
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iebt20

Expert Opinion on Biological Therapy

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iebt20

A tool with many applications: vesicular stomatitis
virus in research and medicine

Altar M. Munis , Emma M. Bentley & Yasuhiro Takeuchi

To cite this article: Altar M. Munis , Emma M. Bentley & Yasuhiro Takeuchi (2020): A tool with
many applications: vesicular stomatitis virus in research and medicine, Expert Opinion on Biological
Therapy, DOI: 10.1080/14712598.2020.1787981

To link to this article:  https://doi.org/10.1080/14712598.2020.1787981

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Accepted author version posted online: 30
Jun 2020.
Published online: 09 Jul 2020.

Submit your article to this journal 

Article views: 243

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=iebt20
https://www.tandfonline.com/loi/iebt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14712598.2020.1787981
https://doi.org/10.1080/14712598.2020.1787981
https://www.tandfonline.com/action/authorSubmission?journalCode=iebt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iebt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14712598.2020.1787981
https://www.tandfonline.com/doi/mlt/10.1080/14712598.2020.1787981
http://crossmark.crossref.org/dialog/?doi=10.1080/14712598.2020.1787981&domain=pdf&date_stamp=2020-06-30
http://crossmark.crossref.org/dialog/?doi=10.1080/14712598.2020.1787981&domain=pdf&date_stamp=2020-06-30


REVIEW

A tool with many applications: vesicular stomatitis virus in research and medicine
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aNuffield Division of Clinical Laboratory Sciences, Radcliffe Department of Medicine, University of Oxford, Oxford, UK; bDivision of Advanced 
Therapies, National Institute for Biological Standards and Control, South Mimms, UK; cDivision of Virology, National Institute for Biological 
Standards and Control, South Mimms, UK; dDivision of Infection and Immunity, University College London, London, UK

ABSTRACT
Introduction: Vesicular stomatitis virus (VSV) has long been a useful research tool in virology and 
recently become an essential part of medicinal products. Vesiculovirus research is growing quickly 
following its adaptation to clinical gene and cell therapy and oncolytic virotherapy.
Areas covered: This article reviews the versatility of VSV as a research tool and biological reagent, its 
use as a viral and vaccine vector delivering therapeutic and immunogenic transgenes and an oncolytic 
virus aiding cancer treatment. Challenges such as the immune response against such advanced 
therapeutic medicinal products and manufacturing constraints are also discussed.
Expert opinion: The field of in vivo gene and cell therapy is advancing rapidly with VSV used in many 
ways. Comparison of VSV’s use as a versatile therapeutic reagent unveils further prospects and 
problems for each application. Overcoming immunological challenges to aid repeated administration 
of viral vectors and minimizing harmful host–vector interactions remains one of the major challenges. In 
the future, exploitation of reverse genetic tools may assist the creation of recombinant viral variants 
that have improved onco-selectivity and more efficient vaccine vector activity. This will add to the 
preferential features of VSV as an excellent advanced therapy medicinal product (ATMP) platform.
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1. Introduction

Vesicular stomatitis virus Indiana strain (hereafter simply VSV as 
commonly called) came under the spotlight in the past few 
decades following the advent and success of lentiviral gene 
therapy in research and the clinic [1]. Utilized almost exclusively, 
VSV glycoprotein (VSV.G) pseudotyped vectors, have an 
untapped potential for gene therapy and editing applications. 
In addition, owing to its versatility, VSV has been utilized ubiqui
tously in several other fields of research and in the clinic as 
a potent oncolytic virus, vaccine vector, and a gene delivery 
tool to study heterologous viral envelope proteins. Several uni
versal challenges remain to be overcome to maximize the poten
tial of such vectors. Improving targeting to enhance therapeutic 
effect and overcoming adaptive and innate immune responses 
curtailing treatment efficacy remains one of the biggest hurdles 
[2]. In this review, we discuss the translational potential of VSV 
and other members of vesiculoviruses in expressing therapeutic 
transgenes. We also look at the progress made in targeting 
cancerous tissue, and effectively promoting immunity against 
other pathogens with recombinant vesiculoviruses and review 
the challenges and directions for the future.

2. Vesicular stomatitis virus

VSV is a species of the genus vesiculovirus which belongs to 
the rhabdovirus family [3]. Vesiculovirus is the first 
described virus of the 16 rhabdovirus genera, it naturally 

targets farm animals and causes lesions in the mouth and 
udders [4]. VSV is considered to be the prototype virus of 
the genus while other major serotypes include Cocal, 
Vesicular stomatitis virus New Jersey strain, Chandipura, 
Maraba, and Piry viruses [5–7].

The single-stranded, negative-sense RNA genome of VSV 
encodes five structural proteins: nucleoprotein, phosphoprotein, 
matrix protein, glycoprotein, and the viral polymerase [8,9] 
(Figure 1(a)). The matrix protein is responsible for the formation 
of the viral core and anchoring of the glycoprotein to the viral 
membrane enabling the formation of glycoprotein homotrimers 
[10]. The glycoprotein dictates receptor recognition, cell entry, 
and viral fusion; thus, it is the major target for the humoral 
immune response [11]. The RNA-dependent RNA polymerase 
activity for viral replication takes place in the target cell cytosol 
and is driven by the complex containing the nucleoprotein, viral 
polymerase, and phosphoprotein [12]. The viral genes are 
expressed in a single non-segmented negative strand RNA in 
order [13]. As the transcriptional activity of the 3ʹ promoter is 
attenuated at each gene junction, 3ʹ genes of the viral genome 
are transcribed more abundantly [14] (Figure 1(a)).

2.1. Use of VSV in viral vector pseudotypes

Virus-based vectors have been utilized in research for 
several decades. Most vectors based on enveloped viruses 
are pseudotyped viruses, that is, their envelopes are not 
encoded by their genome (coined/defined by Rubin in 
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1965 [15]), and can be derived from various related 
viruses. The cell tropism of retroviral vectors including 
ubiquitously used lentiviral vectors can be modified by 
the pseudotyping approach. One of the first and currently 

most widely used viral envelopes for this belongs to VSV 
owing to its broad tropism, thermal, and physical stability. 
Lentiviral vectors pseudotyped with VSV.G are currently 
regarded as the ‘gold-standard’ in gene therapy applica
tions (Figure 1(b)).

In addition, the VSV core serves in the development of 
effective pseudotyped vectors. This was made possible 
through the establishment of VSV reverse genetics 
enabling the production of recombinant VSV [16]. 
Pseudotyped vectors, bearing the surface protein of 
a foreign virus, enable the study of virus-target cell inter
actions, including viral entry mechanisms and the inhibi
tion of viral entry by different biologicals. In these VSV- 
based recombinant vectors, the viral genome is edited 
where VSV.G gene is swapped for a reporter gene allow
ing for easy and high-throughput analysis of viral infectiv
ity (Figure 1(c)). Similarly, researchers have also utilized 
the VSV core to generate replication-competent chimeric 
viruses engineered to express heterologous glycoproteins. 
In this approach, gene encoding VSV.G is replaced with 
another viral glycoprotein (Figure 1(d)).

Article highlights

● Vesicular stomatitis virus (VSV) has long been a useful research tool and 
more recently become an essential part of medicinal products.

● The understanding of VSV’s biology including structural, molecular, and 
immunological aspects has been progressing in concert with its adapta
tion to clinical gene and cell therapy, vaccines and oncolytic 
virotherapy.

● The use of VSV.G as a pseudotyping envelope for lentiviral vectors has 
cultivated gene therapy research and spearheaded lentivector-based 
gene and cell therapy clinical trials.

● Recombinant VSV vectors have been developed into potent vaccines 
most notably against Ebola in the recent years.

● Although there are still some limitations around use of VSV as an 
oncolytic virus, it is emerging as a potential alternative to oncotherapy 
in the future.

This box summarizes key points contained in the article.

Figure 1. Schematic of wild-type VSV and VSV-based Vectors. (A) VSV genome encodes five proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), 
glycoprotein (G), and the viral polymerase (L). This produces the characteristic ‘bullet-shaped’ virion with VSV.G protruding from its surface (right). Black arrows 
represent the transcriptional activity of the 3ʹ viral promoter using the negative strand genome RNA as the template. (B) Summary of the four-plasmid approach to 
the third-generation lentiviral vector system to produce VSV.G pseudotyped vectors with a lentivirus core (right). U3: LTR element derived from sequences unique to 
3ʹ end of the RNA genome; R: LTR element derived from sequences repeated in both LTRs; U5: LTR element derived from sequences unique to 5ʹ end of the RNA 
genome; Ψ: packaging signal; cPPT: central polypurine tract; RRE: rev response element; WPRE: Woodchuck hepatitis virus posttranscriptional regulatory element. 
Arrows denote locations of the heterologous promoters. (C) Generation of rVSV-ΔG pseudotyped with a heterologous viral envelope. (left) Schematic of the 
recombinant VSV (rVSV) genome in which the gene encoding VSV.G is replaced with a reporter transgene (e.g. EGFP; enhanced green fluorescent protein). The 
pseudotyping viral envelope protein is provided in trans via an expression plasmid, prior to infection of cells with rVSV-ΔG. (right) This enables the production of 
rVSV-ΔG virions encoding EGFP complemented with a heterologous viral envelope. (D) Generation of a replication-competent rVSV pseudotyped with 
a heterologous viral envelope. In the rVSV genome gene encoding VSV.G is replaced with another viral envelope protein in order to produce a replication- 
competent non-neurotropic oncolytic virus or vaccine.
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2.2. VSV glycoprotein structure

During infection, viral membrane proteins mediate virus-cell 
and cell-cell fusion [17]. These proteins are generally divided 
into three different groups based on their structure and fusion 
mechanisms: class I, II, and III [18]. While vesiculoviruses 
employ a single glycoprotein on their surface, other viruses, 
such as human parainfluenza and measles, use multiple sur
face glycoproteins for viral attachment and fusion [17].

All vesiculovirus glycoproteins, VSV.G being the most stu
died, belong to the most recently defined group of class III 
fusion proteins typified by their reversible pH-dependent 
fusion kinetics [19–21]. They are made up of a combination 
of α-helices and β-sheets [11]. During infection, both receptor 
recognition and membrane fusion are controlled by the single 
glycoprotein. Following endocytosis of the virus, the gradually 
decreasing pH in early endosome compartments serves as the 
environmental cue for pH-dependent membrane fusion which 
is optimal around pH 6 [22,23]. Identified fusion kinetics of 
VSV.G suggest that the glycoprotein assumes two key confor
mational states: pre-fusion (native) and post-fusion (inactive) 
with several monomeric and multimeric intermediates in 
between each having their own unique biochemical charac
teristics [11,24,25]. A pH-dependent equilibrium controls the 
structural changes between these states which shifts toward 
the post-fusion conformation at low pH [26]. The reversibility 
of these structural changes, unique to vesiculoviruses (at large 
to the rhabdovirus family), allows the transportation of the 

viral glycoprotein, during viral replication, through acidic cel
lular compartments in its inactive form on to the cell surface 
where it assumes its active state [27,28].

X-ray crystallography studies have elucidated that VSV. 
G is made up of four distinct domains, dubbed I, II, III, and 
IV [23,25] (Figure 2(a-c)). The β-sheet rich domain I is 
called the lateral domain. Domain II, formed of six α- 
helices, is responsible for homotrimerization of VSV.G 
through hydrophobic interactions in both pre- and post- 
fusion conformations. Domain III which is formed of 
a combination of α-helices and β-sheets contains the 
fold of pleckstrin homology (PH) domain. PH domain 
plays a crucial role in the membrane localization of VSV. 
G. Domain III, alongside the lateral domain, is the most 
exposed of the VSV.G protein. Several neutralizing epi
topes have been located on these two domains [29,30] 
(Figure 2(d-e)) and it has been shown that they both are 
involved in receptor recognition [31] (Figure 2(f)). Domain 
IV contains the two fusion loops which are extended 
toward the target membrane during viral fusion.

During structural changes from the pre-fusion to post- 
fusion conformations, the VSV.G homotrimer dissociates 
and goes through major structural rearrangements [33]. 
However, it has been demonstrated that domains I, III, 
and IV retain their tertiary structures. The changes occur 
in the relative location and orientation of the domains and 
hinge regions between domains III and IV followed by 

Figure 2. Structure and Domain Organization of VSV Glycoprotein. (a) Linear diagram depicting domain architecture of VSV.G. Domain boundaries are labeled based 
on the precursor protein numbering including the signal peptide. Green: DI, lateral domain; yellow: DII, trimerization domain; red: DIII, pleckstrin homology domain; 
blue: DIV, fusion domain; gray: transmembrane and cytoplasmic domains. X-ray crystallography images of mature VSV.G produced by thermolysin-mediated 
cleavage of virions in (b) pre-fusion (PBD ID 5I2 S) and (c) post-fusion (PBD ID 5I2 M) structures, with VSV.G monomers colored by domains. (d-e) Epitopes 
recognized by strongly neutralizing anti-VSV.G antibodies 8G5F11 and IE9F9 [32]. Residues that dictate antibody binding are colored cyan and magenta respectively. 
The trimerization domain and the respective domains where the epitopes are located in are colored for reference. (f) Residues that are involved in receptor binding 
mapped onto the pre-fusion structure of VSV.G (left panel). H24, K63, Y225, and R370 create a receptor binding pocket which interacts with CR2 and CR3 domains of 
LDLR (right panel). 3D structures were retrieved from RCSB Protein Data Bank, visualized and colored via JalView software.
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refolding of domain II [23]. Therefore, the post-fusion 
structure of VSV.G resembles a flipped version of the pre- 
fusion conformation [11,25] (Figure 2(b-c)).

2.3. VSV glycoprotein function

Binding of vesiculovirus glycoproteins to receptors guides the 
virus-receptor complex to cellular compartments where viral 
fusion takes place. Low-density lipoprotein receptor (LDLR) 
and its family members have been identified as the cellular 
receptors for VSV cell entry [34].

LDLR is a type I transmembrane protein that is involved in the 
uptake of cholesterol molecules bound to lipoproteins (reviewed 
in [35]). Following binding to its ligand, LDLR molecules are 
endocytosed and the low-pH of the endosomal environment 
leads to the release of the ligand. After ligand release, the 
receptor molecules are recycled back to the cell surface [36,37]. 
LDLR is the prototype member of a family of proteins typified by 
the similarity of their structural domains. These receptors, 
involved in many cellular functions including lipoprotein trans
port, intercellular signaling, and protease inhibitor clearance 
(reviewed in [38]), all are made up of cysteine-rich, epidermal 
growth factor-like, and YWTD (named after conserved tyrosine, 
tryptophan, threonine, and aspartate residues) domains 
arranged in various different patterns. LDLR, specifically, is 
made up of seven continuous cysteine-rich domains (responsible 
for ligand recognition and binding), followed by three EGF-like 
and the YWTD domain [39–41]. It is anchored to the lipid mem
brane via a highly glycosylated stalk [42].

It has been demonstrated that VSV.G can interact with 
LDLR and the other family members using the highly con
served cysteine-rich (CR) domains [31,34]. Several basic resi
dues located in VSV.G domain I and III are responsible for 
interacting with CR2 and CR3 domains on LDLR resulting in 
a calcium-cage-mediated protein–protein binding. Residues 
H24 and K63 on VSV.G interact with D69/73/79, E80 on CR2 
or D108/112/118, E119 on CR3. These interactions are required 
for the docking of the calcium ion which coordinates struc
tural changes in LDLR to ensure the binding of the glycopro
tein. On the other hand, R370 in VSV.G is responsible for 
initiating interactions with both CR2 and CR3 domains.

However, the use of LDLR and its family members is not 
universal to all vesiculoviruses. While the close phylogenetic 
relatives to VSV, Cocal, and Maraba viruses also interact with 
LDLR, it has been shown that Piry and Chandipura viruses do 
not [31,43]. This is thought to be due to the key residues on 
the glycoprotein which dictate the interaction with CR2 and 
CR3 domains not being conserved on all vesiculoviruses.

The interaction between VSV.G and LDLR results in rapid 
endocytosis of the virus. This enables the viral antigens to be 
present on the cell surface for a reduced time period aiding 
the virus in immune evasion. In addition, viral fusion from 
endocytic vesicles limits membrane damage and bolsters 
viral replication (reviewed in [44]). Different clusters of amino 
acid residues on VSV.G facilitate the conformational changes 
from pre-fusion structure to the post-fusion and back [45]. The 
protonation of three histidine residues is responsible for the 
destabilization for the pre-fusion structure which is followed 
by the fusion peptides to move away from the viral membrane 

and protract toward the target membrane [23,46]. On the 
other hand, deprotonation of four aspartic acid residues brings 
them together. The cluster of these acidic residues then acts 
as the molecular switch for the transition back to the pre- 
fusion structure [45]. Comparison of amino acid sequences of 
vesiculovirus G proteins reveals that these amino acid clusters 
are not conserved amongst all of them. Recently elucidated 
3D structure of Chandipura G illuminated the substantial 
divergence in the location of pH sensing residues compared 
to VSV.G [6,47].

Membrane fusion is one of the most critical steps in the 
viral life cycle. It enables the transfer of the viral genome into 
the target cell cytosol [48]. However, while some vesiculo
viruses have lower pH thresholds (e.g. VSV New Jersey and 
Chandipura), physiological pH (pH 7.2) is optimal for VSV to 
retain its infectivity and fusogenicity [49]. Even mildly acidic 
pHs (e.g. pH 6.8) results in several logs of drop in VSV titers [7]. 
Around pH7-8 most VSV G proteins can be found in their pre- 
fusion homotrimer structures on the virion surface. However, 
some monomeric intermediates with exposed fusion loops 
have also been observed [21,24]. This is thought to be the 
reason why VSV.G expression on the cell surface results in 
syncytia formation through spontaneous fusion. More and 
more fusion loops are exposed in the endosomal compart
ments with a drop to pH ~6.6. pH 6.2, acting as the threshold 
ensuring adequate numbers of monomeric intermediates are 
present on the viral surface, following which membrane fusion 
occurs through hemifusion [23,50].

2.4. Pseudotypes bearing a VSV envelope glycoprotein

While VSV has been successfully used as a vaccine and gene 
delivery vector, the use of lentiviral vectors for gene therapy 
and gene editing purposes is one of the most popular sys
tems. In this setting, the VSV.G has been most widely utilized 
as the ‘gold-standard’ viral envelope to pseudotype lentiviral 
vectors (LVs) in routine molecular biology and then in both 
preclinical and clinical gene therapy.

Gene therapy was born with the use of Moloney murine 
leukemia virus (MoMLV) based oncoretroviral vectors to deli
ver genetic payloads into target cells [51]. LVs were later 
designed by genetically modifying the HIV-1 genome and 
providing the necessary structural proteins in trans (reviewed 
in [52]). Overall, LV is currently the vector of choice for many 
gene therapy applications, in particular ex vivo cell therapies, 
due to their high carrying capacity, ability to be pseudotyped 
with heterologous envelopes, increased biosafety owing to 
the generation of self-inactivating vectors, integration into 
the host genome allowing for sustained transgene expression, 
and arguably lower immunogenicity of viral proteins. The 
choice of envelope used to pseudotype LVs dictates various 
properties of the vector including cell tropism, serum sensitiv
ity, physical, and thermostability.

Prior to its ubiquitous use for lentiviral pseudotyping, VSV.G 
was initially developed as a heterologous envelope for avian 
sarcoma virus [53] and MoMLV retrovirus-based gene therapy 
vectors [53,54]. Currently, VSV.G is widely regarded as the 
model envelope to pseudotype LVs owing to its broad trop
ism, robust stability, and high vector titers [55]. However, 
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several aspects of VSV.G still need to be improved upon. It is 
suboptimal in transducing resting lymphocytes since its main 
receptor LDLR is not highly expressed [56]. In addition, several 
groups have reported that VSV.G is hypersensitive to fresh 
human serum and sera from other mammalians, curtailing its 
efficacy in vivo [57,58]. To this extent, several other vesiculo
virus envelopes (e.g. Cocal, Piry, Chandipura) have been pro
posed as resistant replacements [58–60]. Moreover, high VSV.G 
expression-related cytotoxicity has been reported in LV pro
ducer cells. This has been a major hurdle in the generation of 
VSV.G-based packaging and producer cell lines. Yet, stable 
envelope expressing cells [58,61] and producer cells with 
inducible promoters have been reported [62–64]. In addition, 
a cell-free in trans pseudotyping method which enables stable 
production of LV has been proposed as an alternative. It has 
been known that purified G particles from virion surfaces can 
be readily incorporated into synthetic liposomes to create 
virus-like particles [65,66]. Abe and colleagues later demon
strated that when expressed on cell surface VSV.G ‘buds out’ 
from the cell surface into the media. They could isolate and 
sediment these G containing particles as well as use them to 
pseudotype otherwise envelope-free gammaretroviral parti
cles [67]. In Tijani et al. we demonstrated that this admixing 
method can be utilized for functional LV preparation using 
envelope-less LVs and envelopes separately produced in 
stable, constitutive producer cell lines potentially with 
reduced cost and increased reproducibility [58]. Lastly, it has 
been reported that VSV.G pseudotyped LVs (VSVG.LVs) induce 
a robust immune response following intravenous administra
tion in vivo, resulting in the production of neutralizing anti
bodies and clearance in transgene expression due to 
transduction of ‘unwanted’ immune cells [43,52,68].

Despite drawbacks outlined above, VSVG.LV demonstrated 
great promise in preclinical in vivo studies as well as having 
been successfully used ex vivo in the clinic. Currently, there are 
more than 150 active lentiviral vector-based clinical trials in 
the US most of which exploiting VSV.G’s advantageous char
acteristics [69]. Furthermore, VSVG.LV’s unprecedented trans
duction ability ushered in the era of cell therapies leading to 
the advent of chimeric antigen receptor T (CAR-T) cell thera
pies [70]. These genetically modified T cells offered curative 
therapies for several cancers and two, Kymriah and Yescarta, 
have been approved by the U.S. Food and Drug 
Administration (FDA) for use in B-cell malignancies in the 
recent years [71,72].

VSVG.LV’s success thus far has led to the establishment of 
good manufacturing practices (GMP) to ensure consistent pro
duction of efficient and safe vectors with high quality and 
minimal contaminants. Under the current GMP, the production 
of LVs is performed through production cell lines (usually HEK 
293 or derivatives) named packaging cell lines [73]. However, 
current processes, both in academia and industry have been 
designed based on LVs’ ex vivo use and success. For these 
manufacturing processes to be able to support the volume of 
viral vector required in in vivo applications, substantial optimi
zation and advancement are necessary [74]. Each batch of LV 
produced for clinical use is put through stringent quality con
trol tests confirming purity, functionality, and the lack of repli
cation-competent viruses [75–77]. Recent successes in ex vivo 

gene and cell therapy approaches in immune-oncology (e.g. 
CAR-T therapies) have highlighted the burden of using the 
traditional transient transfection approaches to produce viral 
vectors on production time and costs [78]. In order to advance 
these early successes expanding to in vivo gene therapies and 
support translational development of advanced therapy med
icinal products, substantial improvements are necessary 
regarding efficient and large-scale vector manufacturing.

3. VSV-based vectors

VSV-based vectors are extremely versatile examples of such 
recombinant vectors. Studies during the 1970s showed utiliz
ing wild-type VSV could generate heterogenous pseudotypes; 
virions with multiple different envelope glycoproteins on their 
surface [79–82]. These phenotypically mixed viruses were 
obtained by simultaneous infection of cells with VSV and 
other viruses (e.g. SV5, MLV, and Sendai viruses) [83]. This co- 
infection of cells yielded both homogenous pseudotyped 
viruses as well as viral progeny bearing heterogeneous envel
ope glycoprotein on its surface of different ratios, and thus 
susceptible to dual neutralization [84]. Neutralization of VSV.G 
via incubation of mixed pseudotype viruses in anti-VSV anti
sera allowed the detection and measurement of infection 
mediated by the heterologous envelope. Alternatively, this 
method also enabled the investigation of the host-range spe
cificity of the viral envelope protein. In the absence of the pan- 
tropic VSV.G activity host-range of the heterologous envelope 
could be tested. The use of thermosensitive or production 
defective VSV mutants, such as the VSV tlB17 mutant glyco
protein which is inactivated by heating to 45°C for 60 minutes 
[79,85,86] or VSV ts045 which is subject to temperature- 
sensitive maturation from the endoplasmic reticulum [87–89], 
allowed scientists to select for the homogenous pseudotypes 
to undertake further studies on the foreign envelope protein 
[83,90]. At the time, these phenotypically mixed viruses were 
considered valuable tools in the study of latent, defective, or 
partially expressed viruses. However, there remained a need to 
improve their method of production and to gain a greater 
understanding of their structural formation [79].

The early interpretation that rhabdovirus assembly of virion 
envelope glycoproteins is nonspecific [91] was enhanced by 
advances in recombinant genetics [92]. Using a VSV-ΔG it was 
determined that rhabdoviruses assemble and bud indepen
dent of the envelope protein, producing bald particles, yet at 
a 10–30 fold lower efficiency than wild-type VSV [93,94]. This 
higher efficiency of virus budding in the presence of envelope 
protein is in contrast to retroviruses, which are another com
monly used viral vector system, where bald particles bud at 
the same rate as those encompassing envelope in a process 
primarily driven by the capsid protein [95,96]. The nonspecific 
nature of this envelope incorporation has further been 
demonstrated by using diverse sequences, varying in length, 
with truncated and extended cytoplasmic domains [97,98]. 
The use of the VSV core to produce pseudotyped viruses has 
remained popular, with replication-defective recombinant VSV 
(rVSV) produced with the virus glycoprotein gene replaced by 
that encoding a reporter, such as fluorescent protein or 
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luciferase. The use of this system was first described in a study 
investigating the entry of Ebola virus [99]. Accessibility to the 
system was enhanced upon publication of detailed methods 
for the production and recovery of rVSV-ΔG pseudotypes 
[100], together with the availability to purchase the vector 
commercially.

A major application of rVSV-ΔG pseudotypes has been 
enabling wide accessibility to study properties of high con
tainment level 3 or 4 viruses at a low containment level [101– 
103]. It is particularly valuable in the study of novel emerging 
viruses, where a pseudotype can be rapidly produced once the 
sequence of the envelope glycoprotein is known. This fore
goes the need to establish cell culture systems. The system is 
also conducive to high-throughput screening, with the acqui
sition of reporter gene expression from transduced cells pos
sible after 24 hours, in contrast to several days of incubation in 
the case of wild-type virus infectivity experiments. This has 
provided researchers with a powerful tool, with rVSV-ΔG pseu
dotypes being applied to the study of virus entry, determining 
tropism and elucidating cell receptors, screening of antivirals, 
and serological investigation, and also seen their development 
as gene therapy and vaccine vectors (Table 1).

4. VSV as a vaccine vector

In recent years considerable advances have been made in 
tackling infectious diseases using vaccine vectors. These vec
tors aim to stimulate a strong and specific immune response 
against proteins expressed by the vectors. They achieve this 
by exploiting the inflammatory properties of the viruses. 
Vaccine vectors can be administered via multiple delivery 
routes including intravenous and intranasal.

Most vaccines to date have been live-attenuated versions 
of the pathogens (e.g. measles, polio) which have proven to 
grant long-lasting protection [156,157]. However, for many 
infectious diseases, the attenuation of the pathogen is not 
viable or like in the case of HIV-1, several safety concerns 
remain despite attenuation. Modified recombinant viral vac
cine vectors represent a promising alternative strategy to 
tackle such diseases. The ability to induce a strong immune 
response, lack of preexisting immunity to the vector, and 
ability to be repeatedly administered are the major hurdles 
in the generation of vaccine vectors [158]. Successful vaccine 
vectors created to date, especially the ones based on adeno
viruses, allow for heterologous prime-boost regimens but can
not be repeatedly administered [159–161].

VSV aligns with the qualities of a good recombinant vac
cine vector: capacity and genetic stability for insertion of 
transgenes, non-integrating viral life cycle with low toxicity, 
and ability to be produced in high-titers. In addition to the 
general lack of preexisting VSV immunity, the virus is relatively 
safe as it replicates in the host cell cytosol and does not 
integrate into the genome. Lastly, in preclinical studies, it has 
been demonstrated that VSV-based vaccines can induce 
strong humoral and cellular immune responses following 
administration [162,163]. For example, a single dose of recom
binant VSV encoding hemagglutinin of influenza A and 
measles viruses can protect rodents against lethal challenges 

[164,165]. In addition to its use in tackling other infectious 
diseases such as hepatitis C [166], the most recent VSV success 
was the recombinant replication-competent VSV-based vac
cine vector pseudotyped with the glycoprotein of Ebola virus 
(reviewed in [167]). After demonstrating full protection in 
preclinical non-human primate studies [168], the vector (rVSV- 
ZEBOV) was used during the outbreak in West Africa in 
2013–2016 [169]. In this phase III trial, it was demonstrated 
that the vaccine was safe for use in human [170] and early 
data on its protective efficacy are very encouraging [171,172]. 
There is thus potential, with studies ongoing, to apply this 
recombinant VSV vaccine platform to other emerging viruses 
[173]. rVSV-ZEBOV vaccine, sold under brand name Erbevo, 
was approved for use in the US and EU in 2019 [174,175].

The use of a replication-competent neurotropic virus came 
with several safety concerns. Neurovirulence of wild-type (wt) 
VSV and administration of a replicating viral vector to immu
nocompromised patients were the two main topics of 

Table 1. Recombinant VSV-based Pseudotypes Used for Various Applications.

Application Viral Envelope Reference

Virus Entry Ebola virus [100,104–106]
Herpes virus [107]
MERS-CoV [108]
SARS-CoV [109–111]
Hepatitis C virus [112,113]
Measles virus [114]
Influenza A virus [115]
Influenza C virus [116]
Human T-cell leukemia virus type 1 [117,118]
Borna disease virus [119]
Hantaan virus [120]
Crimean-congo hemorrhagic fever virus [121]
Lassa virus [122,123]

Cellular Tropism Bas-Congo virus [124]
Chikungunya virus [125]
Ebola virus [105,126]
Hepatitis B virus [127]
SARS-CoV [128]
HIV-1 [129]

Antiviral Screening Hepatitis C virus [130]
Nipah virus [131,132]
SARS-CoV [110]
Hendra virus [132]
Lassa virus [133]

Serology Hantaan virus [134]
SARS-CoV [135]
Nipah virus [136,137]
Ebola virus [105,138]
Influenza A virus [139]
Lassa virus [140]
Morbillivirus [141,142]
Puumala virus [143]
Human T-cell leukemia virus type 1 [144]

Gene Therapy Baculovirus [233]
Sindbis virus [205]
Simian Parainfluenza virus [145]
Lymphocytic Choriomeningitis virus [210]
Measles virus [209]
Lassa virus [208]

Vaccine Measles virus [164]
Influenza A virus [162,165]
Lassa virus [146,147]
Ebola virus [171]
Crimean-Congo hemorrhagic fever virus [148]
Nipah virus [149,150]
SARS-CoV [151]
MERS-CoV [152]
Zika virus [153–155]
HIV-1 [180–183]
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contention. While the vaccine lacked VSV.G, the main contri
butors to the virus’ neurotropism, several non-human primate 
studies were performed to demonstrate the safety of the 
vaccine. First, the lack of neurovirulence (i.e. lack of neurolo
gical disease symptoms and lesions) was determined via 
intrathalamic inoculation [176]. In addition, NOD-SCID mice 
and rhesus macaques infected with simian-immunodeficiency 
virus were immunized with rVSV-ZEBOV. No vaccine- 
associated disease was observed in all of the animals demon
strating the vaccine’s safety in immunocompromised indivi
duals [177,178]. Lastly, wt VSV causes widespread disease in 
livestock and is an OIE (World Organization for Animal Health)- 
listed virus. Therefore, the pathogenicity of rVSV-ZEBOV was 
assessed in porcine studies [179]. No signs of disease were 
observed in animals and viral shedding was detected for only 
one out of six animals involved in the study.

On the back of its success with the Ebola outbreak, recom
binant VSV is now being engineered as an anti-HIV-1 vaccine 
(reviewed in [180]). Generated via an identical method, HIV-1 
vaccine was able to generate antibodies against the HIV-1 
envelope and induce a modest cell-mediated immune 
response in several animal models [181,182]. However, the 
humoral response was not neutralizing, a problem which is 
thought to be related to the low expression of HIV-1 env on 
rVSV surface [183].

Furthermore, the exploitation of the transcriptional activity 
of the viral VSV promoter has also been a viable strategy to 
create attenuated vaccine vectors. Studies have shown that 
translocation of viral genes essential for viral replication (e.g. 
nucleocapsid) to the 5ʹ end of the viral genome reduces 
replication rate while not compromising immunogenicity 
[184]. Similarly, rVSV viruses with their glycoprotein gene in 
the 3ʹ location were able to elicit stronger immune responses 
in mice [185].

Despite these successes outlined, there are two major 
drawbacks associated with VSV-based vaccine vectors. 
Vaccine vectors expressing the VSV.G cannot be re- 
administered due to the potent neutralizing antibody 
response generated [162]. However, heterologous prime- 
boost regimens have been used with varying degrees of suc
cess [43,186]. Second, VSV, naturally, is a neurotropic virus as 

discussed above for rVSV-ZEBOV. Therefore, the use of the live 
replication-competent virus raises concern with regards to 
neurotoxicity-related diseases including encephalitis [187].

5. Oncolytic activity of VSV

Oncolytic activity of certain viruses has been explored for the 
controlled killing of cancerous tissue. It was first discovered 
through the ‘bystander effect’ when cancer regression was 
observed in patients with unrelated viral infections [188]. 
This sparked rigorous research on the use of viruses for onco- 
targeting by exploiting the lack of anti-viral machinery in 
cancer cells [189]. This enables oncolytic viruses to preferen
tially infect and replicate in cancer cells, spreading to other 
tumor tissues and killing them in the process. Since then, 
many viruses from diverse families (e.g. herpes, adeno, and 
rhabdoviruses) have been evaluated as oncolytic vectors, with 
the first oncolytic virus therapy, based on herpes simplex virus, 
being approved in 2015 in the western hemisphere [190].

VSV’s onco-selectivity stems from its sensitivity to type 
I interferon dependent cellular immune responses [191]. In 
healthy cells, a robust IFN-1 response significantly curtails 
VSV infections; however, VSV infection flourishes in cancer 
cells where parts of this immune pathway are missing or 
damaged. Hence, this leads VSV to preferentially replicate in 
cancerous tissue [192] (Figure 3).

Furthermore, VSV has a short replication time which pro
duces a large amount of daughter virions and, as mentioned 
above, can be genetically altered. Both of these characteristics 
make it a prime candidate for an oncolytic vector [193]. Its 
primary receptor, LDLR, is widely expressed in most tissues 
conferring the virus broad tropism in mammalian cells and, 
therefore, VSV infections are not limited by receptor availabil
ity. Its cytoplasmic replication makes it a safe choice, while fast 
in vitro growth kinetics enable the production of high titer 
viral preparation in the laboratory [194]. Onco-selectivity and 
lytic potential of VSV have been demonstrated against several 
cancer types including cervical and breast cancers, melano
mas, and glioblastomas [195].

Despite its excellent oncolytic activity, VSV has been shown to 
cause deaths due to neurotoxicity in both murine and non- 

Figure 3. Oncoselectivity of VSV. Infection of healthy cell(s) with VSV results in a strong IFN-1 response limiting the virus’ efficacy, protecting neighboring cells, and 
further cascading the cytokine response. However, cancer cells lacking this immune pathway remain susceptible to VSV infection [198]. Therefore, VSV selectively 
replicates in malignant cells killing them in the process and clearing the tissue.
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human primate models [196,197]. Several strategies to attenuate 
the virus have been developed to combat this. The most promis
ing and widely used is the ΔM51 mutant [198]. In wt virus, the 
matrix (M) protein has evolved to combat IFN-1-based immune 
response in the cells. The M protein can block the host mRNA 
export preventing host gene expression and ultimately leading 
to apoptosis (reviewed in [199]). This mutation in the protein 
compromises its ability to combat the immune response hence 
rending it more sensitive to IFN-1 signaling, increasing its onco- 
selectivity and alleviating the toxic effects. In contrast to the wt 
virus, ΔM51 mutants utilize the death receptor pathways to kill 
cancer cells [200]. Additionally, there are also reports highlight
ing that VSV’s effectiveness may vary between individual cancer 
patients. Individuals with upregulated IFN-1 pathways tend to be 
resistant to VSV-induced oncolysis [201]. In addition, interactions 
between live VSV-based therapies and human peripheral blood 
cells following intravenous administration of the virus have been 
a cause for concern regarding the clinical safety of VSV-based 
therapies. Several studies have demonstrated that peripheral 
blood leukocytes differentiate into dendritic cells as 
a consequence of being exposed to VSV ex vivo raising questions 
about onco-selectivity of VSV-based oncolytic viruses [202,203].

Current research focuses on improving four aspects of 
oncolytic VSV variants: resistance to host antiviral responses, 
enhanced onco-selectivity, improved oncolysis, and safer vec
tors. In addition to the M protein mutant mentioned above, 
several other M protein variants (e.g. A1 and A2) have been 
generated in the hope of targeting IFN-1 sensitive tumors 
[195,204]. In addition, heterologous pseudotyping strategies 
have been used to try to decrease the neurotropism of the 
virus (e.g. using envelope proteins from Sindbis virus [205– 
207], Lassa virus [208], measles virus [209]) and to avoid the 
humoral immune response generated against VSV.G (e.g. by 
using the nonimmunogenic LCMV envelope [210]). Another 
measure taken to increase the safety profile and onco- 
selectivity of the virus was the incorporation of surface target
ing markers (e.g. anti-her2/neu receptor [205,207] and 
microRNA targets [211]).

In recent years, insertion of immunostimulatory transgenes 
(e.g. GM-SCF [212,213]) to promote DC maturation and anti
gen presentation has been one of the strategies explored. 
Furthermore, enhancement of T cell maturation and differen
tiation was attempted using immunomodulatory transgenes 
(e.g. IL-12, IL-15 [214–216]). However, further work is necessary 
with such approaches to achieve sustainability of the response 
and minimize off-target effects as such transgenes that can 
affect both healthy and cancerous cells. Another immunomo
dulatory approach has been the use of dual transgene VSV 
oncolytic viruses encoding IFN-β and thyroidal sodium iodide 
symporter (NIS) [217]. While IFN-β helps with virus-targeting to 
myelomas, NIS allows real-time noninvasive monitoring of viral 
activity in animals and patients as well as providing the option 
to couple the virotherapy with targeted radiotherapy [218]. 
This approach has proven to provide one-shot curative treat
ment in mice and currently is used in several phase I clinical 
trials (ClinicalTrials.gov ID NCT03017820, NCT03120624, and 
NCT02923466).

Owing to its success as a vaccine vector, there have been 
attempts to develop VSV into an oncolytic vaccine. Sometimes 
used in combination with other reagents (reviewed in [219]), 
substantial tumor debulking has been achieved using this 
strategy [220]. Genetically engineered immunogenic VSV var
iants encoding tumor antigens have become popular based 
on findings indicating VSV’s ability to amplify organisms’ anti- 
tumor response. In addition to melanoma antigens [221,222], 
recombinant VSV encoding endogenous tumor-specific anti
gens have been used to successfully activate systemic T cell 
response leading to tumor lysis [223–225].

6. Immune challenges related to VSV-based 
therapies

VSV as well as VSV-based vectors and recombinant variants 
have been developed into effective vectors for their use in 
medicine [194,226]. The efficacy of many VSV-based oncolytic 
and vaccine vectors has been established preclinically and 
their clinical evaluation is underway [162,227–229]. In addi
tion, VSV.G pseudotyped LVs are regarded as the benchmark 
in gene therapy and they have been successful in the clinic in 
achieving therapeutic disease correction in several cases.

The most significant immune challenge ahead of VSV vec
tors is the highly immunogenic envelope glycoprotein. The 
primary immune response elicited toward VSV.G almost exclu
sively leads to the production of strongly neutralizing antibo
dies [230]. This significantly affects the efficacy of secondary 
doses limiting re-administration of the vectors. In addition, 
VSV.G’s sensitivity to complement mediated inactivation is 
also a cause for concern. The complement system not only 
inactivates the VSV.G bearing vectors but also enhances the 
function of neutralizing antibodies. We have recently demon
strated that the efficacy of VSV.G pseudotyped LV intrave
nously administered to mice pre-immunized with soluble 
G (produced via limited thermolysin cleavage from wt VSV 
[11]) is completely abrogated by neutralizing anti-G antibodies 
[43]. However, it was possible to circumvent this undesirable 
anti-vector immunity. Used similarly to a heterologous prime- 
boost regimen, complete immune evasion was achieved with 
LV pseudotyped with G from another vesiculovirus, Piry and to 
a lesser extent with Cocal virus G. We believe that tailoring 
panels of distinct G will allow for repeated administration of 
advanced therapy medicinal products for a sustained amount 
of time. VSV’s ability to replicate fast in combination with its 
highly cytopathic nature results in the presentation of viral 
proteins to MHC-I pathways. Release of these proteins follow
ing cell apoptosis may lead to the uptake of antigens by APCs. 
These all contribute to the induction of a robust cytotoxic 
T cell response as well as T cell priming [231].

7. Conclusion

Applications of VSV since the 1970s, as a research tool or in 
conjunction with other types of viruses, have paved the way 
for recent developments in the various uses of VSV and its 
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derivatives in medicine. Alongside this wide range of develop
ments, the understanding of VSV’s biology including struc
tural, molecular, and immunological aspects has been 
progressing and in turn helping further advance and refine 
its application. Current challenges for future development, 
such as antiviral immunity and safety in in vivo use of VSV 
derived ATMP, have been identified.

8. Expert opinion

VSV.G has established itself as the default choice of envelope 
in lentiviral vectors and will continue to play important roles in 
both basic research and gene therapy applications. For a wide 
area of basic research VSV.G pseudotyped lentiviral vectors are 
routinely used to deliver exogenous genetic sequences includ
ing various transgenes, shRNA, and cDNA libraries. It is how
ever unclear if they are as widely used for gene editing, where 
the gene editing machines, such as CRISPR-Cas9, are only 
transiently required. In the gene therapy field VSV.G, as often 
called a ‘gold standard,’ sets a mark for gene delivery perfor
mance in both preclinical and clinical studies. Vector devel
opers exploring other envelopes, such as alternative 
vesiculovirus G proteins [43,58,59], Sendai virus F/HN proteins 
[232], baculovirus GP64 [233,234], and measles virus H and 
F proteins [235] as well as those engineered for tissue target
ing, would ask what advantages their alternative envelopes 
have over VSV.G, in terms of gene delivery efficacy, cell speci
ficity, immunity, ease in manufacturing and other characteris
tics. While the field continues to search for improvement in 
gene delivery methods, studies in gene therapy research and 
development will contribute to a better understanding of VSV. 
G biochemistry and VSV virology. For example, a recent study 
by Petrillo et al. revealed an innate immunity mediated by 
IFITM3 targeting VSV.G in hematopoietic stem cells in the 
context of lentiviral vector-mediated gene delivery [236]. This 
confirmed earlier observations of IFITM3’s anti-VSV activity 
[237,238] and helped dissect the host defense system by 
IFITM proteins.

Research use of replication-defective rVSV-ΔG vectors has 
been increasing recently, partly because the system became 
commercially available. They have been applied to receptor 
and seroepidemiological studies, as well as vaccine potency 
testing. For immunization purposes, VSV-based vectors can be 
used to express immunogens in the host cell and pseudo
typed virus particles can be potent immunogens to induce 
immunity against viral envelope proteins. More innovative 
applications may arise, as the world continues to encounter 
emerging viruses. It will be interesting to see what roles this 
system could play in the current COVID-19 epidemic and we 
predict more researchers will note its versatile utility, e.g. use 
at lower containment levels, speed of production, and rele
vance both in pathogen biology and clinical application.

We predict there will be more effort in developing repli
cation-competent VSV-based viral vaccines following the 
successful use of rVSV-ZEBOV. The attraction of vectored 
vaccine approaches is the relative ease of design and large- 
scale manufacture of recombinant virus constructs incorpor
ating the sequence of target envelope proteins. In particular, 
rVSV has been shown to elicit strong humoral and cellular 

responses and has a low seroprevalence in the human popu
lation. As a relatively new player in the vectored vaccine 
field, the completion of recent and ongoing phase I–III 
human clinical trials will help to realize the full potential of 
this platform; paving the way for other candidates in pre
clinical stages of development. In contrast, the application of 
VSV for oncolytic virotherapy will face challenges before its 
efficacy is fully demonstrated preclinically and it reaches 
clinics. VSV seems to have less tight cancer tropism com
pared to many other oncolytic viruses in clinical use or 
under development. For both vaccine and oncolytic pur
poses, the safety and regulatory issues are paramount for 
the use of replication-competent viruses. For example in the 
UK vesicular stomatitis is under a tight control by The 
Department for Environment, Food and Rural Affairs 
(DEFRA) and is a notifiable animal disease [239] and VSV is 
covered by Specific Animal Pathogen Order (SAPO) [240].

In conclusion, we hope we have presented compelling 
evidence suggesting VSV will continue to be important for 
many types of research tools and medicinal products. In five 
years from now, we predict with a better understanding of 
VSV biology we will have seen more novel, innovative applica
tions of VSV to tackle both old and emerging medical 
challenges.

Acknowledgments

The authors thank Dr Elsa Abranches for the critical reading of the 
manuscript.

Funding

This article is funded by the National Institute for Biological Standards and 
Control.

Declaration of interest
The authors have no other relevant affiliations or financial involvement with 
any organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial relationships 
or otherwise to disclose.

References

Papers of special note have been highlighted as either of interest (•) or of 
considerable interest (••) to readers.

1. Milone MC, O’Doherty U. Clinical use of lentiviral vectors. Leukemia. 
2018;32(7):1529–1541.

2. van Haasteren J, Hyde SC, Gill DR. Lessons learned from lung and 
liver in-vivo gene therapy: implications for the future. Expert Opin 
Biol Ther. 2018;18(9):959–972.

3. Letchworth GJ, Rodriguez LL, Del Cbarrera J. Vesicular stomatitis. 
Vet J. 1999;157(3):239–260. May.

4. Rodriguez LL, Pauszek SJ. Genus Vesiculovirus. In: Dietzgen RG, 
Kuzmin IV, editors. Rhabdoviruses: molecular taxonomy, evolution, 

EXPERT OPINION ON BIOLOGICAL THERAPY 9



genomics, ecology, host-vector interactions, cytopathology, and 
control. United Kingdom: Caister Academic Press; 2012. p. 23–36.

5. de Souza WM, Acrani GO, Romeiro MF, et al. Complete genome 
sequence of Piry vesiculovirus. Arch Virol. 2016;161(8):2325–2328.

6. Baquero E, Albertini AA, Raux H, et al. Structure of the low pH 
confirmation of chandipura virus G reveals important features in 
the evolution of the vesiculovirus glycoprotein. Plos Pathog. 
2015;3:11.

7. Martinez I, Wertz GW. Biological differences between vesicular 
stomatitis virus Indiana and New Jersey serotype glycoproteins: 
identification of amino acid residues modulating pH-dependent 
infectivity. J Virol. 2005;79(6):3578–3585.

8. Knipe DM, Baltimore D, Lodish HF. Separate pathways of matura
tion of the major structural proteins of vesicular stomatitis virus. 
J Virol. 1977;21(3):1128–1139.

9. Knipe D, Rose JK, Lodish HF. Translation of individual species of 
vesicular stomatitis viral mRNA. J Virol. 1975;15(4):1004–1011.

10. Rose JK, Welch WJ, Sefton BM, et al. Vesicular stomatitis virus 
glycoprotein is anchored in the viral membrane by 
a hydrophobic domain near the COOH terminus. Proc Natl Acad 
Sci U S A. 1980;77(7):3884–3888.

11. Roche S, Bressanelli S, Rey FA, et al. Crystal structure of the low-pH 
form of the vesicular stomatitis virus glycoprotein G. Science. 2006 
Jul 14;313(5784):187–191.

12. Baltimore D, Huang AS, Stampfer M. Ribonucleic acid synthesis of 
vesicular stomatitis virus, II. An RNA polymerase in the virion. Proc 
Natl Acad Sci U S A. 1970;66(2):572–576.

13. Wagner RR, Rose JK. Rhabdoviridae: the viruses and their replica
tion. In: Fields BN, Knipe DM, Howley PM, editors. Fields Virology. 3 
ed. ed. Philadelphia, PA: Lippincott-Raven Publishers; 1996. p. 
1121–1135.

14. Iverson LE, Rose JK. Localized attenuation and discontinuous synth
esis during vesicular stomatitis virus transcription. Cell. 1981;23 
(2):477–484.

15. Rubin H. Genetic control of cellular susceptibility to pseudotypes of 
rous sarcoma virus. Virology. 1965 Jun;26:270–276. 

• First description of viral pseudotypes
16. Lawson ND, Stillman EA, Whitt MA, et al. Recombinant vesicular 

stomatitis viruses from DNA. Proc Natl Acad Sci U S A. 1995 May 
9;92(10):4477–4481.

17. Harrison SC. Mechanism of membrane fusion by viral envelope 
proteins. Adv Virus Res. 2005;64:231–261.

18. White JM, Delos SE, Brecher M, et al. Structures and mechanisms of 
viral membrane fusion proteins: multiple variations on a common 
theme. Crit Rev Biochem Mol Biol. 2008;43(3):189–219.

19. Backovic M, Jardetzky TS. Class III viral membrane fusion proteins. 
Cell Fusion Health Dis II. 2011;714:91–101.

20. Backovic M, Jardetzky TS. Class III viral membrane fusion proteins. 
Curr Opin Struct Biol. 2009;19(2):189–196.

21. Kim IS, Jenni S, Stanifer ML, et al. Mechanism of membrane fusion 
induced by vesicular stomatitis virus G protein. Proc Natl Acad Sci 
U S A. 2017 Jan 03;114(1):E28–E36.

22. Clague MJ, Schoch C, Zech L, et al. Gating kinetics of ph-activated 
membrane-fusion of vesicular stomatitis-virus with cells - 
stopped-flow measurements by dequenching of octadecylrhoda
mine fluorescence. Biochemistry-Us. 1990 Feb 6;29(5):1303–1308.

23. Roche S, Albertini AA, Lepault J, et al. Structures of vesicular 
stomatitis virus glycoprotein: membrane fusion revisited. Cell Mol 
Life Sci. 2008;65(11):1716–1728. Jun.

24. Albertini AA, Merigoux C, Libersou S, et al. Characterization of 
monomeric intermediates during VSV glycoprotein structural 
transition. Plos Pathog. 2012 Feb;8:2.

25. Roche S, Rey FA, Gaudin Y, et al. Structure of the pre-fusion form of the 
vesicular stomatitis virus glycoprotein g. Science. 2007;315:843–848. 

•• Elucidated crystal structure of VSV.G in pre-fusion form
26. Libersou S, Albertini AA, Ouldali M, et al. Distinct structural rear

rangements of the VSV glycoprotein drive membrane fusion. J Cell 
Biol. 2010 Oct 4;191(1):199–210.

27. Fredericksen BL, Whitt MA. Mutations at two conserved acidic 
amino acids in the glycoprotein of vesicular stomatitis virus affect 

pH-dependent conformational changes and reduce the pH thresh
old for membrane fusion. Virology. 1996 Mar 1; 217(1):49–57.

28. Fredericksen BL, Whitt MA. Vesicular stomatitis-virus glycopro
tein mutations that affect membrane-fusion activity and abol
ish virus infectivity. J Virol. 1995;69(3):1435–1443. Mar.

29. Lefrancois L, Lyles DS. The interaction of antibody with the 
major surface glycoprotein of vesicular stomatitis virus. 
I. Analysis of neutralizing epitopes with monoclonal 
antibodies. Virology. 1982;121(1):157–167.

30 Lefrancois L, Lyles DS. The interaction of antibody with the 
major surface glycoprotein of vesicular stornatitis virus II. 
Monoclonal antibodies to nonneutralizing and cross-reactive 
epitopes of Indiana and New Jersey serotypes. Virology. 1982 
Aug;121(1):168-174. doi:10.1016/0042-6822(82)90126-X

31. Nikolic J, Belot L, Raux H, et al. Structural basis for the recog
nition of LDL-receptor family members by VSV glycoprotein. 
Nat Commun. 2018 Mar 12;9(1):1029. 

•• Nikolic et al confirmed LDLR as VSV.G’s primary receptor and 
identified amino acids responsible for cell entry

32. Munis AM, Tijani M, Hassall M, et al. Characterization of anti
body interactions with the g protein of vesicular stomatitis 
virus indiana strain and other vesiculovirus g proteins. J Virol. 
2018 Dec 1;92:23.

33. Carneiro FA, Ferradosa AS, Da Poian AT. Low pH-induced con
formational changes in vesicular stomatitis virus glycoprotein 
involve dramatic structure reorganization. J Biol Chem. 2001 
Jan 5;276(1):62–67.

34. Finkelshtein D, Werman A, Novick D, et al. LDL receptor and its 
family members serve as the cellular receptors for vesicular 
stomatitis virus. Proc Natl Acad Sci U S A. 2013 Apr 30 110;(18) 
7306–7311.

35. Jeon H, Blacklow SC. Structure and physiologic function of the 
low-density lipoprotein receptor. Annu Rev Biochem. 
2005;74:535–562.

36. Brown MS, Herz J, Goldstein JL. LDL-receptor structure. Calcium 
cages, acid baths and recycling receptors. Nature. 1997 Aug 14; 388 
(6643):629–630.

37. Davis CG, Goldstein JL, Sudhof TC, et al. Acid-dependent ligand 
dissociation and recycling of LDL receptor mediated by 
growth-factor homology region. Nature. 1987 Apr 23;326 
(6115):760–765.

38. Nykjaer A, Willnow TE. The low-density lipoprotein receptor gene 
family: a cellular Swiss army knife? Trends Cell Biol. 2002;12 
(6):273–280. Jun.

39. Springer TA. An extracellular beta-propeller module predicted in 
lipoprotein and scavenger receptors, tyrosine kinases, epidermal 
growth factor precursor, and extracellular matrix components. 
J Mol Biol. 1998 Nov 6;283(4):837–862.

40. Sudhof TC, Goldstein JL, Brown MS, et al. The LDL receptor gene - 
a mosaic of exons shared with different proteins. Science. 1985;228 
(4701):815–822.

41. Sudhof TC, Russell DW, Goldstein JL, et al. Cassette of 8 exons 
shared by genes for LDL receptor and EGF precursor. Science. 
1985;228(4701):893–895.

42. Cummings RD, Kornfeld S, Schneider WJ, et al. Biosynthesis of 
N-linked and o-linked oligosaccharides of the low-density lipopro
tein receptor. J Biol Chem. 1983;258(24):5261–5273.

43. Munis AM, Mattiuzzo G, Bentley EM, et al. Use of heterologous 
vesiculovirus G proteins circumvents the humoral anti-envelope 
immunity in lentivector-based in vivo gene delivery. Mol Ther 
Nucleic Acids. 2019 Sep 6;17:126–137. 

• Demonstrated proof-of-principle for tailoring a heterogenous 
panel of pseudotypes in order to circumvent neutralizing 
immune response against VSV.G bearing vectors

44. Grove J, Marsh M. The cell biology of receptor-mediated virus 
entry. J Cell Biol. 2011 Dec 26; 195(7):1071–1082.

45. Ferlin A, Raux H, Baquero E, et al. Characterization of pH-sensitive 
molecular switches that trigger the structural transition of vesicular 
stomatitis virus glycoprotein from the postfusion state toward the 
prefusion state. J Virol. 2014;88(22):13396–13409.

10 A. M. MUNIS ET AL.

https://doi.org/10.1016/0042-6822(82)90126-X


46. Carneiro FA, Stauffer F, Lima CS, et al. Membrane fusion induced by 
vesicular stomatitis virus depends on histidine protonation. J Biol 
Chem. 2003 Apr 18;278(16):13789–13794.

47. Baquero E, Buonocore L, Rose JK, et al. Crystallization and prelimin
ary X-ray analysis of Chandipura virus glycoprotein G. Acta 
Crystallogr Sect F Struct Biol Cryst Commun. 2012 Sep 1 68;(Pt 9) 
1094–1097.

48. Smith AE, Helenius A. How viruses enter animal cells. Science. 2004 
Apr 9; 304(5668):237–242.

49. Baquero E, Albertini AA, Gaudin Y. Recent mechanistic and struc
tural insights on class III viral fusion glycoproteins. Curr Opin Struct 
Biol. 2015 Aug;33:52–60.

50. Carneiro FA, Bianconi ML, Weissmuller G, et al. Membrane recogni
tion by vesicular stomatitis virus involves enthalpy-driven 
protein-lipid interactions. J Virol. 2002;76(8):3756–3764.

51. Miller AD, Jolly DJ, Friedmann T, et al. A transmissible retrovirus 
expressing human hypoxanthine phosphoribosyltransferase 
(HPRT): gene transfer into cells obtained from humans deficient 
in HPRT. Proc Natl Acad Sci U S A. 1983;80(15):4709–4713.

52. Sakuma T, Barry MA, Ikeda Y. Lentiviral vectors: basic to 
translational. Biochem J. 2012 May 01; 443(3):603–618.

53. Weiss RA, Boettiger D, Murphy HM. Pseudotypes of avian sarcoma 
viruses with the envelope properties of vesicular stomatitis virus. 
Virology. 1977;76(2):808–825.

54. Burns JC, Friedmann T, Driever W, et al. Vesicular stomatitis-virus 
G glycoprotein pseudotyped retroviral vectors - concentration to 
very high-titer and efficient gene-transfer into mammalian and 
nonmammalian cells. Proc Natl Acad Sci U S A. 1993 Sep 1 90; 
(17)8033–8037.

55. Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery and stable 
transduction of nondividing cells by a lentiviral vector. Science. 
1996 Apr 12;272(5259):263–267. 

• Pivotal in vivo study highlighting LV’s potential to transduce 
both dividing and non-dividing cells

56. Amirache F, Levy C, Costa C, et al. Mystery solved: 
VSV-G-lentivectors do not assure efficient gene transfer into unsti
mulated T, B cells and HSCs because they lack the LDL-receptor. 
Hum Gene Ther. 2014 Nov 1;25(11):A88–A88.

57. DePolo NJ, Reed JD, Sheridan PL, et al. VSV-G pseudotyped lenti
viral vector particles produced in human cells are inactivated by 
human serum. Mol Ther. 2000;2(3):218–222.

58. Tijani M, Munis AM, Perry C, et al. Lentivector producer cell lines 
with stably expressed vesiculovirus envelopes. Mol Ther Methods 
Clin Dev. 2018 Sep 21;10:303–312.

59. Hu S, Mohan Kumar D, Sax C, et al. Pseudotyping of lentiviral 
vector with novel vesiculovirus envelope glycoproteins derived 
from Chandipura and Piry viruses. Virology. 2016 Jan 
15;488:162–168.

60. Trobridge GD, Wu RA, Hansen M, et al. Cocal-pseudotyped lentiviral 
vectors resist inactivation by human serum and efficiently trans
duce primate hematopoietic repopulating cells. Mol Ther. 2010;18 
(4):725–733.

61. Humbert O, Gisch DW, Wohlfahrt ME, et al. Development of 
third-generation cocal envelope producer cell lines for robust len
tiviral gene transfer into hematopoietic stem cells and T-cells. Mol 
Ther. 2016;24(7):1237–1246.

62. Pacchia AL, Adelson ME, Kaul M, et al. An inducible packaging 
cell system for safe, efficient lentiviral vector production in the 
absence of HIV-1 accessory proteins. Virology. 2001 Mar 30 282; 
(1)77–86.

63. Ni Y, Sun S, Oparaocha I, et al. Generation of a packaging cell line 
for prolonged large-scale production of high-titer HIV-1-based len
tiviral vector. J Gene Med. 2005 Jun;7(6):818–834.

64. Farson D, Witt R, McGuinness R, et al. A new-generation stable 
inducible packaging cell line for lentiviral vectors. Hum Gene Ther. 
2001 May 20 12;(8)981–997.

65. Hug P, Sleight RG. Fusogenic virosomes prepared by partitioning of 
vesicular stomatitis-virus G-protein into preformed vesicles. J Biol 
Chem. 1994 Feb 11;269(6):4050–4056.

66. Petri WA, Wagner RR. Reconstitution into liposomes of the glyco
protein of vesicular stomatitis-virus by detergent dialysis. J Biol 
Chem. 1979;254(11):4313–4316.

67. Abe A, Chen ST, Miyanohara A, et al. In vitro cell-free conversion of 
noninfectious Moloney retrovirus particles to an infectious form by 
the addition of the vesicular stomatitis virus surrogate envelope G 
protein. J Virol. 1998;72(8):6356–6361.

68. Brown BD, Sitia G, Annoni A, et al. In vivo administration of lenti
viral vectors triggers a type I interferon response that restricts 
hepatocyte gene transfer and promotes vector clearance. Blood. 
2007 Apr 1;109(7):2797–2805. 

• Highlighted concerns regarding anti-LV immune response and 
vector clearance following in vivo administration of vectors

69. Lentiviral Vector: NIH U.S. National library of medicine 2020 [cited 
12 June 2020]. Available from: https://clinicaltrials.gov/ct2/results? 
cond=&term=lentiviral+vector&cntry=&state=&city=&dist=

70. Sadelain M, Riviere I, Riddell S. Therapeutic T cell engineering. 
Nature. 2017 May 24;545(7655):423–431.

71. Tisagenlecleucel: NIH national cancer institute; 2017 Sept 1 
[12 June 2020]. Available from: https://www.cancer.gov/about- 
cancer/treatment/drugs/tisagenlecleucel

72. Axicabtagene Ciloleucel: NIH National Cancer Institute; 20 October 
2017 [cited 12 June 2020]. Available from: https://www.cancer.gov/ 
about-cancer/treatment/drugs/axicabtageneciloleucel

73. Throm RE, Bauler M, Wu CC, et al. Production of lentiviral vectors 
using 293T cells adapted to grow in suspension with serum-free 
media. Mol Ther. 2018 May;26(5):426–427.

74. Valkama AJ, Leinonen HM, Lipponen EM, et al. Optimization of 
lentiviral vector production for scale-up in fixed-bed bioreactor. 
Gene Ther. 2018;25(1):39–46.

75. Cornetta K, Duffy L, Turtle CJ, et al. Absence of 
replication-competent lentivirus in the clinic: analysis of infused 
t cell products. Mol Ther. 2018 Jan 3 26;(1)280–288.

76. Cornetta K, Yao J, Jasti A, et al. Replication-competent lentivirus 
analysis of clinical grade vector products. Mol Ther. 2011;19 
(3):557–566.

77. Skrdlant LM, Armstrong RJ, Keidaisch BM, et al. Detection of 
Replication Competent Lentivirus Using a qPCR Assay for 
VSV-G (vol 8, pg 1, 2018). Mol Ther-Meth Clin D. 2018 Jun;9:99.

78. McCarron A, Donnelley M, McIntyre C, et al. Challenges of 
up-scaling lentivirus production and processing. J Biotechnol. 
2016 Dec 20;240:23–30.

79. Zavada J. VSV pseudotype particles with the coat of avian myelo
blastosis virus. Nat New Biol. 1972 Nov 22; 240(99):122–124.

80. Zavada J, Zazadova Z, Malir A, et al. VSV pseudotype produced in 
cell line derived from human mammary carcinoma. Nat New Biol. 
1972 Nov 22;240(99):124–125.

81. Love DN, Weiss RA. Pseudotypes of vesicular stomatitis virus deter
mined by exogenous and endogenous avian RNA tumor viruses. 
Virology. 1974;57(1):271–278.

82. Zavada J, Rosenbergova M. Phenotypic mixing of vesicular stomatitis 
virus with fowl plague virus. Acta Virol. 1972;16(2): 103–114.

83. Zavada J. Viral pseudotypes and phenotypic mixing. Arch Virol. 
1976;50(1–2):1–15.

84. Witte ON, Baltimore D. Mechanism of Formation of Pseudotypes 
between Vesicular Stomatitis-Virus and Murine Leukemia-Virus. 
Cell. 1977;11(3):505–511.

85. Schnitzer TJ, Weiss RA, Zavada J. Pseudotypes of vesicular stoma
titis virus with the envelope properties of mammalian and primate 
retroviruses. J Virol. 1977;23(3):449–454.

86. Weiss RA, Boettiger D, Love DN. Phenotypic mixing between vesi
cular stomatitis virus and avian RNA tumor viruses. Cold Spring 
Harb Symp Quant Biol. 1975;39(Pt 2):913–918.

EXPERT OPINION ON BIOLOGICAL THERAPY 11

https://clinicaltrials.gov/ct2/results?cond=%26term=lentiviral+vector%26cntry=%26state=%26city=%26dist=
https://clinicaltrials.gov/ct2/results?cond=%26term=lentiviral+vector%26cntry=%26state=%26city=%26dist=
https://www.cancer.gov/about-cancer/treatment/drugs/tisagenlecleucel
https://www.cancer.gov/about-cancer/treatment/drugs/tisagenlecleucel
https://www.cancer.gov/about-cancer/treatment/drugs/axicabtageneciloleucel
https://www.cancer.gov/about-cancer/treatment/drugs/axicabtageneciloleucel


87. Knipe DM, Baltimore D, Lodish HF. Maturation of viral proteins in 
cells infected with temperature-sensitive mutants of vesicular sto
matitis virus. J Virol. 1977;21(3):1149–1158.

88. Zilberstein A, Snider MD, Porter M, et al. Mutants of vesicular 
stomatitis virus blocked at different stages in maturation of the 
viral glycoprotein. Cell. 1980;21(2):417–427.

89. Metsikko K, Garoff H. Role of Heterologous and Homologous 
Glycoproteins in Phenotypic Mixing between Sendai Virus and 
Vesicular Stomatitis-Virus. J Virol. 1989;63(12):5111–5118.

90. Zavadova Z, Zavada J, Weiss R. Unilateral Phenotypic Mixing of 
Envelope Antigens between Togaviruses and Vesicular 
Stomatitis-Virus or Avian Rna Tumor-Virus. J Gen Virol. 1977;37 
(Dec):557–567.

91. Zavada J. The pseudotypic paradox. J Gen Virol. 1982;63(Pt 
1):15–24.

92. Jayakar HR, Jeetendra E, Whitt MA. Rhabdovirus assembly and 
budding. Virus Res. 2004;106(2):117–132.

93. Mebatsion T, Konig M, Conzelmann KK. Budding of rabies virus 
particles in the absence of the spike glycoprotein. Cell. 1996 Mar 
22; 84(6):941–951.

94. Robison CS, Whitt MA. The membrane-proximal stem region of 
vesicular stomatitis virus G protein confers efficient virus 
assembly. J Virol. 2000;74(5):2239–2246.

95. Delchambre M, Gheysen D, Thines D, et al. The GAG precursor of 
simian immunodeficiency virus assembles into virus-like particles. 
Embo J. 1989;8(9):2653–2660.

96. Ako-Adjei D, Johnson MC, Vogt VM. The retroviral capsid domain 
dictates virion size, morphology, and coassembly of Gag into 
virus-like particles. J Virol. 2005;79(21):13463–13472.

97. Dalton KP, Rose JK. Vesicular stomatitis virus glycoprotein contain
ing the entire green fluorescent protein on its cytoplasmic domain 
is incorporated efficiently into virus particles. Virology. 2001 Jan 
20;279(2):414–421.

98. Schnell MJ, Buonocore L, Boritz E, et al. Requirement for a 
non-specific glycoprotein cytoplasmic domain sequence to drive 
efficient budding of vesicular stomatitis virus. Embo J. 1998 Aug 
10;17(5):1289–1296.

99. Takada A, Robison C, Goto H, et al. A system for functional analysis 
of Ebola virus glycoprotein. Proc Natl Acad Sci U S A. 1997 Dec 
23;94(26):14764–14769. 

•• Demonstrated production of rVSV-ΔG vectors paving the way 
for receptor and sero-epidemiological studies of many viruses 
using this now commercially available system

100. Whitt MA. Generation of VSV pseudotypes using recombinant 
ΔG-VSV for studies on virus entry, identification of entry inhibitors, 
and immune responses to vaccines. Journal of Virological Methods. 
2010;169(2):365–374.

101. King B, Temperton NJ, Grehan K, et al. Technical considerations for 
the generation of novel pseudotyped viruses. Future Virol. 2016;11 
(1):47–59.

102. Steffen I, Simmons G. Pseudotyping Viral Vectors With Emerging 
Virus Envelope Proteins. Curr Gene Ther. 2016;16(1):47–55.

103. Saito MA, Bulygin VV, Moran DM. Examination of microbial pro
teome preservation techniques applicable to autonomous environ
mental sample collection. Front Microbiol. 2011;2:272.

104. Carette JE, Raaben M, Wong AC, et al. Ebola virus entry requires the 
cholesterol transporter Niemann-Pick C1. Nature. 2011 Aug 24;477 
(7364):340–343.

105. Ito H, Watanabe S, Takada A, et al. Ebola virus glycoprotein: pro
teolytic processing, acylation, cell tropism, and detection of neu
tralizing antibodies. J Virol. 2001;75(3):1576–1580.

106. Ito H, Watanabe S, Sanchez A, et al. Mutational analysis of the 
putative fusion domain of Ebola virus glycoprotein. J Virol. 
1999;73(10):8907–8912.

107. Rogalin HB, Heldwein EE. Characterization of Vesicular Stomatitis 
Virus Pseudotypes Bearing Essential Entry Glycoproteins gB, gD, 
gH, and gL of Herpes Simplex Virus 1. J Virol. 2016 Nov 15;90 
(22):10321–10328.

108. Fukuma A, Tani H, Taniguchi S, et al. Inability of rat DPP4 to allow 
MERS-CoV infection revealed by using a VSV pseudotype bearing 

truncated MERS-CoV spike protein. Arch Virol. 2015 Sep;160 
(9):2293–2300.

109. Hoffmann M, Muller MA, Drexler JF, et al. Differential sensitivity of 
bat cells to infection by enveloped RNA viruses: coronaviruses, 
paramyxoviruses, filoviruses, and influenza viruses. PLoS One. 
2013;8(8):e72942.

110. Fukushi S, Watanabe R, Taguchi F. Pseudotyped vesicular stomatitis 
virus for analysis of virus entry mediated by SARS coronavirus spike 
proteins. Methods Mol Biol. 2008;454:331–338.

111. Glende J, Schwegmann-Wessels C, Al-Falah M, et al. Importance of 
cholesterol-rich membrane microdomains in the interaction of the 
S protein of SARS-coronavirus with the cellular receptor 
angiotensin-converting enzyme 2. Virology. 2008 Nov 25 381;(2) 
215–221.

112. Kaimori A, Kanto T, Kwang Limn C, et al. Pseudotype hepatitis 
C virus enters immature myeloid dendritic cells through the inter
action with lectin. Virology. 2004 Jun 20;324(1):74–83.

113. Matsuura Y, Tani H, Suzuki K, et al. Characterization of pseudotype 
VSV possessing HCV envelope proteins. Virology. 2001 Aug 1 286; 
(2)263–275.

114. Tatsuo H, Ono N, Tanaka K, et al. SLAM (CDw150) is a cellular 
receptor for measles virus. Nature. 2000 Aug 24 406;(6798)893–897.

115. Hsu HL, Millet JK, Costello DA, et al. Viral fusion efficacy of specific 
H3N2 influenza virus reassortant combinations at single-particle 
level. Sci Rep. 2016 Oct 18;6::35537.

116. Hanika A, Larisch B, Steinmann E, et al. Use of influenza C virus 
glycoprotein HEF for generation of vesicular stomatitis virus 
pseudotypes. J Gen Virol. 2005 May;86(Pt 5):1455–1465.

117. Okuma K, Matsuura Y, Tatsuo H, et al. Analysis of the molecules 
involved in human T-cell leukaemia virus type 1 entry by 
a vesicular stomatitis virus pseudotype bearing its envelope 
glycoproteins. J Gen Virol. 2001 Apr;82(Pt 4):821–830.

118. Dalgleish AG, Beverley PC, Clapham PR, et al. The CD4 (T4) antigen 
is an essential component of the receptor for the AIDS retrovirus. 
Nature. 1984 Dec 20 [1985 Jan 20–1985 Jan 2]; 312(5996):763–767.

119. Perez M, Watanabe M, Whitt MA, et al. N-terminal domain of Borna 
disease virus G (p56) protein is sufficient for virus receptor recogni
tion and cell entry. J Virol. 2001 Aug;75(15):7078–7085.

120. Slough MM, Chandran K, Jangra RK. Two Point Mutations in Old 
World Hantavirus Glycoproteins Afford the Generation of Highly 
Infectious Recombinant Vesicular Stomatitis Virus Vectors. MBio. 
2019 Jan 8; 10:1.

121. Shtanko O, Nikitina RA, Altuntas CZ, et al. Crimean-Congo hemor
rhagic fever virus entry into host cells occurs through the multi
vesicular body and requires ESCRT regulators. Plos Pathog. 2014;10 
(9):e1004390.

122. Brouillette RB, Phillips EK, Patel R, et al. TIM-1 Mediates 
Dystroglycan-Independent Entry of Lassa Virus. J Virol. 2018 Aug 
15;92:16.

123. Schlie K, Maisa A, Lennartz F, et al. Characterization of Lassa virus 
glycoprotein oligomerization and influence of cholesterol on virus 
replication. J Virol. 2010;84(2):983–992.

124. Steffen I, Liss NM, Schneider BS, et al. Characterization of the 
Bas-Congo virus glycoprotein and its function in pseudotyped 
viruses. J Virol. 2013;87(17):9558–9568.

125. Salvador B, Zhou Y, Michault A, et al. Characterization of 
Chikungunya pseudotyped viruses: identification of refractory cell 
lines and demonstration of cellular tropism differences mediated 
by mutations in E1 glycoprotein. Virology. 2009 Oct 10 393;(1) 
33–41.

126. Han Z, Bart SM, Ruthel G, et al. Ebola virus mediated infectivity is 
restricted in canine and feline cells. Vet Microbiol. 
2016;182:102–107.

127. Saha MN, Tanaka A, Jinno-Oue A, et al. Formation of vesicular 
stomatitis virus pseudotypes bearing surface proteins of hepatitis 
B virus. J Virol. 2005;79(19):12566–12574.

128. Schwegmann-Wessels C, Glende J, Ren X, et al. Comparison of 
vesicular stomatitis virus pseudotyped with the S proteins from 
a porcine and a human coronavirus. J Gen Virol. 2009;90(Pt 
7):1724–1729.

12 A. M. MUNIS ET AL.



129. Bacsi A, Ebbesen P, Szabo J, et al. Pseudotypes of vesicular 
stomatitis virus-bearing envelope antigens of certain HIV-1 
strains permissively infect human syncytiotrophoblasts cul
tured in vitro: implications for in vivo infection of syncytiotro
phoblasts by cell-free HIV-1. J Med Virol. 2001 Aug;64 
(4):387–397.

130. Abe K, Nozaki A, Tamura K, et al. Tandem repeats of 
lactoferrin-derived anti-hepatitis C virus peptide enhance antiviral 
activity in cultured human hepatocytes. Microbiol Immunol. 
2007;51(1):117–125.

131. Zhou Y, Vedantham P, Lu K, et al. Protease inhibitors targeting 
coronavirus and filovirus entry. Antiviral Res. 2015 Apr;116:76–84.

132. Porotto M, Carta P, Deng Y, et al. Molecular determinants of anti
viral potency of paramyxovirus entry inhibitors. J Virol. 2007;81 
(19):10567–10574.

133. Robinson JE, Hastie KM, Cross RW, et al. Most neutralizing human 
monoclonal antibodies target novel epitopes requiring both Lassa 
virus glycoprotein subunits. Nat Commun. 2016 May 10;7:11544. 
DOI:10.1038/ncomms11544

134. Ogino M, Ebihara H, Lee BH, et al. Use of vesicular stomatitis virus 
pseudotypes bearing hantaan or seoul virus envelope proteins in 
a rapid and safe neutralization test. Clin Diagn Lab Immunol. 
2003;10(1):154–160.

135. Fukushi S, Mizutani T, Saijo M, et al. Evaluation of a novel vesicular 
stomatitis virus pseudotype-based assay for detection of neutraliz
ing antibody responses to SARS-CoV. J Med Virol. 2006;78 
(12):1509–1512.

136. Kaku Y, Noguchi A, Marsh GA, et al. Second generation of 
pseudotype-based serum neutralization assay for Nipah virus anti
bodies: sensitive and high-throughput analysis utilizing secreted 
alkaline phosphatase. J Virol Methods. 2012;179(1):226–232.

137. Kaku Y, Noguchi A, Marsh GA, et al. A neutralization test for specific 
detection of Nipah virus antibodies using pseudotyped vesicular 
stomatitis virus expressing green fluorescent protein. J Virol 
Methods. 2009;160(1–2):7–13.

138. Konduru K, Shurtleff AC, Bradfute SB, et al. Ebolavirus Glycoprotein 
Fc Fusion Protein Protects Guinea Pigs against Lethal Challenge. 
PLoS One. 2016;11(9):e0162446.

139. Cheresiz SV, Kononova AA, Razumova YV, et al. A vesicular stoma
titis pseudovirus expressing the surface glycoproteins of influenza 
A virus. Arch Virol. 2014;159(10):2651–2658.

140. Fukushi S, Tani H, Yoshikawa T, et al. Serological assays based on 
recombinant viral proteins for the diagnosis of arenavirus hemor
rhagic fevers. Viruses. 2012 Oct 12;4(10):2097–2114.

141. Logan N, McMonagle E, Drew AA, et al. Efficient generation of 
vesicular stomatitis virus (VSV)-pseudotypes bearing morbilliviral 
glycoproteins and their use in quantifying virus neutralising 
antibodies. Vaccine. 2016 Feb 3;34(6):814–822.

142. Logan N, Dundon WG, Diallo A, et al. Enhanced immunosurveil
lance for animal morbilliviruses using vesicular stomatitis virus 
(VSV) pseudotypes. Vaccine. 2016 Nov 11;34(47):5736–5743.

143. Levanov L, Iheozor-Ejiofor RP, Lundkvist A, et al. Defining of 
MAbs-neutralizing sites on the surface glycoproteins Gn and Gc 
of a hantavirus using vesicular stomatitis virus pseudotypes and 
site-directed mutagenesis. J Gen Virol. 2019;100(2):145–155.

144. Hoshino H, Clapham PR, Weiss RA, et al. Human T-cell leukemia 
virus type I: pseudotype neutralization of Japanese and American 
isolates with human and rabbit sera. Int J Cancer. 1985 Dec 15 36; 
(6)671–675.

145. Chang G, Xu S, Watanabe M, et al. Enhanced oncolytic activity of 
vesicular stomatitis virus encoding SV5-F protein against prostate 
cancer. J Urol. 2010 Apr;183(4):1611–1618.

146. Garbutt M, Liebscher R, Wahl-Jensen V, et al. Properties of 
replication-competent vesicular stomatitis virus vectors expressing 
glycoproteins of filoviruses and arenaviruses. J Virol. 2004;78 
(10):5458–5465.

147. Safronetz D, Mire C, Rosenke K, et al. A recombinant vesicular 
stomatitis virus-based Lassa fever vaccine protects guinea pigs 
and macaques against challenge with geographically and geneti
cally distinct Lassa viruses. PLoS Negl Trop Dis. 2015;9(4):e0003736.

148. Rodriguez SE, Cross RW, Fenton KA, et al. Vesicular Stomatitis 
Virus-Based Vaccine Protects Mice against Crimean-Congo 
Hemorrhagic Fever. Sci Rep. 2019 May 23 9;(1)7755.

149. Prescott J, DeBuysscher BL, Feldmann F, et al. Single-dose 
live-attenuated vesicular stomatitis virus-based vaccine protects 
African green monkeys from Nipah virus disease. Vaccine. 2015 
Jun 4 33;(24)2823–2829.

150. Geisbert TW, Daddario-DiCaprio KM, Hickey AC, et al. Development 
of an acute and highly pathogenic nonhuman primate model of 
Nipah virus infection. PLoS One. 2010 May 18;5(5):e10690.

151. Kapadia SU, Rose JK, Lamirande E, et al. Long-term protection from 
SARS coronavirus infection conferred by a single immunization 
with an attenuated VSV-based vaccine. Virology. 2005 Sep 30;340 
(2):174–182.

152. Liu R, Wang J, Shao Y, et al. A recombinant VSV-vectored MERS-CoV 
vaccine induces neutralizing antibody and T cell responses in 
rhesus monkeys after single dose immunization. Antiviral Res. 
2018 Feb;150:30–38.

153. Emanuel J, Callison J, Dowd KA, et al. A VSV-based Zika virus 
vaccine protects mice from lethal challenge. Sci Rep. 2018 Jul 
23;8(1):11043.

154. McCoy DE, Feo T, Harvey TA, et al. Structural absorption by barbule 
microstructures of super black bird of paradise feathers. Nat 
Commun. 2018 Jan 9;9(1):1.

155. Shi X, Hu J, Guo J, et al. A Vesicular Stomatitis Virus-Based Vaccine 
Carrying Zika Virus Capsid Protein Protects Mice from Viral 
Infection. Virol Sin. 2019;34(1):106–110.

156. Robert-Guroff M. Replicating and non-replicating viral vectors for 
vaccine development. Curr Opin Biotech. 2007;18(6):546–556.

157. Manrique J, Piatak M, Lauer W, et al. Influence of Mismatch of Env 
Sequences on Vaccine Protection by Live Attenuated Simian 
Immunodeficiency Virus. J Virol. 2013;87(13):7246–7254.

158. Tober R, Banki Z, Egerer L, et al. VSV-GP: a Potent Viral Vaccine 
Vector That Boosts the Immune Response upon Repeated 
Applications. J Virol. 2014;88(9):4897–4907.

159. Barouch DH, Pau MG, Custers JHHV, et al. Immunogenicity of 
recombinant adenovirus serotype 35 vaccine in the presence of 
pre-existing anti-Ad5 immunity. J Immunol. 2004 May 15 172;(10) 
6290–6297.

160. Casimiro DR, Chen L, Fu TM, et al. Comparative immunogenicity in 
rhesus monkeys of DNA plasmid, recombinant vaccinia virus, and 
replication-defective adenovirus vectors expressing a human 
immunodeficiency virus type 1 gag gene. J Virol. 2003 Jun;77 
(11):6305–6313.

161. Santra S, Sun Y, Korioth-Schmitz B, et al. Heterologous prime/boost 
immunizations of rhesus monkeys using chimpanzee adenovirus 
vectors. Vaccine. 2009 Sep 25;27(42):5837–5845.

162. Roberts A, Buonocore L, Price R, et al. Attenuated vesicular stoma
titis viruses as vaccine vectors. J Virol. 1999;73(5):3723–3732.

163. Haglund K, Leiner I, Kerksiek K, et al. High-level primary CD8(+) 
T-cell response to human immunodeficiency virus type 1 Gag and 
Env generated by vaccination with recombinant vesicular stomati
tis viruses. J Virol. 2002 Mar;76(6):2730–2738.

164. Schlereth B, Rose JK, Buonocore L, et al. Successful vaccine-induced 
seroconversion by single-dose immunization in the presence of 
measles virus-specific maternal antibodies. J Virol. 2000;74 
(10):4652–4657.

165. Roberts A, Kretzschmar E, Perkins AS, et al. Vaccination with 
a recombinant vesicular stomatitis virus expressing an influenza 
virus hemagglutinin provides complete protection from influenza 
virus challenge. J Virol. 1998;72(6):4704–4711.

166. Ezelle HJ, Markovic D, Barber GN. Generation of hepatitis C 
virus-like particles by use of a recombinant vesicular stomatitis 
virus vector. J Virol. 2002;76(23):12325–12334.

167. Suder E, Furuyama W, Feldmann H, et al. The vesicular stomatitis 
virus-based Ebola virus vaccine: from concept to clinical trials. Hum 
Vaccin Immunother. 2018;14(9):2107–2113.

168. Jones SM, Feldmann H, Stroher U, et al. Live attenuated recombi
nant vaccine protects nonhuman primates against Ebola and 
Marburg viruses. Nat Med. 2005;11(7):786–790.

EXPERT OPINION ON BIOLOGICAL THERAPY 13

https://doi.org/10.1038/ncomms11544


169. Agnandji ST, Huttner A, Zinser ME, et al. Phase 1 Trials of rVSV 
Ebola Vaccine in Africa and Europe. New Engl J Med. 2016 Apr 
28;374(17):1647–1660. 

•• Groundbreaking clinical trial utilizing live attenuated VSV to 
protect against Ebola virus infection

170. ElSherif MS, Brown C, MacKinnon-Cameron D, et al. Assessing 
the safety and immunogenicity of recombinant vesicular sto
matitis virus Ebola vaccine in healthy adults: a randomized 
clinical trial. Can Med Assoc J. 2017 Jun 19 189;(24)E819–E827.

171. Henao-Restrepo AM, Longini IM, Egger M, et al. Efficacy and 
effectiveness of an rVSV-vectored vaccine expressing Ebola 
surface glycoprotein: interim results from the Guinea ring vac
cination cluster-randomised trial. Lancet. 2015 Aug 29;386 
(9996):857–866.

172. Henao-Restrepo AM, Camacho A, Longini IM. Efficacy and effective
ness of an rVSV-vectored vaccine in preventing Ebola virus disease: 
final results from the Guinea ring vaccination, open-label, 
cluster-randomised trial (Ebola Ca Suffit!) (vol 389, pg 505, 2016). 
Lancet. 2017 Feb 4;389(10068):504.

173. Fathi A, Dahlke C, Addo MM. Recombinant vesicular stomatitis virus 
vector vaccines for WHO blueprint priority pathogens. Hum Vaccin 
Immunother. 2019;15(10):2269–2285.

174. First FD. A-approved vaccine for the prevention of Ebola virus 
disease, marking a critical milestone in public health preparedness 
and response [Internet]; Maryland, USA: US Food and Drug 
Administration (FDA). 2019 Dec 19.

175. (EMA) EMA. Ervebo. [11 June 2020]. London, UK: European 
Medicines Agency (EMA). 2019.

176. Mire CE, Miller AD, Carville A, et al. Recombinant vesicular stoma
titis virus vaccine vectors expressing filovirus glycoproteins lack 
neurovirulence in nonhuman primates. PLoS Negl Trop Dis. 
2012;6(3):e1567.

177. Jones SM, Stroher U, Fernando L, et al. Assessment of a vesicular sto
matitis virus-based vaccine by use of the mouse model of Ebola virus 
hemorrhagic fever. J Infect Dis. 2007 Nov 15 196;(Suppl 2)S404–12.

178. Geisbert TW, Daddario-Dicaprio KM, Lewis MG, et al. Vesicular 
stomatitis virus-based ebola vaccine is well-tolerated and protects 
immunocompromised nonhuman primates. Plos Pathog. 2008;4 
(11):e1000225.

179. de Wit E, Marzi A, Bushmaker T, et al. Safety of recombinant 
VSV-Ebola virus vaccine vector in pigs. Emerg Infect Dis. 2015;21 
(4):702–704.

180. Racine T, Kobinger GP, Arts EJ. Development of an HIV vaccine 
using a vesicular stomatitis virus vector expressing designer HIV-1 
envelope glycoproteins to enhance humoral responses. Aids Res 
Ther. 2017 Sep;12:14.

181. Parks C. Mucosal vaccination with a replication-competent VSV-HIV 
chimera delivering Env trimers protects rhesus macaques from 
rectal SHIV infection. Jaids-J Acq Imm Def. 2017 Mar;74:58.

182. Rabinovich S, Powell RLR, Lindsay RWB, et al. A Novel, 
Live-Attenuated Vesicular Stomatitis Virus Vector Displaying 
Conformationally Intact, Functional HIV-1 Envelope Trimers That 
Elicits Potent Cellular and Humoral Responses in Mice. Plos One. 
2014 Sep 12;9:9.

183. Parks C, Yuan ML, Coleman J, et al. Protection from Rectal SHIV 
Infection Induced by Mucosal Vaccination with a 
Replication-competent VSV-HIV Chimera Delivering Env Trimers. 
Aids Res Hum Retrov. 2016;32:18.

184. Wertz GW, Perepelitsa VP, Ball LA. Gene rearrangement attenuates 
expression and lethality of a nonsegmented negative strand RNA 
virus. Proc Natl Acad Sci U S A. 1998 Mar 31;95(7):3501–3506.

185. Flanagan EB, Ball LA, Wertz GW. Moving the glycoprotein gene of 
vesicular stomatitis virus to promoter-proximal positions acceler
ates and enhances the protective immune response. J Virol. 
2000;74(17):7895–7902. Sep.

186. Rose NF, Roberts A, Buonocore L, et al. Glycoprotein exchange 
vectors based on vesicular stomatitis virus allow effective boosting 
and generation of neutralizing antibodies to a primary isolate of 
human immunodeficiency virus type 1. J Virol. 2000 Dec;74 
(23):10903–10910.

187. Clarke DK, Cooper D, Egan MA, et al. Recombinant vesicular sto
matitis virus as an HIV-1 vaccine vector. Springer Semin Immun. 
2006 Nov;28(3):239–253.

188. Russell SJ, Peng K-W. Viruses as anticancer drugs. Trends Pharmacol 
Sci [Jul]. 2007;28(7):326–333. 

• A comprehensive review comparing various oncolytic viruses 
including VSV and its derivatives

189. Kaufman HL, Kohlhapp FJ, Zloza A. Oncolytic viruses: a new class of 
immunotherapy drugs. Nat Rev Drug Discov. 2015;14(9):642.

190. Pol J, Kroemer G, Galluzzi L. First oncolytic virus approved for 
melanoma immunotherapy. Oncoimmunology. 2016;5:1.

191. Bell J, Parato K, Atkins H. Vesicular Stomatitis Virus. In: Harrington K, 
Vile R, Pandha H, editors. Viral Therapy of Cancer. Chichester, UK: 
John WIley & Sons, Ltd; 2008. p. 187–203.

192. Balachandran S, Barber GN. Vesicular stomatitis virus (VSV) therapy 
of tumors. IUBMB Life [Aug]. 2000;50(2):135–138. 

• Illustrated selective tumor killing capabilities of VSV
193. Simovic B, Walsh SR, Wan Y. Mechanistic insights into the oncolytic 

activity of vesicular stomatitis virus in cancer immunotherapy. 
Oncolytic Virother. 2015;4:157–167.

194. Lichty BD, Power AT, Stojdl DF, et al. Vesicular stomatitis virus: 
re-inventing the bullet. Trends Mol Med. 2004;10(5):210–216.

195. Hastie E, Grdzelishvili VZ. Vesicular stomatitis virus as a flexible 
platform for oncolytic virotherapy against cancer. J Gen Virol. 
2012 Dec;93:2529–2545.

196. Johnson JE, Nasar F, Coleman JW, et al. Neurovirulence properties 
of recombinant vesicular stomatitis virus vectors in non-human 
primates. Virology. 2007 Mar 30 360;(1)36–49.

197. Sur JH, Allende R, Doster AR. Vesicular stomatitis virus infection and 
neuropathogenesis in the murine model are associated with 
apoptosis. Vet Pathol. 2003;40(5):512–520.

198. Stojdl DF, Lichty BD, tenOever BR, et al. VSV strains with defects in 
their ability to shutdown innate immunity are potent systemic 
anti-cancer agents. Cancer Cell. 2003;4(4):263–275.

199. Kuss SK, Mata MA, Zhang L, et al. Nuclear imprisonment: viral 
strategies to arrest host mRNA nuclear export. Viruses. 2013 Jul 
18 5;(7)1824–1849.

200. Gaddy DF, Lyles DS. Oncolytic vesicular stomatitis virus induces 
apoptosis via signaling through PKR, Fas, and Daxx. J Virol. 2007;81 
(6):2792–2804.

201. Carey BL, Ahmed M, Puckett S, et al. Early Steps of the Virus 
Replication Cycle Are Inhibited in Prostate Cancer Cells Resistant 
to Oncolytic Vesicular Stomatitis Virus. J Virol. 2008 Dec 15;82 
(24):12104–12115.

202. Hou WQ, Gibbs JS, Lu XJ, et al. Viral infection triggers rapid differ
entiation of human blood monocytes into dendritic cells. Blood. 
2012 Mar 29;119(13):3128–3131.

203. Tomczyk T, Wrobel G, Chaber R, et al. Immune Consequences of 
in vitro Infection of Human Peripheral Blood Leukocytes with 
Vesicular Stomatitis Virus. J Innate Immun. 2018;10(2):131–144.

204. Lyles DS, McKenzie MO, Ahmed M, et al. Potency of wild-type and 
temperature-sensitive vesicular stomatitis virus matrix protein in 
the inhibition of host-directed gene expression. Virology. 1996 Nov 
1;225(1):172–180.

205. Bergman I, Griffin JA, Gao YH, et al. Treatment of implanted mam
mary tumors with recombinant vesicular stomatitis virus targeted 
to Her2/neu. Int J Cancer. 2007 Jul 15 121;(2)425–430.

206. Bergman I, Whitaker-Dowling P, Gao Y, et al. Preferential targeting 
of vesicular stomatitis virus to breast cancer cells. Virology. 2004 
Dec 5;330(1):24–33.

207. Bergman I, Whitaker-Dowling P, Gao Y, et al. Vesicular stomatitis 
virus expressing a chimeric Sindbis glycoprotein containing an Fc 
antibody binding domain targets to Her2/neu overexpressing 
breast cancer cells. Virology. 2003 Nov 25 316;(2)337–347.

208. Wollmann G, Drokhlyansky E, Davis JN, et al. Lassa-vesicular sto
matitis chimeric virus safely destroys brain tumors. J Virol. 2015;89 
(13):6711–6724.

209. Ayala-Breton C, Barber GN, Russell SJ, et al. Retargeting Vesicular 
Stomatitis Virus Using Measles Virus Envelope Glycoproteins. Hum 
Gene Ther. 2012;23(5):484–491.

14 A. M. MUNIS ET AL.



210. Muik A, Kneiske I, Werbizki M, et al. Pseudotyping Vesicular 
Stomatitis Virus with Lymphocytic Choriomeningitis Virus 
Glycoproteins Enhances Infectivity for Glioma Cells and Minimizes 
Neurotropism. J Virol. 2011;85(11):5679–5684.

211. Kelly EJ, Nace R, Barber GN, et al. Attenuation of vesicular stomatitis 
virus encephalitis through microRNA targeting. J Virol. 2010;84 
(3):1550–1562.

212. Leveille S, Goulet ML, Lichty BD, et al. Vesicular Stomatitis Virus 
Oncolytic Treatment Interferes with Tumor-Associated Dendritic 
Cell Functions and Abrogates Tumor Antigen Presentation. J Virol. 
2011;85(23):12160–12169.

213. Ramsburg E, Publicover J, Buonocore L, et al. A vesicular stomatitis 
virus recombinant expressing granulocyte-macrophage 
colony-stimulating factor induces enhanced T-cell responses and 
is highly attenuated for replication in animals. J Virol. 2005;79 
(24):15043–15053.

214. Liu RB, Engels B, Schreiber K, et al. IL-15 in tumor microenviron
ment causes rejection of large established tumors by T cells in 
a noncognate T cell receptor-dependent manner. Proc Natl Acad 
Sci U S A. 2013 May 14;110(20):8158–8163.

215. Shin EJ, Wanna GB, Choi B, et al. Interleukin-12 expression 
enhances vesicular stomatitis virus oncolytic therapy in murine 
squamous cell carcinoma. Laryngoscope. 2007 Feb;117(2):210–214.

216. Stephenson KB, Barra NG, Davies E, et al. Expressing human 
interleukin-15 from oncolytic vesicular stomatitis virus improves 
survival in a murine metastatic colon adenocarcinoma model 
through the enhancement of anti-tumor immunity. Cancer Gene 
Ther. 2012 Apr;19(4):238–246.

217. Naik S, Nace R, Federspiel MJ, et al. Curative one-shot systemic virother
apy in murine myeloma. Leukemia. 2012;26(8):1870–1878.

218. Miller A, Russell SJ. The use of the NIS reporter gene for optimizing 
oncolytic virotherapy. Expert Opin Biol Ther. 2016 Jan 2;16 
(1):15–32.

219. Suzuki M. partners in crime: combining oncolytic viroimmunother
apy with other therapies. mol ther. 2017 Apr 5; 25(4):836–838.

220. Bridle BW, Clouthier D, Zhang L, et al. Oncolytic vesicular stomatitis 
virus quantitatively and qualitatively improves primary CD8 +T-cell 
responses to anticancer vaccines. Oncoimmunology. 2013;2(8):8. 
Aug.

221. Pulido J, Kottke T, Thompson J, et al. Using virally expressed 
melanoma cDNA libraries to identify tumor-associated antigens 
that cure melanoma. Nature Biotechnol. 2012;30(4):336–343.

222. Rommelfanger DM, Wongthida P, Diaz RM, et al. Systemic combi
nation virotherapy for melanoma with tumor antigen-expressing 
vesicular stomatitis virus and adoptive T-cell transfer. Cancer Res. 
2012 Sep 15;72(18):4753–4764.

223. Durham NM, Mulgrew K, McGlinchey K, et al. Oncolytic VSV primes 
differential responses to immuno-oncology therapy. Mol Ther. 2017 
Aug 2 25;(8)1917–1932.

224. Wongthida P, Diaz RM, Pulido C, et al. Activating systemic T-cell 
immunity against self tumor antigens to support oncolytic virother
apy with vesicular stomatitis virus. Hum Gene Ther. 2011;22 
(11):1343–1353.

225. Seegers SL, Frasier C, Greene S, et al. Experimental evolution 
generates novel oncolytic vesicular stomatitis viruses with 
improved replication in virus-resistant pancreatic cancer cells. 
J Virol. 2020 Jan 17;94:3.

226. Lichty BD, Stojdl DF, Taylor RA, et al. Vesicular stomatitis virus: 
a potential therapeutic virus for the treatment of hematologic 
malignancy. Hum Gene Ther. 2004;15(9):821–831. Sep.

227. Obuchi M, Fernandez M, Barber GN. Development of recombi
nant vesicular stomatitis viruses that exploit defects in host 
defense to augment specific oncolytic activity. J Virol. 2003;77 
(16):8843–8856.

228. Diaz RM, Galivo F, Kottke T, et al. Oncolytic immunovirotherapy for 
melanoma using vesicular stomatitis virus. Cancer Res. 2007 Mar 
15;67(6):2840–2848.

229. Ebert O, Shinozaki K, Huang TG, et al. Oncolytic vesicular stomatitis 
virus for treatment of orthotopic hepatocellular carcinoma in 
immune-competent rats. Cancer Res. 2003 Jul 1;63(13):3605–3611.

230. Power AT, Wang J, Falls TJ, et al. Carrier cell-based delivery of an 
oncolytic virus circumvents antiviral immunity. Mol Ther. 2007;15 
(1):123–130.

231. Cobleigh MA, Bradfield C, Liu YJ, et al. The immune response to 
a vesicular stomatitis virus vaccine vector is independent of parti
culate antigen secretion and protein turnover rate. J Virol. 2012;86 
(8):4253–4261.

232. Alton EW, Beekman JM, Boyd AC, et al. Preparation for a first-in- 
man lentivirus trial in patients with cystic fibrosis. Thorax. 2017;72 
(2):137–147.

233. Kaname Y, Tani H, Kataoka C, et al. Acquisition of complement 
resistance through incorporation of CD55/decay-accelerating factor 
into viral particles bearing baculovirus GP64. J Virol. 2010 Apr;84 
(7):3210–3219.

234. Schauber CA, Tuerk MJ, Pacheco CD, et al. Lentiviral vectors pseu
dotyped with baculovirus gp64 efficiently transduce mouse cells 
in vivo and show tropism restriction against hematopoietic cell 
types in vitro. Gene Ther. 2004 Feb;11(3):266–275.

235. Humbert JM, Frecha C, Amirache Bouafia F, et al. Measles virus 
glycoprotein-pseudotyped lentiviral vectors are highly superior to 
vesicular stomatitis virus G pseudotypes for genetic modification of 
monocyte-derived dendritic cells. J Virol. 2012;86(9):5192–5203. May.

236. Petrillo C, Thorne LG, Unali G, et al. Cyclosporine H overcomes 
innate immune restrictions to improve lentiviral transduction and 
gene editing in human hematopoietic stem cells. Cell Stem Cell. 
2018 Dec 6 23;(6)820–832 e9.

237. Li K, Markosyan RM, Zheng YM, et al. IFITM proteins restrict viral 
membrane hemifusion. Plos Pathog. 2013;9(1):e1003124.

238. Amini-Bavil-Olyaee S, Choi YJ, Lee JH, et al. The antiviral effector 
IFITM3 disrupts intracellular cholesterol homeostasis to block viral 
entry. Cell Host Microbe. 2013 Apr 17 13;(4)452–464.

239. Department for Environment, Food and Rural Affairs (DEFRA) and 
Animal and Plant Health Agency (APHA). Vesicular stomatitis: how 
to spot and report the disease. London; 2018.

240. Department for Environment, Food and Rural Affairs (DEFRA). 
Animal Pathogens Guidance on controls. London; 2015.

EXPERT OPINION ON BIOLOGICAL THERAPY 15


	Abstract
	1.  Introduction
	2.  Vesicular stomatitis virus
	2.1.  Use of VSV in viral vector pseudotypes
	2.2.  VSV glycoprotein structure
	2.3.  VSV glycoprotein function
	2.4.  Pseudotypes bearing aVSV envelope glycoprotein

	3.  VSV-based vectors
	4.  VSV as avaccine vector
	5.  Oncolytic activity of VSV
	6.  Immune challenges related to VSV-based therapies
	7.  Conclusion
	8.  Expert opinion
	Acknowledgments
	Funding
	Declaration of interest
	Reviewer disclosures
	References



