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Abstract: Engineered viral vectors designed to deliver genetic material to specific targets offer significant
potential for disease treatment, safer vaccine development, and the creation of novel biochemical research tools.
Viral tropism, the specificity of a virus for infecting a particular host, is often modified in recombinant viruses
to achieve precise delivery, minimize off-target effects, enhance transduction efficiency, and improve safety.
Key factors influencing tropism include surface protein interactions between the virus and host cell, the
availability of host cell machinery for viral replication, and the host immune response. This review explores
current strategies for modifying the tropism of recombinant viruses by altering their surface proteins. We
provide an overview of recent advancements in targeting non-enveloped viruses (Adenovirus and Adeno-
associated virus) and enveloped viruses (Retro/Lentivirus, Rabies, Vesicular stomatitis virus, and Herpesvirus)
to specific cell types. Additionally, we discuss approaches such as rational design, directed evolution, in silico
and machine learning-based methods for generating novel AAV variants with desired tropism, and the use of
chimeric envelope proteins for pseudotyping enveloped viruses. Finally, we highlight the applications of these
advancements, and discuss the challenges and future directions in engineering viral tropism.
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1. Introduction

Viral tropism refers to the specific preference of a virus to infect and replicate within certain cell
types, tissues, or host organisms. This selective infection is governed by several factors, including the
presence of specific receptors on the host cell surface, the compatibility of the intracellular
environment for viral replication, and the virus's ability to evade the host immune system[1]. When
a virus fails to bind to the surface of the host cell or the host lacks the necessary machinery required
for virus replication, protein synthesis, and virion assembly, the infection fails. Viral tropism can also
be defined by the target species, with some viruses infecting a narrow range of species, while others
have a broad host range. Zoonotic viruses, such as the influenza virus, can cross species barriers,
infecting multiple species, including humans, which significantly contributes to their pandemic
potential[2]. Moreover, the ability of a virus to evade the host's immune response is crucial for a
successful infection and further propagation[3].

The interaction between viral and host cell surface proteins (or molecules) is a key determinant
of viral tropism. Successful attachment to a host cell, facilitated by these interactions, is the initial step
in the infection process. Examples of viral tropism include HIV, a lentivirus which targets CD4+ T
cells, macrophages, and dendritic cells by binding to the CD4 receptor and co-receptors CCR5 or
CXCR4 [4]; Influenza virus, which primarily infects respiratory epithelial cells by attaching to sialic
acid receptors [5]; and Hepatitis B virus, which targets hepatocytes due to the specific receptors and
favorable environment they provide for viral replication[6]. The rabies virus, with its strong tropism
for neurons, is capable of retrograde transport through the nervous system to the brain[7].

Understanding viral tropism is essential in defining disease pathogenesis, determining which
tissues or organs are affected, and influencing the symptoms and severity of the disease. Tropism
also plays a crucial role in how a virus spreads within a host and between hosts. For instance, a virus
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with a respiratory tract tropism is likely to spread through airborne transmission. By understanding
a virus's tropism, targeted therapies and vaccines can be developed, such as blocking the receptors a
virus uses to enter cells to prevent infection[8].

Advances in virology have enabled researchers to engineer viral tropism, expanding the range
of viral hosts or restricting them to specific cell types. Altering viral surface proteins or pseudotyping
enveloped viruses are common strategies to modify tropism in non-enveloped and enveloped
viruses, respectively. For instance, conjugating antibodies or peptides to viral surface proteins can
target viruses to specific cancer cells. These engineered viruses are invaluable in therapeutic
applications such as gene therapy, cancer treatment, and vaccine development, allowing for safer and
more precise interventions [9]. Additionally, viral vectors are widely used as research tools to
genetically alter cells for creating in vitro and in vivo models for studying gene function and
diseases[10].

In this review, we provide an overview of strategies employed to alter the tropism of
recombinant non-enveloped viruses (such as adeno-associated viruses and adenoviruses) and
enveloped viruses (including Retro/Lentivirus, Rabies, Vesicular stomatitis virus, and Herpesvirus).
We will explore the latest advancements and considerations in designing capsid proteins and
pseudotyping, which are critical strategies for creating powerful tools for cancer treatment, gene
therapy, vaccine development, and generating biomedical tools.

2. Viral Envelopes and Capsids

Viruses can be divided into two main categories of enveloped and non-enveloped based on the
presence or absence of a lipid bilayer membrane on their outer shells. Enveloped and non-enveloped
viruses differ in their structures, mode of infection, and stability. Both categories of viruses deliver
their genome in a capsid shell. Capsids are typically composed of repeating protein subunits called
capsomeres [11]. Enveloped viruses have an outer lipid bilayer membrane (envelope) that surrounds
the viral capsid. This envelope is derived from the host cell's membrane (plasma membrane or
internal membranes such as the Golgi apparatus or endoplasmic reticulum) during the budding
process [12]. Envelope is studded with viral glycoproteins that facilitate attachment and entry of virus
into host cells by binding to specific surface receptors. Non-enveloped viruses lack this lipid envelope
and instead rely on their capsid proteins to provide protection and help in attachment to host cells.
The lipid envelope makes enveloped viruses more sensitive to environmental factors such as heat,
desiccation, detergents, and solvents [12]. Most enveloped viruses are not airborne or have a short-
lived lifespan in droplets and aerosols as compared to non-enveloped viruses. Airborne transmission
of SARS-CoV-2 in exhaled respiratory aerosols and cough droplets is an example of an airborne
enveloped virus [13]. Non-enveloped viruses are generally more resistant to environmental stressors,
including varying temperatures, pH changes, and even some detergents [14]. Their robust capsid
provides protection in various conditions. Adeno-associated viruses are an example of a non-
enveloped virus that can withstand pH ranges from 3-9 in a range of temperatures based on their
serotype [15]. This stability allows non-enveloped viruses to persist on surfaces for longer periods
and be transmitted via routes such as the fecal-oral route, fomites, or contaminated water. Due to
their fragility, enveloped viruses are typically transmitted through close contact, bodily fluids, or
aerosols, where they are protected from harsh environmental conditions. Examples of enveloped
viruses include Influenza virus, HIV, Herpesviruses, Coronaviruses (e.g., SARS-CoV-2), and
Hepatitis B virus. Non-enveloped viruses include Adenoviruses, Poliovirus, Rhinoviruses, Hepatitis
A virus, Noroviruses. Some enveloped viruses, like HIV and Influenza, undergo rapid antigenic
variation in their surface glycoproteins, making it difficult for the immune system to mount an
effective long-term response [16]. Non-enveloped viruses generally exhibit more stable antigenic
properties compared to enveloped viruses, which means vaccines against non-enveloped viruses
may offer longer-lasting protection.

To engineer viral tropism of recombinant non-enveloped viruses, such as AAVs, researchers
have developed innovative strategies such as rational design, directed evolution, in silico and
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machine learning-based methods. These strategies and the use of chimeric envelope proteins for
pseudotyping enveloped viruses will be discussed in the following sections.

3. Engineered Tropism of Recombinant Non-Enveloped Viruses (AAVs and Adenoviruses)

Non-enveloped viruses, particularly adenoviruses and AAVs, are valuable tools in gene
delivery, offering flexibility and efficiency for research and therapeutic applications. Their ability to
be engineered for specific targets makes them suitable for a range of gene delivery strategies. Non-
enveloped viruses can efficiently deliver genetic material to a wide range of cells. AAVs, in particular,
offer the potential for long-term expression of therapeutic genes with minimal immune response.
However, they have limited genetic cargo capacity [17]. On the other hand, adenoviral vectors are
capable of carrying large genetic cargos but can induce a strong immune response, which may limit
their use in some gene therapy applications or require immunosuppressive strategies [18].

3.1. Adeno-Associated Viruses

Adeno-associated viruses (AAVs) are non-enveloped virus that belongs to the parvovirus
family. They have a linear, single-stranded DNA (ssDNA) with a genome size of around 4.7 kilobases
(kb). Due to their low pathogenicity, replication-defective, non-integrating expression profiles,
recombinant AAV vectors have been actively pursued for tropism engineering. Today, AAV is one
of the most promising gene therapy vehicles for human diseases [19]. This was evidenced by the
approvement of first AAV gene therapy product, Alipogene Tiparvovec (Glybera), in Europe in 2012
[20], and Voretigene Neparvovec (Luxturna) in the United States in 2017 [21].

AAV is a protein shell encapsulating a small single-stranded DNA genome, which contains Rep,
Cap and Aap genes. The Rep gene encodes Rep78, Rep68, Rep52, and Rep40 proteins, which are
required for viral genome replication and packaging. The Cap gene expression produces the viral
structural proteins, capsid proteins VP1, VP2 and VP3. Capsid proteins assemble AAV capsid shell
in an icosahedral shape with a molar ratio of 1:1:10 (VP1:VP2:VP3). They not only protect the viral
genome inside, but also involves in the molecular interaction between the ligands on the capsid and
the receptors on the target cell membrane [22]. This interaction determines AAV tropism, AAV’s
ability to infect specific cell types or tissues. Binding to the host cell surface receptors is the first step
for many AAV infections. Different AAV serotypes, which vary with distinct capsid structures, have
evolved to bind to specific cellular receptors, which vary across different tissues. In addition to the
primary receptors, co-receptors and host factors also play important roles in facilitating viral entry
and infection of target cells. While a specific AAV serotype may use multiple receptors depending
on the targeting tissues or cells, AAV tropisms in vivo are also dictated by its administration routes
and the interaction with serum proteins [23,24]. For example, Heparan sulfate proteoglycan (HSPG)
was identified as a primary receptor for binding of AAV2, AAV3 and AAV6 to the target cell
membrane [25]. However, AAV2 also needs cellular co-receptors, such as human fibroblast growth
factor receptor 1(FGFR1) and aV-5 Integrin [26,27]. Several AAV3 co-receptors were found
including FGFR1 and hepatocyte growth factor receptor (HGFR) [28], while AAV6 uses epidermal
growth factor receptor (EGFR) as co-receptor to gain entry into the host cell [29]. Both AAVS8 and
AAV9 use Laminin as the primary receptor and Laminin receptor (LamR) as a co-receptor,
respectively [30]. AAV9 can also use the terminal N-linked galactose as a primary receptor [31].
Adeno-associated virus receptor (AAVR) was identified as an universal receptor for multiple
AAV serotypes [32].

AAV capsid sequences and the genomic DNA cargo have been under intense investigation. AAV
serotypes refer to the different capsid proteins of the naturally occurring AAV virus, such as AAV1-
AAV9. Different serotypes have different preferences for infecting specific types of cells in different
tissues. AAV variants, however, are genetically modified versions of naturally occurring serotypes.
Today, recombinant AAVs (rAAVs) are the leading platform for in vivo gene delivery and clinical
gene therapies. Currently, there are over 255 AAV-mediated gene therapy clinical trials. Seven AAV-
based gene therapy products have received regulatory approvals [33]. Nevertheless, despite these
achievements, there are many concerns in preclinical and clinical studies, such as delivery efficiency,
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packaging optimization and immune response when a high-dose viral therapy is utilized. Therefore,

exploring novel AAV variants with improved properties is an urgent need. In recent years, there have
been numerous successful attempts to engineer AAV capsids, and thus altered specific AAV
properties, such as cellular tropism, transduction efficiency, and immunogenicity. The current
methods for capsid engineering could be categorized into rational design, directed evolution, and in

silico/ Machine learning (ML). Engineering techniques for altering non-enveloped virus tropism and
their applications are summarized in Table 1 and explained in detail below.

Table 1. Engineering Tropism of Non-Enveloped Viruses.

Methods Approach Applications/Examples Ref.
Mutation of
Rational surface-exposed  Improved AAV2 and AAVS
. . L [34-36]
Design tyrosine and transduction in CNS
threonine
The MTS-modified AAV2 redirected
. . AAV particles to mitochondria.
Efg:dc:ietlio(:;d;to TVSALK on AAV9 improved systemic
th P d sit gene delivery efficiency via BBB. [37-39]
Aji\eixciossi d SIS O b ARPins markers on AAV2 improved
P transduction efficiency in CD4/CD32a
double-positive cells
The evolved AAV2-retro robustly travel
. retrograde in neuronal projections.
D Error- PCR
1recte.d rror-prone PC . AAV2.N54, exhibited improved tropism [40,41]
Evolution and DNA shuffling . .
for mouse, pig, rabbit, and monkey
retinas.
. . Novel CNS-targeting capsids, PHP.B,
—44
Peptide Display 5 Ay BI30 andAAV.CAP B10 [42-ad]
Novel CNS-targeting capsids, PHP.B,
CREATE PHP.eB, PHP.S [42]
Novel AAV variant with retrograde
BRAVE transport and infectivity of dopamine [45]
neurons in both rodent and human cells
TRACER BBB—peI?e'tratmg AAV Varlan'ts with [46]
high efficiency in mouse brain
Novel AAV3B and AAV.PEPIN variants
ith . . 1
NAVIGATE wit supe'rlor retl'na a'nd ocu .ar . 47]
transduction profiles in multiple animal
models.
In Silico-or  Ancestral . Novel Anc80L65 variant with improved
ML-based reconstruction . . L [48-52]
. . thermostability and delivery efficiency
Design algorithms
I ing AAV producti d
Machine learning T o SV Proquction an [48,53-55]
immune evasion
. Incorporation of
Genetic targeting peptide  Engineer CAR-independent entr [56]
Modification §eHNG pep & p y
sequences
Artificial vectors for intravascular
Development of  delivery (AVIDs) for gene delivery to [57]

artificial vectors

human hematopoietic stem and
progenitor cells
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3.1.1. Rational Design

To develop a rational design scheme for altering AAV tropism, a comprehensive understanding
of an AAV structure and its biology, especially an in-depth knowledge of AAV intracellular
trafficking pathways in the target cells, are required. So far, two key approaches have been employed:
mutational analysis and insertion of high-affinity peptides within the capsid protein sequence.

Early studies examined the AAV transduction efficiency and biodistribution using site-directed
mutagenesis to identify the potential key amino acid residues on the capsid for binding to its target.
For example, after altering a surface-exposed tyrosine on the AAV2 capsid, the central nervous
system (CNS) transduction efficacy of AAV2 was enhanced significantly in the striatum and
hippocampus of mice. The mutation of the capsid tyrosine residue helped AAV2 particles evade the
ubiquitin-proteasome pathway, and thus improved their intracellular trafficking to the nucleus for a
better transgene expression. [34,35]. In another example, AAVS variant, whose surface-exposed
tyrosine and threonine residues were substituted with phenylalanine and valine residues,
respectively, showed improved brain transduction in the neonatal Mucopolysaccharidosis type IIIB
(MPS IIIB) mouse, a disease model for a rare and devastating childhood disease caused by complete
loss of function of the lysosomal hydrolase a-N-acetylglucosaminidase [36]. Today, enhanced
modeling capabilities and mutatagenizing tool kits, allow for rapid screening of capsid amino acid
contributions to AAV binding. The efficacy of transduction can also be improved by mutagenizing
capsid surface proteins to evade the host immune response.

Another rational design strategy is to incorporate the specific ligand/peptide domains of known
host-binding proteins into the exposed sites on AAV capsids. For example, in order to deliver a
therapeutic DNA into mitochondria efficiently, a 23-amino acid peptide with a mitochondria
targeting sequence (MTS) was fused into VP2 capsid protein of AAV2. The MTS-modified AAV
redirected AAV particles to mitochondria and facilitated the delivery of the human NADH
ubiquinone oxidoreductase subunit 4 (ND4) to the organelle. Expression of wildtype ND4 in a disease
model led to restoration of defective ATP synthesis and suppressed visual loss and optic atrophy
[37]. Another recent study utilized rational design to engineer and display a 6-mer peptide TVSALK
on AAV9Y capsid. The resulting AAV9-derived capsid variant, AAV.CPP.16, showed an increased
systemic gene delivery efficiency in both mice and non-human primates (NHPs). In addition,
compared to the parental AAV9 vector, AAV.CPP.16 showed enhanced transcytosis via the blood-
brain barrier (BBB) and improved transduction efficiency [38]. Combination of cell surface markers
can be used to enhance the precision of in vivo gene delivery via receptor targeting. Dr. Buchholz’s
research team (Goethe University, Frankfurt, Germany) designed ankyrin repeat proteins (DARPins)
mono- and bi-specific markers for CD4 and CD32a receptors on AAV2 capsids. The bi-specific
DARPin-Targeted-AAVs (DART-AAVs) demonstrated much higher transduction efficiency in
CD4/CD32a double-positive cells compared to that in the single-positive cells. This study
demonstrated a novel strategy for a high-precision gene delivery through tandem-binding regions
on AAV capsid [39]. Some serotypes are more accomodating to modifications than others. For
exmaple, AAVD] VP1 capsid allows for large domain insertions with potential hotspots for AAV
capsid engineering and redirecting AAV tropism [58]. Recently, this feature was used to insert a GFP
nanobody binding domain into the VP3 capsid protein and the modified capsid was successfully
utilized in producing AAV virions and delivering its cargo. Rational design approaches are
continuously improving with the increasing knowledge of AAV structure and its biology.

3.1.2. Directed Evolution

Directed evolution strategy to alter AAV tropism starts with the creation of a library of diverse
AAV capsid variants, followed by selective pressure and screening of variants that exhibit desired
properties. Typically, error-prone PCR or DNA shuffling are used to introduce random mutations
into capsid gene [19]. For example, error-prone PCR was used for an in vivo directed evolution study
on AAV?2 capsid and resulted in a newly evolved variant, AAV2-retro, which can robustly travel
retrograde in neuronal projections [40]. In another study, capsid DNA from AAYV serotypes 1-6, §,
and 9 were shuffled. The DNA fragments were recombined to create a chimeric AAV library. After
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several cycles of selection, a novel AAV variant capable of crossing the seizure-compromised blood-
brain barrier (BBB) was identified [59]. Recently, researchers from Avimax Inc applied a new
approach of artificial intelligence (Al)-guided directed evolution to identify a novel AAV capsid
AAV2.N54. The new AAV capsid variant, AAV2.N54, exhibited improved tropism for mouse, pig,
rabbit, and monkey retinas. AAV2.N54 delivery of vascular endothelial growth factor (VEGF)-Trap
achieved therapeutic efficacy in mouse and rabbit disease models [41].

Peptide display is another advanced technique where peptides (typically randomized short
amino acid 7-mers) are genetically fused or displayed on the surface of AAV capsids to alter tropism.
This strategy has resulted in the discovery of novel central nervous system (CNS)-targeting capsids
such as PHP.B [60], PHP.eB and PHP.S [42], BR1 [42] and AAV.BI30 [43]. Another resulting capsid
from this strategy is AAV.CAP.B10 which contains an attenuated liver targeting MicroRNA (miRNA)
and mediates brain-wide transgene expression in mice and marmosets [44].

At the present time, several evolution platforms have been successfully developed. The Cre-
Recombination-based AAV Targeted Evolution (CREATE) was designed to develop AAV capsids
that can more effectively transduce specific cell populations to express Cre recombinase in vivo.
Briefly, this method uses the polymerase chain reaction (PCR) to introduce diversity into capsid gene
fragments and to generate a capsid variant library. Then, the library is injected into Cre transgenic
animals. Finally, the capsid sequences are selectively recovered from Cre+ cells to identify desired
variants. CREATE has successfully generated AAV variants, such as PHP.B [60], PHP.eB and PHP.S
[42] that efficiently and robustly transduce the adult mouse central nervous system (CNS) after
systemic injection. Since AAV variants demonstrate altered tropism based on species and strains, this
technique allows for selection of desired variants in targeted species/strains. Another systematic
capsid evolution approach, called Barcoded Rational AAV Vector Evolution (BRAVE), demonstrated
efficient and large-scale selection of engineered capsids in a single screening round in vivo. Using the
BRAVE approach, each virus particle displays a protein-derived peptide on the surface and carries a
unique molecular barcode inside as part of its genome. The sequencing of RN A-expressed barcodes
from a single-generation screening enables the selection of functional capsid structures. By using this
method, several capsid variants were generated with specific properties, such as retrograde axonal
transport and the retrograde infectivity of dopamine neurons in both rodent and human cells [45].
Another innovative platform for engineering AAV capsids is Tropism Redirection of AAV by Cell-
type-specific Expression of RNA (TRACER). This platform is based on recovery of capsid library
RNA transcribed from CNS-restricted promoters. TRACER generated BBB-penetrating AAV variants
with high efficiency in mouse brain. These variants demonstrated up to 400-fold higher brain
transduction over AAV9 following systemic administration [46]. Finally, researchers from Regenxbio
Inc have developed a new capsid discovery engine, Novel AAV Vector Intelligent Guided
Adaptation Through Evolution (NAVIGATE) to identify novel AAV3B and AAVS variants with
superior retina transduction profiles in multiple animal models. They have identified the novel
AAV.PEPIN variant from multiple libraries that outperformed AAVS in ocular tissue transduction
via suprachoroidal space (SCS) administration in large animals [47].

3.1.3. In Silico- or Machine Learning (ML)-Based Design

In silico design of AAV capsids integrates computational modeling, bioinformatics, algorithms,
and machine learning techniques to predict and optimize the development of novel capsids with
improved characteristics. AAV capsids have diverse properties that originate from their evolutionary
paths. Ancestral reconstruction algorithms can be used to create novel capsid variants [48,61]. One
such algorithm has resulted in the discovery of anew AAV capsid variant, Anc80L65, with improved
thermostability and comparable production yield. Anc80L65 robustly delivers genes to murine liver,
muscle, inner ear, retina and kidney [48-52], and NHP liver and muscle [48].

Machine learning (ML) is a branch of artificial intelligence (AI) used to develop algorithms and
models to guide Al in predicting and developing new algorithms based on data. The first step would
be to generate an informative training dataset including positive and negative controls. A pioneering
research project by George Church, Ph.D. (Massachusetts Institute of Technology, USA) has
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generated an AAV2 capsid fitness landscape with characterized single-codon substitutions,
insertions, and deletions of all capsid amino acids as it relates to in vivo gene delivery. These
landscapes are largely enabled machine-guided designs [53]. Deep learning is another method used
to design highly diverse AAV2 capsid variants by the research team of Eric Kelsic, Ph.D. (Harvard
Medical School, USA). They have demonstrated that even when trained on limited data, deep neural
network models accurately predict capsid viability across diverse AAV capsid variants [54].
Currently, most of ML-assisted capsid engineering focus on improving particle production and
immune evasion [48,53-55].

3.2. Adenoviruses

Adenoviruses are double-stranded DNA viruses enclosed in an icosahedral nucleocapsid,
capable of infecting a broad range of cell types, including both dividing and non-dividing cells. This
versatility makes them effective vectors for gene delivery, offering high transduction efficiency, a
large cargo capacity (~7.5-8 kb of foreign DNA), and the ability to generate high-titer viral stocks[62].
These vectors are particularly advantageous for delivering genes intended for short-term expression,
such as in cancer immunotherapy, vectored vaccines, or scenarios where transient gene expression
suffices.

In cancer therapy, adenoviral oncolytic viruses are engineered to selectively target and destroy
cancer cells while delivering genes that either stimulate an immune response against the tumor or
introduce "suicide genes" that convert non-toxic substances into toxic compounds, effectively killing
the cancer cells [63,64]. However, adenoviral vectors can provoke strong immune responses,
particularly when administered intravascularly, potentially leading to cytokine storms,
hepatotoxicity, or thrombocytopenia, which may necessitate the use of immunosuppressive
strategies in some gene therapy applications[65].

In the context of vector-based vaccines, adenoviruses are used to deliver pathogen-derived
antigens to elicit robust immune responses, as demonstrated in the development of COVID-19
vaccines, such as the AstraZeneca vaccine. [66].

For most wildtype adenovirus, tropism is primarily determined by the interaction between the
virus and the coxsackievirus and adenovirus receptor (CAR) on host cell surfaces. Capsid proteins,
including the fiber and penton base, play crucial roles in mediating viral entry into host cells [67].
Over the last few decades several strategies have been developed to engineer CAR-independent entry
by creating recombinant adenoviral capsid proteins through the addition of targeting peptides to
their capsids (added to fiber knob domain, fiber shaft, penton base, pIX or hexon), by utilizing fiber-
penton base chimeras or capsid proteins of another adenovirus with tropism toward another species
(fiber pseudotyping), or polymer-coating to create stealth vectors[56].

One of the latest advancements in adenovirus-based vector engineering is the development of
artificial vectors for intravascular delivery (AVIDs). These vectors are designed to deliver genes to
human hematopoietic stem and progenitor cells (HSPCs) in vivo [57]. Given that intravascular
delivery of adenoviruses typically triggers strong immune responses, which can impede gene
delivery to bone marrow-resident cells, AVIDs have been engineered to target cells expressing CD46
or DSG2 receptors and laminin-interacting integrins (a631, a6p4, a3p1, and a7B1). The use of cell-
type-specific promoters further restrict transgene expression to the target cells, resulting in a safe and
efficient platform for gene delivery to human bone marrow cells. The combined strategy has created
a safe and efficient platform for gene delivery to human bone marrow cells [57].

4. Engineering Tropism of Recombinant Enveloped Viruses (Retro/Lentiviruses, Rabies-dG and
HSVs)

Enveloped viruses are characterized by a lipid bilayer that surrounds their capsids and are
embedded with viral glycoproteins that bind specific receptors on the host cell surface to mediate
entry. One of the most common methods for engineering the tropism of eneveloped viruses is
pseudotyping, where the envelope glycoprotein of one virus is replaced by the envelope glycoprotein
of another [68]. Viruses can bud from different locations on their host cells and the site of this budding


https://doi.org/10.20944/preprints202409.1590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

is an important factor in assessing envelope compatibility between enveloped viruses. Furthermore,
the site of virus budding can influence host immune response and viral pathogenesis.

4.1. Budding from the Plasma Membrane vs Intracellular Vesicles

The process of viral budding, where newly formed virus particles are released from the host,
differs based on a virus’s characteristics. For example, Influenza virus and HIV viral envelopes and
matrix proteins are transported and assembled on the host plasma membrane. Later, other viral
components and their genome (RNA) are recruited to these assemblies and host cell plasma
membrane is pinched off to release new virions [68]. During this process, host lipid membrane is
incorporated into the viral assembly. Other viruses such as coronaviruses (SARS-CoV-2) and
herpesviruses are assembled on intracellular membranes of Golgi and endosomes and bud into
vesicles that are transported and fused to the host plasma membrane to release the newly formed
virions ([69]. Viruses budding from the vesicles acquire envelope lipids from intracellular
components. Understanding these differences in budding processes helps in engineering envelopes
for pseudotyping recombinant enveloped viruses.

4.2. Pseudotyping Envelopped Viruses

The following sections will descibe the process of viral pseudotyping and the applications of the
engineered tropism for enveloped viruses (summarized in Table 2).

Table 2. Engineered Tropism of Pseudotyped Enveloped Viruses and Their Applications.

Virus  Pseudotyping Tropism Applications Ref.
Gene delivery,

Broad (LDL-R

VSV-G .. creation of stable-cell [70,71]
positive cells) lines
1 4 iti
(S é D34 positive Gene delivery to cells
(1) BaEV, . with less efficient [72]
@) NiV, (@) Ephrin B2 gy & bseudotyped [71]
positive cells .
(3) SeV (3) Hematopoietic lentiviruses [73]
P transduction
SC
Neurons
expressing Functional analysis or
ASLV (eg. EnvA/EnvB) corresponding synaptic tracing of ~ [74]
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from different viral (3)Band T cells  increases virus
envelops (eg. GALV-Env production

and GALV-C4070A)

Structural studies of
the spike protein and
therapeutic drug

Host cells for
VSV-dG SARS-CoV-2 spike SARS-CoV-2
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[92]

development
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expressing
Rabies- ASLV (eg. corresponding . :
1 .
dG EnvA/EnvB/EnvE) receptors Neural circuit tracing. [93]
(eg.
TVA/TVB/TBE)
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VSV-C ro?c.l ( Virus pathogenesis (94-96]
positive cells) research
Based on
evidence
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HSV HI ipah, Rabi ARS-
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CoV-2, Ebola envelope
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d
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7-99]

! abbreviations: Stem Cells (5C); Angiotensin-converting enzyme 2 (ACE2); VSV-G: Vesicular Stomatitis Virus

G Protein; LDL-R: low-density lipoprotein receptor; BaEV: Baboon Endogenous Retrovirus; NiV: Nipah Virus;
SeV: Sendai Virus; ASLV: Avian sarcoma and leukosis virus; Env: Envelope; LCMV: lymphocytic
choriomeningitis virus; MuLV: Moloney murine leukemia virus; SARS-CoV2: Severe acute respiratory
syndrome coronavirus 2; ACE 2: Angiotensin-converting enzyme 2; TIM-1: T-cell immunoglobulin and mucin
1, VSV-dG: Glycoprotein deleted Vesicular stomatitis Indiana virus; Rabies dG: Glycoprotein deleted Rabies
lyssavirus virus; HIV: Human immunodeficiency virus.

4.2.1. Retro/Lentiviral Pseudotyping

Lentiviruses and gamma-retroviruses (hereinafter refered to as retroviruses), both members of
the Retroviridae family, are enveloped viruses with genetic cargo of two positive-sense single-
stranded RNAs. Upon infecting a host cell, their RNA genome is reverse-transcribed into DNA,
which is then randomly integrated into the host genome for stable expression [100]. Gamma-
retroviruses are limited to infecting dividing cells, making them a useful research tool for studying
cell fate and neuronal development. In contrast, lentiviruses can infect both dividing and non-
dividing cells, making them a suitable vector for gene delivery to a myriad of in vivo and in vitro cell
types. The random integration of retro/lentiviral genomic cargo can result in mutations affecting gene
expression and cell function [101]. To minimize the risk of insertional mutation, researchers have
devloped integrase deficient recombinant lentiviruses (IDLVs) that are efficient and non-integrative
vectors [101]. Both recombinant retro and lentiviruses are capable of accommodating large insert
sizes (up to 9 kb). They are among the most popular and versatile tools for gene delivery and cell
therapy[100].

The entry of retro/lentiviruses into cells is mediated by envelope glycoproteins. By substituting
the native envelope protein with those from various other viruses, researchers can extend the range
of target cells or achieve specific targeting beyond the interaction of the gp120 envelope protein with
CD4 on human lymphocytes. A commonly used envelope protein, the Vesicular Stomatitis Virus G


https://doi.org/10.20944/preprints202409.1590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

10

Protein (VSV-G), binds to the low-density lipoprotein receptor (LDL-R), which is present on most
mammalian cell types. Pseudotyping with VSV-G broadens the range of cells that can be targeted.
Alternatively, other viral envelope proteins can be employed for more precise targeting of specific
cell types[68].

Lentiviruses are particularly advantageous for gene therapy due to their high transduction
efficiency and ability to provide stable, long-term expression of transgenes. Recent applications
include treating certain blood cancers by modifying host T-cells. These immune cells, which target
and destroy foreign entities like viruses, bacteria, and cancer cells, can be engineered to overcome the
mechanisms that cancer cells use to evade detection. By introducing a gene that encodes chimeric
antigen receptors (CARs), T-cells are enabled to recognize and bind to cancer cells. These CAR-T cells
are then reintroduced into the patient to target and eliminate the cancer cells[102]. This approach has
been effective in treating B-cell malignancies and multiple myeloma, and it has received FDA
approval [103]. Research is also exploring CAR-T cell therapy for solid tumors, though its
effectiveness in this area is still under investigation[103]. Moreover, CAR-T cell therapy is being
adapted for autoimmune diseases. The INT2106, also known as Gen 2.1 Fusogen, uses pseudotyped
lentiviruses with a CD7 binder protein and a modified VSV-G to improve the above therapy. The
CD7 binding enables the lentiviral particles to target CD7+ cells, such as T-cells and NK cells, while
the modified VSV-G protein, with altered residues prevents binding to LDL-R. Developers
introduced negatively charged side chains at specific sites in VSV-G to destabilize critical ionic
interactions with LDL-R [104]. The modified VSV-G protein maintains pH-dependent fusion but
avoids binding to the LDL-R, limiting the targeted cell types to CD7+ cells [105]. This targeted
delivery enables the generation of functional CAR T and NK cells expressing the CAR19 transgene,
which specifically eliminates CD19+ B cells after a single intravenous injection of the INT2106
lentivirus. This method allows for the production of functional CAR-T and NK cells that specifically
target CD19+ B cells with a single intravenous injection, simplifying treatment and enhancing patient
accessibility.

Pseudotyped lentiviruses are also utilized to transduce hematopoietic stem cells and neural stem
cells. While VSV-G pseudotyped lentiviruses are favored for their broad tropism and stability, they
are less effective in transducing quiescent hematopoietic stem cells (HSCs) and other primary cells
[70,71]. To address this limitation, researchers are exploring alternative envelope proteins from
viruses such as Baboon Endogenous Retrovirus (BaEV), Nipah Virus (NiV), and Sendai Virus (SeV)
[71-73]. These alternative envelope proteins aim to enhance the specificity and efficiency of gene
delivery, paving the way for more effective treatments for various genetic diseases and conditions.

The brain remains one of the most enigmatic organs in the human body, with the intricacies of
neuronal circuits and cellular interactions not yet fully understood. In neuroscience, pseudotyped
lentiviruses have become invaluable tools for studying the brain's complex network. Pseudotyped
lentiviruses incorporating rabies virus envelop protein G (RV-G) or fusion envelope glycoproteins
comprised of RV-G and VSV-G segments, termed highly efficient retrograde gene transfer (HiRet)
and neuron-specific retrograde gene transfer (NeuRet), have gained widespread use in neuroscience
for studying neural structure. These biocehmical tools have been used to deliver tracers, sensors, and
actuators to mammalian brains to identify neural network connections [106,107]. RV-G or
HiRet/NeuRet pseudotyped lentiviruses enable efficient and specific gene delivery to neurons by
exploiting their retrograde transport mechanisms.

Additionally, fusion proteins combining VSV-G with avian sarcoma leucosis virus envelope
proteins EnvA or EnvB, along with their corresponding receptors TVA and TVB, enable precise
targeting of specific neuronal subsets or even single neurons for functional analysis. This approach
could employ a two-vector delivery system where AAV vectors are used to deliver TVA or TVB
receptors to target neurons. Alternatively, neuronal-specific TVA/TVB knock-in animal models can
be used for targeting Env A/B pseudotyped lentiviruses[74].

Astrocytes, the predominant glial cells in the central nervous system (CNS), play crucial roles in
various physiological processes, including neurotransmitter clearance, blood-brain barrier
stabilization, and synapse formation. Researchers have utilized lentiviruses pseudotyped with
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envelope glycoproteins from lymphocytic choriomeningitis virus (LCMV) or Moloney murine
leukemia virus (MuLV) to selectively transduce astrocytes in the rat substantia nigra [108]. Mokola-
pseudotyped lentiviruses also show a preference for astrocytes compared to VSV-G pseudotyped
vectors [109]. Furthermore, lentiviruses pseudotyped with a modified Sindbis envelope displaying
anti-GLAST IgG exhibit preferential targeting of astrocytes both in vitro and in vivo [110]. Recent
advances include a second-generation pseudotyped lentivirus vector specifically targeting astrocytes
for efficient gene expression or silencing [75]. These innovations enhance the potential for targeted
gene therapy within the brain.

Pseudotyped lentiviruses are also pivotal in infectious disease research, supporting vaccine
development and antiviral drug discovery. Lentiviral vectors pseudotyped with various viral
glycoproteins have been used to develop vaccines against influenza, HIV, SARS-CoV-2, Ebola, and
malaria. This approach provides safety advantages over traditional attenuated vaccines, efficient
antigen delivery, and robust immune responses. For example, lentiviruses pseudotyped with the
SARS-CoV-2 spike protein have been instrumental in evaluating antibody neutralization and
studying antibody persistence following vaccination [76,77,79,111]. Since SARS-Cov-2 virus buds
from host vesicles, a modified version of the viral spike protein was utilized for pseudotyping
lentiviruses. The deletion of the last 19 amino acids of the viral spike protein redirected it from the
endoplasmic reticulum (ER) to plasma membrane for efficient pseudotyping of recombinant
lentiviruses[112]. These pseudotyped lentiviruses are also used to screen antiviral drugs and
investigate SARS-CoV-2 infection mechanisms, potentially revealing new therapeutic targets [113].

4.2.2. Rabies-dG and VSV-dG Psueodtyping

Indiana vesiculovirus, formerly Vesicular stomatitis Indiana virus (VSIV or VSV) and Rabies
lyssavirus virus (Rabies virus) are members of the family Rhabdoviridae that have a single-stranded,
negative-sense RNA genomes [114]. VSV and Rabies viruses assembly occurs at the plasma
membrane. Therefore, techniques used for pseudotyping retro/lentviral viruses described in the
previous section can be applied to pseudotyping glycoprotein deleted VSV and Rabies (respectively
referred to as rVSV-dG and Rabies-dG). These recombinant viruses offers robust expression but their
use is limited since they cannot accommodate cell specific promoters or transcriptional regulators
(e.g. Cre-lox sequences).

Recombinant vesicular stomatitis virus (rVSV) has been used for vaccine development since it
induces a potent innate and adaptive immune responses [115]. Shortly after the start of COVID-19
pandemic, SARS-CoV-2 spike pseudotyped rVSV-dG were employed for structural studies of the
spike and therapeutic drug development [116]. Since the wildtype VSV envelope glycoprotein (VSV-
G) has a broad host range, it is often used for pseudotyping other viruses (mentioned in section 4.2.1).

The neurotropic recombinant Rabies-dG virus is an excellent tool for tracing neuronal circuits
[117]. Rabies-dG is often used in conjunction with a helper virus in a two-step system to ensure safety
and target specificity. Similar to lentiviruses, the envelope glycoprotein of avian sarcoma and
leukosis virus (ASLV) with subgroups A, B, E, etc. can be used to pseudotype Rabies-dG. In the two-
step approach, a helper virus is first utilized to deliver TVA/TVB/TVE etc. to allow the pseudotyped
Rabies-dG to enter the cell. This helper virus often also carries the Rabies glycoprotein gene that is
necessary for the retrograde transmission of the virus. Once the delivered genes by the helper virus
express, neurons are infected with the pseudotyped Rabies-dG for monosynaptic tracing [117]. The
recombinant Rabies-dG virus is engineered to be replication-deficient or attenuated, reducing the risk
of viral replication and toxicity. Psuedotyped recombinant rabies-dG has provided neuroscientists
with a powerful tool for studying neuronal connectivity, neural circuits, and the functional
organization of brain with high precision[118].

4.2.3. HSV Pseudotyping and Its Applications

Herpes simplex virus type 1 (HSV-1) is a versatile tool in gene therapy, vaccine development,
and research due to its broad cell tropism, infecting a wide variety of cell types. Its two main vector
forms, replication-defective HSV-1, and HSV-1-based amplicons, offer advantages such as large
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cloning capacities (30kb and 150kb, respectively), high transduction efficiency, and reduced
cytotoxicity, especially with the amplicon system [94,119,120]. HSV-1 pseudotyping provides
additional control by incorporating envelope proteins from other viruses. A prime example is
Vesicular Stomatitis Virus glycoprotein G (VSV-G), which can replace HSV-1 glycoprotein D (gD)
[121]. This offers potential benefits: (1) Enhanced gene transfer: VSV-G might improve the efficiency
of delivering genes into target cells [121]. (2) Studying HSV-1 entry: scientists can use VSV-G
pseudotyping to investigate how HSV-1 enters cells [122,123]. While studies incorporating VSV-G or
chimeric VSV-G/HSV proteins achieved high incorporation rates in gD-deficient HSV-1 mutants,
only native VSV-G mediated infection [121]. This highlights the concern of maintaining functionality
during envelope modification. In contrast to VSV-G pseudotyping, HSV-1 envelope proteins could
be harnessed for selective targeting of specific cell types, such as T cells, B cells, hepatocytes, skeletal
muscle cells, or neurons. This approach, already demonstrated with other viral vectors like
lentiviruses, can minimize off-target effects and enhance therapeutic specificity [124,125].

Based on evidence from other envelope pseudotyped viruses in vaccine development [97-99],
HSV-1 pseudotyping may also offer a promising path for vaccine development beyond gene therapy
applications. By incorporating envelope proteins from diverse viruses like HIV, Nipah, rabies, SARS-
CoV-2, or Ebola, HSV-1 can be engineered as a multivalent vaccine candidate, potentially offering
protection against multiple pathogens simultaneously [94-96]. Utilizing pseudotyped replication-
defective HSV vectors also presents a safer alternative to traditional live attenuated vaccines [94].
However, challenges remain, including optimizing the incorporation efficiency of foreign proteins
into HSV particles, mitigating the impact of host immune responses to the vector itself, and ensuring
the safety of pseudotyped viral vectors through rigorous testing before clinical use [95,126]. Despite
these hurdles, HSV-1 pseudotyping remains a powerful tool with wide-ranging applications in gene
therapy, vaccine development, and virology research. As knowledge of viruses and vector design
progresses, the potential applications of pseudotyped HSV vectors are expected to expand, paving
the way for novel disease treatments and further insights into viral pathogens.

4.3. Chimera Envelope Proteins for Viral Vector Pseudotyping

Chimera envelope proteins, engineered fusion proteins, are a versatile tool in gene therapy. They
are used to pseudotype viral vectors, altering their tropism and improving their transduction
efficiency. These proteins consist of two main parts: portions of a viral protein necessary for
incorporation into the virion, and sequences designed to interact with specific host cell proteins. By
modifying these components, researchers can expand or limit the range of cells targeted by a gene
therapy vector, improve its stability and transduction efficiency, and tailor the vector's tropism for
precise gene delivery [84,85]. Over the past decades, various targeting molecules, including short
peptides, ligands, and even single-chain antibody variable fragments (scFv), have been incorporated
into viral envelope proteins to achieve cell-type-specific targeting. Ligands like insulin-like growth
factor I (IGF-I), EGF, erythropoietin (EPO), and stromal-derived factor-la (SDF-1a) have been
inserted into the N-terminal region or the receptor-binding domain of envelope proteins [86-89].
While this technique shows great promise, challenges remain. Peptide insertion can disrupt the
structure and function of the viral vector, and the high-throughput screening is necessary to ensure
the desired outcome [127]. Another approach involves combining fragments from different viral
envelope proteins. For instance, chimeric GALV-Env proteins, derived by incorporating internal
domains from murine leukemia viruses (MLV) into the Gibbon Ape Leukemia Virus envelope
protein (GALV-Env), have been used to pseudotype lentiviral vectors [90]. A recent development,
coGALV-Env, a codon-optimized variant of GALV-C4070A, has shown even greater efficiency in
pseudotyping and offers a cost advantage in large-scale production [91]. Overall, chimera envelope
proteins provide a powerful tool to optimize viral vectors for gene therapy, combining the strengths
of different viral envelopes to achieve the desired targeting, stability, and efficiency.

5. Discussion and Conclusions
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Engineering the tropism of viral vectors is a dynamic area of research with numerous
advancements. Viruses are powerful vehicles for gene delivery that can be engineered to target
specific cell types, tissues, or species. There are currently hundreds of AAV serotypes and variants
with wildtype, mutants, and chimeric capsids developed for research and delivering therapeutics.
Use of adenoviral-based vectors to display pathogen-derived antigens has greatly improved the
production of vaccines to fight infections. CAR-T focused therapeutics have offered promising cancer
treatments. The ongoing protein engineering research and designs must address several gaps and
challenges in capsid and envelope protein engineering.

Complexity of virus-host receptor binding and detailed mechanisms by which enveloped
viruses interact with their receptors are often not fully understood. Detailed host receptor structures
and comprehensive pathway maps of virus entry and assembly are needed to better engineer
tropism. Some viruses may bind to multiple receptors or use alternative entry pathways which
complicates engineering efforts. Another challenge in targeting vectors is to develop better
computational tools for predicting tropism and designing experimental models for validating the
constructs. Each altered tropism has the potential to affect virus stability or altered immunogenicity.
Engineering viruses to evade the host immune system remains a significant challenge.

While changes in envelope proteins can help in altering vector targets and controlling immune
responses to engineered viruses, safety and off-targets effects are significant factors to consider.
Ensuring that engineered viruses do not cause adverse effects or lead to unintended consequences is
crucial.

Research into engineering the tropism of enveloped viruses continues to advance, but these gaps
highlight areas where further work is needed. Addressing these challenges requires multidisciplinary
approaches, including improved computational tools, better experimental models, enhanced
understanding of immune interactions, and rigorous safety assessments. As the field progresses,
overcoming these gaps will be critical for the development of effective and safe viral vectors for gene
therapy, vaccine development, and other applications.

Author Contributions: All authors contributed to conceptualization, literature research, writing, review and
editing of this review.

Funding: Viral Vector Core is supported by the Division of Intramural Research of the National Institute of
Environmental Health Sciences, National Institutes of Health, ZIC ES102506-09.

Acknowledgments: Authors would like to thank internal reviewers Dr. Robert Petrovich (NIEHS, Protein
Purification Facility) and Dr. Chengbo Meng (NIEHS, Neurobiology) for their critical reading of the manuscript
and valuable suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Nomaguchi, M,, et al., Viral tropism. Front Microbiol, 2012. 3: p. 281.
Bardhan, M., et al., Emerging zoonotic diseases and COVID-19 pandemic: global Perspective and Indian
Scenario. Ann Med Surg (Lond), 2023. 85(8): p. 3997-4004.

3. Mueller, SN. and B.T. Rouse, Immune responses to viruses. Clinical Immunology. 2008:421-31. doi:
10.1016/B978-0-323-04404-2.10027-2. Epub 2009 May 15.

4. Woodham, AW, et al, Human Immunodeficiency Virus Immune Cell Receptors, Coreceptors, and
Cofactors: Implications for Prevention and Treatment. AIDS Patient Care STDS, 2016. 30(7): p. 291-306.

5. Garcia-Sastre, A., Influenza virus receptor specificity: disease and transmission. Am J Pathol, 2010. 176(4):
p- 1584-5.

6.  Li, W., The hepatitis B virus receptor. Annu Rev Cell Dev Biol, 2015. 31: p. 125-47.

7. Lafon, M., Rabies virus receptors. ] Neurovirol, 2005. 11(1): p. 82-7.

8.  Mazzon, M. and M. Marsh, Targeting viral entry as a strategy for broad-spectrum antivirals. F1000Res,
2019. 8.

9. Park, ], P.L. Chariou, and N.F. Steinmetz, Site-Specific Antibody Conjugation Strategy to Functionalize Virus-
Based Nanoparticles. Bioconjug Chem, 2020. 31(5): p. 1408-1416.

10. Chen, S.H.,, et al., Recombinant Viral Vectors as Neuroscience Tools. Curr Protoc Neurosci, 2019. 87(1): p. e67.

11. Louten, J., Virus Structure and Classification. Essential Human Virology. 2016:19-29. doi: 10.1016/B978-0-12-
800947-5.00002-8. Epub 2016 May 6.


https://doi.org/10.20944/preprints202409.1590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

14

Garoff, H., R. Hewson, and D.]. Opstelten, Virus maturation by budding. Microbiol Mol Biol Rev, 1998. 62(4):
p- 1171-90.

Prather, K.A,, et al., Airborne transmission of SARS-CoV-2. Science, 2020. 370(6514): p. 303-304.

Tarka, P. and A. Nitsch-Osuch, Evaluating the Virucidal Activity of Disinfectants According to European
Union Standards. Viruses, 2021. 13(4).

Eggers, M., et al., Suitable Disinfectants with Proven Efficacy for Genetically Modified Viruses and Viral
Vectors. Viruses, 2023. 15(11).

Air, GM. and ].T. West, Antigenic Variation¥, in Reference Module in Biomedical Sciences. 2014, Elsevier.
Naso, MLF,, et al., Adeno-Associated Virus (AAV) as a Vector for Gene Therapy. BioDrugs, 2017. 31(4): p.
317-334.

Lee, C.S,, et al.,, Adenovirus-Mediated Gene Delivery: Potential Applications for Gene and Cell-Based
Therapies in the New Era of Personalized Medicine. Genes Dis, 2017. 4(2): p. 43-63.

Wang, D., P.W.L. Tai, and G. Gao, Adeno-associated virus vector as a platform for gene therapy delivery. Nat Rev
Drug Discov, 2019. 18(5): p. 358-378.

Yla-Herttuala, S., Endgame: glybera finally recommended for approval as the first gene therapy drug in
the European union. Mol Ther, 2012. 20(10): p. 1831-2.

Gao, J., RM. Hussain, and C.Y. Weng, Voretigene Neparvovec in Retinal Diseases: A Review of the Current
Clinical Evidence. Clin Ophthalmol, 2020. 14: p. 3855-3869.

Agbandje-McKenna, M. and J. Kleinschmidt, AAV capsid structure and cell interactions. Methods Mol Biol,
2011. 807: p. 47-92.

Srivastava, A., In vivo tissue-tropism of adeno-associated viral vectors. Curr Opin Virol, 2016. 21: p. 75-80.
Denard, J., et al., AAV-8 and AAV-9 Vectors Cooperate with Serum Proteins Differently Than AAV-1 and
AAV-6. Mol Ther Methods Clin Dev, 2018. 10: p. 291-302.

Summerford, C. and R.J. Samulski, Membrane-associated heparan sulfate proteoglycan is a receptor for
adeno-associated virus type 2 virions. J Virol, 1998. 72(2): p. 1438-45.

Qing, K., et al., Human fibroblast growth factor receptor 1 is a co-receptor for infection by adeno-associated
virus 2. Nat Med, 1999. 5(1): p. 71-7.

Summerford, C., J.S. Bartlett, and R.J. Samulski, AlphaVbetab integrin: a co-receptor for adeno-associated virus
type 2 infection. Nat Med, 1999. 5(1): p. 78-82.

Ling, C,, et al,, Human hepatocyte growth factor receptor is a cellular coreceptor for adeno-associated virus
serotype 3. Hum Gene Ther, 2010. 21(12): p. 1741-7.

Weller, M.L,, et al., Epidermal growth factor receptor is a co-receptor for adeno-associated virus serotype
6. Nat Med, 2010. 16(6): p. 662-4.

Akache, B., et al., The 37/67-kilodalton laminin receptor is a receptor for adeno-associated virus serotypes
8,2,3,and 9. ] Virol, 2006. 80(19): p. 9831-6.

Shen, S, et al., Functional analysis of the putative integrin recognition motif on adeno-associated virus 9. ]
Biol Chem, 2015. 290(3): p. 1496-504.

Pillay, S., et al., An essential receptor for adeno-associated virus infection. Nature, 2016. 530(7588): p. 108-
12.

Wang, ].H., et al., Adeno-associated virus as a delivery vector for gene therapy of human diseases. Signal
Transduct Target Ther, 2024. 9(1): p. 78.

Zhong, L., et al., Next generation of adeno-associated virus 2 vectors: point mutations in tyrosines lead to
high-efficiency transduction at lower doses. Proc Natl Acad Sci U S A, 2008. 105(22): p. 7827-32.

Kanaan, N.M,, et al., Rationally Engineered AAV Capsids Improve Transduction and Volumetric Spread
in the CNS. Mol Ther Nucleic Acids, 2017. 8: p. 184-197.

Gilkes, J.A., et al., Site-specific modifications to AAV8 capsid yields enhanced brain transduction in the
neonatal MPS IIIB mouse. Gene Ther, 2021. 28(7-8): p. 447-455.

Yu, H,, et al., Gene delivery to mitochondria by targeting modified adenoassociated virus suppresses
Leber's hereditary optic neuropathy in a mouse model. Proc Natl Acad Sci U S A, 2012. 109(20): p. E1238-
47.

Yao, Y., et al., Variants of the adeno-associated virus serotype 9 with enhanced penetration of the blood-
brain barrier in rodents and primates. Nat Biomed Eng, 2022. 6(11): p. 1257-1271.

Theuerkauf, S.A., et al,, AAV vectors displaying bispecific DARPins enable dual-control targeted gene
delivery. Biomaterials, 2023. 303: p. 122399.

Tervo, D.G,, et al., A Designer AAV Variant Permits Efficient Retrograde Access to Projection Neurons.
Neuron, 2016. 92(2): p. 372-382.

Liu, S., et al.,, Macular retina-targeting AAV capsid identified through multi-species screening in mice,
rabbits, pigs, and monkeys. Investigative Ophthalmology & Visual Science, 2024. 65(7): p. 5323-5323.
Chan, K.Y, et al.,, Engineered AAVs for efficient noninvasive gene delivery to the central and peripheral
nervous systems. Nat Neurosci, 2017. 20(8): p. 1172-1179.


https://doi.org/10.20944/preprints202409.1590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

15

Krolak, T., et al., A High-Efficiency AAV for Endothelial Cell Transduction Throughout the Central
Nervous System. Nat Cardiovasc Res, 2022. 1(4): p. 389-400.

Goertsen, D., et al, AAV capsid variants with brain-wide transgene expression and decreased liver
targeting after intravenous delivery in mouse and marmoset. Nat Neurosci, 2022. 25(1): p. 106-115.
Davidsson, M., et al., A systematic capsid evolution approach performed in vivo for the design of AAV
vectors with tailored properties and tropism. Proc Natl Acad Sci U S A, 2019. 116(52): p. 27053-27062.
Nonnenmacher, M., et al., Rapid evolution of blood-brain-barrier-penetrating AAV capsids by RNA-driven
biopanning. Mol Ther Methods Clin Dev, 2021. 20: p. 366-378.

Campochiaro, P.A,, et al., Gene therapy for neovascular age-related macular degeneration by subretinal
delivery of RGX-314: a phase 1/2a dose-escalation study. Lancet, 2024. 403(10436): p. 1563-1573.

Zinn, E., et al., In Silico Reconstruction of the Viral Evolutionary Lineage Yields a Potent Gene Therapy
Vector. Cell Rep, 2015. 12(6): p. 1056-68.

Landegger, L.D., et al., A synthetic AAV vector enables safe and efficient gene transfer to the mammalian
inner ear. Nat Biotechnol, 2017. 35(3): p. 280-284.

Suzuki, J., et al., Cochlear gene therapy with ancestral AAV in adult mice: complete transduction of inner
hair cells without cochlear dysfunction. Sci Rep, 2017. 7: p. 45524.

Carvalho, L.S,, et al.,, Synthetic Adeno-Associated Viral Vector Efficiently Targets Mouse and Nonhuman
Primate Retina In Vivo. Hum Gene Ther, 2018. 29(7): p. 771-784.

Ikeda, Y., et al., Efficient Gene Transfer to Kidney Mesenchymal Cells Using a Synthetic Adeno-Associated
Viral Vector. ] Am Soc Nephrol, 2018. 29(9): p. 2287-2297.

Ogden, P.J., et al., Comprehensive AAV capsid fitness landscape reveals a viral gene and enables machine-
guided design. Science, 2019. 366(6469): p. 1139-1143.

Bryant, D.H., et al., Deep diversification of an AAV capsid protein by machine learning. Nat Biotechnol,
2021. 39(6): p. 691-696.

Marques, A.D., et al., Applying machine learning to predict viral assembly for adeno-associated virus
capsid libraries. Mol Ther Methods Clin Dev, 2021. 20: p. 276-286.

Coughlan, L., et al., Tropism-modification strategies for targeted gene delivery using adenoviral vectors.
Viruses, 2010. 2(10): p. 2290-2355.

Yao, J., et al., Targeted, safe, and efficient gene delivery to human hematopoietic stem and progenitor cells
in vivo using the engineered AVID adenovirus vector platform. Molecular Therapy, 2024. 32(1): p. 103-123.
Hoffmann, M.D,, et al., Multiparametric domain insertional profiling of adeno-associated virus VP1. Mol
Ther Methods Clin Dev, 2023. 31: p. 101143.

Gray, S.J., et al., Directed evolution of a novel adeno-associated virus (AAV) vector that crosses the seizure-
compromised blood-brain barrier (BBB). Mol Ther, 2010. 18(3): p. 570-8.

Deverman, B.E., et al., Cre-dependent selection yields AAV variants for widespread gene transfer to the
adult brain. Nat Biotechnol, 2016. 34(2): p. 204-9.

Santiago-Ortiz, J., et al., AAV ancestral reconstruction library enables selection of broadly infectious viral
variants. Gene Ther, 2015. 22(12): p. 934-46.

Park, A. and ].Y. Lee, Adenoviral Vector System: A Comprehensive Overview of Constructions,
Therapeutic Applications and Host Responses. Journal of Microbiology, 2024. 62(7): p. 491-509.

Qian, X,, et al., Treatment of intracranial inflammatory myofibroblastic tumor with PD-L1 inhibitor and
novel oncolytic adenovirus Ad-TD-nsIL12: a case report and literature review. Front Immunol, 2024. 15: p.
1427554.

Yang, M.L., et al., Syngeneic mesenchymal stem cells loaded with telomerase-dependent oncolytic
adenoviruses enhance anti-metastatic efficacy. Stem Cells Transl Med, 2024. 13(8): p. 738-749.

Di Paolo, N.C,, et al., Virus Binding to a Plasma Membrane Receptor Triggers Interleukin-1a-Mediated
Proinflammatory Macrophage Response In Vivo. Immunity, 2009. 31(1): p. 110-121.

Chavda, V.P,, et al., Adenoviral Vector-Based Vaccine Platform for COVID-19: Current Status. Vaccines
(Basel), 2023. 11(2).

Cao, C,, et al.,, Conserved fiber-penton base interaction revealed by nearly atomic resolution cryo-electron
microscopy of the structure of adenovirus provides insight into receptor interaction. J Virol, 2012. 86(22):
p- 12322-9.

Cronin, J., X.Y. Zhang, and ]. Reiser, Altering the tropism of lentiviral vectors through pseudotyping. Curr Gene
Ther, 2005. 5(4): p. 387-98.

V’kovski, P., et al., Coronavirus biology and replication: implications for SARS-CoV-2. Nature Reviews
Microbiology, 2021. 19(3): p. 155-170.

Gutierrez-Guerrero, A., F.L. Cosset, and E. Verhoeyen, Lentiviral Vector Pseudotypes: Precious Tools to
Improve Gene Modification of Hematopoietic Cells for Research and Gene Therapy. Viruses, 2020. 12(9).
Palomares, K, et al., Nipah virus envelope-pseudotyped lentiviruses efficiently target ephrinB2-positive
stem cell populations in vitro and bypass the liver sink when administered in vivo. ] Virol, 2013. 87(4): p.
2094-108.


https://doi.org/10.20944/preprints202409.1590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

16

Girard-Gagnepain, A., et al., Baboon envelope pseudotyped LVs outperform VSV-G-LVs for gene transfer
into early-cytokine-stimulated and resting HSCs. Blood, 2014. 124(8): p. 1221-1231.

Jargalsaikhan, B.E., et al., The Dual-Pseudotyped Lentiviral Vector with VSV-G and Sendai Virus HN
Enhances Infection Efficiency through the Synergistic Effect of the Envelope Proteins. Viruses, 2024. 16(6).
Sakurai, K., et al., Capturing and Manipulating Activated Neuronal Ensembles with CANE Delineates a
Hypothalamic Social-Fear Circuit. Neuron, 2016. 92(4): p. 739-753.

Humbel, M., et al., Maximizing lentiviral vector gene transfer in the CNS. Gene Ther, 2021. 28(1-2): p. 75-88.
McGee, C., et al., Longitudinal Serological Surveillance for COVID-19 Antibodies after Infection and
Vaccination. Microbiol Spectr, 2022. 10(5): p. €0202622.

Wang, S., et al., Establishment of a pseudovirus neutralization assay based on SARS-CoV-2 S protein
incorporated into lentiviral particles. Biosaf Health, 2022. 4(1): p. 38-44.

Cruz-Cardenas, J.A., et al., A pseudovirus-based platform to measure neutralizing antibodies in Mexico
using SARS-CoV-2 as proof-of-concept. Sci Rep, 2022. 12(1): p. 17966.

Sun, Y., et al.,, SARS-CoV-2 Neutralization Assays Used in Clinical Trials: A Narrative Review. Vaccines,
2024.12(5): p. 554.

Sinn, P.L., et al., Lentiviral Vectors Pseudotyped with Filoviral Glycoproteins. Methods Mol Biol, 2017. 1628: p.
65-78.

Zhang, M., et al., TIM-1 Augments Cellular Entry of Ebola Virus Species and Mutants, Which Is Blocked
by Recombinant TIM-1 Protein. Microbiol Spectr, 2022. 10(3): p. €0221221.

McKay, T., et al., Influenza M2 envelope protein augments avian influenza hemagglutinin pseudotyping
of lentiviral vectors. Gene Therapy, 2006. 13(8): p. 715-724.

Ferrara, F., et al., Development of Lentiviral Vectors Pseudotyped With Influenza B Hemagglutinins:
Application in Vaccine Immunogenicity, mAb Potency, and Sero-Surveillance Studies. Front Immunol,
2021. 12: p. 661379.

Bulcha, J.T., et al., Viral vector platforms within the gene therapy landscape. Signal Transduct Target Ther, 2021.
6(1): p. 53.

Strebinger, D., et al., Cell type-specific delivery by modular envelope design. Nat Commun, 2023. 14(1): p. 5141.
Gollan, T.J. and M.R. Green, Redirecting retroviral tropism by insertion of short, nondisruptive peptide
ligands into envelope. J Virol, 2002. 76(7): p. 3558-63.

Yu, B, et al.,, Engineered cell entry links receptor biology with single-cell genomics. Cell, 2022. 185(26): p.
4904-4920 e22.

Takano, K.A.,, et al., Envelope protein-specific B cell receptors direct lentiviral vector tropism in vivo. Mol
Ther, 2024. 32(5): p. 1311-1327.

Yonezawa, A., et al., Replacement of the V3 region of gp120 with SDF-1 preserves the infectivity of T-cell
line-tropic human immunodeficiency virus type 1. J Virol, 2001. 75(9): p. 4258-67.

Stitz, ]J., et al,, Lentiviral vectors pseudotyped with envelope glycoproteins derived from gibbon ape
leukemia virus and murine leukemia virus 10A1. Virology, 2000. 273(1): p. 16-20.

Mirow, M, et al., Efficient Pseudotyping of Different Retroviral Vectors Using a Novel, Codon-Optimized
Gene for Chimeric GALV Envelope. Viruses, 2021. 13(8).

Salazar-Garcia, M., et al., Pseudotyped Vesicular Stomatitis Virus-Severe Acute Respiratory Syndrome-
Coronavirus-2 Spike for the Study of Variants, Vaccines, and Therapeutics Against Coronavirus Disease
2019. Front Microbiol, 2021. 12: p. 817200.

Wickersham, I.R., et al., Monosynaptic restriction of transsynaptic tracing from single, genetically targeted
neurons. Neuron, 2007. 53(5): p. 639-47.

Kamel, M.S., R.A. Munds, and M.S. Verma, The Quest for Immunity: Exploring Human Herpesviruses as
Vaccine Vectors. Int ] Mol Sci, 2023. 24(22).

Travieso, T., et al., The use of viral vectors in vaccine development. NP] Vaccines, 2022. 7(1): p. 75.

Xiang, Q., et al., Application of pseudovirus system in the development of vaccine, antiviral-drugs, and
neutralizing antibodies. Microbiol Res, 2022. 258: p. 126993.

Bentley, E.M., S.T. Mather, and N.J. Temperton, The use of pseudotypes to study viruses, virus sero-epidemiology
and vaccination. Vaccine, 2015. 33(26): p. 2955-62.

Racine, T., G.P. Kobinger, and E.]. Arts, Development of an HIV vaccine using a vesicular stomatitis virus
vector expressing designer HIV-1 envelope glycoproteins to enhance humoral responses. AIDS Research
and Therapy, 2017. 14(1): p. 55.

Jain, S, et al., Development of a neutralization assay using a vesicular stomatitis virus expressing Nipah
virus glycoprotein and a fluorescent protein. Virology, 2023. 587: p. 109858.

Bernacchi, S., Visualization of Retroviral Gag-Genomic RNA Cellular Interactions Leading to Genome
Encapsidation and Viral Assembly: An Overview. Viruses, 2022. 14(2).

Philippe, S., et al., Lentiviral vectors with a defective integrase allow efficient and sustained transgene expression
<i>in vitro</i> and <i>in vivo</i>. Proceedings of the National Academy of Sciences, 2006. 103(47): p. 17684-
17689.


https://doi.org/10.20944/preprints202409.1590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

17

Mitra, A., et al., From bench to bedside: the history and progress of CAR T cell therapy. Front Immunol,
2023. 14: p. 1188049.

Albelda, S.M., CAR T cell therapy for patients with solid tumours: key lessons to learn and unlearn. Nat
Rev Clin Oncol, 2024. 21(1): p. 47-66.

Nikolic, J., et al., Structural basis for the recognition of LDL-receptor family members by VSV glycoprotein.
Nat Commun, 2018. 9(1): p. 1029.

Hwang, B.Y. and D.V. Schaffer, Engineering a serum-resistant and thermostable vesicular stomatitis virus
G glycoprotein for pseudotyping retroviral and lentiviral vectors. Gene Ther, 2013. 20(8): p. 807-15.
Hirano, M., et al,, Highly efficient retrograde gene transfer into motor neurons by a lentiviral vector
pseudotyped with fusion glycoprotein. PLoS One, 2013. 8(9): p. €75896.

Kato, S., et al., Neuron-specific gene transfer through retrograde transport of lentiviral vector pseudotyped
with a novel type of fusion envelope glycoprotein. Hum Gene Ther, 2011. 22(12): p. 1511-23.

Cannon, J.R, et al., Pseudotype-dependent lentiviral transduction of astrocytes or neurons in the rat
substantia nigra. Exp Neurol, 2011. 228(1): p. 41-52.

Colin, A, et al., Engineered lentiviral vector targeting astrocytes in vivo. Glia, 2009. 57(6): p. 667-79.

Fassler, M., et al., Preferential lentiviral targeting of astrocytes in the central nervous system. PLoS One,
2013. 8(10): p. €76092.

Cruz-Cardenas, J.A., et al., A pseudovirus-based platform to measure neutralizing antibodies in Mexico
using SARS-CoV-2 as proof-of-concept. Scientific Reports, 2022. 12(1): p. 17966.

Ayoub, P.G,, et al, Improved SARS-CoV-2 Spike Glycoproteins for Pseudotyping Lentiviral Vectors.
Frontiers in Virology, 2021. 1.

Letko, M., A. Marzi, and V. Munster, Functional assessment of cell entry and receptor usage for SARS-CoV-
2 and other lineage B betacoronaviruses. Nature Microbiology, 2020. 5(4): p. 562-569.

Dietzgen, R.G,, et al., The family Rhabdoviridae: mono- and bipartite negative-sense RNA viruses with
diverse genome organization and common evolutionary origins. Virus Research, 2017. 227: p. 158-170.
Majid, A.M. and G.N. Barber, Recombinant Vesicular Stomatitis Virus (VSV) and Other Strategies in HCV
Vaccine Designs and Immunotherapy, in Hepatitis C Viruses: Genomes and Molecular Biology, S.L. Tan,
Editor. 2006, Horizon Bioscience Copyright © 2006, Horizon Bioscience.: Norfolk (UK).

Salazar-Garcia, M., et al., Pseudotyped Vesicular Stomatitis Virus-Severe Acute Respiratory Syndrome-
Coronavirus-2 Spike for the Study of Variants, Vaccines, and Therapeutics Against Coronavirus Disease
2019. Front Microbiol, 2021. 12: p. 817200.

Wickersham, LR., et al, Monosynaptic Restriction of Transsynaptic Tracing from Single, Genetically
Targeted Neurons. Neuron, 2007. 53(5): p. 639-647.

Jin, L., et al.,, Long-term labeling and imaging of synaptically connected neuronal networks in vivo using
double-deletion-mutant rabies viruses. Nature Neuroscience, 2024. 27(2): p. 373-383.

Neve, R., Generation of High-Titer Defective HSV-1 Amplicon Vectors, in Vectorology for Optogenetics
and Chemogenetics, Mark A.G. Eldridge and A. Galvan, Editors. 2023, Humana New York, NY. p. 29-49.
Chen, S.H.,, et al., Vector Tropism, in Vectorology for Optogenetics and Chemogenetics, M.A.G. Eldridge and A.
Galvan, Editors. 2023, Humana New York, NY. p. 105-123.

Anderson, D.B,, et al., Pseudotyping of glycoprotein D-deficient herpes simplex virus type 1 with vesicular
stomatitis virus glycoprotein G enables mutant virus attachment and entry. J Virol, 2000. 74(5): p. 2481-7.
Rogalin, H.B. and E.E. Heldwein, Characterization of Vesicular Stomatitis Virus Pseudotypes Bearing
Essential Entry Glycoproteins gB, gD, gH, and gL of Herpes Simplex Virus 1. ] Virol, 2016. 90(22): p. 10321-
10328.

Hilterbrand, A.T., R.E. Daly, and E.E. Heldwein, Contributions of the Four Essential Entry Glycoproteins
to HSV-1 Tropism and the Selection of Entry Routes. mBio, 2021. 12(2).

Yang, L., et al., Targeting lentiviral vectors to specific cell types in vivo. Proc Natl Acad Sci U S A, 2006. 103(31):
p. 11479-84.

Kasaraneni, N, et al., A simple strategy for retargeting lentiviral vectors to desired cell types via a disulfide-
bond-forming protein-peptide pair. Sci Rep, 2018. 8(1): p. 10990.

Soukupova, M., et al.,, Improvement of HSV-1 based amplicon vectors for a safe and long-lasting gene
therapy in non-replicating cells. Mol Ther Methods Clin Dev, 2021. 21: p. 399-412.

Schaffer, D.V., ].T. Koerber, and K.I. Lim, Molecular engineering of viral gene delivery vehicles. Annu Rev
Biomed Eng, 2008. 10: p. 169-94.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202409.1590.v1

