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Abstract Gene therapy holds great promise for curing cancer by editing the deleterious
genes of tumor cells, but the lack of vector systems for efficient delivery of genetic material
into specific tumor sites in vivo has limited its full therapeutic potential in cancer gene ther-
apy. Over the past two decades, increasing studies have shown that lentiviral vectors (LVs)
modified with different glycoproteins from a donating virus, a process referred to as pseudo-
typing, have altered tropism and display cell-type specificity in transduction, leading to selec-
tive tumor cell killing. This feature of LVs together with their ability to enable high efficient
gene delivery in dividing and non-dividing mammalian cells in vivo make them to be attractive
tools in future cancer gene therapy. This review is intended to summarize the status quo of
some typical pseudotypings of LVs and their applications in basic anti-cancer studies across
many malignancies. The opportunities of translating pseudotyped LVs into clinic use in cancer
therapy have also been discussed.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Background

Delivering curative genetic material into deleterious cells
to combat disease, i.e., gene therapy, has shown remark-
able therapeutic benefit and safety record in clinical trials,
and is also rapidly emerging as a revolutionary modality for
treating a wide range of genetic disorders and acquired
human diseases.1,2 However, despite satisfactory results in
preclinical studies and early-stage clinical testing, gene
therapy fails to become a routine option in cancer treat-
ment under most circumstances, principally due to the
inability to selectively and efficiently deliver transgenes to
specific cancerous cells in vitro and in vivo, one of the most
formidable challenges for gene therapy application.3e5 A
desired gene therapy essentially necessitates a delivery
system capable of efficient gene transfer in a variety of
cells or tissues, meanwhile, without causing any unwanted
side effects. Currently, different delivery systems including
viral and non-viral vectors and some physical approaches
have been designed to offer a choice for gene therapy, and
improving their performance remains a seminal concern
for researchers.6 Viral vectors derived from naturally
evolved viruses have great applicable potentials as they
display high gene transfer capability in a variety of cells.
Among them, lentiviral vectors (LVs) have emerged as
powerful tools for stable gene delivery due to several ad-
vantages including the ability to transduce both dividing
and non-dividing cells. Another prominent advantage is
that their tropism can be modified through pseudotyping,
a process by which a native surface protein is replaced
with a viral envelope glycoprotein of interest, allowing
selective transfer of transgene to specific population of
cells, such as neural cells, lymphocytes, hepatic cells or
tumor cells, based on the specific interactions between
pseudotyping glycoproteins and corresponding cellular re-
ceptors for vector entry.7 This feature of LVs provides
an extraordinary strength that could be harnessed to meet
the urgent need for enabling specific delivery into tumor
sites in vivo.

Over the last two decades, accumulating basic studies
have shown the potentials of numerous pseudotypes of LVs
in improving the efficacy of gene therapy against malig-
nancies, particularly those LVs pseudotyped with glyco-
proteins from viruses including the vesicular stomatitis virus
(VSV), lymphocytic choriomeningitis virus (LCMV), measles
viral (MV), and hepatitis C virus (HCV). In addition, studies
have also yielded a mass of advancements in the engi-
neering approaches of these pseudotypes for successful
targeted transduction of specific tumor cells. In this review,
we attempt to summarize the altered tropism and opti-
mized use of LVs in gene delivery by pseudotyping, and
revisit the research status quo of applying LV pseudotypes
in targeting specific cancer. We also discuss the promising
prospects of their translation in future gene therapy for
cancer treatment.

LVs are effective gene delivery vehicles

As many human diseases have been revealed to be deter-
mined genetically, a rational hypothesis was firstly pro-
posed in 1972 for genetic manipulation in humans that
replaces the defective DNA with exogenous “good” DNA for
ameliorating inherited monogenic disorders caused by ge-
netic defects.8 In the following years, growing interest has
been evoked in gene therapy, which is believed to achieve
persistent production of endogenous proteins in targeted
cells, whereby yielding durable and curative clinical
benefit. The upsurge in this research field can be exem-
plified most vividly by numerous endeavors and clinical
trials devoted into developing gene therapies for hemo-
philia since the successful isolation of susceptible genes
encoding the factor IX and VIII.9 However, the prospect of
clinical application of gene therapy was once plagued by
unresponsiveness and overt toxicities in early experimental
trials launched in the 1990s.2 These setbacks in trans-
lational studies were concluded to be partially due to
insufficient knowledge of viral vectors in that era.10 Since
then, with the continuous improvements in developing new
vectors and methods of gene delivery and safety modifi-
cations, thousands of clinical trials concerning gene ther-
apy have been completed worldwide, leading to substantial
progresses and particularly turning several gene therapies
into approved drugs and novel treatment options that
revolutionize multiple fields of modern medicine.3

Gene therapy is now being applied to treat diverse dis-
eases by introducing foreign genomic materials into the
targeted cell/tissue through an appropriate delivering sys-
tem, mainly including the viral vectors, non-viral vectors,
and physical approaches. Among them, viral vectors have
long been explored as potential tools to transfer loaded
genetic materials into desired host cells, because viruses
have evolved naturally specialized mechanisms for inte-
grating their genome and enabling gene expression after
viral infection and multiplication.11 Dating back to 1990,
viral vectors have already been employed in the first clin-
ical trial of gene therapy to transfer the adenosine deam-
inase (ADA) gene into the T cells for treating the severe
combined immunodeficiency. In this pioneering study, a
persisted expression of integrated viral vector and ADA
gene in T cells was detected.12 Owing to their natural
features, one remarkable advantage of viral vectors is the
high efficiency of gene delivery into a variety of cells.
However, viral vectors have some limitations, such as
toxicity, immunogenicity, mutagenicity and restricted car-
rying capacity. To circumvent these limitations, in-
vestigators also have been attempting to discover other
alternative gene carriers. In recent decades, tremendous
advancements have indeed been witnessed in the devel-
opment of non-viral based systems and physical approaches
for delivering exogenous gene, including cationic lipo-
somes, cationic polymers, synthetic peptides and inorganic
nanoparticles, or employing physical forces to facilitate
gene transfer into cells.13e15 Nevertheless, another critical
problem still existing is that compared with viral carriers,
these emerging non-viral and physical methods demon-
strate relatively lower efficiency, especially for in vivo gene
delivery, which hinders their widespread use in future
clinical treatment.16,17 A more thorough comparison be-
tween viral vectors and non-viral vectors could refer to
some systematic reviews published recently
elsewhere.18e20

To date, a majority of utilized viral vectors for gene
therapy are based on three classes of viruses, including the
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adenovirus, adeno-associated virus and lentivirus. It has
been iteratively proved that these viral vectors are able to
confer a higher efficiency of gene transduction and permit
longer duration of transgene expression than non-viral de-
livery systems, hence making them very attractive optional
therapies for diseases.21 Among viral vectors, LVs have
several advantages. Firstly, LVs can stably integrate into
both dividing and non-dividing cells, thus ensuring sus-
tained transgene expression within a wide spectrum of
target cells and their progeny cells; secondly, LVs have a
large packaging capacity up to 8 kb, which offers them a
superiority with regard to expressing large genes for
treating associated diseases; thirdly, the integration of
prototypical LVs into the host cells exerts low oncogenic
potential,22 hence increasing their biosafety; at last, LVs
can be pseudotyped with heterologous envelope glycopro-
teins, through which the tropism of LVs can be deliberately
modified for broadening the scope of their utility or
achieving specific targeting of host cells.23,24

The recombinant LVs were first constructed in the 1990s
from the genome of human immunodeficiency virus-1 (HIV-
1).25e27 The resulting HIV-1-based LVs possess a large
packaging capacity of 8e10 kb, and are able to integrate
their viral particles into host genomes after viral infection.
It is worth mentioning that among various retroviral vec-
tors, these HIV-1-based LVs remain the most commonly
used delivery vehicles for experimental studies and also
valuable tools for gene therapy trials.28 Ever since the first
clinical evaluation of LVs in a phase I open-label non-
randomized clinical trial for HIV in 2006,29 LVs have now
been tested successfully in many clinical trials to treat a
broad range of human diseases, for example, multiple types
of malignancies (Table 1).23 And encouragingly, the number
of ongoing clinical trials in regard to the therapeutic eval-
uation of LVs for cancer treatment is also dramatically
increasing, and more related reports are retrievable at the
clinicaltrials.gov database (https://clinicaltrials.gov/). The
research status quo therefore indicates that harnessing LVs
for gene delivery to humans holds great promise for the
treatment of a wide variety of disorders, including human
cancers.

It is well agreed that an ideal gene therapy is extremely
dependent on a safe, efficient and target-specific delivery
system, therefore, viral vectors are mostly replication-
deficient viruses and genetically modified to improve their
safety, efficiency, and cellular uptake.30 For instance, LVs
have been intensively modified for improving safety
through multiple methods, including separating critical
components of the HIV-1 genome into distinct plasmids,
removing the accessory genes (vif, vpr, vpu and nef ) and
regulatory tat gene, and substituting the 50UTR in the LV
transfer vector with a tat-independent constitutive pro-
moter (Fig. 1).31,32 These modifications together insure the
generation of replication-deficient LVs. Although clinical
trials using LVs with improved safety features support the
feasibility and safety of LV-based gene therapies for human
diseases,23,28 there are several major challenges to over-
come for improving future clinical use. For instance, one
risk is that the insertional mutagenesis may be lower when
using LVs, but the theoretical possibility is not eliminated.
The potential exacerbation of off-target effects due to LV-
mediated persistent expression of the gene editing
machinery poses another concern.23 Moreover, the long-
term safety and transduction efficacy of LVs are still un-
certain in patients who have already received LV-based
gene therapies. Further, the limited host tropism of LVs
has restricted the range of cellular targets and narrowed
their applications in clinical practice.24 In fact, since the
primary construction of LVs, the genome of LVs has also
been repeatedly modified for improving their transduction
efficiency and application range. In the next section, we
will focus on illustrating how LVs are pseudotyped in varying
forms to alter the host tropism and also discussing the
relevant significance in optimizing their application in gene
delivery.
Pseudotyping LVs alters host tropism and
optimizes their use in gene delivery

Basically, the host tropism of viral vectors is defined by the
specific interaction between the viral envelope glycopro-
teins with corresponding receptors of the host cells. The
HIV-1-based LVs are encapsidated by the HIV envelope
glycoprotein consisting of an outer membrane protein
gp120, which preferentially binds to the human CD4 re-
ceptors and co-receptors, resulting in a further conforma-
tion change in an inner membrane protein gp41 that
eventually mediates viral entry into the target cells.33,34

Due to this reason, the tropism of primary LVs is confined to
some CD4-expressing cells, such as T cells and monocytes.35

Correspondingly, however, this innate limitation obviously
restricts the potential utilities of primary LVs in transducing
genes into other numerous types of cells and therefore
hinders their clinical application for many diseases. To
solve this problem, attempts to construct the genome of
LVs with the encapsidation of envelope protein of a second
virus have resulted in numerous heterologous pseudotypes,
which are transformed artificially to have the host tropism
of the virus endowing the envelope protein.36 The glyco-
protein of the vesicular stomatitis virus (VSV-G) has been
the firstly used material to replace the envelope glyco-
protein of viral-derived vectors.37 VSV is a single-stranded
and negative-sense RNA virus pertaining to the Rhabdovir-
idae family, which exhibits remarkably robust and
pantropic infectivity mediated by VSV-G, a trimeric protein
that binds to the low-density lipoprotein receptor (LDLR)
family members for allowing VSV entry.38 Because of the
broad tropism conferred by a widespread expression of
LDLR family members, VSV-G has now become the most
widely used envelope glycoprotein to pseudotype LVs for
altering the host tropism and expanding their range of
application.39 Yet, VSV-G-pseudotyped LVs have several
drawbacks, and many emerging pseudotypes of LVs
engaging alternative envelopes have been developed and
evaluated (Fig. 2). These pseudotypes display many dif-
ferences in terms of vector titer, particle stability, cyto-
toxicity, host tropism, and transduction efficiency when
compared with VSV-G pseudotypes.24,36 Among numerous
types of pseudotypes, those that have been demonstrated
to mediate successful targeted transduction of specific cell
types particularly merit an updated review. The following
contents are dedicated to summarize the recent advances
in pseudotyped LVs whose glycoproteins are derived from

http://clinicaltrials.gov
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Table 1 Some representative completed and ongoing clinical trials exploiting LVs in cancer therapy.

Conditions Interventions Locations Phase Identifier

Hematopoietic/
Lymphoid cancer and
22 more malignancies

CART-19 Abramson Cancer Center of The
University of Pennsylvania,
Philadelphia, Pennsylvania,
United States

Phase 1 NCT01029366

B-cell non-Hodgkin
lymphoma

CART-19 Peking Union Medical College
Hospital, Beijing, China

Phase 1 NCT03483688

Lymphoma rHIV7-shI-TAR-CCR5RZ LV-transduced
HPCs þ carmustine
þ cyclophosphamide þ etoposide

City of Hope Medical Center,
Duarte, California, United
States

Phase 1 NCT00569985

Advanced solid tumor TCRT-ESO-A2 Baylor University Medical
Cancer Hospital, Dallas, Texas,
United States

Phase 1 NCT04878484

Hematologic malignancy
and 4 more
malignancies

cCARTs cells The General Hospital of
Western Theater Command,
Chengdu, China; Peking
University Shenzhen Hospital,
Shenzhen, China

Early Phase 1 NCT03795779

Metastatic breast cancer huMNC2-CAR44 CARTs City of Hope Medical Center,
Duarte, California, United
States

Phase 1 NCT04020575

Malignant neoplasm of
nasopharynx and
breast cancer
recurrent

CAR-T cells recognizing EpCAM West China Hospital, Sichuan
University, Chengdu, Sichuan,
China

Phase 1 NCT02915445

Hepatocellular
carcinoma and
metastatic liver
cancer

ECT204 T cells City of Hope, Duarte,
California, United States
Kansas University Cancer
Center, Westwood, Kansas,
United States

Phase 1/2 NCT04864054

Glioblastoma multiforme Interferon-a2-modified
HSPCs þ temferon

Ospedale San Raffaele, Milan,
Italy
Fondazione IRCCS Istituto
Neurologico “Carlo Besta”,
Milan, Italy
Policlinico Universitario
Fondazione Agostino Gemelli,
Rome, Italy

Phase 1/2 NCT03866109

Multiple myeloma bb2121 Mayo Clinic Arizona
Scottsdale, Arizona, United
States
UCSF Medical Center, San
Francisco, California, United
States
Moffitt Cancer Center, Tampa,
Florida, United States and 24
more centers

Phase 2 NCT03601078

Relapsed/Refractory B-
cell Lymphoma,
Childhood

CART-19 Children’s Hospital of Fudan
University, Shanghai, China

Phase 1/2 NCT03265106

BPDCN MB-102 þ Fludarabine
þ Cyclophosphamide

City of Hope Medical Center,
Duarte, California, United
States
Dana-Farber Cancer Institute,
Boston, Massachusetts, United
States
Duke University, Durham, North
Carolina, United States
MD Anderson Cancer Center,

Phase 1/2 NCT04109482
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Table 1 (continued )

Conditions Interventions Locations Phase Identifier

Houston, Texas, United States
Relapsed or refractory B-

ALL
CART-19 Abramson Cancer Center of the

University of Pennsylvania,
Philadelphia, Pennsylvania,
United States

Phase 2 NCT02030847

Recurrent ALL and CLL Autologous anti-CD19CAR-4-1BB-
CD3zeta-EGFRt-expressing T
lymphocytes

Fred Hutch/University of
Washington Cancer
Consortium, Seattle,
Washington, United States

Phase 1/2 NCT01865617

Multiple Myeloma JNJ-68284528 Mayo Clinic Cancer Center
eScottsdale, Phoenix, Arizona,
United States and 20 more
centers

Phase 1/2 NCT03548207
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viruses including the VSV, lymphocytic choriomeningitis
virus (LCMV), measles viral (MV), and hepatitis C virus
(HCV). The overview of these pseudotyped-LVs is listed in
Table 2.
VSV-G-pseudotyped LVs

The primary design of VSV-G-pseudotyped HIV-1-based LVs
was inspired by an early observation of a phenotypic mixing
between HIV and VSV during coinfection in H9 cells that
forms HIV hybrid virions bearing the VSV-G.47 In the
following three studies, HIV-1 vector backbone was
Figure 1 Modifications of HIV-1 genome for developing a vector
regulatory components within the HIV-1 genome are removed or s
terminal repeats; gag, group-specific antigen; pol, DNA polymera
protein u; nef, negative regulator factor; env, viral envelope; RRE,
transactivating protein; CMV, cytomegalovirus; RSV, respiratory syn
packaged into VSV-G to construct a pseudotype via tran-
sient cotransfection of plasmids expressing the VSV-G with
an envelope-defective HIV-1 genome into packaging cells,
such as 293T human kidney cells or African green monkey
COS7 cells.26,48,49 The production of third-generation of
VSV-G-pseudotyped LVs has been improved in terms of
biosafety through using a conditional packaging system.50

At present, the transient transfection of adherent 293T
cells with multiple plasmids remains the widely used
approach to obtain VSV-G-pseudotyped LVs.51 A progress
has recently been achieved in this field that the suspension
producer cell lines from 293T cells can be rapidly generated
via a stable transfection of a single large DNA construct
plasmid with improved safety. Various critical accessory and
ubstituted in order to construct a safe viral vector. LTR, long-
se; vif, viral infectivity factor; vpr, viral protein R; vpu, viral
rev response element; tat, transactivator of transcription; rev,
cytial virus.



Figure 2 The pseudotypings of LVs and their production. Packaging cells are transfected with a three-plasmid system consisting
of a transgene vector, packaging vectors and an envelope vector, which encodes VSV-G, LCMV-G, MV-G or HCV-G, allowing pro-
duction of different pseudotypes of LVs that have distinct tropisms. These assembled vector particles can be harvested from the
supernatants and purified or concentrated further.

1942 L. Deng et al.
encoding all components of LVs, and produce high titers
with extended cell culture in stirred-tank bioreactors.52

This work offers an attractive alternative technique for
massively manufacturing LVs. The development of novel
methods for efficient production of LVs could also be
motivated by new insights into the underlying mechanisms.
For example, one study has shown that the glycosylation of
VSV-G at N336 maximizes the expression of VSV-G in 293T
Table 2 The overview of LVs pseudotyped with VSV-G,
LCMV-G, MV-G and HCV-G.

Virus Family Envelope Receptor Tropism Ref

Rhabdovirus VSV-G LDLR family
members

Extremely broad 38,40

Arenavirus LCMV-G a-DG and
additional
unconfirmed
receptors

Malignant
glioma,
astrocytes,
neural
progenitors and
DCs

41,42

Paramyxovirus MV-G SLAM and
CD46

Lymphoid
cells/tissues

43,44

Flavivirus HCV-G CD81 and
coreceptors

Hepatocytes and
hepatocarcinoma

45,46
cells, and thus promoting vector pseudotyping, and the
level of VSV-G incorporated into LVs substantially boosts
the transduction of primate cell lines, indicating that the
incorporation of N336-glycosylated VSV-G into virions
should be optimized for efficient production of VSV-G-
pseudotyped LVs.53 Moreover, it has been found that the
unphosphorylated ezrin proteins could inhibit VSV-G-
mediated stabilization of HIV-1 Gag protein, and on the
contrary, ezrin silencing yields higher amount of VSV-G-
pseudotyped LVs.54 Considering that host cells can evolve
natural defense mechanisms against viral infections and
disturb production of HIV-1 vector,55 this study opens a new
avenue toward high-amount production of LVs by inactiva-
tion of certain host restriction factors. Except high-titer
production, VSV-G pseudotyping also has a purification
advantage over other envelopes due to increased stability
of vector particle, which allows concentration of LVs by
ultracentrifugation.37

The complement resistance is another prerequisite for
developing broadly-used LVs in human gene therapy. How-
ever, the VSV-G pseudotyped LVs produced in human cells
were once found to be inactivated substantially by human
serum complement.56 Fortunately, this caveat was subse-
quently resolved by multiple methods, such as using
PEGylated VSV-G,57 or a fusion VSV-G containing the
complement-regulatory protein CD55,58 or directly intro-
ducing mutations into surface exposed residues within VSV-
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G,59 or encapsulating within in situ synthesized polymer
shell.60 These novel solutions are able to protect the viral
particles from nonspecific complement-mediated neutrali-
zation. Although VSVG-pseudotyped LVs display variable
biodistribution, and cause no significant toxicity when
administered intravenously,61 they have been found
contaminated heavily with tubulovesicular structures of
cellular origin, which stimulate innate antiviral responses in
host cells.62 One study has implied that optimizing the
procedure of LVs’ production and purification to remove by-
products during production may be an approach to diminish
immune response after transduction of LVs.63

A recently published structural analysis has suggested
that VSV-G specifically evolves to interact with the receptor
cysteine-rich domains of the LDLR, which serves as a major
receptor for VSV entry.40 Consistently, in zebra finches who
lose the LDLR functional domain, the infectivity by VSVG-
pseudotyped LVs is inefficient.64 Apart from LDLR, some
regulators have also been shown to determine the infec-
tivity of VSVG-pseudotyped LVs. The cholesterol represents
one of them as its supplementation during viral production
increases the infectivity of VSVG-pseudotyped LVs,
although the detailed mechanisms require further clarifi-
cation.65 Further, by prolonging the half-life of viral parti-
cles upon attachment to the cell surface, the infectivity of
VSVG-pseudotyped LVs is also associated with cellecell
surface transmission prior to their cellular uptake.66 More-
over, the infectivity of VSVG-pseudotyped LVs was found to
be facilitated by the host protein leucine-rich repeat-con-
taining G protein-coupled receptor 4 (Lgr4) via its direct
binding to VSVG.67 Furthermore, by a CRISPR screening
assay, the interferon induced transmembrane (IFITM) pro-
teins were validated as potent inhibitors of VSV-G-mediated
entry of LVs.68 The identification of these novel host factors
regulating VSV entry and infectivity lays a significant
foundation for enhancing the transduction efficiency of
VSVG-pseudotyped LVs in gene therapy.

VSVG-pseudotyped LVs were initially demonstrated to
enable high-efficient gene delivery into some types of
nondividing cells, including peripheral blood CD34þ cells,
skin fibroblasts, macrophages, and neurons.26,48,49 A
broader scope of cells/tissues that can be transferred
effectively in vitro and/or in vivo have also been verified
afterwards, such as airway epithelia,69e73 primary alveolar
epithelia cells,74 blood hematopoietic cells,75,76 mouse
brain tissues,77e79 spinal cord,80 liver and muscle,81 human
islets,82 skin,83 intestinal mucosa,84 as well as mesenchymal
stem cells.85 In these studies, VSV-G-pseudotyped LVs were
evaluated alone or often used as standard references which
display more or less efficiency in gene transduction
compared to other LV pseudotypes. This extremely broad
tropism of VSV-G pseudotypes renders them to be powerful
tools in gene therapy.
LCMV-G-pseudotyped LVs

The LCMV is a noncytopathic RNA arenavirus that is capable
of infecting a wide variety of mammalian cells from
different tissues and species, and it has been extensively
exploited as a model pathogen for investigating virus-
induced immune responses.86 Miletic et al pseudotyped
the early oncoretroviral vectors based on the murine leu-
kemia virus (MLV) with the glycoproteins of replication-
competent LCMV.87 In this attempt, the LCMV-G-
pseudotyped vector remained highly stable when concen-
trated by ultracentrifugation and efficiently infected
several different cell lines, suggesting it as a promising
alternative to retroviral pseudotype. Later, this same
research group established efficient recombinant packaging
systems for generating LCMV-G pseudotype using LCMV-G-
expressing plasmids combined with three sets of pack-
aging constructs transiently transfected in 293T cells.88

Notably, the LCMV-G-pseudotyped LVs can be produced in
high titers similar to that with VSV-G, and can also be
concentrated efficiently by ultracentrifugation without loss
of stability. They also efficiently transduced many cell lines
from different species and tissues relevant to gene therapy.
In addition, the low toxicity of LCMV-G allowed establish-
ment of sustainable packaging cell line.88 The low toxicity
of LCMV-G was also validated upon in vivo administration.89

Overall, these advantages represent LCMV-G-pseudotyped
LVs as promising alternatives to VSV-G pseudotype in gene
transfer applications.

Unlike VSV-G, LCMV-G is posttranslationally processed
into GP-1 subunit, which acts to meditate binding to the
alpha-dystroglycan (a-DG) as a cellular receptor for LCMV,
and is also essential for the infectivity of pseudotyped viral
vectors.41,90 An in-depth molecular analysis of the inter-
action of LCMV with a-DG has shown the involvement of
globular protein domains and mucin-related structures of a-
DG and a pivotal role of virus affinity for binding to a-
DG.42 In accordance, altering a-DG affinity of LCMV-G-
pseudotyped LVs has been revealed to confer unique cell
and tissue tropism.91 Moreover, LCMV-G pseudotype could
transduce 293T cells and murine dendritic cells (DCs) much
more efficiently due to their high-affinity binding with a-
DG.92 Nevertheless, although a-DG is widely expressed in
most tissues,93 the tropism of LCMV-G-pseudotyped LVs is
relatively narrow, displaying preference in infecting ma-
lignant glioma rather than normal neurons, compared with
VSV-G pseudotype.94,95 In agreement, pseudotyping VSV
with LCMV-G was found to enhance infectivity for glioma
cells while sparing primary human and rat neurons in vitro
and in vivo.96 This discrepancy suggests the existence of
additional viral receptor(s) that may participate in cellular
entry of LCMV. Indeed, one study has shown that the
infectivity of LCMV-G-pseudotyped LVs can be enhanced by
other four cell surface molecules, such as Axl and
Tyro3,97 plausibly explaining the relatively narrowed
tropism of LCMV-G-pseudotyped LVs.

The transduction pattern of LCMV-G-pseudotyped LVs in
a given tissue has been determined empirically. For
instance, compared to VSV-G-pseudotype, LCMV-G-pseu-
dotyped LVs transduce similar populations, including stria-
tum, thalamus, and white matter in the mouse
brain.77 While, LCMV-G-pseudotyped LVs exhibit moderate
and weak transduction in the striatum of adult
rats.78 Additionally, it has been shown that in contrast to
VSV-G pseudotype transducing midbrain neurons, LCMV-G-
pseudotyped LVs induce transgene expression exclusively
in astrocytes in the rat substantia nigra.98 Besides, by
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pseudotyping with LCMV-G, LVs can also be targeted to
neural progenitors in the murine brain.99 In human islets,
LCMV-pseudotyped LVs exert higher transduction efficiency
and lower toxicity than those pseudotyped with VSV-
G.82 These lines of evidence indicate that the transduction
pattern of LCMV-G-pseudotyped LVs is quite distinct from
that of VSV-G-pseudotype. This may presumably be
dependent on expression of a-DG in target cells. However,
given the complicacy of LCMV-G receptors, a-DG-indepen-
dent mechanism may not be ruled out easily, which needs
to be clarified by future studies. Furthermore, LVs pseu-
dotyped with LCMV-G have been engineered to preferen-
tially delivery antigen to the DCs for eliciting vaccine-
directed immune responses in vivo,92 supporting their
possible application for vaccine-directed therapy against
malignancies.
MV-G-pseudotyped LVs

The measles virus (MV) is a kind of paramyxovirus causing
measles disease in humans. It is well established that the
infection of MV depends on two surface glycoproteins, the
haemagglutinin (H) and fusion (F) protein, that mediate
viral binding to the cellular receptor and subsequent entry
into the host cells.100 The natural receptor of MV is the
signaling lymphocyte activating molecule (SLAM),101 which
is selectively expressed on the immature thymocytes,
activated lymphocytes and monocytes, macrophages and
mature DCs.102 This pattern of SLAM expression underlies
the lymphoid tissue tropism of MV. On the other hand, due
to the lack of expression of LDL receptor, VSV-G-
pseudotyped LVs cannot transfer gene efficiently into
quiescent T and B cells, and hematopoietic stem cells
(HSCs),103 which limits their application in gene therapy
targeting the immune system. Given the tropism feature of
MV, two independent groups established efficient pseudo-
typing of LVs with both H and F glycoproteins of
MV.104e107 The resulting MV-G-pseudotyped LVs can not only
be produced in substantial high-titer, but also retain the
restricted tropism of MV for lymphocytes, particularly
outperforming VSV-G pseudotype for transducing quiescent
and stimulated T cells, and resting B lymphocytes and DCs.

Attaining high efficient production of viral vector is a
major challenge in gene therapy. The vaccine strain of MV
predominantly binds the ubiquitously expressed CD46 for
cellular entry,108 and it has been found that utilizing CD46
null 293T cells produces 2-fold higher titer vectors and re-
sults in 2- to 3-fold higher efficacy in transducing
HSCs.109 This observation provides an optimized condition
to improve the production of MV-G-pseudotyped LVs.
Another vital issue, however, is that the pre-existing MV-
specific immunity aroused by vaccination or natural infec-
tion potentially obstructs the systemic administration of
MV-G-pseudotyped LVs in humans. To address this, two
studies have shown a promising approach which induces
point mutations in the ectodomain of H glycoprotein for
blunting the antibody binding sites, whereby assisting the
MV-G-pseudotyped LVs escape MV antibody neutralization,
and thus resulting in efficient in vivo transduction of the
quiescent human T and B lymphocytes.110,111 According to
these findings, using the modified MV-G other than the wild-
type to pseudotype LVs is expected to provide more
attractive tools for in vivo lymphocyte-based gene therapy
and immunotherapy.
HCV-G-pseudotyped LVs

The HCV is a parenterally transmitted positive-stranded
RNA virus that belongs to the flaviviridae family, and can
induce acute and chronic liver diseases in humans, the only
natural hosts for HCV.112 Two surface envelope glycopro-
teins, E1 and E2, form a functional noncovalent hetero-
dimer to mediate HCV entry into cells.113 Several studies
have demonstrated that HCV glycoproteins mediate viral
entry and infection via a CD81-dependent manner.114e117

Besides CD81, multiple lines of evidence have indicated
that additional hepatocyte-specific coreceptors associated
with CD81, including the C-type lectins L-SIGN and DC-SIGN,
scavenger class B type I receptor (SRBI), tight junction
protein claudin-1 (CLDN1), CLDN6, and CLDN9 also are
essential for facilitating HCV entry.118,119,120e125 Despite of
these cell-surface components, other host factors, such as
the epidermal growth factor receptor (EGFR), ephrin re-
ceptor A2 (EphA2),126 cell death-inducing DFFA-like
effector b (CIDEB),127 fatty acid synthase (FASN),128 MAPK
interacting serine/threonine kinase 1 (MKNK1),129 and the
tripartite motif 26 (TRIM26),130 have also been shown to
contribute to HCV entry. These findings indicate that some
specific receptors, including CD81 and related coreceptors,
contribute to a preferential tropism of E1 and E2 glyco-
proteins for hepatic cells.

Within some pseudotyped viral particles engineered with
chimeric E1 and E2 glycoproteins bearing modifications in
the transmembrane domains, the conformation and func-
tion of the E1/E2 complexes are disrupted.131,132 There-
fore, to assemble HCV pseudo-particles, another tactic was
employed, wherein the structurally unmodified and full-
length functional HCV E1 and E2 glycoproteins were dis-
played onto the LVs through cotransfecting HCV E1 and E2
expression constructs with MLV-based packaging and
transfer vectors.133 As a result, the generated HCV pseudo-
particles were found highly infectious, with the primary
hepatocytes and hepatocarcinoma being the major infec-
tion targets in vitro.133 There is also evidence manifesting
that such particles can undergo proper receptor binding,
and that E1/E2 complexes retain the mature conformation
similar to that on the native HCV.134 Hence, this pseudo-
typing of LVs with HCV envelops argues that for fulfilling a
correct assembling on LVs and the generation of high-titer
chimerical infectious pseudo-particles retaining HCV he-
patic tropism, no structurally modified E1 and E2 glyco-
proteins are required during pseudotyping. These HCV-G-
pseudotyped LVs were also found to trigger high-titer
anti-E1 and anti-E2 antibodies and broadly neutralizing
antibodies in mice and macaques.135,136 As being devoid of
any viral genome or enzymes, such as reverse transcriptase
and integrase, HCV-G-pseudotyped LVs lack the viral
replication machinery and thus are much safer than inac-
tivated HCV to induce antibody responses by expressing
substantial amounts of the two envelope proteins, which
makes them attractive platforms for developing therapeu-
tic HCV vaccines.



Figure 3 Applying pseudotyped LVs for cancer gene therapy. Four types of pseudotypes depicted here have been demonstrated
to delivery transgenes, including suicide genes, CAR genes or other therapeutic genes into targeted cells, based on the specific
interactions between pseudotyping glycoproteins and corresponding cellular receptors for vector entry. The suicide gene trans-
duction of tumor cells leads to direct cell killing. While the transduction of immune cells, such as T cells, B cells or NK cells, can
boost cancer immunotherapy, thus evoking tumoricidal activities. CAR, chimeric antigen receptor.

Pseudotyped lentiviral vectors 1945



1946 L. Deng et al.
Applying pseudotyped LVs for cancer gene
therapy

Gene therapy has been attracting enormous attention in
the field of cancer therapeutics as an appealing treatment
at the genetic level, due to its extraordinary properties in
effectively modulating the expression of specific target
genes, and simultaneously causing limited side effects, as
demonstrated by experimental animals and clinical
trials.137 Delivering therapeutic nucleic acids into cancer
cells to silence oncogene expression or enhance tumor-
suppressor expression is the central theme for cancer
gene therapy. But, the shortage of efficient and safe de-
livery vectors remains a major challenge stymying cancer
gene therapy. One the other hand, increasing studies have
unraveled that some pseudotyped LVs, particularly those
mentioned above, show a promising therapeutic potential
in cancer gene therapy. However, as far as we can know,
hitherto there is no thematic thesis reviewing this research
topic. In the following, we aim to revisit the status quo of
the preclinical studies of pseudotyped LVs in treating a
variety of malignancies, and also discuss their opportunities
in future clinical gene therapy for fighting cancer (Fig. 3).

VSV-G-pseudotyped LVs in cancer gene therapy

After the demonstration of high efficiency and safety of
VSV-G-pseudotyped HIV-1-derived LVs in transducing the
quiescent and dividing cells,138 these LVs were initially
found to induce efficient transduction of the human hepa-
tocellular carcinoma (HCC) cell lines,139 and HT1080 human
fibrosarcoma xenografts,140 representing them as possible
therapeutic tools for gene therapy of human HCC and
fibrosarcoma. One recent study has also shown that the
VSV-G-pseudotyped LVs can genetically modify the mesen-
chymal stromal cells to express microRNA-125b (miR-125b),
which is loaded into the extracellular vesicles and specif-
ically reduces HCC cell proliferation in vitro.141 Analogi-
cally, the small interfering RNA (siRNA) targeting the human
telomerase reverse transcriptase (hTERT) was reported to
be efficiently delivered by the VSV-G pseudotyped LVs and
significantly inhibited the growth of xenografted human
glioma tumors.142 Besides, an efficient and stable delivery
of short hairpin RNA (shRNA) targeting the regulatory sub-
unit R2Alpha of protein kinase A by VSV-G pseudotyped LVs
reduces the viability of glioblastoma non-stem and stem-
like cells.143 These proof-of-concept studies support an
innovative strategy of using VSV-G-pseudotyped LVs for
gene therapy of HCC and glioma via delivering miRNA,
siRNA or shRNA. Despite of these, studies have also
revealed the therapeutic potential of VSV-G pseudotyped
LVs in many other malignancies. For example, VSV-G
pseudotyped LVs can successfully transduce pancreatic
cancer cell lines in vitro and pancreatic patient xenografts
in nude mice,144 and display the highest transduction effi-
ciency in lung cancer cells in a comparative
analysis,145 suggesting that these vectors can mediate
expression of a transgene for clinical gene therapy of
pancreatic and lung cancers. Moreover, VSV-G pseudotyped
LVs efficiently deliver CASP8 into breast cancer cells,
leading to massive cell apoptosis and death and suppressed
tumor growth of breast cancer model.146,147 These LVs also
cause significant growth inhibition of human renal cell
carcinoma (RCC) cells by transfecting tumor suppressor
genes p53, p16, and PTEN simultaneously.148 Thus, the
transfection of tumor suppressor genes mediated by VSV-G
pseudotyped LVs exerts promising anti-tumor effects on
human breast cancer and RCC, providing a reference for
gene therapy of these cancers. One study has also depicted
that the VSV-G-pseudotyped LVs expressing two anti-
angiogenic factors, angiostatin and endostatin, can effi-
ciently and stably transduce the T24 human bladder cancer
cells and result in significant inhibition of proliferation
when cocultured with endothelial cells (ECs),149 hence
showing the potentials of antiangiogenic gene therapy with
VSV-G-pseudotyped LVs for bladder cancer treatment.
Furthermore, the VSV-G-pseudotyped LVs also demonstrate
therapeutic efficacy in some lymphoid malignancies,
including multiple myeloma,150 and primary effusion
lymphoma,151 underscoring an opportunity in immune-
based gene therapy. There are some lines of evidence
proving that the VSV-G-pseudotyped LVs would be useful in
tuning up combinatorial cancer gene therapies. For
instance, synchronous Bcl-2 downregulation and TRAIL
upregulation mediated by VSV-G-pseudotyped LVs leads to
enhanced eradication of gliomas compared to TRAIL mon-
otherapy in athymic nude mice.152 Additionally, delivery of
interferons and STAT3 siRNA using VSV-G-pseudotyped LVs
efficiently suppresses the establishment of inoculated
melanoma, and however, delivery of IFNs alone elicits no
therapeutic effects on established melanoma.153

The broad tropism of VSV-G-pseudotyped LVs, however,
poses a huge concern that the widespread transduction of
many cell types is about to give rise to poor tumor distri-
bution in vivo and undesirable effects. Some studies have
suggested that this caveat could be overcome by alterna-
tive methods of vector construction for implementing tar-
geted cellular expression. One example is that the VSV-G-
pseudotyped LVs carrying the diphtheria toxin A gene
(DTA) driven by the prostate-specific antigen (PSA) pro-
moter were shown to specifically induce high-level
expression in prostate cells and also efficiently infect the
lymph node carcinoma of the prostate (LNCaP) tumors in
mice without causing long-term pathogenic effects, and
that the tissue-specific DTA expression can eradicate LNCaP
prostate cancer cells.154 Further, taking a similar tactic,
Palma et al generated VSV-G-pseudotyped LVs engineered
for EC-specific expression by cloning transcription regula-
tory sequences from Tie2 gene preferentially expressed in
ECs, and found that these vectors achieved remarkable
specificity of expression in ECs in vitro and targeted
expression to the ECs of tumor vessels in tumor-bearing
mice.155 This vector construction method to some extent
circumvents the nonspecificity issue of VSV-G-pseudotyped
LVs and provides a strategy for selective delivery of gene
therapy to tumor sites in vivo.

The ability of VSV-G-pseudotyped LVs to efficiently
deliver genes into primary immune cells endows them a su-
periority in tumor immunotherapy. For example, one study
has shown that owing to transducing the human peripheral
blood lymphocytes (PBLs) in vitro with a high degree of ef-
ficiency, VSV-G-pseudotyped LVs carrying a chimeric T cell
receptor could serve as useful tools to generate human anti-
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cancer chimeric T cells, which cause dramatic regression of
malignant humancolon carcinoma in nudemice.156 Similarly,
VSV-G-pseudotyped LVs expressing two-gene T-cell re-
ceptors (TCRs) directed against the melanoma antigens
gp100 and MART-1 were shown to afford robust anti-
melanoma activities to engineered PBLs.157 TCR alpha and
beta chains can also be inserted into VSV-G-pseudotyped LVs
for obtaining robust and coordinated expression, and thus
exerting significant therapeutic effects in vivoupon adoptive
transfer in melanoma-bearing mice.158 The cord blood CD8þ

T cells were also reported to be transduced by the VSV-G-
pseudotyped LVs efficiently and exert a robust and specific
anti-tumor capacity.159 Hence, VSV-G-pseudotyped LVs have
great potential for constructing chimeric anti-tumor T cells
by introducing transgenic expression, establishing an
important basis for targeted adoptive cancer immuno-
therapy. Another notable virtue of LVs making them attrac-
tive tools for immunotherapy is that the pre-existing
immunity to them is rare, which would enable their direct
in vivo administration. Indeed, it has been demonstrated
that a direct in vivo administration of VSV-G-pseudotyped
LVs encoding the tumor-associated antigens (TAAs) triggers
potent primary cytotoxic T-lymphocyte response and a
memory CTL response, which retards the growth of grafted
B16 melanoma in mice.160 This suggests that the VSV-G-
pseudotyped LVs can induce therapeutic tumor immunity
and the in vivo injection is an attractive approach for
developing cancer vaccination.
LCMV-G-pseudotyped LVs in cancer gene
therapy

As described above, LCMV-G-pseudotyped LVs show infec-
tion preference toward glioma over normal neurons, it
therefore may not be surprising that so far most studies
concentrated on evaluating the potential efficacy of LCMV-
G-pseudotyped LVs in gene therapy against human glioma,
the most frequent primary brain tumor with dismal prog-
nosis. Two studies firstly discovered the selective and effi-
cient transduction of malignant glioma by LVs pseudotyped
with LCMV-G, and therefore proposed them to be attractive
candidates for gene therapy of malignant glioma.94,95 It was
further demonstrated that the LCMV-G pseudotypes could
mediate a complete eradication of gliomas in a rat model
using a suicide gene therapy.161 Moreover, these LVs were
found to specifically and efficiently transduce cultured
spheroids from human glioblastoma and invasive human
glioblastoma xenografts in an animal model.162 Similarly, a
suicide gene therapy mediated by LCMV-G-pseudotyped LVs
results in a remission of invasive and cancer stem-like
glioblastoma xenografts in a clinically relevant animal
model.163 Altogether, these studies validate these vectors
as attractive options for malignant glioma gene therapy.

Until now, the therapeutic evaluations of LCMV-G-
pseudotyped LVs in other malignancies are scarce relative
to glioma. However, as LCMV-G-pseudotyped LVs were
demonstrated to efficiently transduce DCs and induce a
strong antigen-specific T-cell immune response that can be
further enhanced by boost injection in vivo,92 together with
another evidence revealing a strong and long-lasting T cell
response and a potent antitumor immunity induced by im-
munization with LV-transduced DCs,164 it is reasonable to
assume that the LCMV-G-pseudotyped LVs could be useful
vehicles for DC-based cancer immunotherapy. Since the
actual clinical benefit of DC therapy for cancer patients is
presently marginal, it is therefore of clinical importance to
explore in the future whether these LVs can be used alone
or in synergy with other modalities to assist to improve the
therapeutic efficacy. In addition, it is also worth noting that
several lines of current available evidence have shown the
differential tissue transduction patterns of LVs pseudo-
typed with LCMV-G and other glycoproteins, while their
transfection spectrum in diverse human tumor cells remains
less investigated. More efforts are required to address this
issue, which would help to broaden the utility of LCMV-G-
pseudotyped LVs in cancer gene therapy.
MV-G-pseudotyped LVs in cancer gene therapy

The first hint to relate the MV-G-pseudotyped LVs to cancer
gene therapy derives from an observation reporting that
these pseudotypes could enable an efficient and stable
transduction in the malignant plasma cells (PCs),165 some
abnormal cells progressing into multiple myeloma due to
their primary accumulation in the bone marrow.166 Two
entry receptors CD46 and SLAM for MV-G binding are
thought to contribute to this efficient transduction, as both
of them are expressed by malignant PCs and also are
indispensable for efficient transduction of MV-G-
pseudotyped LVs in primary lymphocytes.43 This ability to
modify PCs genetically unfolds a possibility to use these
vectors for treating multiple myeloma by introducing a
therapeutic gene. In addition, the high flexibility of the MV
H glycoprotein allows accommodation of cell-targeting li-
gands to deliver transgene to specific populations of cancer
cells. For example, one study designed MV-G-pseudotyped
LVs with H protein bearing the interleukin-13 (IL-13), and
found that these retargeted vectors specifically transduced
in vitro cancer cells expressing high levels of IL-13 receptor
a2 (IL-13Ra2) and IL-13Ra2-positive glioma xenografts
in vivo.167 This targeting strategy of MV-G-pseudotyped LVs
would enlighten their future use for transfecting other tu-
mors expressing specific cell surface receptors. On the
other hand, LVs have been used as successful vehicles in
many clinical trials testing the effect of hematopoietic
stem cell (HSC)-based gene therapy for many
diseases.168 Strikingly, MV-G-pseudotyped LVs were shown
to transduce HSC with an unprecedented efficiency.169 This
discovery may facilitate future clinical applications
requiring HSC gene modification, including the treatment of
metastatic brain tumors, as a therapeutic potential for the
clinical translation of HSC gene therapy for brain metas-
tases originating from breast and lung cancer has recently
been demonstrated.170

MV-G-pseudotyped LVs also hold promise to be engaged
in tumor immunotherapy. For example, by engineering a
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CD4-specific designed ankyrin repeat protein (DARPin) on
the modified H protein, the MV-G-pseudotyped LVs were
converted to be highly specific and effective in transferring
CAR genes into the human CD4þ T cells upon systemic
administration, rendering them functionally active in lysing
specific tumor cells.171,172 This exclusive gene transfer into
T cell subsets upon systemic administration of MV-G-
pseudotyped LVs offers a novel tactic to facilitate tumor-
icidal CAR T cell generation for immunotherapy. Further,
the MV-G-pseudotyped LVs have also been found to mediate
efficient CAR expression in NK cells, which exert pro-
nounced anti-tumor activity against malignant triple-
negative breast cancer cells,173 also implying that these
LVs might be useful tools in NK-cell immunotherapy.
HCV-G-pseudotyped LVs in cancer gene
therapy

The hepatocellular carcinoma (HCC) is the most common
liver cancer, and chemotherapy remains the first-line
treatment for patients who cannot receive surgical resec-
tion or liver transplantation. But, the therapeutic efficacy
of chemotherapy for HCC is disappointing.174 This gloomy
situation makes gene therapy an alternative option to treat
HCC.175 Whereas, achieving HCC-specific gene delivery
in vivo with minimal unwanted toxicity to healthy liver is
very challenging. A breakthrough was achieved in this field
by a recent research that developed the HCV-G-
pseudotyped LVs for preferential recognition and gene de-
livery of HCC.176 In light of the hepatic tropism of HCV-G-
pseudotyped LVs, this study constructed HCV-G-
pseudotyped LVs as attractive alternatives to VSV-G-
pseudotyping for transfecting the HCC. To this end, a
three-plasmid system consisting of the HCV-E1E2 expression
vector encoding the E1 and E2 glycoproteins from a 1b-type
HCV and packaging plasmids encoding the gag and pol
genes, together with the lentiCRISPR plasmids containing a
specific sgRNA targeting the kinesin spindle protein (KSP)
gene, whose inactivation causes cell cycle arrest and
eventual tumor cell killing, was co-transfected into 293T
cells to assemble the HCV-G-pseudotyped LVs carrying
sgKSP.

In this systematic study, the authors firstly demonstrated
the HCC-specific transduction of these pseudoparticles,
which however had low or no infection rate in primary he-
patocytes or human ovarian or cervical carcinoma cells.
Mechanistically, data indicated that this transduction spec-
ificity could be attributed to varied expression of putative
receptors for HCV entry, including CD81, CLDN1 and SRBI in
these cells. Next, this study confirmed that the HCV-G-
pseudotyped LVs retained a considerable stability in human
serum and had little transduction efficiency in mature DCs
and also elicited low innate immune response in humanblood
cells. Further, the authors proved that the intraperitoneally
injected LVs could effectively deliver the transgenes spe-
cifically to orthotopic HCC tumors in the liver and potently
inhibit tumor growth and progression, simultaneously
causing negligible toxicity in major organs, including the
liver.176 Hence, due to the superior features of HCV-G-
pseudotyped LVs, such as the high stability in human
serum,minimum immunologic barrier and HCC-specific gene
delivery and antitumor activity, the systemic administration
of these viral vectors represents a promising approach of
gene therapy for eradicating HCC. Future studies should
learn a valuable lesson from this study to pseudotype LVs for
altering their tropism and thus yielding efficient in vivo de-
livery of tumoricidal genes to a specific type of tumor cell,
ultimately achieving selective killing of cancer.
Conclusions and perspectives

Gene therapy holds high promise to treat cancer at the
genetic level, since cancer is in essence an acquired ge-
netic disorder. However, the success of using gene therapy
for curing cancer lags far behind the achievements in the
treatment of some monogenic disorders, for example the
haemophilia B.177 This unmet expectation is largely due to
the current failure to fulfill high efficient targeted gene
transduction to cancer cells of interest without evoking
undesired systemic toxicity, the ultimate goal of gene
therapy in cancer treatment. As documented above, LVs
are biological systems derived from natural retroviruses and
show superiority in gene therapy over other delivery sys-
tems in several aspects, such as enabling transduction of
human dividing and non-dividing cells with high efficiency
in vitro and in vivo, and engendering low immunogenicity
and genotoxic risk that permits their direct in vivo admin-
istration. Moreover, pseudotyped LVs with different glyco-
proteins can be endowed with the capacity to transduce
specific cell types and tumor cells for implementing tar-
geted cancer killing. For example, the LVs pseudotyped
with the VSV-G can be constructed to be driven in a cell-
specific manner and induce specific transgene expression
in targeted tumor cells, or transfer CAR genes into immune
cells for facilitating adoptive cancer immunotherapy. In
addition, LCMV-G pseudotyping confers LVs with a
preferred tropism toward malignant glioma, and the pseu-
dotyping MV H glycoprotein can also be engineered to allow
cell-specific targeting of LVs to some cancer cells or modify
immune cells to acquire anti-tumor activities. Moreover,
the hepatic tropism of HCV-G pseudotypes can retarget the
transduction of suicide genes specifically into HCC tumors,
resulting in inhibition of tumor growth with negligible
toxicity in other healthy organs. Thus, by circumventing key
issues concerning the efficiency, biosafety and specificity of
vectors to certain extent, these evident advantages
together would make pseudotyped LVs as appropriate and
powerful gene delivery vectors for clinical applications in
cancer gene therapy. Of note, except the above highlighted
pseudotypes, some recent studies have also shown
encouraging results of other pseudotypes of LVs in cancer
treatment, such as the Sindbis virus,178,179 Zikavirus,180 and
Tupaia paramyxovirus.181 Collectively, these established
preclinical foundations suggest a prospective therapeutic
impact of pseudotyped LVs in cancer treatment and also
shed light on further studies for exploring their utility in
cancer gene therapy (Fig. 3). We look forward to relevant
clinical tests that evaluate the therapeutic efficacy and
safety profile of these pseudotyped LVs incorporated into
gene therapies for multiple human cancers.

A key barrier to efficacious cancer gene therapy is the
low transduction efficiency achieved in local tumor
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sites.182 In vivo gene transfer via viral vectors can be
administrated through different routes such as intratumoral
injection and systemic delivery (e.g., intravenous and
intraperitoneal injection), the most frequently used
methods for administration.183 The intravenous route,
however, is prone to induce side effects at off-target tis-
sues and also needs to overcome additional biological bar-
riers before reaching the tumor microenvironment.184

Although might confront with the challenge of inefficient
diffusion,185,186 several studies have shown that in contrast
to systemic delivery, direct intratumoral administration
ensures optimal specificity and local vector concentration
and overall transduction efficiency in the tumor.187e190

Many clinical trials have also demonstrated the efficacy of
intratumoral delivery of viral vectors for cancer gene
therapy against primary tumors.191 It is also conceivable
that for commonly used VSV-G-pseudotyped LVs which are
not engineered to induce transgene expression in a tissue-
specific manner, the delivery route has to be limited to
intratumoral injection, as their broad tropism can trans-
duce nonspecific cells and cause side-effects upon systemic
administration. However, the direct intratumoral injection
is not applicable in patients with widespread cancer cells or
metastases,192 the primary causes responsible for about
90% of cancer deaths.193 In clinical applications, prescribing
an optimal administration route is thus complicated and
should be applied according to the condition of each pa-
tient in order to improve gene delivery efficiency. On the
other hand, studies have revealed that upon systemic
administration, the cell-type specificity of pseudotyped LVs
such as LCMV-G and HCV-G allows highly selective and
efficient delivery of transgenes to malignant glioma and
hepatocarcinoma in animal models,161,162,176 implying that
these LV pseudotypes may serve as superior tools over non-
pseudotyped LVs when systemic administration is the only
option for treatment. The selective transduction afforded
by pseudotypings could be largely due to the specific in-
teractions between glycoproteins and cellular receptors on
tumor cells. Nevertheless, the explicit mechanisms by
which pseudotypings enhance transduction efficiency
remain to be clarified. Except the potential role of specific
interactions between pseudotyped LVs and tumor cells
which may reduce vector exhaustion in non-specific tar-
gets, one possibility is that the greater stability of pseu-
dotyped LVs may allow longer exposure of target tumor
cells to these vectors, which can result in more efficient
transfer. Further, endosomal escape of viral vectors is also
a possible strategy, since it has been described that the
improved transduction efficiency by VSV-G pseudotyping
results from increased escape from the
endosomes.194 Further studies are warranted to test these
hypothesizes. It is also of importance to investigate how
various routes of administration might enable the use of
pseudotyped LVs for cancer gene therapy.

Furthermore, despite the high translational promise of
pseudotyped LVs, additional basic and clinical studies
remain to be done before they reach the bedside. For
example, developing preclinical safety models to test the
oncogenic potential of LVs may further improve the
designing of safer LVs to reduce the risk of insertional
mutagenesis.195 Moreover, it needs to be ascertained that
the non-integrating LVs and the short-term delivery could
be helpful to circumvent the concern of potential exacer-
bation of off-target effects due to LV-mediated persistent
expression of the gene editing machinery. A self-restricted
CRISPR system was also developed recently to reduce LV-
mediated durable expression.196 Alternatively, cell-
specific or -inducible promoters turned on or off through
administration of antibiotics, such as tetracycline,197 could
also be useful tools to redirect transgene expression to a
particular target, for example, a tumor cell, which may
represent another strategy to reduce undesirable off-target
effects of LVs. Importantly, clinical trials aimed to deter-
mine the long-term safety and transduction efficacy in
patients who have received the LV-based gene therapy are
also desperately required. Addressing these challenges
concerning LVs would pave the way toward successful
clinical applications of pseudotyped LVs in treating human
cancers and other diseases.
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Abbreviations

a-DG alpha-dystroglycan
B-ALL B cell acute lymphoblastic leukemia
bb2121 autologous T lymphocytes transduced with

anti-BCMA CAR LVs to express a chimeric
antigen receptor targeting the human B cell
maturation antigen

BPDCN blastic plasmacytoid dendritic cell neoplasm
CART-19 CD19 TCR-z/4-1BB LV-transduced autologous T

cells
CLL chronic lymphocytic leukemia
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CLL1-CD33
cCARTs cCAR T cells transduced with LVs to express

two distinct units of anti-CLL1 and CD33 CARs
DC dendritic cells
HCV-G hepatitis C virus glycoprotein
HPCs hematopoietic progenitor cells
HSPCs hematopoietic stem and progenitor cells
huMNC2-
CAR44 CARTs autologous T cells transduced with LVs coding

for humanized MNC2-scFv
JNJ-68284528 autologous T lymphocytes transduced with

LCAR-B38M LV to express a chimeric antigen
receptor targeting the human B cell
maturation antigen

LCMV-G lymphocytic choriomeningitis virus
glycoprotein

LDLR low-density lipoprotein receptor
MB-102 adoptively transferred T cells transduced using

LVs to express a CD123-specific, CD28-
costimulatory CAR and a truncated human
epidermal growth factor receptor

MV-G measle virus glycoprotein
SLAM signaling lymphocyte activating molecule
TCRT-ESO-A2 autologous T cells transduced with LVs

encoding an affinity enhanced TCR targeting
tumor-associated antigen NY-ESO-1

VSV-G vesicular stomatitis virus glycoprotein
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7. Duvergé A, Negroni M. Pseudotyping lentiviral vectors: when
the clothes make the virus. Viruses. 2020;12(11):1311.

8. Friedmann T, Roblin R. Gene therapy for human genetic dis-
ease? Science. 1972;175(4025):949e955.

9. High KA, Anguela XM. Adeno-associated viral vectors for the
treatment of hemophilia. Hum Mol Genet. 2016;25(R1):
R36eR41.

10. Orkin S, Motulsky A. Report and recommendations of the
panel to assess the NIH investment in research on gene
therapy. Curr Sci. 1996;71(9):658e659.

11. Vogt VM. Retroviral virions and genomes. In: Coffin JM,
Hughes SH, Varmus HE, eds. Retroviruses. NY: Cold Spring
Harbor; 1997.

12. Blaese RM, Culver KW, Miller AD, et al. T lymphocyte-directed
gene therapy for ADA- SCID: initial trial results after 4 years.
Science. 1995;270(5235):475e480.

13. Kamimura K, Suda T, Zhang G, Liu D. Advances in gene de-
livery systems. Pharmaceut Med. 2011;25(5):293e306.
14. Nayerossadat N, Maedeh T, Ali PA. Viral and nonviral delivery
systems for gene delivery. Adv Biomed Res. 2012;1:27.

15. Babaei M, Eshghi H, Abnous K, Rahimizadeh M, Ramezani M.
Promising gene delivery system based on polyethylenimine-
modified silica nanoparticles. Cancer Gene Ther. 2017;24(4):
156e164.

16. Ramamoorth M, Narvekar A. Non viral vectors in gene ther-
apy- an overview. J Clin Diagn Res. 2015;9(1):GE01eGE06.

17. Slivac I, Guay D, Mangion M, Champeil J, Gaillet B. Non-viral
nucleic acid delivery methods. Expet Opin Biol Ther. 2017;
17(1):105e118.

18. Patil S, Gao YG, Lin X, et al. The development of functional
non-viral vectors for gene delivery. Int J Mol Sci. 2019;20(21):
5491.

19. Mohammadinejad R, Dehshahri A, Sagar Madamsetty V, et al.
In vivo gene delivery mediated by non-viral vectors for cancer
therapy. J Contr Release. 2020;325:249e275.

20. Caffery B, Lee JS, Alexander-Bryant AA. Vectors for glioblas-
toma gene therapy: viral & non-viral delivery strategies.
Nanomaterials. 2019;9(1):105.

21. Bulcha JT, Wang Y, Ma H, Tai PWL, Gao G. Viral vector plat-
forms within the gene therapy landscape. Signal Transduct
Targeted Ther. 2021;6(1):53.

22. Montini E, Cesana D, Schmidt M, et al. Hematopoietic stem
cell gene transfer in a tumor-prone mouse model uncovers
low genotoxicity of lentiviral vector integration. Nat Bio-
technol. 2006;24(6):687e696.

23. Milone MC, O’Doherty U. Clinical use of lentiviral vectors.
Leukemia. 2018;32(7):1529e1541.

24. Joglekar AV, Sandoval S. Pseudotyped lentiviral vectors: one
vector, many guises. Hum Gene Ther Methods. 2017;28(6):
291e301.
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