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In this review, we explore how pseudotyped viruses (PVs) are being applied to the study of viruses affecting both
humans and horses. For the purposes of this review, we define PVs as non-replicative viruses with the core of one
virus and the surface protein(s) of another and encapsulating a reporter gene such as luciferase. These ‘reporter’
PVs enable receptor-mediated entry into host cells to be quantified, and thus can be applied to study the initial
stages of viral replication. They can also be used to test antiviral activity of compounds and measure envelope
protein-specific antibodies in neutralisation tests.

1. Introduction

Similarities in immune responses, including to viral infections, have
led to the suggestion that the horse is a good model for human disease
(Horohov, 2015). For some of the viruses that affect both horses and
humans, the horse is a good model for vaccine development. Indeed,
West Nile virus (WNV) vaccines have become available for equine use
before human vaccines. Furthermore, for arboviral infections such as
West Nile fever, horses can act as sentinels for circulation of the virus in
a region, thus providing an early warning of increased risk of human
infection (Gothe et al., 2023). The aim of conducting this review was to
identify potential synergies between studies of equine and human vi-
ruses using pseudotyped viruses.

2. Pseudotyped viruses

Pseudotyped viruses (PVs), ‘pseudotypes’ or ‘pseudotype particles’
are chimeric viruses consisting of a virus core surrounded by a lipid
envelope with the surface protein(s) of another virus (reviewed in Wang
et al., 2023). In this review, we focus on PVs that package a reporter
gene providing a surrogate readout for entry of the particle into a target
cell. They are a valuable tool to study viruses for which there is no
reliable cell culture system or that are difficult to handle because of the
requirement for a high level of containment.

Initiation of host cell infection by an enveloped virus requires a viral-
to-host cell membrane fusion event, which is mediated by at least one of
the viral transmembrane or ‘envelope’ proteins (reviewed in Barrett and
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Dutch, 2020). In broad terms, this involves two steps (priming and
triggering) to bring the viral and cell membranes together prior to fusion
and release of the viral genome. Proteolytic cleavage by a host cell
protease exposes a highly hydrophobic region of the protein, the fusion
peptide or fusion loop, to prime either the envelope protein responsible
for fusion (a class I fusion protein) or an accessory viral protein (a class II
fusion protein). The class I fusion proteins (e.g. of influenza A virus, IAV,
and human immunodeficiency virus, HIV) have been most extensively
studied. Different triggering events include exposure of the fusion pro-
tein to the low pH environment of an intracellular compartment such as
an endosome. Class II fusion proteins were separately classified in 2001
in recognition of their structural differences; class II fusion proteins
contain more p-sheet secondary structures than class I fusion proteins,
which have mainly a-helical secondary structure. The class I proteins
often form homotrimers, whereas the class II proteins usually initially
assemble as homodimers but also form heterodimers with a second viral
protein. This ‘companion’ protein is proteolytically cleaved before it
then primes the class II fusion protein homodimers to dissociate into
monomers in the low pH environment of the endosome, exposing the
fusion loop. Members of the Bunyaviridae and Flaviviridae have class II
viral fusion proteins. Finally, in 2006, after the ectodomain structures of
the vesicular stomatitis virus glycoprotein (VSV-G) and herpes simplex
virus type 1 glycoprotein B (HSV-1 gB) were solved, a third class of
fusion protein was created due to their structures being similar (despite
a lack of sequence homology) but distinct from the structures of class I
and class II fusion proteins. A key feature of the class III fusion proteins is
that they undergo a reversible conformational change.
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Pseudotyped viruses are often based on lentiviruses including HIV
and murine leukaemia virus (MLV), a gammaretrovirus. ‘Third genera-
tion’ lentiviral vectors offer safety advantages over earlier systems and
are currently the most frequently used approach for generating PVs.
Typically, 293 T cells are co-transfected with plasmids expressing (i) the
envelope protein (or proteins) of the virus being studied, (ii) a reporter
gene (e.g. luciferase) flanked by packaging signals and (iii) the minimal
lentiviral proteins to package the virus particle — the core or backbone
(Fig. 1A). Earlier core plasmids such as pNL4-3.Luc.R-E—, in which the
firefly luciferase reporter gene was inserted into nef and two frameshifts
prevent expression of Vpr and Env, are also only competent for a single
round of replication (He et al, 1995). However, it only requires
co-transfection with an HIV env expression vector to reconstitute in-
fectious virus. Reporter lentivirus PVs can transduce appropriate target
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cells (i.e. cells with receptors recognised by the envelope protein)
leading to integration of the reporter gene into the genome of the target
cell.

Another virus commonly used to generate PVs is vesicular stomatitis
virus (VSV), which can accept a diverse range of envelope proteins and
can also bud (albeit less efficiently) without an envelope protein. In
early studies, cells were co-infected with VSV and other enveloped vi-
ruses to generate PVs. The most popular approach currently was
described by Whitt (2010). In this system, cells are co-transfected with a
plasmid encoding full-length VSV genome with the VSV glycoprotein (G)
gene replaced with a reporter gene (e.g. green fluorescent protein or
luciferase) under the control of a T7 promoter and the four plasmids
encoding the VSV nucleoprotein (N), phosphoprotein (P), G and large
(L) viral polymerase proteins. The virus produced is propagated, plaque

rVSVAG/luc-G

T
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Fig. 1. Schematic of production of pseudotyped viruses based on a lentiviral core (A) or a vesicular stomatitis core (B) and their use in neutralisation tests (C).
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purified and working stocks of the G-complemented rVSV-AG-reporter
virus made (e.g. r'VSV AG/luc-G). The G-complemented virus stocks are
titrated and then used to infect cells transiently or stably transfected to
express a heterologous envelope protein (E) for production of PVs
(Fig. 1B).

Expression of the reporter gene provides a readout of the ability of
the PV to enter the target cell enabling studies of viral entry mechanisms
and reduction of reporter gene expression enables inhibition of entry by
antiviral compounds or antibodies to be measured (Fig. 1C). The use of
PVs for determining factors involved in virus entry and measuring
neutralising antibodies really came to the fore during the COVID-19
pandemic.

3. Viruses reported to infect both humans and equids

A recent systematic review of the literature concluded that horses are
one of the three domesticated species (the others being pigs and cattle)
with which humans share the highest number of viruses (Johnson et al.,
2020). However, there are relatively few viruses that are transmitted
directly from horses to humans (or vice versa). This may reflect that
zoonotic transmission of equine viruses capable of adapting to the
human host already occurred historically. To identify publications
describing the application of PVs to study viruses shared between horses
and humans, a systematic literature search was conducted for each of
the viruses listed in the supplementary table provided by Johnson et al.
(2020). This table lists 33 of 139 zoonotic viruses as infecting species of
the genus Equus but notably omits Equus spp. as a species infected by
influenza A virus (IAV), the addition of which gives 34 viruses that infect
both humans and equids. As nomenclature is not standardized, the
search was conducted using the broad terms ‘pseudo’ and ‘virus’, which
encompasses a range of non-replicative virus particles (Supplementary
file 1). Due to the volume of articles found for IAV, rabies virus and VSV,
a separate search was performed to limit the articles found to those that
included the MesH terms horses, horse, equine or Equidae (Supple-
mentary file 1). The refined search after removing duplicates and re-
views identified 143 articles relevant to the use of ‘pseudo viruses’
applied to 17 viruses identified as affecting both horses and humans
(Table 1). Selected articles on development and application of reporter
PVs highlighted in later sections of this review are presented in Table 2.

Table 1

Classification of viruses (Walker et al., 2022) identified in the initial literature
search for “pseudo virus” together with the name of each of the viruses listed by
Johnson et al. (2020) as infecting both humans and equids (and influenza A
virus).

Virus order Virus Family/Genus Viruses

Amarillovirales Flaviviridae, Flavivirus Japanese encephalitis (JEV)
Tick-borne encephalitis
(TBEV)

West Nile (WNV)

Zika (ZIKV)

Articulavirales Orthomyxoviridae, Influenza A (IAV)
Alphainfluenzavirus
Phenuiviridae, Phlebovirus

Nairoviridae, Orthonairovirus

Bunyavirales Rift Valley fever (RVFV)
Crimean Congo haemorrhagic
fever (CCHF)

Eastern equine encephalitis
virus (EEEV)

Getah (GETV)

Ross River (RRV)

Sindbis (SINV)

Venezuelan equine
encephalitis (VEEV)
Western equine encephalitis
(WEEV)

Martellivirales Togaviridae, Alphavirus

Mononegavirales

Bornaviridae, Bornavirus
Paramyxoviridae, Henipavirus
Rhabdoviridae, Lyssavirus
Rhabdoviridae, Vesiculovirus

Borna disease (BDV)
Hendra (HeV)

Rabies (RABV)

Vesicular stomatitis (VSV)
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Table 2
Selected articles describing development and application of reporter pseudo-
typed viruses.

Citation Core Reporter Virus/ Application
protein Envelope
protein(s)
Aljofan et al. (2009) VSV RFP HeVF & G Antiviral
screening
Bae et al. (2019) MLV p-gal HeVF & G Neutralisation
test
Bradel-Tretheay VSV rLuc HeVF & G Host-pathogen
et al. (2019) interaction
Bukbuk et al. VsV Luc RVFV Gn/Ge Neutralisation
(2014) test
Di Genova et al. HIV GFP/Luc EHV-1 gB, Neutralisation
(2024) gD, gH, gL test
Elshabrawy et al. HIV Luc HeVF & G Antiviral
(2014) screening
Feeley et al. (2011) MMLV  p-gal IAV HA Host-pathogen
HIV VSV G interaction
VSV
James et al. (2021) HIV Luc SARS-CoV-2 Neutralisation
S test
Kaku et al. (2009) VSV GFP NiVF &G Neutralisation
test
Kinsley et al. (2020)  HIV Luc IAV HA Neutralisation
test
Kwak et al. (2020) MLV p-gal JEVE Neutralisation
test
Lee et al. (2009) MLV p-gal JEVprM/Eor  Development of
E PV
Lee et al. (2014) MLV p-gal JEVE Development of
PV
Neutralisation
test
Lee et al. (2020) MLV p-gal JEVE Neutralisation
test
Li et al. (2018) HIV p-gal RVFV Gn/Gc Neutralisation
test
Liu et al. (2017) HIV GFP & Luc JEV prM/E Development of
PV
Ma et al. (2019) VSV FLuc RVFV Neutralisation
test
Markosyan and MLV DiD/GFP VSV G Host-pathogen
Cohen (2013) interaction
Negrete et al. VsV Luc HeVF, G Host-pathogen
(2007) interaction
Pan et al. (2018) HIV Luc ZIKV E Antiviral
screening
Perez et al. (2001) VsV GFP BDV p56 Host-pathogen
interaction
Porotto et al. VSV RFP HeVF, G Antiviral
(2007) screening
Porotto et al. VSV RFP HeVF, G Antiviral
(2009) screening
Porotto et al. VSV RFP HeVF, G Antiviral
(2011) screening
Ruiz-Jimenez et al. HIV Luc JEV E Development of
(2021) MLV PV
Scott et al. (2012) HIV Luc IAV HA Neutralisation
test
Scott et al. (2016) HIV Luc IAV HA Neutralisation
test
Shtanko et al. VsV FLuc CCHFV Gn/ Host-pathogen
(2014) Gce interaction
Suzuki et al. (2020)  HIV FLuc CHIKV E3- Diagnosis
E2-6 K-E1
Tani et al. (2010) VSV Luc JEV E Host-pathogen
interaction
Wright et al. (2009)  HIV b-gal/GFP Lyssa G Neutralisation
test
Zhang et al. (2022) VSV FLuc RVFV Neutralisation
test

B-gal, p-galactosidase; BDV, Borna disease virus; CCHFV, Crimean Congo hae-
morrhagic virus fever glycoprotein; CHIKV, chikungunya virus; FLuc, firefly
luciferase; GFP, green fluorescent protein; HIV, human immunodeficiency virus;
1AV, influenza A virus; JEV, Japanese encephalitis virus; Lyssa, lyssaviruses;
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MLV, murine leukaemia virus; MMLV, Moloney murine leukaemia virus; RFP,
red fluorescent protein; RVFV, Rift Valley fever virus; VSV, vesicular stomatitis
virus; ZIKV E, Zika virus envelope protein.

3.1. Viruses affecting horses and humans for which ‘pseudo virus’
articles identified.

Most of the viruses identified in our literature search are arboviruses,
which tend to have a wide host range and tissue tropism because their
infectious cycle requires infection of both insects and their non-insect
hosts. Several arboviral diseases have been increasing in geographic
range, with climate change implicated as one driver of disease emer-
gence and spread (Whitehorn and Yacoub, 2019).

Six of the identified viruses are mosquito-borne arboviruses in the
Alphavirus genes of the Togaviridae. As their name suggests, the equine
encephalitides (Eastern (EEEV), Western (WEEV) and Venezuelan
equine encephalitis virus (VEEV)) can infect the brain and cause
neurological disease. Other viruses in the same genus (including chi-
kungunya virus, CHIKV) are rarely reported to infect horses, with the
notable exception of Ross River virus (RRV) in Australia (Yuen and
Bielefeldt-Ohmann, 2021). In both humans and horses, RRV can cause
chronic, long-term debilitating arthritogenic infection, similar to
CHIKV. In their review, Yuen and Bielefeldt-Ohmann (2021) suggest
that an equine model for RRV may provide better understanding of
immunopathogenesis than the currently used murine model. They also
recently reported that, as for WNV, horses could act as sentinels to
provide early warning of potential outbreaks in human populations
(Yuen et al., 2024). The epidemiology and ecology and common clinical
signs of these viruses in horses (including Getah and Sindbis) are
reviewed in Chapman et al. (2018) and from the human perspective,
viral-host interactions and therapeutics development are reviewed in
Guerrero-Arguero et al. (2021).

Both horses and humans are incidental hosts of members of the
family Flaviviridae in the order Amarillovirales including Japanese en-
cephalitis virus (JEV) and West Nile virus (WNV), which are transmitted
by mosquitoes. One study found Zika virus (ZIKV) neutralising anti-
bodies in 4.3% (7/163) of horses sampled 2015/2016 in New Caledonia
and 15.4% (20/130) in French Polynesia (Beck et al., 2019) indicating
exposure to ZIKV, although clinical disease has not been reported. Two
tick-borne flaviviruses can infect horses and humans. Tick-borne en-
cephalitis virus (TBEV) causes potentially fatal disease of the central
nervous system in humans but while TBEV-specific neutralising anti-
bodies have been detected in horses in more than one study (e.g.
Rushton et al. (2013)), infection is apparently asymptomatic. Louping ill
virus (LIV) on the other hand causes a febrile illness that can progress to
fatal encephalitis in both humans and horses (reviewed in Jeffries et al.
(2014)).

Two viruses in the order Bunyavirales, Rift Valley fever virus (RVFV)
and Crimean-Congo haemorrhagic fever virus (CCHFV) were identified
by Johnson et al. (2020) as affecting both horses and humans. Trans-
mission of RVFV is by mosquitoes and of CCHFV is via tick bites, but
both viruses can also be transmitted by close contact with the blood,
secretions, organs or other bodily fluids of infected individuals. While
CCHFV causes outbreaks of severe haemorrhagic disease in humans,
with up to 30% mortality, it does not cause significant clinical disease in
horses. However, high levels of seroprevalence have been detected and
infected horses infected become viraemic, which means they could play
an important role in the transmission of CCHFV (Fanelli and Buonavo-
glia, 2021). Although RVFV was identified by Johnson et al. (2020) as a
virus that also infects horses and antibodies can be detected in horses
where RVFV is endemic, seroprevalence is low (3-10%). Furthermore,
experimental infection of Shetland ponies with a high dose of virus did
not produce any clinical signs and there was only a low level of viraemia
suggesting that horses are resistant to RVFV infection (Bird et al., 2009).
Human infection with RVFV usually results in self-limiting febrile
illness, but in 1-2% of cases can progress to more severe disease
resulting in blindness or death (Bird et al., 2009).
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Borna disease virus (BDV) is somewhat enigmatic. It was known for
many years as a neurotropic virus that primarily infects horses and
sheep, sporadically causing polioencephalomyelitis in horses in Austria,
Germany and Switzerland (Richt et al., 2000). It is not clear why disease
does not occur in other European countries, Australia, Iran, Israel, Japan
and the United States where detection of antibodies suggests that the
virus does circulate. The discovery in the 1980s that human patients
with various psychiatric diseases had BDV-specific antibodies suggested
that it can also infect and cause disease in people.

Hendra (HeV) was first identified during an outbreak involving
racehorses and two human cases in Australia in 1994 (Halpin and Rota,
2015). The natural host was soon identified as fruit bats. It appears only
horses are directly infected by bats and human infection occurs where
there is close contact with infected horses; in other words, horses act as
bridging hosts. Although relatively few people are reported to have been
infected with HeV, over half of them died as a result, the first death being
in someone who initially recovered but had a relapse and developed
fatal encephalitis just over a year later (O’Sullivan et al., 1997).
Although horses can survive infection, it is policy in Australia to
euthanise infected horses to prevent relapsing infection and possible
further transmission.

Rabies and VSV (now known as Indiana vesiculovirus) are in
different genera (Lyssavirus and Vesiculovirus, respectively) of the
Alpharhabdovirinae subfamily of the Rhabdoviridae family, which have
distinctive bullet-like structures. The glycoprotein (G) proteins of both
viruses can direct entry into a broad range of cells from different species,
hence they have been widely used in the context of viral pseudotypes
and the high number of papers identified for VSV and RABV in the
literature search. As well as infecting and being transmitted by insects
(including phlebotomine sand flies), VSV primarily infects cattle and
horses, in which species it causes blister-like lesions (Munis et al., 2020).
It is important in cattle because its clinical presentation can be confused
with the more economically important foot-and-mouth disease. Humans
can be infected by close contact with diseased animals, leading to
flu-like illness. Rabies lyssavirus is a neurotropic virus that causes
behavioural changes rabies in animals, including humans (Fooks et al.,
2017). Rabies transmission can occur through the saliva of animals,
often from a bite, and less commonly through contact with human
saliva.

Influenza A viruses also have a wide host range (Krammer and Pal-
ese, 2020). Influenza A viruses are classified into subtypes based on the
surface glycoproteins haemagglutinin (HA) and neuraminidase (NA).
Two subtypes (H18N10 and H19N11) were recently discovered only in
bats. Most subtypes of IAV (H1-H16 and N1-N9) are found in wild
aquatic birds but some subtypes can be transmitted to mammalian
species and have become established. In equids, IAV of the H7N7 sub-
type was first isolated in 1956, followed by isolation of the H3N8 sub-
type in 1963. The two subtypes co-circulated for some years, but the
H7N7 subtype is now regarded as extinct. Different subtypes of IAV
circulate in people, currently HIN1 and H3N2, with emergence of a
novel subtype in the human population usually associated with a
pandemic. Although clinical disease is similar in both species, primarily
fever and cough, there is scant evidence for transmission between them.
Interspecies transmission is limited due to differences in receptor spec-
ificity of the equine and human viruses (alpha 2,3 and alpha 2,6 linked
sialic acid receptors, respectively) and distribution of those receptors on
their respiratory tracts.

3.1. Viruses affecting horses and humans for which pseudo viruses not
reported to be available

Viruses affecting both horses and humans for which no articles
referencing the application of pseudo viruses were found were Barmah
Forest, Bhanja, Bwamba, Cache Valley, Dhori, hepatitis E, Ilheus,
Jamestown Canyon, Kairi, Kokobera, louping ill, Muray Valley en-
cephalitis, rotavirus A, sandfly fever, St. Louis encephalitis, Usutu, and
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Wesselsbron. Most of these are arboviruses with relatively limited
geographic range and/or human health impact. Nonetheless, several are
of concern as potential emerging viruses.

Barmah Forest virus, an alphavirus, is limited to Australia but, along
with RRYV, it is one of the most common mosquito-borne infections of
people there, causing fever, rash and sore joints. A serosurvey identified
higher seropositivity in horses (1.2%) than in people (0.9%) in south-
west Australia (Johansen et al., 2005).

Cache Valley virus (CVV), Jamestown Canyon virus (JCV) and Kairi
virus (KRIV) are mosquito-borne orthobunyaviruses found in the
Americas. Cache Valley virus mainly infects sheep in North America, but
horses and humans are frequently exposed (for example, seroprevalence
of 69% was reported for horses in Saskatchewan, Canada (Uehlinger
et al., 2018). Disease is usually mild, but CVV can cause life-threatening
encephalitis. Kairi virus, which circulates in South America, has been
isolated from a febrile horse (Calisher et al., 1988). Bwamba virus
(BWAV) is also an orthobunyavirus present in large parts of Africa, but
infections have only been detected in wild equine species not in the
domesticated horse Equus caballus (Johnson et al., 2020). Similarly,
Bhanja virus infection has only been detected in wild equids (Equus
africanus, E. ferus, E. quagga).

Louping ill virus (LIV), a tick-borne flavivirus closely related to tick-
borne encephalitis virus, again has a limited geographic range; histori-
cally, it was the only flavivirus endemic in the UK. Usutu is a mosquito-
borne flavivirus in the Japanese encephalitis (JE) complex, which is an
increasing cause for concern in Europe because of its similar ecology to
related viruses such as WNV. St. Louis encephalitis virus (SLEV) is
another member of the JE serocomplex transmitted between mosquitoes
and birds and found in the Americas, mainly North America. Murray
Valley encephalitis virus (MVEV) is also a mosquito-borne flavivirus but
is limited in range to northern Australia and Papua New Guinea. Wes-
selsbron is another mosquito-borne flavivirus; it mainly affects sheep in
sub-Saharan Africa. Kokobera virus is a mosquito-vectored virus found
in Australia and Papua New Guinea. Finally, [lheus virus was one of the
earliest isolated flaviviruses. It causes mainly asymptomatic infections
in humans with rare reports of encephalitis in South America (e.g.
Milhim et al., 2020) and there is serological evidence of infection of
horses (e.g. Pauvolid-Correa et al., 2014).

Dhori virus (DHOV) is in the same family as IAV but in the Thogoto
virus genus. It has a very broad host range and is transmitted to
mammalian hosts by ticks. Sandfly fever (also known as pappataci or
phlebotomus fever) is caused by three serotypes (Naples virus, Sicilian
virus and Toscana virus) of phlebovirus.

Hepatitis E virus, which was first identified in 1980, is a significant
cause of acute viral hepatitis with an estimated 20 million human cases
annually that is becoming increasingly recognised as a zoonotic infec-
tion in developed as well as developing countries (Igbal et al., 2023). It is
transmitted by the faecal-oral route and has a broad host range.
Although pigs are regarded as a major source of human infection, there
is evidence of spillover infection of horses with seroprevalence of
11-16% in apparently healthy horses (Yoon et al., 2022). Contact with
horses has also been identified as a risk factor for human seropositivity
(Christensen et al., 2008).

Finally, rotaviruses are a leading cause of diarrhoeal disease in young
animals including children and foals (Crawford et al., 2017). There are
ten species of rotavirus (A-J), with rotavirus species A being the most
common cause of human infection. Rotavirus A was thought to be the
only species to infect horses until a novel equine rotavirus B was iden-
tified in 2021 (Uprety et al., 2021). Not only do rotaviruses infect both
horses and humans, there is also evidence of zoonotic transmission. For
example, a new strain of rotavirus species A with genetic sequences
suggesting an equine origin was identified in 2013 (Kirkwood and
Roczo-Farkas, 2014) and became the predominant strain children in
2015-2016 (Utsumi et al., 2018). Rotaviruses are non-enveloped with
three concentric capsids. The capsid proteins of non-enveloped viruses
lack transmembrane domains required for incorporation into the

Virology 597 (2024) 110164

membrane bilayers of VSV or lentivirus cores, which probably explains
the lack of any report of successful PV production, if indeed it has been
attempted.

4. Applications of pseudotyped viruses to the study of viruses
infecting both humans and equids

In this review, we are focussing on articles describing the use of
‘reporter pseudotyped viruses’, defined as a non-replicative virus having
the core of one virus with the surface proteins of another and encap-
sulating a reporter gene. Most of the 143 articles identified in the search
describe studies using pseudo viruses as gene delivery tools, for example
cancer gene therapy, and for vaccination as opposed to directly studying
the viruses from which the envelope protein is obtained. In these con-
texts, a reporter gene is not necessarily required. Lentiviral vectors are
considered promising vaccine vectors due to their ability to transduce
dendritic cells and the foreign envelope can be changed to modify the
pseudo virus tropism. For example, the VSV-G can be used to produce
lentiviral vectored vaccines from stable packaging cells but is cytotoxic,
due to its fusion activity (Hoffmann et al., 2010), therefore, Lopes et al.
(2011) investigated using the envelope from Ross River virus.

As mentioned, most studies using PVs without reporter genes were
using envelope proteins from various viruses to target gene therapy
vectors according to their tropism. For example, neurotropism is
conferred by CHIKV (Eleftheriadou et al., 2017), RABV (Federici et al.,
2009; Mazarakis et al., 2001), RRV (Jakobsson et al., 2006), VEEV
(Trabalza et al., 2013), VSV (VandenDriessche et al., 2002) or ZIKV
(Kretschmer et al., 2020) envelope proteins; ocular targeting by VSV or
VEEV (Lipinski et al., 2014) and haematopoietic cell targeting by Sindbis
(Morizono et al., 2006), RRV and VSV (Kahl et al., 2005). Borna disease
virus (BDV) has been explored as a potential virus vector for delivering
genes to the central nervous system by inserting a foreign gene (GFP)
into an intercistronic noncoding region between the phosphoprotein (P)
and matrix (M) genes (Daito et al., 2011).

Interestingly in the context of this review, equine infectious anaemia
virus (EIAV) has been explored as a core for generating PVs with VSV or
rabies glycoproteins for gene therapy (Azzouz et al., 2004; Balaggan
et al., 2006; Beutelspacher et al., 2005; Mazarakis et al., 2001; Mitro-
phanous et al., 1999; Teng et al., 2005; Wong et al., 2004). However, no
articles describing the use of reporter PVs to study EIAV were identified.

4.1. Development of flavivirus reporter pseudotyped viruses

Efforts have been made to generate flavivirus PVs for many years, but
there has been limited success at reproducibly making PVs based on a
core virus from a different virus family such as the lentivirus core sys-
tems. In early attempts, TBEV pseudo viruses with TBEV envelope pro-
teins were made by co-culture of TBEV with VSV (Dragtnova and
Gresikova, 1986) or recombinant vaccinia viruses (Konishi and Mason,
1993).

Several papers describe the development and use of JEV PVs. Lee
etal. (2009) described the development of a JEV PV using the packaging
cell line TELCeB6, which expresses a non-infectious (Env) Moloney
MLV (MMLYV) gag-pol gene construct and a p-galactosidase gene with an
MMLV-derived packaging signal (MFG-nlslacZ). After transduction of
different cell types, individually transduced cells, which stained blue
with X-Gal, were counted as an infectious unit (IFU). These were
counted at higher dilutions of PV at which it is more likely that each
blue-stained cell is infected by a single PV particle. They used expression
plasmids expressing the prM and envelope (prM/E) or only envelope (E)
of two JEV strains and showed that the IFUs obtained of all four PVs
were comparable to the infectivity of wild-type JEV in different target
cell lines. The highest IFU/ml obtained with the PVs were in Vero (4-5 x
104) and Crandall-Rees feline kidney (around 1 x 105) cells. In a later
paper, Lee et al. (2014) showed that results obtained in neutralisation
tests with the PV correlated well with plaque reduction neutralisation



R.L. Sedgwick et al.

tests performed with native virus. The same approach was used to
perform serosurveys in subsequent articles (Kwak et al., 2020; Lee et al.,
2020).

Tani et al. (2010) made recombinant VSV-JEV prM/E particles with
no reporter gene by replacing the VSV-G gene with the JEV prM/E gene,
but they also made reporter PVs by infecting cells transiently expressing
JEV prM/E with rVSVAG/luc-G as described in Fig. 1B. However, they
only present the percentage residual infectivity, for example after neu-
tralisation by an anti-E polyclonal antibody, and not the titrated lucif-
erase activity of the PVs. The same approach was applied to study the
role of the host factor cyclosporin A (CsA) in replication of JEV (Kam-
bara et al., 2011).

Liu et al. (2017) compared using the pcDNA3.1 expression plasmid
with JEV prM/E with the native signal peptide, which was predicted to
be weak using SignalP, replaced with the signal peptide from VSV-G.
They found that the VSV-G signal peptide significantly enhanced the
production of PV particles. They used a dual reporter (GFP and lucif-
erase) lentiviral vector (pCDH-CMV-Luc—copGFP with psPAX2.1),
which enabled them to quantify ‘transducing units (TU)’ by determining
the percentage of GFP-expressing cells for a specific dilution. When
input virus was normalised according to quantification of reporter gene
copies, the three PVs were equally able to transduce target cells. How-
ever, they noted that the TU (GFP readout) and RLU/ml (luciferase
readout) of the JEV-E PVs were 100-fold lower than those of the VSV-G
positive control and that more research is needed to improve the
infectivity of lentiviral JEV-E PVs.

Pan et al. (2018) generated Zika virus PVs by co-transfecting
pHIV-luciferase, pCMV-AR8.2 and Env-expressing plasmids. However,
the luciferase activity of the ZIKV PVs was low (<300) compared to the
VSV-G PV, which gave signals of around 10,000. For use in antiviral
screening, A549 cells in a 96-well-plate were transduced with 200 pl of
the PV and 10 pg/ml of polybrene. Polybrene (hexadimethrine bromide)
is a cationic polymer that enhances HIV-1 infection by reducing the
electrostatic repulsion between the virus particle and target cell surface,
enhancing receptor-independent adsorption (Davis et al., 2002). The
challenges of developing Zika virus PVs are described by Ruiz-Jiménez
et al. (2021) who attempted to make PVs using different glycoprotein
constructs, different lenti- or retro-viral cores (pNL4.3.Luc.R (—)E (—) or
MLV), and different ratios of envelope to core plasmids.

Because of the difficulties of consistently generating reporter PVs
based on lenti- or retro-viral cores, there has been greater focus on
development of reporter virus particles (RVPs). For example, as part of
the response to the 2015-2016 emergence of Zika in South America,
Whitbeck et al. (2020) adapted their previously developed DENV RVP to
generate ‘pseudo-infectious’ ZIKV RVPs. These RVPs are generated by
transfecting a plasmid expressing the CprM/E structural genes into a
stable cell line that expresses the full-length DENV2 replicon with the
CprM/E genes replaced by a gene for Renilla luciferase (BHK-DRRZ).

4.2. Development of influenza A reporter pseudotyped viruses

For influenza A viruses, there was such a large volume of literature
found in the initial search that a more focussed search was performed
(Supplementary file 1); this yielded 17 primary research articles, 4 of
which refer specifically to the generation of equine IAV PVs. These
describe the initial generation of equine influenza PVs using an HIV core
(Scott et al., 2012) and their optimisation (Scott et al., 2016). The suc-
cessful generation of IAV PVs requires activation of the haemagglutinin
(HA) surface glycoprotein by protease cleavage of HAO into the HA1 and
HA2 subunits and addition of neuraminidase (NA) to allow release of
newly formed pseudotype particles from the producer cells. Both the
protease and neuraminidase can be provided exogenously in the form of
trypsin and bacterial neuraminidase, respectively or by transfection of
additional plasmids during production of the pseudotyped virus. Scott
et al. (2016) found that the efficiency of plasmids expressing different
proteases varied with the HA protein with human airway trypsin (HAT)
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cleaving the HAO more efficiently than TMPRSS2 for A/equine/R-
ichmond/1/2007 (H3N8) whereas for the HA from an earlier isolate
(A/equine/Newmarket/79), the proteases were equally efficient. The
comparison with addition of exogenous trypsin to the cell culture me-
dium was not made. However, they showed that addition of exogenous
neuraminidase from Clostridium perfringens was more efficient than
co-transfection of plasmid encoding the viral (N8) NA. Subsequently,
(Kinsley et al., 2020) applied reporter PVs to measure neutralising an-
tibodies in ponies experimentally vaccinated and infected with IAV.
They reported good agreement between traditionally used antibody tests
(the single radial haemolysis assay and haemagglutination inhibition
test) but noted that the PVNT is more sensitive. They suggested that
further studies should be conducted to determine the inter-laboratory
reproducibility of the PVNT. Interestingly, in a comparison of two ELI-
SAs, virus neutralisation test (VNT) and lentivirus-based PVNT to mea-
sure antibodies against SARS-CoV-2, James et al. (2021) concluded that
there was strong correlation between the infectious virus and pseudo-
typed virus neutralisation tests and that there was good concordance
between results obtained with the PVNT when the PVs were generated
and tests performed independently in three different institutions.

4.3. Reporter pseudotyped viruses for immunoassays and vaccine
development

Use of reporter pseudotyped viruses for neutralisation tests was the
most frequent application identified in this review. Bukbuk et al. (2014)
describe development of a RVFV glycoprotein PV based on the VSV
system, although the details are limited. They showed a positive corre-
lation (Spearman’s rank correlation coefficient of 0.77) between the
titres of neutralising antibodies obtained using the PV and those ob-
tained using a conventional neutralisation test with the attenuated
MP12 strain. Li et al. (2018) provide more detail about their approach to
generate a RVFV PV using the third-generation lentiviral transfer
plasmid pLV-eGFP-C and helper plasmid PH1, both from Invitrogen. Ma
et al. (2019) also generated a RVFV VSV-PV, which they used to deter-
mine whether individual amino acid differences affect protein function.
They found that introduction of 42 single amino acid substitutions had
little impact on neutralisation by post-immunisation guinea pig sera.
They also used bioluminescence imaging in mice ‘infected’ with the
RVFV PV to study dissemination and distribution of the PV. They then
vaccinated mice with a RVFV DNA vaccine and challenged them with
the RVFV PV and assessed vaccine efficacy by the reduction of biolu-
minescence, which they could correlate with the neutralising antibody
response to the vaccine. The RVFV PVNT established by Ma et al. (2019)
was also used to measure the immune response of mice to an experi-
mental vaccine by Zhang et al. (2022).

The most used reporter in PV production is luciferase, but the sub-
strate is relatively expensive and requires a luminometer to obtain a
readout. Green fluorescent protein provides an alternative reporter that
does not need addition of a substrate but requires a fluorescent micro-
scope for visualisation. Wright et al. (2009) cloned the lacZ gene, which
encodes p-galactosidase (f8-gal) into the reporter plasmid and to produce
a rabies virus PV. Entry of the PV into target cells could be detected by
the addition of different p-gal substrates (X-gal, CPRG or ONPG) that
turn blue, red or yellow, respectively, in the presence of the enzyme and
can be visualised under a light microscope. A further advantage of the
lacZ gene-containing PVs was that they were highly stable despite
freeze-thaw cycles and storage at room temperature. Finally, the lacZ
gene was used as the reporter for JEV PVs in several reports (Kwak et al.,
20205 Lee et al., 2009, 2014, 2020), which raises the possibility that this
readout is advantageous with difficult to pseudotype envelope proteins.
Low intrinsic stability is a desirable property in reporter genes used to
monitor transcriptional dynamics and luciferase genes have been
modified to reduce their half-life, but this is not necessarily optimal for
applications using pseudotyped viruses. Mammalian
codon-optimisation of the lacZ gene, which originates from E. coli, was
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shown to enhance expression in mammalian cells due to enhanced
transcript stability and increased translational efficiency (Anson et al.,
2004).

Pseudotyped viruses can also be used as surrogates for dangerous
pathogens in immunoassay development. For example, Suzuki et al.
(2020) used a CHIKV PV to evaluate the sensitivity, specificity, and
cross-reactivity of a rapid immunochromatographic test for detection of
CHIKV El-antigen using new monoclonal antibodies.

4.4. Reporter pseudotyped viruses for studying host-pathogen interactions

Reporter PVs can be used to study interactions between viruses and
host cells in the early stages of infection. For example, Perez et al. (2001)
used the VSV core system to shed more light on the role of BDV glyco-
protein in receptor recognition and cell entry. The glycoprotein is
cleaved by furin, generating N-terminal and C-terminal fragments of 41
kDa and 43 kDa (gp41 and gp43), respectively. The C-terminal gp43 had
already been shown to be involved in viral entry. By generating chimeric
proteins with gp41 and the transmembrane and carboxyl terminus of
VSV G, they showed that gp41 could also independently mediate virus
receptor recognition and cell entry.

The bunya viruses CCHFV and RVFV have three segments (small,
medium and large) of single-stranded RNA genome in negative orien-
tation. The medium segment, M, encodes the viral glycoprotein poly-
protein, which is co-translationally cleaved and post-translationally
modified to generate two structural transmembrane proteins, Gc and Gn.
These form complexes on the virion surface, bind the cellular receptors
and are responsible for membrane fusion (Schmaljohn and Nichol,
2007). CCHFV is known to enter host cells through clathrin-mediated
endocytosis. Shtanko et al. (2014) generated a VSV PV to study uptake
of CCHFV and identify host factors controlling the movement of CCHFV
to the acidified compartment where membrane fusion takes place. They
found that CCHFV passes through early endosomes before being deliv-
ered to multivesicular bodies (MVBs). They demonstrated that pre-
venting vesicular acidification trapped pseudoparticles in the MVBs,
suggesting that they are the sites of virus-endosome membrane fusion.

In order to study fusion mediated by class II and III viral proteins,
Markosyan and Cohen (2013) generated PVs with Semliki Forest virus
(SFV) E1/E2 proteins or VSV G with the fluorescent lipid dye DiD
incorporated in the viral envelope and the core labelled by fusing GFP at
the C-terminus of the MLV nucleocapsid protein. They could determine
whether fusion occurred in an endosome or the plasma membrane by
differences in the pattern of fluorescence. When fusion occurs within an
endosome, the fluorescence from the DiD remains the same because
endosomes are sub-microscopic, but the GFP fluorescence disperses due
to the release of the viral core after fusion. On the other hand, if fusion
occurs at the plasma membrane, neither fluorescence signal is
detectable.

As previously mentioned, horses appear to be resistant to RVFV
infection. Potential mechanisms involved in this resistance could be
investigated using PVs. For example, Feeley et al. (2011) used PVs to
demonstrate that IAV is inhibited by interferon inducible trans-
membrane protein 3 (IFITM3) in late endosomes. Similarly to IAV, RVFV
entry involves virus—-endosome membrane fusion, therefore a similar
mechanism of resistance to RVFV infection in horses may be investigated
using PVs.

4.5. Reporter pseudotyped viruses for antiviral screening

Hendra and the closely-related Nipah virus require the highest level
of biosecurity, hence several papers report the use of PVs to study host-
pathogen interactions (Bradel-Tretheway et al., 2019; Mathieu et al.,
2015; Negrete et al., 2007) and for neutralisation tests (Bae et al., 2019;
Kaku et al., 2009; Khetawat and Broder, 2010). Also notable is the
number of publications describing the use of PVs for high throughput
screening for antivirals targeting Hendra and Nipah G and F envelope
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proteins (Aljofan et al., 2009; Elshabrawy et al., 2014; Porotto et al.,
2007, 2009, 2011).

5. Conclusions and future perspectives

A cross-species or comparative approach is particularly relevant for
studying viral disease that naturally infect different species. Further-
more, the equine and human immune systems share more similarities
than between the human immune system and common species of labo-
ratory animals. In this review, we have highlighted several applications
of PVs, including furthering our understanding of host-pathogen in-
teractions by identification of proteins that mediate viral entry and the
mechanisms of early stages of viral replication. Of comparative interest
is understanding early restriction mechanisms in different species, such
as interactions with IFITM proteins, which could potentially lead to
identification of opportunities for prevention and treatment of disease.
The ability to study highly hazardous viruses using PVs has made them a
key tool in studying emerging viruses such as SARS-CoV-2. Development
of neutralisation tests using PVs that can be used to monitor seropre-
valence in equine populations can help provide early warning of
expansion of zoonotic viruses into new geographic regions. Not only are
PVs useful in vaccine development by enabling safe measurement of
virus neutralising antibodies but they can also be used to challenge
vaccinated animals to monitor vaccine efficacy as described by Ma et al.
(2019). This could enable horses to be used as the most relevant animal
model to evaluate vaccines against viruses such as Hendra, which would
not be feasible using the infectious wild-type virus.

Challenges remain in the development of PVs. For example, it ap-
pears to be more difficult to make PVs with viruses that have class II
fusion proteins. However, refinements continue to be made, with sur-
prising recent success in generating PVs against equine herpesvirus-1
(EHV-1), a DNA virus (Di Genova et al., 2024), the entry of which is
complex due to the presence of 12 glycoproteins. The EHV-1 PVs were
successfully made with glycoproteins B, D, H and L.
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