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ARTICLE INFO ABSTRACT

Keywords: The global poultry industry plays a pivotal role in providing eggs and meat for human consumption. However,
Newcastle virus disease outbreaks of viral disease, especially Newcastle virus disease (NDV), within poultry farms have detrimental ef-
VLPs

fects on various zootechnical parameters, such as body weight gain, feed intake, feed conversion ratio, as well as
the quality of egg and meat production. Cases of vaccine failure have been reported in regions where highly
pathogenic strains of NDV are prevalent. To tackle this challenge, virus-like particles (VLPs) have emerged as a
potential solution. VLPs closely resemble natural viruses, offering biocompatibility and immune-stimulating
properties that make them highly promising for therapeutic applications against NDV. Hence, this review em-
phasizes the significance of NDV and the need for effective treatments. The manuscript will contain several key
aspects, starting with an exploration of the structure and properties of NDV. Subsequently, the paper will delve
into the characteristics and benefits of VLPs compared to conventional drug delivery systems. A comprehensive
analysis of VLPs as potential vaccine candidates targeting NDV will be presented, along with a discussion on
strategies for loading cargo into these NDV-targeting VLPs. The review will also examine various expression
systems utilized in the production of NDV-targeting VLPs. Additionally, the manuscript will address future
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Delivery vehicles

prospects and challenges in the field, concluding with recommendations for further research.

1. Introduction

Newcastle disease virus (NDV) is a highly contagious poultry disease
that affects the respiratory, nervous, and digestive systems, causing
significant losses to the poultry industry [1]. The disease is well-
documented, with 18 genotypes and over 236 susceptible avian spe-
cies reported worldwide [1-3]. The disease is characterized by respi-
ratory, neurological, and gastrointestinal symptoms, leading to high
morbidity and mortality rates in infected birds [4]. The ongoing chal-
lenge in the development of NDV vaccines lies in the ever-changing
nature of genetically varied genotypes that are widely dispersed across
different regions [5]. Vaccines, including live attenuated and inacti-
vated formulations, are commonly used to protect poultry from NDV
[6]. However, the administration of live vaccines can lead to respiratory
symptoms, and the occurrence of frequent vaccine failures can be
attributed to pre-existing conditions and the interference caused by
maternal antibodies [7]. To address these challenges, recombinant viral
vector vaccines have been developed, utilizing various vectors such as
Fowlpox virus (FPV) and Herdwicks visna maedi virus (HVT) expressing

NDV proteins [5]. These vaccines offer advantages in terms of stability,
in vivo replication, and the ability to co-express multiple heterologous
proteins [5]. NDV itself is used as a viral vector for bivalent vaccines,
demonstrating its potential for creating vaccines against other avian
pathogens [8,9]. Additionally, a linear immunodominant epitope in the
NDV protein has been identified, showing promise for epitope-based
vaccine development [10]. However, viral vector vaccines entail a
more intricate manufacturing process and carry the risk of genomic
integration. Moreover, the immune response to these vaccines can be
dampened by pre-existing immunity against the vector [11].

In recent years, virus-like particles (VLPs) can be emerged as a
promising tool for the cargo delivery or vaccine against NDV. VLPs are
intricate formations composed of viral structural proteins that closely
resemble both the physical structure and antigenic properties of actual
viruses. However, they do not contain the viral genome [12]. This
unique characteristic makes VLPs non-infectious and safe for thera-
peutic applications. Moreover, the utilization of VLPs as cargo delivery
systems presents several advantages compared to traditional nano-
particles. Firstly, VLPs can be engineered to display specific viral surface
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proteins, enabling targeted delivery of antiviral drugs to the infected
cells. By exploiting the natural tropism of NDV, VLPs can be designed to
selectively bind to the viral receptors expressed on the surface of the
infected cells, thereby enhancing drug uptake and reducing off-target
effects [13]. Secondly, VLPs provide a stable and protective environ-
ment for encapsulating antiviral drugs, shielding them from degradation
and improving their stability during circulation [14]. This encapsulation
not only enhances drug solubility but also enables controlled release at
the site of infection, ensuring sustained therapeutic concentrations of
the drug [14]. Third, VLPs can be easily modified and functionalized to
enhance their drug delivery capabilities. Surface modifications, such as
the addition of targeting ligands or PEGylation, can improve the phar-
macokinetics, biodistribution, and cellular uptake of VLPs [15], further
enhancing their therapeutic potential against Newcastle virus. Further-
more, VLPs have inherent immunomodulatory properties due to their
structural similarity to native viruses [16]. They can stimulate the im-
mune system, leading to enhanced immune responses and potential
synergistic effects with antiviral drugs [16]. Finally, VLPs are generally
considered biocompatible and well-tolerated by the body [17]. They
have a low risk of inducing adverse immune reactions or toxicity,
making them suitable for therapeutic applications [17]. Therefore, the
unique characteristics and advantages of VLPs make them promising
carriers for antiviral drugs against NDV.

In this comprehensive review, the objective is to provide a detailed
overview of the utilization of virus-like particles (VLPs) as vaccines
against Newcastle disease virus (NDV). The paper will cover various
aspects including the structure and properties of NDV, the characteris-
tics and advantages of VLPs as compared to conventional drug delivery
systems. A thorough examination of NDV-targeting VLPs as potential
vaccine candidates will be presented, followed by a discussion on stra-
tegies for cargo loading into NDV-targeting VLPs. The review will also
explore different expression systems employed for the production of
NDV-targeting VLPs. Furthermore, future prospects and challenges in
the field will be addressed, along with recommendations for further
research. By exploring the potential of VLPs as an innovative cargo de-
livery platform for antiviral therapy against NDV [18], this review aims
to contribute towards the development of more effective and targeted
treatments for NDV, thereby minimizing its impact on both the poultry
industry and public health.

2. Structure and properties of Newcastle virus

Newcastle disease virus (NDV) belongs to the genus Avulavirus
within the Paramyxoviridae family. The virus possesses an enveloped
structure and harbors a non-segmented, negative-sense RNA genome
spanning approximately 15,192 bp [19]. The viral particle consists of
several structural components that contribute to its infectivity and
pathogenicity [19,20].

The body of the virus consists of envelope proteins, matrix protein,
and ribonucleoprotein complex [21]. The envelope of NDV is derived
from the host cell membrane during the process of viral budding. The
envelope proteins contain viral glycoproteins, including the
hemagglutinin-neuraminidase (HN) and fusion (F) proteins, which play
key roles in viral entry, attachment, and fusion with host cells [22]. The
HN protein is a multifunctional glycoprotein present on the surface of
NDV and mediates the attachment of the virus to sialic acid-containing
receptors on host cells. Additionally, the HN protein facilitates the
release of newly generated virions from infected cells due to its neur-
aminidase activity [22]. Upon attachment, the F protein takes on the
role of merging the viral envelope with the host cell membrane [23]. It
undergoes conformational alterations upon binding to receptors, initi-
ating the fusion of viral and cellular membranes, and enabling the viral
genome to enter the host cell. The matrix protein (M) lies beneath the
viral envelope and provides structural integrity to the virus [24]. It is
involved in viral assembly, budding, and regulation of viral RNA syn-
thesis. The Ribonucleoprotein Complex (RNP) comprises the viral RNA
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genome associated with nucleoprotein (NP), phosphoprotein (P), and
large polymerase protein (L) [22]. Once inside the host cell, the viral
RNA is released, and the viral RNP complex is uncoated. The viral RNA
serves as a template for both genome replication and synthesis of viral
mRNAs by using the P and L proteins [25]. Subsequently, the viral
mRNAs are translated by host cell ribosomes to produce viral proteins,
including non-structural and structural proteins [22]. The structural
proteins, such as NP, P, and L, are involved in viral particle assembly
[25]. The newly synthesized viral components are transported to the
plasma membrane, where viral budding occurs, resulting in the release
of mature viral particles [20].

NDV is a viral pathogen capable of infecting over 200 species of wild
birds and domestic poultry [26]. It spreads when infected birds release
the virus through their mouth and rear opening, and other birds can
catch it by breathing it in or eating it [27]. The presentation of NDV
symptoms can vary based on the specific virus strain and the species of
bird affected. These symptoms range from reduced food intake and
decreased egg production in layer hens to an exceptionally high mor-
tality rate, reaching up to 100 % in unvaccinated birds [26]. Scientists
use four categories to describe how harmful the different types of NDV
are when they experimentally infect chickens that don’t have any other
diseases. These categories are determined by how strong the virus is in
infecting chickens, i.e. velogenic with high morbidity and mortality,
mesogenic with high morbidity and low mortality, lentogenic with low
morbidity and mortality, and asymptomatic enteric [26]. Although all
NDV are part of the same group, they have different genes and proteins
and keep changing over time [27,28]. The symptoms of NDV usually
appear within two to fifteen days after a bird gets infected, but some-
times it can take up to four weeks [26]. Scientists have found that NDV
can be divided into two groups based on their full genome sequence: one
group is mainly not very harmful, and the other has 20 subgroups with
different levels of harmfulness [27,28]. These subgroups have prefer-
ences for infecting certain bird species and are found in different places
around the world [27,28]. Because the number of NDV cases is
increasing, and the viruses are changing a lot over time [3,26], it’s
crucial to have effective ways to control and prevent the disease. Un-
derstanding the structure and properties of NDV is crucial for developing
effective antiviral strategies. This knowledge provides a foundation for
exploring the potential of VLPs for cargo delivery against NDV, which
will be further discussed in subsequent sections.

3. Understanding virus-like particles (VLPs)

Since VLPs are comprised of structural proteins from viruses that self-
assemble into well-organized structures, they possess the morphology
and antigenic properties similar to those present in natural viruses
[29-32]. The resulting VLPs resemble intact viruses in terms of size,
shape, and surface antigens, making them ideal candidates for various
applications, including drug delivery and vaccine [33-36].

VLPs possess several important characteristics that contribute to
their suitability as drug carriers [37-39]: (i) lack the viral genome
necessary for replication and are therefore non-infectious, resulting in
enhanced their safety profile, minimizing the risk of causing disease in
recipients. (ii) possess inherent self-assembly properties, meaning they
spontaneously form from the viral structural proteins without the need
for additional components, which attribute simplifies their production
and enhances their stability during storage and circulation. (iii) can
elicit robust immune responses due to their structural similarity to
native viruses and activate both innate and adaptive immune responses,
making them valuable tools for vaccine development and
immunotherapy.

VLPs are classified into three main groups based on their structural
diversity: non-enveloped, enveloped, and chimeric (Fig. 1). Enveloped
VLPs, complex structures with a host-cell-derived membrane and gly-
coproteins, have been utilized for drug delivery and vaccine develop-
ment [40]. In a specific case, Rous sarcoma virus (RSV) enveloped VLPs
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were modified to display a humanized CC49 antibody fragment (hCC49)
on silkworm larvae. This modification allowed the targeted delivery of
doxorubicin to human colon carcinoma cells. The drug was loaded into
the hCC49-modified RSV VLPs using electroporation (Fig. 2) [40]. Sec-
ond group, non-enveloped VLPs, are nano-constructs comprised of sin-
gle or multiple capsid proteins, lacking cell membranes [41]. They offer
the advantage of surface manipulation through chemical and genetic
methods, allowing them to expose peptides or epitopes on their surfaces.
This manipulation enables them to elicit broader immunological re-
sponses [41]. For example, non-enveloped VLPs obtained from the
coxsackievirus B3 antigen have been observed to elicit improved hu-
moral immune responses and confer protection against myocarditis in
murine models [42]. Finally, chimeric VLPs are nano-constructs that
combine structural proteins from different viral serotypes [43], allowing
for the modification of the VLP core with antigens and the encapsulation
of multiple therapeutic or diagnostic molecules [44]. They offer a range
of benefits such as presenting foreign epitopes, encapsulating diagnostic
molecules or multiple therapeutic, and specifically targeting cells, tis-
sues, or organs [45]. In a particular study, chimeric VLPs were synthe-
sized using two capsid proteins, gag and M1, obtained from the
influenza virus A/swine flu/Iowa/15/30/H1N1, within silkworms [46].
These  chimeric VLPs were modified to contain a
glycosylphosphatidylinositol-anchored single-chain variable fragment
region, enabling specific targeting of colon carcinoma cells [20]. Addi-
tionally, these VLPs were employed as carriers for the delivery of
doxorubicin at a concentration of 13.7 nM [46]. However, the

Bombyxin signal

sequence

[ 1]

RSV gag gene

BmNPV/RSV-gag-577 bacmid
|

FLAG sequen:

Vaccine: X 16 (2024) 100440

production of chimeric VLPs is influenced by factors such as glycosyla-
tion patterns, steric effects, protein conjugation, antigen length, and cell
type [39].

Since NDV is an enveloped virus, the VLPs produced from it possess
surface glycoproteins that exhibit correct folding and insertion into
membranes, displaying repeating patterns characteristic of enveloped
viruses [25]. Studies have indicated that paramyxovirus VLPs can be
generated through the expression of either the M protein alone or in
combination with different glycoproteins and NP [47-50]. In fact, cells
that express the NDV HN, F, NP, and M proteins are capable of releasing
particles that exhibit both structural and functional similarities to
authentic virus particles [51,52]. The distinctive characteristic of ND
VLPs, setting them apart from other paramyxovirus VLPs and numerous
other types of VLPs, is their remarkable efficiency of release [52]. In
previous studies, the efficiency of release for various paramyxovirus
VLPs, as determined by the release of M protein, has been reported to
range between 10 % and 50 % [49,50], while ND VLPs exhibit an
impressive release efficiency of 84 % [51]. Consequently, it is relatively
straightforward to generate substantial quantities of these particles,
even from cells that have undergone transient transfection [51,53].
Hence, the M protein is positioned on the inner surface of the NDV en-
velope and plays a crucial role in the production of ND VLPs [52]. The M
protein alone is capable of facilitating VLP assembly. Nevertheless, for
efficient VLP budding, it is necessary to co-express the N protein along
with either the F or HN glycoprotein in conjunction with the M protein
[54]. Therefore, the presence of biologically active glycoproteins within
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ND VLPs suggests that these proteins have properly folded into an
authentic conformation during the process of VLP assembly. Much like
the HN protein associated with virions, the HN protein associated with
VLPs plays a role in cell binding and exhibits neuraminidase activity
[51]. Similar to the F protein associated with virions, the F protein
associated with VLPs is capable of facilitating the fusion between the
VLP membrane and red blood cell membranes [51]. Furthermore, the
assembly of NDV glycoproteins (HN and F proteins) into VLPs is
attributed to the specific interactions between the cytoplasmic (CT) and
transmembrane (TM) domains of the glycoproteins and the core proteins
of NDV. In contrast, the ectodomain of the glycoproteins has minimal
influence on the assembly process [55]. In a study conducted by Gravel,
McGinnes [56], it was demonstrated that the precise sequence of the
transmembrane (TM) domain in the NDV F protein plays a crucial role in
determining the conformation of the ectodomain in its preactivation
form. This sequence also influences the interactions between the F
protein and the HN protein, as well as the fusion activity of the protein.

4. The possibility of VLPs as anti-NDV compounds carriers

The preferred approach to prevent the NDV involves the utilization
of killed or live attenuated vaccines. Instances of vaccination failure
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have been documented in areas where the highly pathogenic strains of
NDV are prevalent [3,57,58]. However, the continuous emergence of
new variants and their ability to cause outbreaks, even in vaccinated
chickens [59], highlights the high mutation rate of NDV. Addressing this
issue, an alternative solution would be the administration of antiviral
drugs targeting NDV using VLPs, although currently, such drugs are not
accessible on the market.

While numerous antiviral compounds have the ability to freely
permeate cells and diffuse randomly, there is a need to achieve a more
targeted concentration of the drug in specific cells. This targeted de-
livery aims to enhance drug efficacy and minimize potential side effects
[60]. Based on the aforementioned characteristics, VLPs emerge as a
prime candidate for this purpose. Promising anti-NDV agents from
diverse sources are highlighted in Table 1, demonstrating effective ef-
ficacy against NDV. Despite the natural tropism of VLPs, their efficacy
and ability to target specific cells are commonly enhanced through
chemical modifications of their surface to present anti-NDV agents and
signal molecules, respectively [61]. Current antiviral candidates against
NDV face limitations such as drug resistance, potential side effects, and
restricted efficacy against diverse viral strains [62]. However, utilizing
VLP formulation may show potential in addressing these challenges. To
date, there have been no documented instances of incorporating

Table 1
Potential candidate anti-NDV agents derived from various sources.
Anti-NDV compound Source Efficacy Characterizations Ref.
Nitazoxanide An approved medication ICsp = 60 pM Mode of action against NDV and other viruses: (i) impeding [110-115]
influenza virus replication by hindering the maturation of the
hemagglutinin protein, (ii) causing misfolding of the Sendai virus F
protein followed by preventing its transport to the plasma
membrane, (iii) reducing the size of viroplasm in rotavirus and
resulting in a decrease in dsRNA formation, (iv) the activation of
the protein kinase R (PKR) of Hepatitis C virus, subsequently
triggering the phosphorylation of eukaryotic initiation factor 2«
(elF2-a), and (v) disrupting the replication of bovine viral diarrhea
virus by triggering endoplasmic reticulum stress.
n-Docosanol An FDA-approved saturated fatty Survival rate Reducing the NDV load in digestive tissues (26.2 % to 33.9 %), [116]
alcohol from 37.4 % to respiratory tissues (38.3 % to 63 %), nervous tissues (26.7 % to
53.2 % 51.1 %), and lymphatic tissues (16.4 % to 29.1 %); decreasing virus
shedding in oropharyngeal discharge and feces, effectively
restricting the spread of NDV.
Propolis flavone Derived from plants, or collected - A valuable adjunct and antiviral agent, particularly in chickens [117,118]
and processed by bees administered inactivated or activated vaccines; exhibits the
capacity to enhance both humoral and cellular immune responses,
thereby bolstering immune activity; successfully developed live
vaccines against NDV using chitosan nanoparticles.
Fucoidan A sulfated polysaccharide found in 1S50 > 2000 Revealed a 48 % reduction in viral infection and decreased [119]
the cell wall of brown algae expression of the NDV HN protein.
C4- and C5-substituted 2,3-unsat- Synthesized compounds 1Cs values Decrease in the infection of NDV within Vero cells through [120]
urated sialic acid derivatives ranging from inhibitory activity against neuraminidase; exhibited minimal
0.03 to 13 pM toxicity.
9-butyl-harmol p-carboline derivatives - Targeting the GSK-3p and HSP90p, thereby suppressing the [121]
infection of NDV.
Maackiain (SR-1) and Flavonoids extracted from Sophora - Inhibit viral entry, replication, and transcription against NDV. [122]
echinoisoflavanone (SR-2) interrupta Bedd. plant
Telomycin Derived from Streptomyces - Inhibit the hemagglutination activity of NDV strain (MN635617) [123]
coeruleorubidus with log10° infectivity titers (EIDso/mL).
Diethyl phthalate derived from Streptomyces - Inhibition of the hemagglutination (HI) activity of NDV strain [124]
misakimycin (MN635617) at log10” infectivity titers (EIDso/mL).
Limonin Derived from citrus fruits - Reduces NDV replication in various cell lines and down-regulates [125]
the expression of NDV HN and matrix genes.
Solomonseal Polysaccharide (PS) Derived from Codonopsis pilosula - Killing the virus and suppressing the expression of viral antigen [126]
and Sulfated Polysaccharide during in vitro tests; Lowest mortality and morbidity rates, with the
(sPS) highest cure rate during in vivo tests.
Ulvan A sulfated polysaccharide derived ICs value of 0.1 Inhibiting cell-cell spread through direct interaction with the FO [127]
from Ulva clathrate pg/mL protein.
Lithium Chloride A chemical compound - Effectively inhibited NDV replication and reduced the levels of a [128]
stress-inducible protein called GRP78
Emetine A natural product derived from - Inhibit the replication of NDV viral RNA at noncytotoxic [129]
Hedera helix, Alangium longiflorum, concentrations; impede viral entry into host cells; decrease in the
and other organisms synthesis of viral polymerase.
Degraded p-chitosan Derived from crustaceans - Effectively reduces the hemagglutination titer to zero, indicating [130]

its strong antiviral properties
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antiviral compounds specific to NDV into VLPs. However, this concept
holds promise for future investigations, as the combination of VLPs and
antiviral candidates can achieve synergistic effects. Hence, the immu-
nomodulatory properties of VLPs can enhance the antiviral activity of
candidates by promoting immune activation and reducing viral repli-
cation. This combined approach holds promise for improving thera-
peutic outcomes and overcoming drug resistance. The use of VLPs as
drug carriers presents an innovative strategy to enhance drug delivery,
improve efficacy, and potentially minimize side effects associated with
conventional drug formulations [34]. This approach holds promise for
advancing antiviral therapies against NDV.

5. Application of VLPs for combating against NDV

Vaccination plays a critical role in combating viral infections.
However, vaccines developed for NDV have primarily relied on lento-
genic genotype II NDV strains, such as clone 30, B1, and LaSota, pro-
vided many years ago [63]. The genetic distances between these vaccine
strains and the currently prevalent genotype VII strains range from 18.3
% to 26.6 % [27]. While these vaccines effectively prevent clinical
symptoms, they do not completely suppress virus shedding in in-
dividuals infected with virulent NDV strains [3]. VLPs not only possess
immunogenic properties but also have the potential for cargo delivery
and gene therapy by carrying and encapsulating various molecules,
enabling targeted delivery to specific cells, tissues, or organs [64]. Cells
employ receptor-mediated endocytosis to uptake VLPs, which are then
transported through endosomes and lysosomes for degradation [64].
However, this limits drug delivery efficacy. To overcome this, VLPs are
utilized as nanocarriers due to their capacity to evade lysosomal
degradation, enhancing cargo delivery potential [64]. To address the
limitations of current inactivated commercial vaccines for NDV, re-
searchers developed dendritic cell (DC)-targeting strategies to enhance
adaptive and mucosal immune responses against respiratory pathogens
[65]. During a study, chimeric VLPs decorated with a DC-binding pep-
tide (DCpep) were created, incorporating haemag-
glutinin—neuraminidase (HN) derived from NDV and haemagglutinin
(HA) derived from avian influenza virus (AIV) [65]. The DCpep-
decorated chimeric VLPs effectively stimulated DCs in vitro and eli-
cited robust immune responses in chickens, including increased secre-
tion of secretory immunoglobulin A (sIgA) and differentiation of splenic
T-cells [65]. Administration of 40 pg of chimeric VLPs provided com-
plete protection against both heterologous and homologous NDV strains,
as well as AIV HON2 [65]. Moreover, intranasal administration of
DCpep-decorated chimeric VLPs resulted in superior immune responses
compared to intramuscular administration, as evidenced by enhanced
secretion of sIgA and reduced shedding period of virus [65]. Overall,
these chimeric VLPs hold promise as vaccine candidates for controlling
AIV HON2 and NDV, offering a versatile platform with multivalent an-
tigens. Importantly, in cases of infection with a homologous NDV strain,
the use of H9/F-DCpep-cVLPsIN led to a 100 % protection rate, ensuring
survival without any viral shedding [66]. In contrast, the inactivated
NDV vaccine exhibited an approximate 90 % protection rate [66]. In
another investigation, the immunostimulatory effects of VLPs incorpo-
rating the M and HN proteins of genotype VII NDV were examined on
DCs in vitro [67]. Subsequently, the immunogenicity of these VLPs was
evaluated in mice. The findings revealed that when stimulated by VLPs,
immature bone marrow-derived dendritic cells (BMDCs) exhibited an
up-regulation in the expressions of MHC II, CD86, CD80, and CD40
molecules [67]. Additionally, VLPs induced increased secretion of IFN-y,
TNF-a, IL-12p70, and IL-6 cytokines by BMDCs [67]. Moreover, VLPs
elicited the immunostimulatory potential of DCs, resulting in the pro-
liferation of autologous T-cells [67]. Furthermore, VLPs demonstrated
the ability to elicit strong cellular and humoral immune responses [67].
The administration of VLPs In C57BL/6 mice resulted in the recruitment
of mature DCs to the spleen. This was supported by a notable
enhancement in the proliferation of CD11c + CD86 + cells, indicating
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their double-positive phenotype [67]. In an independent study, VLPs
were constructed by assembling the three key structural proteins of
velogenic NDV, which include HN, F, and M glycoproteins [68]. Mice
receiving three doses of NDV VLPs with a 10-day interval between each
vaccination exhibited significantly elevated levels of IFN-y, TNF-a, IL10,
and IL2 (p < 0.05) in their splenocyte suspension cells as assessed by
ELISA, while mice receiving two doses of NDV VLPs with the same in-
terval and mice receiving a Bl live vaccine booster displayed compar-
atively lower cytokine levels [68]. The group of chickens that received
only NDV VLPs had higher levels of CD8 + cells, and all of them survived
when exposed to NDV sub-genotype VII, whereas two out of six chickens
that received NDV VLPs followed by a B1 live vaccine did not survive the
infection. In conclusion, these findings strongly suggest that the T-cell
immune response is more crucial than the B-cell response in NDV
infection [68]. A study was undertaken to develop a bivalent vaccine
capable of providing a single immunization against both AIV and NDV
[69]. The researchers constructed a chimeric VLP by combining the M1
protein and HA protein of AIV with a chimeric protein containing the
cytoplasmic and transmembrane domains of AIV neuraminidase protein
(NA) and the ectodomain of NDV HN protein (NA/HN) [69]. When
chickens were immunized with this chimeric VLP vaccine, they pro-
duced antibodies specific to both AIV H5 and NDV. The hemagglutina-
tion inhibition (HI) titers and specific antibodies elicited by the chimeric
VLPs were comparable, in a statistically significant manner, to those
induced by the respective commercial monovalent vaccines [69].
Furthermore, chickens that received the chimeric VLP vaccine and were
subsequently challenged with the NDV F48E9 displayed complete pro-
tection [69]. In another study, an approach was employed the infectious
bronchitis virus (IBV) S1 protein and the ectodomain of NDV F protein
were separately fused with the transmembrane and carboxy-terminal
domain of IBV S protein (STMCT) [70]. This resulted in the creation
of two distinct components, rS and rF. These components were then
combined with the IBV M protein to construct a chimeric VLPs (IBV-NDV
VLPs). The findings revealed that immunization with the chimeric IBV-
NDV VLPs effectively stimulated both humoral and cellular immune
responses [70]. Furthermore, in a challenge study, administration of
100 pg VLP of the chimeric IBV-NDV VLPs provided complete protection
(100 %) against virulent challenges of both IBV and NDV, resulting in a
significant reduction in viral RNA levels in tissues and swabs [70].
Overall, these findings highlight the highly immunogenic nature of the
chimeric IBV-NDV VLPs and their ability to completely protect against
virulent challenges of IBV and NDV [70]. In another study, a bac-to-bac
expression system was utilized to create VLPs based on a genotype VII
strain of NDV [71]. The NDV VLPs were constructed using the NDV M
protein as a structural framework, with protective antigen NH and F
glycoproteins exposed on the surface [71]. The immunization assay
conducted in the study demonstrated that NDV VLPs provided a longer
duration of protection, reduced virus presence in tissues, and a shorter
period of virus shedding compared to the commercially available
LaSota-based vaccine when challenged with a genotype VII NDV strain
[71]. These findings suggest that NDV VLPs have the potential to serve
as an alternative to current live vaccines that may not match the
circulating genotypes, offering improved control and elimination of
NDV in avian populations. In a separate investigation, a bivalent VLPs
vaccine was generated, consisting of the M1 and HA glycoproteins
derived from the AIV H5N1, alongside a hybrid protein integrating the
ectodomain of the F protein derived from NDV with the transmembrane
and cytoplasmic domains of the HA protein derived from AIV [72].
Chickens immunized with this chimeric VLP vaccine demonstrated high
levels of antibodies against HSN1 AIV and NDV, as well as protection
against subsequent lethal infections caused by both viruses [72]. These
results suggest that the chimeric VLP vaccine holds promise as a strategy
for simultaneously controlling AIV and NDV in poultry. In a different
research, researchers produced NDV VLPs composing the NDV F and AIV
M1 proteins using the baculovirus/insect cell expression platform [73].
The healthy chickens were then vaccinated with NDV VLP vaccines
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formulated with oil emulsion, containing different doses of VLPs [73].
The vaccines induced the production of antibodies against NDV and
offered protection against a lethal challenge in a dose-dependent
manner. A single vaccination with NDV VLP vaccine at concentration
of 10 or 50 pg resulted in complete protection of chickens from a lethal
challenge and significantly reduced the amount of virus shed during the
challenge [73]. Through a separate study, researchers examined VLPs
produced by NDV proteins strain AV, including NP, M, HN, and F [51].
The VLPs were produced in specific quantities and given to BALB/c mice
as an immunization agent without any adjuvant [51]. The resulting
immune responses were similar to those obtained with equal quantities
of inactivated NDV vaccine. Additionally, the researchers successfully
incorporated F and HN glycoproteins derived from NDV B1 strain into
these VLPs [51]. Moreover, the successful integration of foreign peptides
into the VLPs was achieved by fusing them with the HN or NP protein
[51]. Significantly, the ectodomain of the Nipah virus G protein was
effectively integrated into NDV VLPs by combining it with the trans-
membrane and cytoplasmic domains of the NDV HN protein [51]. Ac-
cording to described methodologies, the application of VLPs for
combating against NDV holds significant promise. Further research and
development efforts are needed to optimize VLP design, improve tar-
geting strategies, evaluate long-term safety, and translate these ap-
proaches into practical clinical applications.

6. Strategies for loading cargo within NDV-targeting VLPs

Efficiently loading cargo VLPs is a critical step in the development of
VLP-based delivery systems. This process can be accomplished through a
range of approaches, including chemical, biological, and physical stra-
tegies. For a comprehensive understanding of these strategies, a detailed
review is available elsewhere [60], providing thorough insights into
their implementation and effectiveness. These strategies contain a range
of techniques, including fusion of foreign proteins with VLPs
[25,53,55,74], de novo packaging with nucleic acids [75], osmotic
shock [76], polymer-mediated adsorption [77-80], disassembly and
reassembly [81-83], chemical linking [84-86], and physical interaction
between VLPs and cargo [87-89]. However, among these techniques,

NDVF B
LTSTSA LITYIA

AIV H9 w—
EGTYKI  LTIYST
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the current method firstly employed for loading cargos into VLPs
designed for NDV entails the fusion of a foreign protein to the VLPs [90].
To enable the delivery of cargo proteins, they are either fused to or
inserted into the component proteins of VLPs using a linker [90]. Once
incorporated, these cargo proteins are transported to the target cells or
cell nuclei and subsequently released, aided by viral protease or other
mechanisms [90]. In a specific study, the sequences of F glycoprotein
derived from the NDV NA-1 strain and HA glycoprotein derived from the
AIV HON2 strain were applied for the purpose of cargo loading into VLPs
[65]. A fusion sequence, referred to as H9/F, was created, which enco-
ded the ectodomain of HA and the transmembrane domain of F [65]. In
order to improve cargo loading efficiency, the DCpep sequence (FYP-
SYHSTPQRP) and the melittin signal peptide derived from the baculo-
virus expression vector pFastBacl-HM were added at the 5’ end of H9/F
and then inserted into the pFastBacl vector [65]. The Bac-to-Bac
baculovirus/insect expression platform was utilized to generate rBV-
H9/F and rBV-H9/FDCpep. Co-transfection of rBV-H9/F, rBV-HN, and
rBV-M resulted in the production of H9/F-cVLPs, whereas co-
transfection of rBV-H9/F-DCpep, rBV-HN, and rBV-M led to the pro-
duction of H9/F-DCpep-cVLPs (Fig. 3) [65]. This approach has been
employed not only for antigen presentation but also for loading and
delivering proteins with various characteristics and functions, including
antibodies, transcription factors, and enzymes [60]. Initially, the pack-
aging and delivery of relatively small proteins within VLPs were con-
strained by the limited space and size of the VLPs. However, in recent
years, the field has witnessed significant advancements in gene editing
technology for therapeutic applications. This progress has sparked
growing interest among researchers in exploring the protein delivery or
protein fusion with larger molecular weights, such as dCas9-base editors
and Cas9 proteins [91-94]. However, it remains unclear whether the
function or dynamics of the cargo is affected by the scaffold protein.
Other techniques for cargo delivery using NDV-targeting VLPs have not
been fully explored yet, but hold potential for future research.

7. Expression systems for producing NDV-targeting VLPs

Choosing the proper expression system is of utmost importance in

Signal peptide

DC-binding peptide

FYPSYHSTPQRP

- 1BV-H9/F
HO/F q"“(ﬂsv-m /F-DCpep
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) m
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Fig. 3. A visual representation of the strategy involving the fusion of a foreign protein with VLPs for targeted delivery against NDV. The ectodomain of the NDV F
protein was substituted with the ectodomain of the AIV H9 protein, resulting in the formation of H9/F. To targeted cargo delivery, the DCpep sequence was fused to
the amino terminus of the H9/F protein using a GS-linker. The H9/F protein, along with the NDV HN protein, was co-expressed on the surface of NDV VLPs. Image

was .
adapted from [65]
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VLP production to ensure correct protein folding and post-translational
modifications. These modifications, including glycosylation and phos-
phorylation, can significantly affect the quaternary structure of VLP
proteins, ultimately impacting the immunogenicity of the vaccine [95].
A wide range of expression platforms have been employed for this
purpose, including bacteria, yeast, baculovirus/insect cells, plant cells,
avian and mammalian cells, and cell-free systems [34]. Among them,
baculovirus/insect, plant, and avian expression platforms have been
utilized for the production of NDV-targeting VLPs so far.

The baculovirus/insect expression system is widely employed for the
production of VLPs [96]. The presence of baculovirus in this expression
system offers convenience and rapidity, making it proper for producing
viral vaccines that frequently alter their surface antigens between out-
breaks [97]. Furthermore, insect cell expression systems provide
numerous advantages for VLP production, including the ability to form
multi-protein VLPs, high protein yield comparable to bacterial or yeast
systems, and the ability to make post-translational modifications [95].
The insect cell lines derived from Trichoplusia ni (Tn5) and Spodoptera
frugiperda (S£9/5£21) are commonly used for this purpose [96]. Research
investigations focusing on the production of NDV-targeting VLPs
consistently indicate that the baculovirus/insect expression system was
the prevailing choice among expression systems for this purpose. In a
study, genes encoding M and HN proteins were cloned into the bacu-
lovirus pFastBac Dual transfer vectors and recombinant baculovirus was
produced using baculovirus/sf9 insect expression system, resulting in
generated 3.5 mg/mL of the purified NDV VLPs [67]. In a separate study,
the pFast/GFP/F/M/HN construct was introduced into DH10 Bac
competent cells to generate recombinant Bacmid, which was subse-
quently expressed in sf9 insect cell lines. This expression process yielded
a substantial production of 635 pg/mL of NDV VLPs [68]. Using a similar
expression system, Shen, Xue [69] successfully generated recombinant
baculovirus, which led to the production of an impressive 1.56 mg of
chimeric VLP in a 1 L sf9 cell culture. Similar to previous studies, Noh,
Park [72] employed the sf9 insect expression system to generate re-
combinant baculovirus. However, they utilized the pHAM1F/HA vector
as their cloning construction in this study. While the baculovirus/insect
cell platform offers numerous benefits for VLP production, it does have a
potential drawback. In comparison to mammalian cells, the N-glyco-
sylation pattern of expressed glycoproteins in insect cells is relatively
simpler, which may limit the production of some VLPs [98]. In addition,
studies indicate a lack of efficient assembly of ND VLPs in insect cells
[99]. However, a promising approach has been developed to address this
issue. By enhancing the N-glycosylation machinery of insect cells,
particularly in specific strains like Ea4, the production of therapeutic
human glycoproteins can be simplified [100]. This strategy holds po-
tential for overcoming the limitations of insect cell-based glycosylation
and improving the applicability of the baculovirus/insect cell platform
for diverse VLP applications.

Plants serve as an attractive option for VLP vaccine manufacturing
due to their ability to produce abundant recombinant proteins at a low
cost. They possess the necessary machinery for post-translational mod-
ifications, ensuring proper protein folding and assembly. Plant-based
expression systems carry a lower risk of introducing human pathogens
compared to other systems. Moreover, plants can perform N-glycosyla-
tion, unlike bacteria-based expression systems [101]. Nevertheless, in
the current study, a plant expression platform was established to pro-
duce NDV-targeting VLPs transiently in Nicotiana bethamiana plants
[102]. Through the expression of the HN and/or F glycoproteins derived
from a genotype VIL.2 strain, NDV VLPs were effectively generated
within the plant expression system [102]. In this study, genes encoding
HN, F, and M glycoproteins of NDV were cloned into the pEAQ-HT
vector and transferred into plant cells using Agrobacterium tumefaciens
strain AGL-1 [102]. The authors indicated that based on their findings, a
conservative estimate suggests that 1 Kg of infiltrated leaf material
would be enough to conduct vaccination for 10,000 chickens. Each dose
would contain 1024 hemagglutination (HA) units (equivalent to 10
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log2) [102]. In addition, other studies have successfully demonstrated
that plant expression systems, specifically in potato (0.3-0.6 pg of HN
protein per mg of total leaf protein) [103], tobacco (3 pg of HN protein
per mg of total leaf protein) [104], maize (max. 1.66 pg/mL of F protein
and max. 2.4 pg/mL of HN protein) [105], and rice [106], exhibit
robustness in producing structural proteins of NDV, including F and HN
proteins. Hence, these plant expression systems present a viable alter-
native for producing plant-based NDV VLPs in future studies. It should
be noted that plants faced limitations in VLP production due to lower
yields and unique N-glycosylation patterns, compared to mammalian
expression systems [107]. Nevertheless, recent advancements in plant
expression systems and plant glycoengineering have overcome these
challenges [101].

Expression systems based on animal cells continue to be highly
valuable platforms for the production of VLPs [96,97]. These animal cell
expression platforms are known for their efficiency in generating re-
combinant proteins, primarily due to their capability to perform intri-
cate and precise post-translational modifications necessary for correct
protein folding [108]. CHO, ELL-0, CAP-T, HEK293, Vero 9, and BHK-21
cell lines are widely employed for recombinant VLP production [97].
Among them, CHO stands out as the most commonly utilized cell line
due to its non-human origin, thereby reducing the risk of contamination
with human viruses [97]. In a specific study, a chimeric VLP was con-
structed against NDV [51]. Accordingly, genes encoding NDV NP, M, F,
and HN proteins were introduced into the pCAGGS expression vector
[51]. In addition, Nipah virus G protein cDNA was linked into HN gene,
generating a chimeric construction (HN/NiVG). Subsequently, the
chimeric construction transfected into the ELL-0 cell lines using Lip-
ofectamine to produce chimeric VLPs. The expressed VLP had a yield of
509 pg/mL [51]. Another study has been investigated the essentiality
and adequacy of the M protein in the production and budding of NDV
VLPs [52]. For this purpose, authors cloned genes encoding uncleaved F
(F-K115Q), M, HN, and NP proteins of NDV into pCAGGS vector and
transferred into the ELL-0 cell lines using Lipofectamine for evaluating
the production of NDV VLPs. The findings exhibited that the efficiency
of VLP release is 83.8 % 4 1.1 % [52]. Nonetheless, the utilization of
mammalian cell expression systems for clinical material production is
accompanied by significant potential drawbacks, including prolonged
expression time, high production costs, low protein yield, and the risk of
cell lines being contaminated with mammalian pathogens [96]. It
should be noted that the efficient production of ND VLPs can be
accomplished in avian cells, eliminating the issues with production in
mammalian cells [12,69,109].

8. Challenges and future perspectives

Scaling up the production of VLPs for clinical applications presents
various challenges. The optimization of VLP production systems,
including cell culture and recombinant protein expression platforms,
becomes essential to meet the high demand for large-scale
manufacturing. Addressing regulatory requirements, cost-effectiveness,
and preserving the integrity and quality of VLPs during scale-up pro-
cesses are crucial considerations. VLPs can be susceptible to environ-
mental factors, such as temperature, pH, and freeze-thaw cycles,
making it vital to ensure their stability during storage, transportation,
and administration, as this directly affects their structural integrity and
effectiveness in delivering cargo. Strategies to stabilize VLPs and
establish appropriate storage conditions must be explored. Precisely
targeting specific cells or tissues infected with Newcastle virus using
VLPs remains a challenge. Identifying and validating specific receptors
or biomarkers that can be targeted by VLPs becomes necessary for
efficient drug delivery. Further research is required to enhance targeting
specificity and minimize off-target effects. Additionally, VLPs can
trigger immune responses, which can influence their safety and thera-
peutic efficacy. Understanding and controlling the immunogenicity of
VLPs is crucial to minimize adverse reactions and enable repeated
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dosing if needed. Strategies such as surface engineering or incorporating
immunomodulatory agents should be investigated to modulate immune
responses effectively.

Looking ahead, the future of VLPs in cargo delivery against NDV
appears promising, driven by ongoing advancements in genetic engi-
neering, chemical conjugation, and hybrid VLP technologies. These
advancements will enable the creation of more sophisticated and cus-
tomizable VLP-based cargo delivery systems. By integrating additional
functionalities such as stimuli-responsive release, multi-stage targeting,
or combination therapies, the therapeutic outcomes can be further
enhanced. Combining VLPs with other antiviral agents like small-
molecule drugs or nucleic acid-based therapeutics can yield synergistic
effects and effectively target various aspects of NDV infection, including
viral replication, immune evasion, and host cell interactions. However,
to bring these advancements to fruition, extensive preclinical and clin-
ical studies are required to evaluate the safety, efficacy, and pharma-
cokinetics of VLP-based cargo delivery against NDV. Collaboration
among researchers, clinicians, and regulatory authorities is crucial to
expedite the translation of VLP technologies into clinical practice.
Furthermore, adherence to regulatory guidelines and careful consider-
ation of manufacturing, quality control, and product characterization
are essential. VLP-based cargo delivery systems hold great potential in
combating NDV infections, and by overcoming current challenges and
capitalizing on future opportunities, the development of safe, effective,
and personalized therapies for this viral disease can be realized.

Funding

This research received no specific grant from any funding agency in
the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Mohammad Sadegh Taghizadeh: Conceptualization, Writing —
original draft, Writing — review & editing. Ali Niazi: Funding acquisi-
tion, Writing — review & editing. Alireza Afsharifar: Writing — review &
editing.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Ali niazi reports was provided by Shiraz University. If there are other
authors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

References

[1] Alexander DJ, Aldous EW, Fuller CM. The long view: a selective review of 40
years of Newcastle disease research. Avian Pathol 2012;41:329-35.

[2] Dewidar AA, El-Sawah A, Shany SA, Dahshan A-H-M, Ali A. Genetic
characterization of genotype VII. 1.1 Newcastle Disease viruses from commercial
and backyard broiler chickens in Egypt. Ger. J Vet Res 2021;1:11-7.

[3] Dimitrov KM, Afonso CL, Yu Q, Miller PJ. Newcastle disease vaccines—A solved
problem or a continuous challenge? Vet Microbiol 2017;206:126-36.

[4] Ratih D, Handharyani E, Setiyaningsih S. Pathology and immunohistochemistry
study of Newcastle disease field case in chicken in Indonesia. Veterinary world
2017;10:1066.

[5] Ravikumar R, Chan J, Prabakaran M. Vaccines against major poultry viral
diseases: strategies to improve the breadth and protective efficacy. Viruses 2022;
14:1195.

[6] Senne D, King D, Kapczynski® D. by Vaccination. Dev Biol Basel 2004;119:
165-70.

[7

—

[8

=

[9

—

[10]
[11]

[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]

Vaccine: X 16 (2024) 100440

Czifra G, Meszaros J, Horvath E, Moving V, Engstrom B. Detection of NDV-
specific antibodies and the level of protection provided by a single vaccination in
young chickens. Avian Pathol 1998;27:562-5.

Steglich C, Grund C, Ramp K, Breithaupt A, Hoper D, Keil G, et al. Chimeric
newcastle disease virus protects chickens against avian influenza in the presence
of maternally derived NDV immunity. PLoS One 2013;8:e72530.

Zhao W, Spatz S, Zhang Z, Wen G, Garcia M, Zsak L, et al. Newcastle disease virus
(NDV) recombinants expressing infectious laryngotracheitis virus (ILTV)
glycoproteins gB and gD protect chickens against ILTV and NDV challenges.

J Virol 2014;88:8397-406.

Choi K-S. Newcastle disease virus vectored vaccines as bivalent or antigen
delivery vaccines. Clinical and Experimental Vaccine Research 2017;6:72-82.

Li Y-D, Chi W-Y, Su J-H, Ferrall L, Hung C-F, Wu T-C. Coronavirus vaccine
development: from SARS and MERS to COVID-19. J Biomed Sci 2020;27:1-23.
Kushnir N, Streatfield SJ, Yusibov V. Virus-like particles as a highly efficient
vaccine platform: diversity of targets and production systems and advances in
clinical development. Vaccine 2012;31:58-83.

Yoo J-W, Irvine DJ, Discher DE, Mitragotri S. Bio-inspired, bioengineered and
biomimetic drug delivery carriers. Nat Rev Drug Discov 2011;10:521-35.
Hassanzadeh P. Nanotheranostics against COVID-19: From multivalent to
immune-targeted materials. J Control Release 2020;328:112-26.

Fortier C, Durocher Y, De Crescenzo G. Surface modification of nonviral
nanocarriers for enhanced gene delivery. Nanomedicine 2014;9:135-51.
Mohsen MO, Gomes AC, Vogel M, Bachmann MF. Interaction of viral capsid-
derived virus-like particles (VLPs) with the innate immune system. Vaccines
2018;6:37.

Ikwuagwu B, Tullman-Ercek D. Virus-like particles for drug delivery: a review of
methods and applications. Curr Opin Biotechnol 2022;78:102785.

Schirrmacher V. Molecular mechanisms of anti-neoplastic and immune
stimulatory properties of oncolytic Newcastle disease virus. Biomedicines 2022;
10:562.

Jin J-h, Cheng J-1, He Z-r, Ren Y-c, Yu X-h, Song Y, et al. Different origins of
Newcastle disease virus hemagglutinin-neuraminidase protein modulate the
replication efficiency and pathogenicity of the virus. Frontiers in microbiology.
2017;8:1607.

Gogoi P, Ganar K, Kumar S. Avian paramyxovirus: a brief review. Transbound
Emerg Dis 2017;64:53-67.

Ganar K, Das M, Sinha S, Kumar S. Newcastle disease virus: current status and our
understanding. Virus Res 2014;184:71-81.

Lamb R, Parks G. Paramyxoviridae: The viruses and their replication. Fields
Virology. DM Knipe and PM Howley, Lippincott Williams & Wilkins,
Philadelphia. 2007:1449-96.

Panda A, Huang Z, Elankumaran S, Rockemann DD, Samal SK. Role of fusion
protein cleavage site in the virulence of Newcastle disease virus. Microb Pathog
2004;36:1-10.

Chambers P, Millar NS, Platt SG, Emmerson PT. Nucleotide sequence of the gene
encoding the matrix protein of Newcastle disease virus. Nucleic Acids Res 1986;
14:9051-61.

McGinnes LW, Morrison TG. Newcastle disease virus-like particles: preparation,
purification, quantification, and incorporation of foreign glycoproteins. Curr
Protoc Microbiol 2013;30:18.2. 1-.2.:21.

Miller P, Koch G. Newcastle Disease, other avian paramyxoviruses and avian
metapneumovirus infections (Chapter 3). Diseases of poultry. 2020:112-29.
Dimitrov KM, Lee D-H, Williams-Coplin D, Olivier TL, Miller PJ, Afonso CL.
Newcastle disease viruses causing recent outbreaks worldwide show
unexpectedly high genetic similarity to historical virulent isolates from the 1940s.
J Clin Microbiol 2016;54:1228-35.

Dimitrov KM, Abolnik C, Afonso CL, Albina E, Bahl J, Berg M, et al. Updated
unified phylogenetic classification system and revised nomenclature for
Newecastle disease virus. Infect Genet Evol 2019;74:103917.

Tornesello AL, Tagliamonte M, Buonaguro FM, Tornesello ML, Buonaguro L.
Virus-like particles as preventive and therapeutic cancer vaccines. Vaccines 2022;
10:227.

Noad R, Roy P. Virus-like particles as immunogens. Trends Microbiol 2003;11:
438-44.

Ludwig C, Wagner R. Virus-like particles—universal molecular toolboxes. Curr
Opin Biotechnol 2007;18:537-45.

Roldao A, Mellado MCM, Castilho LR, Carrondo MJ, Alves PM. Virus-like particles
in vaccine development. Expert Rev Vaccines 2010;9:1149-76.

Lua LH, Connors NK, Sainsbury F, Chuan YP, Wibowo N, Middelberg AP.
Bioengineering virus-like particles as vaccines. Biotechnol Bioeng 2014;111:
425-40.

Nooraei S, Bahrulolum H, Hoseini ZS, Katalani C, Hajizade A, Easton AJ, et al.
Virus-like particles: Preparation, immunogenicity and their roles as nanovaccines
and drug nanocarriers. J Nanobiotechnol 2021;19:1-27.

Jennings GT, Bachmann MF. The coming of age of virus-like particle vaccines.
2008.

Zhao Q, Chen W, Chen Y, Zhang L, Zhang J, Zhang Z. Self-assembled virus-like
particles from rotavirus structural protein VP6 for targeted drug delivery.
Bioconjug Chem 2011;22:346-52.

Shirbaghaee Z, Bolhassani A. Different applications of virus-like particles in
biology and medicine: vaccination and delivery systems. Biopolymers 2016;105:
113-32.

Vetter V, Denizer G, Friedland LR, Krishnan J, Shapiro M. Understanding modern-
day vaccines: what you need to know. Ann Med 2018;50:110-20.


http://refhub.elsevier.com/S2590-1362(24)00013-5/h0005
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0005
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0010
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0010
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0010
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0015
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0015
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0020
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0020
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0020
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0025
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0025
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0025
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0030
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0030
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0035
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0035
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0035
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0040
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0040
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0040
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0045
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0045
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0045
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0045
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0050
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0050
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0055
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0055
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0060
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0060
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0060
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0065
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0065
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0070
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0070
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0075
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0075
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0080
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0080
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0080
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0085
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0085
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0090
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0090
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0090
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0100
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0100
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0105
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0105
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0115
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0115
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0115
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0120
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0120
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0120
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0125
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0125
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0125
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0135
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0135
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0135
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0135
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0140
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0140
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0140
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0145
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0145
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0145
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0150
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0150
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0155
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0155
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0160
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0160
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0165
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0165
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0165
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0170
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0170
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0170
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0180
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0180
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0180
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0185
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0185
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0185
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0190
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0190

M.S. Taghizadeh et al.

[39]

[40]

[41]

[42]

[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]

Mejia-Méndez JL, Vazquez-Duhalt R, Hernandez LR, Sanchez-Arreola E, Bach H.
Virus-like Particles: Fundamentals and Biomedical Applications. Int J Mol Sci
2022;23:8579.

Kato T, Yui M, Deo VK, Park EY. Development of Rous sarcoma virus-like
particles displaying hCC49 scFv for specific targeted drug delivery to human
colon carcinoma cells. Pharm Res 2015;32:3699-707.

Ong HK, Tan WS, Ho KL. Virus like particles as a platform for cancer vaccine
development. PeerJ 2017;5:e4053.

Zhang L, Parham N, Zhang F, Aasa-Chapman M, Gould E, Zhang H. Vaccination
with coxsackievirus B3 virus-like particles elicits humoral immune response and
protects mice against myocarditis. Vaccine 2012;30:2301-8.

Rutkowska DA, Mokoena NB, Tsekoa TL, Dibakwane VS, O’Kennedy MM. Plant-
produced chimeric virus-like particles-a new generation vaccine against African
horse sickness. BMC Vet Res 2019;15:1-15.

Grgacic EV, Anderson DA. Virus-like particles: passport to immune recognition.
Methods 2006;40:60-5.

Pushko P, Pumpens P, Grens E. Development of virus-like particle technology
from small highly symmetric to large complex virus-like particle structures.
Intervirology 2013;56:141-65.

Deo VK, Kato T, Park EY. Chimeric virus-like particles made using GAG and M1
capsid proteins providing dual drug delivery and vaccination platform. Mol
Pharm 2015;12:839-45.

Ciancanelli MJ, Basler CF. Mutation of YMYL in the Nipah virus matrix protein
abrogates budding and alters subcellular localization. J Virol 2006;80:12070-8.
Coronel EC, Murti KG, Takimoto T, Portner A. Human parainfluenza virus type 1
matrix and nucleoprotein genes transiently expressed in mammalian cells induce
the release of virus-like particles containing nucleocapsid-like structures. J Virol
1999;73:7035-8.

Li M, Schmitt PT, Li Z, McCrory TS, He B, Schmitt AP. Mumps virus matrix,
fusion, and nucleocapsid proteins cooperate for efficient production of virus-like
particles. J Virol 2009;83:7261-72.

Patch JR, Crameri G, Wang L-F, Eaton BT, Broder CC. Quantitative analysis of
Nipah virus proteins released as virus-like particles reveals central role for the
matrix protein. Virol J 2007;4:1-14.

McGinnes LW, Pantua H, Laliberte JP, Gravel KA, Jain S, Morrison TG. Assembly
and biological and immunological properties of Newcastle disease virus-like
particles. J Virol 2010;84:4513-23.

Pantua HD, McGinnes LW, Peeples ME, Morrison TG. Requirements for the
assembly and release of Newcastle disease virus-like particles. J Virol 2006;80:
11062-73.

McGinnes LW, Gravel KA, Finberg RW, Kurt-Jones EA, Massare MJ, Smith G, et al.
Assembly and immunological properties of Newcastle disease virus-like particles
containing the respiratory syncytial virus F and G proteins. J Virol 2011;85:
366-77.

Zepeda-Cervantes J, Ramirez-Jarquin JO, Vaca L. Interaction between virus-like
particles (VLPs) and pattern recognition receptors (PRRs) from dendritic cells
(DCs): toward better engineering of VLPs. Front Immunol 2020;11:1100.
Murawski MR, McGinnes LW, Finberg RW, Kurt-Jones EA, Massare MJ, Smith G,
et al. Newcastle disease virus-like particles containing respiratory syncytial virus
G protein induced protection in BALB/c mice, with no evidence of
immunopathology. J Virol 2010;84:1110-23.

Gravel KA, McGinnes LW, Reitter J, Morrison TG. The transmembrane domain
sequence affects the structure and function of the Newcastle disease virus fusion
protein. J Virol 2011;85:3486-97.

Ezema W, Okoye J, Nwanta J. LaSota vaccination may not protect against the
lesions of velogenic Newcastle disease in chickens. Trop Anim Health Prod 2009;
41:477-84.

Khorajiya J, Pandey S, Ghodasara PD, Joshi B, Prajapati K, Ghodasara D, et al.
Patho-epidemiological study on Genotype-XIII Newcastle disease virus infection
in commercial vaccinated layer farms. Veterinary World 2015;8:372.

Miller PJ, Kim LM, Ip HS, Afonso CL. Evolutionary dynamics of Newcastle disease
virus. Virology 2009;391:64-72.

HeJ, YuL, Lin X, Liu X, Zhang Y, Yang F, et al. Virus-like particles as Nanocarriers
for intracellular delivery of biomolecules and compounds. Viruses 2022;14:1905.
Suffian IF, Al-Jamal KT. Bioengineering of virus-like particles as dynamic
nanocarriers for in vivo delivery and targeting to solid tumours. Adv Drug Deliv
Rev 2022;180:114030.

Stanciu C, Muzica CM, Girleanu I, Cojocariu C, Sfarti C, Singeap A-M, et al. An
update on direct antiviral agents for the treatment of hepatitis C. Expert Opin
Pharmacother 2021;22:1729-41.

Dey S, Chellappa MM, Gaikwad S, Kataria JM, Vakharia VN. Genotype
characterization of commonly used Newcastle disease virus vaccine strains of
India. PLoS One 2014;9:e98869.

Zdanowicz M, Chroboczek J. Virus-like particles as drug delivery vectors. Acta
Biochim Pol 2016;63:469-73.

Xu X, Qian J, Qin L, Li J, Xue C, Ding J, et al. Chimeric Newcastle disease virus-
like particles containing DC-binding peptide-fused haemagglutinin protect
chickens from virulent Newcastle disease virus and HON2 avian influenza virus
challenge. Virol Sin 2020;35:455-67.

Zhao J, Yang H, Xu H, Ma Z, Zhang G. Efficacy of an inactivated bivalent vaccine
against the prevalent strains of Newcastle disease and HON2 avian influenza.
Virol J 2017;14:1-8.

Qian J, Ding J, Yin R, Sun Y, Xue C, Xu X, et al. Newcastle disease virus-like
particles induce dendritic cell maturation and enhance viral-specific immune
response. Virus Genes 2017;53:555-64.

10

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[901]

[91]

[92]

[93]

[94]

[95]

Vaccine: X 16 (2024) 100440

Firouzamandi M, Helan JA, Moeini H, Soleimanian A, Khatemeh S, Hosseini SD.
Developing a vaccine against velogenic sub-genotype seven of Newcastle disease
virus based on Virus-like Particles. 2022.

Shen H, Xue C, Lv L, Wang W, Liu Q, Liu K, et al. Assembly and immunological
properties of a bivalent virus-like particle (VLP) for avian influenza and
Newcastle disease. Virus Res 2013;178:430-6.

Wu X, Zhai X, Lai Y, Zuo L, Zhang Y, Mei X, et al. Construction and
immunogenicity of novel chimeric virus-like particles bearing antigens of
infectious bronchitis virus and Newcastle disease virus. Viruses 2019;11:254.
Xu X, Ding Z, Yuan Q, Ding J, Li J, Wang W, et al. A genotype VII Newcastle
disease virus-like particles confer full protection with reduced virus load and
decreased virus shedding. Vaccine 2019;37:444-51.

Noh J-Y, Park J-K, Lee D-H, Yuk S-S, Kwon J-H, Lee S-W, et al. Chimeric bivalent
virus-like particle vaccine for HSN1 HPAI and ND confers protection against a
lethal challenge in chickens and allows a strategy of differentiating infected from
vaccinated animals (DIVA). PLoS One 2016;11:e0162946.

Park J-K, Lee D-H, Yuk S-S, Tseren-Ochir E-O, Kwon J-H, Noh J-Y, et al. Virus-like
particle vaccine confers protection against a lethal newcastle disease virus
challenge in chickens and allows a strategy of differentiating infected from
vaccinated animals. Clin Vaccine Immunol 2014;21:360-5.

McGinnes L, Sergel T, Reitter J, Morrison T. Carbohydrate modifications of the
NDV fusion protein heptad repeat domains influence maturation and fusion
activity. Virology 2001;283:332-42.

Hwang BJ, Jang Y, Kwon SB, Yu JE, Lim J, Roh YH, et al. RNA-assisted self-
assembly of monomeric antigens into virus-like particles as a recombinant
vaccine platform. Biomaterials 2021;269:120650.

Touzé A, Bousarghin L, Ster C, Combita A-L, Roingeard P, Coursaget P. Gene
transfer using human polyomavirus BK virus-like particles expressed in insect
cells. J Gen Virol 2001;82:3005-9.

Dhason MS, Wang J-C-Y, Hagan MF, Zlotnick A. Differential assembly of Hepatitis
B Virus core protein on single-and double-stranded nucleic acid suggest the
dsDNA-filled core is spring-loaded. Virology 2012;430:20-9.

Porterfield JZ, Dhason MS, Loeb DD, Nassal M, Stray SJ, Zlotnick A. Full-length
hepatitis B virus core protein packages viral and heterologous RNA with similarly
high levels of cooperativity. J Virol 2010;84:7174-84.

Shao W, Paul A, Abbasi S, Chahal PS, Mena JA, Montes J, et al. A novel
polyethyleneimine-coated adeno-associated virus-like particle formulation for
efficient siRNA delivery in breast cancer therapy: preparation and in vitro
analysis. Int J Nanomed 2012;1575-86.

Strods A, Ose V, Bogans J, Cielens I, Kalnins G, Radovica I, et al. Preparation by
alkaline treatment and detailed characterisation of empty hepatitis B virus core
particles for vaccine and gene therapy applications. Sci Rep 2015;5:11639.
Choi Y, Park SG, Yoo J-h, Jung G. Calcium ions affect the hepatitis B virus core
assembly. Virology 2005;332:454-63.

Dell’Orco D, Xue W-F, Thulin E, Linse S. Electrostatic contributions to the kinetics
and thermodynamics of protein assembly. Biophys J 2005;88:1991-2002.
Suffian IF, Wang J-T-W, Faruqu FN, Benitez J, Nishimura Y, Ogino C, et al.
Engineering human epidermal growth receptor 2-targeting hepatitis B virus core
nanoparticles for siRNA delivery in vitro and in vivo ACS applied nano materials
2018;1:3269-82.

Le DT, Miiller KM. In vitro assembly of virus-like particles and their applications.
Life 2021;11:334.

Mohsen MO, Heath MD, Cabral-Miranda G, Lipp C, Zeltins A, Sande M, et al.
Vaccination with nanoparticles combined with micro-adjuvants protects against
cancer. J Immunother Cancer 2019;7:1-12.

Tang S, Xuan B, Ye X, Huang Z, Qian Z. A modular vaccine development platform
based on sortase-mediated site-specific tagging of antigens onto virus-like
particles. Sci Rep 2016;6:25741.

Panthi S, Schmitt PT, Lorenz FJ, Stanfield BA, Schmitt AP. Paramyxovirus-like
particles as protein delivery vehicles. Journal of virology. 2021;95:10.1128/jvi.
01030-21.

Segel M, Lash B, Song J, Ladha A, Liu CC, Jin X, et al. Mammalian retrovirus-like
protein PEG10 packages its own mRNA and can be pseudotyped for mRNA
delivery. Science 2021;373:882-9.

Yadav M, Atala A, Lu B. Developing all-in-one virus-like particles for Cas9 mRNA/
single guide RNA co-delivery and aptamer-containing lentiviral vectors for
improved gene expression. Int J Biol Macromol 2022;209:1260-70.

Weber IT, Wang Y-F, Harrison RW. HIV protease: Historical perspective and
current research. Viruses 2021;13:839.

Baron Y, Sens J, Lange L, Nassauer L, Klatt D, Hoffmann D, et al. Improved
alpharetrovirus-based Gag. MS2 particles for efficient and transient delivery of
CRISPR-Cas9 into target cells. Molecular Therapy-Nucleic Acids 2022;27:810-23.
Hamilton JR, Tsuchida CA, Nguyen DN, Shy BR, McGarrigle ER, Espinoza CRS,
et al. Targeted delivery of CRISPR-Cas9 and transgenes enables complex immune
cell engineering. Cell Rep 2021;35.

Lu Z, Yao X, Lyu P, Yadav M, Yoo K, Atala A, et al. Lentiviral capsid-mediated
Streptococcus pyogenes Cas9 ribonucleoprotein delivery for efficient and safe
multiplex genome editing. The CRISPR Journal 2021;4:914-28.

Mianné J, Nasri A, Van CN, Bourguignon C, Fieldes M, Ahmed E, et al. CRISPR/
Cas9-mediated gene knockout and interallelic gene conversion in human induced
pluripotent stem cells using non-integrative bacteriophage-chimeric retrovirus-
like particles. BMC Biol 2022;20:1-15.

Donaldson B, Al-Barwani F, Young V, Scullion S, Ward V, Young S. Virus-like
particles, a versatile subunit vaccine platform. Subunit Vaccine Delivery 2015:
159-80.


http://refhub.elsevier.com/S2590-1362(24)00013-5/h0195
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0195
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0195
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0200
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0200
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0200
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0205
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0205
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0210
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0210
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0210
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0215
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0215
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0215
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0220
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0220
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0225
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0225
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0225
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0230
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0230
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0230
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0235
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0235
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0240
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0240
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0240
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0240
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0245
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0245
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0245
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0250
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0250
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0250
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0255
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0255
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0255
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0260
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0260
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0260
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0265
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0265
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0265
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0265
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0270
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0270
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0270
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0275
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0275
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0275
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0275
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0280
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0280
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0280
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0285
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0285
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0285
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0290
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0290
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0290
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0295
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0295
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0300
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0300
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0305
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0305
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0305
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0310
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0310
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0310
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0315
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0315
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0315
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0320
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0320
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0325
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0325
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0325
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0325
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0330
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0330
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0330
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0335
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0335
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0335
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0345
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0345
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0345
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0350
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0350
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0350
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0355
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0355
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0355
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0360
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0360
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0360
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0360
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0365
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0365
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0365
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0365
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0370
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0370
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0370
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0375
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0375
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0375
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0380
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0380
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0380
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0385
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0385
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0385
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0390
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0390
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0390
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0395
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0395
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0395
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0395
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0400
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0400
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0400
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0405
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0405
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0410
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0410
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0415
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0415
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0415
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0415
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0420
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0420
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0425
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0425
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0425
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0430
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0430
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0430
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0440
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0440
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0440
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0445
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0445
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0445
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0450
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0450
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0455
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0455
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0455
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0460
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0460
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0460
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0465
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0465
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0465
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0470
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0470
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0470
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0470
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0475
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0475
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0475

M.S. Taghizadeh et al.

[96]
[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]

[109]

[110]

[111]

[112]

[113]

[114]

Dai S, Wang H, Deng F. Advances and challenges in enveloped virus-like particle
(VLP)-based vaccines. Journal of Immunological Sciences 2018;2.

Fuenmayor J, Godia F, Cervera L. Production of virus-like particles for vaccines.
N Biotechnol 2017;39:174-80.

Wu C-Y, Yeh Y-C, Yang Y-C, Chou C, Liu M-T, Wu H-S, et al. Mammalian
expression of virus-like particles for advanced mimicry of authentic influenza
virus. PLoS One 2010;5:e9784.

Palomares LA, Ramirez OT. Challenges for the production of virus-like particles in
insect cells: the case of rotavirus-like particles. Biochem Eng J 2009;45:158-67.
Chang G-D, Chen C-J, Lin C-Y, Chen H-C, Chen H. Improvement of glycosylation
in insect cells with mammalian glycosyltransferases. J Biotechnol 2003;102:
61-71.

Chen Q, Lai H. Plant-derived virus-like particles as vaccines. Hum Vaccin
Immunother 2013;9:26-49.

Smith T, O’Kennedy MM, Ross CS, Lewis NS, Abolnik C. The production of
Newcastle disease virus-like particles in Nicotiana benthamiana as potential
vaccines. Front Plant Sci 2023;14:1130910.

Berinstein A, Vazquez-Rovere C, Asurmendi S, Gémez E, Zanetti F, Zabal O, et al.
Mucosal and systemic immunization elicited by Newcastle disease virus (NDV)
transgenic plants as antigens. Vaccine 2005;23:5583-9.

Gomez E, Zoth SC, Asurmendi S, Rovere CV, Berinstein A. Expression of
Hemagglutinin-Neuraminidase glycoprotein of Newcastle Disease Virus in
agroinfiltrated Nicotiana benthamiana plants. J Biotechnol 2009;144:337-40.
Shahid N, Samiullah TR, Shakoor S, Latif A, Yasmeen A, Azam S, et al. Early stage
development of a Newcastle disease vaccine candidate in corn. Frontiers in
Veterinary Science 2020;7:499.

Yang Z-q, Liu Q-q, Pan Z-m, Yu H-x, Jiao X-a. Expression of the fusion
glycoprotein of newcasstle disease virus in transgenic rice and its immunogenicity
in mice. Vaccine 2007;25:591-8.

Kim H-S, Jeon J-H, Lee KJ, Ko K. N-glycosylation modification of plant-derived
virus-like particles: an application in vaccines. Biomed Res Int 2014.

Naskalska A, Pyr¢ K. Virus like particles as immunogens and universal
nanocarriers. Pol J Microbiol 2015:64.

Hu C-M-J, Chien C-Y, Liu M-T, Fang Z-S, Chang S-Y, Juang R-H, et al. Multi-
antigen avian influenza a (H7N9) virus-like particles: particulate
characterizations and immunogenicity evaluation in murine and avian models.
BMC Biotech 2017;17:1-12.

Antony F, Vashi Y, Morla S, Mohan H, Kumar S. Therapeutic potential of
Nitazoxanide against Newcastle disease virus: a possible modulation of host
cytokines. Cytokine 2020;131:155115.

Ashiru O, Howe JD, Butters TD. Nitazoxanide, an antiviral thiazolide, depletes
ATP-sensitive intracellular Ca2+ stores. Virology 2014;462:135-48.

Elazar M, Liu M, McKenna SA, Liu P, Gehrig EA, Puglisi JD, et al. The anti-
hepatitis C agent nitazoxanide induces phosphorylation of eukaryotic initiation
factor 2u via protein kinase activated by double-stranded RNA activation.
Gastroenterology 2009;137:1827-35.

La Frazia S, Ciucci A, Arnoldi F, Coira M, Gianferretti P, Angelini M, et al.
Thiazolides, a new class of antiviral agents effective against rotavirus infection,
target viral morphogenesis, inhibiting viroplasm formation. J Virol 2013;87:
11096-106.

Piacentini S, La Frazia S, Riccio A, Pedersen JZ, Topai A, Nicolotti O, et al.
Nitazoxanide inhibits paramyxovirus replication by targeting the Fusion protein

11

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Vaccine: X 16 (2024) 100440

folding: role of glycoprotein-specific thiol oxidoreductase ERp57. Sci Rep 2018;8:
10425.

Rossignol J-F. Thiazolides: a new class of antiviral drugs. Expert Opin Drug Metab
Toxicol 2009;5:667-74.

Orabi A, Hussein A, Saleh AA, Megahed AM, Metwally M, Moeini H, et al.
Therapeutic efficacy of n-Docosanol against velogenic Newcastle disease virus
infection in domestic chickens. Front Microbiol 2022;13:1049037.

Fan Y, Ma L, Zhang W, Xu Y, Zhi X, Cui E, et al. Microemulsion can improve the
immune-enhancing activity of propolis flavonoid on immunosuppression and
immune response. Int J Biol Macromol 2014;63:126-32.

Zhao K, Chen G, Shi X-m, Gao T-t, Li W, Zhao Y, et al. Preparation and efficacy of
a live newcastle disease virus vaccine encapsulated in chitosan nanoparticles.
PLoS One 2012;7:€53314.

Elizondo-Gonzalez R, Cruz-Suarez LE, Ricque-Marie D, Mendoza-Gamboa E,
Rodriguez-Padilla C, Trejo-Avila LM. In vitro characterization of the antiviral
activity of fucoidan from Cladosiphon okamuranus against Newcastle Disease
Virus. Virol J 2012;9:1-9.

Rota P, La Rocca P, Bonfante F, Pagliari M, Piccoli M, Cirillo F, et al. Design,
Synthesis, and Antiviral Evaluation of Sialic Acid Derivatives as Inhibitors of
Newcastle Disease Virus Hemagglutinin-Neuraminidase: A Translational Study on
Human Parainfluenza Viruses. ACS Infect Dis 2023;9:617-30.

Wang C, Wang T, Hu R, Duan L, Hou Q, Han Y, et al. 9-butyl-harmol exerts
antiviral activity against Newcastle disease virus through targeting GSK-3p and
HSP9O0p. J Virol 2023;97:e01984-2022.

Bhuvaneswar C, Rammohan A, Bhaskar BV, Babu PR, Naveen G, Gunasekar D,
et al. Sophora interrupta Bedd. root-derived flavonoids as prominent antiviral
agents against Newcastle disease virus. RSC Adv 2020;10:33534-43.

Abdelaziz R, Tartor YH, Barakat AB, El-Didamony G, El-Samadony HA, Amer SA,
et al. Streptomyces coeruleorubidus as a potential biocontrol agent for Newcastle
disease virus. BMC Vet Res 2022;18:241.

Abdelaziz R, Barakat AB, Gamal E-D, Tartor YH, Gado MM, El-Samadony HA.
Characterization of a multifunctional biocontrol agent, Streptomyces
Misakimycin, against Newcastle Disease Virus. 2022.

Abd AJ, Al-Shammarie Ahmed M, Abd A-H-H. Antiviral activity of limonin
against Newcastle disease virus in vitro. Research. J Biotechnol 2019;14:320-8.
Liu C, Chen J, Li E, Fan Q, Wang D, Zhang C, et al. Solomonseal polysaccharide
and sulfated Codonopsis pilosula polysaccharide synergistically resist Newcastle
disease virus. PLoS One 2015;10:e0117916.

Aguilar-Briseno JA, Cruz-Suarez LE, Sassi J-F, Ricque-Marie D, Zapata-
Benavides P, Mendoza-Gamboa E, et al. Sulphated polysaccharides from Ulva
clathrata and Cladosiphon okamuranus seaweeds both inhibit viral attachment/
entry and cell-cell fusion, in NDV infection. Mar Drugs 2015;13:697-712.
Shokeen K, Srivathsan A, Kumar S. Lithium chloride functions as Newcastle
disease virus-induced ER-stress modulator and confers anti-viral effect. Virus Res
2021;292:198223.

Khandelwal N, Chander Y, Rawat KD, Riyesh T, Nishanth C, Sharma S, et al.
Emetine inhibits replication of RNA and DNA viruses without generating drug-
resistant virus variants. Antiviral Res 2017;144:196-204.

He X, Xing R, Li K, Qin Y, Zou P, Liu S, et al. Beta-chitosan extracted from Loligo
Japonica for a potential use to inhibit Newcastle disease. Int J Biol Macromol
2016;82:614-20.


http://refhub.elsevier.com/S2590-1362(24)00013-5/h0480
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0480
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0485
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0485
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0490
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0490
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0490
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0495
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0495
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0500
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0500
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0500
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0505
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0505
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0510
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0510
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0510
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0515
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0515
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0515
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0520
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0520
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0520
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0525
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0525
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0525
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0530
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0530
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0530
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0535
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0535
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0540
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0540
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0545
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0545
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0545
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0545
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0550
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0550
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0550
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0555
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0555
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0560
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0560
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0560
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0560
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0565
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0565
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0565
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0565
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0570
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0570
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0570
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0570
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0575
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0575
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0580
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0580
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0580
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0585
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0585
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0585
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0590
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0590
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0590
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0595
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0595
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0595
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0595
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0600
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0600
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0600
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0600
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0605
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0605
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0605
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0610
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0610
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0610
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0615
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0615
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0615
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0625
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0625
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0630
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0630
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0630
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0635
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0635
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0635
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0635
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0640
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0640
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0640
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0645
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0645
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0645
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0650
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0650
http://refhub.elsevier.com/S2590-1362(24)00013-5/h0650

	Virus-like particles (VLPs): A promising platform for combating against Newcastle disease virus
	1 Introduction
	2 Structure and properties of Newcastle virus
	3 Understanding virus-like particles (VLPs)
	4 The possibility of VLPs as anti-NDV compounds carriers
	5 Application of VLPs for combating against NDV
	6 Strategies for loading cargo within NDV-targeting VLPs
	7 Expression systems for producing NDV-targeting VLPs
	8 Challenges and future perspectives
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


