LV titres utilised in vivo may be high enough to saturate the 
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complement response, rendering the data on in vitro sensitivity irrelevant for 

preclinical and clinical systemic administrations of LVs.  This conclusion is 

supported by the fact that previously high transgene expression was achieved 

in dogs utilising VSVind.G-LVs even though VSVind.G was also sensitive to 

fresh dog serum in vitro (174). 

However, the specifics of how vector titres and choice of envelope modulate 

the innate immune response against LVs remain to be fully explored.  It may 

be of value to undertake site-directed mutagenesis studies to identify key 

epitopes and determinants involved in C1q deposition, serum IgM binding, and 

possibly alternative and MBL pathway activation and modulation on VSVind.G 

and other VesG.  This may lead to insights on G protein characteristics which 

confer serum resistance and why serum resistance does not correspond to 

phylogenetic relatedness (i.e. two closest relatives of VSVind.G, COCV.G and 

MARAV.G are serum resistant, while more distant ones, VSVnj.G and 

VSVala.G are sensitive).  Lastly, more extensive and decisive studies are 

necessary to conclusively deduce whether in vitro serum-sensitivity translates 

into in vivo reduction of LV transduction or virus infection. 

Instead anti-vector and anti-transgene immune responses remain to be limiting 

factors in the systemic administration of LVs.  Although extensive research is 

being done on how to evade, modulate, and manipulate these undesirable 

immune responses, they still pose a safety and efficacy concern for repeated 

administration of vectors. 

In Chapter 5, I have explored the humoral immune response elicited following 

systemic delivery of LVs and its inhibitory effect on a subsequent 

administration.  Tail vein injection of naïve mice with VSVind.G-LV induced a 

specific and neutralising anti-VSVind.G response.  Furthermore, infection 

inhibition studies revealed another neutralising response which blocked 

infection of LVs pseudotyped with RDpro envelope.  This is thought to be due 

to neutralising antibodies directed towards human antigens vectors acquire 

during budding from HEK293T-based producer cells, as the antibodies could 

be removed from serum samples via adsorption to cells.  Although this anti-

HEK293T response may not be as robust in clinical gene therapy, MHC 
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molecules incorporated into the vectors during production may act as 

alloantigens following APC transduction and trigger an alloreactive T cell-

mediated adaptive immune response (562).   

Furthermore, as postulated in the literature, the pre-existing anti-envelope 

antibodies significantly reduced the efficacy of a subsequent intravenous 

administration of the same vector pseudotype.  However, by utilising a 

heterogenous panel of pseudotypes, comprising the three serum-resistant 

VesG proteins, I demonstrated that repeated LV administration is achievable.  

While PIRYV.G-LV efficacy was unaffected, COCV.G- and MARAV.G-LV 

transductions were partially blocked.  This implied that the three closely related 

G proteins COCV.G, MARAV.G and VSVind.G shared immunodominant 

determinants that were targeted by the concerted efforts of both adaptive and 

innate branches of the immune system.  A recent study exploring the crystal 

structure of another VesG, CHAV.G, revealed that the evolutionary divergence 

observed in the hypervariable PH domain amongst the genus is a results of 

the selective immune pressures (246).  Therefore, there may be structure-

derived immunogenic and antigenic differences that dictate the extent of 

immune evasion by different VesG.  Furthermore, Lefrancois and colleagues 

have demonstrated that the antibodies generated in response to wild-type 

VSVind and VSVnj infections in mice both target neutralising and non-

neutralising epitopes (511, 532, 533).  While neutralising antibodies were 

serotype-specific, non-neutralising ones demonstrated cross-reactivity 

between VSVind.G and VSVnj.G.  However, both types of antibodies may aid 

in the antiviral response as neutralising IgGs can exploit shared determinants 

to cross-neutralise while non-neutralising but cross-reactive IgGs and IgMs 

may aid in pathogen trapping by complement receptors on dendritic cells and 

T-cell mediated clearance of the vectors (338, 660). 

Several obstacles remain ahead of in vivo LV gene therapy’s efficient 

translation into the clinic.  Namely, induced immune responses against LV 

antigens have been limiting the repeated administration of vectors  (497, 502) 

and anti-producer cell response identified will be problematic if repeated 

systemic administration of LVs is aimed to be studied further and this may lead 

to mild autoimmune responses in patients as well (562, 612).  Furthermore, 
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premature clearance of oncolytic vectors and transduced cells have been one 

of the major hurdles in achieving long-term therapeutic effects (618).  

Therefore, extensive research has been undertaken to develop approaches in 

producing alloantigen free LVs (562), exploiting immunoshielding methods to 

mask viral antigens (502, 577, 652-654), and utilising LVs and oncolytic 

viruses in combination therapies to suppress the antiviral immune response 

(656-659). 

Taken together, the work presented in Chapter 5 demonstrates a proof-of-

concept for a vector administration method in gene therapy and oncolytic 

virotherapy.  By utilising a personally tailored panel of envelopes, this method 

will permit repeated IV administration of LVs or oncolytic viruses with minimal 

hindrance in transduction efficiencies. 

6.1.Future Directions 

The work presented in this thesis has provided insights related to antigenic 

and immunogenic co-evolution of vesiculoviruses.  Studies focusing on IE9F9 

and 8G5F11 neutralisation of VesG-LV uncovered mechanistic similarities 

towards anti-influenza haemagglutinin head-binding (specifically neutralising 

via receptor blocking) and stem-binding (broadly neutralising via inhibiting 

membrane fusion) antibodies (661, 662).  I intend to further investigate the 

neutralisation mechanism employed by 8G5F11 and narrow down the step(s) 

in viral attachment and cell entry it acts on.  Further studies on the antigen-Ab 

quaternary structure would be interesting with regards to exploring 

vesiculovirus infection and G-protein mediated fusion. 

In addition, my experiments revealed that PIRYV.G, unlike the other VesG 

tested, does not utilise LDLR as its primary receptor.  Nikolic and colleagues 

have recently reported that a phylogenetically close relative of PIRYV.G, 

CHAV.G, also does not bind to LDLR (323).  As described in section 5.4, 

another study from the same group has also grouped vesiculoviruses into two 

subgroups with regards to their inherent differences in their pH sensitive 

switches and local structures (246).  While the G proteins in the first group (e.g. 

VSVind.G, COCV.G, VSVnj.G, VSVala.G, MARAV.G) share LDLR as their 
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receptor, the primary receptor(s) for the G proteins in the second group is 

unknown.  Therefore, identification of PIRYV.G’s main receptor and 

investigation of whether its use is conserved within the second vesiculovirus 

subgroup (e.g. CHAV.G, ISFV) will provide vital information on vesiculovirus 

infection evolution and tissue tropism. 

Furthermore, through several chimeric constructs I have identified that the PH 

domain of VSVind.G confers serum sensitivity.  However, the data also 

demonstrated that there are determinant(s) outside the PH domain which 

contribute to this innate sensitivity.  Further fine mapping of C1q deposition 

and serum IgM binding sites on VSVind.G may be of interest in generating 

serum-resistant variants to be incorporated into ATMP and gene therapy 

applications.  In addition, the presence of determinants involved in activation 

and modulation of alternative and MBL routes of the complement cascade 

could allow for further optimisation of these glycoproteins for in vivo use. 

Lastly, I was able to demonstrate that a pre-existing neutralising anti-envelope 

can be evaded by using a heterogenous panel of envelopes.  This work 

provides a proof-of-principle that systemic re-administration of LVs is 

achievable.  However, further optimisation of the methods is necessary for its 

successful translation into preclinical and clinical gene therapy and oncolytic 

virotherapy applications.  First and foremost, the anti-HEK293T response 

described in section 5.3.1 should be further investigated in humanised mouse 

models and/or non-human primate models to deduce whether a similar 

allogeneic response would limit vector re-administration.  Following which 

studies exploring tailoring the vectors for tissue targeting and investigation 

solutions to premature clearance of the transgene may be undertaken. 
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