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Hasan Arsın, Andrius Jasilionis, Håkon Dahle, Ruth-Anne Sandaa, Runar Stokke, Eva

Nordberg Karlsson and Ida Helene Steen

Exploring Codon Adjustment Strategies towards Escherichia coli-Based Production of Viral
Proteins Encoded by HTH1, a Novel Prophage of the Marine Bacterium Hypnocyclicus

thermotrophus

Reprinted from: Viruses 2021, 13, 1215, doi:10.3390/v13071215 . . . . . . . . . . . . . . . . . . . . 59

Carla M. R. Varanda, Maria do Rosário Félix, Maria Doroteia Campos, Mariana Patanita and

Patrick Materatski

Plant Viruses: From Targets to Tools for CRISPR
Reprinted from: Viruses 2021, 13, 141, doi:10.3390/v13010141 . . . . . . . . . . . . . . . . . . . . . 81

Gorben P. Pijlman, Carissa Grose, Tessy A. H. Hick, Herman E. Breukink, Robin van den

Braak, Sandra R. Abbo, Corinne Geertsema, Monique M. van Oers, Dirk E. Martens and

Dominic Esposito

Relocation of the attTn7 Transgene Insertion Site in Bacmid DNA Enhances Baculovirus
Genome Stability and Recombinant Protein Expression in Insect Cells
Reprinted from: Viruses 2020, 12, 1448, doi:10.3390/v12121448 . . . . . . . . . . . . . . . . . . . . 101

Zhihao Wang, Jielan Mi, Yulong Wang, Tingting Wang, Xiaole Qi, Kai Li, Qing Pan, Yulong

Gao, Li Gao, Changjun Liu, Yanping Zhang, Xiaomei Wang and Hongyu Cui

Recombinant Lactococcus Expressing a Novel Variant of Infectious Bursal Disease Virus VP2
Protein Can Induce Unique Specific Neutralizing Antibodies in Chickens and Provide Complete
Protection
Reprinted from: Viruses 2020, 12, 1350, doi:10.3390/v12121350 . . . . . . . . . . . . . . . . . . . . 119

Mo Wang, Shilei Gao, Wenzhi Zeng, Yongqing Yang, Junfei Ma and Ying Wang

Plant Virology Delivers Diverse Toolsets for Biotechnology
Reprinted from: Viruses 2020, 12, 1338, doi:10.3390/v12111338 . . . . . . . . . . . . . . . . . . . . 133

v



Kenneth Lundstrom

Application of Viral Vectors for Vaccine Development with a Special Emphasis on COVID-19
Reprinted from: Viruses 2020, 12, 1324, doi:10.3390/v12111324 . . . . . . . . . . . . . . . . . . . . 149

Darrick L. Yu, Natalie Chow and Sarah K. Wootton

JSRV Intragenic Enhancer Element Increases Expression from a Heterologous Promoter and
Promotes High Level AAV-Mediated Transgene Expression in the Lung and Liver of Mice
Reprinted from: Viruses 2020, 12, 1266, doi:10.3390/v12111266 . . . . . . . . . . . . . . . . . . . . 177

Laura Fernandez-Garcia, Olga Pacios, Mónica González-Bardanca, Lucia Blasco, Inés Bleriot,
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Abstract: Viruses may cause devastating diseases in several organisms; however, they are simple
systems that can be manipulated to be beneficial and useful for many purposes in different areas.
In medicine, viruses have been used for a long time in vaccines and are now being used as vectors
to carry materials for the treatment of diseases, such as cancer, being able to target specific cells.
In agriculture, viruses are being studied to introduce desirable characteristics in plants or render
resistance to biotic and abiotic stresses. Viruses have been exploited in nanotechnology for the
deposition of specific metals and have been shown to be of great benefit to nanomaterial production.
They can also be used for different applications in pharmacology, cosmetics, electronics, and other
industries. Thus, viruses are no longer only seen as enemies. They have shown enormous potential,
covering several important areas in our lives, and they are making our lives easier and better.
Although viruses have already proven their potential, there is still a long road ahead. This prompt us
to propose this theme in the Special Issue “The application of viruses to biotechnology”. We believe
that the articles gathered here highlight recent significant advances in the use of viruses in several
fields, contributing to the current knowledge on virus applications.

Keywords: gene expression; gene therapy; nanotechnology; vaccines; viral vectors

1. Introduction

Viruses are microscopic agents that exist worldwide and are present in humans,
animals, plants, and other living organisms in which they can cause devastating diseases.
In agriculture, viral diseases may cause losses in all crop yield or be responsible for a
drastic decrease in product quality, threatening not only world population nourishment
but also the production of fibers, ornamental plants, and medicinal products essential for
mankind [1]. In medicine, viruses, such as the ones causing smallpox, influenza, and AIDS,
have left their mark on human history, as will also be the case of COVID-19. Therefore,
it is not a surprise that viruses do not have the best public image and are fairly seen as
our enemies.

The advances of biotechnology and next-generation sequencing technologies have
accelerated novel virus discovery, identification, sequencing, and manipulation, showing
that they present unique characteristics that place them as valuable tools for a wide
variety of biotechnological applications [2]. Viruses possess geometrically sophisticated
architectures that make them attractive for materials science and nanotechnology. In
addition, they present an efficient machinery and a comprehensive genome structure,
which make them easy to manipulate.

Despite this recent technological developments, we can go back to the 18th century to
find the first reports of the use of viruses as beneficial, with the first vaccine used against
smallpox [3]. By then, it was verified that milkmaids who, due to their close work with
cows, contracted cowpox, a cow disease that caused only mild symptoms in humans, and
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were immune to the human form of the disease, smallpox. After these observations, in
1796, Edward Jenner developed an experiment consisting of scratching a cowpox pustule
into the arm of a child who was then exposed to human smallpox virus and revealed to be
immune to human smallpox. In the following years, thousands of people were vaccinated
by the same way. Of course, not every human disease has an animal analog that confers
immunity, and research evolved by developing alternative methods that included the use
of disarmed viruses to activate immune system in a putative later virus infection. This was
the case of the vaccine against rabies developed by the end of the 19th century by Louis
Pasteur as well as vaccines developed later for measles, rubeola, influenza, and polio, to
name a few. With the advances of science, new vaccines have been developed with no
need to use the entire viral particles and using specific viral proteins instead, overcoming
the possible undesirable effect of viral vaccines to cause the disease by themselves. At
present, there are extraordinary methods for the production of vaccines. Viral genomes
have become easily decodable, and researchers have developed vaccines that rely on the
injection of viral RNA into humans so that humans produce viral proteins and activate
the immune system. This is the case of the latest vaccines developed for COVID-19 [4]. It
is expected, as novel viruses continue to emerge, novel technologies and strategies also
continue to arise.

However, vaccines are only one of the many examples of how viruses can be used as
beneficial agents. Viruses are involved in many biological processes that have revolution-
ized some areas, namely gene editing, whose impact is patent through the recent Nobel
prize in Chemistry in 2020, attributed to Emmanuelle Carpentier and Jennifer Doudna, for
the discovery of tracrRNA as part of the bacteria’s ancient immune system, CRISPR/Cas,
that disarms viruses by cleaving their DNA and that has already been applied in several
areas as a methodology for highly precise changes in genes [5].

Among viruses, the ones that infect bacteria, the bacteriophages, have also been
investigated for their potential to be used in therapies, as they are able to target, infect, and
destroy specific bacteria and are harmless to humans [6]. Bacteriophages present a very
interesting potential, especially to be used against highly antibiotic-resistant bacteria, one
of the biggest public health challenges. In addition, bacteriophages have contributed to
biotechnology with many important proteins.

Viruses can also be used as vectors by essentially removing their pathogenic parts
while retaining their gene-delivery capacities, making them incredibly versatile tools to
carry and deliver genetic material. Viral vectors have been used in gene therapy, i.e., for
the introduction of functioning genes into human cells. There are several types of viral
vectors used in mammalian cells, including lentivirus, adenovirus, and, the most used
virus vectors in gene therapy, the adeno-associated virus (AAV). One example of their
use is Luxturna, a gene therapy product, approved in the EU since 2018, that uses AAV
to deliver a functional copy of a genetically mutated gene into retinal cells and restore
vision of patients with progressive vision loss due to that specific gene mutation. Another
example of the use of viruses for gene therapy is to treat cancer, as viruses are able to target
and specifically infect cancer cells without harming healthy cells and making tumors more
visible to immune system.

In addition to all these biotechnological applications focusing medicine and phar-
maceutical industry, viruses have also been used in other fields, such as the agriculture
and materials industry. Many plant viruses have been developed as vectors for either the
expression and production of a specific protein or for silencing by down regulating the
expression of a homologous gene leading to a loss of function, also called virus-induced
gene silencing (VIGS) [7,8]. Many applications of viruses have been used for agricultural
purposes, namely concerning plant breeding and plant protection. Nevertheless, it is inter-
esting to mention that plants have also many advantages to be used in vaccine production,
such as the low cost and low risks they entail, showing once more the versatility of the use
of viruses in biotechnology.
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Although it will obviously never be ignored that viruses are responsible for devastat-
ing diseases, it is clear that the more they are studied, the more possibilities they offer to
us. They are now on the front line of the most revolutionizing techniques in several fields,
providing advances that would not be possible without their existence.

2. Special Issue Overview

This Special Issue of Viruses, “The Application of Viruses to Biotechnology”, contains
eight original articles and seven reviews that demonstrate the current work developed
using viruses in biotechnology. These articles were brought by experts that focus on the
development and applications of many viruses in several fields, such as agriculture, the
pharmaceutical industry, and medicine.

Bacteriophages, the natural predators of bacteria, besides being a promising alternative
to antibiotics and especially so for many antibiotic resistant bacteria, are among the many
viruses used in biotechnology, mostly due to their easy manipulation and to the many
valuable enzymes they possess, such as DNA polymerases and ligases, as well as lytic
enzymes that degrade bacterial cell walls and with high potential for phage therapy [9,10].
The study presented by Arsin et al. (2021) allowed the identification and description of a
novel marine prophage found in the gram-negative bacterium Hypnocyclicus thermotrophus,
with similarities to phages infecting gram-positive bacteria [11]. Authors identified a set
of nine genes with putative functions, such as cell and nucleotide lysis and replication,
interesting for potential biotechnology applications. In addition, the study by Fong et al.
(2019) also allowed the isolation and characterization of several phages of the human
pathogen Salmonella enterica, showing the high phage diversity and phage–host interactions,
providing valuable results for the advance on the developing phage-based applications in
sectors such as biocontrol [12].

Adeno-associated virus (AAV) vectors are the top platform for gene delivery for
the treatment of many human diseases. The review presented by Bower et al. (2021)
summarizes recombinant AAV approaches for the treatment of many types of cancer,
including interactions with the cellular host machinery to contribute to the enhancement
of current strategies to treat cancer. The research articles by Yu et al. (2021) and Yu et al.
(2020) presented in this special issue give great contributions for the development of new
gene therapy protocols using AAV vectors and provide significant advances for high-level
transgene expression from AAV vectors. Yu et al. (2021) showed that, in opposition to
what happens with transgene expression using adenoviral vectors, pretreatment with
clodronate liposomes does not appear to improve AAV-mediated gene delivery; in fact, it
seems to have the opposite effect [13]. In a different study, Yu et al. (2020) demonstrated
that an intragenic transcriptional enhancer element within the 3′ end of the env gene of
Jaagsiekte sheep retrovirus (JSRV) may be used as a promoter capable of directing transgene
expression from AAV vectors in a variety of tissues, particularly liver and lung [14]. These
authors also report that these promoter cassettes are small in size, which is suitable for
genome constraints of the AAV vector systems.

Baculovirus expression vectors have been used for the commercial production of
complex glycoproteins in eukaryotic cells. Genome engineering of single-copy baculovirus
infectious clones (bacmids) has been valuable for the study of baculovirus biology. How-
ever, despite their potential, bacmids are not yet widely applied as expression vectors
mainly due to the easy loss of gene-of-interest (GOI) expression. The study by Pijlman et al.
(2020) revealed that the relocation of the attTn7 transgene insertion site away from the
mini-F replicon in single-copy baculovirus infectious clones prevents deletion of the gene
of interest, thereby resulting in higher and prolonged recombinant protein expression lev-
els [15]. In this work, the authors were able to use a novel bacmid to produce chikungunya
virus-like particles for industrial vaccines. This study shows great advances on the use of
bacmids as expression vectors, whose limitation is the rapid loss of GOI expression. Hsu
et al. (2020) optimized a polycistronic baculovirus expression vector to express virus-like
particles (VLPs) containing several portions of Porcine epidemic diarrhea virus (PEDV) to
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elicit immunity against PEDV in pigs [16]. These authors also verified that pigs immunized
with VLPs together with a mucosal adjuvant showed a higher protection against PEDV,
which is of great interest for the development of other enteric viral vaccines.

The lactic acid bacterium Lactococcus lactis is widely used in dairy fermentation and is
considered safe to be used as host for biopharmaceutical development [17]. In the study
presented in this special issue by Wang et al. (2020), authors constructed a recombinant
Lactococcus lactis expressing a protein of the novel variant of the infectious bursal disease
virus (IBDV), against which the current conventional IBDV vaccine cannot completely
protect [18]. With this new vaccine, they were able to immunize chickens, which produced
unique, neutralizing antibodies and provide results showing the potential of L. lactis in
vaccine development.

Among the many viruses that have been used as vaccine vectors is the Newcastle
disease virus (NDV), in the review presented by Bello et al. (2020), the molecular biology
and approaches to engineer NDV into an efficient vaccine vector is discussed, focusing on
the prospects of the virus as a vehicle of vaccines against cancer and infectious diseases in
humans and animals [19].

The study by Maeda et al. (2020) gives important contributions on the use of viruses
to accelerate plant breeding. Authors used Apple latent spherical virus (ALSV) to induce
flowering in grapevine (virus-induced flowering, VIF) by expression of the Arabidopsis
flowering locus T gene; this study shows the potential of ALSV vectors as VIF to shorten
the generation time of grapevine seedlings [20].

This special issue also covered aspects concerning the use of viruses against the new
disease that changed the world in the recent years, COVID-19, demonstrating how viruses
can be rapidly redirected to fight against a new threat. In the review by Lundstrom (2020),
the advantages of using viral particles and RNA replicons and DNA replicon vectors of
RNA viruses for vaccine development are presented, with a special emphasis on COVID-19
viral-based vaccines [21]. The review by Fernandez-Garcia et al. (2020) summarizes the
recent research on viruses for therapy and diagnosis of COVID-19, namely viral-vector
vaccines, bacteriophages to find SARS-CoV-2 antibodies, and their use as a treatment [22].

The latest progress on the development of viruses as vectors in biotechnology and
their many applications, such as molecular breeding, functional genomic studies, and
vaccines, are reviewed by Wang et al. (2020). These authors summarize available viral
vectors for economically important crops [23].

Virus-like particles (VLPs) and virus nanoparticles (VNPs) are increasingly being used
for a variety of applications in biotechnology. In the review by Venkataraman and Hefferon
(2021), the use of Tobacco mosaic virus (TMV), Potato virus X (PVX), Cowpea mosaic virus
(CPMV), and geminiviruses for biotechnological purposes is discussed with a great focus
on the major achievements of these viruses as expression vectors in medicine and human
health [24].

We also had the privilege to contribute to this special issue by providing a review
where we focused on the advances on the CRISPR technology to target viruses and achieve
plant viral resistance but also, and in line with this special issue, the use of viruses as
vectors for CRISPR technology, discussing the advantages and disadvantages of their use
as alternatives to other platforms. It is interesting to mention that during the preparation
of the review, an increasing number of studies concerning the use of different and new
viruses were constantly being published, and a great effort was made to keep the review as
up to date as possible, showing the continuous, growing applications of the use of viruses
in biotechnology [25].
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Abstract: Adeno-associated virus is a popular gene delivery vehicle for gene therapy studies.
A potential roadblock to widespread clinical adoption is the high vector doses required for efficient
transduction in vivo, and the potential for subsequent immune responses that may limit prolonged
transgene expression. We hypothesized that the depletion of macrophages via systemic delivery of
liposome-encapsulated clodronate would improve transgene expression if given prior to systemic
AAV vector administration, as has been shown to be the case with adenoviral vectors. Contrary
to our expectations, clodronate liposome pretreatment resulted in significantly reduced transgene
expression in the liver and heart, but permitted moderate transduction of the white pulp of the spleen.
There was a remarkable localization of transgene expression from the red pulp to the center of the
white pulp in clodronate-treated mice compared to untreated mice. Similarly, a greater proportion of
transgene expression could be observed in the medulla located in the center of the lymph node in
mice treated with clodronate-containing liposomes as compared to untreated mice where transgene
expression was localized primarily to the cortex. These results underscore the highly significant role
that the immune system plays in influencing the distribution and relative numbers of transduced
cells in the context of AAV-mediated gene delivery.

Keywords: adeno-associated virus; clodronate; macrophage; gene therapy

1. Introduction

Adeno-associated virus (AAV)-mediated gene therapy is approaching a level pre-
viously not achieved by any other gene therapy vector. The recent regulatory approval
of Luxturna, an AAV gene therapy vector designed to treat patients with a rare form of
inherited vision loss [1], and Zolgensma, an AAV gene therapy for type 1 spinal muscular
atrophy (SMA) [2], highlights the increasing success such gene therapy strategies are expe-
riencing in the clinic [3]. For continued clinical success, however, there is a need to establish
improved vector administration protocols so that maximum transduction of target cells
can be achieved while immune responses against the vector itself as well as the transgene
product are minimized. In early AAV clinical trials investigating the delivery of factor IX
to the liver of hemophilia B patients, it was discovered that although therapeutic levels
of factor IX could be achieved at the highest dose of AAV-factor IX, immune responses
against the vector capsid limited prolonged expression of the transgene beyond 8 weeks [4].
Previous work has demonstrated that AAV capsids are able to inadvertently package DNA
sequences that are entirely devoid of the cis-acting AAV packaging signals, the inverted
terminal repeats (ITRs), resulting in the potential for unintended encapsidation of rep and
cap DNA sequences into recombinant vectors [5]. De novo synthesis of capsid proteins after
the transduction of host cells might result in the induction of immune responses against the
AAV vector and subsequent elimination by the immune system. This severe limitation may
be alleviated by using a specialized capsid expression cassette that has an oversized intron,
rendering the capsid DNA too large for packaging into an AAV virion [5]. Such strategies
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may improve the successful transduction of target sites that lie outside of immunoprivi-
leged sites such as the eye. Indeed, AAV trials targeting the eye (subretinal space) have
seen more success than tissues more heavily surveyed by the immune system [6]. In a
phase 3 trial utilizing an AAV2 vector encoding the hRPE65 required for isomerohydrolase
activity of the retinal pigment epithelium, patients demonstrated sustained improvement in
both subjective and objective measurements of vision, including improved light sensitivity,
visual fields, and functional vision under dim lighting conditions [7], with such benefits
lasting for at least three years [8].

In addition to adaptive immunity, innate immune mechanisms might play a role
in eliminating much of the administered vector prior to transduction. Marginal zone
macrophages play an essential role in eliminating blood-borne pathogens present in cir-
culation as blood filters through the spleen [9,10]. The bacteria Streptococcus pneumoniae,
Haemophilus influenzae, and Neisseria meningitidis and viruses adenovirus serotype 5 and
cowpox virus may be cleared in this manner [11]. Marginal zone macrophages of the spleen
have been shown to accumulate adenovirus serotype 5 in vivo following IV injection [12].

In contrast to the relatively low immunogenicity associated with AAV administration,
adenoviral vectors exhibit a much higher degree of adversity when facing the innate and
adaptive arms of the immune system [13,14]. AAV can transiently induce the expression
of chemokines TNF-alpha, RANTES, IP-10, MIP-1B, MCP-1, and MIP-2 following intra-
venous administration in mice; however, levels decline to baseline levels 6 h post vector
administration [15]. In contrast, adenoviral vectors induced the expression of TNF-alpha
and chemokines for over 24 h post administration [15] and induced the expression of in-
flammatory cytokines in vitro, whereas AAV vectors did not [15]. Several attempts to tame
host roadblocks to successful transduction have incorporated the pre-administration of
liposome-encapsulated bisphosphonate clodronate in order to deplete phagocytic cells from
experimental animals prior to the administration of adenoviral vectors [16–18]. Transient
depletion of Kupffer cells through intravenous administration of chlodronate liposomes re-
sulted in improved delivery of adenoviral DNA to the liver, prolonged as well as increased
transgene expression, and delayed the clearance of vector DNA [18].

Based on the favorable results observed from the studies utilizing adenovirus, we
hypothesized that transduction studies with AAV vectors might also benefit with pre-
treatment using clodronate-containing liposomes. Mice were given clodronate liposomes,
and 48 h later, adeno-associated virus vectors expressing a human placental alkaline phos-
phatase reporter gene. Contrary to previous reports utilizing adenoviral vectors, clodronate
liposome pretreatment resulted in a significant decrease in transgene expression in heart
and liver tissue (p < 0.05), and a possible trend towards a decrease in the spleen.

2. Materials and Methods

2.1. Cell Culture

Human embryonic kidney (HEK) 293 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (GIBCO, Invitrogen, Carlsbad,
CA, USA), 100 units/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine in a
humidified 5% CO2 atmosphere at 37 ◦C.

2.2. AAV Vector Plasmid Construction

Vectors encoding human alkaline phosphatase reporter gene (hPLAP) were derived
from an AAV vector plasmid, AEEE1AP, described previously [19]. The vector was modified
to replace the Enzootic-Nasal Tumor Virus-1 (ENTV-1) enhancer/promoter component
with enhancer elements derived from Jaagsiekte Sheep Retrovirus (JSRV), acting on the
chicken beta actin promoter to drive expression of a human alkaline phosphatase reporter
gene (hPLAP). Splicing of the hPLAP encoding transcript was promoted by the presence of
a murine leukemia virus polymerase intron found between the enhancer/promoter and the
hPLAP gene. Following the hPLAP gene was the SV40 polyA tail for the polyadenylation
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of transcripts. This enhancer/promoter combination has proven to be effective in driving
constitutive expression in a variety of tissues, but is especially active in the lung and liver.

2.3. AAV Vector Production and Quantification

The AAV vector was produced as described previously [19]. Briefly, the plasmid
containing the AAV genome was co-transfected into cells along with pDGM6, a packaging
plasmid that expresses AAV6 capsid. AAV vector titers were determined by quantitative
polymerase chain reaction analysis as previously described [20].

2.4. AAV Vector Delivery

Mouse experiments were performed in accordance with the guidelines set forth by
the Canadian Council on Animal Care (CCAC) and Animal Utilization Protocol #3827
(approved 22 September 2017). Eight-week-old C57BL6/J mice were obtained from Charles
River Laboratories (Saint-Constant, QC, Canada). Systemic delivery of AAV vectors was
performed by intravenous delivery of a phosphate-buffered saline (PBS) solution containing
1 × 1011 vector genomes of AAV vectors injected in a 200 µL volume into the tail vein. Mice
were euthanized 1 month post vector administration, and lungs were perfused through
the heart with 20 mL of PBS and then separated into individual lobes. For consistency,
the same lobe from each mouse was either flash frozen in liquid nitrogen or fixed in 2%
paraformaldehyde–PBS for 2.5 h at 22 ◦C. Half of other major organs, including the liver,
spleen, pancreas, lymph node, heart, and kidney, were fixed for 24 h at 22 ◦C, with the
other half placed into liquid nitrogen for subsequent enzymatic assay of hPLAP activity.

2.5. Depletion of Macrophages Using Clodronate Liposomes

Clodronate liposomes were prepared as described previously [21]. Forty-eight hours
prior to administration of AAV vectors, mice were given a 33 µL injection of clodronate
liposomes through the tail vein [22,23]. At this volume, each mouse received 165 µg of
liposome-encapsulated clodronate. A 200 µL injection was also given to determine if the
effect could be ramped up in a dose-dependent manner.

2.6. Quantification of Total Splenocytes in Mice

Splenocytes were enumerated in the following manner: spleens were cut in half, with
both halves pressed between the frosted ends of microscope slides to make a single-cell
suspension, followed by manual counting using an improved Neubauer hemocytometer.
Mean and standard deviation were calculated for PBS and the 33 µL treatment group.

2.7. Quantification of Mouse Splenic Macrophages

The method of Rose et al. was used to quantify numbers of marginal zone macrophages [24].
Briefly, spleens were harvested and a cell suspension was made after dicing spleens and
treatment with DNase I and collagenase D. 1 × 106 to 2 × 106 cells were pelleted at
1500 rpm for 3 min and supernatant discarded. Cell suspension was incubated with 0.5 µg
Fc Block (BD Biosciences, San Jose, USA) for 10 min at RT, followed by a wash with FACS
buffer (0.5% BSA in saline). Supernatant was discarded once again and the following
antibodies were added to each well: CD45R (B220) clone RA3-6B2 PE-Texas Red (1:400,
BD Biosciences), Ly6C clone AL-21 APC-Cy7 (1:500, BD Biosciences), Ly6G clone 1A8 PE
(1:400, BD Biosciences), NK1.1 clone PK136 APC (1:300, BD Biosciences), CD11b clone
M1/70 FITC (1:160, eBioscience, San Diego, CA, USA), CD11c clone HL3 PE-Cy7 (1:125,
BD Biosciences) with 20% 7-AAD in FACS buffer. The stain and cell mixture was incubated
for 20 min on ice in the dark, and washed twice in FACS buffer. Lastly, samples were
resuspended in FACS buffer and kept on ice, in the dark, until being run on a FACS Aria
flow cytometer (BD Biosciences). Mean and standard deviation were calculated for PBS
and the 33 µL treatment group, and Student’s t-test was used to determine if differences
between these groups was significant.
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2.8. hPLAP Staining

Tissues were stained for vector-encoded heat-stable hPLAP expression as described
previously [19]. Gross pictures of stained tissues were taken using a Zeiss dissecting scope
(Zeiss Canada, Toronto, Canada). After fixation tissues were embedded in paraffin wax
using an automatic tissue processor, tissue sections (5 µm) were cut and placed on positively
charged slides. Since the hPLAP staining intensity is reduced after tissue processing, tissue
sections are re-stained to detect hPLAP expression. Tissue sections were deparaffinized and
equilibrated in hPLAP buffer (100 mM Tris-HCl pH 8.5, 100 mM NaCl, 50 mM MgCl2) for
5 min. Slides were incubated overnight in hPLAP stain (100 mM Tris-HCl pH 8.5, 100 mM
NaCl, 50 mM MgCl2, 0.34 mg/mL nitroblue tetrazolium salt, 0.17 mg/mL X-phos) on
rotator in the dark. After washing twice for 2 min in PBS, tissues were counterstained for
1 min with nuclear fast red solution (Millipore Sigma, Oakville, ON, Canada).

2.9. Determination of hPLAP Enzymatic Activity

Mouse tissues were harvested 28 days after AAV vector administration, snap-frozen
in liquid nitrogen, and stored at −80 ◦C until assayed. Tissues were homogenized in
TMNC lysis buffer (50 mM Tris HCl pH 7.5, 5 mM MgCl2, 100 mM NaCl, 4% (wt/vol)
CHAPS) using a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France) with ~200 µL of TMNC buffer in a FastPrep™ Lysing Matrix A tube (MP Bio,
Santa Ana, CA, USA). Tissue homogenates were placed in a water bath at 65 ◦C for 1 h to
inactivate endogenous heat-labile AP activity and subsequently clarified by centrifugation
at 17,900× g for 15 min at 4◦C to remove cell debris. The protein content of each sample was
determined by the method of Bradford, and the AP activity in tissue lysates was determined
by a fluorometric assay using the 4-methylumbelliferyl phosphate (MUP) (Sigma, St. Louis,
MO, USA) substrate, as described previously [19]. The mean and standard deviation were
calculated for AP activity for treated and non-treated groups and in each of the organs:
lung, liver, heart, and spleen. Student’s t-test (unpaired, two-tailed) was used to determine
if differences between clodronate-treated and untreated groups were significant.

3. Results

3.1. Absolute Splenocyte Quantification by Manual Counting and Marginal Zone Macrophage
Quantification by Flow Cytometry Following Clodronate Liposome Pretreatment

A decrease in absolute splenocyte numbers was observed for mice given two dif-
ferent doses (33 and 200 µL) of clodronate liposomes (Figure 1A). A trend towards de-
creasing numbers of total splenocytes was observed in mice given clodronate compared
to control mice. Flow cytometric analysis revealed a significant decrease in marginal
zone macrophage number was observed following clodronate pretreatment (p < 0.007)
(Figure 1B). In particular, there was an observed 65% decline in the numbers of marginal
zone macrophages following a 33 µL intravenous administration of clodronate liposomes
through the tail vein. Increasing the dose to 200 µL resulted in an 80% reduction in marginal
zone macrophages; however, increasing the dose to this level may have also affected other
cell types as well.

3.2. Gross Analysis of Human Placental Alkaline Phosphatase (hPLAP) Transgene Expression in
Various Tissues

hPLAP reporter gene expression, as evidenced by purple staining, was observed in
a variety of tissues 28 days following intravenous delivery of 1 × 1011 vg of an AAV6
vector expressing hPLAP with and without prior clodronate treatment. Most notably,
expression appeared to be lower in clodronate-treated tissues than in non-treated controls
(Figure 2). This was especially evident in the tissues of the heart (Figure 2A) and liver
(Figure 2B). Following intravenous AAV administration, the expression of the reporter
gene was restricted to particular patches in the lungs of both clodronate-treated and non-
treated mice, likely owing to the architecture of the lungs and the fact that intravenously
administered vector could access the lungs only at pulmonary or bronchial blood vessels
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(Figure 3). However, in terms of improved expression, overall, the trend appeared to favor
untreated animals.
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  Figure 1. (A) Manual count of total numbers of splenocytes following treatment of mice with clodronate liposome treatment
(CL) at two different volumes (n = 4 per group). There appeared to be a greater decline in total splenocyte numbers with
the higher dose of clodronate liposomes, but this was not statistically significant. (B) Marginal zone macrophage count as
assessed by flow cytometry following clodronate liposome treatment. Treatment with 33 µL of CL yielded a 65% reduction
in numbers of marginal zone macrophages. This difference was statistically significant (p < 0.05). With a higher dose of
200 µL, marginal zone macrophage numbers could be reduced even further (80%).

3.3. Quantification of hPLAP Expression in Various Tissues

Enzymatic assay quantification of hPLAP was conducted after the homogenization
of treated and untreated mouse tissues, as described previously [19]. Mean and standard
deviation were calculated for treated and untreated groups for lung, liver, heart, and
spleen, and Student’s t-test (unpaired, two-tailed) was used to determine if differences
were significant (p < 0.05). Pooled data from two independent experiments (n = 3 and
n = 4 for the first and second experiment, respectively) demonstrated a significant decrease
in expression for clodronate-treated mice in the liver and heart compared to untreated
mice (p < 0.005 and p < 0.05, respectively). No significant trend was observed in the lungs,
probably due to the low level of expression in this organ. A possible statistical trend
towards a decrease in transgene expression was observed in the spleen (p < 0.1) (Figure 4).

3.4. Histological Analysis of hPLAP Transgene Expression in Clodronate-Treated Mice and
PBS-Treated Controls

Tissues of untreated mice and mice treated with clodronate were paraffin embedded,
sectioned, and viewed under a light microscope. Differences were observed in the pattern
of expression of hPLAP within the spleens of treated and untreated mice (Figure 5). A
greater proportion of hPLAP expression was observed within the center of white pulp in
clodronate-treated mice compared to untreated mice. Due to the decline in marginal zone
macrophage numbers because of clodronate treatment, a greater proportion of the vector
may have been able to penetrate into the white pulp and persist long enough to transduce
cells within the white pulp as compared to the non-treated mice. The white pulp of the
spleen is a lymph node-like organ composed of lymphoid sheaths with both B and T cell
compartments surrounding a central arteriole [25]. Interestingly, marginal zone B cells
can become potent antigen presenting cells after uptake of soluble antigen [25]. Dendritic
cells can also migrate into the white pulp following activation [25]. The dark alkaline
phosphatase staining observed in the white pulp of clodronate-treated mice may have been
antigen presenting cells that had been transduced by the vector and subsequently migrated
into the white pulp following activation. A similar pattern of expression was observed
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for the lymph node, where a greater proportion of expression could be observed in the
medulla located in the center of the lymph node.
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Figure 2. Gross comparison of mice (n = 4) transduced systemically (via tail vein) with 1 × 1011 vg of AAV6 vector expressing
human placental alkaline phosphatase (hPLAP) after being given an intravenous injection of clodronate liposomes or PBS,
48 h prior. Mice were euthanized 28 days post-AAV administration and tissues fixed and stained for hPLAP expression.
There appeared to be a trend towards more expression in clodronate-untreated mice, particularly in the heart (A) and
liver (B), but less so in the spleen (C). Images pictured are from individual mice. Yellow arrows point to regions of purple
punctate staining representative of hPLAP expression.
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Figure 3. Representative gross images of lung, lymph node, spleen, and kidney from clodronate-treated mice and control
mice. Both groups (n = 4) were administered 1 × 1011 vg of AAV vector expressing human placental alkaline phosphatase
(hPLAP) via tail vein injection and euthanized 28 days later. Tissues were fixed and stained for hPLAP expression. There
did not appear to be grossly visible differences between these two groups of mice in these particular organs. Expression of
hPLAP in these organs was relatively low.
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Figure 4. Quantification of alkaline phosphatase activity following systemic administration of 1 × 1011 vg of an AAV6 vector
expressing human placental alkaline phosphatase (hPLAP) with and without prior intravenous administration of clodronate.
In the heart (p < 0.05) and liver (p < 0.005), a statistically significant difference could be observed in clodronate-treated
and untreated mice, with untreated mice possessing on average ~4 fold more alkaline phosphatase activity. No significant
difference could be observed in the levels of alkaline phosphatase activity in mouse lung and spleen.
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Figure 5. Histochemical staining of sections from spleen and lymph node in clodronate-treated and control mice.
(A) Representative tissue sections of spleen and lymph node from clodronate-treated mice and control mice. Both groups
were administered 1 × 1011 vg of AAV vector expressing human placental alkaline phosphatase (hPLAP) via tail vein
injection and euthanized 28 days later. Tissues were formalin fixed, paraffin embedded, and stained for hPLAP expression.
Administration of clodronate appeared to allow improved AAV transduction of white pulp relative to control mice. hPLAP
staining in the center of the white pulp could be observed for clodronate-treated mice, whereas with control mice, no such
staining could be observed. The presence of marginal zone macrophages likely prevented efficient transduction of white
pulp in control mice. Within the lymph node, staining seemed to be restricted to the periphery of the lymph node for control
mice, whereas in clodronate-treated mice, staining could be observed in the center. (B) Quantification of hPLAP positive foci
in the white pulp of spleens from clodronate-treated and control mice. Foci of hPLAP stained cells in the white pulp of the
spleen from three tissue sections (4×) per mouse per group were counted. 4× scale bar = 200 µM, 10× scale bar = 100 µM,
20× scale bar = 50 µM. Data were analyzed using an unpaired t-test, **** = p < 0.0001.

As was observed grossly, there was a marked reduction in transgene expression in
tissues sections from the heart and liver of clodronate-treated mice, whereas there was
no obvious difference in hPLAP staining in lung sections from clodronate-treated mice
compared to PBS controls (Figure 6). Little to no transgene expression was observed in
tissue sections from the kidney and pancreas in either treatment group. In tissues where
transgene expression was detected, there did not appear to be a difference in the cell types
that were transduced.
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Figure 6. Representative tissue sections of the heart, liver, lung, and pancreas from clodronate-treated
and control mice (PBS). Both groups were administered 1 × 1011 vg of AAV vector expressing
human placental alkaline phosphatase (hPLAP) via tail vein injection and euthanized 28 days later.
Tissues were formalin fixed, paraffin embedded, and stained for hPLAP expression. Images were
taken at 10× magnification for all tissues except the pancreas, which was imaged at 4×. 4× scale
bar = 200 µM, 10× scale bar = 100 µM.
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4. Discussion

In contrast to the improvements in transgene expression observed with adenoviral
vectors, pretreatment with clodronate liposomes did not appear to improve AAV-mediated
gene delivery, and may have actually had the opposite effect. Significantly reduced ex-
pression was observed in mice that had been pretreated with clodronate, particularly in
the heart and liver. Little or no difference was observed in transgene levels in the lungs
between treated and non-treated groups. This might be attributed to the fact that the
transduction of the lungs was poor due to the intravenous route of administration of the
AAV vector, resulting in only minute patches of transduction where the vasculature is
able to access lung tissue. However, in all other tissues assayed, transduction was lower
in the clodronate-treated group. It is unclear why transduction might be lower in these
tissues; however, several theories are postulated. Intravenous injection of clodronate
liposomes ensures that all phagocytes having direct access to the blood can potentially
engulf clodronate liposomes [26]. While clodronate-containing liposomes can deplete all
professional phagocytes, including both macrophages and dendritic cells, the liver and
spleen are so efficient at removing foreign particles from the bloodstream that the exposure
of phagocytes outside of these organs to blood-borne clodronate liposomes would be
limited [27]. Particular macrophage populations eliminated by clodronate treatment may
have a role in tolerizing the host to components of the vector or the transgene itself. For
example, the liver has been known to participate in the induction of tolerance to foreign
antigens [28]. Breous and colleagues determined that resident liver macrophages, known
as Kupffer cells, can work in conjunction with hepatic regulatory T cells to create a local
immunosuppressive environment that inhibits the establishment of a cytotoxic T lym-
phocyte (CTL) response [29]. Specifically, they found that the elimination of the Kupffer
cell population using clodronate was able to completely abolish the expression of the im-
munosuppressive cytokine IL-10. Furthermore, primary administration of an AAV vector
encoding human alpha-1 anti-trypsin (hAAT) enabled systemic tolerance to a secondary
administration of an adenoviral vector also encoding hAAT, resulting in greatly improved
expression compared to the adenovirus vector alone. The induction of tolerance was shown
to be specific to hAAT, as transduction with an Ad-LacZ vector after prior AAV-hAAT
administration elicited a strong CTL response [29]. To the best of our knowledge, there are
no reports in the literature of macrophages facilitating the distribution of AAV particles
to other target tissues, although it remains a possibility. However, it is well known that
tissue macrophages engulf AAV non-specifically by phagocytosis, process the capsid, and
following migration to a draining lymph node, present capsid-derived peptides to effector
lymphocytes [30].

The results demonstrated herein and in prior publications underscore the highly
significant role that the immune system plays in sculpting the distribution and relative
numbers of transduced cells in the context of AAV-mediated gene delivery. It appears
that the phagocytic activity of macrophages is greatly outweighed by the contributions
of adaptive immunity, at least for prolonged periods of transgene expression matching
or exceeding four weeks. The inhibition of phagocytic uptake by macrophage depletion
via clodronate liposomes may, however, be beneficial when a transient, limited period of
expression is desired. Initial transduction may be greater under these circumstances due
to decreased numbers of phagocytic cells capable of ingesting vector particles, but would
likely decrease over time as an immune response against the transgene is mounted. Future
experiments will evaluate AAV-mediated transgene expression in clodronate liposome-
treated and untreated mice at earlier time points (e.g., 10–14 days post-transduction) so
as to allow for the quantification of transgene expression prior to the onset of the host
immune response to the therapy. Additionally, we would like to investigate the effect of
administering clodronate liposomes via the intranasal route to specifically deplete alveolar
macrophages [31], which might allow for greater lung specific transduction while leaving
Kupffer cells intact.
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In contrast to the results presented here, gene delivery studies by Wolff and colleagues
employing adenovirus resulted in a marked increase in transgene expression when clo-
dronate pretreatment occurred in advance of adenovirus transduction [18]. This difference
may be attributed to differences in the biology of adenovirus and adeno-associated virus.
Whereas adenovirus is highly immunogenic, inducing the expression of inflammatory
cytokines for prolonged periods of time upon cell transduction, AAV is far less so [15].
Therefore, the innately high immunogenicity of adenovirus may make it more difficult
to induce tolerance to these vectors, and therefore it might not occur as readily as with
adeno-associated virus. Thus, the inhibition of phagocytosis might be a relatively less
important process than removing phagocytic cells prior to administration, within the par-
ticular context of adenovirus vectors. In addition, differences in vector titers at the point
of administration might account for differences in transgene expression between Ad and
AAV vectors. Whereas in our study an AAV vector dose of 1 × 1011 vector genomes was
delivered intravenously, Wolff et al. administered either 5 × 106 or 1 × 107 PFU [18]. Com-
parisons between genome copy number and plaque forming units might be fraught with
difficulty; however, if taken at face value, the number of vector particles was greater in favor
of AAV by a factor of 10,000. This number also does not account for the presence of empty
AAV capsid particles, which capsids can vary from 10% to 90% [32]. Empty particles might
therefore act in a “blocking” fashion, possibly overwhelming the phagocytic capacity of
macrophages and thereby making the transient elimination of phagocytic cells unnecessary
for AAV transduction [22]. In another study by Aalbers et al., intravenous administration
of clodronate liposomes 48 h prior to intra-articular AAV5 vector administration improved
transgene expression [22]. One reason for the discrepancy between their findings and ours
may have to do with how AAV was administered. AAV was administered systemically in
our study, whereas AAV was administered locally to the knee joint in the study by Aalbers
et al., thereby limiting the exposure of AAV to synovial macrophages.

Future gene therapy protocols may seek to increase the number of Kupffer cells rather
than eliminate them, or to promote the interaction of Kupffer cells with hepatic regulatory
T cells with the aim of boosting tolerance [29]. Improved protocols might also incorporate
targeted transduction of the liver in order to increase the likelihood of the induction of
tolerance, even if the target tissue is distal to the liver. With increased immune tolerance,
a reduction in the number of vector particles required for efficient transduction might be
possible, leading to the decreased presentation of vector-associated antigens and opening
the possibility of repeated vector administrations using the same capsid. A reduction in
the number of vector particles required for successful transduction in large animals such as
humans would likewise also be a welcome change, as the production of the vast quantities
of AAV vectors needed for clinical use is difficult and costly.
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Abstract: Plant-based nanotechnology programs using virus-like particles (VLPs) and virus nanopar-
ticles (VNPs) are emerging platforms that are increasingly used for a variety of applications in
biotechnology and medicine. Tobacco mosaic virus (TMV) and potato virus X (PVX), by virtue of
having high aspect ratios, make ideal platforms for drug delivery. TMV and PVX both possess
rod-shaped structures and single-stranded RNA genomes encapsidated by their respective capsid
proteins and have shown great promise as drug delivery systems. Cowpea mosaic virus (CPMV) has
an icosahedral structure, and thus brings unique benefits as a nanoparticle. The uses of these three
plant viruses as either nanostructures or expression vectors for high value pharmaceutical proteins
such as vaccines and antibodies are discussed extensively in the following review. In addition, the
potential uses of geminiviruses in medical biotechnology are explored. The uses of these expression
vectors in plant biotechnology applications are also discussed. Finally, in this review, we project
future prospects for plant viruses in the fields of medicine, human health, prophylaxis, and therapy
of human diseases.

Keywords: expression vectors; aspect ratio; VLPs; VNPs; TMV; PVX; CPMV; geminivirus; cancer;
theranostics; CRISPR-cas9

1. Introduction

Over the past few years, plant viruses have increased in visibility for a wide range of
applications in biotechnology. Plant viruses are highly suitable for production of vaccines
as they are recognized by the innate immune system through the pathogen associated
molecular pattern (PAMP) receptors [1] while being non-pathogenic to mammals. Plant
viruses can elicit both cell-mediated immunity [2,3] and a humoral immune response when
delivered through mucosal [4] or parenteral [5] routes.

Plant virus genomes have been engineered to express heterologous open reading
frames. For example, deconstructed virus vectors (Figure 1) were generated first using
TMV [6,7] and PVX [8], of which the former was produced commercially by Icon Genetics as
the magniCON vector [6]. Using this TMV magnifection technology, full immunoglobulin
IgG was produced in under 2 weeks at high yields (4.8 g/kg fresh weight tissue) [9].

Plant viruses have also been developed as VLPs and VNPs in order to present them
as epitope display systems for vaccine production and as scaffolds for the conjugation
of drugs or molecules used in diagnostics (Figure 2). VNPs and VLPs based on plant
viruses are favorable because they are non-pathogenic to humans, and hence preclude
any unwanted side effects/contamination. VNPs are nanoparticle formulations based
on viruses that can be employed as building blocks for novel nanomaterials exhibiting
a variety of molecular characteristics [10]. VNPs are self-assembling highly symmetrical
systems that are dynamic, polyvalent, and monodisperse. They are advantageous due to
reasons such as their robustness and ability to be generated in short time periods while
serving as programmable molecular scaffolds. Additionally, VNPs are superior to synthetic
nanomaterials by virtue of being biocompatible and biodegradable. Several self-assembly
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mechanisms have been adopted to encapsulate ligands such as small chemical modifiers,
peptides, proteins, or even additional nanoparticles into the VNPs for which a wide range
of conjugation chemistries have been employed [11,12]. These include strategies such as
encapsulation, mineralization, chemical bioconjugation, and genetic engineering.

Figure 1. Schematic diagrams of full-length genome vs. deconstructed vectors of TMV (A) and PVX (B). RdRp, RNA-
dependent RNA polymerase; MP, movement protein; CP, coat protein; GOI, gene of interest; TGB, triple gene block.

Figure 2. Schematic diagrams of TMV and CPMV wild-type virus vs. virus nanoparticles: (A) WT TMV (left hand side)
and TMV nanoparticle (right hand side) displaying drug moieties conjugated to the surface of virus particle; (B) WT TMV
(left hand side) containing viral RNA and TMV nanoparticle (right hand side), in this case RNA genome is replaced with
drug moieties on the interior of the virus particle; (C) (i) CPMV intact virion, (ii) empty virus-like particle (eVLP), (iii) drug
moieties conjugated to surface of eVLP, (iv) with drug moieties captured within eVLP.

22



Viruses 2021, 13, 1697

VLPs are a subset of the VNPs but bereft of any nucleic acid genome, thus, making
them noninfectious. VLPs are powerful vaccine candidates as they simulate the conforma-
tions of native viruses, utilizing their intrinsic immunogenicity while not compromising
their safety. They accomplish this by having no viral genome, and therefore being unable
to replicate [13]. Hence, VLPs have become popular as subunit vaccines while several plant
viruses have been used to generate VNPs. VLPs evoke effectual immune responses as they
are readily internalized by the antigen presenting cells (APCs) and are ideal platforms for
antigen processing and epitope presentation to the immune system. Additionally, VLPs are
increasingly used in cancer immunotherapy wherein their inherent ability to stimulate im-
mune reactions can be employed to prime the tumor microenvironment towards launching
antitumor immunity. VLPs occur as repetitive, multivalent molecular scaffolds by virtue
of being composed of their capsid proteins in multiple copies that facilitate multivalent
presentation of antigens. Therefore, VLP vaccines afford superior immunogenicity as
compared with antigens in their soluble states. Additionally, plant viral VLPs and VNPs
possess inherent adjuvant properties dispensing with the use of additional adjuvants to
evoke strong immune responses.

Knowledge and insight into the molecular structure of TMV [14] and PVX [15], for
example, have enabled their use for several applications as biocatalysts [16], fluorescent
markers [17], nanoparticles for in vivo imaging [18], nanoparticles for biologics purifica-
tion [19], vaccines [20–22], and assembly units for memory devices [23]. Plant viral VNPs
serve toward a variety of applications such as immunotherapy [24], chemotherapy [25],
vaccines [26], gene delivery [27], and plant virus-assisted sensors [28].

The following review describes many of the uses of plant viruses in biotechnology,
with examples based on TMV, PVX, CPMV, and geminiviruses. In the last section, we
conclude with a future projection of the significance of plant viruses in the fields of medicine
and engineering.

2. Molecular Characteristics of TMV Advantageous for Biotechnological Use

TMV was initially characterized in the 19th century and has since become a paradigm
for our current perspective on the morphogenesis of self-assembling viral particle struc-
tures [29]. TMV is the most well-studied plant virus, and it is also the most important
plant virus both scientifically and economically [30,31]. In recent times, this knowledge
has been translated toward the generation of novel compounds and structures that could
be used in nanotechnology and medicine. TMV can be easily produced and purified in
bulk amounts, and therefore has become of tremendous importance in molecular biology
and virology [32]. TMV has been used to detect translational enhancers for the augmented
expression of heterologous genes [33,34], and for the design of effective vectors for virus-
induced gene silencing and transient expression in plant systems [35], as well as for creating
virus-resistant plant lines [36,37].

TMV is also simple and well-characterized with respect to particle structure and
genome organization. Thus, it is well suited as a highly amenable experimental system for
different applications. The rod-shaped virus particle measures 300 nm in length and 18 nm
in diameter, and contains a 6.7 kb viral RNA genome that is encapsidated by 2130 identical
copies of the capsid protein assembled in a helical arrangement. The crystal structure of
the 158 amino acid capsid protein has been determined [38]. The genomic RNA contains a
stretch of 432 nucleotide bases that forms the origin-of-assembly sequence (OAS) sufficient
for viral assembly [39]. At neutral pH and without its RNA, the coat protein (CP) assembles
itself into an 18 nm double disk, a 20S aggregate or nano-ring containing two layers of
17 CP molecules which can serve as a nanoscale scaffold. The amino acid sequence of the
CP has many accessible regions for chemical modifications both at the inner and outer
surfaces [30]. TMV can also assemble into spherical nanoparticles of 100–800 nm, in the
absence of its RNA genome, by thermal processing [40]. Moreover, the TMV RNA genome
can self-assemble with its purified CP in vitro to generate infectious virus particles [41], in
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addition to its ability to self-assemble in vivo. Therefore, TMV has become a model system
for RNA-protein recognition.

Different strategies can be used to modify TMV, such as the modification of the interior
or exterior surface of the capsid through genetic engineering, chemical conjugation, or a
combination of both processes. The interaction and transport of heterologous cargo within
the virus inner cavity or generation of multivalent structures by particle integration have
thus been adopted. The conformation of the TMV CP facilitates the insertion of foreign
peptides at both its N- and C-termini. In addition to this, the loop formed from CP amino
acids 59–66 can be used towards surface display of foreign peptides on intact virions or on
CP assemblies [42].

3. The Use of Genetically Engineered TMV in Biochemistry, Nanotechnology, and
Plant Biotechnology

Table 1 illustrates some examples of plant viral expression vectors derived from
TMV [43–48], CPMV [49–51], PVX [52], and bean yellow dwarf virus (BeYDV) [53] for
generation of foreign proteins.

Table 1. Examples of plant viruses used as expression vectors for foreign proteins.

Recombinant Protein or Vaccine or VLP Viral Vector

Cholera toxin b subunit TMV [43]

Human anti-non-Hodgkin’s lymphoma single-chain Fv
(scFv) immunoglobulins Hybrid TMV and odontoglossum ringspot virus (ORSV) [44]

Rice a-amylase Hybrid TMV and tomato mosaic virus (ToMV) [45]

Assembled full-size monoclonal antibody Combination of non-competing viral vectors TMV and PVX [46]

Human growth hormone Hybrid crucifer-infecting TMV (cr-TMV) and turnip
vein-clearing virus (TVCV) [47]

Plant-produced VLP developed for drug delivery TMV [48]

Plant-produced chimaeric virus vaccine for influenza virus TMV [21]

Assembled full-size monoclonal antibody CPMV [49]

Plant-produced chimaeric virus vaccine for human rhinovirus
14 and human immunodeficiency virus CPMV [50]

Plant-produced VLP developed for encapsulation of metals CPMV [51]

Plant-produced chimaeric virus vaccine for hepatitis C virus PVX [52]

Hepatitis B core Norwalk virus capsid protein (NVCP) BeYDV [53]

(Adapted from Ibrahim et al., 2019 [54]).

The location of C-terminus of the TMV CP on the exterior surface of assembled TMV
virions makes it the most used site for insertion of foreign peptides. Table 2 presents some
examples of the plant viruses (TMV [55–57], PVX [58], and CPMV [59,60]) used as drug
delivery systems and the respective regions within their coat proteins that are amenable to
genetic modifications.

Table 2. Examples of plant viruses used in drug delivery systems.

Virus Symmetry Family Locations within the CP Amenable to Genetic Modification

TMV Rod-like Tombusviridae Threonine 104/158, serine 123, N/C-terminal of coat protein [55–57]
PVX Rod-like Potexviridae N-terminal of coat protein [58]

CPMV Icosahedral Comoviridae βB-βC loop of the small subunit/βE-βF loop of the large subunit [59,60]

(Adapted from Sokullu et al., 2019 [61]).
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TMV particles have been exploited for active enzyme display, with wide-ranging
uses in biodetection, sensor development, medicine, and enzymatic conversion. Enzymes
such as penicillinase [62,63], horseradish peroxidase [64], and glucose oxidase [65] have
been expressed on the TMV surface, as TMV exhibits a strong stabilizing effect on these
enzymes. TMV adapter rods have been incorporated on sensor surfaces, which have
facilitated bioaffinity-derived presentation of streptavidin conjugates of the above enzymes
at surface densities that are not attainable on supports free of TMV. Enhanced reusability
and augmented target detection ranges of these high-performance TMV-based biosensors
have been reported and present great promise for multiple applications.

TMV membranes have been engineered that could be recruited as tissue engineering
frameworks by sequentially altered layering of two TMV variants with different charges.
Recently, these TMV-based carrier templates have been used to prepare surfaces that
promote cellular attachment and differentiation [66–68].

Some cells have been cultivated on TMV-covered culture supports and peptide lig-
ands have been presented in a spatially defined manner over nanometric scales. Arginine–
glycine–aspartic acid peptide associated TMV layers have been used for osteogenesis of
stem cells from bone marrow [67,68]. TMV has been employed as a carrier for peptide mo-
tifs and is capable of cell-binding that simulates extracellular matrix proteins. TMV-derived
nanorod fibers synthesized from complexation with electrospun composite polymers have
been used to generate mats for better handling [69].

Transgenic plants expressing TMV CP were generated by Powell Abel et al. (1986) [37].
These plants showed resistance to TMV challenge and, as a result, initiated the theory
of “capsid protein-induced resistance” [70]. TMV has also been used to engineer virus-
induced gene silencing (VIGS) systems for Colletotrichum acutatum, a phytopathogenic
fungus which proved to efficiently assemble virus particles inside hyphal cells [71].

4. The Use of TMV in Medicine, Cancer, Imaging, and Theranostics

TMV disks have a flat and round morphology that yields a high aspect ratio. TMV
particles, by virtue of their flexuous rod-like structures, marginate toward blood vessel
walls, enhancing the likelihood of invading diseased areas of the body, while accumulating
inside tumor tissues [61,72]. In contrast to their spherical equivalents, the helical virus
derived VLPs and VNPs transit more efficiently through tissues and membranes [73].
As compared with VLPs, VNPs are more effective because their RNA genome cargo
functions as a ruler to define the length of the nucleoprotein–virus complex. In addition,
the surface characteristics of these viruses can be altered by means of genetic or chemical
approaches without compromising virus structural integrity. Consequentially, the positions
of functional units such as drugs, contrast agents, or targeting ligands can be spatially
controlled which enables the engineering of multifunctional systems that harbor different
combinations of these moieties [74].

Molecular imaging is an emerging biomedical field which facilitates the visualization,
identification, and evaluation of biological mechanisms in vivo. Some of these imaging
technologies include magnetic resonance imaging (MRI), computed tomography (CT),
positron emission tomography (PET), and optical imaging, which enable the monitoring
of molecular and cellular processes in normal and diseased conditions in living subjects.
Ideally, a given molecular imaging technique should readily afford optimal signal-to-noise
ratios within the target site while minimizing toxicity [13].

VLPs are more beneficial for molecular imaging technologies than synthetic nanopar-
ticles, due to their short half-life in circulation and their low retention times, which thus
reduce probable side effects [10]. Furthermore, VLPs can be developed to carry a wide
array of contrast agents and fluorescent labels, as they can be modified with antibodies,
peptides, and aptamers to enable enhanced targeting to specific tissues and cells.

TMV has been successfully used for imaging, targeting atherosclerosis, and throm-
bosis [75]. Cargo mRNA encoding the green fluorescent protein (GFP) was encapsulated
within TMV, which when administered into mice, elicited an immune response against

25



Viruses 2021, 13, 1697

GFP. This provided a proof-of-concept that this technology can be utilized for vaccine de-
velopment [76]. TMV has also been engineered to display the iLOV protein, which acts as
a fluorescent probe [77]. TMV has also been used in theranostics (drugs and/or techniques
combined to both diagnose and treat medical conditions), for enabling photoacoustic
imaging and MRI capabilities to photothermal therapy (PTT) treatment.

Table 3a presents some examples of the use of the engineered TMV for treating
diseases, while Table 3b shows a list of studies wherein TMV has been used for cancer
treatment. Table 3c presents examples of studies using TMV in theranostic applications.

Table 3. Applications of TMV in biotechnology and medicine: (a) Applications of TMV in medicine; (b) applications of
TMV in cancer treatment; (c) applications of TMV in theranostics.

(a) Applications of TMV in medicine

Engineered Modifications Effects Reference

The extreme C-terminus of the TMV CP fused to the
11 amino acid epitope of the foot and mouth disease

virus (FMDV) VP1 protein

This nanoparticle protected animals against
FMDV challenge [78]

Peptides from the coronavirus murine hepatitis virus
spike protein displayed on the surface of TMV particles

Increased antibody titers and protected mice against
murine hepatitis virus challenge [79]

An epitope from Pseudomonas aeruginosa outer
membrane protein F fused to the C-terminus of the

TMV CP
Demonstrated immunity to Pseudomonas aeruginosa [80]

The influenza virus M2e epitope displayed by fusion
near the C-terminus of the TMV CP

Afforded protective anti-influenza immune response
in mice [21]

TMV conjugated to the thrombolytic tissue plasminogen
activator tPA

Functioned efficiently equivalent to free tPA and
enhanced safety profile as shown by diminished average

bleeding times and therefore applicable for
cardiovascular therapy

[81]

(b) Applications of TMV in cancer treatment

Engineered Modifications Effects Reference

TMV employed to display a weakly immunogenic
tumor-associated carbohydrate antigen, the Tn

antigen (GalNAc-α-O-Ser/Thr)

Potent immune responses were observed when the Tn
antigen was conjugated to Tyr 139 of TMV [82]

TMV CP used as nanocarrier for a highly hydrophobic,
insoluble peptide that binds to the neuropilin (NRP1)

receptor transmembrane domain in cancer cells

Shown to be anti-angiogenic by reducing cancer cell
growth and migration [30]

Doxorubicin (DOX) loaded onto TMV disks Increased rates of survival of mice bearing
intracranial glioblastoma [83]

DOX loaded onto TMV VNPs coated with albumin Antitumor effects [84]

Cisplatin and phenanthriplatin loaded into the cavity of
TMV by formation of stable covalent adduct or by

charge-based reaction

Enhanced absorption by cancer cells and
improved cytotoxicity [85,86]

TMV VNPs loaded with cisplatin modified using lactose
and mannose moieties on their external surface

This construction assisted the VNP’s recognition by the
asialoglycoprotein receptor that is present on cell

membranes and demonstrated augmented cytotoxicity
in cancer cell lines

[87]

Modification of the TMV coat protein with a molecular
fluorous ponytail incorporated at specific sites which

resulted in self-assembly of the virus into
spherical VNPs

These spherical VNP’s conferred greater stability of for
the cisplatin-VNP complexes formed via

metal-ligated coordination
[88]
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Table 3. Cont.

(b) Applications of TMV in cancer treatment

Engineered Modifications Effects Reference

Mitoxanthrone (MTO) loaded onto TMV VNPs by a
charge-driven mechanism Increased antitumor effects in mice [89]

Antimitotic drug, valine-citrulline monomethyl
auristatin E loaded onto external surface of TMV VNPs

Effective targeting and cytotoxicity in non-Hodgkin’s
lymphoma cell line, Karpas 299; internal entry of TMV

VNPs into endolysosomal components accompanied by
protease-encoded release of the drug

[90]

Transacting activation transduction (TAT) peptide fused
to the external surface of TMV

The engineered TAT-tagged TMV was internalized; this
delivered RNA silencing in nude mice hepatocellular

carcinoma tumors upon intravenous and
intratumoral delivery

[91]

Zn-EpPor (5-(4-ethynylphenyl)-10,15,20-tris(4-
methylpyridin-4-ium-1-yl)porphyrin-zinc(II) triiodide),
a photosensitizer drug loaded onto the interior of the

TMV particles

Demonstrated high stability and shelf-life; drug was
released into endolysosomes and showed augmented

cell-killing efficiency
[61]

Zn-Por+3 loaded TMV conjugated to F3 peptide

Targeted the nucleolin shuttle protein overexpressed on
Hela cells; drug accumulated on cell membranes along

with increased cell-killing efficiency likely due to
disruption of the cell membrane through light activation

followed by drug release and cellular uptake

[92]

(c) Applications of TMV in theranostics

Engineered Modifications Effects Reference

A near infrared fluorescent (NIR) dye as well as a
peptide targeting S100A9 (a myeloid-related protein 14

present in atherosclerotic lesions and a molecular
marker for acute myocardial infarctions) were

conjugated to TMV

These targeted TMV particles were able to identify
atherosclerotic lesions in apolipoprotein E-deficient

(ApoE-/-) mice upon intravenous injection, showing
that TMV can be used as a platform to detect

at-risk lesions

[75]

A TMV-MOF (metal-organic framework) hybrid
nanoparticle engineered Increased retention of the TMV VNPs observed in mice [93]

A Cy5-encapsulated TMV coated with zeolitic
imidazolate framework-8 (Cy5-TMV@ZIF)

Improved the fluorescence retention time by 2.5 times
more than that of the Cy5-TMV alone; this TMV@ZIF
was recalcitrant to harsh conditions and proved to be

highly stable and non-toxic

[93]

Gd-dodecane tetraacetic acid (Gd-DOTA) loaded onto
TMV particles altered to target the vascular cell

adhesion molecule, VCAM-1

Facilitated the sensitive identification and depiction of
atherosclerotic plaques in ApoE-/- mice, using low
doses of the contrast agent wherein the augmented

relaxivity and slower tumbling of the Gd-DOTA
coupled with the TMV carrier improved the

signal-to-noise ratio; also, this coupling afforded greater
sensitivity of imaging, allowing 40× decrease in Gd
dose in comparison with the standard clinical doses

[94]

Packing of a dysprosium (Dy3+) complex within the
interior cavity of TMV

Enhanced T2 relaxivity towards MRI; this enabled NIR
fluorescent dye delivery, which facilitated dual

optical-MR imaging. The exterior surface of TMV was
labeled with an Asp-Gly-Glu-Ala peptide that enabled
target specificity to integrin α2β1 molecules on prostate

cancer cells

[13]

A metal-free paramagnetic nitroxide organic radical
contrast agent (ORCA) loaded onto TMV particles to
generate electron paramagnetic resonance and MRI

probes towards the detection of superoxide

This augmented in vitro r1 and r2 relaxivities and these
probes worked as both T1 as well as T2 contrast agents,
facilitating their suitability for preclinical and clinical

MRI scanning

[95]
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Table 3. Cont.

(c) Applications of TMV in theranostics

Engineered Modifications Effects Reference

TMV conjugated to a derivative of the aminoxyl radical
TEMPO (tetramethylpiperidin-1-oxyl, coined
Compound 6) by means of a copper catalyzed

azide-alkyne cyclo-addition reaction

Subsequent interaction with cucurbit [8] uril (CB [8])
generated an aminoxyl-based ORCA (semitroxane) that
was silent for MRI; the r1 (relaxivity) values for TMV-6

emulated that of Gd-DOTA

[96]

TMV nanorods loaded with Gd and coated with
polydopamine (PDA)

The PDA enhanced the MRI properties and provided
PDA contrast, while simultaneously facilitating
photothermal therapy (PTT); strong in vitro NIR
absorption was observed along with increased

photothermal conversion efficiency, compared to that of
gold nanocages [97] and nanorods [98]; also, these VNPs

demonstrated potent efficiency with lowered
cytotoxicity in treating 4T1 breast and PC-3 prostate

cancer cells in vitro

[99,100]

5. Molecular Characteristics of PVX Advantageous for Biotechnological Use

PVX is a single-stranded, positive-sense RNA virus with a flexuous rod-like morphol-
ogy. The PVX genome is 6430 bases in length [101] and contains a 5′ cap structure and 3′

poly-A tail. There are five open reading frames (ORFs) encoding the ORF1 replicase protein
for viral replication, the ORF 2, 3, and 4 triple gene block (TGB) proteins which mediate
virus movement and the ORF5 capsid protein for encapsidation and cell-to-cell movement.
Protein overexpression systems based on plant viruses are more economical and easier to
implement as compared with stable transformation which is more laborious and could
take protracted lengths of time [102], whereas infecting plants with genetically engineered
viruses directly or through Agrobacterium-mediated infiltration enables easy, rapid, highly
efficient transient expression of heterologous proteins. Particularly, the sequence between
the TGB and the CP can be modified to clone and express foreign genes [8,103,104].

6. PVX as an Expression Vector and Repurposing PVX for Use in Medicine, Cancer,
and Theranostics

PVX has been widely explored as an expression vector for several biopharmaceutical
applications such as for antigenic epitopes displayed on the virus outer surface, as well as
for expressing full-length and fusion proteins [105]. Virus-derived biocatalysts have been
generated using filamentous PVX that was integrated with the enzyme lipase [16]. The
major advantage of this scaffold is the ability of the PVX-lipase complex to self-replicate,
unlike the equivalent synthetic systems. Such enzymes can be positioned in or on the virus
capsid, thus, spatially combining several different enzymes into specific groups that can
simulate metabolic cascades.

Of note is the engineering of PVX to serve various biomedical purposes. Uhde-Holzem
et al. (2016) [106] reported genetically altered PVX which displayed Staphylococcus aureus
protein A fragments on its surface, and proved to be easily functionalized with IgG to be
used in biosensing plant viruses [107]. PVX has also been widely used in biotechnology,
disease diagnostics, development of vaccines/antibodies against infectious diseases, as
well as cancer research and treatment. The CP of PVX is not capable of forming VLPs on its
own [108,109]. PVX nanoparticles have been shown to inhibit tumor growth in both cell
lines and animal models [110]. They are increasingly being used for immunotherapy of
tumor microenvironments.

PVX-based VLPs and VNPs are ideal tools in molecular imaging and unlike synthetic
nanoparticles, they have limited half-lives in circulation as well as diminished retention
times, thereby, decreasing the chances of unwanted side effects. Additional studies have
reported that PVX has been conjugated to fluorescent reporters that could be applied
towards theranostics, nanomedicine, and in vivo imaging [111]. The small fluorescent iLOV
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protein was expressed on PVX through genetic engineering, and the resultant engineered
PVX served as a fluorescent probe which could be of potential use in vivo imaging. Shukla
et al. (2018) [112] reportedly produced PVX VNPs that displayed mCherry or GFP on their
N-termini in N. benthamiana plants. Significantly, fluorescent PVX could successfully be
used for in vivo particle tracking in an HT-29 murine model, for in vitro imaging of HT-29
cells, and for tracing viral infection within plants.

In plant systems, PVX has been used in the identification of pathogenicity determi-
nants of various viruses, fungi, and bacteria (Table 4a). Table 4b presents examples of
studies using PVX for diagnosis, prophylaxis, and therapy of infectious diseases, while
Table 4c shows instances where PVX has been successfully used in the treatment of cancer.

Table 4. Applications of PVX in biotechnology and medicine: (a) Applications of PVX in identifying pathogenicity
determinants and in VIGS; (b) applications of PVX in the diagnosis, prophylaxis and therapy of infectious diseases;
(c) applications of PVX in cancer.

(a) Applications of PVX in identifying pathogenicity determinants and in VIGS

Engineered Modifications Effects Reference

PVX used as an expression vector for the production
of V2, C1, and C4 proteins of a novel monopartite

begomovirus, the Ageratum leaf curl Sichuan virus in
N. benthamiana

Deletion and mutational analysis of the C4 protein using
this PVX-derived vector showed that C4 is the major
pathogenicity determinant which impacted symptom

expression and virus accumulation

[113]

Phytophthora sojae virulence effector Avh148
expressed in plants using a PVX-based vector and a

virus-induced virulence effector (VIVE) assay to detect
putative effectors encoded by various plant pathogens

This PVX-Avh148 vector infected plants with strong
viral symptoms and led to elevated levels of Avh148
effector and viral RNA accumulation; Avh148 was

found to be essential for full pathogenic virulence; this
VIVE assay could detect putative effectors encoded by
various plant pathogens including even unculturable

pathogens using this PVX-based expression vector

[114]

Grapevine leafroll-associated virus 2 (GLRaV-2)
encodes a p24 polypeptide (a suppressor of

RNA-silencing) that was expressed in a
PVX-based vector

p24 causes systemic necrosis in N. benthamiana wherein
a cytoplasmic Zn2+-binding protein, NbRAR1 is

involved and the symptoms are characteristic of a
hypersensitive response; the essential role of p24 in

GLRaV-2 pathogenesis was elucidated using the PVX
expression vector wherein both silencing suppression
and p24 self-interaction are critical for the pathogenic

activity of p24

[115]

Tomato torrado virus (ToTV) capsid protein subunits
Vp23, Vp26, and Vp35 expressed transiently from a

PVX-derived vector in Solanum lycopersicum

Of these, Vp26 protein was shown to be the necrosis and
pathogenicity determinant responsible for severe
systemic necrosis of the plants accompanied by
increased ribonuclease and oxidative activities

[116]

PVX has been developed as a VIGS vector in potatoes
wherein VIGS mediates silencing of endogenous plant
genes, thus helping to investigate the functions of the

silenced genes

This caused the silencing of the endogenous phytoene
desaturase gene in potato plants which led to

characteristic photobleaching symptoms in the leaves by
interference of the carotenoid biosynthetic pathway

[117]

(b) Applications of PVX in the diagnosis, prophylaxis, and therapy of infectious diseases

Engineered Modifications Effects Reference

The scFv-TM43-E10 and scFv-Fc-TM43-E10 antibody
derivatives specific for the recognition of the

Salmonella typhimurium Omp D protein expressed in
a deconstructed PVX vector deficient for

virus movement

These PVX vector-based antibodies exhibited similar
antigen-binding specificities as that of their

mammalian/microbial cell-generated counterparts and
were able to successfully recognize the S. typhimurium

Omp D antigen; therefore showed great promise as new
diagnostic tools for the detection of

S. typhimurium infection

[118]

The Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV) N and M proteins expressed using PVX

The presence of antibodies specific to the SARS-CoV N
protein could be detected in SARS-CoV patient sera

using the plant-derived N protein
[119]
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Table 4. Cont.

(b) Applications of PVX in the diagnosis, prophylaxis, and therapy of infectious diseases

Engineered Modifications Effects Reference

The M2e peptide of H1N1 Influenza virus was fused
to bacterial flagellin to augment immunogenicity and

then expressed in a PVX vector

The yield of the fusion protein was as high as 30% of the
total soluble protein and mice inoculated with the
PVX-derived protein exhibited protection against

Influenza virus infection

[120]

The hyper variable region 1 (HVR-1) epitope of
Hepatitis C Virus (HCV) expressed in a PVX Vector

and administered parenterally

This elicited IgG immune response and the PVX-HVR1
epitope reacted positively with the serum of chronic

HCV patients
[53]

A second capsid protein promoter of PVX used to
express a chimaeric protein derived from fusion of the

HCV core antigen with the hepatitis B virus (HBV)
surface antigen (HBsAg)

This PVX-based polytopic HCVpc-HBsAg construct
could be a potential plant-derived HCV vaccine [121]

(c).Applications of PVX in cancer

Engineered Modifications Effects Reference

PVX used as an expression vector for Mambalgin-1, a
peptide that functions as a potent analgesic by

obstructing acid-sensing ion channels (ASIC) in nerve
cells wherein the ASIC is involved in the growth and

proliferation of cancer cells

This resulted in the production of Mambalgin-1 which
exhibited cytotoxicity towards nervous (SH-SY5Y)

cancer cells, inhibited ASIC channels and potentiated
anticancer effects

[122]

Monoclonal antibodies of Herceptin or Trastuzumab
loaded onto PVX nanofilaments

This successfully induced apoptosis in breast cancer
cell lines [123]

PVX used as an expression vector for a mutant form of
the HPV16 E7 oncoprotein, by fusing it with lichenase

This elicited protection against tumor progression in
mice by inducing robust cytotoxic T-cell response [124]

The filamentous PVX used to deliver DOX
These DOX-loaded PVX VNPs greatly diminished the

growth of tumors in athymic mice harboring breast
cancer xenografts

[125]

PVX-DOX combination
Prolonged mouse survival and stimulated

chemokine/cytokine levels in mouse intradermal
melanoma models

[126]

PVX used to display tumor necrosis factor-related
apoptosis inducing ligand (TRAIL)

Multivalent display of TRAIL enabled increased
recruitment and stimulation of death receptors
expressed on cancer cell lines and successfully

suppressed tumor growth in mice breast cancer models

[127]

PVX conjugated to an idiotypic (Id) tumor-associated
antigen (TAA) recombinant through a

biotin/streptavidin linker

This elicited a 7 times higher anti-Id IgG response as
compared with Id alone in a mouse B-cell lymphoma
model; IFN-α and IL-12 were induced; also TLR7 was

found to be essential for viral RNA recognition

[128]

7. Molecular Characteristics of CPMV Advantageous for
Biotechnological Applications

CPMV is the type member of the genus Comovirus, composed of two separately
encapsidated positive-strand RNAs. RNA-1 is capable of independent replication in plant
cells; however, RNA-2 (encoding the viral movement and structural proteins) depends on
RNA-1 for its replication. CPMV virions are icosahedral in shape and are comprised of
60 copies each of a large (L) and a small (S) coat protein [129].

8. Applications of Comoviruses CPMV and Cowpea Chlorotic Mottle Virus (CCMV)
in Medical Biotechnology and Cancer

CPMV has been developed as an autonomously replicating virus vector for the ex-
pression of either peptides or polypeptides in plants (Table 5). Examples of CPMV used as
an epitope presentation system include epitopes from the outer membrane (OM) protein F
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of Pseudomonas aeruginosa which were shown to protect mice against bacterial challenge,
and an epitope expressing the 30 amino acid D2 domain of the fibronectin-binding protein
(FnBP) from Staphylococcus aureus, which has been shown to be able to protect rats against
endocarditis [130].

In addition to the use of CPMV to present peptides, replicating and non-replicating
expression vectors based on CPMV have been developed [131]. The non-replicating ex-
pression system is based on a disabled version of RNA-2 of CPMV. A gene of interest is
positioned between the 5′ leader sequence and 3′ untranslated region (UTR) of RNA-2,
and the vector is introduced to the plant via Agrobacterium-mediated transient trans-
formation [50]. By deleting an in-frame initiation codon located upstream of the main
translation initiation site of RNA-2, a massive increase in foreign protein accumulation
has been observed. This CPMV non-replicating system generated high quality purified
anti-HIV-1 antibody in plants [132]. The vector has also been used to express influenza
vaccine proteins.

Meshcheriakova et al. (2017) compared the differences between empty virus-like
particles (eVLPs) of CPMV and intact virus containing its RNA genome, for their potential
use as nanoparticles [133]. eVLPs are noninfectious and could be loaded with heterologous
material, which has increased the number of possible applications for CPMV-based par-
ticles. In addition to this, they have distinct yet overlapping immunostimulatory effects
resulting from virus RNA in wild-type particles, and therefore can be used for different
immunotherapeutic strategies [134].

As described for TMV, CPMV has been explored for its potential to block cancer [135].
Steinmetz et al. (2011) found that CPMV nanoparticles could bind to vimentin, a protein
found on the surface of most cells [136]. Vimentin is upregulated during tumor progression,
making it an attractive target for cancer therapy. The fact that surface vimentin expression
correlated with CPMV uptake in this study demonstrated the ability of CPMV to detect
invasive cancer cells. Soon after this discovery, Lizotte et al. (2016) found that inhaled
CPMV nanoparticles could be rapidly taken up by lung cancer cells in a mouse model and
activated neutrophils in the tumor microenvironment to initiate an antitumor immune
response [137]. CPMV nanoparticles also demonstrated antitumor immunity in ovarian,
colon, and breast tumor models in mice.

Patel et al. (2018) used CPMV nanoparticles in conjunction with radiotherapy to delay
ovarian tumor growth in a mouse model [138]. The treatment was able to result in an
increase in tumor infiltrating lymphocytes (TILs), suggesting that this combined treatment
could act as a future in situ tumor vaccine. Further studies by Wang and Steinmetz (2019)
found that a protein known as CD47, which is widely expressed on tumor cells, prevents
the action of T cells and phagocytic cells. The authors used a combination therapy of CD47-
blocking antibodies and CPMV nanoparticles to act synergistically and elicit an antitumor
immune response [139]. The same research group also used low doses of cyclophosphamide
(CPA) and CPMV nanoparticles as a combination therapy to successfully reduce mouse
tumors in vivo [140].

Recently, Albakri et al. (2019) explored how CPMV particles could activate human
monocytes, dendritic cells (DCs), and macrophages [141]. Monocytes, upon incubation with
CPMV in vitro, released the chemokines CXCL10, MIP-1α, and MIP-1β into cell culture
supernatants. Dendritic cells and monocyte-derived macrophages also were activated
after incubation with CPMV. The authors found that activation was part of SYK signaling.
Shukla et al. (2020) were able to demonstrate that CPMV outperformed many other types
of virus-like particles, and therefore was a particularly strong immune stimulant [142].

Plant VLPs based on CCMV have been employed to deliver mRNA. For example,
CCMV was used to successfully deliver enhanced yellow fluorescent protein (EYFP) mRNA
to mammalian BHK-21 cells, using transfection with lipofectamine. In this case, the mRNA
was successfully delivered and released from the VLPs into the cytoplasm of the BHK-
21 cells, facilitating EYFP expression [27]. Furthermore, CCMV can be used to deliver
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mRNA vaccines, and a proof of concept has been demonstrated with a variety of reporter
genes [143].

There are other examples of how icosahedral VLPs can be utilized in medicine.
For example, CCMV can be disassembled and reassembled to encapsulate CpG ODNs
(oligodeoxynucleotides). CpG ODNs are ligands of the toll-like receptor 9 (TLR9). Upon
activation, TLR9 has the capability to induce macrophages. The CpG loaded CCMV VLPs
showed significantly enhanced uptake by tumor associated macrophages and inhibited the
growth of solid CT26 colon cancer and B16F10 melanoma tumors in Balb/c mice via the
macrophage activation [144].

As another example, encapsulated drug-activating enzymes within plant VLPs such as
CCMV can be utilized for therapeutic purposes [145]. Cytochrome P450 family enzymes can
convert chemotherapeutic prodrugs into an active format. Using plant VLPs to encapsulate
these enzymes can reduce side effects while increasing retention and targeting to the tumor
site [25,146]. CCMV has been used, for example, to encapsulate bacterial cytochrome,
CYPBM3, to activate the prodrugs into activated forms of tamoxifen and resveratrol.

9. Molecular Features of Geminiviruses Advantageous for Biotechnological Use

Plant viruses with ssDNA genomes offer an exceptional alternative format for ex-
pression vector design. These plant viruses tend to have small genomes that can readily
incorporate open reading frames of unrestricted sizes. They replicate using a rolling circle
mechanism and can express genes of interest at extremely high levels; they also infect a
broad range of different plant varieties. Geminivirus constructs, for example, require only
the virus origin of replication, the gene of interest, and the replication-associated protein
(Rep) gene provided in cis or trans format for potential expression in a wide range of plant
families [147,148]. Geminiviruses are considered unique for their twinned capsid morphol-
ogy. Although they are transmitted in the wild by insects, they are readily amenable to
genetic engineering and can be introduced easily into plants in a laboratory setting.

10. The Use of Geminiviruses in Biotechnology and Medicine

Bean yellow dwarf virus (BeYDV) is a geminivirus frequently used for expression of
pharmaceutical proteins. BeYDV has recently been used to produce norovirus, HIV, HPV,
and hepatitis B virus subunit vaccines, monoclonal antibodies to West Nile virus and Ebola
virus, as well as earthworm-derived Lumbrokinase (PI239), used to dissolve fibrin and
blood clots [149,150]. Besides using higher plants such as tobacco as hosts, geminiviruses
have also been used to express proteins in algae [151]. In this case, a microalgae-based
system known as Algevir was utilized to produce Ebola virus vaccine protein as well
as the highly immunogenic B subunit of the heat-labile Escherichia coli enterotoxin. The
authors generated a yield of 1.25 mg/g fresh biomass (6 mg/L of culture), within 3 days
after transformation.

More examples of the use of geminiviruses for pharmaceutical production include
the expression of plant-made recombinant immune complex (RIC) vaccines [152,153]. In
one instance, a bio-better vaccine toward Zika virus (ZIKV) was established. The antigen
fusion site ZE3 on the RIC platform was altered to accommodate an N-terminal fusion
to the IgG heavy chain (N-RIC) with an improvement of 40% in RIC expression. This
construct produced a strong antibody titer that correlated with neutralization of the Zika
virus. Moreover, when these RICs were co-delivered with plant-produced hepatitis B core
(HBc) virus-like particles (VLP) displaying ZE3, there was a five-fold greater antibody titer
(>1,000,000) that more strongly neutralized ZIKV than using either RICs or VLPs alone, in
the absence of adjuvant and after only two doses [154].

In another recent study, a variety of plant-made human IgG1 fusion vaccine can-
didates were examined using Zika virus (ZIKV) envelope domain III (ZE3) as a model
antigen. These fusion constructs were altered to make RICs and generated using gemi-
nivirus vectors in plants which had their glycosylation pathways altered to make the plant
more humanized in its glycan profile. The results of this study were the generation of a
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vaccine candidate at 1.5 mg IgG fusion per g leaf fresh weight that generated high titers of
antibodies specific for Zika virus [155].

Future directions for use of geminivirus expression vectors follow the blossoming new
field of genome editing, with this expression vector carrying CRISPR/Cas9 machinery to
enable precise gene editing through homologous recombination [156].

Table 5. Medical applications of comovirus and geminivirus vectors.

Virus Application References

Comovirus CPMV Delays tumor growth using combination therapy [137,138]

CPMV and cyclosposphamide [140]

Activation of monocytes, dendritic cells, macrophages [141]

Comovirus CCMV mRNA vaccine delivery [143]

Encapsulate CpG oligonucleotides, activated
macrophages and inhibit growth [144]

Encapsulate drug-activating enymes to reduce side
effects, increase targeting to tumor site [145,146]

Geminivirus BeYDV Vaccines and monoclonal antibodies [149]

Monoclonal antibodies to West Nile Virus, Ebola Virus [149]

RIC vaccines to ZIKV [154,155]

11. Viral Expression Vectors and the CRISPR/Cas9 Technology

The agricultural industry has been greatly burdened by infections due to plant viruses
and several genetic engineering techniques have been applied to confront plant viral
infections. Since the turn of the century, RNA interference has been used effectively for
this purpose. In a reported pioneering investigation by Zhang et al. (2018), FnCas9 from
Francisella novicida and its guide RNA were used to target the RNA genome of TMV and
cucumber mosaic virus (CMV) to engineer virus resistance [157]. Three sites of the TMV
genome were targeted which inhibited virus accumulation by 40–80%. Additionally, it
was found that the FnCas9 bound the RNA genome, but did not cleave it, thus, limiting
the chances of the emergence of viral escape mutants and facilitating durable resistance
towards virus control in the long term.

Ariga et al. (2020) reported the use of a PVX vector expressing the cas9 gene and
single-guide RNA for highly effective targeted mutagenesis in the model system, N. ben-
thamiana [158]. The virus vector was introduced through Agrobacterium transformation
that enabled transgene-free gene editing. On the one hand, this coupled with high level
expression by amplification of the viral RNA, wherein the PVX can accommodate the large
size of the Cas9 gene, is of great applicability in precise editing of the plant genome. On the
other hand, other viruses such as the TMV, beet necrotic yellow vein virus, and the tobacco
rattle virus cannot accommodate the Cas9 gene due to their size limitations and are known
to work only with the Cas9 applied in trans. Deconstructed geminiviruses have been used
to express Cas9 successfully, however, such deconstructed forms are not infectious.

One of the most significant antiviral mechanisms of plants is RNA silencing. This
is executed through the essential function of the small RNA guided Argonaute proteins
which act as agents of viral restriction. One of these proteins is AGO2 which has been
proven to be involved in antiviral responses in the host Arabidopsis thaliana. In a study
by Ludman et al. (2017), the role of AGO2 in conferring antiviral immunity was explored
using Nicotiana benthamiana as the host plant [159]. In this investigation, the CRISPR/Cas9
technology was used to inactivate the AGO2 gene which plays an important role in the
immune responses of the plant against PVX and other plant viruses.
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12. Conclusions

During the 1980s, the brome mosaic virus (BMV) and the cauliflower mosaic virus
(CaMV) were genetically engineered as the first RNA and DNA plant virus vectors, re-
spectively, to express bacterial genes [160,161]. Since then, several vectors based on plant
viruses have been designed as efficient tools for the expression of recombinant proteins and
to advance genomic research. Thus far, many plant viruses have been recruited as delivery
vectors for several purposes. These include viruses infecting dicotyledonous plants such
as potexviruses [8,162–164], tobamoviruses [165,166], furovirus [167], potyvirus [168–172],
geminiviruses [171], comoviruses [172,173], Necrovirus [174], and Caulimovirus [161].
Further, viruses such as Foxtail mosaic virus [175], barley stripe mosaic virus [176–178],
wheat streak mosaic virus [179] and soil-borne wheat mosaic virus [167] capable of infect-
ing monocotyledonous plants have been repurposed as expression vectors. Plant viral
expression vectors are increasingly being used in basic and applied research requiring
the expression of pharmaceutical peptides, antibodies, and other functional complex het-
erologous proteins. Furthermore, these vectors have been used in functional genomics
applications such as virus-based miRNA expression, VIGS, identification of virulence
effectors, and virus-mediated genome editing. This review discusses the use of the most
popular plant viruses namely the TMV, PVX, CPMV, and geminiviruses for biotechnolog-
ical purposes, medicine, and human health. While this is not by any means exhaustive
considering the wealth of recent and older literature in this area, it addresses some of the
major achievements in the use of these viruses as expression vectors.

In the current review, we highlight the use of plant virus based VLPs and VNPs as
diagnostic and therapeutic agents for biotechnological and biomedical applications such
as VIGs, identification of virulence effectors of plant pathogens, vaccines against cancer
and infectious diseases, theranostics and nanocarriers for imaging modalities. VNPs and
VLPs play a major role in the future of nanotechnology and nanomedicines. Viruses and
VNPs are natural carriers of nucleic acid molecules which protect and transport their
cargo, and this is the major property used for drug delivery. Through a combination of
chemistries and by attachment of a wide range of functional groups, drug cargo can be
encapsulated, infused, conjugated, or absorbed to the exterior and interior surfaces of their
coat protein interfaces [180]. This affords molecular flexibility towards protection of cargo
with proteinaceous matrices, reversible binding of active molecules, and specific targeting
to the sites of action. VNPs are advantageous as natural delivery carriers because of their
structural uniformity, water solubility, biocompatibility, ease of functionalization, and high
uptake efficacy [181]. Nanosized cages afford ideal approaches for imaging and drug
delivery while conferring high stability, cell-targeting, cell penetrability, and appropriate
pharmacokinetics. In addition, VNPs do not show tissue tropisms, and therefore can
be employed for targeting and binding cell surface receptors, crossing membranes and
penetrating the nucleus [182].

The structures of several viruses are known at atomic resolution enabling modifica-
tions with spatial selectivity in a precise manner. By genetic engineering, the VLPs can be
formulated to obtain new structures having predictable interactions with biological sys-
tems]. VLPs can be engineered to display on their surface functional groups such as ligands
for targeting, epitopes, imaging dyes, and drug payloads. The VLPs by virtue of their size
and shape facilitate vascular transport, active cellular uptake, and molecular interactions.
VLPs can tolerate harsh environments while being biocompatible. In addition, high doses
of VLPs are mostly well tolerated and the VLPs are completely and rapidly cleared by
proteolytic degradation to enable diminished side effects. Moreover, the characteristic
ability of the VLPs to self-assemble coupled with novel molecular design using chemical
biology technologies enable the production of functionalized hybrid VLP nanomaterials.
The field of VNP- and VLP-based technologies for drug delivery applications continues to
evolve with several candidates in clinical trials that should lead to advanced therapeutics,
in the near future. In the future, it is very much likely that more plant viruses would be
genetically engineered and repurposed for further use in biotechnology and medicine.
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Abstract: Adeno-associated virus (AAV) was first characterized as small “defective” contaminant
particles in a simian adenovirus preparation in 1965. Since then, a recombinant platform of AAV
(rAAV) has become one of the leading candidates for gene therapy applications resulting in two FDA-
approved treatments for rare monogenic diseases and many more currently in various phases of the
pharmaceutical development pipeline. Herein, we summarize rAAV approaches for the treatment of
diverse types of cancers and highlight the natural anti-oncogenic effects of wild-type AAV (wtAAV),
including interactions with the cellular host machinery, that are of relevance to enhance current
treatment strategies for cancer.
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1. Adeno-Associated Virus: Discovery and Biology

Adeno-associated virus (AAV), a member of the parvoviridae family, was first discov-
ered as a defective contaminant virus of an adenovirus preparation because it required a
helper virus to replicate. It was largely thought to be non-pathogenic as no adverse events
were noted upon infection in cell culture or in several mammalian species inoculated with
the virus [1]. AAV harbors a single-stranded DNA genome of approximately 4.7 Kb that
contains two primary open reading frames (ORFs) (Figure 1). Reports have shown that
the first ORF, rep, encodes four versions of the replication protein (Rep78, Rep68, Rep52,
and Rep40), and the large Rep proteins (78/68) maintain site-specific DNA binding and
endonucleolytic activity conferred by approximately the first 200 N-terminal amino acids.
The smaller Rep proteins maintain the helicase activity and are thought to assemble as a
multimeric complex to elicit replication. The second ORF, cap, encodes three isoforms of
the capsid protein (VP1, VP2, and VP3). The assembly activating protein (AAP) is encoded
through an alternative ORF within the cap gene and is reported to aid in genome packaging
of several capsid serotypes [2,3]. Two additional proteins encoded by cap, protein X and the
membrane associated accessory protein (MAAP), have been described [4–6]. Although their
precise functions in AAV biology are to date unclear, these proteins have been suggested to
be involved in the enhancement of AAV replication and virion egress, respectively.

The AAV genome is terminated by inverted repeat DNA sequences (Inverted Terminal
Repeats; ITRs) that are required for replication, capsid packaging, and long-term intracel-
lular persistence [7]. To generate recombinant AAV (rAAV) for therapeutic applications,
the AAV coding region is removed, and a transgenic sequence is positioned between the
flanking ITRs. The transgenic sequence is then replicated and packaged into an AAV capsid
via the expression of the wtAAV genome in trans and without ITRs, in the presence of AAV
“helper” plasmids which influence wtAAV gene expression. The resultant particles are
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a protein capsid, with ITRs flanking the genetic sequence of interest (<5 kb), on a single
strand of DNA of either polarity [7,8].

Figure 1. Schematic representation of genomes of a wild-type AAV virus (left) and a recombinant
AAV particle (right). Proteins encoded by each ORF are listed below the appropriate gene.

AAV requires a helper virus for replication such as adenovirus or herpes simplex
virus in a process that is not completely understood [1,9]. The large Rep proteins (68/78)
are capable of binding DNA including a defined 16-nucleotide rep binding element (RBE)
located within the AAV ITR. Rep binds to the RBE as a multimeric complex and is reported
to elicit site- and strand-specific endonuclease, DNA/DNA helicase, RNA/DNA helicase,
and ATPase activities [10]. In addition to these roles, Rep can also self-regulate the activity
of its own p5 promoter in an orchestrated sequence related to external helper functions
and to its own abundance [11,12]. Interestingly, Rep78 has also been shown to regulate
non-native gene expression of other viruses and multiple human genes. For example, a
purified Rep78-maltose binding protein (MBP) fusion was shown to bind and repress gene
expression from the HIV-1 LTR [13]. Other studies have shown that Rep78 can bind to
the human promoter sequences of multiple oncogenes, including c-fos, c-myc, and H-ras,
and downregulate reporter gene activity [14,15]. Consistently, RBEs or RBE-like sequences
have been identified in multiple locations of the human genome, other viral genomes, and
other animal genomes: in fact, a bioinformatics search for the consensus 16-mer core Rep
recognition sequence has also been found in or flanking multiple human genes, several
of which play roles in DNA repair and cell cycle arrest including BRCA1, ERCC1, and
GADD45 [16]. Although these binding sites were confirmed using a Rep68-MBP purified
fusion protein in electrophoretic mobility shift assays, the endonuclease activity of Rep68
or effects on human gene expression were not reported. Thus, it is unclear whether Rep68
might mediate AAV genome integration and/or affect gene regulation at these loci.

The cap gene encodes three structural proteins: VP1, VP2, and VP3. These proteins
assemble in a 1:1:10 ratio, respectively, to generate a relatively simple icosahedral capsid
structure. The capsid proteins determine the serotype of the resulting AAV particle and
influence its transduction efficiency at multiple discrete steps of the infection pathway.
Once AAV enters the cell via receptor-mediated endocytosis, conformational changes of
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the capsid facilitate endosomal escape, nuclear trafficking, and entry, where it is thought
to uncoat partially and/or completely, releasing the ssDNA genome [3,17]. The host cel-
lular DNA replication machinery subsequently synthesizes the complementary sequence
presumably via leading strand synthesis initiated by the 3′ ITR, termed “second-strand syn-
thesis”, and creating a single self-complementary DNA strand capable of duplex formation
via self-annealing [18,19]. Depending on the abundance of nuclear ssDNA genomes, oppo-
site polarity strand annealing also generates double-stranded AAV (dsAAV) DNA. Once
the AAV genome assumes a double-stranded form, the genes encoded are competent for
transcription regardless of whether the virus contained a wild-type genome or a transgenic
sequence. Often, the AAV genome will undergo intra- or inter-molecular circularization,
a process facilitated by the recombinogenic nature of the ITRs that is postulated to form
larger concatemers as its persistent episomal form.

In addition to the Rep and Cap proteins, wtAAV relies on other exogenous proteins to
complete its life cycle. Although wtAAV was discovered in the presence of an adenovirus,
several other viruses can provide helper function for wtAAV replication, such as Herpes
Simplex Virus and Human Papillomavirus [20,21]. It has even been suggested that wtAAV
is not strictly a “defective” virus, as autonomous replication in particular contexts, such as
in skin cells, has been reported [21]. Other biological effects of AAV, such as transduction
efficiency, can also be enhanced by the presence of a helper virus (such as adenovirus) or
by exposure to small molecule inhibitors [18,22]. Interestingly, Nicolson et al. showed that
five different categories of small molecules could enhance rAAV transduction 2–200 fold
including topoisomerase II poisons, DNA damaging agents, epigenetic modifiers such as
HDAC inhibitors, DNA intercalators, and proteosome inhibitors [22]. These findings are
relevant for all rAAV therapeutic applications; however, many of these drugs are currently
used as chemotherapeutics for multiple types of cancer, suggesting that a well-designed
combination of chemotherapy and AAV-based gene therapy approaches could produce a
synergistic effect to enhance cancer cell death.

2. Overview of Cancer Gene Therapy Approaches with rAAV

The rAAV vectors, unlike wtAAV, contain only the flanking ITR regions of the viral
sequence. To prepare a rAAV vector for gene therapy applications, portions of a helper virus
are provided on a plasmid that facilitate replication of the rAAV, but cannot produce helper
virus to prevent contamination of the therapeutic rAAV with other viral particles. The use
of rAAV vectors for gene therapy boasts several advantages, including, but not limited to:
(1) no known pathogenesis associated with AAV infection, (2) the ability to deliver genetic
material to dividing and non-dividing cells, (3) conferring long-term transgene expression,
and (4) a favorable safety profile. The FDA has approved AAV-based gene therapies for the
treatment of the rare genetic diseases Leber’s congenital amaurosis (Luxturna®) and spinal
muscular atrophy (Zolgensma®), solidifying the role of rAAV therapeutic approaches
for monogenetic diseases. Thus, it is not surprising that similar or related therapeutic
strategies have been evaluated for multigenic diseases such as cancer. In fact, a multitude
of rAAV approaches for cancer gene therapy are under examination in pre-clinical models.
Curiously, rAAV clinical trials for cancer gene therapy applications to date have been
relatively sparse when compared to the number of adenovirus-based cancer gene therapy
trials (23 trials for rAAV vs. 436 trials for adenovirus) and are heavily focused on the use
of rAAV to express the GM-CSF cytokine to induce an immune response against prostate
cancer cells (Table 1) [23].

Due to the heterogeneous nature of cancer cells both among and within individual
tumors, pre-clinical rAAV cancer gene therapy approaches have widely varied in an effort
to take advantage of an assortment of cancer-driving cell signaling networks. For example,
several groups have attempted to overexpress tumor suppressors and/or DNA repair
genes, such as p53, to enhance apoptosis in a variety of cell line and xenograft models
including breast cancer and cervical cancer models [24,25]. Another group has expressed
the c-terminal portion of hTERT in AAV vectors to induce telomere dysfunction in a
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xenograft mouse model of glioblastoma [26]. Others have overexpressed endogenous
anti-angiogenic factors such as endostatin or angiostatin in rAAV to reduce new blood
vessel formation in tumors including melanoma, lung, and pancreatic cancer models in
the hopes of reducing metastatic spread [27,28]. rAAV vectors expressing “suicide” genes
such as HSV-TK in combination with ganciclovir have also been used to enhance death
in breast cancer cell lines [29,30]. Finally, rAAV vectors encoding monoclonal antibodies
such as bevacizumab to target VEGF and prevent angiogenesis have also been encoded in
AAV vectors and reduce tumor burden in a xenograft mouse model of ovarian cancer [31].
Unfortunately, such gene therapy approaches targeting individual signaling pathways
may be difficult to implement from a translational/commercial perspective, due to the
inherent diversity of tumors. For example, there are at least five independent subtypes
of breast cancer that differ in their presentation, molecular pathology, and response to
chemotherapy [32,33]. Although a portion of each tumor subtype contain known cell
signaling defects in a single pathway, such as the BRCA1 pathway, it is not feasible to
identify, test, develop, and produce a rAAV vector targeting each individual component
of the mutant BRCA1 signaling cascade. In addition, such an approach would require
the development of high-level clinical diagnostics to determine the defective molecular
pathway for each patient. Furthermore, many of the proteins involved in these DNA repair
pathways are quite large; thus, not all components of these pathways are targetable due to
the 4.8-Kb packaging limitation for rAAV.

Table 1. Clinical Trials Employing Viral-based Vectors for Cancer Gene Therapy Treatment [23]. Database Accessed on 6
March 2021.

Journal of Gene Medicine
Database Trial ID

Start Date Disease Payload Phase

CH-0025 2001 Malignant Melanoma GM-CSF B7.2 1
CN-0020 2008 Malignant Solid Tumors Tumor Antigen 1

CN-0028 2012 Gastric Cancer Carcinoembryonic
antigen (CEA) 1

ES-0021 2012 Pancreatic Cancer Hyaluronidase 1

JP-0014 N/A Hormone refractory
metastatic prostate cancer HSV-TK 1

NL-0012 2004 Hormone refractory
prostate cancer GM-CSF 1

NL-0013 2006 Metastatic Prostate Cancer GM-CSF 3
NL-0014 2006 Prostate Cancer GM-CSF 3
NL-0015 2006 Prostate Cancer GM-CSF 3
NL-0016 N/A Prostate Cancer GM-CSF 1
NL-0021 2005 Prostate Cancer IL-12 1
UK-0133 2005 Prostate Cancer GM-CSF 3
UK-0134 2005 Prostate Cancer GM-CSF 3

US-0459 2001 Hormone-Refractory
Prostate Cancer GM-CSF 1

US-0493 2001 Hormone Refractory
Prostate Cancer GM-CSF 1/2

US-0653 2004 Hormone-Refractory
Prostate Cancer GM-CSF 3

US-0675 2004 Prostate Cancer GM-CSF 1/2
US-0708 2005 Prostate Cancer GM-CSF 3
US-0903 2008 Prostate Cancer GM-CSF 2
US-1165 2012 Prostate Cancer GM-CSF 1/2

US-1748 2018
Non-Hodgkin’s

Lymphoma/B-cell Acute
Lymphoblastic Leukemia

CD19, CD8a, N6 and TCRζ 1

US-1800 2018 Multiple Myeloma CAR2-α-BCMA,
CD28/CD3ζ 1
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Other notable approaches using rAAV include the delivery of sequences that can
alter/regulate gene expression specifically in cancer cells. These approaches include the
expression of shRNA(s) that specifically target oncogenic driver genes such as FHL2 in a
colorectal cancer model [34]. Another pre-clinical study using a cervical cancer xenograft
mouse model was treated with rAAV2 expressing an shRNA to deplete the HPV-E6 protein;
this approach reduced the tumor burden to non-detectable levels [35]. Alternate approaches
expressing microRNAs (miRs) such as miR-26a specifically induced apoptosis in liver tumor
cells in a genetically engineered mouse model [36]. Promoter restriction has also been
used to specifically target cancer cells, such as the use of the CXCR4 promoter, which is
overexpressed in breast cancer, and could be combined with the aforementioned “suicide
gene therapy” approach [37]. From a feasibility standpoint, such approaches bypass
some of the translational concerns including the size limitation of rAAV packaging as
the genetic components are much smaller than full-length proteins and the need for an
individual rAAV for each aberrant signaling protein, because it can be engineered to harbor
multiple shRNAs/miRs. Furthermore, shRNA and/or miRs expressed in rAAV may be an
excellent alternative to currently employed small molecule inhibitors, which often initially
decrease the tumor burden of patients, but almost always ultimately result in acquired
resistance. rAAV’s ability to provide long-term genetic expression of multiple shRNA/miR
cassettes may be able to overcome this challenge by expressing multiple cassettes and
potentially decreasing targeted therapy resistance. However, they would still require
advanced molecular diagnostic assays for each individual patient, which could impede
clinical applications.

Another approach to rAAV cancer gene therapy has been to modify capsid proteins via
rational design/directed evolution to enhance/restrict rAAV transduction of cancer cells.
Several groups have attempted to rationally design capsid proteins fused to a ligand that
binds a specific receptor on cancer cells, such as the designed ankyrin repeat proteins [38].
Others have endeavored to deliver rAAV specifically to increase transduction of dendritic
cells to induce a T cell-mediated immune response to the cancer [39]. Additional studies
have generated “locked” versions of AAV capsids that contain matrix metalloproteinase
(MMP) cleavage sites to promote capsid uncoating and, therefore, transgene expression
specifically in cancer cells that overexpress MMPs, which are thought to contribute to
their metastatic behavior [40]. Directed evolution approaches that enhance transduction of
glioma cells when compared to natural AAV capsid serotypes have also shown promise
for previously difficult to transduce brain tumor cells [41]. Such approaches are expected
to provide enhanced delivery of transgenes, and in combination with the aforementioned
molecular strategies, have the potential to increase rAAV’s efficacy through improved
cancer cell specificity.

One of the most popular approaches for cancer gene therapy is to express modulators
of the immune system from rAAV to generate an immune response to a particular cancer.
For example, several groups have attempted to deliver immune stimulating cytokines
via rAAV to induce a tumor-specific host immune response. Ma et al. have shown in
a pre-clinical model that rAAV expressing soluble TRAIL can induce apoptosis in liver
metastases via hepatic portal vein injection in a mouse xenograft model of lymphoma, sug-
gesting that rAAV–TRAIL may be able to treat liver metastases arising from hematogenous
metastasis [42]. Another immune based approach is to stimulate antigen presenting cells
(APCs) with rAAV-encoded antigens such as carcinoembryonic antigen (CEA) as a vaccine
for colon cancer; indeed, this approach was shown to reduce the development of colon
tumors in mice [43]. Many of these studies demonstrated significant or complete tumor
regression in multiple in vivo mouse model systems; however, clinical translation of cancer
gene therapies remains on the horizon. Typically, clinical translation of cancer therapies
from mice have been historically difficult; thus, it remains to be seen whether any of these
approaches will have efficacy in the human context.
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3. WT AAV Induces Cancer Cell Death

Although most approaches to cancer gene therapy have utilized rAAV strategies,
wtAAV itself is reported to have inherent anti-tumorigenic properties that specifically
disrupt cancer cell physiology. Much of the early work in this area was generated in the last
century and focused on the ability of AAV to prevent viral transformation of mammalian
cells upon co-infection with oncogenic viruses such as herpesvirus, bovine papillomavirus,
and human papillomavirus [44–47]. In 1981, De la Maza and Carter showed that AAV2
particles harboring sub-genomic pieces of AAV2 DNA (known as defective interfering
AAV particles or DI particles), presumably containing the ITR, suppressed Adenovirus-
12-induced tumorigenesis in a newborn Syrian golden hamster model [48]. Subsequently,
Khleif et al. used an adenovirus derived E1a/ras oncogene plasmid to induce transforma-
tion in mouse NIH/3T3 cells [49]. Co-transfection of a non-viral wild-type AAV2 plasmid
almost completely suppressed transformation. After examining plasmids with either a
defective rep or cap gene, it was determined that the rep mutant plasmid failed to suppress
E1a/ras transformation. In contrast, a cap mutant plasmid or a plasmid that contained
no viral origin of replication suppressed transformation as well as wt AAV2. rep mutant
plasmids that expressed only Reps 52/40, spliced Reps 68/40, or a K446H mutant located
in the purine binding site showed transformation suppression of varying levels. A plasmid
containing ITRs, but no rep or cap sequences, did not suppress transformation, suggesting
that the rep protein was required for suppressing the transformation of mouse NIH/3T3
fibroblasts by the adenovirus E1a and ras proteins, at least in a plasmid context [49]. Al-
though the mechanism was not explored in this study, it was subsequently shown that
Rep78 binds to p53 and prevents its degradation by Adenovirus, suggesting that p53
may play a role in wtAAV’s capacity to reduce cellular transformation induced by helper
viruses [50].

Later reports have demonstrated that wtAAV can directly induce cell death in multiple
types of cancer cell lines. Furthermore, the toxicity of wtAAV appears to be specific to
cancer cells, as it does not seem to induce cell death in most primary or diploid cell lines.
For example, more recent work has suggested that wtAAV2 can induce death in HPV-
infected cells, while HPV negative keratinocytes remain unaffected [51]. AAV2 appeared
to induce apoptosis that correlated with the expression of several of the Rep isoforms (78,
68, and 40), whereas Rep expression was not observed in the HPV negative keratinocytes.
AAV replication was detected in both HPV-infected cervical cancer cells and keratinocytes,
albeit at slightly weaker levels in the HPV negative keratinocytes. AAV2 infection of the
cervical cancer cells increased the number of cells in S phase, the number of cells with
subG1 DNA content, CDK1 kinase activity, and active pRB, when compared to non-infected
cells [51]. Furthermore, a reduction of p21/p16/p27 proteins normally associated with
a G1 arrest was also reported. Taken together, these data suggest that the HPV-infected
cells bypassed the G1 cell cycle checkpoint and facilitate entry into S phase, perhaps
linking the observed cell death to Rep and/or wtAAV genome replication in the context of
HPV-transformed cells.

wtAAV’s tumoricidal effects are not limited to HPV-transformed cells. In fact, similar
results were seen in multiple types of breast cancer cell lines including hormone receptor
positive and triple negative breast cancer cell lines, suggesting that wtAAV exhibits a
broader anti-tumorigenic effect that is not specific to a single cell line or class of cell
lines [52]. Again, cell death correlated with Rep expression, AAV replication, and a higher
percentage of cancer cells in S phase; however, the cell death occurred through both caspase-
dependent and caspase-independent mechanisms among the cell lines, suggesting that
AAV is capable of activating multiple cell death signaling mechanisms that can override
survival signals inherent to tumor cells [52]. Finally, wtAAV2 infection was concurrent
with Rep 78/52 expression and viral replication in a breast cancer cell line xenograft model,
and tumor growth was retarded [53]. Because the Rep78 protein is reported to induce
apoptosis via caspase 3 activation independently of p53, wtAAV may exhibit a broader
range of tumoricidal activity for multiple types of cancers, regardless of p53 status [54].
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Although the above studies demonstrate that Rep protein levels and viral replication
are correlated with the tumoricidal effects of wtAAV, the mechanism(s) is/are not well
defined. The Rep78 protein is thought to induce a prolonged S phase arrest via multiple
mechanisms [55]. Rep78 binds to the Cdc25A phosphatase and prevents it from interacting
with the cyclin-dependent kinases, Cdk2 and Cdk1, which are required for S phase entry
and mitotic entry, respectively [55]. Both large Rep proteins (78/68) can also nick the chro-
matin and induce an ATM-dependent arrest leading to G1 and G2 arrest [55]. Additional
requirements for the sustained S phase arrest appear to include hypophosphorylated pRB,
the zinc finger domain of Rep78, and Rep78 endonuclease activity [55,56]. Taken together,
these data suggest that wtAAV can stall cells in S phase, presumably for the purposes of
enhancing its ability to undergo second-strand synthesis [57]. Because most cancer cells
exhibit functional defects in one or more cell cycle checkpoints and wtAAV is considered
non-pathogenic, it may be possible to enhance the tumoricidal activity of wt and/or rAAV
by exploiting its natural life cycle to deliver transgenes that exhibit increased toxicity in
the S phase of the cell cycle. Upon a wtAAV-induced DNA damage response, cancer
cells are perhaps likely to be overwhelmed by the high levels of induced “DNA damage”
signaling elicited upon AAV infection and forced to undergo apoptosis and/or necrosis.
As non-tumorigenic cells generally have a higher capacity to repair damaged DNA and
can maintain a cell cycle arrest until that damage is repaired, they are predicted to be less
susceptible to cell death upon wtAAV infection.

In addition to the anti-tumor effects of the Rep proteins, it has also been suggested that
the AAV ITRs are capable of inducing death in tumor cells lacking p53 both in vitro and
in vivo. Raj et al. have demonstrated that p53-negative tumor incidence and tumor growth
were decreased in response to UV-irradiated AAV infection in a mouse xenograft model,
suggesting that Rep expression is not required for the tumoricidal activity of wtAAV in
cells deficient for p53 [58]. Further experimentation showed that the short hairpin ITR
sequences alone were sufficient to induce death in these p53-deficient cell lines, suggesting
that a second genetic feature of wtAAV may enhance its tumoricidal effects. It is likely
that the inherent sequence/structure of the hairpin ITRs, which elicit a cellular DNA
damage response, are difficult for cancer cells to process and thus enhance the activation of
additional apoptotic and necrotic cell death mechanisms, perhaps following a replicative
catastrophe [59].

Consistently, several epidemiological studies have suggested that natural AAV in-
fection measured via seropositivity is inversely associated with cervical cancer develop-
ment [60–62]. Other studies have shown that 50–80% of all cervical tissue samples collected
for routine Pap smears in women without cervical cancer contained AAV, offering inciden-
tal human data that AAV infection may be preventative for cervical carcinogenesis [63,64].
However, it should be noted that wtAAV is capable of integrating into the host genome,
particularly at the AAVS1 site on human chromosome 19 [65]. Recently, whole genome
sequencing data were mined from approximately 1400 liver biopsy samples, and although
the authors observed wtAAV integration events in liver tissues, they were less frequent
in malignant or benign tumors (8%) than in non-tumor liver tissue (18%), with a few
instances of wtAAV insertions flanking or inserted into potential oncogenes (~1.2%) [66].
AAV integration events were also observed in a long-term study of a canine cohort re-
ceiving rAAV-based gene therapy for hemophilia; however, none of the dogs showed
signs of liver disease including tumors [67]. Additional studies in humans revealed no
difference between the presence of AAV in multiple tumor tissues when compared to the
adjacent non-tumor tissue in more than 400 cancer patients [68], and functional p53 has
been shown to reduce AAV integration events [69]. Taken together, these data suggest
that although integration of wtAAV is possible, it likely is not a cause of tumorigenesis;
rather, its integration and amplification are a consequence of the altered biology of cancer
cells. Although the mechanism is not yet clear, potential factors may include alterations in
chromatin condensation, increased cell proliferation, and loss of tumor suppressor genes.
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Forthcoming data from ongoing human trials will shed further light on the relationship
between rAAV gene therapy and cancer.

4. Combination Therapy—rAAV and Chemotherapy

In addition to using rAAV vectors to treat multiple types of cancer, an orthogonal
approach has been to combine rAAV gene therapy with currently available chemothera-
peutics. Cytotoxic chemotherapies have been the clinical standard-of-care across a plethora
of cancer types for decades. Although these cytotoxic chemotherapies can display effective
responses, they are often associated with severe side-effects [70,71]. Furthermore, cyto-
toxic chemotherapies are not universally effective for all cancer types, and a subset of
patients will experience the recurrence of drug-resistant tumors, at which point subsequent
chemotherapies can be less effective [72–74]. Combining additional modes of therapies
(also known as adjuvant therapies) with standard-of-care chemotherapy regimens could
help minimize the side-effects associated with these regimens by lowering the required ef-
fective dose. In addition, enhanced tumor cell killing achieved with effective combinations
could help to eliminate residual disease, thereby reducing the recurrence of drug-resistant
tumors. rAAV-mediated transgene expression has been investigated as a potential avenue
to selectively trigger cell death in tumor cells (as discussed extensively in the “Overview of
Cancer Gene Therapy Approaches with rAAV” section), and in conjunction with cytotoxic
chemotherapies, represents the potential for more effective combination therapy regimens.

Several pre-clinical studies have demonstrated that rAAV gene therapy in combina-
tion with cytotoxic chemotherapies enhances tumor cell killing in multiple tumor types
including ovarian, gastric, colon, hepatocellular, and head and neck cancers (Table 2). In an
orthotopic ovarian cancer mouse model, the combination of carboplatin, a standard-of-care
chemotherapy in ovarian cancer, and rAAV-mediated delivery of the anti-angiogenic mu-
tant endostatin (rAAV-P125A-endostatin) resulted in a significant decrease in tumor burden
and an increase in survival compared to the single agents alone or the untreated group [75].
Although the mechanism for such an enhanced effect was not investigated, the authors
noted that carboplatin treatment could sensitize the endothelial cells to P125A-endostatin,
resulting in a further reduction of angiogenesis in ovarian tumors. Similarly, another
study using ovarian cancer mouse models showed that treatment with the chemotherapy
agents topotecan and paclitaxel resulted in increased survival of mice following the rAAV-
mediated expression of bevacizumab, a monoclonal antibody directed towards VEGF,
resulting in decreased angiogenesis [31]. In gastric cancer models, rAAV-mediated expres-
sion of the dominant negative survivin mutant Thr34Ala (rAAV-Sur-Mut(T34A)) resulted
in decreased cell proliferation and increased apoptosis. Survivin, a member of the inhibitor
of apoptosis (IAP) gene family, has been shown to be overexpressed in gastric cancer cells
resulting in the inhibition of apoptosis. Overexpression of the dominant-negative survivin
(T34A) abolished the anti-apoptotic effect exerted by the wild-type survivin. Importantly,
combining 5-Fluorouracil (5-FU), the first-line chemotherapy drug for gastric cancer, re-
sulted in enhanced tumor cell killing compared to single agents alone or the untreated
group [76]. 5-FU treatment has been shown to induce survivin levels; therefore, the authors
postulated that overexpression of the dominant-negative survivin with 5-FU treatment
resulted in enhanced cytotoxicity [76]. Furthermore, enhanced tumor cell killing was
demonstrated following the rAAV-mediated expression of survivin mutant T34A (rAAV-
Sur-Mut(T34A)) and oxaliplatin, used for the treatment of advanced colorectal cancer
that is resistant to 5-FU, in colon cancer models in vivo [77]. Yet another study showed
that the combination of 5-FU and rAAV-mediated overexpression of shRNA targeting
FHL2 (Four and a half LIM-only protein 2) resulted in increased colon cancer cell death
in vivo [34]. Lastly, cisplatin, another chemotherapeutic used in clinics against multiple
solid tumors, has been combined to elicit enhanced cell death with rAAV–TRAIL in hepa-
tocellular carcinoma and head and neck squamous cell carcinoma in vivo [78,79]. TRAIL, a
member of TNF-super family, has been previously shown to selectively trigger apoptosis
in transformed cells.
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Table 2. Preclinical studies conducted using rAAV and chemotherapy combinations.

Cancer Type Chemotherapy Transgene
rAAV Capsid,

Promoter
References

Ovarian Carboplatin Endostatin (P125A) Unknown, CGA [75]

Ovarian Topotecan and
Paclitaxel Bevacizumab Ab rh.10, CGA [31]

Gastric 5-FU Survivin (T34A) Unknown, CGA [76]
Colorectal Oxaliplatin Survivin (T34A) Unknown, CGA [77]
Colorectal 5-FU shRNA FHL2 AAV2, U6 [34]

Hepatocellular Cisplatin TRAIL AAV2, hTERT [78]
Head and Neck Cisplatin TRAIL Unknown, CGA [79]

Notes: CGA = CMV enhancer, chicken beta-Actin promoter; hTERT = human reverse transcriptase component; 5-FU = 5-Fluorouracil.

The above studies clearly demonstrate that rAAV-mediated gene therapy could en-
hance clinical efficacy when combined with the standard-of-care chemotherapy; however,
the mechanism associated with such enhanced efficacy following the combinations remains
to be elucidated. It is well established that chemotherapy induces genotoxic and cyto-
toxic stress in tumor cells. Although each of these effective combinations could be acting
through disparate mechanisms as discussed above, increased rAAV-mediated transduction
following the increased stress response with chemotherapy may contribute to the enhanced
cytotoxicity [22]. Interestingly, apart from paclitaxel, all of the aforementioned chemothera-
pies used in combination with rAAV vectors interfere with cellular processes occurring in
S phase. Therefore, it is likely that an exacerbated stress response, which has been shown
to enhance rAAV-mediated transgene expression, coupled with the chemotherapeutic
drug’s interference in S phase progression, refs [80–83] could result in enhanced tumor cell
death. This would allow for the combination of other chemotherapies and newer targeted
therapies that induce a tumor-mediated stress response with rAAV-mediated gene therapy
in multiple tumor types.

These studies should be pursued cautiously since similar mechanisms could also
increase rAAV off-target tissue transduction resulting in increased rAAV-mediated toxicity;
thus, approaches to limit rAAV-mediated transgene expression to tumor cells through
optimizing the promoter, capsid, and/or delivery route should be explored. As previously
noted, many of the synergistic effects of rAAV occurred with cytotoxic chemotherapies
that target one or more cellular processes occurring in S phase; thus, elucidation of rAAV’s
mechanistic interactions with these drugs in a cellular host context would likely lead to
improved combination strategies for clinical applications. In summary, rAAV-mediated
gene therapy could be explored as an avenue to enhance the efficacy and safety of the
chemotherapeutic agents currently used in clinical settings.

5. Targeting Cancer Stem Cells with AAV

Cancer stem cells (CSCs) are a subpopulation of cancer cells residing within the
solid tumor bulk (such as breast cancer or lung cancer) or hematological tumors (such as
leukemia) [84] that have the potential for self-renewal and contribute to tumorigenesis
and/or chemoresistance [85–87]. CSCs often participate in the epithelial–mesenchymal
transition via the induction of an embryonic genetic program that re-expresses the genes
SOX2, OCT4, NANOG, and DNMT1, and display stem cell-like profiles that contribute to
tumor initiation, progression towards invasive phenotypes, therapeutic failure, and/or
tumor recurrence [88]. Thus, it has been suggested that efficient tumor treatment requires
eradication of the CSC population [89], which has generated considerable enthusiasm for
the investigation of CSC-targeted therapies.

Gene therapy has long been proposed as a promising approach for cancer treat-
ment [90], as illustrated in over 2144 clinical trials, accounting for 67.4% of all gene therapy
clinical trials to date [90,91]. This technique could be applied to a wide range of tumor
types, and a variety of genes and vectors are being used in clinical trials with successful out-
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comes [7]. Among these trials, 23 are currently underway to determine the efficacy of rAAV
vectors for cancer therapeutics (Table 1). However, as summarized above, conventional
strategies, such as enhancing the immune system to recognize the cancer cells, enhancing
cancer cell apoptosis, and inducing anti-angiogenesis effects via regulation of the VEGF
signaling pathway, are the major designs used in these cancer gene therapy clinical trials.
Thus, alternative therapeutic approaches using AAV vectors to target CSCs would be a
unique avenue of exploration.

One obvious strategy for CSC-targeted therapy is to target the CSC stemness features;
this would require the use of AAV to mitigate the overexpression of the genes or perhaps
miRs which play vital roles in maintaining the self-renewal capacity of CSCs. For example,
one critical factor would be to identify an AAV capsid that could transduce the CSCs
with high tropism and efficiency to confer CSC transduction specificity. Although the
transduction efficiency of rAAV in different stem cells including embryonic stem cells
(ESCs), hematopoietic stem cells (HSCs), and mesenchymal stem cells (MSCs) has been
widely studied [92], to the best of our knowledge, there is no comparative transduction
study of CSCs in vitro or in vivo. Although AAV6 capsids with site-specific modifications
and CD34+ HSC-derived AAV variants are reported to have higher tropism to blood stem
cells and support stable and efficient gene transfer [93], most other AAV serotypes may
not productively transduce stem cells efficiently [94,95]. Unfortunately, cancer or CSC-
derived AAV capsids have not yet been reported to date, consistent with reports of low
to no germline transmission of AAV and an inverse relationship of wtAAV integrants in
cancerous versus non-transformed cells. Indeed, Gao’s group [68] recently published a
large-scale molecular epidemiological analysis of AAV in a cancer patient population, and
found no significant difference in AAV prevalence, abundance, and variation between
cancer and normal tissues. In addition, no specific AAV sequences predominated in tumor
samples, and no clonality was observed [68]. This indicates a minimal chance that a natural
CSC-derived AAV capsid exists and highlights an opportunity for directed evolution
studies to isolate novel AAV capsid variants for increased CSC targeting.

In addition, previous reports have suggested that AAV vectors induce toxicity in some
types of stem-like cells [59,96,97]. Johnston et al. reported that AAV ablates neurogenesis,
and the ITR sequence alone is sufficient to induce cell death, suggesting AAV-linked toxicity
in adult neural progenitor cells in mice [96,98]. Similarly, Hirsch et al. found that ESCs are
particularly sensitive to AAV-induced cell death via a p53-dependent apoptotic response
that is elicited by a telomeric sequence within the AAV ITR [59,92]. Reports of toxicity to
other types of stem-like cells have shown mixed results, alluding to potentially differential
effects of AAV toxicity depending on the species, type of stem cell, and AAV serotype
and have been thoroughly discussed in a previous review [92,95,99–102]. When toxicity
is observed, it is mostly thought to be induced through TLR activation via DNA sensors,
especially the palindromic ITR hairpin DNA sequences [103]. These reports further indicate
that optimization of the ITR sequences [2,104] (such as CpG depletion in the ITR structure)
may be a useful strategy to counteract the potential toxicity, thus ensuring safer applications
of rAAV that protect adult stem cell populations.

Notably, it is reported that ESCs and CSCs share some common biomarkers, gene
signatures, signaling pathways, and epigenetic regulators [88]. This highlights the possibil-
ity that CSCs may also demonstrate toxicity in response to infection by wt or rAAV and
illustrates the vast potential of AAV vectors (especially the ITR sequences) as a possible
CSC-targeted therapy to supplement current cancer therapies and reduce tumor recurrence.
However, before this exciting concept can progress to clinical translation in humans, at-
tempts to better understand the CSCs in the context of AAV biology are needed. These
approaches could include: (i) determining the wtAAV persistence in CSCs and the clinical
consequences of its potential replication on CSCs and cancer cells, (ii) exploiting the ITR
toxicity in CSCs, (iii) examining the potential interaction between the p53 transcriptional
binding sites on AAV ITR sequences and CSC stemness, and (iv) the potential inhibitory
effects of wtAAV on CSCs. Thus, a growing understanding of CSCs together with the
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favorable outcomes obtained from rAAV clinical trials [105] provides a common concep-
tual and research framework for basic and applied cancer research. Exploring AAV as
vectors for CSC-targeted therapies would complement and expand the existing repertoire
of therapeutic strategies for the treatment of cancer.

6. Closing Remarks

In summary, AAV may be an excellent choice as an adjuvant therapy for multiple
types of cancer. The genetic features of AAV combined with the cellular host response
to AAV infection provide a unique opportunity to enhance the tumoricidal activity of
cancer gene therapy vectors (Figure 2). Both the Rep protein(s) and the AAV ITRs exhibit
independent tumoricidal activity in multiple contexts. Therefore, in combination with a
transgene or other genetic components that specifically interfere with oncogenic signaling
defects, AAV exhibits the potential to induce tumor regression and/or sustained remission,
particularly when administered as an adjuvant therapy in conjunction with standard
cytotoxic chemotherapies. Further mechanistic studies of AAV’s interactions with the
cellular host machinery and the exploration of alternative transgenes/genetic cassettes
would provide a basic scaffold for the development of novel approaches to treat cancer
and lead to promising new avenues of therapeutic inquiry.

 

 

 

 

Figure 2. Summary of the potential attributes of AAV for cancer gene therapy.
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Abstract: Marine viral sequence space is immense and presents a promising resource for the dis-
covery of new enzymes interesting for research and biotechnology. However, bottlenecks in the
functional annotation of viral genes and soluble heterologous production of proteins hinder access
to downstream characterization, subsequently impeding the discovery process. While commonly
utilized for the heterologous expression of prokaryotic genes, codon adjustment approaches have
not been fully explored for viral genes. Herein, the sequence-based identification of a putative
prophage is reported from within the genome of Hypnocyclicus thermotrophus, a Gram-negative,
moderately thermophilic bacterium isolated from the Seven Sisters hydrothermal vent field. A
prophage-associated gene cluster, consisting of 46 protein coding genes, was identified and given the
proposed name Hypnocyclicus thermotrophus phage H1 (HTH1). HTH1 was taxonomically assigned
to the viral family Siphoviridae, by lowest common ancestor analysis of its genome and phylogeny
analyses based on proteins predicted as holin and DNA polymerase. The gene neighbourhood
around the HTH1 lytic cassette was found most similar to viruses infecting Gram-positive bacteria. In
the HTH1 lytic cassette, an N-acetylmuramoyl-L-alanine amidase (Amidase_2) with a peptidoglycan
binding motif (LysM) was identified. A total of nine genes coding for enzymes putatively related to
lysis, nucleic acid modification and of unknown function were subjected to heterologous expression
in Escherichia coli. Codon optimization and codon harmonization approaches were applied in parallel
to compare their effects on produced proteins. Comparison of protein yields and thermostability
demonstrated that codon optimization yielded higher levels of soluble protein, but codon harmo-
nization led to proteins with higher thermostability, implying a higher folding quality. Altogether,
our study suggests that both codon optimization and codon harmonization are valuable approaches
for successful heterologous expression of viral genes in E. coli, but codon harmonization may be
preferable in obtaining recombinant viral proteins of higher folding quality.

Keywords: prophage; hydrothermal vent; Hypnocyclicus thermotrophus; lytic cassette; Escherichia coli;
heterologous expression; codon optimization; codon harmonization

1. Introduction

Hydrothermal vents host some of the most diverse microbial communities in marine
environments. Diverse (hyper)thermophilic bacteria and archaea grow within the steep
chemical and temperature gradients formed by rapid mixing of high temperature (up to
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above 300 ◦C) reduced vent fluids and cold seawater [1,2]. The discovery of the hydrother-
mal vent ecosystem remains one of the biggest breakthroughs in our understanding of
how life can be sustained in extreme conditions, marked by the first vent observation on
the Galápagos Rift, in the eastern Pacific [3] and the discovery of the first black smoker
vents [4]. Today, hydrothermal vents are well-known as attractive sites for bioprospecting
of biotechnologically interesting enzymes [5–8] and other valuable biomolecules with po-
tential industrial applications [6,9,10]. As with other marine biomes [11–13], hydrothermal
vent environments are observed to be abundant with viruses, especially tailed dsDNA bac-
teriophages of order Caudovirales [14,15]. These viruses remain a largely unexplored space
of genetic diversity and, therefore, an under-utilized source for enzyme bioprospecting
efforts [16,17].

The unique biology of host-reliant viral replication makes viruses remarkably inter-
esting entities for biotechnology, where lytic enzymes can be found associated with their
strategy of host infection [18,19]. While lytic phages reproduce by host cell lysis, lysogenic
or temperate phages can remain dormant until induction, either as so-called “prophages”
integrated into the host genome, or as extrachromosomal elements [20,21]. Temperate
phages have been reported as particularly present in the microbial communities associated
with vent fields [15,22], likely related to challenging environmental factors such as lower
host abundances, limiting nutrient availability, and the fringe physical and chemical condi-
tions present at these sites. In addition, the set of viral genes made available to the host via
lysogeny may also produce fitness-enhancing phenotypes, increasing the host resilience in
these environments [23–25].

The currently studied minority of bacteriophages have yielded numerous biotech-
nologically important enzymes. Some significant examples include enzymes acting on
nucleic acids, such as DNA polymerases, DNA ligases from bacteriophages T4 [26,27] and
T7 [28–30], and exonuclease from the bacteriophage T5 [31]. Furthermore, lytic enzymes
such as endolysins, naturally arming the phages for the degradation of bacterial cell walls,
are of increasing interest as bactericidal agents [32–35] and have been subjected to trials as
phage therapy [36,37]. Many of the above viruses were studied from isolates and provide
a glimpse into similar discoveries possible from within the vast viral sequence space in
marine environments [13,16].

To be able to study discovered viral enzymes of potential biotechnological interest,
molecular cloning and heterologous expression approaches are required to produce the
enzymes in amounts needed for characterization experiments. Study of the heterologous
expression of viral genes from marine metagenomes, however, has been extremely lim-
ited [38]. Extending the knowledge in this field has subsequently been a major task in the
project Virus-X (Viral Metagenomics for Innovation Value) aiming to identify and charac-
terize novel enzymes and other proteins from bacteriophages and archaeal viruses. To date,
only a few examples of studies describing the expression of viral genes from environmental
marine resources are reported [39,40]. For the heterologous production of most proteins,
Escherichia coli remains a desirable host due to its ease of use, quick generation times and a
wide genetic toolkit regarding cloning and expression vectors [41]. However, E. coli does
present certain well-documented challenges in soluble protein production when expressing
genes from genetically less-related sources [41,42]. Furthermore, the distinct codon usage
bias of E. coli often presents a difference in the availability of tRNAs between the native
organism and itself, adversely affecting protein expression efficacy [43,44].

Numerous approaches exist to increase soluble protein yields of recombinant genes
in E. coli. The use of various fusion protein tags has been a popular and effective way to
improve soluble yields for many years [45–48]. The use of transcription-level adjustments
to improve soluble protein expression has been described in recent years, initially as “codon
optimization” [49] and later as “codon harmonization” [50]. Both of these approaches rely
on the modification of codons in the DNA sequence of the target prior to expression, to
code for the same eventual polypeptide, but with a set of tRNAs tailored for the machinery
of the expression host. The difference among these approaches can be summarized as such:
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codon optimization substitutes rare codons in the native gene sequence with those that
are most abundant in the heterologous host, potentially allowing a high-speed protein
production, whereas codon harmonization aims to replicate the cadence of native gene
expression in the host, potentially allowing for correct protein folding during expression.
While codon optimization has been widely demonstrated to have some degree of success
in expressing genes from a diverse range of native hosts [48,51], including viruses [52–54],
codon harmonization is a more recent approach and, to our knowledge, has not yet been
explored towards the expression of viral genes in E. coli.

In this work, we report the first study of a temperate phage infecting H. thermotrophus:
a free-living, Gram-negative, moderately thermophilic bacterium isolated from a microbial
mat collected from the Seven Sisters hydrothermal vent field located on the Arctic Mid-
Ocean Ridge [55,56]. Within the phylum Fusobacteria, Hypnocyclicus thermotrophus IR-2T

(=DSM 100055 =JCM 30901) is listed as the current type strain of the genus Hypnocyclicus. In
addition to describing the identification, gene organization and taxonomic analysis of the
prophage via in silico methods, we also report on our efforts to identify and recombinantly
express genes with potential links to various lytic and nucleic acid modifying enzymatic
activities. In an effort to facilitate the soluble heterologous production of proteins in
E. coli, we implemented the codon optimization and harmonization approaches in parallel
for a set of nine diverse enzyme candidates. The comparison of proteins produced via
these approaches revealed notable differences in their soluble yields and thermostability.
Altogether, the combined strategy used herein presents a cohesive application of both
bioinformatics and molecular biology to improve access to the viral genetic diversity
present in marine environments.

2. Materials and Methods

2.1. Identification and Annotation of Prophage Genes

The annotated genome assembly of the bacterium H. thermotrophus was downloaded
from NCBI GenBank (RefSeq GCF_004365575.1). Manual analysis of the genome indi-
cated presence of prophage genes. To further assess these putative prophage genes, the
GenBank file of the assembly was uploaded to the PHASTER (https://phaster.ca/, ac-
cessed on 10 December 2019) [57,58] online tool and compared against the PHASTER
prophage/virus database (last updated in August 2019). The analysis output described the
genome region(s) containing the prophage genes, along with putative functional annota-
tions. In addition to annotations provided by NCBI and PHASTER, the HHpred server
(https://toolkit.tuebingen.mpg.de/tools/hhpred, accessed on 1 December 2020) [59–61],
and the eggNOG-Mapper (http://eggnog-mapper.embl.de accessed on 12 December
2019) [62,63] online services were also used for the functional annotation of the prophage
genes using corresponding amino acid sequences.

When using the HHpred server for the pairwise comparison of profile hidden Markov
models (HMMs), the databases queried were PDB_mmCIF70_29_Nov, Pfam-A_v33.1,
COG_KOG_v1.0 and NCBI_Conserved_Domains(CDs)_v3.18.

2.2. Taxonomic Analysis of HTH1

To taxonomically characterize HTH1, the genes identified as phage-related using
the PHASTER tool were subjected to a translated nucleotide to protein BLAST (blastx,
accessed on 2 April 2020) search. The following parameters: organism = viruses (txid:10239),
number of alignments = 100, word size = 6 were used. The resulting hits were then parsed
and taxonomically assigned by lowest common ancestor (LCA) analysis [64] in MEGAN
software (version 6.18.6) (Tübingen, Germany) [65]. The following parameters were used:
minimum support = 2, minimum score = 70, top percent = 10. Megan Mapping Database
file version October 2019 was used.

With a reported success rate of 93% when assigning tailed and unclassified phages to
their defined head–neck–tail-based categories, the “Remote Homology Detection of Viral
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Protein Families—Virfam” [66] (http://biodev.cea.fr/virfam, accessed on 3 April 2020)
server was also used to further analyse the taxonomy of HTH1.

2.3. Analysis of Prophage Host Range

In order to analyse the currently documented host range of similar phages, DNA
sequence of HTH1 was used to perform a translated nucleotide–protein BLAST (blastx)
search as described above, except using the NCBI non-redundant (nr) nucleotide database.
The species names of the top 5000 hits were parsed and uploaded to phyloT (https://
phylot.biobyte.de/, accessed on 5 April 2020) (version 2) [67] online tool to visualize the
taxonomic distribution by generating a phylogeny of the cumulative NCBI taxonomy
lineages of each species on the list (Supplementary Materials Figure S1).

2.4. Phylogeny Analyses

The amino acid sequence of the holin (GenBank WP_134112787.1) identified in HTH1
was used as a basis for phylogeny analyses and relationship of the prophage to viruses in
the NCBI (nr) database. A protein–protein BLAST (blastp) search was performed via NCBI
BLAST [68] with the following parameters: organism = viruses (txid:10239), word size = 6.
A list of 94 proteins exported from the BLAST search (including the holin from HTH1)
was aligned using MAFFT (version 7.453) [69]. Gap regions were trimmed with trimAl
(version 1.2 rev59) [70] using the ‘gappyout’ command to automatically trim sequences
based on gaps in the alignment. The resulting trimmed alignment comprising 106 amino
acid positions was manually analysed and used as a basis to infer maximum likelihood
(ML) phylogeny using IQ-TREE (version 1.6.12) [71] tool. The best-fitting model was
automatically determined by ModelFinder [72], and ultrafast bootstrapping was performed
with 1000 replicates [73]. The best-fitting model was identified as LG+I+G4 (general matrix
with invariable site plus discrete gamma model [74,75]). The resulting tree was then
annotated using the online Interactive Tree of Life (iTOL) (https://itol.embl.de/, accessed
on 5 April 2020) (version 5.5.1) [76] software. Branches with less than 50% bootstrap
support were collapsed (Figure 1).

The amino acid sequence of HTH1 holin was further analysed using a protein–protein
BLAST (blastp) against the Integrated Microbial Genomics/Virus (IMG/VR) (https://
img.jgi.doe.gov/vr/, accessed on 10 April 2020) [77] and Ocean Gene Atlas (http://tara-
oceans.mio.osupytheas.fr/ocean-gene-atlas/, accessed on 10 April 2020) [78] databases to
compare the prophage to viral genes from environmental samples, metagenomic datasets
and other non-isolated virus genes. The top 100 hits with the highest percent identity
from the IMG/VR search and all the hits (18) from the Ocean Gene Atlas were extracted in
addition to the 94 sequences from NCBI as described above. After automatic and manual
curation to remove duplicates or non-holin hits, a total of 211 holin-related sequences were
aligned, trimmed and visualized as described above, with the best-fitting ML model for
this group of sequences identified as LG+F+I+G4 (general matrix with invariable site plus
discrete gamma model [74,75] with empirical codon frequencies counted from the data)
(Supplementary Materials Figure S2).

The putative DNA polymerase (HTP4385) (GenBank WP_134112782.1) was also sub-
jected to phylogeny analysis, using the same parameters as described above for the holin-
based tree. In this analysis, a list of 101 protein entries was used to create a 625 amino
acid long alignment for the construction of the tree shown in Supplementary Materials
Figure S3.

2.5. Gene Neighbourhood Analysis

Gene neighbourhoods between genes of HTH1 and three highly similar viral gene clus-
ters was compared. The similar viral gene clusters were selected based on the closest align-
ments to the HTH1 holin in the extended tree shown in Supplementary Materials Figure S2.
Alongside HTH1, marine anoxygenic phototropic community R3 (MAPCR3) (IMG scaffold
ID: Ga0071011_100294), Streptococcus phage Javan630 (SPJ630) (NCBI:txid2548289) and
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the Erysipelothrix phage phi1605 (EP1605) (NCBI:txid2006938) were inspected using Gene-
Graphics (https://katlabs.cc/genegraphics/app, accessed on 20 April 2020) [79] (Figure 2)
by uploading the relevant genome regions with their annotations for each entry in NCBI
GenBank format to the online tool.

2.6. Selection of Genes for Expression Trials

In addition to the genes constituting the lytic cassette, genes with various puta-
tive functions on either side of the HTH1 lytic cassette were analysed. After inspec-
tion, nine genes were selected for expression trials for their putative activities related
to lysis and DNA replication, including three genes with hypothetical function or con-
served domains of unknown function (DUF). The selected genes were labelled with
the prefix HTP (H. thermotrophus phage) followed by the last four digits of their corre-
sponding locus tag in the NCBI GenBank annotation (such as HTP4435). The selected
genes and their annotated domain structures predicted by the HMMER web service
(https://www.ebi.ac.uk/Tools/hmmer/search/phmmer, accessed on 20 April 2020) [80–82]
were visualized in Figure 3.

2.7. Preparation of Sequences for Protein Expression of Selected Genes

Codon optimization [49] and codon harmonization approaches [83,84] were used in
parallel to evaluate their effectivity in obtaining properly folded, soluble protein from
each of the selected genes tailored for heterologous expression in E. coli. Codon-optimized
gene sequences were generated via GenSmart Codon Optimization (GenScript, Piscat-
away, NJ, USA) online tool following default codon optimization parameters. Codon
Harmonizer developed by Claassens et al. [51] online tool was used to harmonize codon
usage frequencies between the prophage host H. thermotrophus NCBI GenBank (RefSeq
GCF_004365575.1) and the heterologous expression host E. coli BL21(DE3) NCBI GenBank
(GenBank GCA_000022665.2) (accessed in April 2019). Codon Adaptation Index (CAI) and
Codon Harmonization Index (CHI) values were calculated for each sequence. Both the
codon-optimized and codon-harmonized target protein gene sequences (Supplementary
Materials File S1) were ordered to be synthesized and delivered pre-cloned in pET-21b(+)
(Merck, Darmstadt, Germany) [85] vector (GenScript, Leiden, the Netherlands), featuring a
C-terminal hexa-histidine tag [86] to facilitate purification using affinity chromatography.

2.8. Protein Production in E. coli

All expression constructs were transformed into E. coli BL21(DE3) (Merck, Darmstadt,
Germany) cells using the heat-shock protocol provided by the manufacturer, using 30 ng
of plasmid per 15 µL of bacteria suspension. Single colonies were picked from Lysogeny
Broth (LB)-agar plates containing 100 µg/mL ampicillin after plating and overnight growth
at 37 ◦C, and 10 mL pre-cultures in LB were subsequently inoculated and incubated
overnight at 37 ◦C with 220 rpm shaking. Expression cultures in Tryptic Soy Broth (Merck,
Darmstadt, Germany) (adjusted to pH 7.4/RT) at 100 mL scale were inoculated with 5%
(v/v) of each pre-culture and were grown at 37 ◦C and 220 rpm until an optical density at
600 nm of 0.5–0.6 was reached. The incubation temperature was then reduced to 28 ◦C and
allowed to equilibrate for 30 min. Expression was induced with 0.5 mM isopropyl β-D-1-
thiogalactopyranoside, at 28 ◦C for 5 h. Following the expression, cells were harvested by
centrifugation at 5000× g at 4 ◦C for 10 min. Collected cells were re-suspended in 10 mL of
lysis buffer containing 50 mM Tris-HCl pH 7.4/RT, 60 mM imidazole, 500 mM NaCl and
5% (v/v) glycerol and were lysed using ultrasonication performed at 4 ◦C using 5 × 30 s
bursts at 15 s intervals, with 25% amplitude. An aliquot representing the total protein
fraction was taken and stored at 4 ◦C from each crude lysate before clarification of lysates
by centrifugation at 12,000× g at 4 ◦C for 3 min. After clarification, aliquots were taken
from all samples representing the soluble protein fraction and stored at 4 ◦C.
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2.9. Protein Solubility Assessment and Yield Estimation

Aliquots taken from lysed cell pellets, representing the total protein (crude lysate) and
soluble protein (clear lysate) fractions were run on a gradient (8–16%) SDS-PAGE gel (Gen-
Script, Piscataway, NJ, USA) to assess expression levels. Precision Plus Dual Color (Bio-Rad,
Hercules, CA, USA) protein ladder was used for protein molecular mass determination.
Equivalent volumes of protein samples were loaded onto the electrophoresis gels seeking
to fractionate equal protein amounts. The gel was run at 200 V, and subsequently stained
using InstantBlue (Expedeon, Cambridge, UK) using a staining protocol provided by the
manufacturer. After staining was complete, unbound dye was washed off the gel using
distilled water on a benchtop shaker to reveal protein bands. The gels were photographed
using MiniBIS Pro system processing images with GelCapture (version 7.0.15) suite (DNR
Bio-Imaging Systems, Neve Yamin, Israel).

Densitometry calculations to determine relative abundance of target proteins in the
soluble lysate fractions were performed using GelQuantum Pro (version 12.2) suite (DNR
Bio-Imaging Systems, Neve Yamin, Israel). Total protein concentration was measured with
a NanoDrop 1000 spectrophotometer (operating software version 3.7; Thermo Fisher Scien-
tific, Waltham, MA, USA), assuming A280 1 = 1 mg/mL. Target protein soluble yields were
estimated by combining the results of densitometry and total soluble protein quantification.

2.10. Protein Purification

HTH1 proteins obtained in soluble form were purified to near homogeneity from clear
lysate fractions by nickel affinity chromatography. Soluble protein fraction in lysis buffer
was loaded 1 mL/min into a HisTrap HP 1 mL (7 mm × 25 mm) column (Cytiva, Uppsala,
Sweden) equilibrated with lysis buffer. Target proteins were eluted (2 column volumes
(CV)) with elution buffer containing 50 mM Tris-HCl pH 7.4/RT, 500 mM imidazole,
500 mM NaCl and 5% (v/v) glycerol at 1 mL/min after extensive washing (5–8 CV) of
unbound proteins with lysis buffer. The purified proteins were stored in elution buffer at
4 ◦C after filtering twice through regenerated cellulose 0.2 µm pore size syringe filters (GE
Healthcare, Uppsala, Sweden).

Protein integrity and purity were assessed via SDS-PAGE. Protein concentrations were
measured spectrophotometrically, considering calculated absorption coefficients for pure
proteins. Purification yields were calculated comparing the target protein amount in the
soluble protein fractions with the target protein amount obtained after the purification and
filtration steps.

2.11. Protein Thermal Unfolding Assay

Nanoscale differential scanning fluorometry based on internal tryptophane as well as
tyrosine content was performed to determine the melting temperatures (Tm, ◦C) of purified
HTH1 proteins. These measurements were carried out on a Prometheus NT.48 system
using standard grade capillaries (NanoTemper Technologies, Munich, Germany). The
purified protein samples were diafiltrated into assay buffer containing 50 mM Tris-HCl pH
7.4/RT and 2% (v/v) glycerol using Amicon Ultra-0.5 mL (3 Kda) centrifugal filters (Merck,
Darmstadt, Germany). Protein concentrations were adjusted to 0.2 mg/mL with assay
buffer after diafiltration. Thermal unfolding assays were performed at adjusted 40% excita-
tion power, with a temperature gradient between 20–95 ◦C and at a ramp rate of 1 ◦C/min.
Finally, analysis of the recorded emission intensities, emission ratio (350 nm/330 nm) and
first derivative calculations were processed using the PR.ThermControl software (version
2.0.4) (NanoTemper Technologies, Munich, Germany).

3. Results

3.1. Functional Annotation and Taxonomy Analysis of HTH1

Three regions of putative viral origin were identified within the H. thermotrophus using
the PHASTER tool [58]. Region 1 (Supplementary Materials Table S1) was reported as an
incomplete prophage region (PHASTER score: 10), consisting of eight conserved domains
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(CDs) from locus tags EV215_RS03310 to EV215_RS03345 in the sense (+) strand. Region 2
was also predicted as incomplete (PHASTER score: 50), consisting of 33 CDs from locus tags
EV215_RS04355 to EV215_RS04515. However, attachment sites attL and attR (nucleotide
sequence TTACCATCTTA) were found between locus tags EV215_RS04470-EV215_RS04475
and EV215_RS04435-EV215_RS04440, respectively, within region 2, indicating that this
region was likely associated with viral interaction and virus integration on to the host
genome. Region 3 was predicted to be an intact prophage region (PHASTER score: 100)
and contained 29 CDs from locus tags EV215_RS04440 to EV215_RS04580. There was an
11,971 bp overlap between regions 2 and 3, representing 16 CDs, with both regions found
on the complementary (−) strand of the genome. Furthermore, regions 2 and 3 showed
highly similar average G + C contents, 37.7% and 38.5%, respectively. In comparison, the
average G + C contents of region 1 and the host genome were 27.9% and 24.8%, respectively.
Due to their overlap, and coherent composition, regions 2 and 3 were considered as the
“complete” prophage genome, totalling 46 CDs and a genome size of 41,571 bp. This region
was subsequently designated with the proposed name Hypnocyclicus thermotrophus phage
H1 (HTH1). With the combined use of various pipelines, functional annotations could be
suggested for 34 HTH1 genes. The remaining 12 were noted as hypothetical, or to contain
unknown elements as listed in Supplementary Materials Tables S1 and S2.

Taxonomic analysis based on the LCA algorithm in MEGAN suggested affiliation of
HTH1 with the family Siphoviridae and the order Caudovirales. Consistently, the Virfam
analysis (resulting identities provided in Supplementary Materials Table S3) identified the
prophage head–neck–tail modules as being part of “Neck Type 1—Cluster 2” type of phages,
noted to be associated with siphoviruses. Holin genes have previously been suggested as a
phage-specific signature gene for siphoviruses [87]. Phylogeny analyses based on the HTH1
holin (Figure 1) as well as DNA polymerase (Supplementary Materials Figure S3) amino
acid sequences revealed the closest affiliations to known phages from the Javan group
of Streptococci phages [88] and to the Erysipelothrix phage phi1605 (NCBI:txid2006938).
The sequence identity between the HTH1 holin and the holins from Streptococcus phage
Javan630 (SPJ630) and Erysipelothrix phage phi1605 (EP1605) was found to be 75.7% and
75.0%, respectively.

The closest identified holin homologue from another phage infecting Gram-negative
bacteria was that of the phage Funu2 (NCBI:txid1640978) (Figure 1), which is reported to
infect Fusobacterium nucleatum [89] (sequence identity of 38.6%). This is an interesting hit,
as to date, studies of viruses and viral genes associated with Fusobacteria remain limited,
with only a small number of phages characterized thus far [37,90–92].

When the HTH1 holin was compared against environmental sequences from IMG/VR,
an even closer hit at 99% sequence identity was observed against a metagenome-derived
holin from a marine anoxygenic phototrophic community R3 (MAPCR3) sample (IMG
genome ID 3300004816) originating from a shallow salt marsh pool in Falmouth, MA,
USA (Supplementary Materials Figure S2 and Table S4). When the gene neighbourhood
surrounding the lytic cassette of HTH1 was compared with those of MAPCR3, SPJ630 and
the EP1605 (Figure 2), a remarkably close similarity was identified between the HTH1 and
MAPCR3 lytic cassettes, particularly over the four genes corresponding to HTP4425 to
HTP4410 in HTH1 (Supplementary Materials Table S4). The similarity was less significant
when comparing to cassettes of SPJ630 and EP1605. Furthermore, the lytic cassette amidase
(HTP4410) was observed to be replaced by a second glycosyl hydrolase (CAZy GH25) in
SPJ630 and EP1605 when the gene annotation and protein domain structures were reviewed
using a HMMER search [82] (Figure 3).
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Figure 1. Phylogeny analysis of the prophage based on the alignment of 106 amino acid long region
of holin proteins from 94 phages, using maximum likelihood, with 1000 bootstrap replicates. The
tree is centre-rooted, and the scale bar represents the average number of amino acid substitutions per
site. Numbers next to collapsed clades represent the number of leaves covered by each illustration.
The HTH1 holin is highlighted in red.

Figure 2. Gene neighbourhood map of HTH1 and the comparable regions of three closely related phage gene clusters
aligned around the holin in their respective lytic cassettes. Displayed genes are drawn to scale, as shown on the top right.
Respective organism or sample names, related accession numbers (in parentheses) and genome regions displayed (in bp
ranges) are provided above each graphic. Genes chosen for expression of proteins from HTH1 are also labelled with their
identifier numbers. Double dashes (//) indicate the presence of genes further up or downstream the gene regions displayed
in this figure.
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Figure 3. Illustration depicting sequence features of chosen candidate proteins predicted by HMMER [82]. Black lines
show non-annotated amino acid sequences, grey boxes show predicted Pfam domains, purple lines mark transmembrane
domains and numbers flanking each feature show their respective amino acid residue number ranges. The blue box shows
the HTP4410 analogue found in Streptococcus phage Javan630 (SJ630) and Erysipelothrix phage phi1605 (EP1605).

3.2. Selection of Genes for Expression Trials

HTH1 genes with annotations related to roles in lysis and DNA replication were
examined further, examining protein domain structures through comparisons to multiple
sequence databases (Supplementary Materials Tables S1 and S2). A set of nine genes were
chosen for protein expression trials, as shown in Figure 3, with their designations and
associated domain structures. Gene targets associated with the prophage lytic cassette
(defined in Section 3.1), including holin (HTP4415), glycosyl hydrolase (HTP4420) and the
amidase with a LysM domain (HTP4410), were selected for their putative role in cell lysis,
in addition to the phage tail protein (HTP4435) with associations to endopeptidase activity.
The hypothetical gene HTP4425 neighbouring the glycosyl hydrolase (HTP4420) was also
picked for its potential connection to the lysis-related cluster. Two genes annotated with
nucleotide cleavage and production activities were also selected: the rRNA biogenesis
protein RRP5 (HTP4400) with putative endonucleolytic activity towards rRNA, and the
DNA polymerase I (HTP4385). Furthermore, two genes flanking the HNH endonuclease,
HTP4360 and HTP4350, were picked for their potential associations with nucleolytic
activity. The gene HTP4350 (GenBank: WP_134112775.1) was annotated as “DUF262
domain containing protein” by the NCBI pipeline; however, a putative DNase activity was
also suggested when analysed with HHpred (Supplementary Materials Table S2), and it is
upstream of the prophage gene region in the H. thermotrophus genome.

Searches made against PDB for structural insight pertaining to the nine HTH1 proteins
revealed only low similarity hits for three proteins, HTP4420, HTP4410 and HTP4350,
to PDB entries 4S3J, 3HMB and 1D9D, respectively (Supplementary Materials Table S5).
However, all three structures reported associations with the expected functions in the HTH1
proteins, such as peptidoglycan lysis for HTP4410 and HTP4350, and DNA polymerase for
HTP4350 (Supplementary Materials Table S4).

3.3. Expression of Target Codon-Adjusted Gene Variants

The codon frequencies of the HTH1 gene sequences were analysed, estimating CAI
for the native host H. thermotrophus. All target protein genes demonstrated CAI values of
approximately 0.4–0.5 (Table 1). Estimated CAI values indicated that HTH1 gene sequences
were moderately adapted for expression in the native host, predicting comparatively
moderate native expression level of the target proteins. Target genes were subsequently
processed to generate codon-optimized and codon-harmonized gene sequence variants,
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adjusted from the H. thermotrophus codon usage bias towards compatibility with the
expression host E. coli BL21(DE3). Quantitative analysis of codon-adjusted sequence
variants confirmed the expected levels of codon adaptation (Table 1). The CAI of codon-
optimized gene sequences varied between 0.84 and 0.89, indicating high adaptation towards
heterologous expression in E. coli. Codon-harmonized sequences, as expected, were less
adapted to be expressed in the selected strain, with CAI varying between 0.58 and 0.74. It
was noted that CAI of codon-harmonized sequences showed higher variation compared
to CAI of codon-optimized sequences. The CHI values of codon-optimized variants were
0.12–0.13 below (Table 1) the estimated CHI values from codon-harmonized sequences,
confirming an expected trend for more substantial changes imposed on codon-optimized
variants. Moreover, the CHI value of each codon-harmonized gene variant was similar and
between 0.43 and 0.48. Even though CHI comparison indicated that codon-harmonized
variants were closer to native codon sequences of target protein genes, the “harmonization”
effect observed could be interpreted as moderate [51].

All nine codon-optimized gene variants were successfully expressed in E. coli, at
different levels (data not shown). However, the hypothetical protein (HTP4425), glycosyl
hydrolase (HTP4420), holin (HTP4415) and the DNA polymerase I (HTP4385) were not
detected in the soluble protein fraction, as estimated by SDS-PAGE. Insolubility was
particularly expected for the holin because of the multiple transmembrane helices present
in the structure (Figure 3), and no significant difference was observed from the use of either
codon adjustment approach. Among the codon-harmonized set of genes, expression in
E. coli could not be observed for the genes encoding the holin (HTP4415) as well as the
hypothetical protein (HTP4360). For the other seven genes, only four were found to yield
soluble proteins. These proteins were the endopeptidase tail protein (HTP4435), amidase
(HTP4410), rRNA biogenesis protein RRP5 (HTP4400) and DUF262 / DNase (HTP4350)
(Table 1).

In total, implementation of codon adjustment approaches for selected HTH1 genes
resulted in the soluble protein production from five codon-optimized and four codon-
harmonized gene variants (Figure 4). The set of soluble proteins expressed from codon-
optimized and codon-harmonized variants differed by the hypothetical protein (HTP4360)
that was not found expressed as soluble from its codon-harmonized variant. As typically
expected [50,93], expression levels estimated by densitometry analyses for the five common
soluble protein targets revealed higher yields from codon-optimized variants (Figure 4).
Exemplifying this trend, the relative soluble abundance of the rRNA biogenesis protein
RRP5 (HTP4400) was found nearly three times higher when expressed from its codon-
optimized variant compared to its harmonized equivalent (Figure 4); corresponding to
a yield difference of ~110 mg/L (Table 1). The codon-optimized gene variant of hypo-
thetical protein (HTP4360) was also expressed at a high level, with an estimated yield of
~150 mg/L soluble protein. Endopeptidase tail protein (HTP4435), amidase (HTP4410) and
DUF262/DNase (HTP4350) expressed from codon-optimized gene sequences demonstrated
only slightly higher relative abundance (by 2–5%, respectively,) compared to respective
codon-harmonized variants (Figure 4). The soluble yields of HTP4435, HTP4410 and
HTP4350 from codon-optimized variants were also found to be ~8–16 mg/L higher than
the yields of the corresponding codon-harmonized variant (Table 1). Following this step,
target proteins from both variants, which were noted as soluble, were up-scaled to be
produced in 1 L expression cultures.
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Table 1. Codon usage parameters and soluble production yield estimation of target HTH1 proteins. CAI—codon adaptation index, CHI—codon harmonization index, CO—codon-
optimized, CH—codon-harmonized, ND—target protein not detected in total soluble protein fraction.

Identifier Proposed Protein Function

CAI for Expression Host CHI for Expression Host
Codon Native Gene Sequence CAI

for Native Host

Soluble Produced Protein Yield * (mg/L)

CO Gene
Variant

CH Gene
Variant

CO Gene
Variant

CH Gene
Variant

Expressed from CO
Gene Variant

Expressed from CH
Gene Variant

HTP4435 Endopeptidase tail 0.89 0.64 0.61 0.48 0.50 18.7 ± 1.3 13.8 ± 1.5
HTP4425 Hypothetical protein 0.87 0.67 0.59 0.48 0.51 ND ND
HTP4420 Glycosyl hydrolase 18 0.89 0.66 0.60 0.45 0.51 ND ND
HTP4415 Holin, toxin secretion/phage lysis 0.87 0.58 0.60 0.47 0.40 ND ND
HTP4410 N-acetylmuramoyl-L-alanine amidase 0.88 0.64 0.61 0.47 0.46 40.7 ± 5 30.8 ± 3.4
HTP4400 rRNA biogenesis protein rrp5, putative 0.84 0.64 0.58 0.48 0.48 135.80 ± 2.49 27.9 ± 3.2
HTP4385 DNA Polymerase 0.86 0.62 0.60 0.46 0.47 ND ND
HTP4360 hypothetical protein 0.84 0.74 0.55 0.43 0.56 151.7 ± 10.2 ND
HTP4350 DUF262 / DNase 0.86 0.62 0.59 0.45 0.44 32.3 ± 1.2 15.6 ± 2.7

* Values represent mean ± standard error of three independent expressions.
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Figure 4. Relative abundance of target HTH1 proteins produced after expression from codon-optimized (CO) and codon-
harmonized (CH) gene variants in total soluble protein fraction. ND—target protein not detected in total soluble protein
fraction. Values represent relative abundance mean in percent of total proteins in total soluble protein fraction ± standard
error of three independent expressions.

3.4. Protein Purification

Soluble proteins produced from 1 L cultures were purified to near homogeneity by
nickel affinity chromatography. An optimized affinity chromatography purification proto-
col ensured high purity of the target proteins as was visualized by SDS-PAGE (Figure 5),
where target proteins were observed at bands corresponding to their expected sizes. Puri-
fied endopeptidase tail protein (HTP4435), expressed from both types of codon-adjusted
gene variants, were aggregation-prone, while the other target HTH1 proteins remained sta-
bly soluble after purification. The single step purification strategy led to generally high pu-
rification yields (Table 2). Comparison of the obtained yields of amidase (HTP4410) as well
as DUF262/DNase (HTP4350) expressed from codon-optimized and codon-harmonized
gene sequences did not differ, whereas the purification yield of codon-harmonized rRNA
biogenesis protein RRP5 (HTP4400) was approximately 20% higher compared with the
yield of its codon-optimized gene counterpart. In general, the purification yields confirmed
a comparatively high affinity of heterologous proteins towards the chromatography resin
and were in the expected range for the method [94,95].

Table 2. Purification yield of target HTH1 proteins. Protein concentrations were measured spectrophotometrically estimating
total amount of target recombinant protein in clarified lysate by combining densitometry calculation results and total soluble
protein quantification results. CO—codon-optimized, CH—codon-harmonized, ND—target protein not detected in total
soluble protein fraction.

Identifier Proposed Protein Function

Protein Purification Yield * (%)

Target Protein Expressed
from CO Gene Variant

Target Protein Expressed
from CH Gene Variant

HTP4410 N-acetylmuramoyl-L-alanine amidase 85.6 ± 1.4 85.9 ± 1.9
HTP4400 rRNA biogenesis protein rrp5, putative 38.6 ± 7.2 58 ± 3.7
HTP4360 hypothetical protein 75 ± 3.8 ND
HTP4350 DUF262/DNase 83.5 ± 5.2 92.1 ± 2.1

* Values represent mean ± standard error of three independent purifications.
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Figure 5. SDS-PAGE image of purified proteins produced from codon-harmonized (CH) and codon-
optimized (CO) genes. The HTP prefix and the numbers above the lanes correspond to the identifiers
of the genes tested. M indicates the protein marker (Bio-Rad Precision Plus Dual Color). Numbers
next to each protein marker lane show the respective molecular weight labels in kDa.

3.5. Crystallization and Thermostability of Target Proteins

Purified, stably soluble target HTH1 proteins expressed from the optimized and har-
monized types of codon-adjusted gene variants were subjected to both crystallization trials
and analysis of thermostability. As a higher thermal unfolding temperature has been indi-
rectly connected to an improved fold, that may affect the possibility to crystallize the target
protein. In crystallization trials, amidase (HTP4410) as well as DUF262/DNase (HTP4350)
expressed from codon-harmonized gene variants (Supplementary Materials Figure S5) and
rRNA biogenesis protein RRP5 (HTP4400) from both codon sequence adjustment variants
were observed to form protein crystals (M. Håkansson and S. Al-Karadaghi, SARomics
Biostructures, personal communication).

In the thermostability assessment with differential scanning fluorometry, which was
performed to compare melting temperatures (Tm) of target recombinant proteins expressed
from both types of codon-adjusted gene sequence variants, an increase in unfolding temper-
ature was observed from the codon-harmonized variants of the three target proteins where
crystal formation was observed. The in vitro thermostability (Tm) of the target HTH1 pro-
teins amidase (HTP4410), rRNA biogenesis protein RRP5 (HTP4400) and DUF262/DNase
(HTP4350) varied between approximately 51 and 73 ◦C. Remarkably, recombinant proteins
expressed from the codon-harmonized gene variants were all observed to unfold at higher
Tm values (3–7 ◦C) than corresponding codon-optimized gene variants (Table 3). A Tm of
approximately 61 ◦C was determined for DUF262/DNase (HTP4350) expressed from a
codon-optimized gene variant, which was an almost 3 ◦C lower unfolding temperature
compared with the Tm observed for this hypothetical protein expressed from the codon-
harmonized version. Amidase (HTP4410) and rRNA biogenesis protein RRP5 (HTP4400)
expressed from codon-harmonized gene sequence versions demonstrated a Tm at 73 ◦C
and 56 ◦C, respectively—increases of almost 7 and 5 ◦C compared to the Tm of proteins
expressed from codon-optimized genes.
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Table 3. Thermal unfolding estimation with differential scanning fluorimetry of stably soluble target HTH1 proteins.
CO—codon-optimized, CH—codon-harmonized.

Target Protein Proposed Protein Function

Melting Temperature (Tm, ◦C)

Target Protein Expressed
from CO Gene Variant

Target Protein Expressed
from CH Gene Variant

HTP4410 N-acetylmuramoyl-L-alanine amidase 66.23 ± 0.07 * 73.03 ± 0.10
HTP4400 rRNA biogenesis protein rrp5, putative 51.57 ± 0.34 55.70 ± 0.22
HTP4350 DUF262 / DNase 61.57 ± 1.47 65.24 ± 0.43

* Values represent mean ± standard error of three independent differential scanning fluorimetry assays.

4. Discussion

Marine bacteriophages remain a largely unexplored resource for enzyme bioprospect-
ing. As a part of the Virus-X consortium (http://virus-x.eu/, accessed on 1 May 2021),
successful expression of genes from bacteriophage genomes was identified as a key step
towards discovering enzymes from various marine niches. Crystallization of novel viral
proteins to collect structural knowledge was another aim of the consortium, as recently
exemplified for the proteins XepA and YomS from a Bacillus subtilis prophage [96]. Hence,
significant research interest currently exists for the analysis of new phage genes that may
hold interest both in basic and structural research and for applications in biotechnology.

In this context, a novel prophage, designated HTH1, was identified via the study of
the Gram-negative hydrothermal vent bacterium H. thermotrophus, which is classified in
the phylum Fusobacteria. The relationship between H. thermotrophus and HTH1 can be
considered fitting, as lysogeny is suggested to be prevalent in physiochemically demanding
environments. These include deep-sea biomes [97] and diffuse-flow hydrothermal vent
communities [22], where temperate phages may provide benefits to host fitness via various
mechanisms [98–100].

Taxonomic analyses placed HTH1 within the family Siphoviridae, which contains
dsDNA viruses defined by their long, non-contractile tails, as opposed to the contractile
tails of the Myoviridae and the short and non-contractile tails of the Podoviridae [101]. The
genome size of HTH1 was 41571 bp, indicating it to be smaller compared to the average
genome size of Siphoviridae at ~53 kb [102]. Interestingly, phylogeny (Figure 1), Virfam [66]
and sequence homology analyses of HTH1 genes (Supplementary Materials Figure S1) all
suggested closest similarity of HTH1 to siphoviruses that infect Gram-positive bacteria,
mainly of the phylum Firmicutes.

HTH1 was annotated to contain a suite of expected viral backbone genes, such as
structural elements for the viral head, neck, capsid and tail, core viral enzymes such as
integrases, terminases, the viral lytic enzymes, and DNA modifying enzymes such as DNA
polymerase, endonuclease and recombinases (Supplementary Materials Tables S1 and S2,
Figure 3. However, further studies including the lytic induction and isolation of viral parti-
cles would be required to confidently determine whether the presented genome of HTH1
corresponds to the complete and functional phage genome infecting H. thermotrophus.

Closer inspection of the HTH1 lytic cassette revealed three main genes related to
cell lysis: a glycosyl hydrolase putatively capable of chitin and peptidoglycan-degrading
activities specific to endo-β-N-acetylglucosamine residues [103,104]; a holin crucial for the
perforation of the cell membrane [105,106]; and an N-acetylmuramoyl-L-alanine amidase
featuring a membrane binding lysin motif (LysM), with an expected activity of cleav-
ing bonds between N-acetylmuramoyl residues and L-amino acids in the bacterial cell
wall (Figures 2 and 3). However, no genes related to spanins, rod-like viral lysis pro-
teins considered essential to disrupt the cell membranes of Gram-negative hosts, were
detected [106,107].

The enzymes of the HTH1 lytic cassette, containing the genes annotated to encode
glycosyl hydrolase, holin and amidase, were of obvious interest as their peptidoglycan-
degrading capabilities could be utilized against pathogenic bacteria as bactericidal agents [108].
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In addition, the hypothetical protein HTP4435 was selected for testing due to the presence
of a tail-associated endopeptidase domain (Pfam PF06605, MEROPS M23) (Figure 3). Such
peptidases may find a broad range of potential uses in industrial, medical or scientific
applications [109–111]. The DNA polymerase I (HTP4385) was also of direct interest for its
potential as an enzymatic tool in many modern molecular biological methods such as PCR,
genome sequencing and more [112]. As H. thermotrophus was reported to grow optimally at
48 ◦C [55], the proteins encoded by HTH1 may possess elevated thermostability and ther-
mal activity, which are desirable traits in many industrial or scientific applications [113,114].
Furthermore, only limited structural similarity was observed for the chosen HTH1 proteins
to structures present in PDB (Supplementary Materials Table S4), suggesting novel features
could potentially be revealed with their future structural analyses.

The heterologous expression of native phage proteins has been reported to be chal-
lenging [115]. To aid in this process, codon optimization [49] and codon harmonization [50]
approaches were considered for the heterologous production of proteins encoded by HTH1.
Here, these two approaches were tested, and compared over their effects towards obtaining
and increasing soluble protein yields, and also for their effects on the thermostability of the
proteins produced. While codon optimization is commercially offered as an option during
gene-synthesis services [116], codon harmonization must be carried out manually, and so a
deeper understanding of the native viral host is required. As bacteriophages can naturally
use their host’s machinery to express their genes, they are understood to adapt the same
codon usage frequency (CUF) as the host [117]. Therefore, while preparing sequences for
codon harmonization, the genome of H. thermotrophus was used to calculate and compare
CUFs between itself and E. coli as the expression host.

Codon analysis of selected native HTH1 genes suggested the target proteins are natu-
rally produced in moderate amounts in H. thermotrophus. As expected, heterologous target
proteins were produced more readily from codon-optimized gene variants than compara-
ble codon-harmonized genes (Table 2, Figure 4 and Supplementary Materials Figure S4),
which were adjusted to mimic the gene native codon landscape, sacrificing overall codon
adaptation to the expression host in the process [50]. The codon optimization approach
for selected HTH1 proteins was successful, as quantitatively confirmed by estimated CAI
values and also by observed soluble expression yields. The CAI for the codon-harmonized
variants of selected genes were comparatively high and varied substantially, indicating
that the codon harmonization algorithms used [83,118] were suitable and specific for each
of the HTH1 genes.

Protein folding quality is typically reflected by a higher thermal unfolding temperature
and a higher thermostability [119]. While the codon harmonization approach did not result
in the soluble expression of a greater variety of HTH1 proteins than codon optimization,
it yielded proteins with comparatively higher melting temperatures (Tm) determined by
differential scanning fluorimetry, suggesting a higher folding quality. Assayed under
identical conditions, higher unfolding temperatures were observed for all HTH1 target
proteins expressed from codon-harmonized gene variants compared to corresponding
proteins from codon-optimized variants. The melting temperatures determined were in an
expected range for HTH1 proteins natively produced within the host cells, fitting with the
optimal growth temperature of H. thermotrophus [55]. Furthermore, ongoing crystallization
trials also confirmed better crystal-forming properties of target HTH1 proteins expressed
from codon-harmonized genes as an indicator of improved folding quality (M. Håkansson
and S. Al-Karadaghi, SARomics Biostructures, personal communication).

The CHI values estimated for codon-harmonized variants of the selected gene set were
comparatively high and did not differ substantially between the different genes in the set,
indicating moderate, if not limited harmonization of codons (Table 1). These results could
partially explain why target proteins produced from codon-harmonized variants were not
persistently more soluble than codon-optimized variants after production in E. coli. In
theory, production of soluble proteins should be ensured by codon harmonization [84],
even though further optimization of physiochemical heterologous expression parameters is
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recommended to enhance the expression level of soluble protein from codon-harmonized
gene variants [120]. Preliminary experiments to express selected HTH1 genes in E. coli
were carried out under the recommended conditions for the expression vector and strain
used [85]. Further optimization of the process could be implemented to achieve soluble
production of target proteins, which remained insoluble despite codon harmonization. As
the current codon adjustment algorithm was mainly developed using non-viral genome
sequences, its efficacy could be limited for the adjustment of viral genes. With the limited
data available for the implementation of codon adjustment for viral genes [121,122], the
results presented herein may aid the further development of codon adjustment algorithms.

5. Conclusions

In this work, complementary application of bioinformatics and molecular methods
allowed the identification, description and protein-level study of a novel marine prophage.
Here, we describe the first genome sequence of a prophage discovered in H. thermotrophus,
a Gram-negative, moderately thermophilic bacterium isolated from the Seven Sisters hy-
drothermal vent field. The H. thermotrophus phage H1 (HTH1) showed similarity to phages
infecting Gram-positive bacteria of the genus Firmicutes, but in our study, it was found
within the genome of a Gram-negative host. A set of nine genes were identified with puta-
tive functions, including cell lysis, nucleotide lysis and replication—interesting for both
ecological studies and potential biotechnology applications. To facilitate the soluble het-
erologous production of HTH1 proteins in E. coli, codon optimization, and harmonization
approaches were tested in parallel. Valuable data regarding production yield, solubility
and folding quality of heterologous HTH1 proteins were gathered following expression
of codon-adjusted gene variants, which may be useful in improving the application of
codon adjustment strategies for viral genes. In the context of the proteins tested, codon
optimization was found to lead to higher protein yields, whereas codon harmonization
was underlined as more beneficial for the production of proteins with higher stability and
folding quality.
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Abstract: Plant viruses cause devastating diseases in many agriculture systems, being a serious threat
for the provision of adequate nourishment to a continuous growing population. At the present, there
are no chemical products that directly target the viruses, and their control rely mainly on preventive
sanitary measures to reduce viral infections that, although important, have proved to be far from
enough. The current most effective and sustainable solution is the use of virus-resistant varieties,
but which require too much work and time to obtain. In the recent years, the versatile gene editing
technology known as CRISPR/Cas has simplified the engineering of crops and has successfully been
used for the development of viral resistant plants. CRISPR stands for ‘clustered regularly interspaced
short palindromic repeats’ and CRISPR-associated (Cas) proteins, and is based on a natural adaptive
immune system that most archaeal and some bacterial species present to defend themselves against
invading bacteriophages. Plant viral resistance using CRISPR/Cas technology can been achieved
either through manipulation of plant genome (plant-mediated resistance), by mutating host factors
required for viral infection; or through manipulation of virus genome (virus-mediated resistance), for
which CRISPR/Cas systems must specifically target and cleave viral DNA or RNA. Viruses present
an efficient machinery and comprehensive genome structure and, in a different, beneficial perspective,
they have been used as biotechnological tools in several areas such as medicine, materials industry,
and agriculture with several purposes. Due to all this potential, it is not surprising that viruses
have also been used as vectors for CRISPR technology; namely, to deliver CRISPR components into
plants, a crucial step for the success of CRISPR technology. Here we discuss the basic principles
of CRISPR/Cas technology, with a special focus on the advances of CRISPR/Cas to engineer plant
resistance against DNA and RNA viruses. We also describe several strategies for the delivery of these
systems into plant cells, focusing on the advantages and disadvantages of the use of plant viruses as
vectors. We conclude by discussing some of the constrains faced by the application of CRISPR/Cas
technology in agriculture and future prospects.

Keywords: CRISPR/Cas systems; viral vectors; gene editing; plant genome engineering; viral resistance

1. Introduction

Plant viruses are known to infect and cause devastating diseases in many agricultural
systems, leading to significant losses in crop quality and yield, with extreme economic
impacts worldwide, being a serious threat for the provision of adequate nourishment to a
continuous growing population [1,2]. Climate change has been rapidly causing aggravation
of viral disease impacts, with existing virus showing pandemic behavior, and with the
appearance of new emergent viruses, making the development of efficient long term
disease management approaches difficult [3].

Plant viruses are obligate intracellular pathogens and at present there are no chemical
products that directly target the virus, that can be used in agronomic context, making
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preventive sanitary measures the only way to hamper infections. Preventive sanitary
measures consist mostly of good sanitation techniques during cultural practices, that
include the immediate removal and destruction of infected plants, the limitation of the virus
vector organisms populations and the development of legislative measures concerning the
commercialization and trade of virus free plant material [4]. Many of these conventional
strategies are unsafe for the environment and have proved to be far from enough. The use of
viral resistant plants is currently the most efficient and sustainable solution to reduce viral
infections. Thus, it is essential to develop effective and durable virus resistant varieties to
face the increasingly severe viral diseases and viral variants [5–8]. For many years, classical
breeding for crop improvement involved the selection of plants with certain agronomic
characteristics and absence of viral symptoms, a very laborious and time-consuming
strategy [9].

Advances in biotechnology have provided new knowledge on molecular mecha-
nisms of plant virus interactions, which accelerated the process of breeding through ap-
proaches based on molecular marker-assisted breeding, genomic selection, gene silencing,
pathogen-derived resistance (PDR), etc., and has provided many resistant varieties to
agriculture [10–12]. However, the rapid evolution and emergence of new viruses makes
the durability of the resistance a major drawback and creates the need of rapid and efficient
techniques for obtaining resistant plants.

In recent years, the versatile gene editing technology known as CRISPR/Cas has
simplified the engineering of crops and has already been used for the development of
resistance to viral pathogens, overcoming many difficulties of the techniques used to
date [13–15].

Moreover, viruses can be manipulated to be beneficial and useful for several purposes
as they present an efficient machinery and a comprehensive genome structure. They have
been used in biotechnology as molecular tools in several areas such as medicine, materials
industry, and agriculture with different purposes including the production of proteins
and being targets and vectors of many materials [16,17]. Due to all this potential, it is not
surprising that viruses have also been used in this revolutionary genome editing technique.

In this review, we start by describing the basic principles of CRISPR/Cas technology,
with special focus on the advances of CRISPR/Cas to engineer plant resistance against
RNA and DNA viruses. We demonstrate that, for the successful use of this technology,
it is imperative that the CRISPR/Cas system is efficiently delivered and expressed in the
targeted cells, and we describe several strategies for the delivery of these systems into plant
cells. In a different perspective, we show how viruses can be manipulated to be used as
tools for the delivery of CRISPR/Cas systems into plant cells, focusing on the advantages
and disadvantages of the use of viruses as vectors of CRISPR systems into plant cells. We
conclude by discussing the constrains faced by CRISPR/Cas technology and the future
prospects.

2. CRISPR: From a Natural Bacterial Immune System to a Gene Editing Tool

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) proteins is a natural adaptive immune system that some bacterial and
most archaeal species present to defend themselves against invading bacteriophages, which
works on the basis of sequence complementarity via cleavage [18,19].

CRISPR systems may be divided into two main classes (I and II) and six different types
(I to VI), defined by the nature of the nucleases complex and the mechanism of targeting,
each presenting a unique nuclease Cas protein. Class I systems are multicomponent
systems composed of multiple effectors; these systems are subdivided into types I, III,
and IV. Class II systems include the types II, V, and VI and are single-component systems
consisting of a single effector guided by the CRISPR RNA (crRNA) [20].

The CRISPR/Cas9, belonging to class II, is based on the immune system of Streptococ-
cus pyogenes. It consists of the capacity of the bacteria to acquire pieces of DNA from an
invading phage or plasmid and incorporating them in their own DNA, which will further
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serve to guide Cas9 to cleave homologous RNA, leading to immediate RNA disruption and
further specific RNA disruption in subsequent invasions, thus providing immunity to the
bacterial cell [21]. The mechanism involved in this natural immune system is very simple
and has been the basis for the most developed CRISPR/Cas genome-editing platform.

The first steps of CRISPR/Cas9 as a successful editing tool, started with the possibility
of engineering into a single RNA chimera (sgRNA), two noncoding RNAs essential for
CRISPR, crRNA, and trans-activating crRNA (tracrRNA) [22]. crRNA is the genomic
complementary region, i.e., the target for Cas (the programmable portion defined by the
user) and tracrRNA is the RNA sequence that provides the stem loop structure to bound
Cas. This has simplified gene editing using CRISPR/Cas9, which can now be accomplished
by introducing two components in the same cell: the sgRNA and the Cas protein [22]
and led to efficient genetic manipulation in a wide array of plants, becoming the most
promising, versatile, and powerful tool for plant improvement [23].

In CRISPR/Cas9 system (Figure 1), first Cas9 binds to the sgRNA to create the Cas9-
sgRNA duplex which becomes catalytically active and directs the RNA-guided DNA
endonuclease Cas9 to target. For target recognition and cleavage, it is also required the
presence of a Protospacer Adjacent Motif (PAM) positioned 3–4 nucleotides downstream
of the 3′ end of the target sequence, which differs depending on the species of Cas9 (this
sequence consists of NGG in S. pyogenes) [22,24]. Once the PAM sequence is recognized by
the Cas9-sgRNA complex, and the crRNA portion within the sgRNA (the 5′ most 20 nts)
anneals to the genomic DNA through Watson–Crick base pairing, it will cleave both DNA
strands, three bases upstream of the PAM, creating sequence-specific blunt end double-
stranded breaks (DSBs) at target site. When a DSB in the DNA is created, the host cell
repairs it via evolutionary conserved DNA pathways such as error-prone non-homologous
end-joining (NHEJ) and homology-directed repair (HDR).

Figure 1. The mechanism of CRISPR-Cas9-mediated genome engineering in plants. A single guide
RNA recognizes a region in the genome followed by a PAM sequence, and recruits a Cas9 protein that
will cleave DNA, creating a double-stranded break that is repaired by error-prone non-homologous
end-joining (NHEJ) and homology-directed repair (HDR).

NHEJ creates insertions or deletions (indels) at the target site that, if within the protein
coding region, can cause a frameshift mutation that eliminates gene expression, leading
to gene knock out [25]. HDR is a more precise method for DSB repair; it requires, besides
sgRNA and Cas, a donor repair template with ends homologous to each border of the target
site sequence. When a repair template is provided, HDR will result in the introduction of
new sequences at breaking site and a knock in occurs [25]. For producing specific desired
mutations and genomic replacement, DSBs should be repaired by HDR pathway. More
recently, a new generation of CRISPR is being developed by fusing nuclease DNA targeting
proteins with deactivated nuclease domains, with enzymes to enable direct conversion of a
single DNA nucleotide into another [26] without the need of DSB formation.
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Genetic engineering using CRISPR/Cas systems enables accurate and precise genomic
modifications. Moreover, this strategy can be used to target different sequences simulta-
neously with high efficiency [27], achieving a broader result, as for example immunity
against different pathogens.

The easiness and rapidity of execution, low cost, reproducibility and efficiency turns
understandable why it is the system of choice for many genome engineering applications
in several fields using different organisms. The possibility of using Cas proteins with
deactivated nuclease domains can contribute to a broader application of CRISPR such
as regulating gene transcription and inducing targeted epigenic modifications [28]. In
addition, CRISPR has shown to have potential for other applications besides genome
engineering, such as studies on gene functions and diagnostics. CRISPR/LwaCas13a
system was able to highly select and detect up to a single copy of RNA [29], which may
be a very interesting starting point to develop a far more sensitive method than currently
available methods, for the detection of RNA viruses, including qPCR [30].

In plants, this technology has been used for plant breeding including nutrition en-
hancement and plant resistance against several agents such as fungi, bacteria, and viruses
in many crop plants—including rice [31], tomato [32], citrus [33,34], wheat [35], and
maize [36,37]—proving its potential to transform agriculture and enhancing world food
safety.

3. CRISPR to Engineer Plant Virus Resistance

Due to the devastating losses that plant viruses cause, it is not surprising that
CRISPR/Cas technologies have been applied to develop plant resistance against viral
pathogens.

Plant viral resistance using CRISPR/Cas systems can been achieved either through ma-
nipulation of plant genome (plant-mediated resistance), or virus genome (virus-mediated
resistance).

The CRISPR/Cas technology was initially thought to be exclusively applied to DNA,
which, in terms of its use for plant viral resistance through manipulation of viral genome,
would be restricted to DNA viruses. However, thanks to the discovery of RNA-targeting
CRISPR/Cas effectors that efficiently target and cleave single-stranded RNAs, an exciting
opportunity has been opened for achieving plant resistance also against RNA viruses,
which are most of the plant viruses known [38,39].

Below we present several studies that report the use of the CRISPR/Cas system to
engineer plant resistance against several viruses, either by acting on plant genome (plant
mediated resistance) or on viral genomes (virus mediated resistance). These studies have
shown the capacity of CRISPR to confer efficient and durable molecular immunity to plants
against viruses that rely on the integrity of their genome at some point of their replication
cycle [15,40–43].

3.1. CRISPR for Plant Mediated Resistance

Plant viruses are dependent on the host’s machinery for their replication, since they in-
teract with many host factors required for viral replication and movement inside plants, es-
sential to complete their cycle of infection [44]. CRISPR/Cas allows the mutation/deletion
of recessive genes that encode critical host factors for viral infection, conferring recessive
resistance, which, as an inherited characteristic is very durable [45].

Considerable knowledge has been generated on the genetics of plant disease resistance
and many plant genes have been discovered as essential for viral infections and have been
the focus for the development of plant resistance using transgenic approaches [12,46,47].
These studies have provided many valuable potential targets for genome editing and
genes—such as the translation initiation-like factors elF4E, elF4G, and their isoforms—that
have shown to be directly involved in the infection process of viruses. Those genes are being
subjected to targeted mutations introduced by CRISPR to engineer plant resistance [48]. In
fact, any host gene encoding a factor required by the virus is a potential target for CRISPR.
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This approach is interesting as it allows that Cas9, as well as other endonucleases
which target DNA, to be used to provide plant resistance to RNA viruses by mutating host
factors/genes associated to viral pathogenesis in the plant [49]. In addition, CRISPR for
plant mediated resistance does not require the maintenance of a transgene for Cas9 and
sgRNA in the plant genome, engineering transgenic-free virus-resistant plants [14,42,49].

Several studies have achieved plant mediated resistance against viruses using CRISPR/Cas9
(Table 1). For example, specific mutations were introduced in Arabidopsis thaliana, causing
the knock out of elF(iso)4E gene, which resulted in a stable resistance against Turnip
mosaic virus (TuMV) [42]. Macovei et al. [50] developed rice plants resistant to Rice tungro
spherical virus (RTSV) through mutation of elF4G gene. Similarly, the disruption of the
cucumber (Cucumis sativus) elF4E gene provided plant resistance to multiple members
of the Potyviridae, namely the ipomovirus Cucumber vein yellowing virus (CVYV) and the
potyviruses Zucchini yellow mosaic virus (ZYMV) and Papaya ringspot mosaic virus (PRSV) [49].
Resistance against Clover yellow vein virus (CYVV) was achieved in A. thaliana plants by
targeting the elF4E1 gene using CRISPR/Cas9 [51]. Very recently, CRISPR/Cas9 has also
allowed to perform double mutations on the novel cap-binding protein-1 and protein-
2 (nCBP-1 and nCBP-2) belonging to the elF4E family, on cassava, which increased the
resistance to Cassava brown streak virus (CBSV) [52].

It is a fact that modifications of plant genes may always face the risk to interfere with
plant functions associated to those genes, with a fitness cost for the host, however these
examples have demonstrated the success of CRISPR/Cas9 to produce genetic resistant
plants through plant mediated resistance and without compromising plant functions.

3.2. CRISPR for Virus Mediated Resistance

Another approach to achieve plant viral resistance through CRISPR systems is by
directly targeting viral genomes. In this approach, the problems that may arise by inter-
fering with genes, that may also be associated to other plant functions—such as growth,
reproduction, or others—are surpassed. However, for this type of mediated resistance,
CRISPR/Cas systems must specifically directly target and cleave DNA of DNA viruses, or
RNA of RNA viruses [43].

CRISPR for virus mediated resistance was first exploited to fight DNA viruses, as
the discovery of CRISPR/Cas systems that can cleave RNA was more recent [27,39]. The
discovery of such systems (class II, type VI Cas effectors, and Cas9 variants)—namely
Cas13a (C2c2), Cas13b (C2c6), Cas13c (C2c7), Cas13d, FnCas9, and RCas9 (RNA targeting
SpCas9) [20,27,53–56], was a great benefit—enabling direct targeting of RNA viruses which
represent most plant pathogenic viruses.

Several studies have demonstrated the potential of CRISPR to impart plant resistance
by targeting either DNA or RNA viral genomes, causing delayed or reduced accumulation
of viruses and significantly attenuating symptoms of infection [57]. Some of those studies
which directly mutate DNA and RNA viruses in plants expressing CRISPR/Cas machinery
are described below (Table 1).

There are two major groups of plant DNA viruses, the double stranded caulimoviruses
and the geminiviruses, the later which, although single stranded, replicate within the plant
cell as double stranded DNA [58]. According to the latest report of the international
Committee on Taxonomy of Viruses (ICTV), the Geminiviridae is the largest group of plant
viruses, with 485 species [59]. Geminiviruses infect many economically important crops
such as cassava, watermelon, squash, petunia, tobacco, pepper, potato, tomato, bean,
soybean, cowpea, cotton, and others, leading to reduced crop yields worldwide [60,61].
Due to this reason, it is not surprising that most DNA virus mediated resistance studies
have been applied to geminiviruses (Table 1). Ali et al. [62] used sgRNA molecules
targeting coding (rep genes and coat proteins) and non-coding sequences (conserved
intergenic region) of the Tomato yellow leaf curl virus (TYLCV) genome, that were delivered
via Tobacco rattle virus (TRV) system into Nicotiana benthamiana plants expressing Cas9,
causing a reduction of accumulation of viral DNA and reduction of symptoms in plants.
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A subsequent study using CRISPR/Cas9 system with a sgRNA targeting a conserved
region in multiple begomoviruses (CLCuKoV, TYLCV, TYLCSV, MeMV, BCTV-Worland
and BCTV-Logan), simultaneously mediated interference and showed that the targeting
of viral non-coding, intergenic sequences was more efficient, limiting the generation of
recovered viral variants that evade CRISPR-mediated immunity by reverting the induced
mutations through NHEJ [40]. Other studies have achieved plant viral resistance through
the expression of sgRNAs complementary to sequences either within Bean yellow dwarf
virus (BeYDV), Wheat dwarf virus (WDV) or Beet severe curly top virus (BSCTV) genomes,
which reduced virus accumulation and symptoms in plants overexpressing Cas9 such as N.
benthamiana, barley, and A. thaliana [41,63,64]. Similarly, CRISPR/Cas9 allowed to obtain
resistance against banana streak disease by targeting endogenous Banana streak virus (eBSV)
sequences [65].

Table 1. CRISPR/Cas for viral resistance in plants by targeting viral genome (virus mediated resistance) and host factors
(plant mediated resistance).

Plant Species Target Virus Type of Resistance Targeting Genomic Regions Reference

N. benthamiana BeYDV DNA virus mediated sgRNAs targeting LIR and rep/RepA [63]

A. thaliana and N.
benthamiana

BSCTV DNA virus mediated 43 sgRNAs targeting BSCTV genome [41]

N. benthamiana TYLCV DNA virus mediated sgRNAs targeting Rep and CP [62]

N. benthamiana

CLCuKoV

DNA virus mediated sgRNAs targeting non-coding IR, CP and Rep [40]

TYLCV
TYLCSV
MeMV

BCTV-Worland
BCTV-Logan

A. thaliana TuMV Plant mediated elF(iso)4E knock out [42]

Cucumis sativus

CVYV
Plant mediated elF4E knock out [49]ZYMV

PRSV

A. thaliana CYVV Plant mediated elF4E1 [51]

Oryza sativa RTSV Plant mediated elF4G knock out [50]

A. thaliana CaMV DNA virus mediated sgRNAs targeting CP [38]

A. thaliana and N.
benthamiana

CMV
RNA virus mediated

22 sgRNAs targeting CMV genome and 3
sgRNAs targeting TMV genome [13]TMV

N. benthamiana TuMV RNA virus mediated sgRNAs targeting HC-Pro and CP [39]

Cassava CBSV Plant mediated nCBP-1 and nCBP-2 (elF4E family) [52]

Barley WDV DNA virus mediated sgRNAs targeting MP, CP, Rep(Rep A and
LIR [64]

N. benthamiana and
Oryza sativa

TMV
RNA virus mediated sgRNAs targeting 5 regions in TMV,

3 in SRBDSV and 3 in RSMV
[15]SRBDSV

RSMV

Banana (Gonja
manjaya)

eBSV DNA virus mediated sgRNAs targeting ORF1, ORF2 and ORF3 [65]

Potato (Solanum
tuberosum)

PVY RNA virus mediated sgRNAs targeting P3, CI, NIb and CP [66]

Plant resistance to a caulimovirus was achieved when Liu et al. [38] expressed multiple
sgRNAs targeting the caulimovirus Cauliflower mosaic virus (CaMV) coat protein gene in
Arabidopsis plants and 20 days after mechanical inoculation of the virus, 85–90% of the
plants remained symptomless and showed no presence of CaMV.

Immunity against the RNA viruses Cucumber mosaic virus (CMV) and Tobacco mosaic
virus (TMV) was achieved in N. benthamiana and A. thaliana transgenic plants expressing
FnCas9 and a sgRNA complementary to viral genome delivered through a pCambia based
vector [13]. Another study showed that N. benthamiana expressing Cas13a either transiently
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(using binary vector pK2WG7) or constitutively, and expressing crRNAs complementary
to different Tulip mosaic virus (TuMV) genomic regions, delivered through TRV system,
interfered with viral replication and spread [39]. CRISPR/Cas13a (LshCas13a) system
showed to target and degrade genomic RNA of TMV in N. benthamiana plants and to confer
resistance to Southern rice black-streaked dwarf virus (SRBSDV) and Rice stripe mosaic virus
(RSMV) in rice plants [15]. Zhan et al. [66] showed that transgenic potato lines expressing
Cas13a/sgRNA constructs targeting conserved coding regions of different Potato virus Y
(PVY) strains allowed to confer broad spectrum resistance against multiple PVY strains.

As stated above, many studies have shown the great versatility of the CRISPR tech-
nology towards plant virus resistance and have successfully shown the production of viral
resistant plants. CRISPR has the potential to accelerate viral resistance breeding, since it is
more effective and rapid than conventional breeding. In addition, CRISPR has the capacity
to target virus directly and therefore to be applied to crops with limited genome sequence
information.

There are also limitations of the use of CRISPR in virus plant resistance that must not
be discarded. Knocking out essential host factors may always lead to the possibility of plant
lethality or impaired growth [67,68]. Although many studies concerning mutations of host
factors did not report any negative effects, the introduction of point mutations in host factor
genes, instead of knocking out, should be considered, so that it does not interfere with
plant growth but still prevents viral infection [69]. Another important limitation of CRISPR
is the undesirable genomic modifications of plant genome, the off-targets. Although much
less common to occur in plants than in other systems, off-target mutations may be avoided
by the use of catalytically inactive Cas nucleases [70] or by using systems that only target
RNA, which will be further destroyed by the plant silencing system.

CRISPR/Cas requires the optimal selection of sgRNA target sites to ensure that
targeted viruses do not evolve mutations that escape from CRISPR/Cas cleavage, and
that novel and more severe strains that cannot be cleaved again do not arise [40,71].
Additionally, multiplex targeting and targeting noncoding regions of viral genomes have
shown to reduce viral mutation rates and minimize the formation of new viral strains
capable of infection [40]. Also, CRISPR/Cas systems that target or bind RNA can be used
together with Cas9 to reduce the RNA intermediates of DNA viruses, eliminating the
viruses that may escape the CRISPR/Cas9 machinery [40]. FnCas9 has shown binding
capacity to viral transcripts which probably provides even more durable resistance than
nucleases that provide direct targeting [43].

There is still a long way to go concerning the full potential of CRISPR/Cas systems for
engineering plant virus resistance, and more studies still need to be performed to improve
their efficiency. However, it is clear that CRISPR is a milestone in plant virus resistance and
the utilization of this technology in agriculture will certainly result in higher yields and
quality of plants.

4. Delivery and Expression of CRISPR Systems in Plants

One crucial step in CRISPR for achieving a highly efficient genome engineering
technology is the delivery and expression of CRISPR/Cas components within a plant
cell [72], which greatly influences the editing efficiency.

If alien DNA is introduced in the host in a way that it gets incorporated into host
genome (transgenic plants), a stable expression is provided and higher editing efficiencies
may be obtained, but it is more likely that undesirable off-target mutations are origi-
nated [73]. On the other hand, if introduced DNA does not get incorporated into host
genome and is expressed transiently, the host is considered free from the alien DNA or
simply DNA-free.

Transient expression may be achieved by using ribonucleoproteins (RNP) or plasmids
or other vectors delivered by agroinfiltration, carrying CRISPR/Cas components. Sev-
eral studies have used CRISPR by expressing both Cas and sgRNA constitutively, both
transiently or either Cas or sgRNA transiently and the other constitutively [72].
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Transient expression of Cas endonuclease reduces off-target modifications, while
maintaining a high expression of the sgRNAs that would be constitutively being expressed
in the plant. However, this situation involves the use of two different plasmids (which
would increase to three if a donor DNA was used for knock in). Transient expression of all
CRISPR/Cas components (if no donor for DNA repair is used) can obtain DNA-free plants,
avoiding the hurdles associated to transgenic plants.

Either way, it is desirable that CRISPR/Cas components are expressed in germline cells,
which easily occurs in stable integration, as all cells in transgenic plants will express the
CRISPR system, but which may not occur in transient expression. In this case, CRISPR/Cas
components must be introduced directly into germline cells or be able to migrate to these
cells, thus allowing mutations to be transmitted to the next generation of plants, without
the need of tissue culture and all the labor and time consumption it implies.

Several methods have been used to introduce CRISPR/Cas components in plants,
including Agrobacterium-mediated T-DNA transformation or physical means such as
protoplast transfection and microprojectile bombardment. These methods rely on mediators
such as plasmids, ribonucleoproteins or viruses to carry the sequences to be introduced.

Plant protoplasts can be obtained by digesting cell walls with enzymes and editing
reagents, that can be delivered by electroporation or by polyethylene glycol (PEG) treatment.
Transfection of CRISPR/Cas components into protoplasts with subsequent regeneration of
plants allowed to successfully introduce mutations with editing efficiencies ranging from
3% to 46%, resulting in either stable or transient expression in several plants including
rice, soybean, A. thaliana, potato, grapevine, wheat, and lettuce [74–81]. This method
allowed the creation of DNA-free edited plants by delivering preassembled Cas9-sgRNA
ribonucleoproteins (RNPs) [79,80,82], which cannot be delivered by Agrobacterium [83].
The delivery of Cas9-sgRNA RNPs instead of plasmids that encode Cas9-sgRNA avoids
that plasmids are degraded in cells by nucleases, resulting in small DNA fragments that
may undesirably be inserted in the host genome [84]. This method has the ability to deliver
multiple components to a large number of transfectable cells and to obtain vector less or
DNA-free plants, since regenerants are obtained from single genetically modified proto-
plasts. This is an important advantage as plants edited using transfection of protoplasts
may not be subjected to the regulatory issues and ethical barriers associated to transgenic
plants. However, if this technique is used for knock in, an exogenous DNA template is
required and regulation may no longer be avoided. In addition, protoplast transfection is
in many cases associated with problems with plant regeneration and presence of undesired
somaclonal mutations.

Another method used to deliver CRISPR/Cas components in plants is biolistic bom-
bardment. It consists of coating microprojectiles—generally gold, silver, or tungsten
particles—with DNA constructions which are then fired into plant cells with high pressure
to penetrate the cell wall. Biolistic bombardment has introduced targeted mutations into
plants, by using gold particles to carry and deliver CRISPR/Cas9 reagents in plasmids,
causing stable integration in rice, wheat and soybean genomes, with editing efficiencies
ranging from 14.5% to 76% [31,85,86]. Other study achieved TECCDNA (transiently ex-
pressing CRISPR/Cas 9 DNA) in wheat with editing efficiency of 1–9.5% [35]. Edited plants,
without alien DNA integration, were obtained by biolistic delivery of RNP in maize [87]
and wheat [88] with editing efficiencies that range from 21.8% to 47%. A geminivirus Wheat
dwarf virus-based vector, pWDV2, carrying both Cas9 and sgRNA was used for biolistic
transformation in wheat, providing a 12-fold increase editing efficiency when compared
to the delivery of this system by traditional vectors [81]. The use of viruses to deliver
CRISPR/Cas components will be further discussed in this review. Biolistic bombardment
is usually efficient, multiple constructs can be delivered simultaneously and it can be used
for many plant species. The major disadvantage is that it leads to multiple copies of the
introduced genes, with random integration within genomes, which can lead to phenomena
such as gene suppression in the recovered transgenic plants. It is also more costly than
other methods.
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To date, the most common system used to obtain transgenic plants is based on Agrobac-
terium tumefaciens. This approach has been widely used to deliver CRISPR/Cas components
into plant cells of a variety of plant species. Agrobacterium has the ability to transfer a
piece of its genome (T-DNA) to the cell nucleus, where it randomly integrates the plant
genome [89]. Cas9 and sgRNA expression cassettes can be easily cloned into Ti plasmid,
transformed into Agrobacterium and then introduced into plants. Many studies have used
A. tumefaciens to deliver CRISPR/Cas components into plant cells, providing the insertions
of T-DNA and achieved stable integration of transgenes in the genomes of many plant
species—such as sorghum, A. thaliana, rice, tomato, maize, grapevine, aspen, rapeseed, and
watermelon—with editing efficiencies that ranged from 23% to 100% [36,75,90–94].

Agrobacterium may also be used for transient expression of Cas9/sgRNA (agroin-
filtration) [95]. This has been achieved in citrus with editing efficiency of 20% [33]. In N.
benthamiana, rice and A. thaliana, viral transient expression resulted in editing efficiencies
reaching 85% [23,62,96]. The use of viruses to deliver CRISPR/Cas components will be
further discussed in the following section.

Agrobacterium rhizogenes has also been used for genome editing, resulting in stable in-
tegration of foreign DNA in soybean and a few other plant species, with editing efficiencies
that range from 14.7% to 95% [97–99]. A. rhizogenes indicates a successful editing event by
the appearance of hairy roots, however it requires regeneration of whole plants from these
roots, which can be problematic for some species.

Agrobacterium-mediated delivery presents several advantages, it requires technology
available in most laboratories, it is cheap, it allows multiplex editing as multiple binary
vectors can be delivered into Agrobacterium and co-transformed into plant cells. Addition-
ally, it can be used in transient assays, which may result in a non-transgenic plant and in a
lower number of edited off-target sites.

The Use of Viruses to Carry CRISPR Components

Many viruses, including retroviruses, adenoviruses and adeno-associated virus, have
already shown to achieve effective delivery of genome-engineering reagents in mammalian
systems [100,101].

In plants, Tobacco mosaic virus (TMV) was the first virus to be manipulated as vector,
resulting in virus-induced gene silencing (VIGS) of an endogenous gene in N. benthami-
ana [102]. Since then, many other viruses have been widely used as vectors of gene silencing
and for expression of foreign proteins in plants. However, their specific use to deliver
genetic material such as CRISPR/Cas components in plants is much more recent. The first
reports of the use of viruses to assist CRISPR/Cas gene editing, were in 2014 and were
based on geminiviruses [103]. Since then, studies have been focused not only on the use
of the DNA geminiviruses [23,81,96,104,105] but also on RNA viruses [40,62,106–111] as
sgRNA delivery systems.

The numerous studies on the use of geminiviruses as vectors, result mostly from
their easy manipulation. Geminiviruses (family Geminiviridae) are widespread, insect-
transmitted and infect a wide range of plants [60,112]. Geminiviruses have a single stranded
circular DNA with monopartite or bipartite genomes that range between 2.5 kb to 3 kb,
with four to six open reading frames (ORFs). Once inside a plant cell, their single stranded
genome forms a double stranded intermediate which is then used as template for transcrip-
tion and for rolling-circle replication. They require only one replication initiator protein,
Rep (C1), to initiate rolling-circle replication inside the host. Following replication, single
stranded genomes are either converted to double stranded intermediates to initiate another
replication cycle, or encapsidated by the coat protein to produce virions which then move to
adjacent cells through plasmodesmata. Their small sizes mean they are easy to manipulate
but on the other hand, it physically limits their cargo capacity; as so, they are unable to
carry long DNA fragments, such as genes encoding Cas nucleases (~4.2 kb) [113].

To retain most of the features required for movement and replication, the CP of some
bipartite begomoviruses may be replaced by the desired heterologous sequence of up to
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800 bp or up to 1000 bp with further modifications [96,103,114]. However, with this change,
geminiviruses are still unable to carry long DNA fragments such as genes encoding Cas
nucleases, but it is enough to express and produce high amounts of sgRNA. In fact, the
number of double stranded intermediates during viral replication is higher in the absence
of the CP, possibly because the CP sequesters and packages ssDNA to form viral particles.

To increase cargo capacity, geminiviruses have been manipulated into non-infectious
replicons (GVRs) by removing movement protein (MP) and coat protein (CP) coding se-
quences, and thereby eliminating cell to cell movement and insect transmission. In these
cases, viral vectors are not infectious on their own and must be delivered into plant cells
using Agrobacterium mediated transformation, in contrast to the possibility of agroinfiltra-
tion or mechanical inoculation for virus-induced gene editing (VIGE). These deconstructed
DNA replicons have been used to introduce large amounts of repair templates in plants,
which are required for HDR to outcompete NHEJ, showing high efficiency of HDR in
plants.

Several studies have shown the use of geminiviruses to assist CRISPR/Cas (Table 2).
Baltes et al. [103] used Bean yellow dwarf virus (BeYDV) replicons to efficiently deliver a
sequence-specific nuclease (Cas9) and a repair template to tobacco plants for gene targeting,
showing a considerable cargo capacity and with gene targeting frequencies with two orders
of magnitude increase over conventional Agrobacterium T-DNA transformation. The use
of BeYDV replicons also allowed genome editing in potato, by causing mutations capable
of supporting a reduced herbicide susceptibility phenotype, while Agrobacterium T-DNA
transformation held no detectable mutations for the same phenotype [104]. Cermark
et al. [105] used BeYDV replicons to insert a strong promotor upstream of a tomato (Solanum
lycopersicum) gene that regulates anthocyanin synthesis (ANT1) and obtained efficiencies
12-fold higher than traditional Agrobacterium T-DNA delivery. Similar efficiencies were
obtained by Yin et al. [96] who used Cabbage leaf curl virus (CaLCuv) for VIGE by replacing
viral CP by sgRNA, to edit different genes (NbPDS3 and NblspH) in N. benthamiana plants.
VIGE makes use of Cas9 overexpression in plants and transient delivery of geminivirus
vectors carrying sgRNAs and can be used as an alternative to VIGS.

In 2017, Wheat dwarf virus (WDV) replicons were used for gene targeting in wheat and
rice [23,81]. WDV replicons showed high gene targeting efficiency and allowed to target
multiple genes within the same cell [81]. Using this WDV-based system, Wang et al. [23]
showed efficient HDR in rice.

In addition to geminiviruses, many RNA viruses have been used as vectors in plants
(Table 2).

RNA virus-based vectors have the advantage of not integrating plant genome acci-
dentally, so resulting in DNA-free plants, which avoids raising additional regulatory and
ethical issues.

One of such virus-based vector, also widely used for VIGS, is Tobacco rattle virus
(TRV) [115]. TRV belongs to genus Tobravirus, family Virgaviridae; it infects over 400 plant
species and is transmitted by nematodes of the family Trichodoridae. It has a bipartite
genome with two positive sense single stranded RNAs, RNA1 (TRV1), and RNA2 (TRV2).
TRV1 is essential for virus replication and movement and TRV2 genome has genes encoding
the CP and nonstructural proteins involved in nematode transmission. For its use as vector,
these non-structural proteins in TRV2 can be replaced for the fragments of interest [116].

The first application of TRV as vector for genome engineering was in a non-transgenic
approach for zinc-finger nucleases (ZFN) delivery in plants, by replacing RNA2 with RNA
for the Zif268: FokI ZFN. In this system, targeted genome modifications were recovered
at an integrated reporter gene in somatic tobacco and petunia cells, and transmission of
mutations to next generation confirmed the stability of the ZFN induced changes [117].

The first use of TRV as a vector for CRISPR was in 2015, when TRV was developed as
a vehicle for delivery of sgRNAs to modify genomes of N. benthamiana and A. thaliana [115].
A TRV vector containing sgRNA for phytoene desaturase gene (PDS) was introduced into
leaves of N. benthamiana transgenic lines overexpressing Cas9, via agroinfection, which
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showed modification of the PDS gene [115]. In addition, TRV showed the ability to infect
germline cells, as TRV-mediated delivery of sgRNA was not limited to infiltrated plants,
allowing to successfully recover the desired modification in the next generation [115]. TRV
can carry DNA fragments up to 3000 bp, however it is still not enough for the Cas gene,
having been used only for sgRNA delivery into transgenic plants stably expressing Cas
nuclease, thereby requiring that all genome edited plants are transgenic.

TMV, as mentioned previously, was the first virus to be manipulated as vector in
plants, and has shown high level of accumulation and gene expression in several hosts, as
well as prolonged integrity of its derived gene vectors [107,118]. Based on this potential,
TMV was also developed as a vehicle for delivering sgRNA by partially substituting the CP
with a sgRNA [107]. TMV showed to mediate target gene editing by showing the ability
to deliver high concentrations of sgRNA and to efficient edit the target host gene in N.
benthamiana plants, that was previously infiltrated with a plasmid expressing Cas9 [107].

Ali et al. [106] demonstrated that Pea early browning virus (PEBV) was able to deliver
sgRNAs, resulting in mutagenesis of the targeted genomic loci in N. benthamiana plants,
constitutively overexpressing the Cas9, in a more efficient way than TRV. In addition,
like TRV, PEBV can infect meristematic tissues [119] which may allow the recovery of
seeds with the desired mutations and obviate the need for tissue culture to generate
heritable targeted mutations. Barley stripe mosaic virus (BSMV) has also been engineered as
a sgRNA delivery system for CRISPR/Cas9 mediated targeted mutagenesis in wheat and
maize, both transformed constitutively with Cas9 [108]. Recently, Beet necrotic yellow vein
virus (BNYVV)-based vectors were designed to allow simultaneous expression of multiple
foreign proteins and used for efficient sgRNA delivery for genome editing in transgenic N.
benthamiana plants expressing Cas9 [109].

Foxtail mosaic virus (FoMV) has also showed to express sgRNAs in N. benthamiana,
Setaria viridis and maize plants constitutively expressing Cas9, demonstrating that FoMV
can enable gene editing [110].

All these previous attempts using plant RNA viruses for expression of sgRNA were
able to express sgRNAs and introduce mutations into plant genomes that were overex-
pressing Cas9.

Until recently, there were no reports of delivery of the entire CRISPR/Cas system
into plants through viral vectors due to their small capacity for carrying DNA/RNA frag-
ments [120]. This was overcome when technical breakthroughs in delivering all CRISPR/Cas
components into plant cells using negative-strand viruses were reported [121,122]. The
negative-strand viruses, Barley yellow striate mosaic virus (BYSMV) and Sonchus yellow net
rhabdovirus (SYNV), were used to successfully deliver CRISPR/Cas reagents and sgRNAs
into plant cells. Ma et al. [122] showed that SYNV was able to knock out different genes in
plants, achieving highly efficient DNA-free genome editing. This study also showed the
multiplex editing ability of virus-delivered CRISPR/Cas9 system by designing sgRNAs for
different genes without affecting the efficiency, and confirmed that genome-edited plants
pass the genome alteration to subsequent generations. However, rhabdoviruses rarely
infect germline cells, and SYNV mediated genome editing only works efficiently in somatic
cells being plant tissue culture required to obtain an individual genome edited plant.
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Table 2. Viruses used to carry CRISPR sequences into plants and type of delivery.

Virus Type
Virus Family/

Genus
Virus Vector Type of Delivery Plant Species Reference

ssDNA Geminiviridae/
Mastrevirus

BeYDV Agrobacterium Nicotiana tabacum [103]

ssDNA Geminiviridae/
Mastrevirus

BeYDV Agrobacterium Potato (Solanum
tuberosum)

[104]

ssDNA
Geminiviridae/

CaLCuV Agrobacterium N. benthamiana [96]
Begomovirus

ssDNA Geminiviridae/
Mastrevirus

BeYDV Agrobacterium Tomato (Solanum
lycopersicum)

[105]

ssDNA
Geminiviridae/

WDV Protoplasts
transfection

Wheat (Triticum
aestivum)

[81]
Mastrevirus

ssDNA
Geminiviridae/

WDV Agrobacterium Rice (O. sativa) [23]
Mastrevirus

+ ssRNA Virgaviridae/
Tobravirus

TRV Agrobacterium N. benthamiana; A.
thaliana

[40,106,115]

+ ssRNA
Virgaviridae/

TMV Agrobacterium N. benthamiana [107]
Tobamovirus

+ ssRNA Virgaviridae/
Tobravirus

PEBV Agrobacterium N. benthamiana; A.
thaliana

[106]

+ ssRNA Virgaviridae/
Hordeivirus

BSMV Agrobacterium
N. benthamiana;
Wheat (Triticum

aestivum)
[108]

+ ssRNA
Benyviridae/

BNYVV Agrobacterium N. benthamiana [109]
Benyvirus

+ ssRNA Alphaflexiviridae/
Potexvirus

FoMV Agrobacterium

Maize (Zea mays),
Foxtail (Setaria
viridis), and N.
benthamiana

[110]

- ssRNA Rhabdoviridae/
Cytorhabdovirus

BYSMV Agrobacterium N. benthamiana [121]

+ ssRNA Alphaflexiviridae/
Potexvirus

PVX
Agrobacterium

Mechanical
inoculation

N. benthamiana [111]

- ssRNA Rhabdoviridae/
Betanucleorhabdovirus

SYNV Agrobacterium N. benthamiana [122]

More recently, Potato virus X (PVX) has also been used to efficiently deliver both Cas9
and sgRNA into N. benthamiana plants [111]. PVX has a filamentous flexible structure
with a 6345 nt (+) ssRNA, and each particle contains ~1350 coat protein subunits [123].
In opposition to what happens to small viruses, it is not likely that gene insert size is
physically limited in PVX. Cas9 and sgRNA were placed between Triple Gene Block
(movement proteins MP1, MP2, and MP3) and the CP of PVX and virus vector was both
agroinfiltrated and mechanically inoculated in N. benthamiana plants. PVX-Cas9 RNA
showed to infect most cells and express a large amount of Cas9 protein, while T-DNA
integration into N. benthamiana genome occurred at low frequency. In addition, the mutation
introduced was inherited by the next generation, but no PVX RNA was detected in these
plants, showing that PVX was not transmitted through seed, leading to the suggestion that
transgenerational transmission of PVX is unlikely to occur, resulting in DNA-free genome
edited plants [111]. The possibility of such as simple and efficient virus-vector mediated
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delivery as the mechanical inoculation of a virus carrying the entire CRISPR/Cas system
greatly facilitates transgene free gene editing in plants.

5. Challenges in the Use of Viruses for CRISPR

Virus mediated delivery of CRISPR/Cas is an easy way to deliver Cas nuclease
and sgRNAs into plants, that overcome many challenges of transgene delivery, with no
additional requirements, allowing to edit a desired feature into a plant, in laboratory or in
the field, to obtain an improved DNA-free plant. They present several advantages such as
they are easy to manipulate; viral genome can be used as repair template; they replicate to
high copy number and accumulate at high levels (including sgRNAs and repair template)
and systemically spread in a large number of plants leading high level expression and
genome editing efficiency; multiple sgRNAs can be expressed from a single viral genome,
allowing multi targeted genome editing; VIGE phenotypic alterations appear in plants
in a relatively short time. In fact, VIGE is a promising tool for transgene integration-free
genome editing, as it may not require the production of transgenic lines or simplify this
operation, which is often laborious and time consuming, expensive, and raises public
concerns and extra regulations [124,125].

In addition, some viruses have shown the capacity of invading meristems when
used as CRISPR/Cas vectors, by systemically deliver sgRNAs and therefore enabling the
recovery of progeny carrying the targeted genomic modification, overcoming the need of
tissue culture—i.e., start from leaf tissue and regenerate the whole plant and then genotype
for the presence of the modification [62,106], and opens new possibilities for producing
plants with desired characteristics without the need of laborious and time consuming steps.
Therefore, as a vector for genome engineering, it is highly desirable that viral vector infects
germline cells, so that it will be possible to harvest mutant seeds from infected plants.

VIGE, especially RNA-based, may also contribute to decrease off-target activities, a
major issue in CRISPR that occurs due to sgRNA mismatches and continuous expression of
Cas nucleases, that result of editing unintended sites in the genome [126]. When viruses are
used to express CRISPR/Cas systems, these will only be expressed when viruses invade
plant cells, limiting the concentration of Cas and thus more likely that no off-target effect is
detected [127].

Despite all these advantages, the limited cargo capacity that many viruses present
(typically <1 kb) is a major drawback for their use for delivery of all gene editing reagents
such as Cas9 (approx. 4.2 kb), as excess cargo results in the loss of systemic movement or
loss of the cargo DNA [128].

For this reason, viruses have been developed to deliver sgRNAs to transgenic plants
expressing Cas9 or have been deconstructed into non-infectious replicons or, more recently,
a negative sense RNA virus and PVX showed to be able to carry the entire CRISPR/Cas
system. All these studies show the huge possibilities and great potential of the use of plant
viruses as vectors to efficiently target and deliver CRISPR/Cas reagents.

Further research may result in new discoveries that may allow positive-strand RNA
or DNA viruses to be engineered to carry large DNA/RNA sequences without affecting
their infectivity and with even greater editing efficiencies.

6. Concluding Remarks and Future Prospects for CRISPR in Agriculture

CRISPR/Cas technology has definitely simplified gene engineering showing great
potential on improving several traits in plants, not only on the development of resistance
to viral pathogens, but also to fungi, bacteria and insects, as well as tolerance to abiotic
stresses and increase in yield [129–131] overcoming many difficulties of the techniques
used until now [13–15]. This innovative technology at the disposal of plant breeding
holds promise for protecting crops against abiotic and biotic stresses, so that farmers can
meet consumers expectations for healthful and affordable products obtained by using few
natural resources.
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There are still technological improvements needed, such as precise editing and strate-
gies to bypass the need for tissue culture. When using genome editing strategies, the
possibility of editing unintended sites in the genome, off-targets, can never be ignored. As
mentioned before, viruses as vectors of CRISPR systems may be used to decrease these
collateral effects. In addition, a CRISPR/Cas technology in which a single nucleotide
is chemically modified instead of producing DSB may also be widely used to prevent
off-target effects [26].

Another constraint of the implementation of CRISPR as a plant breeding technique, is
the difficulty to obtain new edited plants without tissue culture. Regeneration of plants
through tissue culture is a time-consuming process, and there is the possibility of producing
random somatic mutations. In addition, some crops are recalcitrant to regeneration through
tissue culture. Delivery of CRISPR components in plant apical meristems so that seeds
harvested will carry the mutations is desirable and already showed to be possible. However,
many crop plants will lose valuable traits when propagated by seed.

Besides the technical and scientific aspects that must be overcome, CRISPR will also
have to deal with social and political aspects such as the public concerns and government
regulations mostly associated with transgenic plants. It is essential to provide clear infor-
mation on CRISPR to the public and government to gain their acceptance and to influence
regulatory policies on the use of CRISPR technologies in agriculture. The first clarification
that must be done is that CRISPR may be applied to rapidly produce plants with traits
that might easily also result from conventional plant breeding, as deletions and small
insertions may also occur naturally or be induced during conventional plant breeding; or,
in alternative, it can be used to introduce exogenous genes in plants and, only so, it would
be equated with genetically modified organisms (GMO).

Plants subjected to CRISPR/Cas have gained extreme attention in terms of regulation.
The United States Department of Agriculture (USDA) has recently regulated genome
edited plants as safe for human consumption and the environment, as long as the resulting
mutations are indistinguishable from mutations that occur naturally or by traditional
breeding techniques. USDA has considered genome editing as an expansion of traditional
plant breeding that can introduce new traits in plants more quickly and precisely, saving
years or decades to bring needed new varieties to farmers, which is a great advance in the
application of CRISPR in agriculture (Code of Federal Regulations, Vol. 7, part 340). This
view has been adopted by most of the world, with the exception of the European Union,
where, in 2018, the European Court of Justice (ECJ) ruled that genome edited organisms
are GMOs until clarification of their legal status and, as so, are at present, subjected to
the same obligations as transgenic organisms (Judgement in case C-528/16) and therefore
fall under the European GMO Directive (2001/18/EC). The European Commission is
currently carrying out a study on the potential of new genomic techniques that may play
a role in sustainability, provided that resulting products they are safe for consumers and
environment, as stated on the communication of ‘A Farm and Fork Strategy for a fair,
healthy and environmentally-friendly food system’ (COM/2020/381), which is expected
to be concluded in April 2021, and a different perception may be achieved. However, the
current regulation is a clear obstacle to European agricultural innovation as greatly makes
it difficult for genome-edited products to reach the market and has a huge impact in terms
of competitivity with other countries with less restrictions.

CRISPR is a powerful plant breeding tool, which can contribute to provide food secu-
rity to the ever-growing world population and to a sustainable agriculture, and discussions
concerning the risks associated with genome editing should be driven more by scientific
principles than by socio-political factors.
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105. Čermák, T.; Baltes, N.J.; Čegan, R.; Zhang, Y.; Voytas, D.F. High-frequency, precise modification of the tomato genome. Genome

Biol. 2015, 16. [CrossRef] [PubMed]
106. Ali, Z.; Eid, A.; Ali, S.; Mahfouz, M.M. Pea early-browning virus-mediated genome editing via the CRISPR/Cas9 system in

Nicotiana benthamiana and Arabidopsis. Virus Res. 2018, 244, 333–337. [CrossRef] [PubMed]

98



Viruses 2021, 13, 141

107. Cody, W.B.; Scholthof, H.B.; Mirkov, T.E. Multiplexed gene editing and protein overexpression using a tobacco mosaic virus viral
vector. Plant Physiol. 2017, 175, 23–35. [CrossRef] [PubMed]

108. Hu, J.; Li, S.; Li, Z.; Li, H.; Song, W.; Zhao, H.; Lai, J.; Xia, L.; Li, D.; Zhang, Y. A barley stripe mosaic virus-based guide RNA
delivery system for targeted mutagenesis in wheat and maize. Mol. Plant Pathol. 2019, 20, 1463–1474. [CrossRef] [PubMed]

109. Jiang, N.; Zhang, C.; Liu, J.Y.; Guo, Z.H.; Zhang, Z.Y.; Han, C.G.; Wang, Y. Development of Beet necrotic yellow vein virus-based
vectors for multiple-gene expression and guide RNA delivery in plant genome editing. Plant Biotechnol. J. 2019, 17, 1302–1315.
[CrossRef] [PubMed]
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Abstract: Baculovirus expression vectors are successfully used for the commercial production of
complex (glyco)proteins in eukaryotic cells. The genome engineering of single-copy baculovirus
infectious clones (bacmids) in E. coli has been valuable in the study of baculovirus biology, but bacmids
are not yet widely applied as expression vectors. An important limitation of first-generation bacmids
for large-scale protein production is the rapid loss of gene of interest (GOI) expression. The instability
is caused by the mini-F replicon in the bacmid backbone, which is non-essential for baculovirus
replication in insect cells, and carries the adjacent GOI in between attTn7 transposition sites. In this
paper, we test the hypothesis that relocation of the attTn7 transgene insertion site away from the mini-F
replicon prevents deletion of the GOI, thereby resulting in higher and prolonged recombinant protein
expression levels. We applied lambda red genome engineering combined with SacB counterselection
to generate a series of bacmids with relocated attTn7 sites and tested their performance by comparing
the relative expression levels of different GOIs. We conclude that GOI expression from the odv-e56

(pif-5) locus results in higher overall expression levels and is more stable over serial passages
compared to the original bacmid. Finally, we evaluated this improved next-generation bacmid during
a bioreactor scale-up of Sf9 insect cells in suspension to produce enveloped chikungunya virus-like
particles as a model vaccine.

Keywords: baculovirus; insect cells; bacmid; Tn7; genome stability; protein expression; chikungunya virus;
VLPs; bioreactor

1. Introduction

The baculovirus expression vector system (BEVS) is one of the most versatile platform technologies
developed in the past 30 years to produce complex (glyco)proteins in eukaryotic cells, because it
frequently results in high yields of purified proteins and allows for similar post-translational
modifications as mammalian expression systems [1]. An increasing number of commercial BEVS
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products are becoming available, and these include human vaccines against influenza A virus
and human papilloma virus, gene therapy products, and veterinary vaccines [2,3]. More BEVS
bio-pharmaceuticals are currently in (pre)clinical trials and these include prototype COVID-19 vaccines
that are aimed at protection against SARS-CoV-2 infection [4]. Traditional baculovirus expression
vectors are generated by homologous recombination in insect cells between wildtype baculovirus
DNA and a so-called transfer vector (plasmid DNA), which carries the gene of interest (GOI) under a
suitable baculovirus promoter, typically the very strong polyhedrin or p10 promoter [5,6]. There have
been sophisticated improvements throughout the years to streamline the generation and isolation of
recombinant baculoviruses, and numerous easy-to-use commercial baculovirus kits are available [7].

One of the major breakthroughs in baculovirus technology was the generation of an
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) infectious clone that could be
maintained as a ~140 kb large, single-copy bacterial artificial chromosome (BAC) in E. coli [8].
This so-called “bacmid” carries a mini-F replicon for single-copy replication in E. coli, a kanamycin
resistance gene (kanR) for selection, and a LacZ-attTn7 transposon integration site (inserted between
kanR and mini-F) for insertion of the GOI by Tn7 transposition (Figure 1). A commercial kit based on
these bacmids was successfully launched by Invitrogen Life Technologies (now ThermoFisher) as the
“Bac-to-Bac baculovirus expression system”, which uses so-called “pFastBac” transfer vectors in which
the GOI is cloned in between attL and attR sites, and downstream of the strong polyhedrin (polh) or
p10 promoter. After Tn7 transposition, the recombinant bacmids are selected for antibiotic resistance
(kanR and genR) and, upon transfection of insect cells, this yields, at least in theory, a genetically
homogeneous recombinant baculovirus stock that does not require further plaque purification.

 

 
Figure 1. Bacmid strains with relocated attTn7 sites. Schematic diagram of new attTn7 insertion sites
in the modified bacmid strains. The crosshatched boxes represent the attTn7 sites introduced into
different loci in the parental DE32 bacmid. Insertion site location numbering is based on the wildtype
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) E2 genome sequence.
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While bacmids are efficient for rapidly creating recombinant baculoviruses, the introduction of
genes is limited to a single insertion site. MultiBac (Geneva Biotech) has improved the system to allow
for the introduction of several genes, with the multigene construct being shuttled into the same attTn7
site [9]. The original AcMNPV bacmid (bMON14272, [8]) can be easily manipulated in E. coli and
this has been the driving force for initiating numerous knock out studies to study baculovirus gene
functions. Bacmids have been constructed for baculoviruses other than AcMNPV [10–12] and this
has tremendously accelerated functional studies on previously uncharacterized baculovirus genes,
including baculovirus core genes or those involved in oral infectivity [13–16].

Despite the major contribution of bacmids in the understanding of baculovirus biology,
most commercial baculovirus vectors are still based on the traditional method of homologous
recombination in insect cells between a transfer plasmid carrying the GOI and a (linearized) AcMNPV
genome, followed by several rounds of plaque purification and master seed production.

For large-scale protein expression, bacmid-based expression vectors have not been applied,
despite improvements that have increased the efficiency of GOI transposition and recombinant bacmid
selection [17]. This may change soon, however, since Novavax appears to produce its COVID-19
vaccine NVX-CoV2373 using a pFastBac vector containing a SARS-CoV-2 spike gene [18]. An important
reason for not using bacmids for large-scale production is the relative rapid loss of GOI expression
upon serial passage [19] resulting from the genomic instability of the mini-F replicon in the bacmid
backbone [20]. The exact reason for the rapid deletion of the mini-F and the adjacent GOI is unknown,
but its bacterial origin and large size (>8 kbp) likely account for a negative selection pressure on
recombinant baculovirus genomes during replication in insect cells.

We hypothesize that relocation of the attTn7 away from the mini-F replicon would prevent or
at least delay GOI deletion, thereby resulting in higher recombinant protein expression levels upon
serial passage. To test this hypothesis, we generate a series of bacmids with attTn7 insertions at
different locations on the AcMNPV genome that had previously been shown to tolerate insertions [21].
We analyze the performance of the different bacmids by comparing the relative expression levels of
different GOIs. The best performing bacmid is subsequently tested for the stability of recombinant
protein expression upon serial undiluted passages in insect cells. Finally, we demonstrate the viability
of this novel bacmid for industrial vaccine scale-up by producing chikungunya virus-like particles
(CHIKV VLPs) in Sf9 suspension cells in shaker flasks and a bioreactor [22–25].

2. Materials and Methods

2.1. Construction of ∆attTn7 Bacmid

Before moving the attTn7 binding region to alternate locations, the original attTn7 site had to
be removed. To knock out the attTn7 binding region, a linear cassette was generated by a Gibson
Isothermal Assembly, which included ~300 bp homology arms in both the pLac and LacZ regions along
with the counter-selectable cassette Cat-SacB (chloramphenicol acetyltransferase-sucrose sensitivity),
which was amplified from pELO4 (gift from Don Court, NCI); both homology arms included 40 bp
of sequence homology at the appropriate ends of the Cat-SacB cassette. Twenty-five femtomoles of
each amplicon were included in a 20 µL reaction with 2× Gibson Assembly Master Mix (New England
Biolabs, Ipswich, MA, USA) and incubated at 50 ◦C for 30 min. To amplify the assembled cassette,
1 µL of the assembly reaction was used as a template in a 100 µL PCR reaction, including 0.4 µM of
each primer and 2× Phusion HF Mastermix (60 ◦C annealing temperature, 4 min extension, 25 cycles).
The linear cassette was purified using a QiaQuick PCR Purification Kit (Qiagen, Hilden, Germany).

The original strain for this work was λRed E. coli SW106 (gift from Don Court, NCI) harboring
an AcMNPV bacmid, from which the chitinase and cathepsin genes had previously been deleted
(bMON14272∆vcath-chiA or DE32). The strain was grown in LB with 50 µg/mL kanamycin at 30 ◦C
with shaking to OD600 of 0.4. The culture was agitated in a 42 ◦C water bath for 15 min to induce
the temperature-sensitive lambda prophage. The cells were then chilled and made electrocompetent.
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One hundred nanograms of the knock-out cassette were added to 50 µL of the cells, which were
subsequently electroporated. The transformation was incubated with shaking for two hours at 30 ◦C in
1 mL LB before plating 100 µL on LB agar with 50 µg/mL kanamycin and 20 µg/mL chloramphenicol at
30 ◦C. Four colonies were selected on the second morning and diluted in 50 µL water, with 1 µL being
used as a template for colony PCR with primers that bound just outside the insertion.

Once this intermediate bacmid was confirmed, the Cat-SacB selection cassette was seamlessly
removed. Similar ~300 bp arms, homologous to the end of pLac and the beginning of LacZ,
were generated by PCR, where the LacZ arm product included 40 bp homology to the end of
pLac. The two amplicons were assembled by overlap PCR (0.2 µL of each amplicon, 2× HF mastermix,
0.4 µM primers, 100 µL total volume) (60 ◦C annealing, 30 s extension, 25 cycles) to produce the
marker knock-out cassette and were purified using a QiaQuick PCR Purification Kit. Lambda Red
was induced in the SW106 bMON14272∆vcath-chiA∆attTn7:Cat-SacB strain and electrocompetent
cells were made as described above. One hundred nanograms of the marker removal cassette was
added to 50 µL of electrocompetent cells and transformed by electroporation. The cells were allowed
to recover by shaking at 30 ◦C for 4 h in 10 mL LB. Cells from 1 mL of the transformation were pelleted
by centrifugation for 30 s at 13,000× g and resuspended in 1 volume 1×M9 salts twice to wash the cells.
After the second wash, the cells were resuspended in 100 µl M9 salts and plated on LB agar with no
salt, 6% sucrose, and 50 µg/mL kanamycin at 37 ◦C, to select cells that no longer contained the Cat-SacB
selection marker. Bacmid DNA was isolated from four colonies by alkaline lysis and the recombined
region was amplified by PCR to confirm the deletion of the Cat-SacB marker. The resulting bacmid
with the correctly sized amplicon was verified by sequencing the entire cloned region.

The confirmed bMON14272∆vcath-chiA∆attTn7 was used to transform E. coli DE25 cells,
a DH10B-derived cell line compatible with the Bac-to-Bac system for recombinant baculovirus
production. The strain contains an optimized helper plasmid that encodes Tn7 transposition functions
to generate recombinant baculovirus and confers resistance to tetracycline [17]. The transformation
was plated on LB with 50 µg/mL kanamycin and 12.5 µg/mL tetracycline at 37 ◦C. A single colony was
selected from the plate to generate competent cells for the new deletion strain.

2.2. Construction of Bacmids with Relocated attTn7

Bacmids with relocated attTn7 sites Strains DE37, DE38, DE39, and DE40 were generated in
a similar fashion. The knock-in cassettes for odv-e56 (pif-5) and the intergenic regions of orf51/52,
v-ubiquitin (v-ubi)/39 k, and gp37/DNApol included 4 amplicons, which contained a ~300 bp region of
homology to the immediate left of the desired insertion point with a 40 bp homology to attTn7 (Forward:
5′- TGTGGAATTGTGAGCGGATA; Reverse: 5′-TCCTGTGACGGAAGATCACTTCGCAGAATAAAT
AAATCCTGGTGCTGCAAGGCGATTAAGT), Cat-SacB cassette, and ~300 bp region of homology to
the right of the insertion including 40 bp homology to the end of SacB (Table 1).

Table 1. attTn7 location in different strains.

Strain Location Left Flanking Sequence Right Flanking Sequence

DE32 polh locus TGCTTCCGGCTCGTATGTTG TCCCCCTTTCGCCAGCTGGC

DE37 mid odv-e56 TTGACGACAAGTGCGCTGCA ATAACAAGCAGGCCTCGGCG

DE38 between orf51 and orf52 GTTTTTTTCTAGTGTCGTACTT TTTTACAATGCGTCTGTTGTCC

DE39 between v-ubiquitin and 39k AATAATAAAAACCATTAAAT ACAAAAGTTTTTTATT

DE40 between gp37 and DNApol TTGGTCAAAAACGTTATGTT GAAACATAATAACACCTTAC

The amplicons were assembled by Isothermal Assembly with 25 femtomoles of each piece in
a 20 µL reaction with 2× Gibson Assembly Master Mix (New England Biolabs) and incubated for
30 min at 50 ◦C. The cassette was then amplified with 1 µL of the assembly reaction as a template
in a 100 uL PCR reaction, including 0.4 µM of each primer and 2× Phusion HF Mastermix (60 ◦C
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annealing temperature, 4 min extension, 25 cycles). The linear cassette was purified using a QiaQuick
PCR Purification Kit (Qiagen).

The previously generated strain, SW106 bMON14272∆vcath-chiA; ∆attTn7, was induced as
described previously and electrocompetent cells were made. One hundred nanograms of the attTn7
knock-in cassette was added to 50 µL of electrocompetent cells and electroporated at 1.8 kV. The cells
were recovered in 1 mL LB at 30 ◦C for 2 h and 100 µL was then plated on LB with 50 ug/mL kanamycin
and 20 ug/mL chloramphenicol. Four colonies were selected on the second morning and diluted in
50 uL water, with 1ul being used as template for colony PCR, with primers landing just outside the
insertion. The remaining diluted cells were then used to seed cultures to generate glycerol stocks for
the selected positive construct. The Cat-SacB marker was removed from these intermediate strains in a
manner similar to that described above. The loss of the marker was confirmed by PCR amplification of
the insertion region and sequencing of the entire region for each new bacmid.

The confirmed bacmids were transformed into E. coli DE25 cells as described above. A single
colony was selected from each plate to generate competent cells for DE37, DE38, DE39, and DE40.
The entire bacmid for each strain was analyzed by PacBio sequencing to be certain that there was no
unintended rearrangement during recombination.

2.3. Generation of Recombinant Baculoviruses

To test the expression levels at each location, four GOIs were tested: mouse A15 extracellular
domain (NP_062608.2), human NDUFA13 (NP_057049.5), human FLCN (NP_659434.2), and enhanced
green fluorescent protein (eGFP). Expression clones were generated for each by gateway recombination
of previously validated entry clones into baculovirus expression backbones (pDest-636), including the
polh promoter and N-terminal His6-MBP (maltose-binding protein) tag. To facilitate shuttling into the
bacmid, the expression backbone contained Tn7 left and right arms as well as the gentamycin resistance
marker. One microliter of the verified expression clone was used to transform 50 µL of chemically
competent cells of each of the new strains (DE37-DE40) as well as the DE32 (∆vcath-chiA) control.
One ml of LB was added to the transformants and cultures were allowed to grow at 37 ◦C for 4 h with
shaking. Ten microliters of the outgrowth were diluted into 190 µL LB and the resulting 200 µL was
plated onto LB agar plates with gentamycin (7 ug/mL), kanamycin (50 ug/mL), tetracycline (10 ug/mL),
IPTG (40 ug/mL), and Bluo-gal (100 ug/mL), and grown overnight at 37 ◦C. White colonies were
selected from each plate and grown overnight in 3 mL LB with gentamycin and kanamycin at 37 ◦C
with shaking. Two milliliter aliquots were pelleted and bacmid DNA was prepared by alkaline lysis.
Junction PCR was performed to verify the correct inserts using the lysis as template. Fifty milliliters of
Sf9s at a density of 1.5 × 106 cells/mL was transfected with 25 µL of bacmid complexed with 125 µL
of Insect GeneJuice (Sigma-Aldrich, Saint Louis, MO, USA). The complexes were allowed to form
for 20 min and were then added to the culture. The cultures were incubated for 5 days and then
harvested by centrifugation at 2000 RPM for 10 min and the supernatants were then collected in 50 mL
conical tubes.

2.4. Recombinant Protein Production and Quantitation

For small-scale protein expression, 50 mL of Tni-FNL cells were seeded at 1.5 × 106 cells/mL
and were infected with the generated viruses at a multiplicity of infection (MOI) of 3. The infected
cultures were allowed to grow at 27 ◦C for 72 h. The cells were then harvested by centrifugation at
2500 rpm for 20 min in 50 mL conical tubes. The pellets were each resuspended in 5 mL buffer (20 mM
Hepes pH 7.3, 300 mM NaCl, 1 mM TCEP) by gently vortexing, and then were lysed using an LV-1
microfluidizer (Microfluidics, Inc., Westwood, MA, USA) set at a pressure of 7000 psi for 2 passes
per lysate. Lysates were then clarified using ultracentrifugation at 33,100 rpm for 30 min, and the
supernatant was collected in a 15 mL conical tube. Clarified cell extracts of A15, NDUFA13, and FLCN
were purified using immobilized metal affinity chromatography on Phynexus tips with elution in
500 mM imidazole. Final proteins were analyzed by SDS–PAGE chromatography to ensure purity,
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and quantitated in a Nanodrop spectrophotometer at 280 nm. Cell extracts expressing eGFP were
quantified by measuring GFP fluorescence (excitation = 485 nm, emission = 510 nm) on a BMG Omega
plate reader. Data presented are averages of three replications of the purification process with the
standard deviation shown via error bars.

2.5. Serial Undiluted Baculovirus Passage on Sf21 Cells

Bacmid-derived viruses expressing CHIKV VLPs were passaged ten times in duplicate in Sf21
cells, as described before [19,25]. Sf21 cells were cultured in supplemented Grace’s insect medium
(Gibco, Life Technologies, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad,
CA, USA) and 50 µg/mL gentamycin (Gibco, Life Technologies) in a T25 cell culture flask (Greiner,
Alphen aan den Rijn, the Netherlands). For serial passage, 1 mL of each virus suspension was added to
a T25 flask that contained healthy Sf21 cells with a confluency of 50–60%. After three hours, the virus
suspension was replaced with 4 mL fresh medium. The cells were incubated for 3 days at 27 ◦C.
Cells were detached and the cell suspension was centrifuged for 5 min at 4000 rpm. The cell pellet
was washed once with 500 µL PBS and resuspended in PBS with protease inhibitor (Roche, Basel,
Switserland). For the next virus passage, 1 mL of the supernatant was added to new healthy Sf-21 cells.
The remaining supernatant was stored at 4 ◦C. This procedure was repeated ten times in duplicate for
each virus.

2.6. SDS–PAGE and Western Blot Immunodetection

Protein samples containing equal numbers of cells were analyzed in 12.5% SDS–PAGE gels
(Mini-PROTEAN® Tetra System, Bio-Rad Laboratories, Hercules, CA, USA). Proteins were transferred
to an Immobilon-P membrane (Millipore) using a Tris–Glycine buffer (25 mM Tris, 192 mM glycine,
10% (v/v) methanol, pH 8.3). Membranes were blocked in 3% low-fat milk powder (Campina,
The Netherlands) in PBS 0.1% (v/v) Tween-20 (PBS-T) (Merck). Blots were washed with 2.5 mL PBS-T
for 5 min at RT and the primary polyclonal antibody rabbit-anti-CHIKV-E2 or -E1 immunoglobulin
was added (dilution 1:10,000). For detection of the AcMNPV VP39 major capsid protein, a polyclonal
mouse anti-VP39 immunoglobulin was used (dilution 1:1000). Secondary antibodies were polyclonal
goat anti-rabbit immunoglobulin (AP-conjugated) or polyclonal goat anti-mouse immunoglobulin
(AP-conjugated) (both Sigma-Aldrich). After incubation and washing, the blot was stained with
NBT/BCIP (Roche Diagnostics GmbH, Basel, Switserland).

2.7. Shake Flask and Bioreactor Experiments

In the shake flask experiments, Sf9 suspension cells were cultured in Sf-900 II SFM medium (Gibco,
Life Technologies, Carlsbad, CA, USA) in 125 mL flasks (Nalgene, Rochester, NY, USA) with a working
volume of 25 mL. The culture conditions of the cells were identical to the culture conditions of the
maintenance culture (27 ◦C, 100 rpm, inoculation at 0.5 × 106 cells/mL from an exponential phase cell
culture at ~4 × 106 cells/mL). When the desired cell concentration was reached in the shake flasks,
infection with the recombinant baculovirus was performed at a defined MOI. Samples were obtained
at specific time points to analyze the infection process. A 1-litre DASGIP bioreactor (Eppendorf,
Hamburg, Germany) was inoculated at 0.5 × 106 cells/mL by the Sf9 culture stock in the exponential
growth phase. The bioreactors had a working volume of 500 mL and cells were maintained in Sf-900
II SFM medium (Gibco, Life Technologies, Carlsbad, CA, USA) at 27 ◦C and an agitation speed of
150 rpm. The DO (DO sensor, Broadley James, Irvine, CA, USA) was controlled at 30% air saturation
by headspace aeration. The pH (pH sensor, Mettler Toledo, Tiel, the Netherlands) was retained at a
value of 6.3 by automatic base and CO2 addition. Once the cells reached the desired CCI, infection with
recombinant baculoviruses was performed at a defined MOI. Samples were obtained at several time
points during the infection process.
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3. Results

3.1. Construction of AcMNPV Bacmids with a Relocated attTn7 Integration Site

Four different bacmids were constructed, each with the attTn7 integration site at different locations
in the AcMNPV genome (Figure 1). A modified bacmid lacking the chitinase/cathepsin loci was used
as a parental bacmid (bMON14272∆vcath-chiA or DE32). First, the attTn7 site was removed from its
original location (polh locus) by a two-step homologous recombination in E. coli (Figure 2).

 

Δ

 

ΔFigure 2. Construction of ∆attTn7 bacmid. (A) Parent strain; (B) linear attTn7 removal cassette;
(C) intermediate Cat-SacB strain; (D) linear removal marker; (E) final strain.

Briefly, a Cat-SacB positive/negative selection cassette was generated by PCR and electroporated
into E. coli harboring DE32 (Figure 2A,B). Chloramphenicol-resistant colonies were selected (Figure 2C)
and another PCR product, consisting of attTn7 flanking regions, was then introduced by electroporation
(Figure 2D). Bacmids were counterselected against SacB and the resulting bacmids containing a scarless
deletion of attTn7 were selected (Figure 2E).

Next, the attTn7 site was inserted by homologous recombination at four different loci in the
AcMNPV genome: in the odv-e56 ORF (DE37 or BACe56), in between orf51 and orf52 (DE38 or
BAC51/52), in between v-Ubi and 39k (DE39) and in between DNApol and gp37 (DE40) (Figure 3).

 

 

Figure 3. Construction of bacmids with relocated attTn7. (A) Parent strain; (B) linear attTn7 removal
cassette; (C) intermediate Cat-SacB strain; (D) linear removal marker; (E) final strain.
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3.2. Heterologous Protein Expression Levels with Modified Bacmids

After the attTn7 site had been relocated, four different heterologous genes known to be challenging
to produce in E. coli were inserted into the four new bacmids. Recombinant baculoviruses were
generated and cells were infected with an MOI of 3 tissue culture infective doses of 50% (TCID50)/cell.
After 72 h, cells were harvested and protein was purified from a cell extract. Protein levels relative to
those of the parental bacmid were assessed (Figure 4). Two of the new bacmids (DE39 and DE40) with
the attTn7 inserted in between gp37 and DNApol, and in between v-Ubi and 39 k, displayed an overall
lower expression level for all GOIs than the parental bacmid (DE32). The new bacmid with attTn7
inserted in between ORF51 and ORF52 (DE38 or BAC51/52) had a similar expression (90–110%) as the
parental bacmid, whereas the new bacmid with attTn7 inserted in the odv-e56 ORF (DE37 or BACe56)
displayed enhanced expression levels (110–140%) for all tested GOIs.

 

Figure 4. Protein expression in Tni-FNL cells using modified bacmid strains. Protein expression in the
modified bacmid strains was measured by green fluorescent protein (GFP) fluorescence (eGFP) or protein
quantitation of small-scale IMAC-purified proteins (A15, NDUFA1, FLCN). In all cases, the protein
levels were normalized to the level of protein produced in the DE32 control strain. Data represent
triplicate measurements and standard deviation is noted with error bars.

3.3. Performance of Novel Bacmids Expressing Chikungunya VLPs upon Serial Undiluted Passage

The two bacmids (BAC51/52 and BACe56) with expression equal to or higher than their
parental bacmid were investigated for the stability of heterologous protein expression during
serial undiluted passages. As GOI, we chose to express an enveloped virus-like particle (VLP) of
chikungunya virus (CHIKV), since this is a glycoprotein-containing complex, capable of self-assembly
and inducing a protective immune response in animal trials [22,23,25]. The CHIKV structural
genes (capsid, envelope proteins E3, E2, 6K and E1) were expressed from the polh promoter
in order to produce CHIKV-enveloped VLPs (Figure 5A) [25]. The recombinant baculoviruses
(BAC-CHIKV, BAC51/52-CHIKV and BACe56-CHIKV) were generated by bacmid transfection of
Sf21 cells. Serial undiluted passages in Sf21 cells were conducted ten times and in duplicate for each
construct (Figure 5B). CHIKV VLP expression was measured by Western bot analysis using an antibody
specific to the structural glycoprotein E2, which also recognizes the uncleaved precursor E3E2 [22,26].
The results show that viral titers fluctuated between 106 and 108 TCID50/mL during serial undiluted
passages (Figure 5C). This is similar to what was seen in other studies [19,27]. Cell lysates of selected
passages (P1, P4 and P10) were checked for GOI expression levels (Figure 5D).
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Figure 5. Effect of serial undiluted baculovirus passage on chikungunya virus-like particle (VLP)
production. (A) Schematic representation of the chikungunya virus (CHIKV) structural genes for
insect cell expression of enveloped (e)VLPs using recombinant baculoviruses. Shaded areas represent
transmembrane domains. Arrows indicate protease cleavage sites. (B) Experimental set-up for serial
undiluted baculovirus passage in Sf21 insect cells. (C) Viral titers of serial undiluted passaging
experiment. Each recombinant baculovirus was passaged in duplicate for 10 passages. Viral titers were
determined by end point dilution assay and are expressed as tissue culture infective dose 50% per
ml (TCID50/mL). (D) Chikungunya VLP expression upon serial passage. Western blots detected with
anti-E2 polyclonal antiserum show CHIKV glycoprotein E2 and the precursor E3E2. M: protein marker;
loading: host cell protein; mock: healthy cells.

Equal amounts of protein were loaded for all samples, and the CHIKV structural proteins E3E2
and E2 were detected by Western blot analysis. For BAC-CHIKV, the expression level of CHIKV
(E3)E2 was high at P1, but dramatically decreased at P4 and P10. BAC51/52-CHIKV also had high
expression levels at P1, but this was reduced at P4 and P10, although not as low as for BAC-CHIKV.
BACe56-CHIKV showed the highest expression at P1 and the least reduction in expression levels at P4
and P10.

3.4. BACe56 Displays Increased Genome Stability and Retains GOI Expression

To better compare the expression levels between the parental bacmid BAC-CHIKV and the
novel bacmid BACe56-CHIKV, an infection experiment was conducted in duplicate and at an MOI of
0.5 TCID50 per cell, using P9 as inoculum (Figure 6A). In this way, a fair comparison of expression
levels can be made. High expression levels of CHIKV envelope proteins (E3E2, E2 and E1) were
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detected for BACe56-CHIKV, but with the same substrate development time it was not possible to
detect CHIKV envelope proteins with the parental bacmid BAC-CHIKV (Figure 6B).

 

Figure 6. Stability of chikungunya VLP production with novel recombinant baculovirus BACe56.
(A) Experimental set-up to determine VLP production after 10 duplicate passages. (B) Western blots
detected with anti-E1 and anti E2 polyclonal antiserum show CHIKV glycoproteins E1, E2 and the
precursor E3E2. #1 and #2 represent duplicate serial passage experiments. M: protein marker; loading:
host cell protein; mock: healthy cells. (C) Titers of the recombinant baculovirus at passage 10. Viral titers
were determined by end point dilution assay and are expressed as tissue culture infective doses 50% per
ml (TCID50/mL). Titers were scored on cytopathic effect (CPE) or on reactivity with anti-E2 polyclonal
antiserum (CHIKV).

We hypothesized that the loss of CHIKV expression was the result of GOI deletion from
BAC-CHIKV. In order to check whether the GOI had indeed been lost, the viral titers at P10 were
determined in two ways: 1) by scoring the microtiter plate by cytopathic effects (CPE) and 2) by scoring
after staining with anti-CHIKV E2 antibodies. If there is no loss of the GOI, the CPE and antibody-based
titers are the same. If the GOI is lost, the antibody-based titers are lower than the CPE-based titers.
The average titer of BAC-CHIKV was determined at 1.5× 106 (CPE) and 8.2× 103 (antibody) TCID50/mL,
whereas BACe56-CHIKV titers were determined at 1.6 × 106 (CPE) and 1.0 × 106 (antibody) TCID50/mL

(Figure 6C). These results clearly demonstrate that, for BAC-CHIKV, the antibody-based titer is
much lower than the CPE-based titer, meaning the relative proportion of baculoviruses with the
GOI retained is less than 1%, whereas for BACe56-CHIKV the CPE- and antibody-based titers are
similar. We conclude that BACe56-CHIKV is the most optimal bacmid generated, when both expression
levels (Figures 4 and 5) and stability of expression during serial passages (Figures 5 and 6) are taken
into account.
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3.5. BACe56 Expression Dynamics of a Chikungunya VLP Prototype Vaccine in Suspension Sf9 Cells

To further evaluate the potential of the improved BACe56 bacmid, its performance was investigated
at different MOIs. Infections with BACe56-CHIKV were performed at MOIs of 0.01, 0.1, 1 and
5 TCID50/cell in shake flasks at a concentration 3 × 106 Sf9 cells/mL (Figure 7). It was observed
that the cultures infected with the lowest MOI reached higher maximum cell concentrations (of up
to 5 × 106 cells/mL), because uninfected cells were still able to divide (Figure 7A). Furthermore,
infected cells had increased cell diameters and showed formation of CHIKV capsid bodies that appear
in the nuclei as a result of CHIKV structural gene overexpression [28]. The baculovirus titers were also
determined at several time points, which demonstrated that titer development was influenced by the
initial MOI (Figure 7B). The infections at the higher MOIs of 1 and 5 TCID50/cell reached maximum
baculovirus titers from 10 to 28 h post infection. The infections at MOI 0.01 and 0.1 TCID50/cell
displayed a slight lag in the development of maximum baculovirus titers, which can be explained by
the fact that the baculovirus needs additional round(s) of infection to infect all cells. The maximum
titers are less dependent on the MOI and range from 107–108 TCID50/mL.

 

 

Figure 7. Effect of multiplicity of infection (MOI) on cell growth, baculovirus production and
chikungunya VLP expression. (A) Cell growth after BACe56-CHIKV infection of Sf9 cells in shake
flasks. Baculovirus infection was performed at different MOIs ranging from 0.01 to 5 TCID50/cell.
(B) Baculovirus titers upon BACe56-CHIKV infection as function of MOI. Viral titers were determined
by end point dilution assay and are expressed as tissue culture infective dose 50% per ml (TCID50/mL).
(C) CHIKV VLP expression determined by Western blot detection with anti-E2 polyclonal antiserum.
R; reference VLPs (D) Relative CHIKV VLP expression levels as function of MOI.

In order to determine heterologous protein expression levels, the CHIKV VLPs in the culture fluid
were quantified by Western blot using anti-CHIKV-E2 polyclonal antiserum (Figure 7C). The infections
at the higher MOIs (1 and 5 TCID50/cell) showed comparable expression of CHIKV VLPs over time
with earlier and slightly higher maximum relative expression levels than with the lower MOIs (0.01
and 0.1 TCID50/cell) (Figure 7D). It was observed that the peak of CHIKV VLP accumulation was
followed by a decrease, likely as a result of cell lysis and released proteases. This influenced the
optimum time of harvesting, which was approximately 34 h post infection for the higher MOIs (of 1
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and 5 TCID50/cell), and 46 h post infection for the lower MOIs (of 0.01 and 0.1 TCID50/cell). The CHIKV
VLP concentrations at the optimum point of harvesting ranged between 2.6 and 3.8 mg/L.

Next, the effect of cell concentration at time of infection (CCI) on CHIKV VLP expression was
investigated (Figure 8). These experiments were performed with a low MOI since comparable product
yields were reached for higher MOIs. The use of a low MOI is especially preferred for the development
of a large-scale industrial production process as smaller quantities of virus are needed for the final
production reactor. However, the use of low MOI requires multiple viral infection cycles to infect the
entire cell population as not all cells become initially infected. Shake flask infection experiments with
BACe56-CHIKV at aN MOI of 0.01 TCID50/cell were performed at a range of CCIs (2 × 106, 3 × 106 and
6 × 106 cells/mL) to gain more insight into the interaction of the infection parameters for this particular
production system.

 

 

Figure 8. Effect of cell concentration at point of infection (CCI) on cell growth, baculovirus production
and chikungunya VLP expression. (A) Cell growth after BACe56-CHIKV infection of Sf9 cells in shake
flasks. Baculovirus infection was performed at MOI 0.01 TCID50/cell and different CCIs ranging from
2 × 106 till 6 × 106 cells/mL in shake flasks. Viral titers were determined by end point dilution assay and
are expressed as tissue culture infective dose 50% per ml (TCID50/mL). Error bars are from duplicate
experiments. (B) Baculovirus titers upon BACe56-CHIKV infection as function of CCI (C) CHIKV VLP
expression determined by Western blot detection with anti-E2 polyclonal antiserum. R; reference VLPs.
(D) Relative CHIKV VLP expression levels as function of CCI.

Similar patterns in cell growth were observed with specific growth rates and comparable
cell-doubling factors for CCIs of 2 × 106 and 3 × 106 cells/mL (Figure 8A). The effect of CCI on
baculovirus production and VLP expression was significant. Infections at a CCI of 2 × 106 and
3 × 106 cells/mL were quite similar, and both conditions demonstrated high baculovirus titers at 46 hpi
(Figure 8B) and optimum VLP concentrations between 46 and 52 hpi (Figure 8C,D). In sharp contrast,
the infection at a CCI of 6 × 106 cells/mL displayed strongly reduced baculovirus titers (Figure 8B).
No VLP expression was observed, neither in the medium fraction nor in the cell fraction (Figure 8C,D).
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We conclude that no successful baculovirus infection took place at a CCI of 6 × 106 cells/mL and an
MOI of 0.01 TCID50/cell.

3.6. BACe56 for Scale Up of CHIKV VLP Production in an Insect Cell Bioreactor

After the optimal MOI, CCI and VLP harvest time had been determined in shake flasks,
the translation of these parameters to an Sf9 suspension cell bioreactor was investigated. First,
uninfected Sf9 cells were cultured in the bioreactor. The controlled cultivation on larger scale did
not have any influence on the cell growth as the uninfected cell culture showed the same growth
characteristics and maximum cell density of roughly 1.1 × 107 cells/mL as in shake flask cultivation.
Next, an infection experiment was performed with BACe56-CHIKV at an MOI 0.01 TCID50/cell and a
CCI of 2 × 106 cells/mL. An initial lower growth rate was observed in the bioreactor as compared to the
shake flasks, but the cell concentrations were similar from 46 hpi onwards (Figure 9A). The virus titer in
the bioreactor developed at the same rate as in shake flasks until 28 hpi. After that, it somewhat slowed
down and reached a lower maximum titer as compared to the shake flask of just under 107 TCID50/mL

at 70 hpi (Figure 9B), which is probably a result of the reduced cell growth. Despite these minor
differences in cell growth and baculovirus titers, the CHIKV VLP expression in the culture fluid was
highly similar between bioreactor and shake flask experiments (Figure 9C,D). The optimum time of
harvest in the bioreactor was estimated around 52 hpi. The CHIKV VLP concentration measured in
the bioreactor was 2.1 mg/L. This experiment demonstrated that BACe56 can be successfully used for
upscaling of the BEVS in an insect cell bioreactor.

 

 

Figure 9. CHIKV VLP production in an insect cell bioreactor (A) Cell growth after BACe56-CHIKV
infection of Sf9 cells in bioreactor compared to shake flask. Infections were performed at MOI
0.01 TCID50/cell and CCI 2 × 106 cells/mL. (B) Baculovirus titers upon BACe56-CHIKV infection cells
in bioreactor compared to shake flask. Viral titers were determined by end point dilution assay and
are expressed as tissue culture infective dose 50% per ml (TCID50/mL). (C) CHIKV VLP expression
determined by Western blot detection with anti-E2 polyclonal antiserum. R; reference VLPs (D) Relative
CHIKV VLP expression levels in bioreactor compared to shake flask, determined by Western blot
detection with anti-E2 polyclonal antiserum.
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4. Discussion

In this study, we scouted the AcMNPV genome for additional landing pads for the attTn7
transposition insertion site to present new options for the insertion of heterologous genes. These regions
were initially selected based on data from a previous manuscript, which looked at direct insertion
of recombinant protein coding regions into the baculovirus genome [21]. We chose several of the
most interesting regions from that work to examine in the context of the Tn7 transposition system.
Each region had a unique expression capacity and is, therefore, useful for future experimentation.
Most notably, BACe56 (DE37) consistently produced higher levels of protein expression than the
control bacmid strain, with some proteins generating 1.4 times the original levels of recombinant
protein. This suggests that some aspects of this location, whether due to the stability of the insertion
or to some unknown transcriptional enhancer, lead to higher levels of protein production. While a
1.4 time increase in yield might appear to be minimal at a first glance, such an improvement in the
production of proteins for therapeutic usage or as a vaccine product could carry significant reductions
in cost of operations or the scale of production required.

Two of the other strains, DE38 (BAC51/52) and DE40 (v-Ubi/39k), with similar expression levels to
the original polh locus, could potentially be used as alternative sites for the introduction of heterologous
genes, or might prove useful as secondary insertion locations if the expression of multiple genes is
desired. While the 2x reduced expression from the DE39 (gp37/DNApol) strain may seem to be a
negative attribute of this location, in the case of slightly toxic proteins, or proteins which suffer from
aggregation or solubility issues when overexpressed, the reduced expression level of DE39 might prove
a good solution.

The serial undiluted passaging experiments very clearly showed that it was beneficial to separate
the GOI from the unstable mini-F replicon in the bacmid. Based on the results, we could conclude that
GOI expression from the odv-e56 (pif-5) locus resulted in the highest overall expression levels and
increased stability upon serial passage compared to the original bacmid. The loss of GOI expression
upon serial passage of original bacmid constructs was more rapid than what was seen in an earlier
study [19]. However, the size of the GOI in this study (CHIKV structural genes, 3.8 kbp) is much larger
than the GFP gene (0.7 kbp), which increases the chances of deletion. Given the non-essential nature of
the miniF replicon for baculovirus infection, the enhanced GOI stability in BACe56 vs. the original
bacmid most likely relates to the relocation of the attTn7 site to a more stable location in the genome.
In fact, odv-e56 is located in between baculovirus essential genes (ie-1 and ie-2) that cannot be deleted.
Furthermore, instability of certain regions may correlate with a low density of baculovirus homologous
repeat regions (hrs), which are dispersed throughout the baculovirus genome and are believed to act as
origins of viral DNA replication (oris) [29]. The odv-e56 gene is located quite close to hr1, which may
enhance its stability in the genome and perhaps influences the transcriptional activity of nearby genes
by functioning as an enhancer. This may explain why BACe56 gives slightly higher recombinant
protein yields.

As the demand for the production of recombinant protein complexes increases, the four
new bacmids generated in this study will be useful tools for optimizing expression and quality,
while remaining the advantages of expression during the very late stage of the lytic cycle. Although these
next-generation bacmids have been developed to be compatible with the Bac-to-Bac system, they can
be used in combination with any Tn7-based baculovirus cloning method.

The added stability of GOI expression upon serial undiluted passage of BACe56 could have
major impacts on its utility for large-scale protein production, which we examined in shake flask and
bioreactor experiments. The interplay between MOI, CCI and time of harvest (TOH) of the new bacmid
BACe56-expressing CHIKV VLPs in Sf9 suspension cells was investigated. Overall, the reported
results showed a clear difference between infections at high MOIs (1 and 5) and low MOIs (0.01 and
0.1), which is in line with other studies [30–33]. Infection of the insect cells at lower MOIs lead to
1–2 infection cycles in the culture and to the proliferation of the uninfected cells and thus higher
maximum cell concentrations. Infection at an MOI of five immediately inhibited cell growth because
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all cells were infected simultaneously. The differences in cell growth, viral infection process and VLP
expression observed between infections at diverse MOIs highlights the importance of this infection
parameter in the establishment of a production process for recombinant baculovirus-expressed VLPs.
Infection at an MOI of 0.01 is preferred for further process developments, since comparable product
yields were reached because higher MOIs and smaller quantities of virus are required, which may
obliviate the use of additional bioreactors for virus production.

The choice of CCI is also very important since it can cause significant alterations in product yield,
especially when low-MOI infection is applied. Baculovirus infection above a certain optimum CCI
leads to an ineffective infection with poor baculovirus titers and low product concentrations [32,34,35].
Indeed, we observed unsuccessful infection at a CCI above 4 × 106 cells/mL with no detectable CHIKV
VLP yields. The optimum VLP production was achieved at a CCI of 2× 106 cells/mL, whereas infections
at CCIs higher than 3× 106 cells/mL resulted in a reduction in baculovirus infection and VLP production.
With regard to specific protein yields, we generated overall CHIKV VLP yields between 2–4 mg/L.
In similar systems, the yields varied from 0.2 mg/L for SARS coronavirus VLPs [36] to 662 mg/L for
rotavirus VLPs [37]. Most likely, further optimization of CHIKV VLP yields can be accomplished since
CHIKV VLPs up to 40 mg/L were produced in adherent Sf21 cells [22], while 28 mg/L CHIKV VLPs
were produced in in Sf21-derived suspension Sf-basic cells [38]. We conclude that BACe56 is a stable
vector with improved expression characteristics that is suitable for the production of complex VLP
vaccines in insect cell bioreactors.
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Abstract: Recent reports of infectious bursal disease virus (IBDV) infections in China, Japan, and North
America have indicated the presence of variant, and the current conventional IBDV vaccine cannot
completely protect against variant IBDV. In this study, we constructed recombinant Lactococcus lactis

(r-L. lactis) expressing a novel variant of IBDV VP2 (avVP2) protein along with the Salmonella
resistance to complement killing (RCK) protein, and Western blotting analysis confirmed that
r-L. lactis successfully expressed avVP2-RCK fusion protein. We immunized chickens with this
vaccine and subsequently challenged them with the very virulent IBDV (vvIBDV) and a novel
variant wild IBDV (avIBDV) to evaluate the immune effect of the vaccine. The results show that
the r-L. lactis-avVP2-RCK-immunized group exhibited a 100% protection rate when challenged with
avIBDV and 100% survival rate to vvIBDV. Furthermore, this immunization resulted in the production
of unique neutralizing antibodies that cannot be detected by conventional ELISA. These results
indicate that r-L. lactis-avVP2-RCK is a promising candidate vaccine against IBDV infections, which
can produce unique neutralizing antibodies that cannot be produced by other vaccines and protect
against IBDV infection, especially against the variant strain.

Keywords: infectious bursal disease virus; immunization; recombinant Lactococcus lactis; variant
strain; vaccine

1. Introduction

Infectious bursal disease virus (IBDV), also known as Gumboro, is the causative agent of a highly
infectious disease in chickens. The main features of infectious bursal disease (IBD) is an infection
of the central organ of the immune system and the damage of B lymphocytes in the bursa of
Fabricius [1,2]. IBD can cause strong immunosuppression in chickens [3], affect the immunological
effects of multiple vaccines, such as Newcastle disease, Avian infectious bronchitis, and Chicken
Infectious Anemia, and increase the infection rates of bacteria such as Escherichia coli, Salmonella,
and Staphylococcus aureus [4–6]. Hence, IBD has received significant attention from the poultry industry,
where chickens are protected by vaccination [1]. However, recent reports have suggested that most
of the IBDVs popular in Japan, North America, and China were variant IBDVs, and caused huge

119



Viruses 2020, 12, 1350

economic losses [7–11]. Since conventional commercial vaccines cannot provide complete protection
against such variant strains [9,12], there is an urgent need to develop a variant IBDV vaccine.

Although attenuated live vaccines offer good prospects for the prevention and treatment
of very virulent IBDV (vvIBDV), live IBD vaccines present risks of virulence enhancement and
immunosuppression if they are widely used [3,13]. Therefore, these issues have generated increasing
interest in the development of subunit vaccines. The neutralizing escape epitope located in the highly
variable region of the VP2 protein in IBDV can induce the body to produce neutralizing antibodies to
protect the host from IBDV infection [14,15]. VP2 was found to be expressed as a target antigen protein
in baculoviruses [16,17], E. coli [18,19], yeasts [20,21], and plant and insect cell lines [22]. Thus, VP2 is
commonly purified or processed to form a virus-like particle (VP2-VLP) [23], which provides complete
immune protection to chickens against IBDV upon immunization [16,24–26]. Our previous studies
showed that a recombinant Lactococcus co-expressing the outer membrane protein (Omp) H of the
microfold (M) cell-targeting ligand and the major vvIBDV antigens VP2 and a recombinant Lactococcus
co-expressing the major vvIBDV antigens VP2 and resistance to complement killing (RCK) protein of
Salmonella enterica were promising candidate vaccines to prevent vvIBDV infection [24,25]. However,
live vaccines and inactivated vaccines against vvIBDV, vvIBDV VP2 subunit vaccine cannot completely
protect against the variant IBDV strains [12]. Therefore, in this study, we designed a subunit vaccine
against the variant IBDV strain.

We used Lactococcus lactis (L. lactis) as the host strain for producing recombinant proteins. Lactic
acid bacteria are Gram-positive bacteria that can ferment carbohydrates to lactic acid [27]. L. lactis is
a food-grade probiotic with non-pathogenic, non-invasive, and non-colonizing properties. Therefore,
L. lactis is an ideal host for the production of recombinant proteins [28,29]. As a promising candidate for
use as antigen carriers [30,31], a major advantage of this system is the ability to safely deliver antigens
to the immune system [32]. Therefore, we used L. lactis as a vector to express heterologous proteins,
which is a common practice [24,25,33–38]. Moreover, to enhance the antigen presentation of avVP2
and improve the immune protection efficiency, we utilized fusion expression avVP2-RCK following
our previous study. In our previous study, we co-expressed vvIBDV-VP2-RCK fusion protein and
detected high levels of specific neutralizing antibodies against vvIBDV after immunization [24].

In this study, we report the expression of a novel variant IBDV (avIBDV) antigen avVP2-RCK
fusion protein in L. lactis. Using the nisin-controlled gene expression system, recombinant L. lactis was
used for injection immunization of chickens. We found that r-L. lactis-avVP2-RCK could induce the body
to produce a high level of unique specific neutralizing antibodies, which provided complete immune
protection against avIBDV, and the survival rate could reach 100% after the challenge with vvIBDV.

2. Materials and Methods

2.1. Experimental Materials

L. lactis NZ3900 and the expression vector pNZ8149 were procured from MoBiTec (MoBiTec,
Goettingen, Germany). Chinese vvIBDV reference strain HLJ0504 (GenBank accession: GQ451330
(Segment A); GQ451331 (Segment B), vvIBDV-HLJ0504) and a novel variant IBDV wild strain SHG19
(GenBank accession: MN393076 (Segment A); MN393077 (Segment B), avIBDV-SHG19) were stored
at the Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of Agricultural Sciences
(CAAS) at −70 ◦C [39]. VP2 specific mouse monoclonal antibody (MAb) was prepared in our laboratory
according to standard procedures [40]. Commercial live vaccine Gt (the licensed attenuated live vaccine)
was purchased from the Weike Biotechnology Development Company of China, and commercial live
vaccine B87 (the licensed medium virulent live vaccine) was purchased from the Howe Biotechnology
Company of China. Lipopolysaccharide (LPS) was purchased from Sigma (Sigma-Aldrich, St. Louis,
MO, USA). Phorbol 12-myristate 13-acetate (PMA) and concanavalin A (ConA) were purchased from
Invivogen (Invivogen, Toulouse, France). Cell Counting Kit-8 was purchased from Dojindo (Dojindo
Laboratories, Kumamoto, Japan).
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2.2. Construction of Recombinant Plasmid and Cell Transformation

The avVP2-RCK gene was amplified using the forward primer 5′-AGGCACTCACCATGACAAA
TTTAC-3′ and the reverse primer 5′-GTTCAAAGAAAGCTTAAACAACATT-3′ from the plasmid
pUC57-avIBDV-VP2-RCK (kindly codon-optimized and synthesized by the Nanjing GenScript
Biotechnology Corporation, China). The linear fragment of pNZ8149 was amplified by
PCR using the forward primer 5′-GCTTTCTTTGAACCAAAATTAG-3′ and the reverse primer
5′-GGTGAGTGCCTCCTTATAATTTATT-3′. Homologous recombination of the avVP2 fragment
and pNZ8149 linear vector was performed using a one-step cloning kit (Vazyme Biotech Co., Nanjing,
China). The recombinant vector pNZ8149-avVP2-RCK was transformed into L. lactis NZ3900 by
electroporation and r-L. lactis-avVP2-RCK was selected on Elliker culture agar plates supplemented
with 0.5% lactose, and grown at 30 ◦C according to standard protocols [41]. Subsequently, avVP2-RCK
fragments were detected by PCR to identify positive strains.

2.3. Nisin-Induced Expression and Western Blotting Analysis

Nisin-induced expression system was used according to the protocol described previously [24,25].
Briefly, the recombinant lactic acid bacteria cultured overnight were inoculated in Elliker culture
solution at a 1:100 ratio and cultured at 30 ◦C until the optical density at 600 nm (OD600) reached values
of 0.4 to 0.5. Nisin (10 ng/mL) was then added to induce expression for 4 to 5 h. After centrifugation
at 8000× g for 5 min, the cells were resuspended at a 1:10 ratio in sterile water, and the cells were
destroyed with the EpiShear probe sonicator for subsequent analysis. The same method was followed
for the r-L. lactis-pNZ8149 control.

Western blotting was performed to verify the expression of the target protein as described
previously [24,25]. In short, the ultrasonically broken protein samples were electrophoretically
separated by 8–12% SDS-PAGE. Subsequently, mouse monoclonal anti-VP2 antibody and IRDye
800CW goat anti-mouse secondary antibody (LI-COR Biosciences, Lincoln, NE, USA) were used
for detection. Finally, we used an Odyssey imaging system (LI-COR Biosciences) to analyze the
protein bands.

2.4. Recombinant VP2 Protein Quantitative Analysis

To quantify the content of avVP2-RCK in the supernatant, a double dilution standard of
2 mg/mL bovine serum albumin was used. The r-L. lactis-pNZ8149 lysate (negative control) and
r-L. lactis-avVP2-RCK lysate (sample) were electrophoretically separated by 8–12% SDS-PAGE, and the
gel was stained with Coomassie Brilliant Blue. By drawing the relationship between the gray value of
the gradient bovine serum albumin on the x-axis and the concentration value on the y-axis, an optimal
standard curve was generated. The recombinant protein concentration was calculated after subtracting
the background effect of the negative control [25].

2.5. Experimental Chickens

Specific-pathogen-free (SPF) chickens were purchased from the Experimental Animal Center of
the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences (HVRI of
CAAS, Harbin, China) and raised in a negative-pressure isolator fitted with an air filter. All animal
experiments were approved by the HVRI of CAAS and carried out by animal ethics guidelines and
approved protocols (SYXK (Hei) 2017-009). In this study, the animal experimental permission date was
04-23-2020, and the number of experimental animals was 93.

2.6. Immunoprotection Experiment

r-L. lactis-avVP2-RCK was inoculated and induced with nisin as described above. The collected
cells were washed twice with sterile phosphate buffer saline (PBS) and then suspended in sterile PBS
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to immunize at an appropriate concentration (1 × 109 CFU/mL r-L. lactis-avVP2-RCK and controls in
a 500 µL volume) and then inactivated at 70 ◦C for 10 min.

The 15-day-old SPF chickens were randomly divided into four groups. In group one, 23 chickens
were immunized with 500 µL inactivated r-L. lactis-avVP2-RCK by intramuscular injection. In group
two, 20 chickens were immunized with the Gt live vaccine by intraocular-nasal route. In group three,
20 chickens were immunized with the B87 live vaccine by intraocular-nasal route. In group four,
30 chickens were used as a non-immunized healthy control group. After 15 days of immunization,
SPF chickens in each group were regrouped to challenge with Chinese vvIBDV reference strain HLJ0504
(vvIBDV-HLJ0504) and a novel variant IBDV wild strain SHG19 (avIBDV-SHG19). In group one,
10 chickens were challenged with vvIBDV-HLJ0504, 10 chickens challenged with avIBDV-SHG19,
and 3 were not challenged with any virus. In groups two and three, 10 chickens from each group
were challenged with vvIBDV-HLJ0504, and 10 chickens from each group were challenged with
avIBDV-SHG19. In group four, 10 chickens were challenged with vvIBDV-HLJ0504, 10 chickens were
challenged with avIBDV-SHG19, and 10 chickens were not challenged with the virus. The challenge
dose of vvIBDV-HLJ0504 was 103 ELD50 (median embryo lethal dose, ELD50) and the challenge
dose of the avIBDV-SHG19 was 10 BAD50 (50% buysae atrophy dose, BAD50). After 7 days of
challenge, the surviving animals were put to death, and autopsies were performed. We then isolated
peripheral blood mononuclear cells (PBMCs) from fresh anticoagulant blood to detect their proliferative
activity. The bursa/body weight index (BBIX) and bursa/body weight were calculated as described
previously [25]. Serums were collected two weeks and three weeks after immunization, and one week
after challenge, and then stored at −80 ◦C.

2.7. Serological ELISA Antibody Detection and Neutralization Test

Neutralization tests to detect serum neutralizing antibodies have been described previously [9,42].
Briefly, the serum collected after two weeks of immunization was diluted twice (briefly, 100 µL of
serum was mixed with 100 µL of RPMI 1640 culture medium in the first hole, then 100 µL of the
mixture was mixed with 100 µL of RPMI 1640 culture medium in the second hole, starting from 1:21

to 1:212), and 100 µL of the diluted serum was mixed with 100 µL of 200 TCID50 (50% tissue culture
infective dose, TCID50) vvIBDV-HLJ0504 or avIBDV-SHG19 and incubated for 1 h at 37 ◦C in a cell
culture incubator. Thereafter, this serum and virus mixture (100 µL) was added to DT40 cells and
incubated at 37 ◦C for 24 h. The infection-positive wells were detected by immunofluorescence assays.
Meanwhile, the serum samples after two weeks of immunization were tested with IBDV VP2-coated
ELISA kit (IDEXX IBD-XR Ab Tests kit, Westbrook, ME, USA) and IBD whole virus-coated ELISA
(IDEXX IBD Ab Tests kit, Westbrook, ME, USA).

2.8. Measurement of PBMC Cell Proliferation Activity

The proliferative activity of PBMCs stimulated by concanavalin A (ConA) and Phorbol 12-myristate
13-acetate (PMA) was measured as described previously [42]. Isolated chicken PBMCs were obtained
using a peripheral chicken blood mononuclear cell isolate kit (TBD, Tianjin, China). PBMCs were
diluted to 1 × 106 cells/mL with RPMI 1640 culture medium containing 10% fetal bovine serum
(Gibco, Gaithersburg, MD, USA) and penicillin-streptomycin (Wisent, Saint-Jean-Baptiste, QC, Canada).
Then, 100 µL PBMCs were added to each well of the 96-well plates. Next, 5 µg/mL ConA and 100 ng/mL
PMA were added to each well and maintained at 37 ◦C in a cell incubator for 48 h. Subsequently, 10 µL
CCK-8 was added for 4 h, and absorbance was measured at 450 nm.

The proliferative activity of PBMCs stimulated with Lipopolysaccharide (LPS) was measured as
described previously [43]. PBMC was diluted to 1 × 106 cells/mL with RPMI 1640 culture medium
containing 10% fetal bovine serum (Gibco, Gaithersburg, MD, USA) and penicillin-streptomycin
(Wisent, Saint-Jean-Baptiste, QC, Canada). Subsequently, 100 µL of this solution were added to
a 96-well plate, along with LPS at a final concentration of 1 µg/mL per well, and maintained at 37 ◦C for
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72 h in a cell culture incubator. Next, 10 µL CCK-8 were added for 4 h, and absorbance was measured
at 450 nm.

2.9. Cytokine ELISA

The serum collected two weeks after immunization and one week after challenge with the virus
was diluted to a 1:2 ratio, and interleukins (IL) IL-4, IL-10, and IL-12, and interferon-γ (IFN-γ) were
detected using Indirect fluorescence ELISA kit (Solarbio, Beijing, China) according to the manufacturer’s
instructions. Cytokine concentration was calculated according to the standard curve.

2.10. Statistical Analysis

Data were analyzed using Prism 6 software (GraphPad Inc., La Jolla, CA, USA). One-way ANOVA
was used to evaluate the statistical significance of the differences among different groups, and results
with p < 0.05 were considered statistically significant.

3. Result

3.1. Construction of Recombinant Lactic Acid Bacteria and Expression and Quantitative Analysis of
Target Protein

First, we amplified the 2505 bp pNZ8149 linear vector and the 1491 bp avVP2-RCK target fragment
with homology arms (Figure 1A Lanes 2 and 3), and then transferred the recombinant plasmid into
L. lactis. The r-L. lactis expressing the target fragment avVP2-RCK were successfully screened by PCR
(Figure 1B Lanes 2–6). After sonicating the r-L. lactis, the expression of target protein avVP2-RCK
(about 52 kDa) was verified in r-L. lactis-avVP2-RCK NZ3900 (Figure 1C, Lane 2; Figure 1D), whereas the
target protein avVP2-RCK was not expressed in the empty vector strain (Figure 1C Lane 3). Quantitative
analysis showed that the expression level of the target protein was 55.4 µg/mL in r-L. lactis-avVP2-RCK.
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Figure 1. Construction of the plasmid pNZ8149-avVP2-RCK expressing the avVP2-RCK fusion protein
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and identification of recombinant proteins via Western blotting analysis. (A) PCR amplification
of pNZ8149 (2505 bp, lane 2) and avVP2-RCK (1491 bp, lane 3) optimization gene. (B) Amplified
avVP2-RCK fragments (1491 bp, lanes 2–6) by bacterial solution PCR to screen positive strains.
(C) Immunoblot analysis of total whole-cell protein extracts from r-L. lactis-avVP2-RCK. (D) Schematic
diagrams of the recombinant plasmid pNZ8149-avVP2-RCK with the avVP2-RCK gene fusion.

3.2. Recombinant Lactococcus Induces Unique and Specific Neutralizing Antibodies

Two weeks after immunization, the level of the neutralizing antibody of the r-L. lactis-avVP2-RCK
group serum against avIBDV-SHG19 reached 1:24−6 (Figure 2A), extremely significantly higher than the
Gt group (1:20), B87 Group (1:20), and the blank control group (1:20) (p < 0.0001) (Figure 2A). The level
of neutralizing antibodies of the r-L. lactis-avVP2-RCK group serum against vvIBDV-HLJ0504 reached
1:21−2 (Figure 2B), which was extremely significantly lower than the Gt group (1:24−6) (p < 0.0001) and
B87 group (1:23−4) (p < 0.0001), but extremely significantly higher than the blank control group (1:20)
(p < 0.0001) (Figure 2B).

Figure 2. Serum antibody response after two weeks of immunization. Detection and comparison
of virus neutralization antibodies against avIBDV-SHG19 (A) and vvIBDV-HLJ0504 (B) in chickens.
(C) Detection of Elisa antibodies against IBDV virus in chickens two weeks after vaccination. Statistical
significance was set at **** p < 0.0001. IBDV: infectious bursal disease virus.

Of particular importance is that the serum antibody titers in the r-L. lactis-avVP2-RCK group is
negative when using the whole virus coated ELISA (Figure 2C), while the serum antibody titers in
the Gt group reached close to 4000 (Figure 2C). The ELISA serum antibody titers in the B87 group
reached approximately 3000 (Figure 2C); similar results were obtained using the IBDV VP2-coated
ELISA (data not shown), and we repeated the ELISA test multiple times and got the same results.
The above results show that injection of r-L. lactis-avVP2-RCK can produce a specific immune response
against the avIBDV-VP2, but it induces a unique and specific neutralizing antibody.

3.3. Immunoprotective Effects against vvIBDV and avIBDV

One week after being challenged with avIBDV-SHG19, the survival rates of chickens from
the r-L. lactis-avVP2-RCK, Gt live vaccine, B87 live vaccine, blank control, and challenge control
groups were all 100% (Figure 3A). Necropsy revealed that the bursa/body ratio of chickens from the
r-L. lactis-avVP2-RCK group was extremely significantly higher than that of chickens from the B87
live vaccine group (p < 0.001) and the challenge control group (p < 0.0001). However, no significant
difference was observed in the bursa/body ratio of chickens from the r-L. lactis-avVP2-RCK group,
and those from the Gt live vaccine group and the blank control group (p > 0.05) (Figure 4A). The BBIX
of all chickens in the r-L. lactis-avVP2-RCK group was greater than 0.7 (Figure 4B), which was extremely
significantly higher than that of chickens from the B87 live vaccine group (p < 0.001) and the challenge
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control group (p < 0.0001). However, the index of the r-L. lactis-avVP2-RCK group chickens was not
significantly different from that of the Gt live vaccine group and the blank control group chickens
(p > 0.05) (Figure 4B). These results show that r-L. lactis-avVP2-RCK immunization can completely
protect against avIBDV-SHG19.

Figure 3. Protective efficacy of every group against avIBDV-SHG19 (A) and vvIBDV-HLJ0504 (B) in
immunized chicken and survival rate over 7 days.

Figure 4. Analysis of protection against IBDV challenge determined by calculating BBIX values and
bursa/body ratio. Bursa/body ratio (A) and BBIX (B) after challenge avIBDV-SHG19. (C,D) Bursa/body
ratio (C) and BBIX (D) after challenge vvIBDV-HLJ0504. Surviving birds were euthanized and analyzed
after the observation period on day 7 post challenge. Statistical significance was set at * p < 0.05,
*** p < 0.001, **** p < 0.0001. NS, no significance; BBIX, bursa/body weight index.
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One week after the challenge of vvIBDV-HLJ0504, the survival rates of chickens from the
r-L. lactis-avVP2-RCK, Gt live vaccine, B87 live vaccine, and blank control groups were 100%, while
the survival rate of the chickens from the challenge control group was 40% (Figure 3B). Necropsy
revealed that the bursa/body ratio of chickens from the r-L. lactis-avVP2-RCK group was extremely
significantly lower than that of chickens from the blank control group (p < 0.001) and significantly
lower than that of the Gt live vaccine group (p < 0.05). However, the bursa/body ratio of chickens of
the r-L. lactis-avVP2-RCK group was not significantly different from that of chickens from the B87
blank control group or the challenge control group (p > 0.05) (Figure 4C). The BBIX of chickens from
the r-L. lactis-avVP2-RCK group was less than 0.7 (Figure 4D), which was extremely significantly
lower than that of chickens from the blank control group (p < 0.0001); significantly lower than the Gt
live vaccine group (p < 0.05). However, it was not significantly different from chickens from the B87
blank control group and the challenge control group (p > 0.05) (Figure 4D). These results suggest that,
although the survival rate of the immunized group was 100%, immunization did not protect the bursa
of these chickens.

3.4. Peripheral PBMCs Proliferation Activity

PBMCs collected two weeks after immunization and one week after challenge were stimulated by
ConA and PMA. The results showed that the cell proliferation activity of PBMCs was not significantly
different among the different groups after two weeks of immunization (p > 0.05). After challenge with
avIBDV-SHG19 for one week, cell proliferation activity of peripheral PBMCs of the r-L. lactis-avVP2-RCK
group was significantly higher than that of the challenge control group (p < 0.01) and the blank control
group (p < 0.0001) (Figure 5A). After challenge with vvIBDV-HLJ0504, cell proliferation activity of
peripheral PBMCs in the r-L. lactis-avVP2-RCK group was significantly lower than that of the challenge
control group (p < 0.01) and significantly higher than that of the blank control group (p < 0.01)
(Figure 5B). These results show that r-L. lactis-avVP2-RCK can significantly increase the proliferation
activity of specific T cells in PBMCs, which is beneficial for the immune response against infection.

PBMCs collected two weeks after immunization and one week after challenge were also stimulated
by LPS. The results showed that the cell proliferation activity of PBMCs was not significantly
different among the different groups after two weeks of immunization (p > 0.05). After challenge
with avIBDV-SHG19 for one week, the cell proliferation activity of peripheral PBMCs in the
r-L. lactis-avVP2-RCK group was extremely significantly higher than that of the challenge control group
(p < 0.001) and the blank control group (p < 0.0001) (Figure 5C). After challenge with vvIBDV-HLJ0504,
the proliferation activity of peripheral PBMCs in the r-L. lactis-avVP2-RCK group was extremely
significantly higher than that of the challenge control group (p < 0.0001) and the blank control group
(p < 0.0001) (Figure 5D). Thus, these results show that immunization with r-L. lactis-avVP2-RCK can
significantly increase the proliferation activity of antigen-presenting cells in PBMCs, which is beneficial
for the immune response against infection.
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Figure 5. The peripheral PBMCs in ConA+PMA; LPS-stimulated cell proliferation activity
after two weeks after immunization and one week of challenge IBDV. The peripheral PBMCs
in ConA+PMA-stimulated cell proliferation activity after challenge avIBDV-SHG19 (A) and
vvIBDV-HLJ0504 (B). The peripheral PBMCs in LPS-stimulated cell proliferation activity after challenge
avIBDV-SHG19 (C) and vvIBDV-HLJ0504 (D). Statistical significance was set at ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

3.5. ELISA Detects Serum Cytokines

Serum cytokines were tested one week after the challenge with avIBDV-SHG19, and the results
showed that the level of IL-4 in the serum of the r-L. lactis-avVP2-RCK group was extremely significantly
lower than that of the challenge control group (p < 0.0001), the immune non-challenge control group
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(p < 0.01), but not significantly different from that of the blank control group (p > 0.05) (Figure 6A).
However, the level of IL-10 in the serum of the r-L. lactis-avVP2-RCK group was extremely significantly
lower than that of the challenge control group (p < 0.0001) and significantly lower than the blank
control group (p < 0.01), but significantly higher than that of the immune non-challenge control
group (p < 0.01) (Figure 6B). The level of IL-12 in the serum of the r-L. lactis-avVP2-RCK group was
significantly lower than that of the challenge control group (p < 0.01) and the blank control group
(p < 0.01), but extremely significantly higher than that of the immune non-challenge control group
(p < 0.001) (Figure 6C). Similarly, the level of IFN-γ in the serum of r-L. lactis-avVP2-RCK group was
extremely significantly higher than that of the challenge control group (p < 0.0001), the blank control
group (p < 0.0001), and the immune non-challenge control group (p < 0.0001) (Figure 6D). These results
show that vaccination with r-L. lactis-avVP2-RCK significantly improved the immune response against
infection without causing adverse inflammatory reactions.

Figure 6. Elisa was used to detect cytokines in serum collected one week after challenge. Detection of
IL-4 (A), IL-10 (B), IL-12 (C), and IFN-γ (D) antibody in serum after challenge variant IBDV-SHG19.
Detection of IL-4 (E), IL-10 (F), IL-12 (G), and IFN-γ (H) after challenge vvIBDV-HLJ0504. Statistical
significance was set at * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. NS, no significance.

The serum cytokines were also tested one week after challenge with vvIBDV-HLJ0504. The results
showed that the level of IL-4 in the serum of the r-L. lactis-avVP2-RCK group was extremely significantly
lower than that of the challenge control group (p < 0.0001), but extremely significantly higher
than that of the blank control group (p < 0.0001) and the immune non-challenge control group
(p < 0.0001) (Figure 6E). When we examined IL-10, we found that the level of IL-10 in the serum of the
r-L. lactis-avVP2-RCK group was extremely significantly lower than that of the blank control group
(p < 0.0001) and the immune non-challenge control group (p < 0.001), but not significantly different
from that of the challenge control group (p > 0.05) (Figure 6F). The level of IL-12 in the serum of the
r-L. lactis-avVP2-RCK group was extremely significantly higher than that of the challenge control group
(p < 0.0001) and the immune non-challenge control group (p < 0.0001), but significantly lower than
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that of the blank control group (p < 0.01) (Figure 6G). In contrast, the level of IFN-γ in the serum of
the r-L. lactis-avVP2-RCK group was extremely significantly lower than that of the challenge control
group (p < 0.001), but significantly higher than that of the blank control group (p < 0.05), and extremely
significantly higher than the immune non-challenge control group (p < 0.0001) (Figure 6H). These
results show that the immunization with r-L. Lactis-avVP2-RCK can also improve the anti-infective
immune response to typical virulent toxins without causing adverse inflammation.

4. Discussion

In this research, a very important discovery was that the injection of inactivated
r-L. lactis-avVP2-RCK into SPF chickens induces to produce unique specific neutralizing antibodies,
which provide complete protection of avIBDV-SHG19. However, more importantly, this unique
neutralizing antibody cannot be detected by conventional IBD antibody ELISA kits, and ELISA
cannot detect unique neutralizing antibodies. In contrast, many live IBDV vaccines, inactivated
vaccines, and VP2-VLP subunit vaccines can produce detectable IBDV ELISA antibodies in the serum
of immunized chickens [24,25,44–46]. The high neutralization titer of avIBDV-SHG19 was detected
by neutralization test in chickens immunized with r-L. lactis-avVP2-RCK. In order to verify that the
neutralization titer was indeed produced by neutralizing antibodies, we prepared r-L. lactis-avVP2-RCK
for SDS-PAGE detection; the specific protein bands of avVP2-RCK were observed in chicken serum
2 weeks after immunization as the primary antibody for Western blots, because such antibodies
were not detected in ELISA kits coated with both full virus and VP2. These results suggest that
r-L. lactis-avVP2-RCK induces a unique VP2 neutralizing antibody that is different from those produced
by other vaccines. The novel neutralizing antibody provides an additional protective barrier for
the prevention and control of IBDV. We speculate that this phenomenon may have multiple reasons.
First, the VP2-RCK fusion protein may form a new spatial and topological structure in lactic acid
bacteria, further affecting its processing and presentation pathways, and forming unique antibodies
following different B cell epitopes. Alternatively, the processing and presentation of VP2 by lactic acid
bacteria as a particle antigen may contribute to this phenomenon. However, further research is needed
to distinguish these possibilities.

L. lactis is an important microorganism used in industry as a homozygous bacterium in the
fermentation of many dairy products, and the host strain NZ3900 used in this study is a derivative
strain of L. lactis MG1363 [28,47–49]. We expressed the VP2 protein of avIBDV in L. lactis strain NZ3900
and used r-L. lactis-avVP2-RCK for injection immunization of chickens. Since the NZ3900 strain is
absent in the intestinal tract of chickens, the balance of intestinal flora would not be disturbed when the
chicken immune system reacts to this strain. Additionally, the nucleic acids and cell wall components
of lactic acid bacteria have good immune adjuvant activity, which promotes the immune effect of
r-L. lactis-avVP2-RCK in chickens [28,47]. However, further studies are needed to determine whether
some of the proteins in r-L. lactis-avVP2-RCK had any effect on chickens after injection. While screening
host strains, we did not choose the lactic acid bacteria in the chicken intestine as the host strain, because
we feel that immune responses of the chickens against this injected bacteria may also target intestinal
probiotics, which may lead to an imbalance of intestinal flora. However, further studies are needed to
prove this effect.

5. Conclusions

In this study, we constructed r-L. lactis expressing avIBDV VP2 as a subunit vaccine. We combined
the RCK protein of Salmonella enterica and the VP2 gene of the variant IBDV within the pNZ8149
vector, transferred it into the L. lactis NZ3900 strain, and successfully expressed the avVP2-RCK protein.
We showed that r-L. lactis-avVP2-RCK can induce unique and specific neutralizing antibodies against
avVP2, and can completely protect chickens from avIBDV-SHG19, such that chickens challenged with
vvIBDV-HLJ0504 exhibit a 100% survival rate. Additionally, after challenging with avIBDV, the cell
proliferation activity of peripheral PBMCs was enhanced and the body was induced to produce high
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levels of IFN-γ, which reduced the body’s inflammatory response. This indicates that L. lactis is
a potentially useful tool for vaccine development. However, the ELISA titers of serum antibodies were
all negative, indicating that the immune delivery system of recombinant lactic acid bacteria is different
from other conventional IBDV vaccines. It is suggested that immunization of our recombinant lactic
acid bacteria can produce unique antibodies that other vaccines cannot produce, can compensate for
the immune protection that other vaccines cannot produce, thus establishing a new immune protection
barrier, so it is of great practical significance for IBD prevention and control. Hence, further studies are
required to elaborate on the major mechanisms of immune protection of the recombinant Lactococcus.
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Abstract: Over a hundred years of research on plant viruses has led to a detailed understanding
of viral replication, movement, and host–virus interactions. The functions of vast viral genes have
also been annotated. With an increased understanding of plant viruses and plant–virus interactions,
various viruses have been developed as vectors to modulate gene expressions for functional studies
as well as for fulfilling the needs in biotechnology. These approaches are invaluable not only for
molecular breeding and functional genomics studies related to pivotal agronomic traits, but also for
the production of vaccines and health-promoting carotenoids. This review summarizes the latest
progress in these forefronts as well as the available viral vectors for economically important crops
and beyond.

Keywords: plant virus; viroid; viral vector; virus-induced gene silencing (VIGS); CRISPR/Cas9;
genome editing; carotenoid biosynthesis; vaccine; circular RNA

1. Introduction

In 1898, the discovery of tobacco mosaic virus (TMV) as the causative agent for the tobacco
mosaic disease marked the birth of virology and expanded the knowledge of life domains [1]. In 1939,
TMV was observed under an electron microscope, providing the first image of a virion in history [2–4].
In 1957, Fraenkel-Conrat and coworkers elegantly demonstrated that RNA, akin to DNA, can serve as
genetic material, using TMV infecting tobacco plants as a model system [5]. In 1971, the discovery of
potato spindle tuber viroid as the causative agent for potato spindle tuber disease further expanded
the knowledge of pathogens and established the minimal inheritable genome in biology [6]. Beyond
those milestone discoveries, studies on plant viruses and viroids have significantly contributed to the
development of numerous recent research forefronts, including, but not limited to, epigenetics [7] and
RNA silencing [8,9].

With mounting knowledge about plant viral gene functions and plant–virus interactions,
many plant viruses have been successfully developed as biotechnology tools (Figure 1A). For instance,
plant viruses have been harnessed as RNA silencing vectors for functional studies on genes underlying
desired crop traits [10–14]. Recently, numerous plant viral vectors have been developed for
CRISPR/Cas9-based genome editing of model and crop plants [15]. Furthermore, plant viral vectors
have been developed to express endogenous and foreign polypeptides in controlling agronomic
traits or producing vaccines and valuable carotenoids benefiting human beings [16–18]. Compared
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with traditional transgenic approaches, plant viral vectors can markedly reduce the time and cost
in modulating gene expression, thereby having great potential in agricultural and biomedical
applications [16].

V
a
c
c
in
e

Figure 1. Plant virus/viroid-based technology. (A) Application of plant virus vectors in agriculture
and production of carotenoids and vaccines. Virus-induced gene silencing (VIGS) has been used to
characterize genes controlling important crop traits, exemplified by tuber formation (highlighted by
blue dashed lines) in potato plants. Virus-based gene expression of FT (Flowering Locus T) can induce
early flowering in grapevines, shortening the time for molecular breeding. VIGE in plants can shorten
the time in generating stable transgenic progeny. Viral-based expression platform can be used for the
production of vaccines and health-promoting carotenoids. (B) Viroid-based platform for circular RNA
production. ELVd, eggplant latent viroid. circRNA, circular RNA.

In this review, we summarize the plant viral vectors designed for virus-induced gene
silencing (VIGS), genome editing, and exogenous protein expression in major crops. In addition,
we introduce the current status and progress of the plant virus-based production of vaccines and
health-promoting carotenoids. Furthermore, we outline the viroid-based production of circular RNAs
for research applications.
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2. A brief Overview of Plant-Virus Interactions

Plant diseases caused by viruses are economically important, as they seriously affect the quality
and yield of cereals, vegetables, and fruits. All the food, feed, fiber, ornamental, and industrial crops
are threatened by at least one virus, and the great losses caused by plant virus diseases are second only
to that by fungal diseases [19]. Plant viruses are obligate parasites, which lack protein-synthesizing and
energy-producing apparatuses, and extensively depend on the host machinery for their replication [20].
Virus particles, also called virions, consist of two basic components: the nucleic acid genome and a
protective protein coat. In general, viral genomes encode the minimal set of genes critical for infection,
such as polymerases, coat proteins, movement proteins, etc. Interestingly, a peculiar group of noncoding
RNAs, termed viroids, can cause plant disease without encoding any protein or being encapsidated.

The infection cycle of plant viruses starts from their penetration into host cells. Because plant
viruses and viroids by themselves cannot breach the plant physical barriers (i.e., cuticle and cell wall),
they are only able to enter the host cells passively through opportunistic mechanical wounds or with the
aid of insect vectors (e.g., aphids or whiteflies) [20–22]. After they successfully enter cells, the following
infection process can be artificially divided into four major steps [23]. The first step is the disassembly
of viral particles, which is the partial or complete removal of coat proteins to release viral genomes
into host cells [24]. The second step is the host cell-dependent replication of viral genomes and the
translation of viral proteins [25–27]. In this process, plant viruses must recruit and utilize the host’s
translation apparatus [28] as well as the host’s energy resources [29]. Some plant viruses, particularly
single-stranded DNA (ssDNA) geminiviruses, rely on host polymerases for genome replication [30,31].
In the third step, viral genome encapsidation occurs to form new virions [32,33]. The last step is the
cell-to-cell movement and long-distance trafficking to successfully colonize an entire plant [34–38].

In plants, RNA silencing plays a major role in defending viral infections [39], in addition to innate
immunity [40]. It is generally accepted that viral replication intermediates form double-stranded
RNAs (dsRNA) to activate plant RNA silencing. Viral dsRNAs are processed to viral short interfering
RNAs (vsiRNAs) by plant dsRNA-specific RNases, Dicer-like enzymes (DCLs). VsiRNAs are then
efficiently loaded into Argonaute proteins (AGOs) to form the antiviral RNA-induced silencing
complexes (RISCs), which subsequently target viral RNAs via slicing or translational arrest [39,41].
Successful viral infection relies on the activity of virus-encoded viral suppressors of RNA silencing
(VSRs) [42]. Despite the fact that viroids do not encode any proteins nor possess VSR activity, they can
establish successful infections, which is likely attributable to their highly structured RNA genomes
and differential subcellular localization of sense and antisense viroid RNAs [43].

3. Engineering VIGS Vectors

Taking advantage of the robust production of vsiRNAs, multiple infectious clones of plant viruses
have been engineered to include fragments of endogenous genes for RNA silencing, termed VIGS [10–14].
As listed in Table 1, there are multiple strategies for generating viral vectors. The engineered viruses
should retain infectivity and incite mild symptoms. In line with this consideration, non-structural genes
or pathogenicity determinant factors are often replaced with cloning sites. For instance, the tobacco
rattle virus (TRV)-based VIGS vector was engineered by removing two non-structural genes in
RNA2 [44], whereas the tomato yellow leaf curl China virus (ToLCCNV)-based VIGS vector was
engineered by removing the pathogenicity determinant factor βC1 in DNA β [45]. Coat/capsid protein
genes are popular choices for modifications as well, by either completely being replaced by a multiple
cloning site [46] or being partially truncated for insertion of cloning sites [47]. These modifications
generally have minimal impacts on viral infectivity. For viruses expressing subgenomic RNAs, it
is common to duplicate the subgenomic RNA promoters to flank a multiple cloning site [48–50].
This strategy can lead to the production of new subgenomic viral RNAs that have less impact on
viral infectivity. Notably, the insertions can be designed to form a hairpin structure composed of
inverted duplication of sense and antisense sequences of target genes to enhance silencing effects,
if a duplicated subgenomic RNA promoter is harnessed [49]. Some viruses belonging to the same
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family may be engineered via the same or similar strategy. For instance, it is common to duplicate the
protease cleavage site in the polyprotein to flank an inserted multiple cloning site for viruses of the
family Secoviroidae [51–53].

Table 1. Strategies to engineer VIGS vectors for major crops.

Family Virus Strategies to Design Vectors

Alphaflexiviridae
potato virus X [48] Duplication of the subgenomic (sg) RNA promoter of the coat protein (CP)

to flank a multiple cloning site between two CP sgRNA promoters

foxtail mosaic virus
[54,55]

Insertion of the XbaI and XhoI sites immediately after the stop codon of the
capsid protein gene [54]

Or
Duplication of CP subgenomic promoter to flank a multiple cloning site [55]

Betaflexiviridae
citrus leaf blotch

virus [56]
Inserting a subgenomic RNA promoter followed by a PmlI site for inserting

foreign sequences in the linear form or in the hairpin fashion

grapevine virus
A [50]

Duplication of Movement Protein (MP) subgenomic RNA promoter to flank
a multiple cloning site

Bromoviridae

cucumber mosaic
virus [57]

Replacing a portion at the 3′-end of ORF2b with a multiple
cloning site in RNA-2

prunus necrotic
ringspot virus [58]

Inserting foreign sequences at the 3’end of the CP gene in RNA3;
Combining RNA1 and RNA2 in the same binary vector to increase the

efficiency

brome mosaic
virus [59]

Using the HindIII site in the RNA3 3′ untranslated region (UTR) for
insertion; Replacing the BclI/BssHII flanked RNA3 intergenic region of the

Festuca arundinacea strain with that from the Russian strain

Caulimoviridae
rice tungro

bacilliform virus [60]

Selectively keeping ORFIII and a 50 bp 3′-truncated ORF IV flanked by two
constitutive promoters; adding a tRNA binding site essential for replication

immediately after the first promoter near the 5′-end; adding a multiple
cloning site immediately before the second promoter near the 3′end

Geminiviridae

tomato yellow leaf
curl China virus [45]

Replacing the βC1 (pathogenic factor/VSR) ORF with a multiple cloning
site in DNA β

african cassava
mosaic virus [47]

Replacing a portion of the capsid protein (AV1) ORF with a multiple
cloning site in DNA-A

cotton leaf crumple
virus [46] Replacing the CP gene with a multiple cloning site in DNA-A

Secoviridae

broad bean wilt
virus [61]

Inserting a cloning site immediately after the stop codon of the RNA2 ORF
in the 3′UTR of RNA2

bean pod mottle
virus [52]

Duplication of the protease site between MP and L-CP in RNA2 to flank a
multiple cloning site

tobacco ringspot
virus [53]

Duplication of the C/A protease site between MP and CP in RNA2 to flank a
multiple cloning site

apple latent spherical
virus [51]

Duplication of the Q/G protease site between 42KP and Vp25 in RNA2 to
flank a multiple cloning site

Tymoviridae
turnip yellow mosaic

virus [62]

Inserting a cloning site immediately downstream the CP protein for
inserting foreign sequence in the hairpin fashion; Duplicating the CP stop

codon to keep the tRNA-like structure for infectivity

Virgaviridae

tobacco rattle
virus [44] Replacing non-structural genes in RNA2 with a multiple cloning site

pea early browning
virus [63] Replacing non-structural genes in RNA2 with a multiple cloning site

barley stripe mosaic
virus [64]

Inserting a multiple cloning site downstream of the γb (pathogenic
factor/VSR) corresponding to the γ subgenomic RNA

cucumber green
mottle mosaic

virus [49]
Duplication of the CP subgenomic RNA promoter to flank a BamHI site
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The engineered VIGS constructs are commonly delivered to plants via agro-infiltration or
mechanically inoculation of in vitro transcribed RNA. Infection of engineered viruses results in
abundant small RNAs from the inserted fragments that suppress the expression of host genes being
targeted, based on the sequence homology. Because of its high efficiency and ease of handling,
VIGS has been extensively used in plant functional studies, particularly in the species where the stable
transformants are not easy to obtain [10–12].

4. VIGS for Rapid and Transient Gene Silencing in Plants/Crops

The host range of the parental wild-type viruses determines the plant species where these VIGS
vectors can be used. VIGS vectors developed in the early days are mainly derived from TMV, potato
virus X (PVX), and TRV, which are initially utilized in silencing genes in Nicotiana benthamiana and
tomato (Solanum lycopersicum). Over the last two decades, more than 40 viruses have been developed
as VIGS vectors for dicot and monocot plant species. Among those, more than 20 have been used for
economically important crops, as summarized in Table 2. These available tools markedly shorten the
time for functional assays in identifying genes related to desired traits in economically important crops,
greatly facilitating the breeding efforts. Readers are referred to the collection of extensive reviews for
more details [11,14,65].

Although VIGS provides a convenient approach to manipulate gene expressions in plants, it is
important to note that these vectors represent infectious viruses. Despite the fact that most of them
do not cause drastic phenotypic alterations, they may still affect gene expression in hosts. A recent
study showed that TRV-based viral VIGS vectors alone can trigger changes in the alternative splicing
of host genes, slicing activity of a plant microRNA (miR167), as well as the expression of plant mRNAs,
phased secondary siRNAs, and long noncoding RNAs [66]. Thus, proper controls and considerable
cautions need to be taken into account when analyzing experimental data based on viral silencing
vectors. Furthermore, off-target effects can occasionally render the data annotation complicated [67].

Table 2. Viral VIGS vectors for major crops.

Major Crops Viral VIGS Vectors

Tomato
apple latent spherical virus [51], tomato yellow leaf curl China virus [45],

tobacco rattle virus [68]

Pepper apple latent spherical virus [69], tobacco rattle virus [70], broad bean wilt virus2 [61]

Potato tobacco rattle virus [71], potato virus X [48]

Cassava african cassava mosaic virus [47,72]

Legume
apple latent spherical virus [51], bean pod mottle virus [52,73,74], cucumber mosaic virus

[57], pea early browning virus [63], tobacco ringspot virus [53]

Cucurbits
apple latent spherical virus [51], tobacco ringspot virus

[53], cucumber green mottle mosaic virus [49]

Spinach cucumber mosaic virus [75]

Cabbage turnip yellow mosaic virus [62]

Cotton tobacco rattle virus [76], cotton leaf crumple virus [46]

Citrus citrus leaf blotch virus [56]

Banana cucumber mosaic virus [77]

Strawberry tobacco rattle virus [78], apple latent spherical virus [79]

Apple apple latent spherical virus [80]

Pear apple latent spherical virus [80]

Peach prunus necrotic ringspot virus [58]

Grape grapevine virus A [50]

Wheat foxtail mosaic virus [55], barley stripe mosaic virus [81]
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Table 2. Cont.

Major Crops Viral VIGS Vectors

Barley foxtail mosaic virus [55], barley stripe mosaic virus [64], Brome mosaic virus [59]

Rice brome mosaic virus [59], rice tungro bacilliform virus [60]

Maize brome mosaic virus [59], foxtail mosaic virus [54]

Sorghum brome mosaic virus [82]

Foxtail millet foxtail mosaic virus [55]

Ginger barley stripe mosaic virus [83]

5. Plant Virus-Based Tools for Plant Genome Editing

CRISPR/Cas nucleases-based genome editing technologies have provided unprecedented power
in plant breeding to accelerate the manipulation of desired crop traits. The single-guide RNA (sgRNA)
directs the Cas nucleases to target the genome regions introducing designed mutations. The traditional
experimental process requires extensive tissue culture handlings and prolonged selection to remove
the transgenic copy of the CRISPR/Cas cassette. The tissue culture handlings for many major crops
are technically challenging and demanding. More importantly, the limited expression of sgRNA
expression in tissue cultures leads to low efficiency in genome editing [15].

Geminiviruses, a group of ssDNA viruses that replicate in the nucleus, were soon exploited to
express sgRNAs to boost the efficiency after the CRISPR/Cas nucleases-based technology became
available [84]. This type of virus-based strategy in gene editing is termed virus-induced genome editing
(VIGE). Interestingly, TRV, an RNA virus that replicates in the cytoplasm, was also capable of delivering
sgRNA for genome editing in the nucleus [85]. Since 2014, various viral vectors have been developed
for genome editing of important crops, such as potato, tomato, wheat, rice, maize, etc. (Table 3).
Because the Cas nuclease genes are too large (~4.2 Kb) to insert into many viral vectors, most of
these efforts rely on introducing the Cas nucleases into plants via traditional transgenic approaches or
expressing Cas nucleases in a different vector. There are several approaches to incorporate sgRNAs
into viral vectors. A popular choice is to place the sgRNA scaffold under the control of plant U6
gene promoter [84,86–90]. However, the U6 promoter occasionally results in weak expression of
sgRNAs [91]. Recently, several reports used tRNAs to flank the sgRNA scaffold [92,93], and the tRNAs
were subsequently removed by the activity of endogenous tRNA processing enzymes (RNase P and
RNase Z) [94]. Notably, tRNA-flanking may not be needed based on the experimental practice when
using some viral vectors [93,95,96].

Most viral vectors, by and large, only perform gene editing in local infection sites or protoplasts.
Therefore, they do not lead to inheritable traits in the progeny. To circumvent this shortcoming, a recent
study used Agrobacteria harboring the foxtail mosaic virus constructs to inoculate N. benthamiana

seeds with the seed coat manually cracked, which resulted in the progeny inheriting the edits [86].
One critical factor to effectively generate inheritable genome-edited plants relies on the delivery of
sgRNAs to germlines. A recent attempt employed a portion of the Flowering Locus T (FT) mRNA to
promote the entry of sgRNAs to reproductive organs, thereby increasing the efficiency of the inheritable
genome edits [97]. Although this approach indeed increased the frequency of the inheritable genome
edits, the mechanism remains to be further elucidated, as the protein product of the FT gene, but not
its transcripts, are the mobile signal [98–103]. Very recently, sonchus yellow net rhabdovirus (SYNV)
was employed as a VIGE vector for tobacco plants [92]. This system, by far, provides the easiest
and most robust DNA-free approach in generating plants bearing inheritable genome edits through
simple leaf inoculations. The analysis also showed that the off-target effects are minimal through this
approach. Moreover, the viral vector is stable through mechanical transmission/passages and can
be easily eliminated after seed set, therefore preventing potential deleterious effects caused by the
vectors [92]. Despite the fact that the host range restriction of SYNV limits its application in various
crop species, this progress already demonstrates the great promise of VIGE in application.
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Table 3. Plant virus-induced genome editing system.

Viral Vectors Guide RNA Design Edited Plants Inheritable

Dicot

cabbage leaf
curl virus

U6p::gRNAScaffold::U6t inserted to
the cloning site downstream of AL3

Transgenic Nicotiana
benthamiana

over-expressing Cas9 [87]
No

tobacco rattle
virus

PEBV::gRNAScaffold-Rz inserted to
pTRV2 vector [85]; A FT fragment

inserted at the 3′-end of gRNA
resulting in a mobile sgRNA [97]

Transgenic Nicotiana
benthamiana

over-expressing
Cas9 [85,97]

Yes

bean yellow
dwarf virus

Replacing MP and CP with
U6::gRNAscaffold::U6t and 35S::Cas9;
Agrobacterium-based transformation

required for delivery

Wildtype Nicotiana
tabacum [84] NA

Wildtype potato
(Tetraploid and
diploid) [88,89]

Via tissue
culture [88]

Wildtype tomato [90] NA

tobacco
mosaic virus

A fragment containing the
gRNAScaffold with or without a Rz

inserted to the TRBO vector; 35S::Cas9
expressed from a different

binary vector

Nicotiana benthamiana
16C [91] NA

potato virus X gRNAScaffold driven by PVX CP
promoter; tRNA flanking not needed

Transgenic Nicotiana
benthamiana

over-expressing Cas9 [93]

Via tissue
culture

sonchus
yellow net

rhabdovirus

gRNAScaffold (flanked by tRNAs)
and Cas9 inserted between N and P

genes under the control of duplicated
N/P junction sequences

Wildtype Nicotiana
benthamiana [92] Yes

beet necrotic
yellow vein

virus

gRNAScaffold fused to the 3′-end of
the p31 ORF

Transgenic Nicotiana
benthamiana

over-expressing Cas9 [95]
NA

foxtail mosaic
virus vectors

U6p::gRNAScaffold or Cas9 inserted
between duplicated CP subgenomic

promoters; Mixing of gRNA and Cas9
clones for infection [86]

Transgenic Nicotiana
benthamiana

over-expressing Cas9 [104]
or tomato bushy stunt

virus P19 [86]

Yes if directly
inoculating
seeds [86]

barley stripe
mosaic virus See below

Transgenic Nicotiana
benthamiana

over-expressing Cas9 [96]

Via tissue
culture

Monocot

foxtail mosaic
virus vectors

Inserting gRNAScaffold after a
duplicated ORF5 promoter

Transgenic maize
over-expressing Cas9 [104] NA

Transgenic Setaria viridis
over-expressing Cas9 [104] No

wheat dwarf
virus (WDV)

Replacing the MP and CP genes with
Ubi::Cas9 and U6p::gRNAscaffold;

T-DNA insertion procedures required
Wildtype wheat [105] NA

Replacing MP and CP with
U6p::gRNAscaffold; Adding

Ubi::Cas9::NOS in the binary vector
but outside of the WDV replicon

Wildtype rice and
transgenic rice

over-expressing Cas9 [106]
NA

barley stripe
mosaic virus

Replacing CP with
sgγ::gRNAScaffold in RNAβ or

inserting gRNAScaffold immediately
downstream of γb in RNAγ

Transgenic wheat
over-expressing Cas9 [96] NA

Transgenic maize
over-expressing Cas9 [96] NA

NOTE: U6p: U6 promoter; U6t: U6 terminator; PEBV: pea early-browning virus; Rz: ribozyme; FT: flowering locus
T; MP: movement protein; CP: coat protein; Ubi: ubiquitin. NA: Not Assessed.
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Recent studies demonstrated that the ectopic expression of CRISPR/Cas nucleases in plants
is subject to negative regulation by the RNA silencing machinery, hindering genome editing
efficacy [107,108]. Notably, genome editing efficiency can be improved by including an artificial
microRNA cassette in vectors to down-regulate the expression of key players in post-transcriptional
gene silencing (e.g., RDR6 and AGO1) [107,108]. Similarly, RNA silencing suppressors cloned from
plant viruses can also increase genome editing efficacy of either VIGE [86,104] or the transgene-based
approach [108].

6. Plant Virus-Based Gene Expression Vectors

In addition to serving as the VIGS and VIGE vectors, most viral vectors listed in Tables 1 and 3 can
be exploited for expressing heterogeneous proteins in plants. In the early days, plant viral vectors were
based on the “full-virus” vector strategy to express genes-of-interest fused with a viral gene (e.g., coat
protein gene in TMV) [109]. These viral vectors retain the full capacity of replication, assembly of virions,
cell-to-cell movements, and resistance to host gene silencing [109]. The non-cell-autonomous nature of
viruses can turn almost the entire plant into a factory for foreign protein synthesis. The expression
level of foreign peptides can reach up to 10% of total soluble protein [109]. However, the insertion
size limitation restrains the application of many viral vectors. Proteins larger than 30 kDa are difficult
to express using the “full-virus” vector strategy [109]. To circumvent this shortcoming, it is common
to replace certain viral non-structure genes or pathogenicity determinant factors with a multiple
cloning site for large insertions as aforementioned. Another strategy employs a recombination system
to deconstruct viral genes for generating a set of expression vectors [110]. In this system, the viral
sequence is engineered to replace the coat protein gene with a LoxP recombination site. The gene to be
expressed is placed in a separate vector downstream of another LoxP site. Both viral vectors and the
plasmid harboring the expressing gene are mixed and co-infiltrated with a third vector to express the
Cre recombinase [111]. This system further increases protein yield up to nearly 50% of total soluble
proteins and facilitates the expression of larger foreign genes. However, since the viral elements are
kept to a minimum, the deconstructed viral vectors can only be expressed in local leaves [111].

Plant virus-based protein expression vectors have been widely used in basic sciences to understand
plant gene functions [11,112]. Moreover, these vectors have great application in altering agronomic
traits as well. For instance, apple latent spherical virus was engineered to express the FT gene, which
successfully promotes the early flowering of grapevine [113] and strawberry [79]. Similarly, citrus leaf
blotch virus was used to express FT and prompt the early flowering of citrus plants [114]. This approach
significantly accelerates the breeding process. More importantly, the capacity of plant viral vectors to
promptly alter agronomic traits opens up many possibilities for precision agriculture.

7. Rewiring Plant Metabolic Pathways for the Production of Health-Promoting Carotenoids

Many plant secondary metabolites are useful nutrients or health-promoting molecules. However,
those beneficial metabolites are often accumulated at low levels. For instance, crocins, which are
carotenoid derivatives serving as a valuable spice and potent pain reliever, are mainly accumulated
in the stigma of Crocus sativus L. flowers or, to a lesser extent, in gardenia fruits [115]. Due to the
labor-intense procedures in collecting flowers, it is costly to produce crocins and the related molecules,
such as picrocrocin. Using a tobacco etch virus (TEV)-based vector, specific cleavage dioxygenase
enzymes (CCDs) in crocins biogenesis cloned from C. sativus or Buddleja davidii were expressed in
N. benthamiana plants, resulting in a significant accumulation of crocins and picrocrocin [115]. The yield
was further improved when the CCD from C. sativus was co-expressed with other carotenogenic enzymes
(e.g., phytoene synthase from Pantoea ananatis and β-carotene hydroxylase 2 from saffron). This unique
TEV vector removes the essential viral gene NIb (nuclear inclusion b) to gain the capacity for large
insertions [116]. Consequently, this viral vector can only infect transgenic plants expressing NIb, which
prevents the viral vector from entering the environment. Using the same TEV system, a soil bacterial
gene cassette consisting of GGPP synthase, phytoene synthase, and phytoene desaturase was expressed
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in N. benthamiana, resulting in significantly increased production of lycopene in the cytoplasm [117].
Lycopene is a major carotenoid in human blood protecting against oxidative damage. Given the
difficulties in rewiring carotenoid metabolism using traditional transgene approaches [118–120],
viral vector-based production provides a plausible solution for engineering plant metabolic pathways
with low cost and excellent performance.

8. Plant Virus-Based Production of Vaccines

Plant viral vectors have also been successfully harnessed in producing vaccines against devastating
pathogens infecting human beings and livestock [18,121]. The surface antigen of human hepatitis B
virus expressed in transgenic tobacco can form virus-like particles (VLPs) in plants [122], and those
VLPs are capable of inducing potent B-cell and T-cell immune responses in mice [123,124]. Encouraged
by this finding, viral vectors have been developed and employed for the rapid and robust production
of various vaccines [18,121]. The target antigens can be expressed using plant viral vectors as either
epitope presentation by displaying the recombinant epitope-coat protein on the surface of the chimeric
virions or the polypeptides alone [18]. In 1995, the antigenic peptide of canine parvovirus VP2 protein
was successfully expressed in plants, which can elicit high levels of neutralizing antibodies in mice and
rabbits [125]. Since then, over a dozen antigenic peptides have been successfully expressed in plants
against various pathogens, such as influenza virus, West Nile virus, hepatitis A and B viruses, human
immunodeficiency virus, etc. [18,126]. A few vaccines or pharmaceutical proteins synthesized in plants
using plant viral vector systems, such as the Newcastle virus subunit vaccine, have been approved for
markets [126]. During the current COVID-19 pandemic, plant viral vector-based vaccine production
may provide a convenient platform for production when some COVID-19 vaccine candidates prove to
be safe and effective [127].

Notably, vectors based on plant RNA viruses are popular choices for expressing antigens.
TMV [128], cowpea mosaic virus [129], potato virus X [130], TRV [131], and several more [18] have
been successfully exploited in recent years. These viruses mostly possess positive-sense RNA genomes.
In addition to RNA viruses, geminiviruses have also been used for vaccine production [132].

9. Viroids for Generating Circular RNA

Viroids are the first group of circular RNAs identified in nature [133]. Increasing evidence revealed
that circular noncoding RNAs widely exist in many organisms across the Tree of Life [134–137].
Importantly, many endogenous circular RNAs have been shown to play regulatory roles in gene
expression, development, disease, etc. [134,135,138,139]. It is noteworthy that the delivery of synthetic
circular RNAs has led to the suppression of gastric carcinoma cell proliferation, as a novel means of
therapy [140]. It is desirable to develop a robust expression system for generating circular RNA in
large quantities for functional studies and potentially for clinical therapy. Although several methods
have been developed using either a cascade of enzymatic reactions [141] or the intron backsplicing
mechanism [142], these systems can only reach a moderate production rate.

As single-stranded circular noncoding RNAs, viroids can co-opt host machinery to achieve
replication and systemic trafficking [43,143]. Interestingly, members in the family Avsunviroidae

possess ribozyme activity, which is among the first groups of ribozymes identified in nature [144].
The hammerhead ribozyme in those viroids is critical to complete the infection cycle in
chloroplasts [43,143,145]. Studies showed that the hammerhead ribozyme cleaves viroid RNA to
generate 5′-hydroxyl and 2′,3′-phosphodiester termini, which are subsequently ligated by the
chloroplast-localized tRNA ligase [146].

Based on this pathway, co-expressing the eggplant latent viroid (ELVd)-based construct and the
recombinant tRNA ligase in bacteria resulted in high yield of circular ELVd RNA [147]. Interestingly,
inserting exogenous sequences at a particular position of the ELVd molecule allowed the production of
chimeric circular RNAs to desirable concentrations (Figure 1B) [148,149]. This circular RNA expression
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system provides higher production of desired RNAs in the circular form that exceeds the expression
level in vivo, which will facilitate studies on circular RNA biology and its application [148,149].

10. Summary and Perspectives

In the mid-1980s, the need to purify large quantities of viroids for structural studies led to
the development of a silica gel-based method [150,151]. This method was also demonstrated to
be suitable for separating supercoiled plasmids from crude bacterial extracts, leading to the most
popular commercial miniprep kit of Qiagen [145]. Along with the progress in nucleic acid purification
techniques, structural analysis on viroid RNAs during the same period led to the recognition of
suboptimal structures when certain base pairs did not belong to the deduced structure with the
minimum free energy [152]. This concept constitutes a critical component in computational programs
for the in silico prediction of RNA secondary structures [153], which greatly enhances the capacity
and accuracy [145]. This is simply one of the many stories in history demonstrating that plant
virology research has markedly contributed not only to basic sciences but also biotechnology. Recent
progress in high throughput sequencing and bioinformatic tools has provided unprecedented power
using small RNA sequencing to identify novel viruses and viroids from biological samples without
pre-existing knowledge of viral sequences [154,155], which will uncover novel viruses to engineer
suitable viral vectors for economically important crops. As plant virology research centers around the
major questions in agriculture and basic sciences, it is certain that new discoveries will continue to
deliver promising tools for biotechnology in the future.
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Abstract: Viral vectors can generate high levels of recombinant protein expression providing the basis
for modern vaccine development. A large number of different viral vector expression systems have
been utilized for targeting viral surface proteins and tumor-associated antigens. Immunization studies
in preclinical animal models have evaluated the elicited humoral and cellular responses and the
possible protection against challenges with lethal doses of infectious pathogens or tumor cells.
Several vaccine candidates for both infectious diseases and various cancers have been subjected to a
number of clinical trials. Human immunization trials have confirmed safe application of viral vectors,
generation of neutralizing antibodies and protection against challenges with lethal doses. A special
emphasis is placed on COVID-19 vaccines based on viral vectors. Likewise, the flexibility and
advantages of applying viral particles, RNA replicons and DNA replicon vectors of self-replicating
RNA viruses for vaccine development are presented.

Keywords: viral vaccines; infectious diseases; cancers; COVID-19 vaccines; self-replicating RNA
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1. Introduction

The recent coronavirus pandemic (COVID-19) has underlined the importance of vaccine
development. It has also become clear to the general public that a number of competing approaches
for vaccine candidates need to be developed in parallel to achieve success in the shortest possible
time. The same strategy should be applied to any vaccine target albeit the global concern related to
COVID-19 has drained resources from other important vaccine development initiatives. It should
also be pointed out that vaccine development is not restricted to infectious diseases as quite a few
approaches have focused on cancer vaccines as discussed below.

The traditional approach, which is still valid and plays an important role in COVID-19
vaccine development against viral infections, relates to the application of killed and live-attenuated
vaccines [1]. Moreover, protein subunit and peptide vaccines have become popular, not least due
to the development of efficient recombinant protein expression systems in the 1980s and 1990s [2].
The topic of this review is the utilization of viral vectors for vaccine development. In this context,
a variety of viral expression systems have been engineered. Typically, expression vectors have been
constructed for adenoviruses (Ads), alphaviruses, flaviviruses, measles viruses (MVs), rhabdoviruses,
retroviruses (RVs), lentiviruses (LVs), and poxviruses [3,4]. Briefly, Ad vectors are non-enveloped
double-stranded DNA (dsDNA) viruses with a packaging capacity of 7.5 kb foreign DNA providing
transient episomal expression in a broad range of host cells [5]. Alphavirus- and flavivirus-based
vectors are enveloped single-stranded RNA (ssRNA) viruses with a positive polarity, characterized
for their self-replicating RNA property, which provides substantial amplification of foreign mRNA
directly in infected host cells [6,7]. In contrast, MVs [8] and rhabdoviruses [9] possess an ssRNA
genome of negative polarity, which requires reverse genetics to establish appropriate expression vectors.
Among these self-amplifying RNA viral vectors, alphaviruses hold a packaging capacity of 8 kb of
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foreign genes, whereas for the others it is about 6 kb.RVs are ssRNA viruses, characterized by reverse
transcription of their genome into DNA, which can be integrated into the host cell genome providing
long-term transgene expression [10]. The chromosomal integration of RVs has posed some safety issues
especially for gene therapy applications, where insertions in active oncogene loci has triggered the
development of leukemia in patients with X-linked severe acute immunodeficiency (SCID-X1) [11].
However, this issue has been addressed by the engineering of self-inactivating RV vectors with targeted
integration. Another issue with classic RVs is their inability to transduce non-diving cells. For this
reason, many gene therapy and vaccine development activities have switched to LVs, also belonging to
the genus of RVs, which otherwise provide the same properties as classic RVs including packaging of up
to 8 kb of foreign sequences, but are able to infect both dividing and non-dividing cells [12]. Moreover,
integration-defective LV vectors have been engineered based on targeted recombinase-mediated
cassette exchange to provide safe episomal status [13]. Poxviruses are large dsDNA viruses with
a packaging capacity of over 30 kb of foreign DNA, which have been frequently used for vaccine
development [14]. Moreover, the small ssRNA Picornaviruses—especially coxsackieviruses—with the
potential to insert 6 kb of foreign nucleic acids, have been engineered as expression vectors [15].

The application of different viral vector systems for vaccine development is reviewed below.
The approaches of vaccine development for infectious diseases and cancer are presented in separate
sections. Moreover, the accelerated efforts of virus-based vaccine development against COVID-19
are addressed in another section. Although viral vector-based vaccine development has in general
relied on the expression of viral surface antigens and tumor-associated antigens for immunization,
oncolytic viruses and viral vectors carrying reporter genes have been included in this review due to
their capacity of tumor-specific replication, which can provide therapeutic activity similar to what has
been discovered for viral vector-based vaccines.

2. Viral Vaccines for Infectious Diseases

A common strategy for vaccine development against infectious agents, mainly viruses, has been
to introduce immunogenic full-length or truncated viral surface proteins into viral expression vectors
for verification of antigen expression in vitro, followed by immunization studies in animal models to
evaluate immune responses and potential protection against challenges with lethal doses of pathogenic
infectious agents [16]. Due to the large number of preclinical and clinical vaccine studies using viral
vectors, it is only possible to present some examples below, with a summary provided in Table 1.
Moreover, the main focus is on viral diseases and although vaccines against other types of pathogens
have been developed, these are only briefly described at the end of the section.

Although alphaviruses have been frequently used as vaccine vectors, some members of the family,
such as Chikungunya virus (CHIKV), have been responsible for severe epidemics in the Republic of
Congo [17] and in Reunion [18]. In this context, a chimeric vesicular stomatitis virus (VSV) vector
was engineered to express the CHIKV envelope polyprotein (E3-E2-6K-E1) and the Zika virus (ZIKV)
membrane-envelope protein (ME) [19]. A single immunization of mice with 1 × 107 pfu induced
neutralizing antibodies and resulted in protection against challenges with both CHIKV and ZIKV.
In another approach, an Ad-based vaccine strategy was applied for the expression of the Venezuelan
equine encephalitis virus (VEE) structural proteins (E3-E2-6K) [20]. Improved codon usage showed
a 10-fold increase in antibody responses in BALB/c mice, which also increased protection against
challenges with VEE. Moreover, VEE, western equine encephalitis virus (WEE) and eastern equine
encephalitis virus (EEE) have been targeted for vaccine development [21]. In this context, vectors for
VEE, WEE and EEE have been engineered by removing the furin cleavage site between the E2 and
E3 envelope proteins to prevent cleavage of the p62 precursor, which in turn will restrict formation
of infectious particles and instead generate virus-like particles (VLPs) [22]. Immunization of mice
with 1 × 107 IU of the VEE/WEE/EEE combination or individual VLPs elicited strong neutralizing
antibody responses and provided protection against subcutaneous or aerosol challenges with VEE,
WEE and EEE [22]. The VEE/WEE/EEE combination of 2 × 108 IU elicited robust neutralizing antibody
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responses in cynomolgus macaques and showed protection against challenges with VEE and EEE.
However, the antibody response against WEE was poor, which also reflected the weak protection seen
against WEE challenges. In another approach, the attenuated VEE V4020 strain was administered
as a layered DNA/RNA vector into BALB/c mice resulting in a high titer of neutralizing antibodies
and protection against challenges with wild-type VEE [23]. Moreover, intramuscular immunization
of cynomolgus macaques with the VEE vaccine provided protection against aerosol challenges with
wild-type VEE [24].

Related to arenavirus vaccines, Lassa virus (LASV) has been targeted by VSV-based expression
of LASV glycoprotein (GPC) [25]. Protection against challenges with LASV strains from Liberia,
Mali and Nigeria was obtained in guinea pigs and macaques vaccinated with 1 × 106 and 6 × 107 pfu,
respectively. The engineering of an LASV-based replicon system, where the LASV GPC was supplied
by Vero cell expression, provided protection in guinea pigs immunized with 5 × 105 focus forming
units (ffu) [26]. Similarly, immunization of guinea pigs with 1 × 1010 pfu of Ad5-LASV-GPC and
Ad5-LASV-NP vaccine candidates demonstrated protection against challenges with lethal doses of
LASV [27]. Additionally, an MV-GPC vaccine also provided protection against LASV challenges
after a single immunization with 6 × 106 pfu in macaques [28], which supported the initiation of a
randomized, placebo-controlled, dose-finding phase I clinical trial in healthy volunteers [29]. Related to
other filoviruses, VEE-based expression of Junin virus (JUNV) GPC and Machupo virus (MACV) GPC,
respectively, induced humoral immune responses and provided protection in guinea pigs immunized
with 1 × 107 pfu [30].

Ebola virus (EBOV), a member of filoviruses, has been an important target for vaccine development
due to several Ebola virus disease (EVD) outbreaks, the most recent in 2014–2016 [31]. For instance,
the flavivirus Kunjin virus (KUN) was utilized for the expression of the mutant EBOV glycoprotein
GP/D637L, which displayed superior cleavability and shedding of GP compared to wild-type GP [32].
Subcutaneous administration of two doses of 1× 109 KUN-GP/D637L VLPs provided protection in three
out of four vaccinated primates. Moreover, immunization with 5 × 107 pfu of VSV-EBOV GP esulted
in protection in macaques against challenges with the EBOV-Makona strain [33] and the Zaire strain
(ZEBOV) [34]. Similarly, immunization of non-human primates with 1 × 1012 pfu of Ad5-EBOV-GP
vaccine provided protection against lethal challenges with EBOV [35]. In another approach, a chimeric
parainfluenza virus type 3 (HPIV3) with an EBOV-GP envelope showed strong immune responses
in guinea pigs immunized with a single intranasal dose and protected them against challenges with
guinea pig-adapted EBOV [36]. Due to the success from preclinical studies and the urgent needs
for a functional vaccine in humans, VSV particles expressing the EBOV-GP from the Zaire strain
(VSV-ZEBOV) were subjected to an open-label, cluster ring vaccination phase III trial [37]. In the trial,
4123 individuals with suspected EVD were immediately vaccinated, while 3528 participants received a
delayed vaccination. There were no EVD cases discovered in the immediate vaccination group and only
16 EVD confirmed in the delayed vaccination group indicating that the immunization was efficient.
Similar results were obtained from another phase III trial, where 2119 and 2041 participants received
immediate and 21 days delayed vaccination, respectively [38]. The vaccination was efficient as no new
EVD cases were recorded 10 days after the start of the trial. Related to other filoviruses such as Marburg
virus (MARV), immunization of nonhuman primates with 1 × 107 pfu of VSV-MARV-GP particles
resulted in protection against challenges with MARV [34]. Similarly, a single intramuscular injection
of 1 × 1010 ffu of the VEE-based Sudan virus (SUDV) vaccine (VEE-SUDV-GP) provided complete
protection in cynomolgus macaques [39]. Interestingly, VEE-SUDV-GP immunization also provided
partial protection against challenges with EBOV. However, co-immunization with VEE-SUDV-GP and
VEE-EBOV-GP resulted in complete protection against both SUDV and EBOV.

In addition to providing expression systems such as the one based on KUN [7], flaviviruses are
known pathogens such as Dengue virus (DENV) and ZIKV causing diseases such a Dengue fever and
Zika virus disease, respectively. In attempts to develop a vaccine against Dengue fever, VEE particles
expressing the ectodomain of the DENV envelope protein E85 were subjected to a single injection
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of mice, which resulted in protective immunity against DENV challenges in BALB/c mice [40].
In another approach, administration of 2 × 106 pfu of MV-based vector expressing the DENV domain
III of the envelope protein (ED3) to mice, induced DENV-specific immune responses and partial
protection against DENV challenges [41]. In the context of clinical trials, DENV vaccine candidates have
consisted of live-attenuated vaccines, the chimeric live-attenuated yellow fever-dengue virus tetravalent
(CYF-TDV) vaccine or the DENV subunit (DEN-80E) vaccine produced in Drosophila melanogaster

cells [42]. In the case of ZIKV, a VEE-based replicon RNA expressing the codon-optimized ZIKV prM

and E genes was administered in nanostructured lipid carriers (NLCs) to C57BL/6 mice [43]. It was
demonstrated that a single dose as low as 10 ng of the RNA replicon completely protected mice against
challenges with ZIKV. As described above, co-expression of a CHIKV polyprotein and the ZIKV ME
provided protection in immunized mice [19]. Most of the ZIKV clinical trials conducted relate to
live-attenuated or DNA-based vaccines [44]. Although based on an attenuated DENV strain, the 2AA30
vaccine containing the ZIKV ME proteins showed good safety and ZIKV-specific neutralizing antibody
responses in a phase I trial in 20 healthy volunteers [45].

Related to hepatotropic viruses, Ad7-based expression of hepatitis B virus (HBV) core antigen
(HBcAg) and surface antigen (HBsAg) showed HBV-specific antibody responses in immunized
dogs [46]. MV vectors have also been applied for the expression of HBsAg, which showed protection in
50% of rhesus monkeys immunized with 1 × 103 TCID50 [47]. Moreover, Semliki Forest virus (SFV), an
alphavirus, packaged into a VSV G envelope was used for the expression of the HBV middle surface
envelope glycoprotein (MHB) and HBcAg [48]. Immunization of mice with 1 × 107 pfu demonstrated
protection against HBV challenges for the SFV-G-MHB vaccine candidate, but not for the SFV-G-HBcAg.
In the case of clinical trials, DNA-, live vector-, peptide-based vaccines and cell-based therapies have
been preferred to viral-based vaccines [49], although a phase I trial has been initiated for an Ad5 vector
expressing a fusion protein composed of a truncated HBV core, a modified HBV polymerase and two
HBV envelope domains [50].

The annual influenza virus outbreaks have stressed the importance of the development of effective
vaccines. In this context, Ad-based influenza A virus vaccines have been engineered by expression of
different portions of the hemagglutinin (HA) protein [51]. BALB/c mice immunized with 5 × 1010 Ad
particles expressing the full-length HA were protected from challenges with the lethal VN/1203/04
H5N1 influenza A virus strain. Similarly, a single subcutaneous immunization of 5 × 1010 Ad particles
provided complete protection in chickens. In another approach, VEE particles expressing the HA gene
from the Hong Kong influenza A virus isolate (A/HK/156/97) was evaluated in chicken [52]. A single dose
of 1 × 107 pfu of VEE-HA provided complete protection in chickens. RNA-based immunization with
10 µg of SFV-HA RNA replicons elicited significant immune responses in BALB/c mice and provided
protection in 90% of vaccinated animals [53]. In comparison to conventional mRNA immunization,
only 1.25 µg of self-amplifying VEE-HA RNA was required to acquire protection against challenges
with influenza A virus H1N1, H3N2 and B strains compared to 80 µg of synthetic mRNA [54]. Moreover,
a replication-deficient modified vaccinia virus Ankara (MVA) expressing the HA gene from influenza
virus A/HK/156/97 protected C57BL/6J mice from challenges with the three antigenically distinct strains
A/HK/156/97, A/Vietnam/1194/04 and A/Indonesia/5/05 [55]. Most of the clinical development and
approvals of influenza vaccines have relied on live-attenuated vaccines. However, limited clinical
trials have been conducted with viral vector-based vaccines such as in a phase I/IIa study in 79 healthy
volunteers receiving MVA-HA [56]. The vaccination was safe and induced significantly higher antibody
titers in individuals receiving a higher dose of 1 × 108 pfu compared to 1 × 107 pfu.

HIV/AIDS has had a substantial impact globally, which has contributed to accelerated efforts
to develop vaccines against HIV. Cytomegalovirus has the potential as an attractive candidate for
vaccine development due to its feature of systematic induction and maintenance of high levels of
effector memory T cells through the “memory inflation” mechanism [57]. This has also included
applications of CMV for vaccine development against HIV, as T cell vaccines inducing noncanonical
CD8+ T cell responses could induce population-wide immunity against HIV [58]. Related to Ad-based
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HIV vaccine development, it was demonstrated that replication-deficient Ad5 expressing HIV Gag
elicited consistently strong, long-lived CD8+ biased T cell responses in immunized baboons [59]. In the
case of MV, live-attenuated MV expressing HIV-1 Gag like particles with a gp160DeltaV1V2 Env
protein envelope elicited high levels of cellular and humoral activity against both MV and HIV with
neutralizing activity in immunized mice [60]. Alphavirus vectors have also been subjected to HIV
vaccine development, and for instance SFV-HIV-Env particles were compared to vaccines based on a
DNA plasmid and a recombinant Env protein [61]. Immunized mice showed the highest antibody titers
for the SFV particle-based vaccine. In another study, mice intramuscularly immunized with SFV replicon
RNA expressing the HIV-1 Env gene elicited Env-specific antibody responses in four out of five mice [62].
In another approach, recombinant SFV particles and replicon RNA were compared for the expression
of the Indian HIV-1C Env/Gag/PolRT genes in mice [63]. Significant T cell responses were detected
for both particle- and RNA-based immunizations, although the titers were superior for SFV particles
compared to RNA. Layered SFV DNA/RNA plasmid vectors expressing HIV Env and a Gag/Pol/Nef
fusion protein have also been subjected to immunization studies in BALB/c mice, resulting in strong
immune responses [64]. Moreover, alphavirus RNA replicons have been subjected to formulations
with a cationic nanoemulsion (CNE) and compared to replicon particles and HIV Env formulated with
MF59 adjuvant [65]. The replicon-vector, based on VEE included the HIV-1 glycoprotein 140 (gp140)
and the packaging signal of Sindbis virus (SIN) and 3′ end untranslated region, was encapsulated in
a CNE consisting of squalene, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and sorbitan
trioleate. Intramuscular injection of 50 µg of encapsulated replicon RNA generated potent cellular
immune responses in rhesus macaques, which were stronger than immunization with VEE particles or
HIV gp140. Moreover, immunization of RNA replicons expressing the HIV glycoprotein 120 (gp120)
and encapsulated in DOTAP-based lipid nanoparticles showed higher levels of HIV gp120 expression
compared to modified conventional mRNA for 30 days in mice after intramuscular administration [66].
In the context of clinical trials of viral vector-based HIV vaccines, the Ad vaccine failed to show protection
against infection in the STEP trial [67]. The vaccine, consisting of three Ad5 vectors expressing the
HIV Gag, Pol and Nef genes, respectively, was administered to almost 3000 uninfected volunteers.
Of even greater concern was the finding that the vaccine appeared to increase HIV infection rates in
individuals with pre-existing immunity against Ad5, which resulted in the premature termination of
the trial [68]. For this reason, other vaccine approaches such as DNA prime immunization followed
by poxvirus boosting have been subjected to clinical trials [69]. Furthermore, a phase III clinical trial
was conducted in Thailand with the Canarypox virus HIV vaccine (ALVAC), based on a canarypox
virus, and the AIDSVAX B/E gp120 protein vaccine [70]. Vaccination of 16,402 subjects suggested a
trend towards the prevention of HIV infection, but the efficacy was modest, only 32%. Another phase
III HIV clinical trial, HVTN 702, in South Africa based on the ALVAC/gp120 vaccine was recently
terminated by the National Institute of Allergy and Infectious Diseases following recommendations
from an independent data and safety monitoring board indicating that the prime-boost vaccine was
not efficacious at preventing HIV [71]. In addition, LV vectors have also been applied for prevention
and treatment of HIV showing a high degree of immunogenicity in preclinical studies [72]. Moreover,
a LV-based dendritic cell (DC) vaccine expressing the CD40 ligand (CD40L) and the HIV-1 SL9 epitope
induced antigen-specific T cell proliferation and memory differentiation in humanized mice [73].
The viral load was reduced significantly (by 2 logs) in immunized mice challenged with HIV-1 and the
antiviral response was superior when full-length HIV-1 proteins were expressed from the LV vector
(Table 1).

Table 1. Examples of preclinical and clinical vaccine studies for infectious diseases.

Target Antigen Vector Response Reference

Alphaviruses
CHIKV E3-E2-6K-E1 VSV Protection against CHIKV in mice [19]

VEE E3-E2-6K Ad Protection against VEE in mice [20]
VEE E3-E2-6K VEE Protection against VEE in mice, macaques [21]
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Table 1. Cont.

Target Antigen Vector Response Reference

EEE E3-E2-6K EEE Protection against VEE in mice, macaques [21]
WEE E3-E2-6K WEE Only weak protection in macaques [21]
VEE V4020 strain VEE DNA Protection against VEE in mice [23]
VEE V4020 strain VEE DNA Protection against VEE in macaques [24]

Arenaviruses
LASV LASV-GPC VSV LASV protection in guinea pigs, macaques [25]

LASV-GPC LASV Protection against LASV in guinea pigs [26]
LASV-GPC/NP Ad5 Protection against LASV in guinea pigs [27]

LASV-GPC MV Protection against LASV in macaques [28]
LASV-GPC MV Phase I trial in progress (healthy volunteers) [29]

JUNV JUNV-GPC VEE Protection against JUNV in guinea pigs [30]
MACV MACV-GPC VEE Protection against MACV in guinea pigs [30]

Filoviruses
EBOV GP/D637L KUN Protection against EBOV in 75% of primates [32]

EBOV-GP VSV Protection against EBOV in macaques [33,34]
EBOV-GP Ad5 Protection against EBOV in primates [35]
EBOV-GP HPIV3 Protection against EBOV in guinea pigs [36]
EBOV-GP VSV Good protection against EDV in phase III [37,38]
MARV-GP VSV Protection against MARV in macaques [34]
SUDV-GP VEE Protection against SUDV in macaques [39]

Flaviviruses
DENV E85 VEE Protection against DENV in mice [40]

ED3 MV Partial protection against DENV in mice [41]
ZIKV prME VEE-NLC Protection against ZIKV with 10 ng NLC- [43]

-RNA RNA in mice
ME VSV Protection against ZIKV in mice [19]
ME DENV Good safety, neutralizing Abs in volunteers [45]

Hepatotropic
HBV HBsAg/HBcAg Ad7 HBV-specific antibody responses in dogs [46]

HBsAg MV Partial protection against HBV in primates [47]
MHB SFV-G Protection against HBV challenges in mice [48]

Influenza
Influenza A HA Ad Complete protection in mice and chickens [51]

HA VEE Protection in chicken [52]
HA SFV RNA Protection in chicken [53]
HA VEE RNA Protection in mice [54]
HA MVA Protection against 3 IVA strains in mice [55]
HA MVA High titer antibodies in phase I/II volunteers [56]

Lentivirus
HIV HIV Gag Ad5 Strong T cell responses in baboons [59]

HIV gp160 Env MV Neutralizing activity in mice [60]
HIV Env SFV Superior titers to DNA or protein vaccines [61]

HIV Env/Gag/Po SFV Particle-based response superior to RNA [63]
HIV Gag/Pol/Nef SFV DNA Strong immune responses in mice [64]
HIV TV1 gp140 VEE*RNA-NP Stronger responses than for VEE, gp140 [65]
HIV Env gp120 VEE RNA-NP Superior response to conventional mRNA [66]

HIV Gag/Pol/Nef 3 Ad5 Failure to provide HIV protection in phase III, [68]
enhanced HIV rate for pre-existing Ad5

HIV gp120 ALVAC/gp120Strong T
cell responses in baboons Modest HIV protection of 32% in phase III [70]

HIV-1, CD40L LV-DCs Reduced viral load in humanized mice [73]

Ad5, adenovirus type 5; ALVAC, Canarypox virus HIV vaccine; CD40, CD40 ligand; CHIKV, Chikungunya
virus; DENV, Dengue virus; E85, ectodomain of DENV envelope protein; EEE, eastern equine encephalitis virus;
HA, hemagglutinin; HIV, human immunodeficiency virus; HPIV3, human parainfluenza virus type 3; IVA, Influenza
virus A; JUNV, Junin virus; LASV, Lassa virus; LASV-GPC, Lassa virus glycoprotein; LV-CDs, lentivirus-transduced
dendritic cells; MACV, Machupo virus; ME, membrane-envelope; MV, measles virus; MVA, modified vaccinia virus
Ankara; NLC, nanostructured lipid carrier; SFV, Semliki Forest virus; SIN, Sindbis virus; VEE, Venezuelan equine
encephalitis; VEE*, VEE vector with 3′ end untranslated region and packaging signal form SIN; VSV, vesicular
stomatitis virus, WEE, western equine encephalitis virus; ZIKV, Zika virus.

Related to non-viral pathogens, Ad and alphavirus vectors have been applied for vaccine
development. For instance, immunization of BALB/c mice with an SFV DNA replicon vector expressing
the Clostridium botulinum neurotoxin A elicited antibody and lymphoproliferative responses [74].
Moreover, a single intranasal inoculation of a replication-deficient Ad vector expressing the heavy chain
C-fragment of the C. botulinum neurotoxin C (BoNT/C) elicited high levels of BoNT/C-specific antibodies
and protected against challenges with BoNT/C [75]. Related to malaria, SFV particles expressing the
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Plasmodium falciparum Pf332 antigen elicited strong immune responses and immunological memory [76].
Moreover, Ad5- and Ad35-based expression of the P. falciparum circumsporozoite surface protein
(CSP) elicited both cellular and serologic CSP antigen-specific responses in mice and induced strong
malaria-specific immunity [77]. In another study, recombinant SIN particles were applied for the
expression of the P. voelii circumsporozoite protein (CS), which induced a strong epitope-specific T
cell response and provided a high degree of protection against malaria infection in mice immunized
with 1 × 108 pfu SIN particles [78]. SIN DNA replicons have also been utilized for the expression
of Mycobacterium tuberculosis antigen 85A (Ag85A), which provided long-term protection against
M. tuberculosis in mice immunized with 5 µg SIN DNA [79]. Similarly, immunization of Swiss Webster
mice with 1 × 107 pfu SIN particles expressing the protective antigen (PA) for Bacillus antracis elicited
specific and neutralizing antibodies resulting in partial protection against B. antracis challenges [80].

3. Viral Vaccines for Cancer

A large number of cancer vaccine studies have been conducted with various viral vectors, as
presented by examples below and in Table 2. For instance, glioblastomas have been targeted by SFV
particles expressing endostatin [81]. In comparison to SFV-Lac Z particles and RV-based endostatin
delivery, SFV-Endostatin showed superior inhibition of tumor growth and reduced intratumoral
vascularization in a mouse B16 glioblastoma model. In another study, mice carrying B16 brain tumors
were intratumorally administered DCs transduced with SFV-IL-18 particles in combination with
IL-12 protein, which enhanced T helper type 1 responses from tumor specific CD4+ and CD8+ T
cells and natural killers and antitumor immunity [82]. In a gene silencing approach, the miRT124
micro-RNA sequences targeting neurons were introduced into the replication-competent SFV4 vector,
changing its tropism to mouse glioblastoma cells and following a single intraperitoneal injection
into C57BL/6 mice with implanted CT-2A orthotopic gliomas resulted in significant inhibition of
tumor growth and prolonged survival [83]. The chimeric VSV∆G-CHIKV vector, where the VSV G
protein was replaced by the CHIKV envelope proteins (E3-E2-6K-E1), showed selective infection and
elimination of tumor cells with an extended survival of mice with implanted CT-2A tumors from 40 to
100 days [84]. Oncolytic MV vectors expressing green fluorescence protein (GFP), carcinoembryonic
antigen (CEA) and sodium iodide symporter (NIS) have demonstrated viral replication and cytopathic
effects in glioblastoma cell lines [85]. Moreover, significant antitumor activity was detected in vivo.
In a comparative study, Ad5/35 and HSV-1 both demonstrated 70% transduction efficiency in glioma
cells [86]. However, in a glioblastoma mouse model where the MV fusogenic membrane glycoprotein
(FMG) was expressed from both vectors, HSV-1-based treatment was superior to Ad5/35 therapy.
Moreover, the better packaging capacity of HSV-1 favors its future use. In the case of clinical trials,
a phase I, dose-escalation study was conducted with the Ad vector DNX-2401 (Delta-24-RGD) in
37 patients with recurrent high-grade glioma (HGG), which resulted in 20% of patients surviving more
than 3 years [87]. Additionally, a more than 95% reduction in the tumor size was detected in three
patients resulting in over 3 years of progression-free survival.

Related to breast cancer, an Ad vector was engineered with an E2F-1 promoter and the human
interleukin-15 (IL-15) gene [88]. The novel SG400-E2F/IL-15 vector selectively killed tumor cells
and IL-15 exhibited an immunomodulatory effect, which was confirmed in MDA-MB-231 breast
cancer cells. Moreover, strong tumor growth inhibition was observed in BALB/c mice with implanted
MDA-MB-231 tumors. Another approach relates to the utilization of adeno-associated virus (AAV)
vectors for the delivery of short hairpin RNA (shRNA) targeting basal-like breast cancer (BLBC) [89].
It was demonstrated that the rAAV-PSMA2-shRNA vector efficiently transduced the BLBC cell
lines, MDA-MB-468 and HCC1954, resulting in significantly decreased cell viability and induced
apoptosis. Moreover, administration of rAAV-PSMA2-shRNA to a BLBC xenograft mouse model
resulted in reduced tumor growth. In another AAV-based strategy, delivery of heart-specific miRNA
sequences (miRT-1d) supported tumor-specific transgene expression and almost complete elimination
in heart tissue [90]. Furthermore, insertion of the therapeutic suicide gene HSV-TK showed significant
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inhibition of tumor growth in polyoma middle T transgenic mice with multifocal breast tumors.
In the context of breast cancer, Ad particles and a SIN DNA replicon expressing the rat HER2/neu
gene showed inhibition of A2L2 tumor growth in pre-immunized BALB/c mice but not when the
vaccination took place two days after the tumor challenge [91]. A prime-boost regimen with SIN
DNA and Ad particles resulted in significant prolongation of survival rates. Moreover, it was
demonstrated that intradermal immunization with SIN-HER2/neu DNA replicons elicited strong
antibody responses in BALB/c mice [92]. Tumor protection was achieved with 80% less replicon
DNA compared to conventional DNA plasmid vectors. In another approach the coxsackievirus
A21 (CVA21) was applied for the expression of intercellular adhesion molecule-1 (ICAM-1) and
decay-accelerating factor (DAF) [93]. Intravenous injection of CVA21-ICAM-1-DAF combined with
intraperitoneal administration of doxorubicin hydrochloride resulted in significantly enhanced tumor
regression in mice with MDA-MB-231 breast tumors. Related to clinical trials, six patients with recurrent
breast cancer were included in a phase I dose-escalation study with an oncolytic HSV HF10 vector [94].
The outcome was no serious adverse events, and some therapeutic efficacy was registered.

In the case of cervical cancer, alphaviruses have been frequently used for preclinical immunization
studies. For instance, VEE particles expressing the human papilloma virus-16 (HPV-16) E7 protein
elicited CD8+ T cell responses and prevented tumor development in immunized C57BL76 mice [95].
Moreover, when the HPV E6-E7 fusion was expressed from an SFV vector containing the translation
enhancer signal from the SFV capsid gene, immunization of mice with SFVenh-HPV E6-E7 particles
provided tumor regression and complete eradication of established tumors [96]. In another study,
the combination of intradermal administration of SFV-HPV E6-E7 DNA replicons and electroporation
resulted in 85% of immunized mice becoming tumor-free [97]. Remarkably, the therapeutic efficacy was
achieved with a 200-fold lower dose, equivalent to 0.05 µg of SFV DNA, compared to conventional DNA
plasmid vectors. Recently, GMP-grade production of SFV-HPV E6-E7 (Vvax001) has been produced
for use in clinical trials [98]. A number of clinical trials have been conducted on HPV vaccines [99].
For instance, a vaccinia virus vector expressing HPV-16/18 E6/7 induced HPV-specific CTL immune
responses in 28% and two out of eight patients showed tumor-free condition at 15 and 21 months,
respectively, in a phase I/II trial [100]. In a phase III study in patients with HPV-induced anogenital
intraepithelial neoplasia (AGIN), immunization with a recombinant MVA encoding the E2 protein
from bovine papilloma virus (BPV) resulted in 90% lesion clearance in treated females and in 100% in
male patients [101].

In the case of colon cancer, CT26 colon tumor models have been frequently evaluated.
For instance, the non-cytopathic KUN vector expressing the granulocyte macrophage-stimulating factor
(GM-CSF)—when administered intratumorally to BALB/c mice with CT26 xenografts—induced CD8+

T cell responses, resulted in tumor regression and in cure of more than 50% of immunized animals [102].
In another study SFV particles expressing the vascular endothelial growth factor receptor-2 (VEGFR-2)
was used for the immunization of BALB/c mice resulting in inhibition of tumor growth, reduction in
tumor angiogenesis and prevention of metastatic spread [103]. Combination therapy with SFV-VEGFR-2
and SFV-IL-12 particles showed lower immune responses and inferior tumor growth inhibition
compared to SFV-VEGFR-2 and SFV-IL-4 co-administration, which enhanced VEGFR-2-specific antibody
responses and resulted in prolonged survival of immunized mice. Furthermore, immunization of
mice with SFV-LacZ RNA replicons elicited antigen-specific and CD8+ T cell responses after a single
injection of 0.1 µg RNA [104]. Protection against tumor challenges was also achieved and tumor
regression was observed in mice with pre-existing tumors. The vaccinia virus cowpox virus (CPVX)
was engineered for improved tumor selectivity and oncolytic activity by the introduction of the fusion
suicide gene-1 (FCU1), which converts the non-toxic prodrug 5-fluorocytosine (5-FC) into cytotoxic
5-fluorouracil (5-FU) and 5-fluorouridine-5′-monophosphate (5-FUMP) [105]. Systemic administration
of the modified CPVX vector showed low accumulation in normal tissues but high tumor selectivity,
which induced relevant inhibition of tumor growth. Moreover, co-administration of 5-FC enhanced
the anti-tumor effect. Intratumoral CPVX administration induced relevant tumor growth inhibition
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in a LoVo colon cancer model. An Ad vector expressing CEA was administered to a mouse MC-38
colon cancer model [106]. Immunization of Ad-CEA in combination with the anti-PD-1 antibody
showed enhanced anti-tumor activity and immune responses. Related to clinical trials, an oncolytic
vaccinia virus was subjected to a phase I study in 11 patients with refractory advanced colorectal or
other solid cancers [107]. No dose-related toxicity or treatment-related severe adverse events were
detected and a strong inflammatory and Th1 cytokine induction support the potential immunity
against cancer. The Newcastle disease virus (NDV) was subjected to immunotherapy in a phase III trial
in 335 colorectal cancer patients [108]. The study indicated that NDV vaccinations provided prolonged
survival and short-term improvement in quality of life.

Lung cancer has been targeted by alphavirus vectors and SFV-EGFP particles induced cell
death in human H358a non-small cell lung cancer (NSCLC) cells and inhibited growth of H358a
spheroids [109]. Intratumoral administration of SFV-EGFP to nu/nu mice with H358a xenografts
induced apoptosis, which generated complete tumor regression in three out of seven mice. In another
study, replication-competent SFV (VA7)-EGFP particles were compared to a conditionally replicating
Ad vector (Ad5-Delta24TK-GFP) in nude mice implanted with A549 adenocarcinoma lung cells,
which resulted in superior survival of SFV-immunized mice [110]. In contrast, systemic administration
did not generate significant immune responses. In another study, immunization with SIN-LacZ particles
elicited long-lasting memory T cell responses and provided protection against tumor challenges in
mice [111]. Moreover, nude mice immunized with H2009 and A549 lung tumors showed reduced tumor
growth after intratumoral administration of VSV-IFNβ [112]. Additionally, intratumoral injection of
VSV-IFNβ resulted in tumor regression, extended survival, and the cure of 30% of mice with syngeneic
LM2 lung tumors. In another approach, the Edmonston strain of MV expressing CEA showed potent
killing of lung cancer cell lines and tumor regression in immunized mice [113]. Related to clinical trials,
78 NSCLC patients were treated with the TG4010 vaccine based on the MVA strain expressing human
mucin-1 (MUC-1) and IL-2 [114]. It was discovered that improvement in survival correlated with the
development of T cell responses against MUC-1.

Viral vector-based melanoma vaccine research has been intense with numerous preclinical
studies and clinical trials conducted. In addition to the parallel study on colon cancer and melanoma
for KUN-GM-CSF described above [102], yellow fever virus (YFV)—expressing the CTL epitope
SIINFEKL of chicken ovalbumin—elicited SIINFEKL-specific CD8+ lymphocytes and protected
mice against challenges with malignant melanoma cells [115]. Alphaviruses have been frequently
employed for melanoma treatment, where VEE vectors expressing the tyrosine-related protein-2
(TRP-2) demonstrated humoral immune responses, strong antitumor activity, and prolonged survival
in a B16 mouse melanoma model [116]. Combination therapy with anti-CTL antigen-4 (CTLA-4) and
anti-glucocorticoid-induced tumor necrosis factor receptor (GITR) monoclonal antibodies (mAbs)
resulted in complete tumor regression in 50% and 90% of mice, respectively [117]. In another
approach, co-administration of SFV-based expression of VEGFR-2 and IL-12 from one DNA replicon
and survivin and β-hCG antigens from another DNA replicon was evaluated in a B16 mouse
melanoma model [118]. Superior tumor growth inhibition and prolonged survival was achieved by
combination therapy in comparison to immunization with either SFV DNA replicon alone. Moreover,
the MV Leningrad-16 (L-16) strain showed statistically significant inhibition of tumor growth in a
mel Z mouse melanoma model [119]. In another study, the VSV-GP vector pseudotyped with the
non-neurotropic lymphocytic choriomeningitis virus (LCMV) provided prolonged survival in mice
A375 xenograft and B16-OVA syngeneic mouse models [120]. Application of NDV vectors expressing
IL-15 or IL-12 for intratumoral immunization of B16F10 melanoma tumor-bearing mice effectively
suppressed tumor growth [121]. The 120-day survival rate for mice treated with rNDV-IL15 was 12.5%
higher than for rNDV-IL12. Moreover, tumor re-challenge experiments indicated that the survival
rate was 26.7% higher for rNDV-IL15 compared to rNDV-IL12. Furthermore, replication-competent
CVA21 expressing ICAM-1/DAF resulted in rapid suppression of subcutaneous SK-Mel-28 melanoma
xenografts in NOD-SCID mice [122]. Several clinical trials have been conducted for viral-based
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melanoma vaccines [123]. In this context, HSV-1 has been subjected to clinical phase I/IIb and phase
III trials [124,125]. In the former, a 50% objective response rate was obtained in patients and a
durable response lasting for more than 6 months was seen in 44% of patients [124]. In the phase
III trial, the durable response rate improved, and longer median survival rates were obtained in
patients with non-surgically resectable melanoma [125]. Moreover, a phase II/IIIb study resulted in
significant clinical benefits and superior overall survival in stage III and IV melanoma patients [126].
The replication-competent reovirus, a dsRNA virus, was subjected to a phase II trial in patients with
metastatic melanoma [127]. The treatment was well tolerated and reovirus replication was demonstrated
in patient biopsies. In the case of CVA21-based clinical trials, stable disease was observed in 26.7% of
patients in a phase Ib study [128] and durable responses in melanoma metastases were detected in
a phase II trial [129,130]. A 15-year follow-up of an NDV-based clinical phase II trial demonstrated
that NDV oncolysates were associated with prolonged survival in patients with lymph node-positive
malignant melanoma [131].

Several types of vectors have been applied for vaccine development against ovarian cancer.
The pseudotyped VSV-LCMV-GP demonstrated oncolytic activity in several ovarian cancer cell lines
and in vivo in an ovarian A2780 tumor mouse model [132]. Superior reduction in tumor size was
observed in combination with the JAK1/2 inhibitor ruxolitinib in both subcutaneous and orthotopic
xenograft mouse models. Moreover, an MV containing a single-chain antibody (scFv) specific for
the alpha-folate receptor (αFR), provided tumor specific targeting with no background infectivity of
normal cells [133]. Mice with SKOV3ip.1 xenografts were intratumorally injected with MV-GFP and
MV-αFR, which resulted in tumor volume reduction and increase in overall survival. Studies involving
alphaviruses have been conducted on ovarian cancer such as combination therapy of SIN-IL-12 particles
and the CPT-11 topoisomerase inhibitor irinotecan, which provided long-term survival in SCID mice
implanted with aggressively growing human ovarian ES2 tumors [134]. Additionally, a prime-boost
regimen of SFV-OVA and VV-OVA resulted in enhanced OVA-specific CD8+ T cell immune responses
and enhanced anti-tumor activity in immunized C57BL/6 mice with implanted murine ovarian surface
epithelial carcinoma (MOSEC) [135]. Related to clinical trials, a phase I study in patients with stage
II-IV ovarian epithelial, fallopian tube, or primary peritoneal cavity cancer with the poxvirus ALVAC
is in progress [136]. In a similar phase I trial, the safety and tolerability of the ALVAC vaccine was
determined [137]. Furthermore, a phase II trial with fowlpox vaccinia virus in patients with epithelial
ovarian, fallopian tube, or primary peritoneal carcinoma and whose tumors expressed the NY-ESO-1
or LAGE-1 antigen, evaluated the maintenance of remission at 12 months, time to failure of vaccine
therapy, and cellular and humoral immunity [138].

In the case of pancreatic cancer, AAV2 expressing endostatin was administered intramuscularly
or intravenously (portal vein) into Syrian golden hamsters previously inoculated into the pancreas
with PGHAM-1 pancreatic cells [139]. The transplanted PGHAM-1 cells rapidly metastasized to the
liver. After intramuscular injection the endostatin levels showed a modest increase and the numbers of
metastases decreased. Intraportal administration resulted in significantly increased levels of endostatin
and the size and number of metastases decreased substantially. Overall, intraportal injection was more
efficient as an anti-angiogenic therapy. Oncolytic Ad vectors engineered with cell-targeting ligand
SYENFSA (SYE) have demonstrated specific targeting of pancreatic cancer cells and efficient oncolysis of
pancreatic ductal adenocarcinoma (PDAC) cells [140]. Moreover, VSV-GFP showed superior oncolytic
activity in PDAC cell lines and in vivo compared to a conditionally replicative Ad vector (CRAd),
Sendai virus and respiratory syncytial virus (RSV) [140]. However, the pancreatic HPAF-II cell line and
a mouse HPAF-II model were resistant to VSV infections, which could be reduced by combination
therapy with DEAE-dextran and ruxolitinib [141]. In another approach, SCID mice implanted with
KLM1 and Capan-2 xenografts were immunized with MV vectors expressing SLAMblind showing
significant suppression of tumor growth [142]. Furthermore, the chimeric orthopoxvirus CF33 efficiently
killed six pancreatic cancer cell lines and caused regression in PANC-1 pancreatic xenografts after
a single intratumoral injection of a low dose of 103 pfu [143]. CF33 was shown to preferentially
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replicate in tumors and non-injected distant xenografts were also affected. Related to clinical trials,
eight patients with nonresectable pancreatic cancer were immunized intratumorally with an oncolytic
HSV HF10 vaccine in a phase I dose-escalation study [94]. No serious adverse events occurred, and
therapeutic efficacy was registered. In another phase I study, patients with nonresectable locally
advanced pancreatic cancer showed only HSV HF10-unrelated adverse events after intratumoral
administration [144]. Three patients showed partial responses (PR), stable disease (SD) was observed
in four patients, and nine patients had progressive disease (PD). VEE-CEA vectors were administered
intramuscularly in a phase I trial in pancreatic cancer patients [145]. Repeated VEE-CEA administration
induced clinically relevant CEA-specific T cell antibody responses.

In the context of prostate cancer, intratumoral immunization with MV-CEA vectors resulted
in a significant delay of tumor growth and prolonged survival in a prostate PC-3 mouse
model [146]. Application of alphaviruses has demonstrated strong specific immune responses against
prostate-specific membrane antigen (PSMA) [147] and six-transmembrane epithelial antigen of the
prostate (STEAP) [148] after immunization of mice with VEE-PSMA and VEE-STEAP, respectively.
Transgenic adenocarcinoma mouse prostate (TRAMP) mice showed long-term survival of 90% at
12 months after immunization with VEE particles expressing the prostate stem cell antigen (PSCA) [149].
VSV-LCMV-GP expressing luciferase (Luc) efficiently infected prostate cancer cell lines and showed
long-term remission in intratumorally immunized Du145 and 22Rv1 mouse prostate cancer models [150].
In another approach, the combination therapy of oncolytic MV and mumps virus (MuV) vectors
showed greater antitumor activity and prolonged survival in a PC-3 human prostate cancer model
in comparison to MV and MuV vectors alone [151]. Related to clinical trials, in a phase I study,
patients with castration resistant metastatic prostate cancer (CRPC) were immunized with either
0.9 × 107 or 3.6 × 107 IU of VEE-PSMA [152]. The treatment was well tolerated, but induced only
weak PSMA-specific immune responses, which will require dose optimization to enhance the efficacy.
In a phase I trial in 32 patients with hormone refractory metastatic prostate cancer vaccination with
Ad5 expressing prostate-specific antigen (PSA), anti-PSA antibodies were elicited in 34% of patients,
68% showed anti-PSA responses, 48% had a longer PSA doubling time, and the survival time was
prolonged in 55% of the patients [153]. POSTVAC (TRICOM) is a poxvirus vaccine candidate based
on an attenuated recombinant VV prime vector and a fowlpox virus booster vector expressing B7-1,
lymphocyte function associated antigen-3 (LFA-3) and ICAM-1 [154]. In a phase II trial, 125 minimally
symptomatic CRPC patients were immunized with PROSTVAC, which showed an increase in the
median overall survival but not progression free survival [155]. Similar findings were obtained in
another phase II trial in 32 CRPC patients treated with PROSTVAC and GM-CSF [156]. Furthermore,
in a phase III study in GRPC patients no differences were found in overall survival between patients
treated with PROSTVAC, PROSTVAC + GM-CSF or placebo [157]. These findings indicate that other
combination therapies with DNA vaccines and chemotherapies need to be explored [158] (Table 2).

Table 2. Examples of preclinical and clinical cancer vaccine studies.

Target Antigen Vector Response Ref

Brain
GBM Endostatin SFV Tumor regression, prolonged survival in mice [81]

IL-18 + IL-12 DC-SFV-IL-18 Enhanced antitumor immunity [82]
CT-2A miR124 SFV4 SFV replication in tumors, tumor regression [83]

Chimeric VLPs VSV∆G-CHIKV Tumor targeting, prolonged survival in mice [84]
GBM CEA MV-CEA/GFP MV replication in tumors [85]

MV FMG Ad5/35 Transduction of glioma cells [86]
MV FMG HSV-1 Superior to Ad in vitro and in vivo [86]

HGG oAd DNX-2401 Long-term survival (>3 years) in phase I [87]

Breast
MDA-MB231 Ad Ad-EF2/lL-15 Tumor growth inhibition in vitro, in mice [88]

BLBC PSMA2 shRNA AAV Reduced tumor growth in mouse model [89]
MFB miRT-1d, HSV-tk AAV Significant tumor growth inhibition in mice [90]
A2L2 HER2/neu Ad/SIN DNA Tumor growth inhibition in mice [91]

HER2/neu SIN DNA + Ad Prolongation of survival in mice [91]
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Table 2. Cont.

Target Antigen Vector Response Ref

HER2/neu SIN DNA Tumor protection with 80% less DNA [92]
MDA-MB231 ICAM-1/DAF CVA21 Strongly enhanced tumor regression in mice [93]
Recurrent BC oHSV HSV HF10 Safety confirmed in phase I trial [94]

Cervical
C3 HPV E7 VEE T cell responses, prevention of tumors [95]

HPV E6-E7 SFVenh Complete eradication of established tumors [96]
TC-1 HPV E6-E7 SFV DNA 85% tumor-free, 200-fold lower DNA dose [97]

Adv CC HPV-16/18 E6/7 VV CTL in 28% of pts, 2 pts tumor-free in phase I [100]
AGIN BPV E2 MVA 90–100% lesion clearance in phase III [101]

Colon
CT26 GM-CSF KUN Tumor regression, cure of >50% of mice [102]

VEGFR-2 SFV Inhibition of tumor growth and metastases [103]
VEGFR-2/IL-4 SFV Prolonged survival in mice [103]

LacZ SFV RNA T cell responses, protection against tumors [104]
LoVo FCU1 CPVX Tumor selectivity, tumor regression in mice [105]

MC-38 CEA + anti-PD-1 Ad Enhanced immune and anti-tumor responses [106]
Phase I CD vvDD Strongly induced immune responses in pts [107]

Phase III NDV 73-T NDV Prolonged survival in colon cancer patients [108]

Lung
NSCLC EGFP SFV Complete tumor regression in 3 out of 7 mice [109]

A549 EGFP SFV vs. Ad Superior survival of SFV over Ad therapy [110]
CT26.CL25 EGFP SIN Protection against tumor challenges [111]
A549, LM2 IFNβ VSV Tumor regression, cure of 30% of mice [112]

A549, H2009 CEA MV Tumor regression in mice [113]
Phase II MUC-1, IL-2 MVA T cell responses, improved survival of pts [114]

Melanoma
B16-OVA GM-CSF KUN T cell responses, tumor regression in mice [102]
B16-OVA SIINFEKL YFV Protection against malignant melanoma [115]

B16 TRP-2 VEE Prolonged survival in mice [116]
B16 TRP-2 +mAbs* VEE Complete tumor regression in 50–90% of mice [117]

B16 VEGFR-2/IL-12 + SFV DNA Superior tumor growth inhibition after
combination [118]

Survivin/β-hCG therapy
mel Z MV L-16 MV Inhibition of tumor growth in mice [119]

A549, B16 GFP, Luc VSV-LCMV GP Prolonged survival in mice [120]
B16F10 IL-15/IL-12 NDV Efficient suppression of tumor growth [121]

SK-Mel-28 ICAM-1/DAF CVA21 Suppression of tumor growth in mice [122]
Phase I/IIb GM-CSF HSV-1 T-VEC 50% objective response rate lasting > 6 months [124]
Phase III GM-CSF HSV-1 T-VEC Improved response, longer median survival [125]

Phase II/IIIb GM-CSF HSV-1 T-VEC Superior overall survival at stage III/IV [126]
Phase II Reolysin Reovirus Well tolerated, reovirus replication in biopsies [127]
Phase 1b CAVATAK CVA21 Stable disease in 26.7% of patients [128]
Phase II CAVATAK CVA21 Durable responses in metastatic melanoma [129]
Phase II NDV oncolysate NDV Prolonged survival in melanoma patients [131]

Ovarian
A2780 Luc + Rux VSV-LCMV GP Reduction in tumor growth [132]

SKOV3ip.1 GFP, αFR MV Reduced tumor volume, prolonged survival [133]
ES2 IL-12, CPT-11 SIN + CPT-11 Long-term survival in SCID mice [134]

MOSEC OVA SFV Enhanced anti-tumor activity in mice [135]
Phase I ALVAC VV Safety and tolerability studies [136,137]
Phase II Fowlpox VV Safety, maintenance of remission [138]

Pancreatic
PGHAM-1 Endostatin AAV2 Tumor and metastases regression in hamsters [139]

PADC SYE Ad Efficient oncolysis of PDAC cells [140]
PANC-1 GFP VSV Oncolytic activity in cell lines and in mice [141]
Su86.86 GFP VSV Oncolytic activity in cell lines and in mice [141]
KLM1, SLAM MV Suppression of tumor growth in mice [142]

Capan-2 SLAM MV Suppression of tumor growth in mice [142]
PANC-1 Chimeric OPV CF33 Replication in tumor cells, tumor regression [143]
Phase I oHSV HSV HF10 Safety, therapeutic efficacy [94]
Phase I oHSV HSV HF10 PR and SD in some patients [144]
Phase I CEA VEE T cell antibody responses [145]

Prostate
LNCaP CEA MV Prolonged survival in mice [146]

TRAMP-C PSMA VEE Strong immune response in mice [147]
TRAMP STEAP VEE Prolonged survival in mice [148]
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Table 2. Cont.

Target Antigen Vector Response Ref

TRAMP-PSA PSCA VEE 90% survival rate in mice [149]
Du145, 22Rv1 Luc VSV-LCMV-GP Long-term remission in mice [150]

PC-3 MV, MuV MV +MuV Prolonged survival in mice [151]
Phase I PSMA VEE Modest neutralizing antibodies against PSMA [152]
Phase I PSA Ad5 Antibody responses, prolonged survival [153]
Phase II Tricom PROSTVAC Prolonged median OS, not PFS [155]
Phase III Tricom + GM-CSF PROSTVAC Safe, no effect on OS [157]

AAV, adeno-associated virus; Ad5, adenovirus type 5: Adv CC, advanced cervical cancer; AGIN, anogenital
intraepithelial neoplasia; αFR, alpha folate receptor; BLBC, basal-like breast cancer; BPV, bovine papilloma virus;
CEA, carcinoembryonic antigen; CD, yeast cytosine deaminase; CVA21, coxsackievirus A21; DAF, decay-accelerating
factor; DC, dendritic cell; FCU1, fusion suicide gene 1; GBM. Glioblastoma multiforme; HGG, high-grade glioma; HPV,
human papilloma virus; HSV-tk, herpes simplex virus-thymidine kinase; ICAM-1, intercellular adhesion molecule-1;
Luc, luciferase; mAbs*, monoclonal antibodies against anti-CTL antigen-4 (CTLA-4) and anti-glucocorticoid-induced
tumor necrosis factor receptor (GITR); MFB, multi-focal breast tumor; MOSEC, murine ovarian surface epithelial
carcinoma; MV, measles virus; miRT-1d, micro-RNA targeting heart tissue; MVA, modified vaccinia virus Ankara;
MuV, mumps virus; NDV, Newcastle disease virus; NSCLC, non-small cell lung cancer; oAd, oncolytic adenovirus;
oHSV, oncolytic herpes simplex virus; OVA, ovalbumin; PFS, progression free survival; PROSTVAC, poxvirus
vaccine consisting of VV and fowlpox virus; PSA, prostate-specific antigen; PSCA, prostate stem cell antigen; PSMA,
prostate specific membrane antigen; pts, patients; Rux, ruxolitinib; SFV, Semliki Forest virus; SFVenh, SFV vector
with translation enhancement signal from the SFV capsid gene; shRNA, short hairpin RNA; SIINFEKL, chicken
ovalbumin epitope; SIN, Sindbis virus; SLAM, signaling lymphocyte activating molecule; STEAP, six transmembrane
epithelial antigen of the prostate; TRAMP, transgenic adenocarcinoma of the mouse prostate; TRICOM, B71, LFA-3
and ICAM-1 expressed from PROSTVAC; VEE, Venezuelan equine encephalitis; VSV, vesicular stomatitis virus, VV,
vaccinia virus; vvDD, oncolytic vaccinia virus vector expressing CD; YFV, yellow fever virus.

4. Vaccines against COVID-19

Naturally, vaccine development against the severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2) causing the COVID-19 pandemic has overshadowed any other vaccine initiative [159].
The impressive number of 155 vaccine candidates in preclinical and 47 candidates in clinical trials are
based on inactivated and live attenuated vaccines, protein subunit and peptide vaccines, nucleic acids
and viral vectors [160]. The focus here is uniquely on viral vector-based vaccines (Table 3).

The chimpanzee Ad vector ChAdOx1 nCoV-19 was engineered to express the SARS-CoV-2 S protein
and when subjected to immunization of mice and rhesus macaques induced strong humoral and cellular
immune responses and prevented pneumonia in macaques [161,162]. Similarly, Ad5-SARS-COV-2 S
elicited strong S-specific antibody and cell-mediated immune responses in mice and rhesus macaques.
Moreover, a single intramuscular or intranasal immunization with Ad5-S-nb2 provided protection
against challenges with SARS-CoV-2 in macaques [163]. Preclinical studies in hamsters demonstrated
that a single immunization with an Ad26 vector expressing SARS-CoV-2 S elicited neutralizing
antibodies and protected immunized animals against pneumonia and death [164]. Immunization of
rhesus macaques elicited strong neutralizing antibody responses and protected primates against
SARS-CoV-2 [165]. In another preclinical approach, the full-length SARS-CoV-2 S gene was inserted into
two positions of the MV genome [166]. Administration of the vaccine candidates to mice demonstrated
efficient Th1-biased antibody and T cell responses after two immunizations. Considering that the lung
is a vital organ for SARS-CoV-2 infection, MVA poxviruses have been suggested as potential candidates
for COVID-19 vaccine development [167]. In this context, a novel vaccine platform was developed for
MVA, where a unique three-plasmid system can efficiently generate recombinant MVA vectors from
chemically synthesized DNA [168]. Using this technology, mice were immunized with fully synthetic
MVA (sMVA) vectors co-expressing SARS-CoV-2 S and nucleocapsid, which elicited robust SARS-CoV-2
antigen-specific humoral and cellular immune responses including potent neutralizing antibodies.

Positive results from preclinical studies on COVID-19 vaccine candidates have supported the
launch of several clinical trials. The first-in-human phase I dose-escalation, non-randomized clinical
trial was conducted with three doses (5 × 1010, 1 × 1011 and 1.5 × 1011) of Ad5-SARS-CoV-2 S
particles in 108 healthy volunteers [169]. The safety and tolerability of the treatment was good with
only some minor pain reactions to the vaccination. Rapid SARS-CoV-2-specific T cell responses were
detected 14 days after vaccination and humoral responses against SARS-CoV-2 reached peak levels at
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day 28 post-immunization. The Ad5-SARS-CoV-2 S vaccine candidate has now been subjected to a
randomized, double-blind, placebo-controlled phase II trial in 603 healthy volunteers [170]. The two
doses (1 × 1011 and 5 × 1010 virus particles) elicited significant neutralizing antibodies. Severe adverse
reactions were observed in 24 (9%) of vaccinees, but no serious adverse reactions were reported.
Overall, the immunization was safe and significant immune responses were induced in the majority of
vaccinees after a single vaccination. Moreover, the recruitment of healthy adults 18 years of age and
older is in progress for a global double-blind, placebo-controlled phase III trial with an immunization
schedule of one intramuscular dose of Ad5-SARS-CoV-2 S [171]. Recruitment is in progress for a
similar phase III trial for 18 to 85 years old volunteers for a single intramuscular administration of
Ad5-SARS-CoV-2 S [172]. In another Ad based approach, the Ad26.COV2-S vaccine candidate was
subjected to a randomized, double blind, placebo-controlled phase I/II study in 1045 healthy volunteers
in Belgium and the USA [173]. Interim results demonstrated a good safety profile and immunogenicity
after a single immunization [174]. A randomized, double-blind, placebo-controlled phase III study
enrolling 60,000 participants is in progress [175].

The Ad-based Sputnik V vaccine developed at the Gamaleya Research Institute of Epidemiology
and Microbiology in Russia caused some controversy due to its premature approval prior to the
completion of any clinical phase III trials and even before the publication of findings from any preclinical
or clinical studies with only a preliminary evaluation in 76 volunteers [176]. The rAd26-S/rAd5-S
vaccine regimen is based on a prime vaccination with the Ad26-based SARS-CoV-2 S, followed by a
booster vaccination with Ad5-SARS-Cov-2 S. Several weeks after the approval, the results from a phase
I/II trial were published [177]. The results indicated a good safety profile with only mild and no serious
adverse events. The intramuscular administration elicited strong SARS-CoV-2-specific antibodies in
all vaccinated individuals. Despite being approved weeks earlier, the following statement was made
in the publication: “further investigation is needed of the effectiveness of this vaccine for prevention
of COVID-19” [177]. Recently, recruiting for two randomized, double-blind, placebo-controlled,
multi-center phase III clinical trials in adult volunteers has started [178,179]. The simian ChAdOx1
nCoV-19 vaccine candidate showed promising preliminary results in a phase I/II trial [180]. The safety
was good with no serious adverse events registered after a single intramuscular injection. The immune
response was also promising with 32 out 35 vaccinees generating SARS-CoV-2-specific neutralizing
antibodies. After a booster immunization, both humoral and cellular immune responses were detected
in all vaccinees. The ChAdOx1 nCoV-19 vaccine candidate entered a randomized, double-blind,
placebo-controlled multicenter phase III trial in 30,000 adults in August 2020 [181]. However, due to
some suspect adverse events in patients, the phase III trial was put on hold in early September [182].
After an investigation into the issue, the trial resumed in the UK, but it remained on hold in the US
until the FDA authorized the restart on 23 October 2020 [183].

Recently, the first-in-human phase I clinical trial with the MVA-SARS-2-S vaccine candidate in
healthy volunteers was approved [184]. The study aims at assessing the safety and tolerability of the
vaccine candidate and the enrolment of patients is in progress. A LV vector vaccine candidate based
on minigenes of multiple conserved regions of SARS-CoV-2 is planned for a phase I/II clinical trial in
100 healthy volunteers [185]. Subcutaneous administration of 5 × 106 dendritic cells (DCs) transduced
with the LV vector (LV-DC) in combination with intravenously injected 1 × 108 antigen-specific CTLs
will be evaluated for safety and immunogenicity. Very recently, the MV-SARS-CoV-2 vaccine candidate
TMV-083 was subjected to a randomized, placebo-controlled, two-center phase I clinical trial to
evaluate the safety, tolerability and immunogenicity in 90 volunteers [186]. As it has been previously
demonstrated that the replication-competent VSV-based SARS-CoV-2 S vaccine candidate (V590) can
protect mice from SARS-CoV-2 pathogenesis [187], a phase I trial on the safety and tolerability is
planned for 252 participants [188]. In another approach, a replication-competent VSV-∆G vaccine,
where the VSV G protein was replaced by SARS-CoV-2 S, resulted in potent SARS-CoV-2-specific
neutralizing antibody responses in immunized golden Syrian hamsters [189]. Moreover, a single dose
of 5 × 106 pfu of VSV-∆G vaccine provided protection of hamsters against challenges with lethal doses
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of SARS-CoV-2. Additionally, the lung damage in immunized animals was minor and no viral load
was detected. Next, the VSV- ∆G vaccine will be evaluated in humans in two phases [190]. In a phase
I dose-escalation study, 18–55 years old volunteers will receive a single dose of 5 × 105, 5 × 106 and
5 × 107 pfu, respectively. In phase II, elderly subjects will receive a single dose as used in phase I or
two immunization with 5 × 105 pfu 28 days apart. Finally, intranasal SARS-CoV-2 vaccine delivery is a
potential option [191]. For instance, intranasal administration of an Ad5-based vector expressing the
SARS-CoV-2 S receptor binding domain (RBD) elicited strong neutralizing antibody responses [192]
(Table 3).

Table 3. Viral vector-based COVID-19 vaccine candidates.

Viral Vector Stage Response Ref

Adenovirus
ChAdOx1 nCoV-19 Preclinical Strong immune response in mice and macaques [161]
ChAdOx1 nCoV-19 Preclinical Prevention of pneumonia in macaques [162]
ChAdOx1 nCov-19 Phase I/II Humoral and cellular responses in all vaccinees [180]
ChAdOx1 nCoV-19 Phase III Trial on hold because of suspect adverse events [181]

Ad5-S-nb2 Preclinical Strong immune response, SARS-CoV-2 protection [163]
Ad5-S-nb2 Phase I Humoral and T cell responses in volunteers [169]
Ad5-S-nb2 Phase II Significant immune responses in volunteers [170]
Ad5-S-nb2 Phase III Recruitment in progress [171]
Ad5-S-nb2 Phase III Recruitment in progress [172]

Ad26.COV2.S Preclinical Protection against pneumonia in hamsters [164]
Ad26.COV2.S Preclinical Protection against SARS-CoV-2 in macaques [165]
Ad26.COV2.S Phase I/II Good safety and immunogenicity in volunteers [173,174]
Ad26.COV2.S Phase III Recruitment in progress [175]

rAd26-S/rAd5-S Phase I/II Good safety, humoral and cellular response [177]
rAd26-S/rAd5-S Phase III Recruitment in progress [178]
rAd26-S/rAd5-S Phase III Recruitment in progress [179]

Ad5-CoV-2 S RBD Preclinical Neutralizing antibodies after nasal administration [192]

Measles virus
MV-SARS-CoV-2 S Preclinical Neutralizing and T cell antibody responses in mice [166]
MV-SARS-CoV-2 S Phase I Recruiting in progress [186]

Poxviruses
sMVA Preclinical Potent neutralizing SARS-CoV-2 antibodies in mice [168]

MVA-SARS-S Phase I Recruitment of participants in progress [184]
Lentiviruses

LV-DCs + CTL Ag Phase I/II Safety and immunogenicity evaluations in progress [185]

Rhabdoviruses
VSV-SARS-CoV2-S Preclinical Protection against SARS-CoV-2 pathogenesis in mice [187]
VSV-SARS-CoV2-S Phase I Planned phase I trials on safety and tolerability [188]

VSV-∆G Preclinical Protection of hamsters against SARS-CoV-2 [189]
VSV-∆G Phase I/II Recruitment in progress [190]

Ad, adenovirus; Ag, antigen; ChAdOx1-S, simian adenovirus expressing SARS-CoV-2 S protein; CTLs, cytotoxic T
lymphocytes; LV-DCs, lentivirus-transduced dendritic cells; MV, measles virus; MVA, modified vaccinia virus Ankara;
RBD, receptor binding domain; sMVA, synthetic modified vaccinia virus Ankara; VSV, vesicular stomatitis virus.

5. Conclusions

The progress on viral vector-based vaccine development has been steady, targeting both infectious
diseases and different types of cancers. Proof-of-concept has been demonstrated in numerous animal
models resulting in robust antibody responses and protection against challenges with pathogens and
tumor cells. Moreover, findings from vaccine trials have been encouraging. For instance, several vaccine
candidates, based on VSV vectors, have provided protection in phase III trials [37,38]. Moreover,
the EBOV vaccine based in the VSV-ZEBOV vector was approved in December 2019 under the brand
name Ervebo by the FDA [193]. In the case of cancer vaccines, clinical data have confirmed robust
immune responses previously shown in preclinical animal tumor models. Moreover, partial responses,
stable disease, and prolonged overall survival have been demonstrated in clinical trials. For example,
talimogene laherparepvec (TVEC), the oncolytic HSV-1 vector expressing GM-CSF, was approved for
treatment of advanced melanoma by the FDA in October 2015 [194].
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As presented in this review, there are many viral vectors to choose between for vaccine
development. Clearly, not a single vector system can be declared superior. Although packaging
capacity of foreign genes can be of importance, both viral antigens and tumor-associated antigens can
be easily accommodated in almost any viral vector. Efficient packaging cell line systems have been
engineered for many vector systems such as Ad, AAV, flaviviruses and lentiviruses, which has
facilitated rapid and efficient large-scale production of vaccine candidates eligible for clinical
applications. Self-replicating RNA virus vectors based on alphaviruses, flaviviruses, measles viruses and
rhabdoviruses provide highly efficient cytoplasmic RNA amplification, a substantially favorable feature
for generation of enhanced immune responses with reduced vaccine doses. In any case, it is not possible
to recommend any universal vector system and each case needs to be evaluated based on the vaccine
target, the handling of viral vectors and the preferred route of administration. Obviously, dealing with
viral vectors requires a special attention related to safety. Since the advent of application of viral vectors,
we have come a long way in engineering replication-deficient and oncolytic versions, which have
proven safe for administration to humans. In comparison to conventional vaccines, viral vector-based
vaccines have proven competitive related to costs and efficacy. In particular, alphavirus-based vaccines
delivered as DNA or RNA replicons have been demonstrated to provide similar immune responses in
preclinical animal models at 100- to 1000-fold lower concentrations compared to conventional DNA or
RNA vaccines [16,54]. Similarly, protection against lethal challenges was obtained with 1 × 106–107

pfu of self-replicating RNA virus particles [20,22] compared to at least 1 × 1010 pfu Ad particles
required [27,35]. Furthermore, approval of Ervebo and TVEC by the FDA presents strong evidence
of the feasibility of additional viral vector-based vaccines reaching the market. However, further
optimization related to vector engineering, delivery and dosing is required.

Finally, the COVID-19 pandemic has surely demonstrated how accelerated vaccine development
can be realized. Today, 151 vaccine candidates have been subjected to preclinical studies and
42 vaccines have reached clinical trials. Although other approaches such as live-attenuated, peptide-,
protein subunit-, DNA- and RNA-based vaccines have been taken, at least two Ad-based vaccine
candidates are currently in phase III and one Ad-based vaccine has been approved, although only in
Russia so far. COVID-19 vaccine development presents a good example on several levels. It demonstrates
that in a time of a global crisis it is possible for academic institutions and commercial entities to work
together efficiently. Moreover, the pandemic has demonstrated that it is appropriate and feasible to
develop vaccine candidates based on different strategies including various types of viral vectors to
achieve the goal as quickly as possible. Based on the current findings from both preclinical studies and
clinical trials it is most likely that one type of COVID-19 vaccine will not be sufficient to overcome the
pandemic. Therefore, it is of greatest importance that vaccine development can continue on all fronts
with innovation and scientific approval as the cornerstone of all activities.
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Abstract: Jaagsiekte sheep retrovirus (JSRV) induces tumors in the distal airways of sheep and goats.
A putative intragenic enhancer, termed JE, localized to the 3′ end of the JSRV env gene, has been
previously described. Herein we provide further evidence that the JE functions as a transcriptional
enhancer, as it was able to enhance gene expression when placed in either forward or reverse orientation
when combined with a heterologous chicken beta actin promoter. We then generated novel composite
promoters designed to improve transgene expression from adeno-associated virus (AAV) gene
therapy vectors. A hybrid promoter consisting of the shortest JE sequence examined (JE71), the U3
region of the JSRV long terminal repeat (LTR), and the chicken beta actin promoter, demonstrated
robust expression in vitro and in vivo, when in the context of AAV vectors. AAV-mediated transgene
expression in vivo from the hybrid promoter was marginally lower than that observed for AAV vectors
encoding the strong CAG promoter, but greatly reduced in the heart, making this promoter/enhancer
combination attractive for non-cardiac applications, particularly respiratory tract or liver directed
therapies. Replacement of the murine leukemia virus intron present in the original vector construct
with a modified SV40 intron reduced the promoter/enhancer/intron cassette size to 719 bp, leaving an
additional ~4 kb of coding capacity when packaged within an AAV vector. Taken together, we have
developed a novel, compact promoter that is capable of directing high level transgene expression
from AAV vectors in both the liver and lung with diminished transgene expression in the heart.

Keywords: adeno-associated virus (AAV) vector; jaagsiekte sheep retrovirus (JSRV); LTR;
enhancer; transduction

1. Introduction

Adeno-associated virus (AAV) is a small, non-pathogenic, non-enveloped, single stranded DNA
virus belonging to the Parvoviridae family [1,2]. In 2017, Luxturna (voretigene neparvovec-rzyl),
a recombinant vector based on AAV was approved by the U.S. Food and Drug Administration for the
treatment of biallelic RPE65 gene mutation-associated retinal dystrophy, a rare form of inherited vision
loss that may result [3]. In 2019, a second AAV gene therapy for the treatment of children less than
two years of age with spinal muscular atrophy (SMA), termed Zolgensma, was the second directly
administered gene therapy approved in the U.S., demonstrating the growing promise of AAV based
gene therapies for the treatment of a wide variety of conditions and inherited disorders.

AAV offers many advantages over other gene delivery vectors such as adenovirus vectors due to its
superior transducing efficiency in vivo, its ability to promoter sustained transgene expression, its low
immunogenicity and the fact that it can and is being used in a wide range of clinical applications [4].
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However, the limited packaging capacity of AAV vectors (~4.7 kb) necessitates the selection of
promoter/enhancer elements that are as small as possible, yet retain a high degree of expression,
particularly in scenarios where the transgene is of a considerable size, such as in the case of cystic fibrosis
transmembrane conductance regulator (CFTR) (4.4 kb). The optimal promoter/enhancer combination
for AAV vectored gene therapy applications would be one that has high activity in the target cell
population, but minimal to low activity in non-target cells.

Jaagsiekte sheep retrovirus (JSRV) is a simple betaretrovirus that is capable of inducing a form
of lung cancer in sheep known as ovine pulmonary adenocarcinoma [5]. Viral gene expression is
primarily governed by promoter and enhancer elements located within the long terminal repeat (LTR)
sequences that are found on the 5′ and 3′ terminal ends of the integrated provirus [6]. More recently,
a putative enhancer sequence, known as JE, has been located outside of the 3′ LTR within the env gene,
just prior to the beginning of the 3′ LTR sequence. Adeno-associated virus (AAV) vectors bearing the
putative JE enhancer sequence in conjunction with the JSRV long terminal repeat (LTR) demonstrated
enhanced, tissue specific expression. Augmentation of the JSRV LTR with the JE resulted in a >4-fold
enhancement in lung directed transgene expression and a ~2-fold improvement in liver when vectors
were administered to mice [7].

We sought to further delineate the manner in which JE functions and provide further evidence that
it is able to function as a transcriptional enhancer. In addition, we hypothesized that promoter/enhancer
cassettes based on the JE and the JSRV LTR sequences would be highly effective for in vivo gene
delivery purposes, owing to their ability to promote high level protein expression and their relatively
compact size.

2. Materials and Methods

2.1. Cell Culture

Human embryonic kidney (HEK 293, ATCC CRL-1573) cells, HEK 293T cells, rat fibroblast (208F)
cells, and HTX cells, a pseudodiploid subclone of HT-1080 fibrosarcoma cells [8], were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Ottawa Canada) supplemented
with 10% fetal bovine serum (FBS) (GIBCO, Invitrogen), 100 units/mL penicillin, 100µg/mL streptomycin
and 2 mM L-glutamine in a humidified 5% CO2 atmosphere at 37 ◦C.

2.2. Molecular Cloning

PCR was used to amplify JE or LTR sequences from the molecular clone of JSRV, pCMV-JS21 [9].
Vectors encoding human alkaline phosphatase reporter gene (hPLAP) were derived from an AAV vector
plasmid, AEEE1AP, as described previously [7]. The vector was modified to replace the Enzootic-Nasal
Tumor Virus-1 (ENTV-1) enhancer/promoter component with enhancer elements derived from
Jaagsiekte Sheep Retrovirus (JSRV), acting on the chicken beta actin promoter to drive expression of
hPLAP. Splicing of the hPLAP encoding transcript was promoted by the presence of a murine leukemia
virus env intron [10] found between the enhancer/promoter and the hPLAP gene. Following the hPLAP
gene was the SV40 polyA tail for the polyadenylation of transcripts. JE and LTR sequences were cloned
into XbaI and BglII sites in the AAV vector plasmid, AEEE1AP [7] containing a murine leukemia
virus retrovirus intron and hPLAP reporter gene. The chicken beta actin promoter (CBA) was cloned
downstream of the JE or JSRV LTR sequences into BglII and KpnI sites. The sequence for the putative
enhancers is as follows: JE71: ACATATGAAATATAGAAATATGTTACAGCACCAACATCTTATGG
AGCTTTTAAAAAATAAAGAGAGGGGAG; JE184:ACCCTGATTGGTGTAGGAATACTTGTGTTTAT
TATAATTGTCGTAATCCTTATATTTCCTTGCCTTGTTCGTGGCATGGTTCGCGATTTTCTAAAGATG
AGAGTTGAAATGCTGCATATGAAATATAGAAATATGTTACAGCACCAACATCTTATGGAGCTTTT
AAAAAATAAAGAGAGGGGAG; and JE324: CGTTAGACCTTTTACAACTGCATAATGAGATTCTTG
ATATTGAAAATTCGCCGAAGGCTACACTAAATATAGCCGATACTGTTGATAATTTCTTGCAAAA
TTTATTCTCTAATTTTCCTAGTCTCCATTCGCTGTGGAAAACCCTGATTGGTGTAGGAATACTT
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GTGTTTATTATAATTGTCGTAATCCTTATATTTCCTTGCCTTGTTCGTGGCATGGTTCGCGATTTTCT
AAAGATGAGAGTTGAAATGCTGCATATGAAATATAGAAATATGTTACAGCACCAACATCTTATGG
AGCTTTTAAAAAATAAAGAGAGGGGAG.

2.3. Transfection of Mammalian Cells

Approximately 5 × 106 cells were seeded onto three 10-cm tissue culture dishes for each construct
24 h prior to transfection. Cells were transfected with 10 µg each of pCMV-βgal and the construct of
interest using polyethylenimine (Polysciences Inc., Warrington, PA, USA) for 208F rat fibroblast cells
and calcium phosphate for human HEK 293, HEK 293T and HTX cells. Polyethylenimine transfection
was conducted according to manufacturer’s directions. Transfection using the calcium phosphate
method was conducted as described previously [11].

2.4. Preparation of Cell Lysates

After 48 h, cells were washed with 10 mL of ice cold PBS and scraped off the plate using a rubber
policeman into 1 mL of PBS. Cells and PBS were spun down at 4000 rpm for 2 min to recover cells.
500 µL of TMNC lysis buffer (50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 100 mM NaCl, and 4% (wt/vol)
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) was added to each cell pellet
before pipetting up and down to suspend the cells. Cells were allowed to lyse for 15 min on ice.
Cell debris was removed by centrifuging the sample at 14,000 rpm and the supernatant was recovered
for use in subsequent assays. A Bradford assay was performed on cell lysates according to the method
of Sambrook and Russell to determine total protein concentration [11].

2.5. Beta-Galactosidase Assay

Beta-galactosidase assays were performed by the method of J. Miller [12]. The following solutions
were mixed together prior to performing the assay: 100×Mg2+ solution containing 0.1 M MgCl2 and
4.5 M β-mercaptoethanol, 1× ONPG solution containing 4 mg/mL o-nitrophenyl-β-D-Galactoside
(ONPG) dissolved in 0.1 M dibasic sodium phosphate buffer pH (7.5). 3 µL of 100×Mg2+, 66 µL of
1× ONPG, 30 µL of cell lysate, and 201 µL of 0.1 M sodium phosphate were mixed together to initiate
the reaction. Reactions were incubated at 37 ◦C until a faint yellow color developed. Reactions were
stopped by adding 500 µL of 1 M Na2CO3. To determine beta-galactosidase activity, absorbance was
read at 420 nm using a BioTeK Powerwave XS2 plate reader.

2.6. In Vivo Administration of AAV Vectors

Mouse experiments were performed in accordance with the guidelines set forth by the Canadian
Council on Animal Care (CCAC). Eight-week old C57BL6/J mice were obtained from Charles River
Laboratories (Saint-Constant, QC). AAV vectors were produced by cotransfection of HEK 293 cells with
genome and packaging plasmids as described previously [13]. AAV vector titers were determined by
quantitative polymerase chain reaction (qPCR) analysis as described elsewhere [14]. AAV vectors were
administered via three different routes of administration: intravenous, intraperitoneal, and intranasal
to determine relative promoter activity. For intravenous delivery, a phosphate buffered saline (PBS)
solution containing 2 × 1010 vector genomes of AAV vectors was injected in a 100 µL volume into the
tail vein. For intraperitoneal, 8 × 1010 vector genomes were injected into the intraperitoneal space in
a 500 µL total volume containing the AAV vector plus PBS. For intranasal delivery, 1 × 1010 vector
genomes were delivered in two aliquots of 40 µL each in order to maximize the chances that tissues
deep in the lung would be transduced. A modified method of intranasal delivery was used so as to
ensure vector delivery to the distal lung [15]. Mice were euthanized 4 weeks post vector administration,
and lungs were perfused through the heart with 20 mL of PBS and then separated into individual lobes.
For consistency, the same lung lobe from each mouse was either flash frozen in liquid nitrogen or fixed
in 2% paraformaldehyde-PBS for 16 h at 22 ◦C. Half of other major organs, including the liver, spleen,
pancreas, nose, heart, and kidney were fixed for 24 h at 22 ◦C, with the other half placed into liquid

179



Viruses 2020, 12, 1266

nitrogen for a subsequent enzymatic assay of hPLAP activity. Tissues were stained for vector-encoded
heat-stable hPLAP as described previously [7]. Gross pictures of stained tissues were taken using a
Zeiss dissecting scope (Zeiss Canada, Toronto, ON, Canada).

2.7. Determination of Alkaline Phosphatase Activity

For in vitro studies, cell lysates were heated at 65 ◦C for 1 h to inactivate endogenous alkaline
phosphatases. For 208F cells, 30 µg of total protein as determined by Bradford assay was loaded into
each well of a 96 well plate for each 10 cm dish. For HTX, HEK 293, and HEK 293T cells, 100 µg of total
protein as determined by Bradford assay were loaded into each well of a 96 well plate. Mouse tissues
were harvested 4 weeks after vector administration, snap-frozen in liquid nitrogen and stored at
−80 ◦C until assayed. A small piece (approximately 0.5 cm in diameter; ~30 mg) of the tissue to be
analyzed was homogenized in TMNC lysis buffer (50 mM Tris HCl pH 7.5, 5 mM MgCl2, 100 mM NaCl,
4% (wt/vol) CHAPS) using a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France), with ~200 µL of TMNC buffer in a FastPrep™ Lysing Matrix A tube (MP Bio, Santa Ana,
CA, USA). Tissue homogenates were placed in a water bath at 65 ◦C for 1 h to inactivate endogenous
heat-labile AP activity and subsequently clarified by centrifugation at 17,900× g for 15 min at 4 ◦C to
remove cell debris. The protein content of each sample was determined by the method of Bradford,
and the AP activity in tissue lysates was determined, in triplicate, by a fluorometric assay using
the 4-methylumbelliferyl phosphate (MUP) (Sigma, St. Louis, MO, USA) substrate, as described
previously [7]. The mean and standard deviation were calculated for each of the different cell lines and
vector constructs, as well as for lung, liver, heart, pancreas and spleen for each of the diffesrent vector
treatment groups. To correct for differences in transfection efficiency for each of the plasmid constructs
described in Figure 1, the mean of AP activity was divided by the mean of β-gal activity.
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Figure 1. Schematic Diagram of Promoter/Enhancer Constructs. (A) The structure of an integrated
Jaagsiekte sheep retrovirus (JSRV) provirus. A box is drawn around the 3′ end of the env gene and the
3′ long terminal repeat (LTR) where the putative enhancer lies. (B) Promoter/enhancer constructs used
to drive human placental alkaline phosphatase reporter gene expression and determine if JE functions
as a transcriptional enhancer. JE71, JE184, and JE324 refer to three different lengths of the putative
JE enhancer region, 71, 184 and 324 bp in length, respectively. The JE sequences are taken from the
3′ end of the env gene just prior to the start of the 3′ LTR. In some constructs, the JE was inverted,
denoted with an “i”. JE and inverted JE were placed in front of the chicken beta actin (CBA) promoter
to determine if they could function upon a heterologous promoter. (2) A number of constructs were
also evaluated for their utility as gene expression vectors. Constructs bearing the U3 region of the
JSRV LTR, the U3 and R region of the LTR, or the full length JSRV LTR (U3, R and U5 regions), in
combination with the chicken beta actin promoter were also tested. A subset of these was evaluated
in vivo: ACBA-AP, AJE71-CBA-AP, AJE71-U3-CBA-AP, ACAG-AP (a construct bearing the CAG
promoter, which combines the CMV immediate early enhancer, chicken beta actin promoter and rabbit
β-globin intron). AP denotes the presence of a human placental alkaline phosphatase reporter gene.

3. Results

3.1. JE on Its Own Functions Poorly as a Promoter

Constructs bearing short, medium, or long length JE sequences (pAJE71-AP, pAJE184-AP, and
pAJE324-AP, respectively) on their own demonstrated little or no expression when transfected into
human embryonic kidney (HEK 293), human fibrosarcoma (HTX), or rat fibroblast (208F) cells
(Figure 2). Similarly, constructs bearing inverted versions of short, medium, or long length JE sequences
(pAiJE71-AP, pAiJE184-AP, and pAiJE324-AP, respectively) also demonstrated low or no expression in
these cell lines. The lack of expression for the JE or inverted JE sequences on their own suggest that
the JE is unable to function as a promoter in either forward or reverse orientations in these cell lines.
Interestingly, there was a low level of activity in HEK 293T cells, but not 293 cells for forward and
reverse JE constructs, suggesting that the SV40 large T antigen was able to promote transcription from
the AAV2 inverted terminal repeats (ITR) present on the 5′ flanking end of the JE. No SV40 origin of
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replication could be found within the plasmid backbone, suggesting that any increase in expression
within 293T cells was independent of plasmid replication by the T antigen.
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Figure 2. Transfection of four different cell lines (human embryonic kidney (HEK) 293, HEK 293T,
rat fibroblast (208F), and human fibrosarcoma (HTX)) with various constructs incorporating the normal
orientation JE or the inverted JE. The presence of the inverted JE is denoted by an “i”. Three different
sizes were compared corresponding to JE sequences 71, 184, or 324 bp in length. These inverted and
non-inverted JE sequences were either placed on their own, or in front of the chicken beta actin promoter
to determine if the JE could function as a promoter, or in conjunction with a heterologous promoter
(chicken beta actin promoter) as an enhancer. The chicken beta actin promoter was also transfected to
indicate a baseline level of expression. Normalized Relative Fluorescence Units (RFU) are reported,
where AP activity was normalized to β-galactosidase activity. Experiments were conducted in triplicate
with three biological replicates.

3.2. JE Enhances Expression from a Heterologous Promoter, in Both Forward and Reverse Orientations,
and Extending JE from the 5’ End Does Not Appear to Further Increase Expression

Inclusion of the chicken beta actin promoter (CBA) markedly increased expression from constructs
bearing the JE in all cell lines tested (Figure 2). Comparing pAJE71-AP (possessing the short JE,
but lacking the chicken beta actin promoter) to pAJE71-CBA-AP (possessing both short JE and
the chicken beta actin promoter), a nearly 20-fold increase was observed in 293T cells and an
equivalent or greater increase was observed in 293 and HTX cell lines. In a similar manner, comparing
pAJE184-AP (possessing medium length JE alone) to pAJE184-CBA-AP (possessing medium length
JE plus the chicken beta actin promoter) and pAJE324-AP (possessing the long version of JE alone)
to pAJE324-CBA-AP (long JE in addition to the chicken beta actin promoter), there was a ~20-fold
increase in expression in 293T cells and a further increase in other cell lines. Extension of the JE
from 71 to 184 and 324 base pairs did not appear to confer a corresponding increase in expression,
suggesting that the putative enhancer element is located within the original 71 bp region and no
additional enhancer elements are located within the 184 or 324 bp regions. A 2-fold or greater increase
in transgene expression was also observed when comparing short, medium, or long JE sequences
in conjunction with the chicken beta actin promoter relative to the chicken beta actin promoter on
its own, demonstrating that it is not merely the chicken beta actin promoter that was able to confer
higher expression.
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For another series of constructs, the putative JE sequences were placed in an inverted orientation
relative to their orientation in the JSRV provirus. Inverted JE sequences corresponding to short,
medium and long lengths placed in front of the chicken beta actin promoter (pAiJE72-CBA-AP,
pAIJE184-CBA-AP, and pAiJE324-CBA-AP, respectively) all demonstrated a similar improvement as
their non-inverted counterparts in 293, HTX, 293T and 208F cells, while constructs containing the
inverted JE (pAiJE72-AP, pAiJE184-AP, and pAiJE324-AP) of varying lengths but lacking the chicken
beta actin promoter conferred low expression in all cell lines but 293T.

3.3. A Hybrid Promoter Consisting of JE, the U3 and R Regions of the LTR, and the Chicken Beta Actin
Promoter Is Highly Active in a Variety of Cell Lines

The relatively low activity of the wild-type JSRV promoter is dwarfed by the high activity brought
about by the combination of the JE, the U3 and R regions of the JSRV LTR placed upstream of the chicken
beta actin promoter (pAJE71-U3R-CBA-AP) in 293, 293T, 208F, and HTX cells. In fact, expression was so
high in 293T and HTX cells that it matched or exceeded expression by the CAG promoter (pACAGAP),
currently one of the best promoters for constitutive expression from a variety of cell lines (Figure 3).
A vector consisting of the JE71, U3, but not the R region of the JSRV LTR (pAJE71-U3-CBA-AP)
expressed to high levels in the same cell lines, reaching levels comparable to the CAG promoter
(Figure 3). Both pAJE71-U3-CBA-AP and pAJE71-U3R-CBA-AP demonstrate expression that was
much higher than a vector encoding a promoter consisting of the CBA promoter alone, demonstrating
the ability of the JE and JSRV LTR elements to enhance expression from a heterologous promoter.
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Figure 3. Transfection of four different cell lines (HEK 293, HEK 293T, 208F, and HTX) with various
constructs incorporating JE, the chicken beta actin promoter (CBA), and components of the JSRV LTR
to determine their suitability for in vivo gene delivery experiments. The JE was investigated to see
if it would work with its own homologous promoter, the JSRV LTR, consisting of U3-R-U5 regions,
or in conjunction with just the U3/U3 and R regions to enhance expression from the chicken beta actin
promoter. These hybrid promoter/enhancer cassettes were compared to the strong CAG promoter and
the CBA promoter on its own. Normalized Relative Fluorescence Units (RFU) are reported, where AP
activity was normalized to β-galactosidase activity. Experiments were conducted in triplicate with
three biological replicates.

Constructs possessing components of the JE or JSRV LTR but lacking the chicken beta actin
promoter demonstrated low activity in 293, 293T, 208F and HTX cell lines (Figure 3). pAU3-AP,
pAU3-R-U5-AP, pAJE72-U3-R-U5-AP, pAJE184-U3-R-U5-AP, pAJE324-U3-R-U5-AP, pAJE71-U3-AP,
and pAJE71-U3-R-AP each exhibited poor expression in 293, 293T, 208F and HTX cells. This may be
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due to the high specificity of JSRV LTR components for tissues of the respiratory tract, the primary
target for JSRV infection.

3.4. The JE/JSRV LTR/CBA Hybrid Promoter Is Active in the Lungs, Nose, Trachea, Liver, Heart, Spleen,
and Pancreas of Mice

Expression of the JSRV promoter is primarily limited to the respiratory tract (lung, nose, trachea)
and liver when mice are transduced via an AAV vector [8]. Inclusion of the JE enhancer element
appeared to improve expression in these tissues, as well as enhance expression in the spleen and
pancreas in mice transduced with AAV vectors via the intranasal, intraperitoneal and intravenous route
(Figure 4). A hybrid promoter consisting of the JE71, U3 region of the JSRV LTR, and CBA promoter
(AJE71-U3-CBA-AP) was highly active in a variety of tissues when transduced into mice via AAV
vectors. High levels of expression could be seen in the tissues of the respiratory tract, including the lung,
nose and trachea, as well as the liver, spleen and pancreas both grossly (Figure 4) and histologically
(Figure 5). Unlike the JSRV LTR, expression was also observed in the heart, but not to the same extent
as the CAG promoter construct, which demonstrated an extremely high level of expression (Figure 4).
Note that since the vectors were all packaged into the same AAV capsid, in this case AAV serotype 6
(AAV6), the differences in reporter gene expression observed in vivo are due to the tissue specificity of
the promoter and not the capsid. Moreover, the use of a heat stable placental alkaline phosphatase
reporter gene (hPLAP) allows for the heat inactivation of all endogenous alkaline phosphatase while
retaining hPLAP enzymatic activity. As such, alkaline phosphatase staining, as evidence by the
purple color, is only observed if the tissue has been transduced by the AAV vector expressing hPLAP.
This can be observed in the mock infected tissues, where no purple staining was detected, either grossly
or histologically.

 

 

 

μ

Figure 4. Representative gross images of tissues stained to indicate the presence of human placental
alkaline phosphatase reporter gene expression from mice transduced with various JE/CBA constructs.
AAV vectors were administered to mice by three different routes of administration concurrently:
intravenous (2 × 1010 vg), intraperitoneal (8 × 1010 vg), and intranasal (1 × 1010 vg) to determine relative
promoter activity. Mice were euthanized 4 weeks post vector administration and tissues stained for
human alkaline phosphatase reporter gene (hPLAP) expression.
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Figure 5. Representative histological alkaline phosphatase staining of tissue sections from mice
transduced simultaneously via the intravenous (2× 1010 vg), intraperitoneal (8× 1010 vg), and intranasal
(1 × 1010 vg) routes with various AAV vectors bearing JE/CBA promoter/enhancer sequences and
imaged 4 weeks post-transduction. Scale bar represents 50 µM.

In histological sections, strong AP expression could be observed in lung alveolar cells and liver
hepatocytes of mice transduced with a vector that bore the short JE and the CBA (AJE71-CBA-AP),
similar to that of ACAGAP (Figure 5). Histological sections of heart transduced with ACAGAP
demonstrate very dark staining of individual cells transduced with this vector, compared to the
AJE71-U3-CBA-AP, which exhibits a fainter degree of staining (Figure 5). Efficient expression was also
observed in pancreatic cells for AJE71-U3-CBA-AP and ACAGAP. Within the spleen, it appeared that
no vector was particularly effective.

Quantification of hPLAP enzymatic activity in tissues harvested from the vector transduced
mice revealed that in all tissues evaluated, expression from AJE71-U3-CBA-AP was reduced relative
to ACAG-AP, but was much higher than ACBA-AP. AJE71-CBA-AP was marginally higher than
ACBA-AP but far lower than AJE71-U3-CBA-AP, demonstrating the utility of the JSRV U3 region
(Figure 6).

3.5. A Shorter Intron Can Be Used in Conjunction with AJE71-U3-CBA-AP without Reducing
Transgene Expression

The MLV env intron (581 bp) was exchanged for a shorter sequence based on an optimized SV40
intron (93 bp) modified to include consensus splice sites. Transfection of HEK 293 cells with the SV40
intron containing construct compared to the parental plasmid containing the MLV intron demonstrated
no visible difference in hPLAP expression (Figure 7).
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Figure 6. Quantification of alkaline phosphatase activity within homogenized (A) lung, (B) liver,
(C) heart, (D) spleen and (E) pancreas from mice transduced via the intravenous (2 × 1010 vg),
intraperitoneal (8 × 1010 vg), and intranasal (1 × 1010 vg) routes with various AAV vectors and
harvested for hPLAP enzyme activity analysis 4 weeks post-transduction.
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Figure 7. Transfection of two different plasmids in HEK 293 cells, utilizing different introns, employing
the JE71-U3-CBA promoter. In the image on the left, an intron derived from MLV is used. In the image
on the right, a modified SV40 intron was utilized, reducing the size of the promoter–enhancer–intron
combination by 488 bp while maintaining a similar amount of expression. Experiments were conducted
in triplicate with three biological replicates. Images were taken at 100×magnification.
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4. Discussion

In its native context, within an integrated JSRV provirus, JE may function to enhance expression
from the 5’ LTR sequence to drive viral gene expression, or may participate in the process of tumor
development by dysregulating the expression of cellular proto-oncogenes.

A lack of expression was observed in constructs bearing only the JE, compared to constructs that
possessed the JE and a functional heterologous promoter, the chicken beta actin promoter. Furthermore,
inclusion of the JE in any of its varying lengths described here and in either forward or reverse
orientations proved to show an increase in protein expression when combined with the chicken beta
actin promoter. These characteristics strongly suggest that the JE is able to function as an enhancer
sequence [16]. Extension of the JE sequence did not appear to further enhance expression in the cell
lines tested, suggesting that no additional enhancer sequences are localized to the area immediately
upstream of the 3′ LTR, or at least ones that are active in the cell lines tested. In addition, lengthening
of the JE increased the distance between the promoter and inverted terminal repeat of the AAV vector,
and no further increase in expression was observed, suggesting that the distance of the promoter from
the ITR was not a factor in increasing expression, as previously hypothesized [7]. The particular region
where the JE exists overlaps with an RNA export element termed the SPRE or RejRE, which functions
in conjunction with a region overlapping the signal peptide of the JSRV envelope to facilitate export of
unspliced genomic RNA [17]. However, it is unlikely that the JE functions as an RNA export element
in this context as the JSRV envelope is not present in any of the experiments described. Furthermore,
there should be no deficit in the ability of transcripts to be exported from the nucleus as they all contain
well characterized introns: either the rabbit β-globin intron for the ACAGAP construct or the Moloney
murine leukemia virus intron for the other constructs assayed. In addition, the JE sequence should not
be transcribed at a high level as it preceded the sequence encoding the promoter in all of the constructs
where it was present. Previous attempts at 5′ Rapid Amplification of cDNA Ends (RACE) and RT-PCR
were not able to detect the presence of any transcripts except those originating from the R region,
when JE71 was placed in front of the JSRV LTR [7].

Low levels of expression observed for the constructs containing JE alone, in either forward or inverted
orientation (pAJE71-AP, pAJE184-AP, pAJE324-AP, pAiJE71-AP, pAiJE184AP, and pAiJE324-AP) indicate
that JE itself is not able to function effectively as a promoter. This rules out the possibility of JE functioning
as a promoter for a transactivating non coding RNA, as is the case in Moloney murine leukemia virus and
feline leukemia virus, which both express noncoding RNAs from their 3′ LTRs that are able to transactivate
signaling pathways involved in cancer [18–20].

Evidence for a possible expression enhancing region or putative enhancer sequence located in
regions flanking the JSRV env gene came to light in a paper by Sinn et al., wherein greatly increased
JSRV envelope pseudotyped lentiviral vector titers were observed when env flanking sequences were
included in the envelope expression cassette [21]. Previous work with the Prague and Schmidt-Ruppin
strains of Rous sarcoma virus has demonstrated that sequences immediately preceding the 3′ LTR
are able to enhance expression in reporter gene studies [22,23]. Furthermore, precedence exists for
the presence of a region upstream of the 3′ LTR determining the spectrum of disease observed in
other retroviruses, such as the exogenous virus-specific region (XSR) sequence of the Prague strain of
Rous sarcoma virus, which was demonstrated to be a determinant of oncogenicity [24] and a similar
region known as the E region in avian leukosis virus (subgroup J) that has been shown to contribute to
oncogenicity in certain chicken breeds [25].

The identity of the transcription factor that binds to the JE has yet to be elucidated; however, one
promising candidate is AP-2, for which there are four predicted sites within the JE71 sequence (Figure 8).
A wide variety of other transcription factors are also predicted to bind; these include glucocorticoid
receptor (GR), for which there are five sites, pituitary-specific positive transcription factor 1 (Pit-1A),
for which there are five sites, and c-ETS-2, for which there are four predicted sites. Activation of these
pathways through overexpression of transcription factors and/or using pharmacological agents could
help to identify which one is responsible for the observed enhancer activity.
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Figure 8. Transcription Factors Predicted to Bind to JE-71. A number of different transcription factors
have been predicted to bind to the JE-71 sequence using the EMBOSS 6.5.7 tool tfscan and graphically
presented by Geneious. Particularly promising putative transcription factors with multiple predicted
binding sites include AP-2 (4 sites), glucocorticoid receptor (GR/GR beta, 5 sites), pituitary-specific
positive transcription factor 1 (Pit-1A, 5 sites), and c-ETS-2 (4 sites).

A high level of expression could be observed for AJE71-U3-CBA-AP in vivo, nearly matching
ACAGAP for some individual mice (Figures 4–6). However, on an aggregate level, expression was
generally lower for all of the organs assayed. Amongst the biggest difference was in the heart,
where expression was >2-fold higher in ACAGAP compared to AJE71-U3-CBA-AP. This property
might make the JE71-U3-CBA promoter particularly useful when widespread, constitutive expression
in a variety of organs is called for, but expression in the heart is to be minimized. The high level of
expression observed in the respiratory tract and liver may make this promoter effective for respiratory
tract diseases such as lung, paranasal sinus, and nasal cavity cancer, or a monogenic disorder such as
cystic fibrosis. At approximately 650 bp in size, JE71-U3-CBA is not particularly large for a promoter,
and may be combined with a short intron such as an optimized SV40 intron (93 bp) for a total
enhancer–promoter–intron size of approximately 743 bp, leaving ~4 kb for the transgene and polyA
signal when used in the context of an AAV vector, which has a coding capacity of ~4.7 kb. This might
be attractive for the design of an AAV vector based therapeutic employing the truncated CFTR
fragment previously shown to be able to rescue the processing of endogenous F∆508 CFTR in vivo [25].
JE71-U3-CBA and JE71-U3R-CBA enhancer/promoter combinations functioned as effectively as the
CAG promoter in the cell lines tested, highlighting the potential of these sequences as alternatives to the
commonly used CAG promoter (1621 bp) for in vitro protein expression purposes in mammalian cells.

In summary, we demonstrate the presence of an intragenic transcriptional enhancer element,
found within the 3′ end of the env gene. This JSRV-based enhancer element demonstrated strong
expression in a variety of tissues, particularly respiratory and hepatic, and promoter/enhancer/intron
cassettes derived from these elements can be pared down to a sufficiently small size (<630 bp in length),
suitable for genome constraints imposed by AAV vector systems.
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Abstract: At the end of 2019, a new disease appeared and spread all over the world, the COVID-19,
produced by the coronavirus SARS-CoV-2. As a consequence of this worldwide health crisis,
the scientific community began to redirect their knowledge and resources to fight against it. Here we
summarize the recent research on viruses employed as therapy and diagnostic of COVID-19:
(i) viral-vector vaccines both in clinical trials and pre-clinical phases; (ii) the use of bacteriophages to
find antibodies specific to this virus and some studies of how to use the bacteriophages themselves as
a treatment against viral diseases; and finally, (iii) the use of CRISPR-Cas technology both to obtain a
fast precise diagnose of the patient and also the possible use of this technology as a cure.

Keywords: SARS-CoV-2; COVID-19; phages; CRISPR; viruses; prevention; diagnosis; treatment

1. Introduction

At the end of 2019, a new virus appeared in the city of Wuhan (China) and quickly spread
throughout the world, causing a global pandemic. The virus is closely related to the SARS-CoV (Severe
Acute Respiratory Syndrome Coronavirus), thus named SARS-CoV-2 [1,2]. It is a β-coronavirus,
carrying single-stranded, positive-sense RNA genome and four main structural proteins: spike
(with two subunits, S1 and S2), envelope, membrane and nucleocapsid (N) [3]. SARS-CoV-2,
as SARS-CoV, enters the cell through the receptor-binding domain (RBD) of the S1, which recognizes the
angiotensin-converting protein 2 (ACE2), present in the surface of host cells [4]. SARS-CoV-2 provokes
COVID-19, a new disease that produces a wide range of symptoms ranging from an asymptomatic
carrier state to respiratory distress syndrome and even acute heart injury with the risk of secondary
infections [5]. The rapid spread of the virus and the absence of treatment for this new disease have led
researchers all over the world to join forces in the search for a solution by using all available resources.

Since the beginning of this pandemic, all the medical resources were focused on two main points:
diagnostic and treatment of the disease. The diagnosis of SARS-CoV-2 was firstly based on molecular
approaches [6], the real-time RT-PCR assay has become the election method to detect the presence of
the virus as it is a specific and sensitive method to disclose viral RNA from respiratory tract samples [7].
In order to establish the presence of the virus, following the WHO’s indications, clinical laboratories
from all around the world are using various primer pairs: the spike gene, the RNA-dependent RNA
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polymerase gene (RdRp), the nucleocapsid gene and the envelope gene [8]. Besides, some serologic
analyses have been used to diagnose an active or past infection by quantifying the presence of IgM
and IgG in the patient serum [8]. An interesting systematic review and meta-analysis has been carried
out concerning the serological assays [9]. Authors concluded that the sensitivity of this technique was
higher three weeks after the symptom onset, compared with the first week, and that heterogeneity was
found in all analyses. Among the advantages of serological assays, we find that they are cheaper and
easier to implement at the point of care, but, above all, they can identify asymptomatic individuals
previously infected by SARS-CoV-2. Moreover, serological tests could be deployed as surveillance
tools to better understand the epidemiology of SARS-CoV-2. Many serological tests for Covid-19 have
become available in a very short period, and this is precisely where their main disadvantage resides:
the pace of development of serological tests has been so fast that it has exceeded that of rigorous
evaluation. Therefore, uncertainty about the accuracy of serological assays remains important [9].

Concerning the treatment of this disease, and due to its rapid development, finding an
effective treatment against it was imperative. Thus, researchers and medical doctors began to
test existing medicines and repurposing them as COVID-19 treatments, highlighting: (i) nucleoside
analogs, as favipiravir (used for influenza virus, Ebola, chikungunya, yellow fever, enterovirus and
norovirus treatment) [10,11], ribavirin (used for treating the respiratory syncytial virus, hepatitis C
virus and also against SARS and MERS) [12], remdesivir (used for HIV treatment) [11,13] or
galidesivir [14]; (ii) antiparasitics as chloroquine (used against malaria, with positive in vitro results
against SARS, MERS, Ebola, HIV, Nipah and Hendra viruses, although no protection was found
in vivo against these viruses) [15–18]; (iii) protease inhibitors (lopinavir and ritonavir used as HIV
treatments) [19]; (iv) indole-derivate molecules as arbidol (used against hepatitis viruses) [20];
and finally, (v) convalescent plasma therapy from patients who recovered from the infection [21].

Paradoxically, an efficient prevention strategy to combat SARS-CoV-2 could come from different
human viruses, e.g., in the form of a vaccine vector. A virus is known as an extremely small infective
particle, which can only replicate inside a host. Since their discovery, they have been identified as the
cause of a great number of diseases, but more recently, they have also been considered a solution for
some of them [22]. Viruses can be genetically modified to express antigens of interest, turning them
into efficient vectors that deliver immunogenic particles inside the human body [23]. The usefulness
of the viral vectors is based on: (i) their high specificity for their targets, (ii) their ability for gene
transduction and (iii) their capacity to generate strong cellular and humoral immune responses without
an adjuvant [22]. Besides, all the viruses used as vectors are genetically modified to eliminate their
replicative capacity and to decrease or eradicate their pathogenicity. However, a potential problem
with viral vectors is the pre-existing immunity, due to previous viral exposure [22].

Indeed, there are viruses able to specifically infect bacteria as well. These are called bacteriophages,
and they can also represent an interesting tool useful in the analysis of SARS-CoV-2, in the diagnostic of
the disease and in its treatment. Bacteriophages (also known as “phages”) are the natural predators of
bacteria, highly specific: They recognize the bacterial receptors on the surface of the prokaryotic cells and
strongly attach to them [24]. Since the discovery of bacteriophages in 1915 [25], they have been used as
an alternative treatment for critical bacterial infections, on some occasions even life-threatening [26,27].
In the last decade, i.e., in the post-antibiotic era, the therapy based on lytic phages (phage therapy) or
phage derived proteins (enzybiotics) such as, for instance, phage-encoded endolysins [28], has gained
popularity, being one of the few options currently available for infections caused by multi-drug resistant
(MDR) bacteria [26,29]. Phages have demonstrated their innocuousness for humans, although some
concerns still need to be investigated such as the purity of the preparation [26]. However, this is far from
being the only use for phages; they might be a good option to isolate neutralizing antibodies against
other infectious diseases, caused by parasites [30] or viruses [31], using the phage display technique.

Highly related to bacteriophages are the Cluster Regulatory Interspaced Palindromic Repeats
(CRISPR), discovered in 1993 and firstly named as short regulatory repeats (SRSRs) [32]. It was years
later when their function as a bacterial immunity system against bacteriophages was reported [33,34].
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CRISPR fragments are phage-derived sequences harbored by bacteria in their chromosomes that
act as an acquired immunity system in prokaryotes: when a bacterium that has been infected by
a bacteriophage is re-infected by the same type of phage, CRISPR-Cas system recognizes the viral
DNA/RNA repeated sequences and digests the spacer segments between the repetitions, using the
endonuclease activity of Cas (CRISPR associated) proteins [35]. This system has been extensively
studied by many scientific researchers from all over the world and belonging to very different
domains [36]. The importance of this technology has been increasing in the last decade, and nowadays,
it is even possible to replace one DNA fragment by another; therefore, CRISPR-Cas system is currently
considered one of the most important tools to genetic edition, treatment of diseases and genetic
modification of mammalian cells, among others [36].

Throughout this work, we have analyzed innovative methods of diagnostic and treatment of this
new disease, the COVID-19, based on the use of human viruses, bacterial viruses (bacteriophages),
or virus-related tools (CRISPR). Due to the novelty of the topic here discussed and the amount of
information available, in this review, some articles that have not been peer-reviewed are cited.

2. Human Viruses as Prevention

Nowadays, there are several types of viral vectors depending on the type of virus used:
retrovirus [37], lentivirus [38], Sendai virus [39], cytomegalovirus [40], poxvirus [41], adenovirus [42],
adeno-associated virus (AAV) [43], among others. These vectors have been used against several diseases
such as HIV [44–48], hepatitis [49], tuberculosis [50,51], influenza [52,53] and even cancer [54,55].
The most common viruses used for the development of vaccines against human infectious diseases
are poxvirus and adenovirus. Poxviruses were the first viruses ever used as vaccine and so the best
known with a safety and efficacy widely demonstrated; on the other hand, adenoviruses have been
deeply analyzed especially due to its easy production, great transduction efficiency, a broad spectrum
of tropism and their transgene expression [22]. The following studies and/or clinical trials measured
an elicited humoral response (quantified by ELISA or Western blot) and a neutralizing response (by
neutralization assays using either the live virus or a pseudovirus). Neutralizing antibodies can, as their
name implies, neutralize the biological effects of the antigen and interfere with their infectivity without
a need for immune cells. Currently developed SARS-CoV- and MERS-CoV-specific neutralizing
antibodies include monoclonal antibodies (mAbs), their functional antigen-binding fragment (Fab),
the single-chain variable region fragment (scFv), or single-domain antibodies. They target S1-RBD,
S1-NTD, or the S2 region, blocking the binding of RBDs to their respective receptors and interfering
with S2-mediated membrane fusion or entry into the host cell, thus inhibiting viral infections [56].

One of the best-known poxvirus vectors is the Modified Vaccinia Ankara (MVA), unable to
replicate in most mammalian cells, thus becoming a safe vector that expresses antigens which elicit an
immune response [57]. MVA has been recently modified by Chiuppesi et al. to co-express SARS-CoV-2
spike (S) and nucleocapsid (N) antigens with the aim of testing its immunogenicity and developing a
candidate vaccine against COVID-19. In the study, the authors challenged several mice with two MVA
vectors, sMVA-S, and sMVA-N vectors, expressing the S and N antigen, respectively. Both vectors
were evaluated in a murine model by co-immunization at different doses, and they observed similar
SARS-CoV-2 antigen-specific humoral and cellular immune responses in vaccine groups receiving
sMVA-S and sMVA-N alone or in combination. Authors claimed that both vectors expressing the S and
N antigens can stimulate potent SARS-CoV-2-specific humoral and cellular immune responses in mice,
either expressed isolated or in combination. For neutralizing experiments, they used SARS-CoV-2
pseudovirus and detected neutralizing antibodies in all vaccine groups receiving the S antigen.
The authors claimed that these neutralizing responses increased after the booster immunization [57].

The adenoviral vector most commonly used for clinical trials and experimental gene therapy
applications is HAdV-C5, abbreviated as Ad5 [58]. The research group of Zhu et al. performed a
phase-2 trial using a replication-defective Ad5 expressing the spike glycoprotein of SARS-CoV-2,
to assess its level of safety, tolerability, and immunogenicity in a group of healthy adults. This trial
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did not report serious adverse events within 28 days post-vaccination. They found a peak in specific
T-cells at day 14 post-vaccination, whereas the peak in neutralizing antibodies anti-spike occurred at
day 28 post-vaccination, detected through both live SARS-CoV-2 virus neutralization and pseudovirus
neutralization tests [59].

Nowadays, this vaccine is being tested in humans in a phase-3 clinical trial (Table 1) [60]. Similarly,
at the University of Oxford, scientists have designed a chimpanzee adenovirus (ChAdOx1) vectored
vaccine encoding a codon-optimized full-length spike protein of SARS-CoV-2 [61]. The authors
reported that a single vaccination with ChAdOx1 nCoV-19 was effective in preventing damage to the
lungs upon high dose, indicating that vaccination prevents virus replication in the lower respiratory
tract, but no reduction in viral shedding from the nose was observed. The biggest limitation of this
study was that animals were challenged with a high dose of virus via multiple routes, which does
not simulate a realistic human exposure [61]. These researchers performed a phase-1/2 randomized
trial in healthy adults and observed that those vaccinated with the ChAdOx1 nCoV-19 (5 × 1010

viral particles) experimented a few mild/moderate secondary effects during the first days after the
vaccination. Nevertheless, authors demonstrated that their vaccine is effective with a single-dose,
without several adverse reactions, and detected the presence of high levels of neutralizing antibodies
as well as spike-specific antibodies 28 days after vaccination [62]. Currently, this vaccine is in a phase-3
clinical trial in different countries (Table 1) [63].

Table 1. Viral-vector vaccine candidates and their current state of development according to the WHO.

Developer Institution Country/s Type of Viral-Vector Current State

University of Oxford/ AstraZeneca United Kingdom ChAdOx1-S Clinical trial Phase 3

Beijing Institute of Biotechnology/
CanSino Biological Inc. China Ad5 Clinical trial Phase 2

Janssen Pharmaceutical Companies Belgium Ad26 Clinical trial Phase 1
2

Gamaleya Research Institute Russia Adenovirus Clinical trial Phase 1

ReiThera/LEUKOCARE/Uncercells Italy/Germany/Belgium Adenovirus Clinical trial Phase 1

Institute Pasteur/Themis/Univ. of
Pittsburgh CVR/Merck Sharp & Dohme France/United States Measles Clinical trial Phase 1

Medicago Inc. Canada Plant-derivated VLP Clinical trial Phase 1

ID Pharma Japan Sendai virus Pre-clinical

Ankara University Turkey Adenovirus Pre-clinical

Massachusetts General
Hospital/Massachusetts Eye and

Ear/AveXis
United States Adenovirus Pre-clinical

GeoVax/BravoVax United States/China MVA Pre-clinical

German center for infection
Research/IDT Biologike GmbH Germany MVA Pre-clinical

IDIBAPS-Hospital clinic Spain MVA Pre-clinical

Altimmune United States Adenovirus Pre-clinical

Erciyes University Turkey Ad5 Pre-clinical

ImmunityBio Inc/NantKwest Inc. United States Ad5 Pre-clinical

Greffex United States Ad5 Pre-clinical

Stabilitech Biopharma Ltd. United Kingdom Ad5 Pre-clinical

Valo Therapeutics Ltd. United Kingdom Adenovirus Pre-clinical

Vaxart United States Ad5 Pre-clinical

National Biotechnology Center
(CNB-CSIC) Spain MVA Pre-clinical

University of Georgia/University of Iowa United States Parainfluenza virus Pre-clinical
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Table 1. Cont.

Bharat Biotech/Thomas Jefferson University India/United States Rabies virus Pre-clinical

National Research Centre Egypt Influenza A Pre-clinical

National Center for Genetic Engineering
and Biotechnology (BIOTEC)/ GPO Thailand Flu virus Pre-clinical

KU Leuven Belgium YF17D Pre-clinical

Cadila Healthcare Limited India Measles Pre-clinical

FBRI SRC VB Vector/Rospotrebnadzor Russia Measles Pre-clinical

German center for infection
Research/CanVirex AG Germany Measles Pre-clinical

Tonix Pharma/Southern Research United States Horsepox Pre-clinical

BiOCAD/ IEM Russia Influenza Pre-clinical

FBRI SRC VB Vector/Rospotrebnadzor Russia Influenza A Pre-clinical

Fundação Oswaldo Cruz/
Instituto Buntantan Brazil Influenza Pre-clinical

University of Hong Kong China Influenza Pre-clinical

IAVI/Merk Italy/United States VSV Pre-clinical

University of Manitoba Canada VSV Pre-clinical

University of Western Ontario United States VSV Pre-clinical

Aurobindo Pharma India VSV Pre-clinical
FBRI SRC VB Vector/Rospotrebnadzor Russia VSV Pre-clinical

Israel Institute for Biological
Research/Weizman Institute of Science Israel VSV Pre-clinical

UW-Madison/FluGen/Bharat Biotech United States Influenza Pre-clinical

Intravacc/Wageningen Bioveterinary
Research/Utrecht University The Netherlands Newcastle disease virus Pre-clinical

The Lancaster University United Kingdom Avian paramyxovirus Pre-clinical

University of Manitoba Canada VLP Pre-clinical

Bezmialem Vakif University Turkey VLP Pre-clinical

Middle East Technical University Turkey VLP Pre-clinical

VBI Vaccines Inc. United States VLP Pre-clinical

IrsiCaixa AIDS
Research/IRTA-CReSA/Barcelona
Supercomputing Centre/Grifols

Spain VLP Pre-clinical

Mahidol University/The Government
Pharmaceutical Organization

(GPO)/Siriraj Hospital
Thailand VLP Pre-clinical

Navarrabiomed,
Oncoinmunology group Spain VLP Pre-clinical

Saiba GmbH Switzerland VLP Pre-clinical

Imophoron Ltd. and Bristol
University’s Max Planck Centre United Kingdom VLP Pre-clinical

Doherty Institute Australia VLP Pre-clinical

OSIVAX France VLP Pre-clinical

ARTES Biotechnology Germany VLP Pre-clinical

University of Sao Paulo Brazil VLP Pre-clinical

VLP—Virus-like particle; VSV—vesicular stomatitis virus.

Consistently with their preliminary results, Mercado et al. immunized several rhesus macaques
with another adenoviral vector (Ad26) expressing also the spike protein. However, the immunogen
that they used was the full-length membrane-bound S protein with a mutation of the furin cleavage
site and two proline stabilizing mutations [64]. They reported a robust immune response based on
neutralizing antibodies, obtaining complete protection against the SARS-CoV-2 challenge in 5 out of 6
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animals [65]. Based on the previous results, they are now performing a phase-1/2 trial in healthy adults
in which they are going to administrate two intramuscular doses of the vaccine (Ad26COVS1) [65,66].

In the same context, the Gamaleya Research Institute of Russia had performed two phase-1
clinical trials with adeno-based vaccines. In these clinical trials, they are going to test the safety of two
different vaccines, one based in Ad26 and the other in Ad5, both containing the Spike protein of the
SARS-CoV-2 and the lyophilizate of the two mentioned above, for the preparation of a solution for
intramuscular injection [67,68]. The combination of Ad26 and Ad5 expressing the spike protein is now
in phase-3 [67,68].

Moreover, companies from Italy, Germany, and Belgium have joined forces to develop a simian
adenoviral vector-based vaccine that expressed the S protein of the SARS-CoV-2, whose phase 1 clinical
trial has begun in Italy this summer [69].

Moreover, the Pasteur Institute in collaboration with two companies and the University of
Pittsburgh have developed a Measles-vector vaccine expressing a modified surface glycoprotein
of the SARS-CoV-2. This vaccine candidate is nowadays in phase 1 clinical trial, to test the safety,
tolerability and immunogenicity of a vaccine that is going to be administrated intramuscularly in two
doses separated by 28 days in 90 healthy adults [70]. Furthermore, Medicago Inc. has developed
another phase-1 trial testing a virus-like particle vaccine that will be injected into healthy adults with
or without an adjuvant, trying different doses of the vaccine [71].

Xiamen University is developing an intranasal spray viral-vector vaccine, based on influenza A
virus expressing the spike protein (Table 1). This is currently in a phase-1 clinical trial, and the spray is
being nasally administered in one dose in 60 healthy adults [72].

Apart from all these clinical trials, according to the World Health Organization (WHO), nowadays
there are 49 viral-vector candidates in pre-clinical evaluation: 9 using adenoviruses, 4 using MVA,
7 using influenza A virus, 3 using Measles virus, 5 using VSV (vesicular stomatitis virus), 7 using other
viruses, and 12 using virus-like particles [73] (Table 1).

3. Bacteriophages

As detailed above, bacteriophages are the natural viruses of bacteria that have been used to
treat diseases for a long time. Therefore, in 1988, de la Cruz et al. modified the filamentous phage
F1 from Escherichia coli in order to express repetitive regions from the circumsporozoite protein of
Plasmodium falciparum [74]. The resulting phages displayed the recombinant protein on their capsid
surface and were found to act as carriers capable of producing immunological responses in rabbits.
This is one example of how one of the oldest and most abundant entities on Earth has been turned
into a powerful therapeutic weapon. Since then, researchers have been investigating the potential of
phages in the fight against other infectious diseases. Phage display libraries are a remarkably useful
tool that allows the identification of the best ligands for a given target [75], permitting the construction
of large libraries consisting of numerous antibody genes [76]. This type of libraries has been used
since 1992 to identify specific monoclonal antibodies (mAb) against certain bacteria or viruses [77,78],
and a high percentage of human therapeutic antibodies have been developed by this technique [79].
In the past, there have been several examples of phage display libraries expressing viral peptides
that have successfully inhibited infections, for instance, the ones caused by adenovirus type 2 [80],
hepatitis B virus [81], hantavirus, sin nombre virus [82], and Andes virus [83]. This justifies the use of
these libraries as a diagnostic and treatment tools of SARS-CoV-2 (Figure 1).
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Figure 1. Uses of phage-display libraries in the diagnostic (1, 2 y 3) and treatment (4, 5, and 6) of
SARS-CoV-2. scFv: single-chain variable fragment. S2: spike subunit 2. mAbs: monoclonal antibodies.
MERS: Middle-East respiratory syndrome. RBD: receptor-binding protein.

3.1. Bacteriophages as Diagnostic Tools: Phage-Display Libraries

Phage display is a powerful technique for the identification and isolation of peptides or
proteins [76]. This technique consists of expressing foreign peptides on the surface of bacteriophages,
frequently filamentous bacteriophages isolated from E. coli, but not exclusively. Indeed, phagemids are
the most commonly used vector in phage display technique: these filamentous-phage-derived vectors
contain the replication origin of a plasmid, a selective marker, the intergenic region (usually containing
the packing sequence), a gene of a phage coat protein, restriction enzyme recognition sites, a promoter
and a DNA segment encoding a signal peptide [84]. Phagemids have small genomes, which makes
them suitable to accommodate larger foreign DNA fragments. Moreover, they are more efficient in
transformation, which allows for obtaining a phage display library with high diversity. A variety of
restriction enzyme recognition sites are available in the genome of phagemids, which is convenient
for DNA recombination and gene manipulation. Furthermore, the expression level of fusion proteins
can be easily controlled and, finally, phagemids are usually genetically more stable than recombinant
phages [84].

Nowadays, the most common phages used are the M13 (Inoviridae), T4 (Myoviridae), T7 (Podoviridae)
and Lambda (Syphoviridae) [85]. Most of the proteins are displayed as fusion proteins with the N-
or C-terminus of different phage surface proteins: coat proteins pIII or pVIII on M13 [86], capsid
proteins HOC (highly antigenic outer capsid) or SOC (small outer capsid) on T4 [87], the capsid protein
pX on T7 [88] and the head protein pD or the tail protein pV on Lambda phage [89]. To select a
specific mAb from the library, phages must be subjected to a multiple-cycle process, and after each one,
antibodies showing the highest affinity are chosen for the next round. During each cycle, the library is
incubated with the target, previously immobilized on a solid support, washed, eluted, amplified and
reselected [90]. In the case of phage display libraries expressing mAbs, these are often quantified by
ELISA or similar techniques [91]. In the context of the current COVID-19 pandemic, it is worthy to
consider that the use of this method has led to major discoveries concerning highly related coronavirus,
like SARS or MERS: (i) identification of two single-chain fragment variable (scFv) antibodies that are
highly specific for SARS-CoV [92] and (ii) proposal of a new method, called “Yin-Yang”, for selecting

197



Viruses 2020, 12, 1172

mAbs by using crude antigens of MERS-CoV (Middle East Respiratory Syndrome Coronavirus),
which led to the isolation of three mAb against the MERS-CoV nucleocapsid protein [93]. Besides,
several researchers have suggested highly specific diagnostic methods that use phage display libraries
for the S1 subunit of the SARS-CoV spike protein, with no cross-reaction with other coronaviruses [75].

Phage display libraries have led to several discoveries associated with coronaviruses that have
caused serious human diseases in the past, such as SARS-CoV or MERS. One example is the identification
of an scFv antibody, called B1, which binds the S2 of the spike protein of the SARS-CoV both in vitro
and in vivo, exhibiting a potent neutralizing activity [94]. Moreover, this same technique allowed
for the detection of a human Fab (Fragment antigen-binding) molecule against the spike protein
of SARS-CoV, named M1A that could be used in passive immunoprophylaxis [95]. However,
the Fc (Fragment crystallizable) region of the antibody is needed to enable the development of a proper
immune response [96], so structural modifications (as the authors suggested) would be interesting in
order to enhance its protective and neutralizing capacities. Following with these libraries, five types
of mAb against the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein have been
identified [97]. Finally, phage display libraries lead to the identification of two important mAbs, one of
which neutralizes the RBD of the SARS-CoV-2 [98] (Figure 1).

3.2. Bacteriophages as Treatments

In addition to the phage-libraries, other strategies employing phages have been developed
as treatments. Regarding the coronavirus type, Ren et al. developed phages that bear specific
gastroenteritic coronavirus peptides, which induced humoral and cell-mediated immunity in mice,
suggesting that phage-based vaccines may be efficient heterologous antigens for initiating host humoral
and cellular immune responses [99]. Furthermore, Lauster et al. modified the icosahedral capsid of
Q-beta-phage (Qβ) to display sialic acid ligands that bind to the trimeric haemagglutinin (HA) of the
influenza A virus (IAV). These researchers demonstrated that the Qβ-phage capsids can act as highly
specific inhibitors of IAV, completely blocking its entry to cells by covering the whole envelope of the
virus. However, this method is still undergoing preclinical development [100].

4. CRISPR-Cas

CRISPR-Cas is a bacterial adaptive immune system that was first demonstrated employing a
nuclease enzyme (Cas9) that came in 2007 from Barrangou et al. [34]. However, it was Marraffini
et al. who proved, in 2008, that CRISPR did not work by RNA interference but by cutting DNA [101].
In parallel, Deveau and Horvath’s groups realized that viral DNA was always digested at the same
positions upon infection when the bacterium displayed its CRISPR-Cas immunity system [102,103].
Consequently, they claimed that Cas9 catalyzes the digestion of the DNA at precise positions, encoded by
specific sequences of “programmable” RNA (CRISPR-RNA or crRNA), which opened the door to the
revolution of CRISPR: a molecular tool that allows accurate site-directed digestion in the DNA. CRISPR
can also provide a precise, sensitive diagnostic technique as well as an elegant therapeutic option,
which has been applied to identify Zika virus [104], human papillomavirus [105], African Swine Fever
virus [106], Staphylococcus aureus [107] and Pseudomona aeruginosa [108], among others.

4.1. CRISPR-Cas as a Molecular Tool of Diagnostic of COVID-19

In the last few months, several projects related to CRISPR have appeared or have been modified
in response to the current crisis caused by the COVID-19 pandemic [109]. All these techniques use
mainly the Cas13 and Cas12 proteins because of their capacity to cut single-strands of either DNA
or RNA [110]. Most of CRISPR based techniques have been developed to use LAMP or RT_LAMP
(Reverse transcription loop-mediated isothermal amplification). This technique was developed to
simplify the PCR process, with shorter reaction times and no need for specific equipment [111]. Besides,
these methods can be developed without high technology or difficulties, allowing the technicians to
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perform the diagnostic of the disease directly in the sample collection points. Among this research,
we highlight six main diagnostic tests using CRISPR technology (Table 2):

(i) SHERLOCK: Specific High-sensitivity Enzymatic Reporter unLOCKing. This technique uses
the RNAse activity of the CRISPR-Cas13a protein, which needs only a small specific RNA
guide [112]. The system was adapted to a simple test against SARS-CoV-2, called STOPCovid
(SHERLOCK Testing in One Pot), which counts nowadays with two versions: STOPCovid.v1
and STOPCovid.v2 [113]. Both of them use LAMP technique for RNA amplification and can
detect up to 100 viral genome copies per reaction in 45–60 min. STOPCovid.v2 uses magnetic
beads to simplify the RNA extraction and reduce its duration [113]. Researchers have developed
a simple test format that can be performed without complex instrumentation and can detect the
virus in saliva samples [114]. This method has been clinically validated by a different research
group, who have decreased the limit of detection, thus increasing its sensitivity [115].

(ii) DETECTR: DNA Endonuclease TargEted CRISPR Trans Reporter. This system uses the
CRISPR-Cas12a protein to detect SARS-CoV-2 through its nucleoprotein and envelope genes,
based on the method of RT-LAMP, which includes a simultaneous retrotranscription process.
This technique allows the detection of the virus in naso- and oropharyngeal samples within
30–40 min. The limit of detection is 10 copies per microliter [116].

(iii) CARMEN: Combinatorial Arrayed Reactions for Multiplexed Evaluation of Nucleic-acids.
This method combines SHERLOCK with microfluidic technology, enabling the analysis
of numerous types of samples from patients. The system was developed to detect 169
human-associated viruses, including SARS-CoV-2. Moreover, it can be used for viral detection in
several types of samples, ranging from plasma to nasal swab samples [117].

(iv) AIOD-CRISPR: All In One Dual CRISPR-Cas12a. This system uses the Cas12a protein in a fast,
specific, simple method for the visual detection of SARS-CoV-2 and HIV viruses by the naked
eye. This method can also be performed at a single temperature, thus avoiding the need for
techniques such as LAMP. It detected 1.3 copies of a plasmid expressing the nucleocapsid protein
of SARS-CoV-2, although it has not yet been tested with clinical samples [118].

(v) CONAN: Cas3-Operated Nucleic Acid detectioN. This CRISPR-based tool employs mainly Cas3
endonuclease, in combination with Cas5, 6, 7, 8, and 11, which mediates targeted DNA cleavage.
When combined with isothermal amplification methods, CONAN provides a rapid and sensitive
method to detect SARS-CoV-2, with a reliability of 90% [119].

(vi) CRISPR-COVID: A few months ago, another CRISPR-based tool suitable for the diagnostic of
SARS-CoV-2 infection was developed, also based on the Cas13a endonuclease. Scientists claimed
that this technique was extremely sensitive and specific, with almost a single-copy sensitivity,
as they were able to identify as low as 7.5 copies of viral RNA per reaction in some cases.
Furthermore, they did not detect any false positives and the time needed per reaction was only
40 min [120].
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Table 2. Comparison of the main characteristics of some novel diagnostic methods for SARS-CoV-2
and the gold standard COVID-19 RT-PCR assay.

COVID-19
RT-PCR

STOP-Covid a

(SHERLOCK)
DETECTR CARMEN AIOD-CRISPR CONAN CRISPR-COVID

Gene
Target

Spike protein
RdRp

Nucleocapsid

Spike
ORF1ab

Nucleocapsid

Envelop
Nucleocapsid ORF1ab Nucleocapsid Nucleocapsid ORF1ab

Nucleocapsid

Sample
type

RNA RNA DNA RNA DNA DNA RNA

Assay
reaction

time
120 min 60 min 30–40 min ~30 min 40 min 30–40 min 40 min

Nº of
samples/
reaction

1 1 1 1000 1 1 1

Results Quantitative Semi-quantitative Qualitative Quantitative Quantitative Quantitative Qualitative

Detection
limit

>10 viral
copies 42 viral copies 10 viral copies 10 viral

copies

1.3 copies of
SARS-CoV-2
Nucleocapsid
gene plasmids

100 viral
copies 7.5 viral copies

FDA
Approval

Yes Yes In process In process - - -

a This section includes both versions, STOPCovid.v1 and STOPCovid.v2. -: without information.

Recently, Fozouni and collaborators developed an innovative technique based on the
direct detection of SARS-CoV-2 from nasal swab RNA extracts using an amplification-free
CRISPR-Cas13a-based mobile phone assay. The sensitivity of the technique was around 100 copies/µL
and the duration under 30 min, being able to detect a set of positive clinical samples in under 5 min [121].

4.2. CRISPR-Cas as a Treatment

CRISPR technology has also been proposed as a treatment for IAV and COVID-19 by using the
PAC-MAN method (Prophylactic Antiviral CRISPR in huMAN cells). This system uses the Cas13d
protein, which has RNAse activity, to destroy the highly conserved genomic RNA regions of the
coronavirus. Cas13d enzyme effectively inhibited and degraded SARS-CoV-2 viral RNA in respiratory
epithelial cells. The authors suggest several possible delivery forms for the Cas13d protein and its
RNA guides, such as nanoparticles, a DNA-based liposomal strategy and a ribonucleoprotein complex.
Furthermore, Cas13d is capable of processing its RNA guides so that multiple RNAs with different
targets can be delivered at the same time, thus increasing the chances of complete viral eradication.
Although this approach has produced promising results in the laboratory, it is still at the pre-clinical
trial stage and must be tested in animal models before being tested in humans [122].

Other authors have suggested AAV as a suitable delivery vehicle for the Cas13d, as each viral
particle can pack more than three RNA guides. Moreover, AAVs are excellent, safe delivery systems,
and they also have specific lung cell serotypes, enabling administration via the respiratory route.
Nevertheless, this delivery method, like the treatment based on CRISPR-Cas13, is still at the pre-clinical
trial stage [123].

5. Discussion

Among this review, we have revised all the viral-based vaccines and viral-related techniques
(bacteriophages and CRISPR) that are currently been used in the diagnostic and treatment of
SARS-CoV-2. Here, we have summarized all the vaccines that are currently under study (according to
WHO), which use viruses as vectors. Moreover, we described the use of phage-display libraries to
select monoclonal antibodies specifically against SARS-CoV-2 and how human viruses are used as
vectors in vaccines. Finally, in addition to the present techniques, we have reported the new tools that
have been developed as new CRISPR diagnosis and treatment methods.
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The use of virus-based vaccines has been studied for many years, although until now only one
viral-vector vaccine has been approved for use in humans, the rVSV-ZEBOV-GP indicated against
Ebola [124]. Nevertheless, some of them are in the final steps of the clinical trials [125]. Despite all the
advantages that this kind of vaccines have, they still have some disadvantages such as the pre-existing
immunity that can be found against the most common viral-vectors (poxvirus and adenovirus),
which might decrease the efficacy of the vaccine [126], or the lack of proper animal models [127].
Nevertheless, in the last months, new murine models have been developed by adding the human
ACE-2 receptor to mice by knock-in [128] or transducing the mouse using an adenovirus that expressed
the hACE-2 [129]. The viral-vector vaccines are an adequate option in the fight against the COVID-19
disease, being five of the twenty-seven candidate vaccines in a clinical trial to date [73].

However, prophylaxis is not the only way to defeat disease, it is as important to have reliable
diagnostic methods and proper treatments. Here we described several new specific diagnostic methods
based both in the use of phage-display libraries and CRISPR-Cas. The phage-display libraries are one
of the most effective ways to generate a great number of peptides, proteins, or antibodies in a small
period [90]. They have been proved useful in the analysis of several autoimmune diseases [130,131]
and to produce human antibody therapeutics [132], such as Helicobacter pylori [133], P. aeruginosa [134],
S. aureus [135], Leishmania [136], Citomegalovirus [137] and Rabies virus [138], among others. However,
this technology has a few limitations, like the diversity of the peptides and their quality, which depends
on the origin and diversity of the library, as well as on the process employed to evaluate the
antibodies [139].

Most of the tools exposed in this review are still under analysis or waiting for their approval,
except for the CRISPR-Cas diagnostic systems, some of which are currently accepted with clinical
validation. These tools have solved most of the problems that this diagnostic technology had, such as
the need for PAM (Protospacer adjacent motif) sequences, quantification of the sample, need to pre-treat
the sample or the detection of more than one target per reaction [140]. Interestingly, Fozouni et al. used
crRNAs targeting SARS-CoV-2 RNA quantifying viral load using enzyme kinetics, which allows for
improvements in the sensitivity and specificity of the diagnosis of COVID19. This innovative assay
in combination with mobile phone-based quantification can provide rapid, low-cost, point-of-care
screening to aid in the control of SARS-CoV-2 [121]. However, the use of CRISPR technology to treat
the disease has to face the main problem of the delivery of the system to the target cells, being proposed
several options as phagemids [141] or viruses [142]. Moreover, another problem is the presence of
undesirable secondary mutations: although the CRISPR system has a very low frequency of secondary
mutations [143], some studies have demonstrated the unnecessary perfect match for the function of
the system [144,145].

6. Conclusions

This work reviews the ultimate tools already developed and in process for the diagnosis and
treatment of the new disease COVID-19 using human viruses, bacteriophages, and the bacterial
immune system CRISPR-Cas. These methods are the next step in the development of more specific and
precise diagnostic tools as well as a new point of view in the treatment of this pandemic, but also useful
for many other diseases. Despite the rapid outcome of all the studies presented here, their results leave
no doubt about their usefulness against the SARS-CoV-2. They represent an extraordinary opportunity
to defeat this disease as well as an incredible example of a common effort of the scientific community
all around the world.
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Abstract: Generation of a safe, economical, and effective vaccine capable of inducing mucosal
immunity is critical for the development of vaccines against enteric viral diseases. In the current
study, virus-like particles (VLPs) containing the spike (S), membrane (M), and envelope (E) structural
proteins of porcine epidemic diarrhea virus (PEDV) expressed by the novel polycistronic baculovirus
expression vector were generated. The immunogenicity and protective efficacy of the PEDV VLPs
formulated with or without mucosal adjuvants of CCL25 and CCL28 (CCL25/28) were evaluated in
post-weaning pigs. While pigs intramuscularly immunized with VLPs alone were capable of eliciting
systemic anti-PEDV S-specific IgG and cellular immunity, co-administration of PEDV VLPs with
CCL25/28 could further modulate the immune responses by enhancing systemic anti-PEDV S-specific
IgG, mucosal IgA, and cellular immunity. Upon challenge with PEDV, both VLP-immunized groups
showed milder clinical signs with reduced fecal viral shedding as compared to the control group.
Furthermore, pigs immunized with VLPs adjuvanted with CCL25/28 showed superior immune
protection against PEDV. Our results suggest that VLPs formulated with CCL25/28 may serve as a
potential PEDV vaccine candidate and the same strategy may serve as a platform for the development
of other enteric viral vaccines.
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1. Introduction

Porcine epidemic diarrhea (PED), caused by the porcine epidemic diarrhea virus (PEDV),
is a contagious enteric viral disease that occurs specifically in pigs. PEDV is classified in the
order Nidovirales, family Coronaviridae, and genus Alphacoronavirus. It contains a positive-sense,
single-stranded, ~28-kilobase RNA genome, incorporated with the nucleocapsid (N) protein and
enveloped in a membranous outer coat comprising three structural proteins: membrane (M), envelope
(E), and S (S) proteins [1]. The S protein is a multifunctional molecular apparatus responsible for
specific host and tissue recognition and induction of protective humoral as well as cellular immunities
for viral neutralization and elimination [2–4]. The M protein, the most abundant structural protein,
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is responsible for the generation of virus particles. The small E protein, which accounts for a minority
of the envelope component, plays a critical role in the viral morphogenesis and the final step of the
budding process [5,6]. PEDV has a tropism for enterocytes of villous tips and further leads to atrophic
enteritis [7,8]. Pigs of all ages can be affected by the disease; however, the severity of the gastrointestinal
clinical signs is age-dependent as a result of the slower turnover of enterocytes and incomplete innate
immunity in neonatal piglets than in post-weaning pigs [9,10]. Historically, PED has had minimal
effect on piglets in a sporadic to epidemic manner. However, since 2010, PEDV has evolved into highly
virulent viruses, designated as genogroup 2 (G2) strains, which are different from previous G1 strains
and result in high mortality in neonatal piglets and devastating global outbreaks [11,12]. The high
death rates cause tremendous economic losses, thus highlighting the requirement for an effective
vaccine strategy.

In the past, the available tools for the prevention of PEDV infection have included live-attenuated
or inactivated vaccines derived from G1 PEDVs, such as strains CV777, DR13, P5-V, and SM98-1 [13,14].
The traditional vaccines only confer partial cross-protection against the novel highly virulent PEDV
G2 strains despite only up to 10% difference in the amino acid sequence of the S proteins between
the G1 and G2 strains [1,15]. To control the outbreaks of virulent G2 viruses, two conditionally
licensed vaccines have been commercialized in the United States. One is a recombinant vaccine
expressing the PEDV S protein using a replication-deficient Venezuelan equine encephalitis virus
packaging system, while the other is an inactivated vaccine based on the whole virus of non-S
INDEL PEDV strain. The third vaccine candidate, which is in commercial development by Vaccine
and Infectious Disease Organization—International Vaccine Centre, is a subunit vaccine that uses
mammalian HEK-293 T cell-expressed PEDV S1 proteins [16]. However, the efficacy of these commercial
vaccines in stimulating solid lactogenic immunity against the disease in suckling piglets has been
inconsistent [17,18]. Many other attempts have also been made to develop effective vaccines, but most
of them have been incapable of inducing mucosal immunity [19–22]. Although the immunogenicity of
the live-attenuated as well as inactivated vaccines is considered more effective [23], the live-attenuated
approach has safety concerns and poses risks of genetic recombination or virulence restoration of the
wild-type strains. Besides, both the approaches are time-consuming in vaccine development [24,25].
In the quest for novel strategies, the next-generation vaccine is expected to promptly deal with RNA
viruses harboring a high mutation rate [1]. The subunit approach is considered to be a better strategy
for the development of a safer vaccine; however, it falls short on the ability to elicit the optimal
immunogenicity. With developments in biotechnology, the use of virus-like particles (VLPs) as an
advanced subunit vaccine offers advantages of being less time-consuming to develop, being safer,
and eliciting adequate immunogenicity. Thus, it is a new balanced approach that avoids the trade-offs
between security and immunogenicity with regard to vaccine development to the maximum extent.

Virus-like particles, which exhibit the size and geometry of the viral structures and closely resemble
the corresponding native virion but without the viral genomic nucleic acids [26], have been shown to
improve the immunogenicity. The absence of the genetic material renders VLPs replication-incompetent.
The nanometer dimensions in a range of supramolecular particulate antigens (20–200 nm) allow VLPs
to not only freely drain into lymph nodes but also to be efficiently uptaken by antigen-presenting
cells [27,28], which is conducive to T cell responses, including CD4+ T helper cells and CD8+ cytotoxic
T cells [29]. The efficient cross-presentation is mainly mediated by the appropriate size of the VLPs
to activate lymphoid dendritic cells, which only reside in lymph nodes and are essential to cellular
immune responses [30–32]. Additionally, VLPs characterized by nanoparticles with a highly repetitive
array of conformational epitopes can directly interact with B cells and facilitate the subsequent humoral
immunity [26,33,34]. Therefore, VLP is an effective and safe tool to stimulate both cellular and
humoral immunity in the absence of intracellular replication. Considering the high complexity of the
enveloped PEDV VLPs, a polycistronic baculovirus expression vector system (P-BEVS), which involves
co-expressing polycistronic genes via internal ribosome entry sites, has been adopted to produce
VLPs comprising all of the envelope components [35,36]. Although a recent report has demonstrated
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that BEVS can successfully produce PEDV VLPs that are capable of inducing PEDV-specific humoral
immunity in mice [37], the efficacy of PEDV VLPs against PEDV challenge in pigs still needs
further evaluations.

Majorly targeting the superficial villous enterocytes, the PEDV is categorized as a type I
enteropathogenic virus, and local mucosal and cellular immunities are important to control the
viral infection [38]. The establishment of mucosal immunity requires a specific microenvironment
to promote the development of the defense models, such as immunoglobulin class switching to IgA
and J chain, and program surface homing ligands or receptors of immune cells [39]. Therefore, in the
natural situation, the best immunization route is through the affected compartment. Many studies have
proved that oral inoculation of virulent enteric viruses had better induction of mucosal IgA [35,40,41].
However, oral administration of equal vaccine dosage is technically difficult and labor-intensive in
the swine industry. Intramuscular injection is a common immunization route in the field due to
its operational practicability, but at the expense of protective mucosal immunity. To enhance the
mucosal immune responses of parenteral administration, studies have used chemokines as molecular
adjuvants to potentially drive the immune responses toward intestinal mucosal immunity. Among the
various chemokines, small and large intestine-associated chemokines, CCL25/TECK (thymus-expressed
chemokine) and CCL28 (mucosae-associated epithelial chemokine) [36], have been shown to up-regulate
the localization of immune cells with CCR9 and CCR10, respectively, to the mucosal sites after systemic
immunization [42–44]. Besides, the synergistic effects of CCL25 and CCL28 in trafficking IgA+ cells
into the intestines has been confirmed in mice [45]. Our previous work also proved that inactivated
PEDV co-adjuvanted with porcine CCL25 and CCL28 is competent in enhancing mucosal and systemic
antibody responses and protective efficacy in pigs [46]. Therefore, intramuscular injection of an
immunogen in combination with CCL25 and CCL28 could be a potential strategy for developing
vaccines against enteric diseases.

In the present study, a P-BEVS-derived PEDV VLP comprising the S, M, and E proteins of the
highly virulent PEDV G2 strain was successfully generated. The immunogenicity of the VLP, including
systemic PEDV S-specific IgG, mucosal IgA, and cellular immunity, was evaluated in a 4-week-old pig
model, and accompanied with an assessment of the protection against a homogenous PEDV challenge
at 11-week-old pigs. Furthermore, an advanced statistical method known as generalized estimating
equations (GEE), which has high statistical power in a small sample size as well as the ability to
examine the effects of multiple factors on an outcome, was used for data analysis.

2. Materials and Methods

2.1. Plasmid Construction

The S nucleotide sequence with the original signal peptide replaced by the honeybee melittin
signal peptide was kindly provided by Dr. Yu-Chan Chao at Academia Sinica. The S, M, and E genes
were derived from the Taiwan G2b PEDV-PT strain (Genbank accession no. KP276252). The S gene
was codon-optimized to an insect cell system and synthesized by ProTech (ProTech, Taipei, Taiwan).
The 2A-like sequence isolated from Perina nuda virus (PnV) and the M and E genes were inserted into
the XbaI and NotI sites, respectively, in the pBac-mcsI-PnV339-eGFP-Rhir-mcsII vector [47]. Following
that, the 2A-M-PnV339-eGFP-Rhir-E sequence, along with the honeybee melittin signal peptide,
hexahistidine tag, and S gene, was included in the pFastBac1 plasmid (Invitrogen, Carlsbad, CA, USA)
using the NEBuilder® HiFi DNA Assembly Kit (New England Biolabs, Ipswich, MA, USA) to generate
pFastBac1-HM6H-PEDV-S-2A-M-PnV339-eGFP-Rhir-E (Figure 1). It was used as the recombinant
baculovirus transfer vector to recombine with the bacmid DNA in E. coli (strain DH10Bac, Invitrogen).
The recombinant bacmid containing PEDV S, M, and E genes was transfected into Sf21 cells using
CellfectinTM (Life Technologies, Carlsbad, CA, USA) to generate the recombinant baculovirus, SME-Bac.
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Figure 1. The construction map of the plasmid pFastBac1- HM6H- PEDV- S- 2A- M- Pnv339- eGFP-
Rhir-E. The recombinant Taiwan G2b PEDV-PT strain spike (S) gene, with the honey bee melittin
signal peptide and 6xHis-tag, and the membrane (M) gene linked by the 2A-like sequence were driven
by the polyhedrin promoter. The envelope (E) gene was translated through the internal ribosome
entry site (IRES) of Rhopalosiphum padi virus (RhPV). Enhanced green fluorescent protein (EGFP)
gene was inserted into the plasmid and expressed by a truncated perina nuda picorna-like virus IRES
(PnV339 IRES).

2.2. Generation of VLPs

Sf21 cells were passaged to reach a cell density of 1 × 107 in each T75 flask. After SME-Bac
infection at a multiplicity of infection (MOI) of 1 in Sf21 cells for 5 days, the culture medium was
collected, centrifuged at 600× g for 5 min to remove the cell debris, and passed through a 0.22 µm filter.
VLPs in 10 mL of the supernatant were collected using sucrose cushion ultracentrifugation at 9000× g,
4 ◦C, for 90 min using a Beckman SW-41 rotor (Beckman Instruments, Spinco Division, Palo Alto, CA,
USA). The precipitated VLPs were resuspended in 100 µL phosphate-buffered saline (PBS).

2.3. Indirect Fluorescent Antibody Test

Sf21 cells were passaged to reach a cell density of 2 × 105 cells/well of a 24-well plate. After the Sf21
cells were infected with 5 MOI of SME-Bac for 4 days, each well was washed three times with 200 µL
of PBS supplemented with 0.1% tween-20 (PBST) and fixed using 200 µL of 4% paraformaldehyde
on ice for 20 min. The paraformaldehyde was then removed and each well was blocked with
200 µL blocking buffer (3% bovine serum albumin) and incubated at room temperature (RT) for 1 h.
Two hundred microliters of anti-PEDV S monoclonal antibody, P4B [48], diluted in blocking buffer
(1:200 ratio) was added to each well and allowed to incubate at RT for 2 h. After three PBST washes
and a 1 h incubation with Alexa Flour® 594-conjugated AffiniPure goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA, USA) diluted 1:400 in blocking buffer, the wells were washed three
times with PBST and observed under a fluorescence microscope.

2.4. Western Blotting

The precipitated VLPs were loaded onto an 8% sodium dodecyl sulfate-polyacrylamide
electrophoresis gel. After electrophoresis, the proteins were transferred to a methanol-activated
polyvinylidene fluoride membrane at 300 mA for 180 min. The recombinant S protein was
detected using a rabbit anti-His-tag polyclonal antibody (1:2000 dilution, Rockland, NY, USA).
Following this, a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:5000 dilution,
Cell Signaling Technology, Massachusetts, USA) was used as the secondary antibody for signal
detection. The membrane was developed using ImmobilonTM Western ECL Substrate (Millipore,
MA, USA).

To determine the expression of S protein on the VLPs, the PEDV-challenged and PEDV-free
porcine sera were used to perform Western blot. The prepared VLPs and EGFP-Bac, which was the
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same plasmid without PEDV S, E, and M sequences (pFastBac1-HM6H-P-2A-PnV339-eGFP-Rhir) and
acted as a negative control, were loaded and protein electrophoresis was conducted. The following
steps were similar to those described above, but instead, the primary and secondary antibodies were
replaced by PEDV-challenged porcine serum (1:1000 dilution in blocking buffer) and HRP-conjugated
goat anti-pig IgG (1:1000 dilution; Kirkegaard & Perry Laboratories, MD, USA), respectively.

2.5. Characterization of VLPs Using Electron Microscopy

For the preparation of the microscopic grids, an aliquot of 10 µL of samples was added to the
carbon-coated grid for 1 min and then removed using a filter paper. The grids were stained with 2%
phosphotungstic acid (PTA) for 1 min. Following that, the excess PTA was drained and the grids were
completely dried for 6 h before being examined under a Tecnai G2 Spirit TWIN transmission electron
microscope (FEI Company, OR, USA).

2.6. Expression and Purification of CC Chemokines

The CC chemokines, CCL25 and CCL28, were prepared as described in a previous study [46].
The aqueous formulations comprised the immunogen with/without CC chemokines for different
groups (Table 1). The amounts of VLP and chemokines CCL25 or CCL28 were quantified using Western
blot followed by ImageJ analysis and PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

Table 1. Vaccine formulation and immunization program.

Group Immunogen
Adjuvant

CC Chemokine Freund’s Adjuvant *

Control None None Yes

VLP 1.8 mg of VLP
(0.2 µg S protein) None Yes

VLP + CCL25/28 1.8 mg of VLP
(0.2 µg S protein)

30 µg CCL25 and 30 µg
CCL28 Yes

* 1st immunization: 0.5 mL of complete Freund’s adjuvant; 2nd immunization: 0.5 mL of incomplete Freund’s
adjuvant; 3rd immunization: 0.5 mL of incomplete Freund’s adjuvant.

2.7. Cell Lines and Viruses

The highly virulent viral stock of PEDV Pintung 52 passage 7 (PEDVPT-P7) was derived from
PEDVPT-P5 (GenBank accession no. KY929405) as described in previous studies [19–21]. Vero C1008
cells (American Type Culture Collection no. CRL-1586) were used for viral preparation and the
neutralizing assay. The culture medium was Dulbecco’s modified Eagle medium (DMEM, Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (GE Healthcare, Uppsala, Sweden),
250 ng/mL amphotericin B, 100 U/mL penicillin, and 100 µg/mL streptomycin. The viral titer of
PEDVPT-P7 was 1.78 × 105 TCID50/mL, as determined using the endpoint titration assay with a ten-fold
serial dilution in triplicates.

2.8. Immunization Program of Pigs

Twenty-three-week-old castrated male Large White × Duroc crossbred pigs, which were
PEDV-seronegative and had no PEDV fecal shedding, were selected from a conventional pig
farm. These pigs were randomly separated into three groups, including the VLP group (n = 7),
VLP+CCL (n = 7), and control (n = 6) groups. After acclimation for one week, pigs in each group were
intramuscularly primed with the 0.5 mL regimen shown in Table 1 on day 0. In the control group,
pigs were immunized with adjuvanted Dulbecco’s PBS (DPBS, Gibco), containing Freund’s complete
adjuvant (Sigma-Aldrich, St. Louis, MO, USA). Pigs in VLP and VLP+CCL groups were injected
with 1.8 mg VLP (containing 0.2 µg S protein) diluted in 0.5 mL adjuvanted DPBS with or without
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30 µg CCL25 and 30 µg CCL28. When boosting on days 14 and 35, the formulations were identical
to those used for priming, except that the Freund’s complete adjuvant was replaced with Freund’s
incomplete adjuvant (Sigma-Aldrich). At 0, 14, 28, and 49 days post-prime immunization (DPPI),
blood anti-coagulated using ethylenediamine tetraacetic acid (EDTA) was collected along with oral
swabs for detecting IFN-γ-producing cells, systemic IgG and neutralizing antibody titers, and mucosal
IgA titers. At 49 DPPI, all the pigs were orally challenged with 5 mL of 105 TCID50/mL PEDVPT-P7
to evaluate the protective efficacy. Stool consistency was monitored daily along with the collection
of fecal swabs for detecting viral shedding. The animal experimental procedure was reviewed and
approved by the Institutional Animal Care and Use Committee of the National Taiwan University
(Taiwan, China) with the approval no. NTU107EL-00105.

2.9. Evaluation of Systemic IgG and Mucosal IgA Levels

PEDV-specific antibodies in the plasma and saliva were detected using an in-house PEDV
S-based indirect enzyme-linked immunosorbent assay, as described in the previous study [48]. Briefly,
the 96-well flat-bottom microplates (Thermo Fisher Scientific) were coated with 2 µg/mL recombinant
S protein diluted in coating buffer (KPL, Gaithersburg, MD, USA) at 4 ◦C overnight. Following that,
each well was washed six times with 200 µL/well of washing buffer (KPL) using a microplate washer
(BioTek Instruments, Inc., Winooski, VT, USA) and then blocked with 300 µL/well of blocking buffer
(KPL) at RT for 1 h. After six times of washing, the plasma IgG was evaluated by adding 100 µL
per well of 40-fold diluted plasma samples in blocking buffer (KPL) and incubating at RT for 1 h,
while the salivary IgA titer was detected by adding 100 µL per well of two-fold diluted salivary
supernatant in blocking buffer (KPL) and incubating at 4 ◦C overnight. Following washing at the
end of incubation, 100 µL/well of HRP-conjugated goat anti-pig IgG (KPL) at a 1:1000 dilution and
HRP-conjugated goat anti-pig IgA (Abcam, Cambridge, UK) at a 1:5000 dilution were used to detect
porcine IgG and IgA, respectively. After incubation at RT prior to the wash step, 50 µL of ABST®

Peroxidase Substrate System (KPL) was added to each well and the reaction was allowed to develop
at RT for 5 and 45 min for IgG and IgA measurements, respectively. The reactions were stopped by
adding 50 µL of stopping solution (KPL). The optical density (OD) values were read at 405 nm using
the EMax® Plus Microplate Reader (Molecular Devices, Crawley, UK). The IgG and IgA titers have
been expressed as sample-to-positive ratios (S/P ratios), defined as the difference between the OD
values of the sample and the negative control divided by the difference between the OD values of the
positive and negative controls. The positive control samples were plasma or salivary samples from
pigs challenged with PEDV in previous experiments.

2.10. Neutralizing Antibody Assay

For the evaluation of neutralizing antibody titers, 100 µL of Vero cells were seeded into 96-well
culture plates (Thermo Fisher Scientific) at a density of 3 × 105 cells/mL and incubated at 37 ◦C,
5% CO2 overnight to reach 80–90% confluency. Plasma samples of the pigs were heated at 56 ◦C for
30 min to inactivate the complement. The ten-fold diluted, inactivated plasma samples were two-fold
serially diluted in post-inoculation (PI) medium containing DMEM supplemented with 0.3% tryptose
phosphate broth (Sigma-Aldrich), 0.02% yeast extract (Acumedia, Lansing, CA, USA), and 10 µg/mL
trypsin (Gibco). Each well contained 50 µL of 100 TCID50 PEDVPT-P5 and 50 µL of diluted plasma
samples and was incubated at 37 ◦C, 5% CO2, for 1 h. Subsequently, the mixture was added to
90%-confluent Vero cells following two washes with PI medium and allowed to incubate at 37 ◦C,
5% CO2, for 1 h. The mixture was then removed and fresh PI medium was added and allowed to
incubate at 37 ◦C, 5% CO2, for one day. The cytopathic effects were then observed under an inverted
light microscope (Nikon, Tokyo, Japan). The neutralizing titer was defined as the last dilution without
cytopathic effects.
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2.11. Isolation of Peripheral Blood Mononuclear Cells

For the functional assay of peripheral blood mononuclear cells (PBMCs), 10 mL of blood, containing
1 mL of 1% EDTA (Merck, Darmstadt, Germany) at pH 7.5–8.0, was collected and centrifuged at
1811× g, 4 ◦C, for 30 min. The buffy coat was harvested and diluted in 6 mL of RPMI-1640 medium
(Gibco) for subsequent density gradient centrifugation. The diluted buffy coat was gently applied to an
equal volume of Ficoll-PaqueTM PLUS (GE Healthcare), and centrifuged at 1811× g, 20 ◦C, for 30 min.
The isolated PBMCs, located at the interface of RPMI-1640 and Ficoll-PaqueTM PLUS (GE Healthcare),
were collected and mixed with three volumes of sterile ammonium chloride potassium (ACK) lysis
buffer, containing 0.15 M NH4Cl, 1.0 M KHCO3, and 0.01 M EDTA at pH 7.2–7.4. After incubation at
4 ◦C for 5 min, the cells were centrifuged at 201× g, 20 ◦C, for 10 min to collect the erythrocyte-free
pellets. The pellet was resuspended in RPMI-1640 medium and centrifuged at 129× g, 20 ◦C, for 10 min
to get rid of the platelets. The platelet-free pellets were then diluted to a final concentration of
3 × 106 PBMCs/mL in CTL-TestTM medium (Cellular Technology, LLC, Cleveland, OH, USA) for
subsequent use.

2.12. Enzyme-Linked Immunospot Assay of PEDV S-Specific IFN-γ

According to the manufacturer’s instructions, the total PEDV S-specific IFN-γ secreting-cells
were analyzed using enzyme-linked immunospot (ELISPOT) assay with anti-porcine IFN-γ pre-coated
plates and detecting antibodies purchased from Cellular Technology. The freshly isolated PBMCs were
seeded into the anti-porcine IFN-γ pre-coated plates at a density of 3 × 105 cells/well and incubated
at 37 ◦C for 24 h with CTL-TestTM medium (mock) or CTL-TestTM medium containing 10 µg/mL of
in-house full-length recombinant S (treatment) [48] or 0.1 µg/mL concanavalin A (Sigma-Aldrich)
(positive control). After incubation for one day, IFN-γ detection and color development were performed
according to the manufacturer’s protocol. The scanning and counting were performed using CTL
ImmunoSpot® analyzers and the results were analyzed using ImmunoSpot® software version 7.0.23.2.

2.13. Stool Consistency Scoring and Body Weight Measurement

The clinical signs for each pig were monitored and recorded daily. Based on previous studies [22,46],
the severity of diarrhea was graded as 0: normal consistency; 1: loose consistency; 2: semi-fluid
consistency; 3: liquid consistency. The body weight (BW) of each pig was measured weekly.

2.14. RNA Extraction, Complementary DNA Synthesis, and Probe-Based Quantitative Real-Time PCR

To detect fecal viral shedding after the viral challenge, feces collected from rectal swabs were
resuspended in 900 µL of DPBS (Gibco) and mixed using a vortex. The resuspended samples were
centrifuged at 13,793× g for 10 min. The viral RNA was extracted using the Cador® Pathogen 96
QIAcube® HT Kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany). Reverse
transcription was performed using the QuantiNovaTM Reverse Transcription Kit (Qiagen) to synthesize
cDNA for subsequent quantitative real-time PCR, as described previously [49]. The detection limit of
the assay was 4.7 log10 RNA copies per mL based on the standard curve of the in vitro transcribed
PEDV RNA.

2.15. Statistical Analysis

The collected data were characterized by a small sample size, missing data, and independence
between repeated measurements during the period of study with a non-normal distribution, as checked
using the Shapiro–Wilk test. Traditional modeling techniques, such as repeated measures analysis of
variance, reduce the statistical power and contribute to interpretation issues by list-wise deletion of
missing data and data distortion after transformation [50,51]. The use of alternative statistical methods,
such as GEE and linear mixed effects, for analysis of the longitudinal data overcomes the problems
of valuable data reduction and inflexible correlation structure. Besides, several studies have proved
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that these advanced statistical methods are capable of enhancing power even with a small sample
size and missing data as compared to the traditional models [52,53]. In the collected data set, GEE as
an extension of the generalized linear model is preferable over linear mixed effects due to the robust
standard errors, no limitation of normality, and more emphasis on the population-level trajectories
rather than within-subject changes [54]. The aforementioned advantages render GEE increasingly
popular in clinical trials.

A descriptive statistical analysis of all the experimental data was performed using a 95% confident
interval for mean values to summarize the sample features. GEE with an exchangeable correlation
structure and identity link function was used for further inferential statistics. The outcome variables
(systemic IgG, oral IgA, neutralizing antibody titers, and fecal viral shedding) were modeled with
a treatment factor (control; VLP; VLP+CCL), a repeated measure factor (pre-vaccination; 14, 28,
and 49 DPPI), and a BW factor. Based on the significant interaction terms (group × BW; time × BW;
group × time × BW), BW was considered as a covariate; therefore, the model was adjusted at a fixed
BW before further statistical analysis. Given that the significant interaction term (group × time) was
noted in all the data sets, the results were presented as post hoc comparisons of the simple main effects,
which revealed the effect of the different treatments at different times. The data were analyzed using
SPSS (SPSS for Mac, v. 24.0; IBM, Chicago, IL, USA). A p value of 0.05 was considered statistically
significant. All the graphics were prepared using GraphPad Prism 6.0 (GraphPad software, San Diego,
CA, USA). Results have been expressed as mean ± standard error of the mean (SEM).

3. Results

3.1. Preparation and Characterization of PEDV VLPs Expressed Using Recombinant Baculovirus, SME-Bac

After the transfer construct pFastBac1-HM6H-PEDV-S-2A-M-Pnv339-eGFP-Rhir-E in the
recombinant baculovirus, SME-Bac was transduced into Sf21 cells, the recombinant S protein expression
and VLP production were evaluated using Western blot. Using a previously characterized PEDV
S-displaying baculovirus (S-Bac) [22] as the positive control, the His-tagged S protein was successfully
detected in the culture medium. The amounts of S protein in the VLP-containing supernatants
after three–five days of infection with 1, 3, and 5 MOI of SME-Bac are shown in Figure 2A. The S
proteins were slightly larger than 170 kDa in size. The optimal VLP production condition was found
to be five days after infection with 1 MOI of SME-Bac. To determine the recombinant S protein
being displayed on the surface of the VLPs, the infected Sf21 cells were probed using an indirect
immunofluorescence assay with the PEDV S monoclonal antibody and Alexa Flour® 594-conjugated
secondary antibody. Compared to the non-infected cells, there were strong fluorescence signals on the
plasma membrane of Sf21 cells transduced with SME-Bac (Figure 3I), indicating that the S proteins were
successfully being expressed on the surface of SME-Bac-infected Sf21 cells. Furthermore, to identify
the S protein expressed on the VLPs, the Western blotting detected by PEDV-challenged porcine serum
was performed. The result is demonstrated in Figure 2B. The size of protein bands pointed out by the
arrow heads was approximately 200 kDa, indicative of the S protein.

To evaluate the stability of P-BEVS that express PEDV VLP, we compared the infectivity and S
protein expression level of passages 4, 11, 14, or 15 of SME-Bac. In the SME-Bac, EGFP, translated under
the control of PnV339 IRES, could be used to monitor the infectivity of the recombinant baculovirus
during VLP preparation after multiple passages. As shown in Figure 4A, the green fluorescence was
similar between Sf21 cells infected with SME-Bac passages 4, 11, 14, and 15. However, the EGFP
still can be translated via the cap-dependent mechanism when the S-2A-M sequences are lost during
passaging. To further confirm the results, we monitored the S proteins expression in the passages 4, 11,
14, and 15. It showed that the expression level of S protein in both passages were consistent and similar
(Figure 4B). Thus, the stability of SME-Bac could sustain at least 15 passages in the present study.
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Figure 2. The detection of PEDV spike (S) proteins in the infected Sf21supernatant in various virus-like
particles (VLP) production conditions by Western blot. (A) The samples were purified by conducting
sucrose cushion and detected by anti-His tag antibodies. Positive control was Sf21 cells infected
with S-Bac. (B) The Western blots of the VLPs stained with PEDV-challenged porcine serum were
conducted. The protein bands of PEDV S protein are indicated by arrow heads. The EGFP-Bac was the
sample collected from Sf21 cells infected with pFastBac1-HM6H-P-2A-PnV339-eGFP-Rhir and acted as
a negative control.

Figure 3. The detection of recombinant spike (S) proteins in SME-Bac infected cells. Sf21 cells in a total
number of 2 × 105 cells were infected with 5 MOI of SME-Bac for 4 days. (A,D,G) The morphologies of
the Sf21 cells with different treatments under bright field. (B,E,H) The Sf21 cells successfully infected by
SME-Bac showed green fluorescence under fluorescent microscope. (C,F,I) In the indirect fluorescent
assay, Sf21 cells expressing PEDV S protein displayed red fluorescent signals under fluorescent
microscope. The mock-infected cells and SME-Bac-infected cells stained with secondary antibody were
used as negative controls.
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Figure 4. Detection of PEDV spike protein expression in Sf21 cells infected with different passages
of SME-Bac. (A) The expression level of EGFP of Sf21 cells infected with 1 MOI of EGFP-Bac or
SME-Bac passages 4, 11, 14, or 15 (P4, P11, P14, or P15) for 4 days were observed by fluorescence
microscopy. (B) The PEDV S protein expression in the cell lysates after SME-Bac passages 4, 11, 14,
or 15 infection was detected by Western blotting. The arrow head demonstrates the amount of S protein
in different passages.

3.2. Negative Staining Electron Microscopy of PEDV VLPs

To investigate whether the co-expressed S, M, and E proteins can successfully assemble into VLPs,
the sample was collected and purified from the supernatant of SME-Bac-infected Sf21 cells, and then
examined using transmission electron microscopy (TEM). The TEM image has been shown in Figure 5.
There were numerous VLPs, approximately 100 nm in diameter, displaying similar morphology to
coronavirus (black arrows and inset figure) and some rod-shaped virions, approximately 200 nm in size,
resembling baculovirus (white arrows). Although a small number of baculoviruses were precipitated
together with the VLPs, further purification of VLP for removing the baculovirus was not performed.
Since baculovirus itself can elicit innate immune responses by regulating cytokines and promote B cell
and T cell activation [55–57], the remaining baculoviruses are used as an adjuvant to enhance the effect
of the VLPs.
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Figure 5. PEDV-like particles released in the culture supernatant of 1 MOI SME-Bac-infected Sf21 cells
after 5-day infection. The electron micrograph demonstrates the morphology of VLPs (black arrows
and inset figure) and baculovirus virions (white arrows).

3.3. Changes in Body Weight

The BW of each pig was measured weekly during the experiment. The BW showed a linear
increase in all the groups. However, there was no significant difference in the mean BW among the
three groups (Figure 6).

Figure 6. Changes of the weekly body weight. The body weights of all pigs in each group were
measured every week. The weekly averaged body weights in each group are demonstrated as
mean ± SEM. The mean values in control, VLP, and VLP+CCL groups are presented as gray, blue,
and red lines, respectively.

3.4. Detection of Systemic and Mucosal S-Specific Antibody Titers

Compared to the control group, elevated IgG titers in the plasma were observed in both the VLP
and VLP+CCL groups post-immunization. At 49 DPPI, the titers of control, VLP, and VLP+CCL groups
were 0.06 ± 0.01, 0.41 ± 0.12, and 0.69 ± 0.13, respectively (Figure 7). The statistical method of GEE was
used to assess the systemic IgG and revealed the main effects of time (Wald chi-square = 42.504,
p < 0.001), treatment (Wald chi-square = 116.400, p < 0.001), and BW (Wald chi-square = 5.896,
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p = 0.015). Significant interactions of treatment× time (Wald chi-square = 724.532, p < 0.001), treatment
× BW (Wald chi-square = 27.901, p < 0.001), time × BW (Wald chi-square = 16.578, p = 0.001),
and treatment× time× BW (Wald chi-square = 136.937, p < 0.001) were presented. After the interaction
effects of BW were removed, post hoc comparisons of the simple main effects revealed that systemic
IgG levels were significantly higher in the VLP and VLP+CCL groups than in the control group at
14 DPPI, and significantly higher in the VLP+CCL group than in the control and VLP groups at 28 and
49 DPPI.

Figure 7. Systemic PEDV S-specific IgG titers following the prime, 1st boost, and 2nd boost. Pigs were
immunized with different regimens at 0, 14, and 35 DPPI. Blood was collected at 0 (pre-priming), 14,
28, and 49 DPPI for evaluating PEDV-specific IgG titer by the PEDV S-based ELISA. The results are
shown as averaged values of sample-to-positive ratios (S/P ratio) with error bars representing the
SEM. The values in control, VLP, and VLP+CCL groups are demonstrated by gray, blue, and red lines,
respectively. Different alphabets indicate significant differences among different groups (p < 0.05).

Compared to the control group, the oral IgA S/P titers elicited in the VLP and VLP+CCL groups at
49 DPPI were 0.16 ± 0.05 and 0.15 ± 0.05, respectively (Figure 8). Statistical analysis of oral IgA revealed
the main effects of time (Wald chi-square = 21.983, p < 0.001), treatment (Wald chi-square = 11.703,
p = 0.020), and BW (Wald chi-square = 5.674, p = 0.017). Significant interactions of treatment × time
(Wald chi-square= 297.607, p< 0.001), treatment x BW (Wald chi-square = 19.334, p = 0.001), time × BW
(Wald chi-square = 19.783, p = 0.001), and treatment × time × BW (Wald chi-square = 157.940,
p < 0.001) were presented. Following the removal of the interaction effects of BW, post hoc comparisons
of the simple main effects indicated that the mucosal IgA levels were significantly higher in the
VLP+CCL group than in the control group at 49 DPPI.
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Figure 8. Oral PEDV S-specific IgA titers after the prime, 1st boost, and 2nd boost immunizations.
Pigs were immunized at 0, 14, and 35 DPPI. Oral swabs were collected at day 0, 14, 28, and 49 DPPI to
evaluate PEDV-specific IgA in the saliva by the PEDV S-based ELISA. The data are displayed as the
percentage difference from the mean of control, which is defined as the percentage difference between
treatment and control group divided by the mean of the control group, with SEM at different time
points. The results of control, VLP, and VLP+CCL groups are presented as gray, blue, and red bars,
respectively. The asterisk indicates the significant statistical difference between treatment and control
groups (p < 0.05).

3.5. Evaluation of Neutralizing Antibody Titers in the Blood

Titers of neutralizing antibodies in the blood were elevated in both the VLP and VLP+CCL groups
at 28 DPPI (mean ± SEM) but slightly decreased at 49 DPPI (mean ± SEM) (Figure 9). The main
effects of time (Wald chi-square = 6.073, p = 0.048), treatment (Wald chi-square = 13.107, p = 0.001),
and BW (Wald chi-square = 1.100, p = 0.294) were identified using statistical analysis. Interactions
of treatment × time (Wald chi-square = 28.809, p < 0.001), treatment × BW (Wald chi-square = 8.196,
p = 0.017), and treatment × time × BW (Wald chi-square = 21.322, p < 0.001) were significant,
while time × BW (Wald chi-square = 0.621, p = 0.733) was non-significant. After the BW was adjusted,
post hoc comparisons of the simple main effects revealed significant differences in the neutralizing
antibody levels in the VLP and VLP+CCL groups at 28 DPPI, and in the VLP+CCL group at 49 DPPI,
compared to the control group.

Figure 9. The titers of plasma neutralizing antibodies against PEDV following the prime, 1st boost, and
2nd boost immunization. The neutralizing activity against PEDVPT-P5 was performed. The values are
displayed as mean ± SEM and presented as gray, blue, and red lines of control, VLP, and VLP+CCL
groups, respectively. The asterisk indicates the significant statistical difference between treatment and
control groups (p < 0.05).
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3.6. Assessment of S-Specific Interferon-γ-Secreting Cells in the PBMCs

To evaluate the specific cellular immunity against PEDV, we quantified the endpoint PEDV-S
specific IFN-γ-secreting T-cells in PBMCs using the ELISPOT assay. Although the mean values of
the VLP and VLP+CCL groups were 31.29 ± 8.59 and 36.14 ± 12.72 spot counts per well, which were
higher than those in the control group (16.60 ± 7.44 spot counts per well) (Figure 10), there was no
significant difference among the different groups.

Figure 10. The result of PEDV S-specific Interferon-γ-secreting cell count in the peripheral blood
mononuclear cells (PBMCs). The PBMCs were prepared from the peripheral blood of pigs at 49 DPPI.
Interferon-γ-secreting cells were enumerated by the ELISPOT assay. The data are shown as mean ± SEM
and the results of control, VLP, and VLP+CCL groups are, respectively, illustrated as gray, blue,
and red bars.

3.7. Evaluation of the Protection Provided by the VLP Adjuvant with/without CCL25 and CCL28 against
Virulent PEDV Challenge

To evaluate the protection offered by the different regimens, all the pigs were orally challenged
with PEDVPT-P7. The onset time of diarrhea in the pigs was variable and ranged from three to six
days post-challenge (DPC). Upon determination of the peak fecal score in the control group (six DPC,
n = 4), two pigs showed watery diarrhea (score 3) but the other two pigs presented normal feces
(score 0). Comparatively, when the peak fecal score was determined in the VLP group (six DPC, n = 5),
moderate diarrhea (score 2) was observed in two pigs, mild diarrhea (score 1) in one pig, and normal
feces (score 0) in two pigs, while only three pigs in the VLP+CCL group (n = 5) showed disconnected
mild diarrhea (score 1) over three–eight DPC. The total scores of the control and VLP groups gradually
decreased over six–nine DPC and no clinical signs were observed in any of the groups over 10–13 DPC.
Overall, pigs immunized with VLP and VLP+CCL showed milder diarrhea symptoms than those in
the control group (Figure 11A).

For quantification of PEDV loads in the feces, a PEDV N-based real-time RT-PCR was
performed. In the control group, viral shedding started with 1.73 ± 3.46 log10 copies/mL at three
DPC, reached the peak of 4.26 ± 4.92 log10 copies/mL at five DPC, and then declined after six
DPC. In the VLP group, viral shedding was detected as 2.27 ± 3.18 log10 copies/mL at four
DPC and fluctuated over four–eight DPC with a peak of 2.66 ± 3.65 log10 copies/mL at five
DPC. Pigs in the VLP+CCL group exhibited average fecal viral shedding of 2.28 ± 3.20 log10

copies/mL at three DPC and lasted for six days with a peak of 2.75 ± 3.79 log10 copies/mL at
four DPC (Figure 11B). Statistical analysis revealed the main effects of time (Wald chi-square = 225.571,
p < 0.001), treatment (Wald chi-square = 10.095, p = 0.039), and BW (Wald chi-square = 0.097,
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p = 0.755). Significant interactions of treatment × time (Wald chi-square = 6.345 × 1011, p < 0.001),
treatment × BW (Wald chi-square = 11.397, p = 0.022), time × BW (Wald chi-square = 224.419,
p < 0.001), and treatment × time × BW (Wald chi-square = 55716955.8, p < 0.001) were presented.
After the covariates of BW values in the model were fixed, although there were no significant
differences in the viral shedding among all the groups, the pigs in the control group exhibited higher
peak viral shedding than the other two groups.

Figure 11. Evaluation of the protective efficacy of different treatments. Pigs in all groups were
challenged by the highly virulent porcine epidemic diarrhea virus Pintung 52 (PEDV-PT) strain
passage 7. The post-challenge pigs were monitored for stool consistency and fecal viral loads for 13
days. (A–C) The result of stool consistency scoring in each group. According to the stool consistency,
the stool was graded as 0 for normal; 1 for loose feces; 2 for semi-fluid feces; and 3 for watery feces.
The total number of pigs in the control, VLP, and VLP + CCL groups was 4, 5, and 5 pigs, respectively.
The Arabic numerals labeled in the bar indicate the individuals in each group. (D) The result of fecal
viral shedding in each group detected by probe-based quantitative reverse transcription PCR (RT-qPCR)
targeting the PEDV N gene. The results were presented as mean value of log10 RNA copies/mL ± SEM.
The detection limit of RT-qPCR was 4.7 log10 (copies/mL) marked as a dotted line.

4. Discussion

In this study, PEDV VLPs were generated and characterized for developing a safe and potent
immunogen against highly virulent strains in pigs. To induce effective protection via a convenient
parenteral route, we incorporated CCL25 and CCL28, which have been shown to be effective in our
previous study [46], as mucosal adjuvants in this strategy. Our results demonstrated that the regimen
is capable of eliciting not only systemic PEDV S-specific IgG and IFN-γ-producing cells in PBMCs but
also mucosal PEDV S-specific IgA. Compared to the control group, the clinical signs in pigs of both the
VLP and VLP+CCL groups were markedly palliated accompanied by lower viral shedding without
watery diarrhea. Therefore, PEDV VLP formulated with CCL25 and CCL28 may be a potential PEDV
vaccine candidate and the strategy might serve as a platform for the development of other enteric
viral vaccines.

In this study, the S gene in the P-BEVS vector was in the same ORF as the M protein flanking
with the 2A-like peptide sequence derived from PnV viruses [58]. Thus, the S and M proteins were
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translated by the same ribosome with the same yield. The E protein was controlled by the RhPV IRES,
which would mediate the cap-independent translation through the same mRNA carrying the coding
sequences of S and M proteins. Thus, the VLP of PEDV generated by the P-BEVS system should
express the S, M, and E proteins simultaneously in the SME-Bac-infected Sf21 cells. In the present study,
the detection of S, M, and E proteins by using PEDV-challenged porcine serum was performed and
only the S protein was successfully detected in the SME-Bac VLP. We speculate that the failure to detect
the M and E proteins using PEDV hyperimmune porcine serum by Western blotting might be due to
two possibilities. First, the E and M proteins in VLPs derived from the P-BEVS system may not produce
glycoproteins to generate complex M and E proteins, as the insect cell-produced glycoproteins have
clearly different N-glycans from those produced by mammalian cells [59,60]. The protein structure and
immunogenicity of the E and M proteins of the SME-Bac VLP might exhibit some differences from
those of PEDV virions. Second, poor immunogenicity of the PEDV E protein has also been previously
demonstrated [61]. Due to these detection limits, the Western blot and IFA were performed to confirm
the expression of the S protein and TEM was performed to demonstrate the formation of the VLPs.

Humoral and cellular immunity play an indispensable role in the generation of an effective
vaccine [62]. It is well known that lactogenic passive immune-transferring pathogen-specific IgA is
one of the effective strategies to protect newborn piglets, which have immature immune systems,
against G2 PEDV infection [63]. However, the crucial role of memory T cell responses in PEDV has
also been proposed to protect pigs from reinfection by displaying undetected fecal viral shedding
and absence of systemic and mucosal antibody responses [64]. Therefore, vaccines that can elicit both
humoral and cellular immune responses might be potent in preventing the disease. Herein, after three
intramuscular injections, serological and IFN-γ-secreting cell measurements revealed that the VLP
and VPL+CCL groups were able to stimulate both immune responses in pigs. Both humoral and
cellular immunities are measured by the interaction with in-house recombinant S protein, which is
well-established regarding the confirmations of its biological function and immunogenicity in our
previous studies [21,22,51,65,66] and the result could more correlate with the clinical protectivity than
measured by the interaction with inactivated virions. The successful induction of both humoral and
cellular immunities in the condition of using a lower amount of S protein (0.2 µg/dose) in our VLP
regimen than that in other subunit vaccine studies [21,67,68] suggests that VLP is an effective strategy
to induce potent humoral and cellular immune responses [69–71].

Secretory IgA, which is the first line of mucosal immunity, was observed to be significantly
elevated after the second boost in the VLP+CCL group as compared to the control group. The statistical
result seems contradictory to the raw data, which represented similar mean IgA S/P ratios between the
VLP and VLP+CCL groups at 49 DPPI. Such a contradiction in the results could have arisen depending
on whether the effects of BW are taken into consideration or not. The observation of enhanced IgG, IgA,
and neutralizing titers in the presence of CCL25 and CCL28 is comparable to many related published
reports [42,44,45,72,73] and serves as evidence that CCL25 and CCL28 are involved in chemotaxis
and immunostimulation [74,75]. In addition, a milder clinical sign was also observed in pigs of the
VLP+CCL group as compared to the VLP group. However, when compared to the animals immunized
using the inactivated virus formulated with CCL25/28 in a previous study [46], pigs in the VLP+CCL
group showed relatively less protection against the PEDV challenge. It might be due to the PEDV
exposure age at 11 weeks old and failure to elicit the optimal immune response, as it can be observed
that the mean PEDV S-specific IgG titers were relatively low, with mean S/P ratios of around 0.4 and
0.7 in the VLP and VLP-CCL groups, respectively. However, based on the results of our previous work,
the titer of systemic IgG or neutralizing antibodies might play a minor role in the protection against
PEDV [21]. In the context of the pigs injected with the same dose of CCL25/28 as in the previous
study [46], the fair effect of the immunization might be caused by the suboptimal antigen concentration
in the VLPs. On the other hand, the use of the soluble chemokines may also contribute to the ineffective
stimulation of immune responses. Several studies have indicated that chemokine-incorporated VLPs
can stimulate robust antigen-specific immune responses, while modest immune responses are noted
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in VLPs with soluble chemokines [76,77], highlighting the influence of co-delivery of an antigen and
chemokine on promoting effective immune stimulation. Hence, the adequate regimens of VLP and
CCL or even co-delivery of all the components still need further optimization and should also be
applied to sows to evaluate the protection for litters via lactogenic immunity.

The immune responses elicited by immunization are affected by multiple factors, such as intrinsic
host factors, perinatal host factors, and nutritional factors [78]. To evaluate the immunogenicity and
potential protectivity of the novel VLP immunogen, an appropriate animal model is important for the
preclinical investigation. In the present study, PEDV-seronegative post-weaning pigs were used for the
VLP immunization and viral challenging experiments. This animal model has been well-established
in our previous studies for preliminarily evaluating the immunogenicity of potential PEDV vaccine
candidates [21,46]. After confirming the VLP regimen is capable of eliciting PEDV-specific humoral
and cellular responses, considering that vulnerable suckling piglets should be protected by colostrum
antibody transferred from immunized sows [63], the VLP in combination with chemokines strategy
should be applied to gilts and sows to evaluate the immunogenicity and protective efficacy of lactogenic
immunity in neonatal piglets against PEDVs.

To induce immunity and protectivity in pigs against the emerging G2b PEDV strains, we have
successfully generated the G2b PEDV-based VLP vaccine and demonstrated the efficacy against a
homologous G2b PEDV challenge in pigs. It has been reported that memory CD4+ T cells against
human cold coronaviruses, such as human coronavirus (HCoV) OC43, HCoV-229E, HCoV-NL63,
and HCoV-HKU1, and monoclonal IgA against severe acute respiratory syndrome coronavirus
(SARS-CoV) can provide cross-reactivity against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [79,80]. As for the PEDVs, the nucleotide sequences of the S protein among G1 and G2
strains differ within 10%, and antiserum of G2 PEDVs has been proved to be able to provide partial
cross-reactivity against G1 PEDVs and vice versa [15,81,82]. Accordingly, the vaccines derived from
G2 strains might cross-protect pigs against G1 PEDV infection. The efficacy of our G2b-based PEDV
VLP vaccine against G1 PEDVs should also be evaluated in the future.

In the present study, although the regimen used for immunization of the VLP+CCL group still
needs to be modified, the strategy was able to induce mucosal and systemic immune responses via
intramuscular administration. In addition, it also provided partial protection by resulting in palliated
clinical signs and reduced viral shedding following challenge with the highly virulent PEDV strain.
Additionally, VLP derived from P-BEVS serves as a potent immunogen that is capable of inducing
humoral and cellular immunities in pigs. Of note, this study also points out the importance of
integrating BW as a covariate into evaluation when investigating vaccine efficacy. In summary, VLP in
combination with CC chemokines could be a promising candidate for mucosal vaccines against other
enteric or mucosal pathogens.
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Abstract: Many traditional vaccines have proven to be incapable of controlling newly emerging
infectious diseases. They have also achieved limited success in the fight against a variety of human
cancers. Thus, innovative vaccine strategies are highly needed to overcome the global burden of
these diseases. Advances in molecular biology and reverse genetics have completely restructured the
concept of vaccinology, leading to the emergence of state-of-the-art technologies for vaccine design,
development and delivery. Among these modern vaccine technologies are the recombinant viral
vectored vaccines, which are known for their incredible specificity in antigen delivery as well as the
induction of robust immune responses in the vaccinated hosts. Although a number of viruses have
been used as vaccine vectors, genetically engineered Newcastle disease virus (NDV) possesses some
useful attributes that make it a preferable candidate for vectoring vaccine antigens. Here, we review
the molecular biology of NDV and discuss the reverse genetics approaches used to engineer the virus
into an efficient vaccine vector. We then discuss the prospects of the engineered virus as an efficient
vehicle of vaccines against cancer and several infectious diseases of man and animals.

Keywords: Newcastle disease virus; reverse genetics; vaccines; infectious diseases; cancer

1. Introduction

Vaccines are undoubtedly among the most effective fighters of infectious diseases. They have
historically been used to completely eradicate or at least substantially reduce the menace of many
human and animal diseases [1–3]. Conventional vaccines can be broadly classified into two groups.
The first group includes the live attenuated vaccines that are highly effective due to their ability to induce
immune responses that are essentially similar to those due to natural infection [4,5]. Unfortunately
these vaccines often retain the tendency of reversion back to virulence. The second group includes
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the inactivated vaccines, which are known to be incredibly safe as a result of their non-replicating
nature, but are often poorly immunogenic and therefore, do not elicit a long lasting immunity [6].
Furthermore, both live attenuated and inactivated vaccines have failed to effectively curb the menace
of a variety of major global pathogens. These limitations altogether quest for the need to develop
novel vaccine strategies that could potentially overcome the weaknesses of the conventional vaccines.
Interestingly, the recent advancements in molecular genetics and bioinformatics have paved way for
the emergence of next generation vaccine technologies such as synthetic peptides, DNA vaccines,
recombinant viral-vectored vaccines, and reverse genetics-based vaccines, which are all currently on
the path of revolutionizing medical and veterinary vaccinology [7,8].

Newcastle disease virus is one of the most important avian viral pathogens that inflict huge
economic losses in the global poultry industry [9]. The virus is highly genetically diverse, with currently
more than 20 phylogenetically distinct genotypes based on the recently proposed NDV taxonomy
criteria [10]. Following the recovery of the first strain of the virus by reverse genetics 20 years
ago [11], tremendous progress has been recorded in the genetic manipulation of various strains of
the virus. So far, NDV has been engineered to express rationally designed, safe and highly stable
protective antigens against several human and animal pathogens (Table 1). The virus has also been
genetically reprogrammed for improved oncolytic efficacy against a variety of human cancers (Table 2).
Thus, the prospects of genetically engineered NDV in the era of modern vaccinology cannot be over
emphasized. In this review, we start by describing the molecular biology of NDV and the various
approaches used in the genetic manipulation of the virus for effective vaccine delivery. We then discuss
the potentials of the engineered virus as a vaccine against cancer and other life threatening diseases in
man and against economically important viruses in various domestic animals.

2. Newcastle Disease Virus

2.1. Architecture and Genome Organisation

Ultrastructurally, the particles of NDV are pleomorphic in shape with diameters ranging from
100–500nm. They essentially consist of the ribonucleoprotein (RNP) surrounded by the viral envelop
with its surface glycoproteins that project as spikes. The RNP is made up of the RNA genome
completely encapsidated by a protein called nucleocapsid protein (NP). Other proteins associated
with the RNP include the large protein (L), which is the RNA-dependent RNA polymerase and its
co-factor, the phosphoprotein (P) [12]. Together, they form a helical structure surrounded by a lipid
bilayer envelop with surface projections of hemagglutinin-neuraminidase (HN) and fusion proteins (F).
The matrix protein (M) is found just beneath the viral envelop and maintains the shape and structure
of the virion [13].

The genome of NDV is either 15,198, 15,192 or 15,186 bp in size [14]. It is a single stranded,
non-segmented negative sense RNA that consists of leader (55 nucleotides) and trailer (114 nucleotides)
terminal sequences separated by six genes in the order 3′-NP-P-M-F-HN-L-5′. These terminal sequences
are highly conserved across most of the paramyxoviruses [12,15] and house the regulatory signals
for virus replication [16]. In addition, each gene in the NDV genome encodes a single protein and
is characterized by having a coding sequence flanked by highly conserved gene start (GS) and a
gene end (GE) transcriptional signals [17]. These features of NDV genome are shared by most of the
paramyxoviruses, suggesting a common transcription and replication strategy.

2.2. Virulence Determinants

Using reverse genetics, RNP associated viral structural proteins (NP, P and L) have been shown
to collectively contribute to NDV virulence. Experiments involving the swapping of NP between
pathogenically different strains revealed a change in virulence of the generated recombinant virus
only when NP along with its other replication proteins partners (P and L) were swapped together [18].
Notably, the NP encapsidates the entire genomic RNA while the L functions as an RNA-dependent
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RNA polymerase that binds to P protein and forms a complex that recognizes the RNP for initiating
the process of transcription and replication [19]. Recent evidence has indicated that the L protein can
significantly contribute to NDV virulence through its role in virus replication [20]. However, specific
regions within the L protein responsible for determining NDV virulence are yet to be discovered.
The F protein is the major determinant of NDV virulence. It is synthesized in an inactive form, F0,
and then becomes activated following its proteolytic cleavage into F1 and F2. The enzyme involved in
the cleavage is determined by the amino acid composition of the cleavage site, which in turn varies in
virulent and avirulent NDV strains [21]. Avirulent pathotypes generally have a monobasic F cleavage
site acted upon by extracellular trypsin like proteases. On the other hand, the virulent strains have
multiple basic amino acid residues at their cleavage sites that are activated by intracellular proteases
of the furin family [22]. In addition to the cleavage site’s amino acid composition, the sites of post
translational modifications, notably glycosylation sites, may play a significant role in the virus virulence.
Recently, [23] observed an increase in virus virulence following deletion of N glycans from the heptad
repeats of the NDV F protein. Furthermore, [24] showed a dramatic increase in NDV virulence when
the cytoplasmic tail from a mesogenic strain was used to replace its counterparts in another lentogenic
strain, suggesting the possible role of the F protein’s cytoplasmic domain in determining the virulence
of NDV. The HN protein is also believed to be a determinant of NDV virulence. Depending on the
location of the termination codon, the HN protein has several subtypes of varying length, with most of
the avirulent strains encoding the longest protein made up of 616 amino acids. In contrast, the virulent
strains encode the shortest HN proteins of about 571 amino acids. Lentogenic strains such as LaSota
and B1 encode an HN protein of 577 amino acids in length [25]. Other lengths of HN protein reported
include 572, 580, 582, and 585 amino acids. To investigate whether the HN length diversity is directly
associated with the virus virulence, several NDV chimeras with shortened or extended HN length
were generated by reverse genetics and tested for pathogenicity using standard procedures. It was
revealed that varying the lengths of HN directly affects the functions related to viral replication but not
pathogenicity [26]. V protein, a non-structural protein encoded by the p gene, also plays a vital role in
determining NDV virulence. The role of V protein is clearly manifested during viral pathogenesis as
an interferon antagonist, by selectively targeting STAT-1 for degradation [27]. Recombinant NDVs that
cannot express V protein often show no evidence of growth in 9–10 days chicken embryonated eggs
and a very impaired growth in cell culture. Those recombinant viruses also manifest sensitivity to
exogenous interferon administration, indicating that the V protein plays a role in NDV replication and
virulence [27]. Collectively, virulence of NDV is determined by individual or collective roles of both
structural and non- structural viral proteins.

2.3. Transcription and Replication

The infectious cycle of NDV follows the same pattern as other members of the family
Paramyxoviridae obviously due to the common genomic features shared among these viruses [28,29].
The viral polymerase complex first recognizes a single promoter located in the 3′ leader sequence of
the genome and then moves towards the 5′ end by responding to the conserved gene start (GS) and
gene end (GE) signals located at the beginning and end of each gene respectively, to produce various
mRNAs [30]. Upon arrival at the GE, the polymerase complex terminates transcription, scans through
the intergenic region, and then starts transcription of the next gene and continues in that order until it
transcribes the last gene, from where it finally dissociates from the RNA [31]. As the transcription
progresses, the synthesized mRNAs are translated into viral proteins whose accumulation in the cell
causes the viral polymerase to switch from transcription to replication of the entire viral genome.
Further details of the NDV replication cycle have been discussed elsewhere [32]. Noteworthy, efficient
replication of NDV can only occur when the genomic length of the virus size is in a multiple of six.
This phenomenon is referred to “rule of six” and occurs because during replication, the NP of most
paramyxoviruses is associated with exactly six nucleotides on the genomic RNA [33]. Therefore, in any
experiment involving the genetic manipulation of NDV, the rule of six must be strictly obeyed [30].
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3. Reverse Genetics System

Reverse genetics is the term used to describe the recovery of recombinant viruses from their cloned
cDNA [34]. Viruses generated by reverse genetics can be engineered to either encode desired mutations
in the indigenous viral genes or express heterologous antigens as additional proteins. Reverse genetics
is therefore a state-of-the-art recombinant DNA technology with considerable impact in modern
vaccine design, development and delivery. The first group of viruses known to be amenable to reverse
genetics were the positive sense RNA viruses [35] whose genetic material has the same polarity as
cellular mRNA and therefore can directly act as templates for protein synthesis. However, owing to
peculiar complexities and challenges associated with the replication of negative sense RNA viruses,
reverse genetics could not be immediately applied to manipulate those viruses [31] until in 1994 when
rabies virus became the first negative sense RNA virus to be successfully rescued from its cloned
cDNA [36]. Subsequently, reverse genetics system was established in other negative sense viruses and
in 1999, the rescue of the first Newcastle disease virus (NDV) strain entirely from its cloned cDNA was
accomplished [11].

3.1. Recovery of Recombinant NDV

The constructs needed for the recovery of recombinant NDV are helper plasmids and a full
length cDNA clone. The helper plasmids are eukaryotic expression vectors that encode the minimum
molecular machinery (NP, P and L genes) for the transcription and replication of NDV [37]. On the other
hand, the full length cDNA clone represents the entire antigenome of NDV vectored by a transcription
vector usually under the control of a T7 promoter. To rescue a recombinant NDV, the full length cDNA
construct and the helper plasmids are co-delivered at an optimized ratio, into cells expressing T7 RNA
polymerase for the initiation of virus infectious cycle [38]. Commonly used cells in NDV recovery
are human epitheloid carcinoma (Hep-2) cells infected with modified vaccinia virus expressing T7
RNA polymerase and genetically engineered Baby Hamster kidney cells (BST-T7) that constitutively
express the T7 polymerase. Immediately after transfection, viral RNA will be transcribed from the full
length construct and the proteins expressed from helper plasmids will associate to produce the RNP
template. Unfortunately, this particular step is largely inefficient and, therefore, the most rate-limiting
step in NDV reverse genetics [32]. Once RNP is intracellularly organized, the virus infectious life cycle
becomes activated. In a nut shell, the success of generating an infectious virus from a cloned full length
cDNA of NDV requires the precise transcription of the full length construct into a viral RNA; optimal
co-expression of the NP, P and L genes at a level sufficient to kick-start the replication process; as well
as the expression of other viral genes for onward progression of the replication process and the release
of the assembled viral particles (Figure 1).

3.2. Recent Improvement in NDV Rescue System

The difficulties associated with NDV reverse genetics are largely due to the need to co-transfect at
least four plasmid constructs into the same cell. In order to enhance the transfection efficiency, [39]
developed a two-plasmid reverse genetics system that dramatically improved the rescue efficiency
of NDV. When compared with the conventional four plasmid system, the newly developed system
appeared to be superior, enabling an earlier and increased amount of the recovered viruses. In some
cases, viruses that could not be rescued using the traditional system were successfully recovered with
the aid of this improved reverse genetics system. More recently, a single plasmid-based NDV reverse
genetics system was developed [40]. In this approach, the full length construct under the control of
T7 promoter was designed to have additional T7 promoter sequences upstream of the GS of P and
L genes. Thus, when the plasmid was transfected into cells earlier infected with a fowl pox virus
expressing T7 RNA polymerase, a full length viral RNA and two subgenomic RNAs were transcribed.
Arguably, some of the subgenomic and full length viral RNAs might be capped and polyadenylated,
respectively, at 5′ and 3′ ends by some of the fowl pox enzymes. The mRNAs are in turn translated

236



Viruses 2020, 12, 451

by the cellular protein synthesis machinery into NP, P and L proteins. Therefore, mere delivery of
this single plasmid into cells infected with FP-T7 leads to the assembly of RNP intracytoplasmically,
and the eventual production of infectious virus particle. To substantiate the point that the fowl pox
enzymes were responsible for the capping and polyadenylation of the subgenomic RNAs, the same
plasmid construct was transfected into BSR cells constitutively expressing T7 polymerase and no virus
was rescued. Thus, this technique provides an improvement in NDV rescue efficiency and may have
important applications in future NDV reverse genetics experiments [40].

Figure 1. Reverse genetics approach for the generation of engineered Newcastle disease virus in
BSR-T7 cells. Full length NDV antigenome flanked by T7 promoter (T7 pro), and autocatalytic
hepatitis delta virus ribozyme (HDVrz) is cloned into the transcription vector to form pNDV. Helper
plasmids (expression constructs for NP, P and L) are co-transfected with pNDV into BSR-T7 cells,
which constitutively express T7 RNA polymerase. Within the cytoplasm, the T7 polymerase transcribes
the viral RNA using the pNDV as a template. The helper plasmids express the encoded proteins
for association with the transcribed RNA to form the ribonucleoprotein (RNP) template for onward
replication cycles. The viral polymerase gradiently transcribes the viral genome into respective
mRNAs, which are subsequently translated into proteins. NP, P and L proteins assemble with the
newly synthesized negative sense viral RNA while the F and HN proteins are post-translationally
modified in the endoplasmic reticulum and Golgi apparatus before being transported to the cell surface.
The final event is the release of the recombinant virus by budding, which is then amplified in specific
pathogen-free chicken embryonated eggs.

3.3. Strategies of Foreign Gene Expression Using NDV Vector

Similar to other paramyxoviruses, NDV has been shown to tolerate the insertion of one or
more additional genes into its genome without compromising the biological features of the virus.
Traditionally, those foreign genes (FG) are inserted as independent transcription units (ITU) made up
of GE, IR, GS, and Kozak sequences followed by the coding region of the gene of interest (GOI) [41].
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If the foreign antigens are required to be displayed on the surface of NDV, it is important that they
are fused with the cytoplasmic and transmembrane domains of the NDV F protein [42]. Noteworthy,
the expression level of the FG is considerably dependent on its genomic location in the NDV backbone.
Recently, the optimal site for FG expression has been shown to be the P-M junction, which yields the
strongest expression signals compared to all other locations in the NDV genome [43]. Contrastingly,
the sequential transcription phenomenon states that the closer the gene is to the 3′ end of the genome,
the higher the level of its expression [44]. Given that the P-M junction is not located at the extreme
3′ end of the NDV genome, it is logical to ask the question, what exactly is responsible for the
strongest level of gene expression at this genomic site? Previous studies have shown that efficient
replication of paramyxoviruses requires an optimal NP:P ratio [28]. Therefore, inserting additional
gene at locations upstream of the P gene in the NDV genome might affect the relative abundance of
the downstream proteins leading to the disruption of the NP:P ratio, which ultimately affects viral
replication. On the other hand, when additional genes are expressed at gene borders downstream of
the P gene, this NP:P ratio remains unaffected [43]. This probably explains the choice of P-M as the
optimal site for FG expression.

Another means of FG expression is via an internal ribosome entry site (IRES), which allows the
expression of two genes from a single mRNA transcript [45]. In this system, the IRES sequence is
inserted immediately downstream of the stop codon of any gene in the NDV backbone followed by
the coding region of the gene of interest (Figure 2). During transcription, the two genes separated
by the IRES sequence are transcribed into a single mRNA such that the first gene is translated using
the default cap-dependent translational machinery while the translation of the downstream gene
is cap-independent [46]. The advantage of this system is that the level of gene expression can be
regulated by taking advantage of the sequential transcription mechanism of NDV. Thus, when the
foreign gene is an immunogen for which a high level of gene expression is needed, the IRES sequence
can be inserted immediately downstream the NP gene, followed by the gene of interest. On the other
hand, if the FG is a proinflammatory cytokine used in cancer immunotherapy, the IRES and the foreign
gene can be located downstream of the M gene so that its expression can be moderate to avoid cytokine
storms [47]. Using this strategy, [48] generated a chimeric NDV expressing the F and G proteins of
avian paramyxovirus type C as a potential vaccine candidate for turkeys (Table 1).

Table 1. NDV as an effective vaccine vector in various animal species.

Host Disease Immunogen
NDV

Backbone Type of Immunity Reference

Monkeys Severe acute respiratory
syndrome SARS-CoV S Beaudette C SARS-CoV S-specific

CD8+ T cells [49]

Camel Middle east respiratory
syndrome MERS-CoV S LaSota Neutralizing antibodies [50]

Cattle Rift valley fever RVFV Gn LaSota Neutralizing antibodies [51]
Cattle Infectious bovine

rhinotracheitis BHV-1 gD LaSota Neutralizing IgG and IgA [52]
Cattle Bovine ephemeral fever BEFV G Lasota Neutralizing antibodies [53]

Chicken Infectious bronchitis IBV S1 or full S Lasota CD4+ and CD8+ cells;
Neutralizing antibodies [42,54]

Chicken Infectious
laryngotracheitis ILTV gD Lasota Neutralizing antibodies [55]

Chicken Highly pathogenic avian
influenza H5, H7, H9 Lasota Neutralizing antibodies [56,57]

Chicken Infectious bursal disease IBDV VP2 Lasota - [58]
Dogs and cats Rabies RV G Lasota Neutralizing antibodies [59]

Goose Gosling plaque VP3 of goose
parvovirus NA-1 Neutralizing antibodies [60]

Guinea pigs Acquired immune
deficiency syndrome HIV gp160 Lasota Neutralizing antibodies [61]

Horse West Nile fever WNV PrM/E Lasota CD4+ and CD8+ cells;
Neutralizing IgG [62]

Mice Acute pneumonia RSV F Hitchner B1 CD8+ cells [63]
Mice Nipah encephalitis Nipah virus G

and F Lasota T and B cells;
Neutralizing antibodies [64]

Mice Vesicular stomatitis VSV G LaSota Neutralizing antibodies [65]
Mice Viral gastroenteritis NV VP1 LaSota and

Beaudette C
CD8+ cells; Neutralizing

antibodies [66]

238



Viruses 2020, 12, 451

Table 1. Cont.

Host Disease Immunogen
NDV

Backbone Type of Immunity Reference

Minks Canine distemper CDV F and HN LaSota Neutralizing antibodies [67]
Monkey Ebola EBOV GP Beaudette C CD8+ cells: virus specific

IgA, and IgG [68,69]

Pigs Nipah encephalitis Nipah virus G and F LaSota T and B cells; Neutralizing
antibodies [64]

Monkeys Parainfluenza HPIV3 HN Beaudette C Neutralizing antibodies [70]
Turkey Turkeys

rhinotracheitis
F and G of AMPV type CG

of AMPV type A and B LaSota Neutralizing antibodies [48,71]

 

 

 

Figure 2. Strategies for foreign gene (FG) expression using NDV as a vector. (A) Expression of a
foreign gene (FG) as an additional transcription unit. The FG along with NDV transcriptional signals
and a Kozak sequence is cloned in a non-coding region, preferably between the P and M genes.
(B) IRES-mediated expression of an FG. An IRES sequence is placed in between the coding regions
of any NDV gene and the FG. (C) Expression of an FG via 2A peptide-mediated fusion with any
NDV gene.

In another strategy, NDV has been engineered to express FG via a novel integrating transcriptional
unit [72]. In this system, a fusion sequence made up of the foreign gene and 2AUbi is inserted
immediately upstream of the translation start codon for any gene in the NDV backbone (Figure 2).
The 2AUbi is actually a 94 amino acids sequence made up of the self-cleaving foot and mouth disease
virus 2A peptide and ubiquitin coding sequences [73]. Therefore, the FG is expressed as a fusion protein
with the downstream protein, which is post-translationally separated by the self-cleaving activity of
2A peptide in vivo. When compared with the system utilizing the independent transcriptional unit
(ITU), this system was shown to have higher efficiency of expression. So far, expression of FG via
an integrating transcriptional unit has only been demonstrated for NP, M and L genes in the NDV
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back bone. Preliminary results indicate that M gene yields the optimal result using this system of FG
expression [72].

In summary, various approaches are available to express FG using the NDV backbone, providing
room for a variety of choices depending on the level and manner of gene expression desired. The ITU
system is by far the most popular and frequently utilized method of foreign gene expression using NDV
vector. Other methods recently evolving include the IRES system as well the integrating transcriptional
unit systems. While in the ITU and integrating transcriptional unit systems, the optimal site for foreign
gene expression is the P-M junction, with the latter being immediately upstream of the M gene start
codon; in the IRES mediated expression, the NP-P junction yields the highest level of gene expression.
However, further research is needed to identify the level of foreign gene expression as a fusion protein
particularly with the P, F and HN genes of NDV, to verify the claim that expression is highest when
the foreign gene is located immediately upstream of the M initiation codon. This will definitely have
practical implications for the design of recombinant NDV vectored vaccines.

4. Engineered NDV as a Vaccine Vector against Infectious Diseases

4.1. Unique Attributes of NDV as a Vaccine Vector

One of the most attractive applications of reverse genetics technology is in the manipulation of
viral RNA genomes to express vaccine antigens against several human and animal pathogens [74].
While a number of viruses have been used as vaccine vectors, the efficiency of gene delivery by NDV
in both human and animals is unparalleled, due to some unique architectural features of the viral
genome. In the first place, the genome of NDV, unlike those of pox and herpes viruses, is simple and
encodes only a few structural proteins, which reduces the number of proteins expressed along with
the FG and, therefore, enhances the specific immune response against the expressed heterologous
proteins [19]. Secondly, each gene has conserved GS and GE sequences, respectively, at its 3′ and 5′

ends, which implies that foreign antigens can be efficiently expressed in the same manner as indigenous
NDV proteins, when flanked with those transcriptional signals [32]. In addition, the entire replication
cycle of NDV takes place in the cytoplasm, thereby avoiding the risk of random integration of the viral
genome into the host cell DNA [16]. These useful properties collectively make NDV an efficient vector
for vaccine delivery in different host species.

4.2. Engineered NDV as a Bivalent Vaccine in Poultry

To use a recombinant NDV as a bivalent vaccine in poultry, it is imperative that the backbone virus
is either a naturally attenuated strain such as LaSota and Hitchner B1 strains, or a genetically engineered
NDV encoding some attenuation-inducing mutations particularly at the F protein cleavage site, which is
the major determinant of NDV virulence. Although any lentogenic strain of NDV could serve as a
bivalent vaccine in poultry, the use of NDV strain more closely related to the circulating field NDV
strains stands to offer better efficacy especially in terms of reduction of virus shedding post challenge [8].
Thus, the current trend in ND control focuses on the use of reverse genetics tools to generate the
so-called genotype-matched live attenuated NDV vaccines [75–77]. Such genotype-matched vaccines,
when used as vaccine vectors for other poultry diseases, have the potential to excellently protect against
both diseases. The following are examples of diseases in poultry against which NDV has been used to
successfully deliver vaccine antigens.

Highly pathogenic avian Influenza is arguably the most fatal viral disease in the global poultry
industry. It is caused by avian influenza virus (AIV) of the genus Influenzavirus A in the family
orthomyxoviridae [78]. The virus has a negative-sense, segmented single-stranded RNA genome
encoding at least 10 proteins: polymerase basic 1 (PB1), polymerase basic 1 (PB2), polymerase acid
(PA), hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA), matrix 1 (M1), matrix 2 (M2),
nonstructural 1 (NS1), and nonstructural 2 (NS2) [79]. Among these proteins, the HA and NA are
the most important inducers of neutralizing immunity [80]. Despite the availability of conventional
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vaccines, outbreaks due H5NI and H7N7 AIV subtypes have dramatically increased especially in
the last two decades. The inactivated AIV vaccines are not effective as they provide suboptimal
protection against the disease. The live attenuated vaccines may be highly immunogenic but are not
recommended by the OIE due to the potential for novel subtype emergence as a result of genetic
reassortment [80]. Thus, alternative vaccine platforms must be explored to control the menace of this
fatal avian pathogen. Recombinant viral vectors such as turkey herpesvirus, fowlpox virus, adenovirus,
infectious laryngotracheitis (ILT) virus, and Marek’s disease virus (MDV) have all demonstrated
promising AIV vaccine delivery efficiency [81]. Similarly, recombinant NDV expressing H5 or H7 of
AIV has severally been shown to demonstrate excellent protective efficacy against challenge with both
virulent NDV and HPAI virus in chicken [56,82,83]. Details of the protective efficacy of NDV vectored
AIV vaccines have recently been reviewed else-where [57].

Infectious bronchitis, an economically important disease of poultry caused by a rapidly evolving
coronavirus known as avian infectious bronchitis virus (IBV), has been incriminated in crippling
the productivity of the poultry industry all over the world [84]. Current control strategies for the
disease rely on the use of traditional live and inactivated vaccines that may not cross protect against
other heterologous serotypes [85], necessitating the need to develop vaccines based on the prevailing
regionally important serotypes. Since field IBV strains are difficult to attenuate [86], the use of
recombinant live vaccines could serve as an attractive alternative in the control of infectious bronchitis
in chicken. Unfortunately, due to their large genomes, recovery of recombinant IBV strains by reverse
genetics can be highly cumbersome [87]. However, since several studies have shown that most of the
neutralizing epitopes against IBV are found in the S1 protein, recombinant viral vectors expressing
the IBV S1 protein have the potential to induce protective immune responses in vaccinated chickens.
Recently, recombinant NDV strain LaSota engineered to express LX4 type IBV S1 protein has been
shown to induce strong cellular and humoral immunity, which provides complete protection against
both virulent NDV and LX4 type IBV challenge [54]. Indeed, after vaccination with this bivalent vaccine
and subsequent challenge with a virulent IBV field isolate, a marked reduction in the replication of the
challenge virus in the trachea was observed especially after booster vaccination [54]. More recently,
engineered NDV expressing IBV complete S, S1 or S2 proteins was shown to completely protect
against both virulent NDV and IBV challenge, with the highest protective efficacy demonstrated by
rNDV expressing complete IBV S protein [42]. Similarly, Abozeid, H.H. et al. ([88]) showed that
recombinant NDV expressing codon-optimized S glycoprotein of the Egyptian IBV variant strain
IBV/Ck/EG/CU/4/2014 provided excellent protection against both NDV and IBV challenge in chicken.
Thus, rNDV is an efficient vector for the delivery of IBV-specific immunogens in chickens.

Another important avian pathogen threatening the global poultry production is infectious bursal
disease virus (IBDV). The virus specifically replicates in the chicken’s bursa of Fabricius, resulting
in the destruction of the developing B lymphocytes, leading to immunosuppression and enhanced
vulnerability to several infectious diseases [89]. Despite the availability of vaccines, control of IBD
is still a problem owing to the emergence of antigenically distinct variants as a result of the use
of the current IBD vaccines [90]. These variants evade neutralizing antibodies raised against the
classical IBDV vaccines, making the control of the disease using the currently available vaccines
unreliable. Therefore, to efficiently control this immunosuppressive disease of chicken, there is the
need to rationally design vaccines that do not lead to the emergence of novel antigenic variants of
the field virus [91]. Since several studies have identified the IBDV VP2 protein to contain the major
immunoprotective epitopes against the virus [92], recombinant vaccines based on VP2 protein stand
to outperform the currently used IBD vaccines. Interestingly, genetically modified NDV engineered
to express IBDV VP2 antigen upstream of the NP gene in the NDV backbone was shown to induce
90% protection against both virulent ND and IBD challenges. More so, a booster vaccination using
this bivalent vaccine led to 100% protection against both diseases [58]. This clearly demonstrates the
potential of NDV as a promising vector for the delivery of IBDV immunogens in poultry.

241



Viruses 2020, 12, 451

Turkey rhinotracheitis affects the upper respiratory tract of young turkeys leading to high economic
losses especially when superimposed with secondary bacterial infection. The disease is caused by
avian metapneumovirus (AMPV) subtypes A, B, C, and D, with A and B subtypes being the most
widely distributed [93]. Although effective live attenuated vaccines have been developed against
this disease, their reversion back to virulence is of serious concern to poultry farmers all over the
world. For instance, live vaccines based on AMPV subtypes A and B were shown to acquire a
few mutations and regain virulence in turkeys, causing clinical disease similar in severity to the
original field strain [94]. Thus, effective control of the disease begs the development of an effective
and stable vaccine with no risk of reversion. The surface glycoproteins (F and G) of AMPV are
known to participate not only in pathogenicity but also in the induction of neutralizing immunity
in the vaccinated host. With the advent of recombinant DNA techniques, viruses vectoring AMPV
F or G have been generated and shown to demonstrate some level of protection against turkey
rhinotracheitis [71]. More recently, vaccination of turkeys with a recombinant NDV expressing the
F and G proteins of AMPV type C (APMV-C) was shown to elicit both NDV-specific and AMPV-C
specific humoral immune responses, which substantially protected against challenge with the two
virulent viruses [48]. This further demonstrates the incredible ability of NDV to serve as an efficient
vaccine vector in turkeys.

In the geese industry, gosling plaque (otherwise known as goose hepatitis) accounts for the
highest rates of mortality and mobility. The disease is caused by a goose parvovirus that mainly
causes gastrointestinal disturbances due to the predilection of the virus for the intestinal wall [95].
Live and inactivated vaccines are available to control this disease in areas where it is endemic. However,
the currently available vaccines have many setbacks that necessitate the need to develop alternative
vaccines. Apart from the risk of reversion of live vaccines back to virulence, the cost of vaccines that
are prepared in SPF geese allantoic fluid is outrageously high, owing to the scarcity of SPF geese or
duck embryonated eggs. Thus, improved and more cost-effective vaccines are needed to adequately
control this economically important disease of geese. Among the structural proteins of GPV, the VP3
contains the highest number of neutralizing epitopes, a property that qualifies it to be used as a
suitable vaccine antigen against the virus. Recombinant genotype VII-based NDV expressing the VP3
of GPV developed as a bivalent vaccine was shown to simultaneously induce strong neutralizing
antibodies against NDV and GPV in China [60]. Since the prevailing NDV strains in China for the
past two decades have been genotype VII isolates, this chimeric NDV and GPV vaccine stand to offer
excellent protection against the field NDV strains (because it is genotype-matched) and at the same
time adequately protect against GPV.

Other important avian pathogens against which NDV was used to deliver immunogens include
infectious laryngotracheitis virus (ILTV). This pathogen primarily affects the upper respiratory system
of chicken where it causes severe clinical signs such as dyspnoea, coughing and conjunctivitis,
which inevitably lead to inappetence, reduced feed conversion efficiency, and a drastic decrease in egg
production [96]. For a very long period of time, live attenuated vaccines have been widely used to
control the disease. However, those vaccines have been shown to retain some level of residual virulence
strong enough to cause clinical disease in chicken especially when administered as a spray [97].
Furthermore, they are associated with latent infection, which might later be reactivated especially
in long-lived layers and breeders [98]. Thus, alternative vaccine platforms are required to optimally
control this economically important disease of chicken. Deletion mutants of the virus devoid of
glycoprotein J have been generated and shown to be highly protective in chicken [98]. Unfortunately,
these vaccine candidates demonstrate poor in vitro replication kinetics. Attention therefore has shifted
to recombinant fowl pox or HVT vectored vaccines that do not possess the risk of establishing latent
infection. Again, these vaccines are only partially protective against ILTV [99]. Recently, a recombinant
NDV LaSota strain engineered to express the glycoprotein D of the ILTV has been shown to induce a
strong immune response that completely protected the vaccinated birds against the highly virulent
ILTV challenge. Indeed, the level of neutralizing antibodies induced by the recombinant NDV vectored

242



Viruses 2020, 12, 451

vaccine was even higher than that of commercial vaccines [55,100]. Given this superior humoral
response and the stability of the virus, recombinant NDV expressing ILTV gD is a potential next
generation vaccine candidate against ILTV infection in chicken.

4.3. Engineered NDV as a Vaccine Vector in Ruminant and Monogastric Animals

Middle East respiratory syndrome corona virus (MERS-COV) is the causative agent of a fatal
human disease characterized by gastrointestinal and respiratory disorders [101]. The virus is harbored
by bats and camels with the possibility of spill-over from these animals to man. Since camel–human
contact in the Middle East is more frequent than bat–man interaction, the virus is more likely to be
transmitted to man from camels, which were recently declared the major reservoirs of the virus in
Saudi Arabia [102,103]. Hence, the most appropriate strategy to effectively control the disease is the
development of a vaccine that will neutralize the virus in camel reservoirs. Recently, recombinant NDV
Beaudette C strain was engineered to express MERS-CoV protein using reverse genetics approaches.
When this chimeric virus was used to immunize camels in a prime-boost manner via the intramuscular
route at the dose of 2× 109 EID50 per camel, neutralizing antibodies against MERS-CoV were elicited [50].
Although a challenge experiment was not performed in the above study due to the unavailability
of large animal containment facility, the rise in the neutralizing antibodies titre, as determined by
ELISA and virus neutralization tests, especially after the booster vaccination, suggests the potential
immunoprotective property of the vaccine [50]. More so, the fact that NDV can easily be prepared in
large quantities in embryonated chicken eggs makes this potential bivalent vaccine less expensive and
therefore easily affordable by the less privileged farmers. NDV is therefore a potential vaccine delivery
agent against infectious diseases in camels.

Bovine enzootic fever, otherwise known as 3-day sickness, is an acute febrile disease of cattle
and buffalo caused by an arthropod-borne pathogen called bovine ephemeral fever virus (BEFV).
Although the disease is rarely fatal, it causes huge economic loses in the form of drastic reduction of
milk yield among the dairy cattle [104]. Various vaccine preparations ranging from live, inactivated to
subunit vaccines are utilized to control this disease in different countries. However, despite the
effectiveness of these vaccines, the immunity they induce is not long lasting [105]. This means that a
booster vaccine must periodically be administered to maintain the antibody titres above the protective
threshold in the immunized subjects. As an alternative, recombinant NDV vectoring BEFV G protein
was constructed and used as a vaccine in cattle. After the initial and booster vaccination of 1-year-old
cattle using the recombinant vaccine, a good neutralizing antibody titre was obtained [53], suggesting
the potential of the recombinant virus to be used in the control of the disease. More importantly, the use
of the vaccine will be highly relevant in disease eradication by making it possible to differentiate
vaccinated from infected animals (DIVA).

Bovine herpes virus-1 is the causative agent of many diseases in cattle such as infectious pustular
vulvovaginitis, balanoposthitis and infectious bovine rhinotracheitis. It is therefore an important
pathogen that militates against cattle production in regions where it is endemic [106,107]. A number
of vaccines are available in different preparations to control this virus. However, those vaccines
are not without their shortcomings. The live vaccines, although highly immunogenic, may cause
immunosuppression in the vaccinated host. On the other hand, the inactivated vaccines are very
safe but poorly immunogenic [108]. The quest for more effective vaccines has led to the generation
of recombinant NDV expressing the BHV-1 gD protein. This protein is among the three enveloped
proteins of the virus that are involved in the initial infection and the induction of neutralizing immunity
in the infected or vaccinated host. Interestingly, of the three envelope proteins, the gD protein has been
shown to contain the most neutralizing T and B cell epitopes [109]. Little wonder, several recombinant
vaccines against BHV-1 utilized the protein as an immunogen [110,111]. When the recombinant NDV
expressing BHV-1 gD was used to immunize 3-month-old calves via the combined intranasal and
intratracheal routes, BHV-1 specific IgA and IgG immune response were observed. Although the
protection observed following challenge with the virulent BHV-1 was only partial [52], it was reasoned
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that a second dose of the vaccine might significantly improve the protective efficacy of this vaccine
in cattle.

Rift valley fever (RVF) is another important disease of ruminants with high zoonotic potential.
It is characterized by abortion, foetal abnormalities and neonatal mortality especially in lambs [112].
To control the disease, formalin killed or live attenuated vaccines are often used. The killed vaccines are
generally less immunogenic and so, adjuvants and booster vaccinations are required to enhance their
effectiveness [113]. The live vaccines on the other hand are effective following a single administration
but their safety in young animals is questionable. Hence, the current trend in the control of RVF is the
development of cheap and effective vaccines that can be used across all age groups of animals [114].
In line with this requirement, many recombinant vaccines in the form of epitope-based synthetic
peptides, plasmid DNA encoding the protein of interest, or viral vectors-based vaccines have been
generated. Of these vaccines, the viral vectored vaccines seem to be the most useful tools for efficient
delivery of RFV immunogens. A recombinant Venezuelan equine encephalitis virus expressing the
RFV G2 protein was found to induce strong protective immunity in vaccinated mice [114]. However,
this chimeric virus failed to grow to high titres in cell cultures, a problem that diminishes its potential
as a vaccine. Interestingly, the recovery of a recombinant NDV expressing Gn protein of RVF as a
potential vaccine was reported. When this vaccine was used to intramuscularly immunize calves at a
dose of 2 × 107 TCID50 per animal, a good level of anti RFV Gn neutralizing antibodies was observed.
Although the serum neutralizing titres were only moderate, they were thought to be enough to protect
against the virulent form of the disease [51]. With this level of immunogenicity added to the growth in
high titres following inoculation in chicken embryonated eggs, NDV vectored RFV vaccine stands to
be useful in the control of the disease.

Recombinant NDV is also useful in the delivery of vaccine antigens in dogs and cats. Canine
distemper, a severe life threatening viral infection of carnivores, is currently controlled using modified
live vaccines whose safety is still questionable. Immunization with those vaccines has been reported
to cause clinical disease due to reversion back to virulence [115,116]. Furthermore, pre-existing
maternal immunity strongly interferes with the efficacy of these vaccines. Thus, a safer and more
efficacious vaccine platform is needed to improve the current control strategy. One attractive strategy
that could potentially overcome these challenges is the use of a recombinant viral vector system.
Recently, a recombinant NDV expressing the H protein of CDV (rLaSota-CDV HN) was shown to elicit
solid neutralizing immunity that protected against virulent CDV challenge in minks [67]. In view of
the numerous advantages of the NDV vector, particularly its host restriction and non-pathogenicity
in mammals, rLaSota-CDV stands to be a good alternative to the not-very-safe conventional live
attenuated CDV vaccines.

Rabies is a highly fatal zoonotic viral disease of all warm-blooded animals associated with
severe pathology in the nervous system. Humans predominantly get infected via bites from a rabid
dog [117,118]. Thus, controlling the disease in dogs is crucial to its prevention in humans. Interestingly,
both live attenuated and recombinant vectored vaccines are available for the control of rabies [119].
However, those vaccines possess some limitations that make the search for improved vaccines a
continuous priority. For instance, most of the live attenuated rabies vaccines are not very safe and
only induce suboptimal immune response in the vaccinated animals [119]. Furthermore, recombinant
vaccinia virus vectored rabies vaccine has been linked to severe integumentary inflammation, and the
vector may cause persistent infection in humans [120]. As a result, effective rabies disease control in both
man and animals demands the development of an improved vaccine that overcomes those challenges.
Using the LaSota strain as a backbone, a recombinant NDV expressing rabies virus glycoprotein
(rLaSota-RVG) was constructed and recovered as a potential vaccine [59]. When used to vaccinate
dogs and cats at a dose of 109.8 EID50, the rLaSota-RVG induced a robust long lasting neutralizing
immunity that effectively protected against challenge with a wild type rabies virus street strain.

Collectively, the NDV vector is not only an efficient vaccine vector in poultry, it has also been
shown to be a promising vector in other animals such as cattle, camels, dogs, etc. Since NDV is
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apathogenic in non-avian species, efforts should be intensified towards its use as a vaccine vector in
different animal species particularly against those diseases whose control strategies are confronted
with a lot shortcomings and challenges.

4.4. Engineered NDV as a Vaccine Vector in Man

Genetic manipulation of NDV has also been shown to be applicable in the delivery of human
vaccines [111]. This is of particular relevance in the case of pathogens with serious biosafety concerns.
For instance, Ebola virus, which causes a highly fatal disease in humans, can only be handled under
BSL-4 facility because of its potential for human-to-human spread [121]. Therefore, conventional live
attenuated Ebola vaccines are not likely to be safe due to the possibility of their reversion back to
virulence. Moreover, inactivated Ebola vaccines that have been shown to be safe can only induce a
suboptimal immune response that incompletely protects against lethal Ebola virus challenge [122].
Thus, there is the need for a safer and more effective vaccine platform. Among all the next generation
Ebola vaccines, recombinant virus vectored vaccines appear to be the most promising. Rabies virus
and Venezuelan equine encephalitis virus expressing Ebola GP are some of the recent vaccines that
are currently under clinical trials in humans [123,124]. Recombinant NDV expressing Ebola GP has
also been shown to stimulate strong neutralizing systemic and mucosal immunity following booster
vaccination in monkeys [68,69]. This signifies the ability of NDV to effectively deliver Ebola virus
immunogens as vaccines.

Successful delivery of HIV antigens has also been achieved using recombinant NDV vehicle [125].
Several live and inactivated vaccine candidates have been unsuccessful in the fight against the HIV
pandemic, which continuously ravages the human population in different countries [126]. An ideal
HIV vaccine should not only stimulate a long-lasting neutralizing antibody response, it should also
elicit strong cell-mediated immunity, particularly a CD8+ response, which is believed to play a crucial
role in virus clearance [127]. With the gag and pol proteins being the most important elicitors of
robust immune responses against HIV [128], attempts have been made to construct a recombinant
vectored vaccine expressing these proteins. In one study, genetically engineered NDV expressing HIV
gp140 or gp160 have been shown to induce a strong anti-HIV humoral immune response following
parenteral or intranasal administration in mice [61]. Similarly, recombinant NDV expressing HIV gag
protein induced a strong cell-mediated immunity specifically directed against the gag antigen in mouse
models. Indeed, co-immunisation of mice with recombinant NDV expressing HIV gag and another
recombinant NDV expressing HIV envelope protein was shown to induce strong neutralizing antibody
and cell-mediated immunity especially following intranasal vaccination [61].

The potential of NDV as a vaccine vector has also been evaluated against emerging human
diseases such as Nipah virus encephalitis and severe acute respiratory syndrome (SARS). In one
instance, NDV was engineered to express Nipah virus surface glycoproteins (F and G). When the
engineered NDV was used to immunize mice at the dose of 108EID50, a strong and long lasting
Nipah virus-specific neutralizing immunity was generated [70]. Furthermore, recombinant mesogenic
NDV engineered to express SARS-CoV spike S glycoprotein was found to not only induce a strongly
protective immune response in mice, it also drastically reduced the viral load in the lungs, trachea and
nasal turbinate following challenge with 106TCID50 of SARS coronavirus [49]. Other human vaccines
vectored by NDV have been extensively reviewed elsewhere [111].

5. Engineered NDV as an Improved Cancer Vaccine

5.1. Molecular Mechanisms of NDV Induced Oncolysis

As far back as seven decades ago, NDV has been recognized to replicate more efficiently in
mammalian cancerous cells than in normal cells. This natural oncolytic tendency of NDV has been
demonstrated both in cell culture systems and different animal models [129]. In fact, many oncolytic
NDV strains are currently at various stages of clinical trials for use in humans. One of the possible
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mechanisms of this selective replication of NDV in cancerous cells is the differential activation of
interferon signaling pathways in normal and cancerous cells. Normal human cells are equipped with
the RIG-I receptor that efficiently senses the presence of NDV and elicits a measurable interferon
response [130]. On the other hand, most human cancers have defective interferon pathways, and so
they cannot easily antagonize the invasion and replication of NDV. Nevertheless, some NDV strains
have been shown to efficiently replicate in cancers with an intact interferon antiviral system, suggesting
the involvement of other mechanisms of NDV-induced oncolysis [131]. Previously, NDV has been
shown to stimulate the upregulated expression of TNF-related apoptotic-inducing ligands (TRAIL) on
monocytes leading to tremendous oncolytic effects in tumor cells bearing the TRAIL-R2 receptor [132].
Similarly, NDV has been shown to induce apoptosis in many cancer cell lines by triggering certain
endoplasmic reticulum stress in a manner independent of P53 gene expression [133]. Thus, the oncolytic
efficacy of NDV could also be related to its ability to stimulate both intrinsic and extrinsic apoptosis
pathways. Other mechanisms of NDV-induced oncolysis include the upregulated expression of
major histocompatibility molecules and cell adhesion receptors as well as the increased secretion of
proinflammatory cytokines around the tumor site [134]. In summary, the strategies of NDV-mediated
oncolysis can be broadly classified into those involving the manipulation of the cellular antiviral and
anti-apoptotic pathways as well as other indirect mechanisms that involve the activation of innate and
adaptive immune responses.

5.2. Recombinant NDV as an Improved Oncolytic Agent

Despite the widely known oncolytic efficacy of wild type NDV, certain types of cancer are still
resistant to the activity of the virus [134]. With the advent of reverse genetics, however, strategies of
improving the oncolytic efficacy of the virus have emerged [135]. One of those strategies involves the
manipulation of the F protein cleavage site of the virus. In one study, avirulent NDV was reported to
have been engineered to encode polybasic instead of monobasic F cleavage site. When the recombinant
virus was evaluated for anticancer activity, it was found to have a dramatically increased cell-to-cell
fusion activity, replication kinetics, and tumoricidal effects in many human cancerous cell lines
compared to the wild type virus [136]. This suggests an improved therapeutic potential of the virus.
However, since NDV with a polybasic F cleavage site is potentially pathogenic in chicken, its usage as
a cancer vaccine in humans is nowadays discouraged because of the fear of accidental spillage into
the environment. Hence, the current focus is the generation of recombinant NDV that demonstrates
excellent antitumor effects in humans while retaining its safety profile in chicken [137].

In line with the current research focus in NDV oncolytics, [138] generated a type-1 interferon
sensitive avirulent NDV by abrogating its V protein expression. Although the recombinant virus
failed to grow efficiently in normal cells due to interferon antagonism, it grew to a much higher titre
and indeed induced apoptosis in many human cancerous cells with defective interferon signaling
systems. Unfortunately, the oncolytic prospects of this recombinant virus are limited to only cancers
with a non-functional interferon pathway since the virus is interferon sensitive. Therefore, in order
to overcome this limitation, [135] created two major alterations in the genome of an avirulent NDV
and recovered the recombinant virus using reverse genetics. These alterations are the modification
of the F cleavage site from monobasic to polybasic and the insertion of influenza NS-1 gene into
a lentogenic NDV backbone. While the creation of the polybasic cleavage site stands to improve
cell-to-cell spread of the virus in cancerous cells, the influenza NS-1 protein through its potent
anti-interferon and anti-apoptotic properties, allows the virus to evade the innate immune response
following infection [136]. Thus, when the recombinant NDV expressing this protein was used to treat
various cancerous cell lines, efficient replication, better syncytia formation, and enhanced oncolysis
were noted especially among malignant melanoma cell lines.

Other approaches used to enhance the oncolytic efficacy of NDV include reprogramming the
virus to constitutively express certain interferons and proinflammatory cytokines [134]. A recombinant
NDV expressing soluble IL-2 has been shown to effectively regress hepatocellular carcinoma in mice
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and lead to the establishment of strong immunity that completely protected the cured mice from
future challenge with cancerous cells [139]. Furthermore, co-expression of IL-2 and IL-12 on the NDV
backbone led to enhanced anti-hepatoma activity in mice. In another study, NDV was engineered
to express IL-12 and or IL-2, and both recombinant viruses proved to be better anticancer agents
than the wild type virus [140]. Furthermore, recombinant NDV strain AF2240 engineered to express
IL-12 was found to be highly efficacious against human breast cancer [141]. In addition, [142] in a
proof-of-concept study showed that recombinant NDV expressing GM-CSF demonstrated a superb
oncolytic activity and an enhanced immunostimulation of innate immune cells compared to the wild
type virus. Thus, although NDV is naturally oncolytic, reverse genetics technology can be used
to improve its properties to overcome the potential limitations associated with the use of the wild
type virus. Recently, recombinant NDV engineered to express IL-24 has been shown to demonstrate
improved oncolytic efficacy in murine melanoma models [143]. A summary of the approaches used in
enhancing the oncolytic potential of NDV using reverse genetics is shown in Table 2.

Table 2. Some strategies used to enhance the oncolytic efficacy of Newcastle disease virus.

NDV Strain Genetic Modification In Vitro Effects In Vivo Effects Reference

1. NDV Lasota Change of F cleavage site
from monobasic to polybasic

Enhanced oncolysis of
neuroblastoma cells via

intrinsic and extrinsic caspase
independent pathways

Not done [144]

2. NDV Lasota Expression of GM-CSF

Induction of strong interferon
response in PBMC;

Substantial tumor growth
inhibition caused by vaccine
cells modified with the virus

Not done [142]

3. NDV
Hitchner B1

Modification of F cleavage site
and insertion of influenza NS1

gene

Profound cytotoxicity on
human myeloma cell line

SKMel-2 and mouse
melanoma cell line B16-F10

i. Infiltration of CD4 and CD8
positive cells

ii. suppression of mouse
footpad melanoma growth

[136]

4. NDV
Hitchner B1

Modification of F cleavage site
and insertion of IL2 Not done

Complete colon cancer
regression characterized by
marked T cell infiltration in

mice
[135]

5. NDV-HUJ Change of F cleavage site
from polybasic to monobasic

Enhanced apoptosis of
chemoresistant primary

melanoma cells
Not done [131]

6. NDV
Beaudette C

Truncation of V protein
expression Not done

Complete regression of
duodenum adenocarcinoma

in Balb/c mice
[138]

7. Clone 30 Expression of IL2 and IL12
Enhanced tumor cell death on
U251, HepG2, Hela, and A549

cells
Enhanced oncolytic effect on
hepatocarcinoma in mouse [140]

8. NDV 73-T
Change of cleavage site from

monobasic to polybasic;
Insertion of 198 nucleotides at

the HN-L junction

Enhanced oncolytic effect on
CCD1125 and HT1080 cells

Inhibition of tumor growth in
HT1080 xenograft mouse

tumor model
[145]

9. NDV MTH68
Expression of heavy and light

chains of monoclonal
antibody directed against Edb

fibronectin antigen

Enhanced tumor selective
cytotoxicity on HT 29 colon

cancer cells
Not done [146]

10. FMW
Expression of chicken

infectious anaemia virus
proapoptotic protein

Enhanced killing of
adenocarcinomic human

alveolar cells
Significant regression of

treated tumor [147]

6. Concluding Remarks

For several decades, NDV was only known as a poultry pathogen [148,149] with some potential
to treat human cancer [150]. However, with the discovery of reverse genetics, so many other prospects
of the virus have been unearthed. Today, the virus is easily programmable into a protective bivalent
vaccine against highly virulent NDV and other economically important poultry diseases. The virus
can also be manipulated to generate rationally designed vaccines against several emerging infectious
diseases of various domestic animals. Furthermore, the virus has demonstrated the potential to not
only deliver vaccine antigens against fatal human diseases, but also serve as an improved oncolytic
agent against a variety of human cancers. Thus, the impacts of engineered NDV in modern vaccinology
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are enormous. Given its simple genome, efficient replication, host restriction, and non-pathogenicity
in most mammals, NDV is likely to be the vector of choice against many other emerging diseases of
man and domestic animals.
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Abstract: Apple latent spherical virus (ALSV) was successfully used in promoting flowering
(virus-induced flowering, VIF) in apple and pear seedlings. In this paper, we report the use of
ALSV vectors for VIF in seedlings and in vitro cultures of grapevine. After adjusting experimental
conditions for biolistic inoculation of virus RNA, ALSV efficiently infected not only progeny seedlings
of Vitis spp. ‘Koshu,’ but also in vitro cultures of V. vinifera ‘Neo Muscat’ without inducing viral
symptoms. The grapevine seedlings and in vitro cultures inoculated with an ALSV vector expressing
the ‘florigen’ gene (Arabidopsis Flowering locus T, AtFT) started to set floral buds 20–30 days after
inoculation. This VIF technology was successfully used to promote flowering and produce grapes
with viable seeds in in vitro cultures of F1 hybrids from crosses between V. ficifolia and V. vinifera and
made it possible to analyze the quality of fruits within a year after germination. High-temperature
(37 ◦C) treatment of ALSV-infected grapevine disabled virus movement to newly growing tissue to
obtain ALSV-free shoots. Thus, the VIF using ALSV vectors can be used to shorten the generation
time of grapevine seedlings and accelerate breeding of grapevines with desired traits.

Keywords: grapevine; apple latent spherical virus vector; virus-induced flowering; reduced
generation time; breeding of grapevine; virus elimination

1. Introduction

Most plant viruses consist of small genomic RNA and capsid proteins that autonomously propagate
upon infection of host plant cells and then spread throughout the plant by cell-to-cell and long-distance
movement [1]. Virus vector technologies use the ability of viruses to suppress plant genes to engineer
gene silencing or expression of exogenous genes such as green fluorescent protein (GFP) through
relatively short experimental procedures [2]. Suppression of plant gene expression with virus vectors
is called virus-induced gene silencing (VIGS) [3–5], which is becoming a popular technique in model
plants such as Arabidopsis thaliana and Nicotiana benthamiana. Unlike genetic transformation, virus
vectors can be applied to a wide range of plant species [5]. In recent years, virus vectors used in major
crops were reported for gene silencing or expression of exogenous genes; tobacco rattle virus vector in
solanaceous crops, pea early browning virus and bean pod mottle virus vectors in legumes, barley
stripe mosaic virus vector in barley and wheat, brome mosaic virus vector in rice, maize, and barley,
and apple latent spherical virus and tobacco ringspot virus vectors in cucurbits, etc. [6–16].
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Compared with virus vectors for herbaceous crops, virus vectors available to woody crops like
fruit trees are limited because an efficient method for inoculation in woody plants has not been
fully developed. Virus vectors stably maintained in host plants would also be needed for efficient
gene silencing and gene expression in woody crops because of the long growth period of fruit trees.
Attempts have also been made to develop viral vectors for citrus and grapevine trees, which are
globally important crops, and several vectors have been reported, including the citrus tristeza virus
(CTV) and citrus leaf blotch virus vectors to promote gene expression and gene silencing in citrus plants,
respectively [17–19]. In grapes, silencing the phytoene desaturase (PDS) gene and GFP expression
have been reported using vectors based on grapevine virus A and grapevine leafroll-associated
virus-2 [20,21]. The future possibilities of viral vectors in woody crops are summarized in a review by
Dawson and Folimonova [22], although the CTV vector in citrus is the main focus.

We have used the apple latent spherical virus (ALSV) vector for driving gene silencing and gene
expression in various plant species including fruit trees [6,23–26]. ALSV is a spherical virus consisting
of a bipartite single-stranded RNA genome (RNA1 and RNA2) and three capsid proteins (Vp25, Vp20,
and Vp24) that is in the Cheravirus genus and the Secoviridae family [27]. RNA1 encodes a polyprotein
for a protease cofactor, an NTP-binding helicase, a viral protein genome-linked, a cysteine protease,
and an RNA polymerase. RNA2 also encodes a polyprotein for a movement protein (MP) and three
capsid proteins [28,29]. The ALSV vector has several advantages as a genetic tool; for example, ALSV
has a relatively broad spectrum of host plants (Caryophyllaceae, Chenopodiaceae, Cryptomeria, Fabaceae,
Cucurbitaceae, Gentianaceae, Pinus, Rosaceae, Rutaceae, Solanaceae, and Arabidopsis) [6,23,24,30–33]. ALSV
does not cause viral symptoms in most hosts, making it possible to evaluate the functions of silenced
genes. ALSV also invades to shoot meristems and induces uniform gene silencing throughout the
plant [6,24,25,34,35]. We also succeeded in promoting flowering (virus-induced flowering, VIF) in
apple and pear seedlings by simultaneous expression of the Arabidopsis Flowering locus T gene (AtFT)
and suppression of apple Terminal flower 1 gene (MdoTFL1) [25,26,36]. Apple seedlings generally take
at least 6–7 years from germination to flowering in the wild. However, using VIF, apple seedlings
blossom 1–2 months after virus inoculation and the generation time was shortened to within one year.
ALSV is not transferred to most next-generation seedlings [37] and the virus can be removed from
infected apple and pear trees with a simple heat treatment [36].

Grapevine is one of the most popular fruit crops worldwide and global grape production currently
amounts to more than 75 million tons per year [38]. In grapevines, virus-based vectors could be important
biotechnological tools to improve plant disease protection and support traditional varieties used in wine
making [22]. If the ALSV vector could be applied to grapevine, the technology would be very useful for basic
research including gene function analysis by VIGS and in breeding of new grape varieties using VIF.

In this research, we develop experimental procedures to efficiently infect grapevine seedlings
and in vitro cultures with ALSV vectors. These vectors were successfully used for VIGS and VIF in
grapevine plants. The VIF using ALSV vectors shortened the generation time of grapevine seedlings to
within a year, indicating its use as a technique for accelerating grapevine breeding in combination with
marker-assisted selection.

2. Materials and Methods

2.1. Plants

Progeny seeds of grapevine, Vitis spp. cultivar ‘Koshu’ and V. ficifolia var. ganebu (Ganebu) [39–41]
generated by either self-pollination and F1 seeds from Ganebu ×V. vinifera cv. ‘Nehelescol’ were preserved
at 4 ◦C until use. Seeds were germinated at 25 ◦C on wet paper in petri dishes under illumination
with fluorescent light. For preparation of in vitro cultures, F1 seeds of Ganebu × ‘Nehelescol’, V. vinifera

‘Cabernet Sauvignon’ × Ganebu, and Ganebu × V. vinifera ‘Shine Muscat’ crosses were germinated
aseptically and grown in plant-boxes on solid medium (half-strength Murashige-Skoog salts and
vitamins, 2% glucose, 0.8% agar, pH 5.8; 40 mL per each plant-box). For propagation of cultured plants,
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extended stems were cut every two to three nodes. In vitro cultures of cultivar ‘Neo Muscat’ kindly
supplied by Dr. Ikuko Nakajima (Institute of Fruit Tree and Tea Science, NARO) were maintained on
solid media as above and used for virus inoculation.

2.2. Construction of ALSV Vectors

The pCALSR1SM and pCLASR2XSB plasmids were used for construction of RNA1 and RNA2
ALSV vectors (Figure 1). In these vectors, RNA1 and RNA2 sequences were driven by cauliflower
mosaic virus 35S RNA promoter and ended with the nopaline synthase terminator. These vectors
were based on pCAMBIA1300 for introduction into Agrobacterium tumefaciens [36,39]. Vector structures
are summarized in Figure 1. A 201-base fragment (nucleotide positions 104–304) of the VvPDS

gene (accession No. EU816356) was synthesized and used as a template to amplify a fragment with
‘VvPDS-XhoI (+)’ and ‘VvPDS-BamHI (−)’ primers (Table S1) to attach XhoI and BamHI sites. Amplified
DNA was digested with XhoI and BamHI and introduced into the X/S/B site of pCALSR2XSB in
frame with virus polypeptide to generate pCALSR2-VvPDS. The pCALSR2-AtFT plasmid possessing
full-length coding sequence excluding the stop codon of the AtFT gene (AB027504, 525 bp) was
reported previously [36]. The full-length coding sequence of the VvFT gene (525 bp, EF157728) was
amplified with ‘VvFT-XhoI (+)’ and ‘VvFT-SmaI (−)’ primers (Table S1) and introduced into the X/S/B
site of pCALSR2XSB to generate pCALSR2-VvFT. The 201-base fragments of the VvTFL1A (nucleotide
positions 71–271, DQ871591), VvTFL1B (nt positions 181–381, DQ871592), and VvTFL1 (nt positions
223–413, DQ871593) genes were synthesized and used as a template to amplify fragments with primer
pairs ‘VvTFL1A-XhoI (+)’ and ‘VvTFL1A- SmaI (−)’, ‘VvTFL1B- XhoI (+)’ and ‘VvTFL1B- SmaI (−)’,
or ‘VvTFL1C-XhoI (+)’ and ‘VvTFL1C- SmaI (−)’ as described above (Table S1). The fragments were
each inserted into the X/S/B site of pCALSR2XSB to generate pCALSR2-VvTFL1A, B, C (Figure 1).
A fragment of the VvTFL1A (201 bp, nt positions 71–271) and VvTFL1B (nt positions 429–611) genes
were also amplified with primer pairs, ‘VvTFL1A-SalI’ and ‘VvTFL1A-MluI’, and VvTFL1B-SalI’ and
‘VvTFL1B-MluI’, respectively; excised at SalI and MluI sites, and then introduced into the S-M site of
pCALSR1SM to generate pCALSR1-VvTFL1A, B (Figure 1).

(−)

(−)

(−)
(−) (−)

 

Figure 1. Schematic representation of infectious apple latent spherical virus (ALSV)-RNA clones
(pCALSR1SM and pCALSR2XSB) and ALSV vectors containing a part of the phytoene desaturase
(PDS) gene from grapevine (ALSV-VvPDS), full-length FT gene (AtFT from A. thaliana or VvFT from
grapevine), and part of the VvTFL A, B, or C gene from grapevine. S/M and X/S/B indicate cloning sites
of Sal I/Mlu I and Xho I/Sam I/Bam HI, respectively.
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2.3. Agro-Inoculation

Competent A. tumefaciens strain GV3101::pMP90 cells were transformed with RNA1 or RNA2
vector plasmids by electroporation with a Gene Pulser (Bio-Rad Laboratories, Hercules, CA, USA).
Agrobacterium strain EHA101 expressing pBE2113::HC-Pro [38] was also used. After confirming
the insertion sequences in ALSV vectors by colony PCR, agrobacterium strains were cultured in
standard Lysogeny broth (LB) media overnight at 28 ◦C. Agrobacterium pellets were recovered after
brief centrifugation and diffused in agro-inoculation buffer (10 mM MgCl2, 10 mM MES-KOH pH
5.7, 150 µM acetosyringone) at OD600 = 1.0. This suspension was kept at 22 ◦C in the dark for 2 h
before inoculation. N. benthamiana (1–1.5 mo after sowing) was infiltrated with a mixture of three
Agrobacterium strains expressing ALSV RNA1 and RNA2 clones, and an expression vector for the
silencing suppressor gene HC-Pro as previously described [42]. Agro-inoculated N. benthamiana was
kept in the dark overnight and grown for an additional two weeks. Virus infection was tested by
RT-PCR analysis using upper non-inoculated leaves.

2.4. Preparation of RNAs from Infected Leaves

RNAs for inoculation by particle bombardment were prepared as follows. Upper leaves of
infected N. benthamiana plants were harvested and stored at −80 ◦C, or immediately crushed with a
mortar and pestle in liquid nitrogen. Infected leaves were homogenized in twice (v/w) the volume of
extraction buffer (0.1 M Tris pH 7.8, 0.1 M NaCl, 5 mM MgCl2), and the extracts were used to inoculate
Chenopodium quinoa leaves. Two to three weeks after inoculation, leaves with mosaic symptoms were
collected and stored at −80 ◦C. In an ice-cold blender, infected C. quinoa leaves (10 g) were ground in
30 mL extraction buffer supplemented with 1% β-mercaptoethanol. Crude sap was roughly strained
through two layers of cotton mesh and centrifuged at 10,233× g for 10 min at 4 ◦C to recover the
supernatant. Extracts were clarified with bentonite and concentrated with PEG-6000, followed by RNA
extraction with phenol-chloroform as reported previously [29,43]. The RNA was resuspended in water
and the concentration was measured at 260 nm.

2.5. ALSV Inoculation by Particle Bombardment

After coating gold particles with RNA from infected leaves, grapevine seedlings (10–15 plants/each
inoculation) were inoculated using the Helios Gene Gun system (Bio-Rad Laboratories, München,
Germany) following a previously reported method [43]. The air pressure used was 1379 kilopascal (kPa)
and each cotyledon was shot once with gold particles. Grapevine in vitro cultures were inoculated using
the PDS-1000/He Particle Delivery System (Bio-Rad Laboratories, München, Germany) at 1379 kPa,
with two shots per petri dish. The GDS-80 gene gun system (Nepa Gene Co., Ltd., Ichikawa, Japan)
was also used for inoculation of in vitro cultures at 207 kPa.

2.6. RT-PCR for Detection of Virus Infection

Total RNA was extracted from grapevine leaves three weeks after inoculation. Approximately
50 mg grapevine leaf tissue were frozen at −80 ◦C, crushed in a Micro Smash MS-100R
(TOMY, Tokyo, Japan), and mixed with 600 µL extraction buffer (2% cetyltrimethylammonium
bromide, 2% polyvinylpyrrolidone, 100 mM tris (hydroxymethyl) aminomethane, pH 8.0, 25 mM
ethylenediaminetetraacetic acid, 2% β-mercaptoethanol). The homogenates were incubated at 65 ◦C
for 20 min and mixed with 600 µL chloroform for 2 min. After centrifugation at 17,860× g for 10 min at
4 ◦C, the aqueous phase was recovered. One-third volume of 7.5 M LiCl was added to this solution,
mixed well, and incubated at −80 ◦C for 30 min, −20 ◦C for 1 h, or 4 ◦C overnight. After centrifugation
at 17,860× g for 30 min at 4 ◦C, RNA pellets were rinsed with 80% ethanol and dissolved in sterilized
deionized water to a concentration of 1 µg µL−1. One microgram of RNA was reverse transcribed
with ReverTra Ace (Toyobo, Osaka, Japan) following the manufacturer instructions, and PCR was
performed with Ex Taq (Takara) using a Thermal Cycler Dice Version III (Takara, Kusatsu, Japan).
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The annealing temperature was 55 ◦C for the RT-PCR primers used (Table S1). ALR2-999 (+) and
ALR2-1437 (−) primers were used to detect wild-type ALSV (wtALSV). ALR2-1418 (+) and ALR2-1511
(−) were used to detect VvPDS, AtFT, and VvFT inserts. ALR1-6598 (+) and ALR1-6691 (−) were used
to detect VvTFL1A insert.

2.7. Quantitative RT-PCR

Total RNA was extracted from grapevine cultures (three independent plants inoculated with
ALSV-VvPDS) with the Plant/Fungi Total RNA Purification Kit (NORGEN, Thorold, ON, Canada).
Extracted RNA was further treated with DNase I. A total of 500 ng RNA per 20 µL reaction was reverse
transcribed with ReverTra Ace. Relative cDNA concentrations were quantified with the ECO Real-Time
PCR System (Illumina, San Diego, CA, USA) using SYBR Premix Ex Taq II (Takara). Amplification
of the target sequences was confirmed by melting curve analysis. The VvPDS gene was amplified
with ‘VvPDS (+)’ and ‘VvPDS (−)’ primers (Table S1), which targeted a 125-bp portion of VvPDS
mRNA (JQ319631). A 128-bp portion of grapevine Elongation factor 1α gene (EF1α) was amplified with
primers ‘VvEF1α (+)’ and ‘VvEF1α (−)’ (Table S1) as an expression control. Expression of VvPDS
was standardized with EF1α. The fluorescence signal of EF1α reached the threshold level within
20–24 cycles, indicating it is a good internal control.

2.8. Tissue-Blot Hybridization

Detection of ALSV infection in in vitro plant cultures was conducted with tissue-blot hybridization
as described previously [33]. Briefly, grapevine plants were placed on positively charged nylon
membranes (Hybond-N+; GE Healthcare, Tokyo, Japan), covered with plastic wrap, and frozen by
pouring liquid nitrogen over the membranes. Plant tissues were crushed with a pastry pin to transfer
plant exudates to the membranes. Membranes were soaked in 0.05 N NaOH for 30 min, washed
in 20× SSC (saline-sodium citrate) buffer for 30 min, then RNA was fixed to the membranes by UV
illumination. An RNA probe was hybridized to viral RNA and detected with an Image Quant LAS4000
(GE Healthcare) after reaction with CDP-Star (GE Healthcare) for 5 min.

2.9. In Situ Hybridization

In situ hybridization analysis was conducted as described previously [37]. Shoots, tendrils,
and flowers were excised from infected grapevine and fixed in formalin:ethanol:acetic acid:water
(10:50:5:35 v/v), dehydrated with an ethanol/lemozol concentration series, and embedded in Paraplast
Plus (Sigma-Aldrich Corp., St. Louis, MO, USA). Tissue sections of 12-µm thickness were prepared,
extended on an APS-coated glass slide (Matsunami Glass, Osaka, Japan), deparaffinized, and hydrated.
The sections were then treated with proteinase K and fixed once again. A DIG (digoxigenin)-labeled
probe complementary to the Vp24 region of the ALSV-RNA2 [44] was used to hybridize slides.
As a negative control, a DIG-labeled probe complementary to the P1 region of the soybean mosaic
virus (SMV) genome was used [44]. The hybridized probes were labeled with sheep anti-DIG
conjugated alkaline phosphatase (F. Hoffmann-La Roche SG, Basel, Switzerland) and stained with
5-bromo-4-chloro-3-indolyl phosphate (BICIP)/nitro blue tetrazolium (NBT) (F. Hoffmann-La Roche
SG) to generate dark blue indigo dyes. The samples were dehydrated with an ethanol concentration
series, dried, mounted in Entellan New (Merck KGaA, Darmstadt, Germany), and observed under a
Leica MMLB optical microscope.

2.10. Analysis of Sugar, Acid, and Anthocyanin Content in Grape Berries

Mature and colored berries were collected from early-flowered lines; Ganebu× ‘Nehelescol’ (240-1),
‘Cabernet Sauvignon’ × Ganebu (4-23), and Ganebu × ‘Shine Muscat’ (264-T31). Three individuals
from each line were used for analysis. Berries of Ganebu, Yamabudo, and ‘Merlot’ were collected
from field-grown grapevines. Commercial grape varieties used as control (‘Delaware’, ‘Kyoho’, and
‘Steuben’) were purchased from a fruit shop. The sugar and acid content of berries were measured

261



Viruses 2020, 12, 70

with a sugar acidity meter (ATAGO Co., Ltd., Tokyo, Japan) following the manufacturer protocol.
Total anthocyanin was analyzed as described by Shiozaki and Murakami [40]. Berry skin (2–5 mg)
was incubated in 10 mL 50% (v/v) aqueous acetic acid at 4 ◦C overnight. Absorbance of the extracts at
530 nm was measured using a spectrophotometer (Novaspec Plus, Biochrom Ltd., Cambridge, UK).
The amount of total anthocyanin was determined by comparing the sample absorbance to a standard
curve from Malvidin 3-glucoside chloride (Funakoshi Co., Ltd., Tokyo, Japan).

2.11. High-Temperature Treatment for Virus Elimination

According to the procedure established in apple [36], infected F1 hybrid (G × N) seedlings grown
to the 10 true-leaf stage at 25 ◦C were then incubated at 27 ◦C for 3 d, 30 ◦C for 5 d, 35 ◦C for 5 d, and
then 37 ◦C for 30 d. After high-temperature treatment, the plants were grown at 25 ◦C until RT-PCR
analysis. Five infected seedlings were subjected to the same high-temperature treatment and assayed
for virus infection.

3. Results

3.1. Construction of ALSV Vectors for Grapevine

ALSV-RNA1 and -RNA2 sequences were introduced into binary expression vectors (accession
ViralMultiSegProj15367) [36,42]. For cloning purposes, the RNA1 vector included a S/M site behind the
polyprotein, while the RNA2 vector included a X/S/B site in the middle of the polyprotein (between
MP and Vp25). These vectors were designated pCALSR1SM and pCALSR2XSB (Figure 1).

The infectious clones of ALSV vectors were first co-transformed into N. benthamiana by
agro-inoculation [39] and infection was assayed with reverse transcription-polymerase chain reaction
(RT-PCR). Virus was further propagated through rub-inoculation of C. quinoa (a propagation host)
plants, and viral RNA was extracted from infected leaves. ALSV prepared from a combination of the
empty vectors (pCALSR1SM and pCALSR2XSB) was designated as wild-type ALSV (wtALSV) for
this report (Figure 1). To silence the VvPDS gene, a 201-bp fragment of VvPDS was introduced into
the RNA2 vector (pCALSR2-VvPDS) and ALSV-VvPDS virus was prepared from pCALSR1SM and
pCALSR2-VvPDS (Figure 1).

To express AtFT and grapevine FT (VvFT) in the ALSV vector, the full-length gene coding sequences
were introduced into the RNA2 vector (pCALSR2-AtFT and pCALSR2-VvFT). The ALSV-AtFT and
ALSV-VvFT vectors were prepared as a mixture of pCALSR1SM and pCLASR2-AtFT, and pCALSR1SM
and pCLASR2-VvFT, respectively. To silence VvTFL1A, VvTFL1B, or VvTFL1C, 201-bp fragments
of these genes were introduced separately into the RNA2 vector (pCALSR2-VvTFL1A, B, or C).
ALSV-VvTFL1A, ALSV-VvTFL1B, or ALSV-VvTFL1C virus was prepared from pCALSR1SM and
pCALSR2-VvTFL1A, B, or C (Figure 1). For simultaneous expression of FT and suppression of
VvTFL1A or B, A. tumefaciens clones carrying pCALSR1-VvTFLA or B were mixed with those carrying
pCALSR2-AtFT or pCALSR2-VvFT to generate ALSV-AtFT/VvTFL1A and ALSV-AtFT/VvTFL1B or
ALSV-VvFT/VvTFL1A and ALSV-VvFT/VvTFL1B viruses (Figure 1).

All inserts in these viruses (e.g., VvPDS, VvTFL1A, B, and C, AtFT, and VvFT) were stably
maintained after infection in N. benthamiana, C. quinoa, or grapevine plants, as determined by RT-PCR.
The AtFT and VvFT inserts were sometimes deleted from virus RNA and the plants with deletions
were eliminated from analysis.

3.2. ALSV Vector Inoculation Conditions for Grapevine Seedlings and In Vitro Cultures

C. quinoa and N. benthamiana are susceptible to ALSV and can be systemically infected at young
or even mature growth stages [25]. However, for ALSV infection of fruit trees such as apple and
pear, cotyledons of seedlings immediately after germination should be inoculated by bombardment
with gold particles coated with concentrated viral RNA for efficient infection [36,43]. We first tested
whether ALSV can infect grapevine seedling by particle bombardment. Progeny seedlings derived from
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Vitis spp. cv. ‘Koshu’ at three different growth stages were used in this analysis; seedlings immediately
after germination with folded cotyledons, seedlings with expanded cotyledons, and seedlings with
three true leaves (Figure 2A), were assessed in this experiment. The wtALSV or ALSV-VvPDS was
used to inoculate cotyledons at the ‘folded cotyledon’ and ‘expanded cotyledon’ stages, or the first
and second true leaves at the ‘three true leaves’ stage by particle bombardment. Local infection
within inoculated leaves and systemic infection to upper leaves were assessed by RT-PCR. Table 1 and
Figure 2B show that systemic infection was found in approximately 90% of seedlings when inoculated
at the ‘folded cotyledons’ stage, whereas only 10% was infected when inoculated at the ‘expanded
cotyledons’ stage, and no seedling was systemically infected when inoculated at the ‘three true leaves’
stage. Although systemic infection did not occur, all seedlings were locally infected in inoculated
leaves at the ‘expanded cotyledons’ and the ‘three true leaves’ stages (Table 1), indicating that systemic
movement of the virus was severely restricted in plants at these developmental stages.

 

Figure 2. Inoculation of grapevine seedlings and in vitro cultures with ALSV. (A) Three growth stages
of grapevine seedlings (‘Koshu’) used for ALSV vector inoculation. Left: ‘Folded cotyledons’, center:
’Expanded cotyledons’, and right: ‘Three true leaves’ stages. (B) RT-PCR detection of ALSV-VvPDS in
grapevine seedlings inoculated at the ‘folded cotyledons’ stage. The third true leaves were assayed.
Nb, N. benthamiana; H, non-inoculated healthy plant; wt; wtALSV-infected plant. (C) Three true
leaf stages of in vitro cultures (‘Neo Muscat’) used for ALSV vector inoculation in non-rooted (left)
and rooted (right) cultures. (D) Tissue blot hybridization of cultures inoculated with wtALSV in
the non-rooted culture by PDS-1000/He™ system. Circles and dotted circles indicate infected and
uninfected plantlets, respectively.
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Table 1. Infection of wild-type ALSV (wtALSV) and ALSV-VvPDS to the seedlings and in vitro cultures
of grapevine by particle bombardment.

Material
(Cultivar)

Growth Stage
System for

Particle
Bombardment *

ALSV Vector

No. of Infected/Inoculated
Plants (%)

Local ** Systemic ***

Seedlings
(‘Koshu’)

Folded cotyledons Helios Gene Gun wtALSV nt 11/12 (92)
Expanded
cotyledons Helios Gene Gun wtALSV 10/10 (100) 1/10 (10)

Three true leaves Helios Gene Gun wtALSV 10/10 (100) 0/15 (0)
Folded cotyledons Helios Gene Gun ALSV-VvPDS nt 10/11 (91)

Expanded
cotyledons Helios Gene Gun ALSV-VvPDS 10/10 (100) 1/12 (8)

Three true leaves Helios Gene Gun ALSV-VvPDS 15/15 (100) 0/15 (0)

Plants cultured
in vitro (‘Neo

Muscat’)

True leaf,
non-rooted PDS-1000/He™ wtALSV nt 17/58 (29)

True leaf, rooted GDS-80 wtALSV nt 7/10 (70)
True leaf,

non-rooted PDS-1000/He™ ALSV-VvPDS nt 17/98 (17)

* Helios Gene Gun and PDS-1000/He™ systems are by Bio-Rad Laboratories, Inc. and GDS-80 is a gene gun system
by Nepa Gene Co., Ltd. ** Infection was found on inoculated leaves. nt; not tested. *** Infection was found on
upper leaves.

Fruit trees usually have heterozygous genomic compositions and are propagated as clones
through cutting or grafting. This means that genotypes and phenotypes of seedlings are usually
different from the original variety from which they were derived. Therefore, ALSV infection of mature
plants or in vitro cultured plantlets is desirable for genetic analysis and breeding of a specific variety.
We prepared an in vitro culture of ‘Neo Muscat’, a table grape popular in Japan. After extension on
media, vines of the ‘Neo Muscat’ culture were cut every two to three nodes to propagate. These cultures
were inoculated by particle bombardment with wtALSV or ALSV-VvPDS at two different growth
stages with a PDS-1000/HeTM system or a GDS-80 gene gun system. The first stage was within one to
two weeks after cutting in which vines had not formed roots (Figure 2C, left). Vines were rooted at
the second stage three to four weeks after cutting (Figure 2C, right). Whole plants, including vines
and small expanding leaves, were inoculated in the first stage with a PDS-1000/HeTM system. In the
second stage, the two uppermost leaves were inoculated with a GDS-80 gene gun system (Figure 2C,
right). After assaying infection by tissue-blot hybridization (Figure 2D) or RT-PCR, we found that
ALSV systemically infected 17–29% and 70% of in vitro cultures that were inoculated at the first stage
(non-rooted) with a PDS-1000/HeTM system and the second stage (rooted) with a GDS-80 gene gun
system, respectively. From these results, in vitro cultures at the true leaf stage had a high infection rate
with a GDS-80 gene gun system (Table 1).

Figure 3A shows a grapevine seedling from ‘Koshu’ infected with wtALSV three months post
inoculation (mpi). The plant was asymptomatic but ALSV was detected in all (1st to 12th) true leaves
by RT-PCR (Figure 3B). Grapevine seedlings or in vitro cultures infected with wtALSV did not show
any discernible difference in appearance (i.e., shape and color) from non-infected plants. In situ
hybridization analysis of shoot apical tissues showed that ALSV was distributed in leaf primordia of
infected grapevine seedlings (Figure 3C). ALSV was also distributed throughout all tissues including
the apical meristem cells of tendrils in infected plants (Figure 3D).
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Figure 3. Systemic distribution of wtALSV in a grapevine seedling inoculated at the ‘folded cotyledons’
stage. (A) An infected grapevine seedling without visible symptoms three months post inoculation
(mpi). Numbers indicate leaf positions used for detection of infection in (B). (B) Detection of wtALSV by
RT-PCR from true leaves from the grapevine seedling shown in (A). M, DNA size maker; U, uninfected
sample; I, infected sample. (C) In situ hybridization analysis of shoot tips from infected (I, left) and
uninfected (U, right) grapevine seedlings using an ALSV-Vp24 (−) probe. (D) In situ hybridization
analysis of tendrils of infected (I) and uninfected (U) grapevine seedlings probed with ALSV-Vp24 (−).
Blue colour indicates ALSV distribution.

3.3. VIGS in Grapevine Using the ALSV Vector

ALSV-VvPDS (Figure 1) was used to inoculate grapevine seedlings of ‘Koshu’ and Ganebu, and
in vitro cultures of ‘Neo Muscat’ using particle bombardment as described above. Infection rates
were similar to those inoculated with wtALSV (Table 1). All of the ‘Koshu’ seedlings infected with
ALSV-VvPDS had a photo-bleaching phenotype caused by the loss of function of the PDS gene in
portions of the first true leaf, and in the whole second or third true leaves as well as those that developed
above these true leaves (Figure 4A), after which plant growth stopped. When in vitro cultures of
‘Neo Muscat’ were inoculated with ALSV-VvPDS, photo-bleaching first appeared along the veins of
upper leaves in inoculated plants, spread to the upper leaves (Figure 4B), and then the leaves of the
plants stopped growing. The average VvPDS mRNA accumulation decreased to 5% in white leaves,
compared with green leaves and non-infected leaves, although there was variation in the calculated
values (Figure 4C).
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VvEF1α.

Figure 4. Photo-bleaching phenotype of grapevine seedlings and in vitro cultures inoculated with
ALSV-VvPDS. (A) ‘Kousyu’ and Ganebu seedlings infected with ALSV-VvPDS at the ‘folded cotyledons’
stage. Dpi; days post inoculation. (B) A plantlet from tissue culture (‘Neo Muscat’) inoculated with
ALSV-VvPDS at the true leaf stage as shown in Figure 2C (rooted culture) two months after inoculation
(mpi). (C) A quantitative analysis of VvPDS-mRNA in white (W) and green (G) leaves of plants infected
with ALSV-VvPDS as shown in (B). Reference gene: VvEF1α.

3.4. VIF in Grapevine Using the ALSV Vector

Natural flowering of grapevine seedlings generally requires a long period (several years) after
germination. In this study, early flowering in grapevine was tested by infection of ALSV-AtFT,
ALSV-VvFT, ALSV-VvTFL1A, B, or C, ALSV-AtFT/VvTFL1A or B and ALSV-VvFT/VvTFL1A or B
viruses (Figure 1 and Table 2). Three out of eight ‘Koshu’ seedlings infected by ALSV-AtFT set flowers at
the shoot apex 20–37 days post inoculation (dpi), with four to seven true leaves at flowering (Figure 5A).
Floral buds also formed at the apices of axillary buds. In contrast, ALSV-VvFT and ALSV solely
expressing VvTFL1A, VvTFL1B, or VvTFL1C inserts without AtFT (ALSV-VvTFL1A, ALSV-VvTFL1B,
and ALSV-VvTFL1C) never induced precocious flowering (Table 2). Flowering rate was judged by the
number of plants that set floral buds within three months of the experiments. Any seedlings or in vitro
cultures infected with wtALSV alone did not set floral buds during the experiments (Table 2). Flowering
was observed in seedlings infected with ALSV-AtFT, ALSV-AtFT/VvTFL1A, and ALSV-AtFT/VvTFL1B
virus in 38–89% of ‘Koshu’ and 67–100% of Ganebu (Table 2). There seemed to be no difference in
flowering rate and phenotypes among plants infected with ALSV-AtFT, ALSV-AtFT/VvTFL1A, or
ALSV-AtFT/VvTFL1B. In vitro cultures of ‘Neo Muscat’ inoculated with ALSV-AtFT/VvTFL1A or
ALSV-AtFT/VvTFL1B showed 69–71% flowering (Table 2).
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Table 2. Precocious flowering of the seedlings and in vitro cultures of grapevine infected with ALSV
vectors possessing FT and/or VvTFL1 sequences *.

Materials (Cultivar) ALSV Vectors No. of Flowered/Infected Plants (%)

Seedlings (‘Koshu’)

wtALSV 0/10 (0)
ALSV-AtFT 3/8 (38)
ALSV-VvFT 0/6 (0)

ALSV-VvTFL1A 0/9 (0)
ALSV-VvTFL1B 0/6 (0)
ALSV-VvTFL1C 0/5 (0)

ALSV-AtFT/VvTFL1A 8/9 (89)
ALSV-AtFT/VvTFL1B 5/9 (56)
ALSV-VvFT/VvTFL1A 0/6 (0)
ALSV-VvFT/VvTFL1B 0/3 (0)

Seedlings (Ganebu)

wtALSV 0/10 (0)
ALSV-AtFT 6/6 (100)
ALSV-VvFT 0/6 (0)

ALSV-VvTFL1A 0/10 (0)
ALSV-VvTFL1B 0/10 (0)
ALSV-VvTFL1C 0/5 (0)

ALSV-AtFT/VvTFL1A 8/12 (67)
ALSV-AtFT/VvTFL1B 17/21 (81)
ALSV-VvFT/VvTFL1A 0/5 (0)
ALSV-VvFT/VvTFL1B 0/5 (0)

In vitro cultures (‘Neo Muscut’)
wtALSV 0/20 (0)

ALSV-AtFT/VvTFL1A 11/16 (69)
ALSV-AtFT/VvTFL1B 5/7 (71)

* Seedlings were inoculated at folded cotyledon stage by a Helios gene gun system (Bio-Rad). The GDS-80 gene gun
system was used for inoculation of in vitro cultures.

 

Figure 5. Early flowering of grapevine seedlings and in vitro cultures infected with ALSV-AtFT or
ALSV-AtFT/VvTFL1A. (A) ‘Koshu’ seedlings inoculated at the ‘folded cotyledons’ stage. Dpi, days post
inoculation. (B) A Ganebu seedling infected with ALSV-AtFT/VvTFL1A (left). Male (center) and female
(right) flowers from Ganebu seedlings infected with ALSV-AtFT/VvTFL1A. Scale bars represent 2 mm.
(C) Precocious flowering of in vitro cultures of ‘Neo Muscat’ (left) and Ganebu × ‘Nehelescol’ (G × N,
line 240-1) (center) inoculated with ALSV-AtFT/VvTFL1A at the true leaf stage. Bisexual flowers from
G × N are shown in the right-hand picture. A scale bar represents 5 mm.
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3.5. Use of VIF for Evaluation of F1 Hybrids from Crossing between the Two Vitis Species

V. ficifolia var. ganebu (Ganebu) is expected to be a novel genetic source for breeding new varieties
of grapevine because it has no endodormancy and a high anthocyanin content in the grape skins [39–41].
However, Ganebu is not suitable as a cultivated grapevine because it is a dioecious grapevine variety
(Figure 5B). Early-flowering Ganebu seedlings in Table 2 separated into 17 male vs. 14 female plants
out of 31 plants in total. In contrast, all seedlings from ‘Koshu’ and in vitro cultures of ‘Neo Muscut’ in
Table 2 produced bisexual flowers.

At first, we applied VIF to the F1 hybrid progeny from crossing between the two Vitis species;
Ganebu and ‘Nehelescol’ (G × N) for selection of seedlings with bisexual flowers. Flowering was
observed in 28/36 (flowering/infected, 78%) seedlings infected with ALSV-AtFT/VvTFL1A in G
× N seedlings. Among the flowered seedlings, 46% (13/28) of plants produced bisexual flowers
(Figure 5C right).

Subsequently, we inoculated ALSV vectors to F1 hybrid lines of G × N (line 240-1), ‘Cabernet
Sauvignon’ × Ganebu (CS × G, line 4-23), and Ganebu × ‘Shine Muscat’ (G × SM, line 264-T3), which
were germinated aseptically and grown in plant-boxes on solid medium. These F1 hybrids infected
with ALSV-AtFT/VvTFL1A or ALSV-AtFT/VvTFL1B set first floral buds with bisexual flowers 20–30 dpi
and formed fruits successively in growth chamber conditions. Infected plants continued precocious
flowering for several months after inoculation, then the plants stopped flowering. The flowers of
infected plants were self-pollinated, and berries were formed as shown in Figure 6A,B. The grape
berries ripened 6–10 months post inoculation and the diameter of the grape berries from G ×N, CS × G,
and G × SM were 0.9–1.0 cm, 0.7–0.9 cm, and 0.95–1.15 cm, respectively (Figure 6C), which was similar
to that of Ganebu grown in field conditions (0.7–1.0 cm).

 

ruiting in the F  hybrid progeny from crossings between the Vitis species
Figure 6. Fruiting in the F1 hybrid progeny from crossings between the Vitis species;
Ganebu × ‘Nehelescol’ (G × N), ‘Cabernet Sauvignon’ × Ganebu (CS × G) and Ganebu × ‘Shine
Muscat’ (G × SM) inoculated with the ALSV vector; and analysis of their grape berries. (A) Fruiting
in a G × N (line 240–1) plant inoculated with ALSV-AtFT/VvTFL1A. (B) Fruiting in a CS × G (line
4–23) plant inoculated with ALSV-AtFT/VvTFL1B. (C) Grapevine berries produced by F1 hybrids of
G × N and G × SM. (D) Comparison of total anthocyanin content in grape berries from G × N and the
commercial varieties ‘Delaware’ and ‘Kyoho’.
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To evaluate the quality of fruits on early-flowering F1 hybrids, we measured the sugar and acid
contents of berries. The sugar content of F1 hybrids, G ×N (240-1) and G × SM (264-T3) were almost
the same as those of Ganebu and commercial grapevine varieties (i.e., ‘Kyoho’ and ‘Steuben’) (Table S2).
In contrast, the acid content of G × N (240-1), CS × G (4-23), and G × SM (264-T3) was higher than
that of eating varieties ‘Delaware’, ‘Kyoho’, and ‘Steuben’, and similar to that of Ganebu (Table S2).
Total anthocyanin levels in the skins of F1 hybrids, G ×N (240-1) and CS × G (264-T3), were slightly
lower than that of Ganebu, but higher than those in the skins of the varieties ‘Delaware’, ‘Merlot’,
‘Kyoho’, and ‘Steuben’ (Table S2, Figure 6D).

As described above, it was possible to select the seedlings with bisexual flowers in a short period
of time. The VIF using ALSV vectors also made it possible to analyze the compounds of fruits on F1

grapevine seedlings within a year after germination. Most grapes had viable seeds, which germinated
and grew as F2 seedlings.

3.6. No Seed Transmission to Progeny Seedlings and Virus Elimination from Infected Grapevine Plants

In infected apple plants, ALSV is distributed in pollen grains, ovaries, and ovules of flowers, and
infected apple can transfer ALSV to their progeny at a seed transmission rate of 4.5% [37]. In contrast,
ALSV was not present in pollen and ovules in gentian plants and not transmitted to the gentian
progeny plants [41]. In the present study, we investigated ALSV distribution in the flower organs of
grapevine (Ganebu and F1 hybrid of G × N) that was infected with ALSV-AtFT/VvTFL1B. The in situ
hybridization analysis indicated that ALSV was present in the anther wall, pollen grain, and ovule of
flowers of infected plants (Figure 7A,B). This result is consistent with those reported for infected apple
plants [37]. As described above, mature fruits from F1 plants contained viable seeds that germinated
and grew into F2 seedlings. Therefore, we tested whether ALSV was transmitted to the F2 progeny
seedlings from early-flowering F1 grapevine plants infected with ALSV-AtFT/VvTFL1B using RT-PCR
and qRT-PCR [41]. ALSV was not detected from a total of 60 progeny F2 seedlings tested (data not
shown), suggesting that ALSV was not transmitted to progeny seedlings from infected grapevine plants.
This indicates that the F2 seedlings could be used for subsequent breeding plan as ALSV-free stocks.

The incubation of ALSV-infected apple seedlings at high-temperature (37 ◦C) for four weeks
could disable virus movement to newly growing tissue to obtain ALSV-free shoots from infected
trees [36]. We investigated whether heat treatment could eliminate ALSV from newly growing tissue
in grapevines. Infected F1 hybrid (G ×N) seedlings were grown until the 10 true-leaf stage at 25 ◦C
(Figure 8A) and then incubated at 27 ◦C for 3 days, 30 ◦C for 5 days, 35 ◦C for 5 days, and 37 ◦C
for 30 days (Figure 8B). The plants developed newly about 10 true leaves for incubation at 27–37 ◦C
(Figure 8B). Subsequently, the plants were further grown at 25 ◦C for 30 days and the presence of ALSV
was assessed in all expanded leaves. Clear PCR product bands were detected until the 4th to 10th
leaves, which had developed before high-temperature treatment, and faint bands were detected in the
11th to 15th leaves (Figure 8B). In contrast, no ALSV bands were detected in the 16th to 24th leaves even
after incubation at 25 ◦C for 30 days following the high-temperature treatment (Figure 8B). The same
results were obtained in all five plants treated with high temperatures. Detection of RT-PCR ALSV
products was repeated after two, four, and six months, but no virus was detected in any upper leaves
of all plants. From these results, high-temperature incubation of ALSV-infected grapevine seedlings
inhibited the systemic movement of ALSV from infected tissues to newly developed leaves, and once
long-distance movement of the virus was inhibited, ALSV could not infect the upper leaves.
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Figure 7. In situ hybridization analysis of ALSV distribution in the flower organs of Ganebu and F1

hybrid (G × N, line 240-1) plants infected with ALSV-AtFT/VvTFL1A. (A) Male flower of Ganebu
treated with the ALSV-Vp24 (−) probe (left) and SMV-P1 (−) probe (right) as a control. (B) ALSV
distribution in bisexual flowers in the F1 hybrid (G × N) detected with an ALSV-Vp24 (−) probe (left)
and SMV-P1 (−) probe (right) as a control. Blue colour indicates ALSV distribution. AW; anther wall,
PG; pollen grain, Ov; ovary.

 

Figure 8. RT-PCR detection of ALSV in F1 hybrid G ×N seedlings before and after high-temperature
treatment. (A) ALSV infection in inoculated seedlings was assayed by RT-PCR at 50 dpi. (B) Infected
plants were incubated at 27 ◦C for 3 days, 30 ◦C for 5 days, 35 ◦C for 5 days, and then 37 ◦C for 30 days.
The seedlings were then grown at 25 ◦C for 30 days and all expanded leaves were analyzed by RT-PCR
to assess ALSV infection. Numbers indicate the leaf position on a grapevine seedling. M, size maker;
N, negative control (non-infected tissue); P, positive control (infected tissue).
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4. Discussion

The VIF and VIGS technologies using the ALSV vector are powerful tools for inducing early
flowering and reducing generation time, as well as functional gene analysis in fruit trees [24,26,45].
If the technology is applicable in grapevine plants, it would be very useful for efficient breeding of new
grapevine varieties.

To use ALSV vectors, it is important to establish an efficient inoculation method in the target
plant species because it is generally difficult to efficiently infect fruit trees with viruses. Our results
suggest that there is a significant difference in ALSV infection rates between three developmental
stages of juvenile grapevine seedlings (Table 1 and Figure 2A). Only the ‘folded cotyledons’ stage was
sensitive to systemic ALSV infection (Table 1). Although viral infection was detected in inoculated
leaves at the ‘expanded cotyledons’ and ‘three true leaves’ stages, there was no evidence of systemic
infection. These data indicated that ALSV is swiftly transferred from cotyledons to true leaves at
the ‘folded cotyledons’ stage but does not undergo long-distance movement once cotyledons have
expanded. Similar phenomena were observed in apple and pear; ALSV can infect inoculated leaves
with particle bombardment but does not move into upper uninoculated leaves [43]. This limitation
of viral movement may be a common feature in woody plants; however, once systemic infection
was established, ALSV distributed throughout the plants without any symptoms after three months
(Figure 3A,B). In situ hybridization analysis indicated ALSV invaded the shoot apical meristem and
leaf primordia (Figure 3C,D), which was similar to ALSV distribution reported in apple plants [24,35].

It was worth investigating whether grapevine plants cultured in vitro could be infected with ALSV
similarly to seedlings because this system is beneficial for the genetic analysis of preexisting varieties
and for breeding new varieties. We found that in vitro cultures of ‘Neo Muscat’ with expanded true
leaves (Figure 2C) were systemically infected with ALSV (Table 1 and Figure 2D). General differences
in physiological states between soil-cultivated plants and tissue-cultured plants may exist that renders
in vitro plants more susceptible to viral infection (Figure 2A,C). Indeed, there are differences in the
expression of genes associated with natural immunity and/or disease resistance between tissue- and
soil-cultured plants, such as those observed between ALSV and anthracnose infection resistance in
soil-cultivated and tissue-cultured strawberry plants [23,46].

VIGS of the VvPDS gene in grapevine was success in this study (Figure 4). The upper-most leaves
of infected grapevines were photo-bleached and mRNA levels of VvPDS were reduced to 5% of green
leaves (Figure 4C). This suppression level was comparable to a previous study performed in apple,
where the apple rubisco small subunit gene was silenced using ALSV [36]. Thus, ALSV can drive gene
silencing in grapevine as well as in its original host plant. Photo-bleaching was observed not only
in leaf blades, but also in petioles and vines of many grapevine plants infected with ALSV-VvPDS.
Asymptomatic infection with ALSV can also facilitate analysis of functionally unknown genes in
grapevine. So far, two virus vectors from GVA and GLRaV-2 have been reported to induce gene
silencing in grapevine [20,21]. Both vectors were used to silence PDS or magnesium chelatase genes,
and successfully induced photobleaching in grapevine leaves.

We have already reported early flowering in apple and pear with the expression of AtFT,
which is known as ‘florigen’ [25,26,36,45]. Simultaneous expression of AtFT and suppression of
MdTFL1 improves early-flowering rates in apple seedlings [26]. Flowering in grapevine was induced
approximately one month after inoculation of germinating ‘Koshu’, Ganebu, and Ganebu x ‘Nehelescol’
seedlings (Table 2 and Figure 5). Although accumulation of the AtFT protein was not examined in this
study, AtFT was most likely expressed with these vectors based on the amplification of the AtFT insert
from viral RNA isolated from infected plants, and the early-flowering phenotype observed in infected
grapevine. Additionally, no flowering was observed in uninoculated plants or plants infected with
wtALSV. Introduction of VvFT or VvTFL1 A, B, or C [47] alone with ALSV did not induce flowering in
‘Koshu’ and Genebu seedlings (Table 2). Although the reason that expression of VvFT does not induce
flowering in grapevine is unknown, the same phenomenon occurs with a homologous combination of
MdFT1 or 2 from apple [26]. There is probably a complex mechanism in which flowering in grapevine
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cannot be induced only by expression of VvFT or suppression of VvTFLs expression, for example, other
genetic factors are needed to be supplemented.

Flowering was induced one month after inoculation with ALSV-AtFT, ALSV-AtFT/VvTFL1A, and
ALSV-AtFT/VvTFL1B of germinating seedlings and in vitro cultures. We expected that the concurrent
expression of AtFT and suppression of grapevine VvTFL1A or B would improve flowering rates in
grapevine seedlings, similar to apple infected with ALSV-AtFT/MdTFL1 [26]. However, there was
no difference in flowering rates among plants expressing ALSV-AtFT, ALSV-AtFT/VvTFL1A, and
ALSV-AtFT/VvTFL1B (Table 2), suggesting that early flowering is due to AtFT gene expression, not
concurrent expression of AtFT and suppression of grapevine VvTFL1A or B.

When germinating seedlings were used for inoculation experiments, the plants flowered after
four to five true leaves developed (Figure 5A) and continued flowering but could not grow enough to
bear fruits with seed. Only small fruits set on parts of early-flowering plants, without viable seeds
(Figure 5A). This could be due to the activity of AtFT, which induces grapevine flowering but changes
all buds to flowers and terminates vegetative growth. However, in vitro cultures inoculated with
ALSV vectors continued to grow and flower (Figure 5C), and consequently grew large enough to bear
fruits (Figure 6 A,B).

Ganebu is a wild grape endemic to the subtropical southwestern islands of Japan [39,41]. It has
no endodormancy and has high anthocyanin content in its grape skins and could be a novel source of
flavonoids [39,40]. Therefore, a breeding program to develop new grapevine varieties with ever-bearing
phenotypes could utilize crosses between Ganebu and other grapevine varieties. In this paper, the
ALSV vector was successfully used to promote early flowering in seedlings of F1 hybrids from
Ganebu × ‘Nehelescol’, ‘Cabernet Sauvignon’ ×Ganebu, and Ganebu × ‘Shine Muscat’. This technique
would be readily available for the rapid selection of seedlings with bisexual or unisexual flowers
(Figure 5B,C). The early flowering F1 hybrid plants (G ×N, CS × G, and G × SM) with bisexual flowers
produced fruits through self-pollination and the grapes were used for quality analysis. Comparison
of the sugar, acid, and total anthocyanin content in Ganebu, F1 hybrid berries (G × N, CS × G, and
G × SM), a wild grapevine (Vitis coignetiae) and commercial varieties of grapevine showed that both
G × N (240-1) and CS × G (4-23) F1 hybrids had high anthocyanin and acid content comparable to
those measured in Ganebu. Conversely, G × SM (264-T31) had low anthocyanin content compared
with those of G ×N (240-1) and CS × G (4-23) (Table S2). Thus, the VIF technology using ALSV vectors
made it possible to analyze the quality of fruits on grapevine seedlings within a year after germination.

Mature fruits from F1 plants contained viable seeds that germinated and grew into seedling plants.
About 60 self-pollinated F2 seedlings from G ×N crosses were checked for ALSV seed transmission.
Although ALSV invaded pollen and ovules of infected parent plants (Figure 7), all F1 seedlings were
not infected with ALSV. These results suggest that grapevine plants can block or minimize ALSV seed
transmission by inhibiting viral propagation in embryos [44]. Currently, the F2 seedlings from G × N
crosses being cultivated to select plants with ever-bearing phenotypes.

ALSV elimination from infected grapevine plants by high-temperature treatment was investigated
as previously reported in apple [36]. High-temperature treatment of infected seedlings at 37 ◦C for
30 days inhibited ALSV systemic movement into newly developed leaves, even after incubation at
25 ◦C for 30 days (Figure 8). Once the multiplication and movement of the virus was arrested, ALSV
was not longer able to infect upper leaves, which were virus-free (Figure 8). Thus, ALSV-free shoots
were easily obtained from infected grapevines and used as breeding-stocks.

5. Conclusions

The availability of ALSV vectors for VIF was demonstrated through this research and will be
useful for accelerating the breeding of new varieties of grapevine, combined with marker-assisted
selection [48]. Recently, the new plant breeding technique for gene modification using the CRISPR-Cas9
system was also applied in plants including grapevine [49–52]. Our ALSV system will provide a
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helpful tool to shorten the time necessary for evaluating fruit qualities in gene-edited grapevine and
eliminate exogenous genes from transformed plants by genetic crosses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/1/70/s1,
Table S1: Primers used for construction and detection of ALSV vectors, Table S2: Contents of sugar, acid, and total
anthocyanin in fruits of F1 hybrids, Ganebu, Crimson glory vine, and commercial cultivars of grapevine
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Abstract: Phages infecting members of the opportunistic human pathogen, Salmonella enterica, are
widespread in natural environments and offer a potential source of agents that could be used for
controlling populations of this bacterium; yet, relatively little is known about these phages. Here
we describe the isolation and characterization of 45 phages of Salmonella enterica from disparate
geographic locations within British Columbia, Canada. Host-range profiling revealed host-specific
patterns of susceptibility and resistance, with several phages identified that have a broad-host range
(i.e., able to lyse >40% of bacterial hosts tested). One phage in particular, SE13, is able to lyse 51 out
of the 61 Salmonella strains tested. Comparative genomic analyses also revealed an abundance of
sequence diversity in the sequenced phages. Alignment of the genomes grouped the phages into 12
clusters with three singletons. Phages within certain clusters exhibited extraordinarily high genome
homology (>98% nucleotide identity), yet between clusters, genomes exhibited a span of diversity
(<50% nucleotide identity). Alignment of the major capsid protein also supported the clustering
pattern observed with alignment of the whole genomes. We further observed associations between
genomic relatedness and the site of isolation, as well as genetic elements related to DNA metabolism
and host virulence. Our data support the knowledge framework for phage diversity and phage–host
interactions that are required for developing phage-based applications for various sectors, including
biocontrol, detection and typing.

Keywords: Bacteriophage; Salmonella; biocontrol; comparative genomics; phage diversity
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1. Introduction

Bacteriophages are the most abundant biological entity on Earth and have been estimated to kill
20% to 25% of microbes daily [1–4]. Moreover, phages are key contributors to bacterial ecology and
evolution through obligate parasitism, using either lytic or temperate life cycles thereby resulting in
direct or delayed lysis of bacterial hosts, respectively [5]. Phage–host interactions have contributed
vastly to genetic flux through horizontal gene transfer that is responsible for the dissemination and
acquisition of important bacterial phenotypes, such as enhanced colonization of the human gut
epithelium, antimicrobial resistance and toxin production [2,6].

Phage diversity is immense and the global phage gene pool likely represents the greatest
biodiversity and largest potential source of novel genes, providing new insights on phage diversity and
evolutionary relationships in disparate environments [2,7,8]. Moreover, this vast diversity is a potential
reservoir of antibacterial agents for developing “phage therapies” or “biocontrol” strategies to control
bacterial pathogens. Phage-based biocontrol of bacterial pathogens in foods and food processing
environments is an attractive alternative to using synthetic antimicrobial agents or physical disinfection
treatments that can have harmful effects on humans, animals and plants [9–11]. At least, phages most
suited to this purpose should exhibit a broad host range and are free of genes encoding for lysogeny
and resistance to antimicrobial agents and/or virulence [10].

Non-typhoidal Salmonella enterica is a foodborne pathogen causing high rates of mortality and
morbidity worldwide [12,13]. Globally, bacteria in the genus Salmonella cause 93 million enteric
infections and 155,000 diarrheal deaths each year [12], and although there are animal reservoirs
including poultry and swine [8], its presence in other food products such as nuts, produce and
ready-to-eat products [14] confirms that it can adapt to diverse environments [15].

Comparative genomics approaches have been used to aid in the development of phage-based
products targeting several genera including Acinetobacter, Pseudomonas, Mycobacterium, Lactococcus,
Vibrio, and Salmonella [2]. These analyses provided insights at genomic and phylogenetic levels
(e.g., phage relatedness and the elucidation of novel genetic elements), associations among phage
communities across disparate environments, and elucidation of novel phage–host interactions [2,16–20].
Nevertheless, an in-depth understanding of Salmonella phage diversity and phenotype-genotype
characteristics is lacking. Here, we present comparative phenotypic, genomic and phylogenetic
analyses of 45 new phage isolates from British Columbia, Canada, that infect non-typhoidal strains
of Salmonella.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Salmonella strains (n = 61) were obtained from various sources, including the International Life
Sciences Institute, the Salmonella foodborne syst-OMICS database, or were isolated from the Lower
Mainland of British Columbia (Table S1). Strains were maintained at −80 ◦C in Brain–Heart-Infusion
broth (BD/Difco, East Rutherford, NJ, United States) supplemented with 20% glycerol. Working stocks
were prepared and maintained on tryptic soy agar (TSA; BD/Difco) at 4 ◦C for a maximum of one
month. Fresh overnight liquid cultures were prepared prior to each experiment by inoculating an
isolated colony into 10 mL tryptic soy broth (TSB; BD/Difco). Cultures were incubated for 16 h at 37 ◦C
with shaking at 170 rpm.

2.2. Bacteriophage Isolation and Purification

Bacteriophages were isolated from sediment (S), cattle feces (F), sewage effluent (E), irrigation
water (I), and water tanks from an aquaculture facility (W) in British Columbia, Canada, and as
specified in the phage name (Figure 1 and Figure S1). Four broad-host range phages SI1, SF1, SS1, and
SS4 were isolated previously [21].

278



Viruses 2019, 11, 854

Figure 1. Host range of isolated phages. Salmonella strains susceptible to phage infection are indicated
by a clearing of 1 to 4; 0 = no lysis.

Sample enrichment, phage isolation and purification were carried out as described elsewhere [21].
Briefly, an effort was made to enrich the abundance of phage by mixing 10 g of sample, 90 mL TSB and
1 mL of a cocktail of 7 indicator strains of Salmonella (Table S1) that were grown for 16 h as described
above. Serotypes represented by these strains include high-risk types important to food safety and have
exhibited high prevalence in human cases of salmonellosis [22,23]. Suspensions were then incubated
at 37 ◦C for 22 ± 2 h. The phage-enriched samples were spun at 4000× g to remove bacteria, and the
supernatant passed through a 0.45-µm pore-size polyethersulfone filter membrane (Pall Corporation,
Port Washington, NY, United States). Afterwards, 100 µL of filtrate was mixed with 300 µL of each of
the indicator Salmonella strains (diluted 10-fold after growing for 16 h) and 4 mL of 0.7% TSA top agar,
according to the double-agar overlay method [24]. Plates were then incubated at 37 ◦C for 18 ± 2 h for
plaque visualization. Plaques were lifted from the agar surface using a truncated sterile pipette tip and
re-suspended in 200 µL salt–magnesium (SM) buffer (0.05 M Tris-HCl; 0.1 M NaCl and 0.01 M MgSO4;
adjusted to pH 7.5). Suspensions were allowed to rest for at least 6 h at room temperature. Double agar
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overlays were then prepared with the suspension as described previously [21]. A minimum of 3 single
plaque isolations was performed in series to obtain a clonal phage isolate. Phages were subsequently
concentrated by centrifugation and stored at 4 ◦C until further analyses.

2.3. Host Range Determination

Purified phage lysates were standardized to a concentration of 109 PFU/mL in SM buffer as
recommended previously [24]. Felix-O1, a strictly lytic phage, was used as a control as it infects most
members of the Salmonellae [25]. Host range was determined by spotting 5 µL of lysate, in duplicate,
on a lawn of Salmonella cells (representing rare and common strains and serotypes) [26] grown for
16 h at 37 ◦C (n = 61 strains; Figure 1). The drops were allowed to dry at room temperature prior to
incubation at 37 ◦C for 18 ± 2 h. Zones of cell lysis were assessed with a scaling system [21,22,27],
where 0 indicated a zone with complete turbidity (no infection) and +4 indicated a completely clear
zone with no turbidity. These values were converted into a heat map as shown in Figure 1.

2.4. Phage DNA isolation

Prior to DNA isolation, 1 mL of the lysates was filtered with a 0.45-µm pore-size cellulose–acetate
membrane (Pall Corporation). Subsequently, 5 µL of both 10X RNAse A (Invitrogen, Carlsbad,
CA, United States) and 1X DNAse (Invitrogen) were added to the filtered lysates for removal of
contaminating host nucleic acid. MgSO4 was also added to a final concentration of 10 mM and
the suspension was incubated at 37 ◦C for 30 min. Then, 100 µL of lysis solution (2.5% sodium
dodecyl–sulfate, 0.25 M EDTA and 0.50 M Tris-HCl (pH 9.0)) was added to the mixture, followed
by incubation at 65 ◦C for 30 min. Subsequently, 125 µL of 8 M potassium acetate (Amresco, Solon,
OH, United States) was added and the suspensions were placed on ice for 30 min, then spun at
17,000 rpm (27,141× g) for ten min at 4 ◦C. Afterwards, 500 µL of phenol–chloroform (Amresco)
was added, the contents were mixed on a vortex for 1 min, and spun at 14,000 rpm (18,407× g) for
10 min at room temperature. The upper phase containing the DNA was carefully transferred to a
clean microcentrifuge tube and an equal volume of isopropanol (Amresco) was added, followed by
centrifugation at 17,000 rpm (27,141× g) for 10 min at 4 ◦C. The supernatant was discarded, and
the pellet washed 3 times with 70% ethanol and allowed to dry for 15 min. Finally, the pellet was
re-suspended in 20 µL Tris-HCl (pH 8.0) and stored at −80 ◦C until analyzed [28].

2.5. DNA Sequencing and Annotation Workflow

The DNA library was prepared using the Nextera XT DNA Library Preparation Kit (Illumina,
Hayward, CA, United States) according to the manufacturer’s instructions and shotgun-sequenced
using the Illumina MiSeq platform with the MiSeq Reagent Kit v2 (Illumina). Contigs were assembled
de novo from the paired-end reads with the Ray assembler version 2.2.0 [29]. Depth of sequencing in
the newly isolated phages ranged from 40- to 2564-fold coverage (Table S2).

Open reading frames (ORFs) were identified and annotated with the Rapid Annotation using
Subsystems Technology (RAST) pipeline [30]. Annotations were also subsequently verified using the
BLASTp algorithm (NCBI), employing an E-value cut-off of 0.01 [31].

2.6. Genomic Analysis

Genomic analysis was conducted on the phage genomes to identify phages with desirable
characteristics for biocontrol purposes and also to probe the biodiversity of our novel isolates. An in
silico approach was taken to predict phage morphotypes by comparison with closely related phage
genomes using the BLASTp algorithm (NCBI). Genomes that were most closely related (i.e., possessing
the highest E-value and >50% query coverage) were chosen to aid in assigning newly sequenced
phages to putative families. ARAGORN was used to identify genes encoding putative tRNAs, which
employs heuristics and homology comparisons with tRNA consensus sequences for prediction of the
tRNA secondary structure [32].

280



Viruses 2019, 11, 854

Phylogenetic trees were constructed in MEGA X [33]. Nucleotide sequences were aligned
using the ClustalW algorithm and the phylogenetic tree constructed using the Maximum-Likelihood
method employing 1000 bootstrap replicates. Clusters in the phylogenetic trees were identified using
ClusterPicker [34] with an inter-cluster threshold of 50% nucleotide identity, as has been demonstrated
for other phage genomes [2]. Amino-acid and nucleotide comparisons were conducted for individual
phages within clusters using alignment tools such as MEGA X. Visual representations and comparisons
of whole genomes were produced using EasyFig [35].

Phages were annotated using a combination of automatic (i.e., RAST) and manual (NCBI BLASTp)
approaches. Phages were classified as putatively temperate when a gene encoding integrase (for
integration into the bacterial host chromosome) could be identified; whereas, phages without this gene
were classified as putatively lytic [20,35].

3. Results

The genus Salmonella comprises a diverse group of microorganisms with well-characterized pan
genomes, routes of transmission, pathogenesis, and epidemiology [20,36]. Despite their potential
relevance to the genomic and biological attributes of the genus, there is comparatively little genomic
information on Salmonella phages [20].

3.1. Host Range of Phages Infecting Salmonella

Given the diversity of strains in the Salmonellae in terms of disease attribution and pathogenicity,
we chose strains representing serotypes that (i) cause the most illnesses (e.g., Enteritidis, Typhimurium);
(ii) are rarer (compared to Enteritidis and Typhimurium), yet emerging in North America as subtypes
associated with foodborne disease (e.g., Heidelberg, Saintpaul); and (iii) demonstrate multi-drug
resistance (e.g., Typhimurium SL1344, Schwarzengrund S5-458) [13,21,26].

Overall, the Salmonella strains representing serotypes Enteritidis and Typhimurium were lysed by
most of the phages (Figure 1), with S. Enteritidis FSL S5-483 exhibiting the greatest phage susceptibility.
All of the antibiotic-resistant strains were susceptible to at least one phage isolate. Moreover, the
phages infected some rarer, yet emerging strains [21,26], although a subset of bacterial strains (both
within and between serotypes) were resistance to phage infection (Figure 1).

The phages exhibited a variety of host ranges. Some isolates (e.g., SE21, SE10, SI23) had relatively
narrow host ranges, infecting 10, 15 and 16 Salmonella strains, respectively; others (e.g., SE13, SE7,
SE20) were broader and infected 51, 38, and 35 strains, respectively. Felix-O1 had the broadest host
range, infecting 54 of 61 tested strains. Originally isolated in England [37], Felix-O1 is a virulent phage
that infects 98.2% of all Salmonella strains and is commonly used in diagnostics and typing [38,39].

Of the newly isolated phages, SE13, from sewage, had the broadest host range, infecting 51 of 61
strains, including some that were weakly resistant (e.g., S. Liverpool S346) or fully resistant (e.g., S.
Arizonae S172) to Felix-O1 infection (Figure 1). All Salmonella strains were infected by at least one
phage except for S. Rubislaw S348 which was only infected by Felix-O1.

3.2. General Genomic Characterization

Genomic characterization was performed to identify phages that possessed particular genomic
features that would be pertinent for biocontrol (i.e, rendering them either unable to be used for food
biocontrol and/or possessing genes (e.g., tRNA genes, DNA-replication elements) that could potentially
constitute an infection/replication advantage in the host) (Table S3). The complete genomes have been
deposited into Genbank with accession numbers: MK761195—MK761199, MK770409—MK770415,
MK972685—MK972699, MK972700—MK972717 (Table S4). Additionally, we describe here distinct
patterns of diversity that were revealed through our genomic analysis.

Phages were organized into 12 distinct clusters on the basis of 50% nucleotide similarity (Figure 2).
There were four genomic singletons (including Felix-O1), which did not cluster into any sub-groups,
although they exhibited similarity to previously sequenced phages. For instance, singleton phage
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SE13 showed ~93% nucleotide sequence identity to Salmonella phage BP63 (NC_031250), while SE5,
interestingly, was 98% similar to Erwinia phage phiEa21-4 (NC_015292) (Table 1). Interestingly, phages
of Cluster 6 did not show any significant matches to previously isolated phages, indicating the presence
of a novel genus or cluster.
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Figure 2. Dendrogram of whole genome nucleotide alignment. Tree was constructed using the ClustalW
alignment and the Maximum-Likelihood method in MEGA X with 1000 bootstrap replicates. Bootstrap
percentages are shown next to each node. Scale represents the number of nucleotide substitutions per
site. Putatively temperate phages are indicated with an asterisk (*).
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Table 1. Closest related sequenced phages to newly isolated phages. The closest related phages
(possessing highest E-value and >50% query coverage) and their respective genera were determined
through nucleotide homology using NCBI BLASTn.

Newly Isolated Phage Cluster Closest Related Phage (NCBI Best Match) Genus

SE21 1 Salmonella phage 103203_sal5 Lederbergvirus
SE22 1 Salmonella phage 103203_sal5 Lederbergvirus
SI23 1 Salmonella phage 103203_sal5 Lederbergvirus
SF10 2 Salmonella phage ST160 Lederbergvirus
SI5 2 Salmonella phage ST160 Lederbergvirus
SI3 2 Salmonella phage ST160 Lederbergvirus
SS3 3 Salmonella phage GG32 Cvivirinae
SS9 3 Salmonella phage GG32 Cvivirinae
SS5 4 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SS1 4 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SS7 4 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SS6 4 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SF2 4 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SS8 4 Salmonella phage ST3 Guernseyvirinae
SI22 5 Salmonella phage FSL SP-004 Peduovirinae
SW9 5 Salmonella phage FSL SP-004 Peduovirinae
SI7 6 N/A N/A

SW5 6 N/A N/A
SW3 6 N/A N/A
SE7 7 Salmonella phage S147 Tequintavirus

SE20 7 Salmonella phage Seabear Tequintavirus
SE24 7 Salmonella phage S126 Tequintavirus
SF3 8 Salmonella phage 103203_sal5 Lederbergvirus
SF11 8 Salmonella phage 103203_sal5 Lederbergvirus
SE16 8 Salmonella phage 103203_sal5 Lederbergvirus
SE1 8 Salmonella phage 103203_sal5 Lederbergvirus

SE10 8 Salmonella phage 103203_sal5 Lederbergvirus
SI8 9 Salmonella phage ST160 Lederbergvirus
SF6 9 Salmonella phage SE1 Lederbergvirus

SE14 Singleton Salmonella phage S115 Cvivirinae
SI1 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SF4 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SF5 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SS10 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SI2 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SS4 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SF1 10 Salmonella phage vB_SenS_SB3 Guernseyvirinae
SE4 Singleton Salmonella phage ZCSE2 N/A
SE5 Singleton Erwinia phage phiEa21-4 Ounavirinae
SE13 Singleton Salmonella phage BP63 N/A
SE11 11 Salmonella phage SP01 Tequintavirus
SE8 11 Salmonella phage SP01 Tequintavirus

SE19 12 Salmonella phage SP01 Tequintavirus
SE18 12 Salmonella phage BSP22A Tequintavirus
SE3 12 Salmonella phage S147 Tequintavirus
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Overall, clusters of phages with a high degree of genetic similarity could be isolated from disparate
sampling sites. For instance, phages in Cluster 8 were isolated from sewage effluent and cattle feces,
while Cluster 10 contained phages from sediment, irrigation water and cattle feces (Figure 2). However,
phages from sewage also occurred across different clusters (e.g., Clusters 1, 7, 8, 11, and 12) or could
not be assigned a specific cluster, indicating sewage is a rich source of phage diversity.

A lysogeny module containing a gene encoding for integrase (i.e., responsible for integration into
the host chromosome) was identified in 18 of the 45 phages, indicating a possible temperate lifestyle
(Figure 2 and Table S3). Furthermore, these phages were also isolated from diverse environments
(Table S5). The putative temperate phages belonged to seven clusters: Clusters 1, 2, 5, 6, 8, and 9
(Figure 2). Accessory proteins associated with recombination (e.g., C protein and Cox proteins) were
also identified in the lysogeny modules of Cluster 6 phages.

Interestingly, we also noted similar clustering patterns upon comparison of the whole genome and
major capsid protein (MCP) phylogenetic trees (Figure S1). For instance, 5/6 of the phages in Cluster
4 in the whole genome dendrogram (Figure 2) are also clustered together in Cluster 4 of the MCP
dendrogram (Figure S1). All phages within Clusters 5 and 6 on both figures are also grouped together
similarly. Clusters 8 and 9 of the whole genome dendrogram are also grouped together to form Cluster
7 in the MCP dendrogram. On the basis of the MCP, singletons SE13, SE4, and SE14, as identified
in Figure 2, are either grouped together or with other phages (Cluster 4, Figure S1), indicating the
conservation of this shared core gene. Given the patterns of clustering, these results suggest the MCP
may be suitable as a phylogenetic marker for whole genome clustering.

3.3. Phage Classifications

The taxonomic assignments of 45 newly isolated Salmonella phages were predicted by in silico
analysis (Table 2) as has been performed by others [40]. For those phages that could be assigned a
taxonomic rank, 46.7% (21/45) were classified in the family Siphoviridae, 28.9% (13/45) and 17.8% (8/45)
were assigned to the families Podoviridae and Myoviridae, respectively, and 6.7% (3/45) could not be
assigned to a family. Previously, phages SI1, SF1, SS1, and SS4 were classified as Siphoviridae, based on
morphology determined by transmission electron microscopy [21]. The predicted morphotypes also
correlated with cluster analysis of the whole genome and the MCP. For example, Cluster 3 of Figure S1
solely comprised phages predicted as Myoviruses according to the in silico analysis. Additionally,
Cluster 4 contained predicted Siphoviruses (Figure S1).
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Table 2. Genotypes and taxonomic assignments predicted from in silico analysis of 45 Salmonella phage genomes. Asterisks indicate morphotypes which have been
confirmed by transmission electron microscopy [21]. Sources of phages are denoted as follows: sediment (S), cattle feces (F), sewage effluent (E), irrigation water (I),
and water tanks from an aquaculture facility (W).

Morphotype Classification tRNA Genes arnC vriC exoZ

Myoviridae Siphoviridae Podoviridae Unclassified Phage Number Phage Number Phage Number Phage Number Phage Number Phage Cluster Source Phage Cluster Source Phage Cluster Source
SE4 SE3 SE1 SI7 SE1 0 SF1 0 SI1 0 SS1 0 SW3 0 SE21 1 E SS3 3 S SI3 2 I
SE5 SE7 SE10 SW3 SE3 29 SF2 0 SI2 0 SS3 4 SW5 0 SE22 1 I SS9 3 S SI5 2 I

SE13 SE8 SE16 SW5 SE4 0 SF3 0 SI3 1 SS4 0 SW9 0 SI23 1 E SE14 Singleton E SF10 2 F
SE14 SE11 SE21 SE5 27 SF4 0 SI5 1 SS5 0 SE16 10 E SI8 11 I
SI22 SE18 SE22 SE7 29 SF5 0 SI7 0 SS6 0 SF11 10 F SF6 11 F
SS3 SE19 SF3 SE8 22 SF6 1 SI8 1 SS7 0 SE10 10 E
SS9 SE20 SF6 SE10 0 SF10 1 SI22 0 SS8 0 SF3 10 F
SW9 SE24 SF10 SE11 22 SF11 0 SI23 0 SS9 4 SE1 10 E

SF1* SF11 SE13 0 SS10 0
SF2 SI3 SE14 4
SF4 SI5 SE16 0
SF5 SI8 SE18 28
SI1* SI23 SE19 29
SI2 SE20 29

SS1* SE21 0
SS4* SE22 0
SS5 SE24 29
SS6
SS7
SS8
SS10285
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3.4. Identification of Putative Phage tRNAs

A range of putative tRNA genes were identified in our phage collection (Table 2), with at least
one tRNA identified in 36% (16/45) of the phages. The distribution of tRNA-containing phages varied
based on the isolation source, with 59% (10/17) of phages from sewage, 25% (2/8) from cattle feces,
38% (3/8) from irrigation water; 22% (2/9) from sediment; and none (0/3) from aquaculture possessing
at least one tRNA-encoding gene. The findings suggest that tRNA genes are not uncommon within
Salmonella phages and may vary geographically.

3.5. Genomic Analysis of SE13

Phage SE13 isolated from sewage had the broadest host range of the 45 isolates, lysing nearly
all of the antibiotic-resistant strains tested (except S. Agona S5-517) and some rare strains (e.g., S.

Poona S306, S307; uncommonly seen in outbreaks) that were resistant to infection from other phages in
our collection, including Felix-O1 (e.g., S. Arizonae S172) (Figure 1). SE13 also lysed the serotypes
responsible for the highest rates of infection worldwide, S. Enteritidis and S. Typhimurium [39].

Based on BLASTn, the 52,438 bp genome (G+C= 45.8%) of SE13 revealed 93% identity to Salmonella

phage BP63, with putative genes involved in structure, host recognition, and metabolism/replication.
RAST identified 73 ORFs, suggesting that approximately 9% of the genome is non-coding (Figure 3).
RAST assigned functions to 13 of 73 ORFs and subsequent verification with NCBI BLASTp further
assigned functions to five additional ORFs, including the major capsid protein. The remaining 55
ORFs were classified as hypothetical (Table S3). No lysogeny-related modules encoding integrase, nor
antibiotic-resistance and/or virulence factors were identified.

SE13

Figure 3. Linear whole-genome representation of phage SE13. Large open reading frames (ORFs)
greater than 1000 bp are indicated. Arrows indicate the direction of transcription.

3.6. Genome Size, G+C content and Identification of DNA Metabolism-Related Genes

Cluster analysis separated the phages into 12 groups (Figure 2). ORF prediction using a
combination of RAST and BLASTp revealed genetic elements shared among phages in a cluster, as well
as distinct genotypes exhibited among clusters. Genome sizes ranged from 30,037 bp to 158,539 bp,
and G+C values from 39.2% to 54.4%, in concordance with other phages of Salmonella [5,20].

Phages with genomes >100,000 bp are represented in Clusters 3, 7, 11, and 12; additionally, SE14,
a genomic singleton, possesses a genome of 152,926 bp and 198 ORFs. These large genome phages
possess accessory genes encoding for proteins involved in phage replication (e.g., DNA polymerase,
DNA helicase, DNA primase, replication factor C, sliding clamp loader subunit) that were adjacent (i.e.,
modular in its arrangement), or separated by a non-related ORF. Further, these genes are positioned on
the same strand, implying they are likely to be transcribed together as part of a module [41]. Phages of
Cluster 3 are represented in Figure 4.
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SS3

SS9

Figure 4. Linear whole genome comparison of phages in Cluster 3. ORFs encoding for DNA replication
elements are indicated. Grey regions indicate nucleotide homology of >96%. Directions indicate the
direction of transcription.

These modules were not identified in clusters of phages with smaller genomes (<50,000 bp), nor in
genomic singletons SE13 (52,438 bp), SE4 (53, 494 bp), and SE5 (84,567 bp). However, in some of these
phages, a small number of replication-related elements were dispersed throughout the genome as well
as duplicate copies of select genes encoding for replication-related functions (e.g., DNA ligase, DNA
topoisomerase, DNA helicase). Concordantly, duplicate copies of some of these genes were identified
in Clusters 3, 7, 11, and 12, representing phages with larger genomes (Figure 4).

3.7. Identification of Genes Encoding for Putative Virulence Factors

Putative virulence factors were identified in three phages (Table 2). Three genes putatively
encode virulence-related functions, including a polymyxin resistance protein ArnC (311 amino acids).
Additionally, a gene encoding for exopolysaccharide production protein ExoZ (380 amino acids) was
identified in phages in Clusters 2 and 11 (Table 2). Lastly, a large virulence protein VriC (1613 amino
acids) was identified in phages of Cluster 3 (SS3 and SS9), as well as the genomic singleton, SE14. A
nucleotide alignment using ClustalW revealed that vriC in SS3 and SS9 was nearly identical with one
nucleotide mismatch at position 4374, while vriC in SE14 was slightly more divergent, possessing 96%
identity to that of SS3 and SS9.

4. Discussion

Here we describe 45 newly isolated phages that have important phenotypic and genomic properties
for biocontrol and their patterns of diversity. Overall, we observed very diverse host ranges within
our collection of phages; with phage SE13 possessing the broadest host range. Screening of putative
genes revealed the carriage of genes encoding integrase, virulence and antimicrobial resistance in
some phages, although SE13 was devoid of these genetic elements. A cluster analysis of the phage
genomes revealed an abundance of diversity and also novel associations between genes encoding for
replication-related functions, phage genome size, and the G+C content association between phage and
Salmonella host. Generally, a larger genome size and discordant G+C content was correlated with an
increased number of genes encoding for replication-related functions, which may be advantageous if
using these phages in biocontrol agents. Lastly, cluster analysis of the major capsid protein revealed
a similar grouping pattern with that of the whole genomes, potentiating its use as a marker for
genetic relatedness.

4.1. Host Range of Phages Infecting Salmonella

We screened the phage isolates against a panel of 61 Salmonella strains to determine their host
ranges (Figure 1), as lysis of a broad range of Salmonella strains is critical for biocontrol applications [8].
Ideally, phage cocktails are formulated from several phages with broad host ranges [42].
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Strains representing serotypes Enteritidis and Typhimurium were lysed by most of the
phages (Figure 1), which is important considering the global association of these serotypes with
salmonellosis [43]. Further, all of the antibiotic-resistant strains were susceptible to at least one phage,
which is noteworthy given the need for new strategies to tackle antibiotic resistance. One Salmonella

strain, S. Rubislaw S348 could not be lysed by the newly isolated phages, which may be due to the lack
of a suitable receptor, or other phage-resistance mechanisms.

Some groups of phages exhibited unique host ranges. Phages isolated from irrigation water
displayed comparatively limited host ranges, which suggests that the available host spectrum is
narrower than in other sampled environments. For example, phages from sewage exhibited broader
host ranges (Figure 1), especially SE13, which exhibited the broadest host range of the newly isolated
phages. This is consistent with sewage containing an abundance of potential hosts and phages [42].
However, phage abundance tends to oscillate with host abundance. The “kill the winner” hypothesis
posits that the host that grows most quickly (i.e., the “winner”) will be the most susceptible to phage
infection, leading to greater diversity of hosts and phage. Phages with broader host range are better
adapted to survive environments where host diversity is high, and the abundance of any given
genotype is relatively low, or where environmental conditions and bacterial populations change often,
for example sewage [44]. Sewage water and sludge are good sources of phages with broad host ranges,
as are some non-sewage sources [42].

It is important to note that the phages isolated here may not represent the proportions of phages
in the environment. Laboratory isolation by plaque formation and infection of indicator strains likely
sample a subset of phages. However, because the indicator strains used for isolation are common
North American foodborne outbreak isolates, the phages described herein may prove highly useful for
the control of Salmonella in this jurisdiction.

4.2. General Genomic Characterization

Cluster analysis assigned phages into 12 clusters with four genomic singletons (including Felix-O1)
(Figure 2). Overall, some clusters contained phages with high sequence identity that were isolated from
disparate sites (e.g., clusters 8 and 10). These observations, coupled with the fact that these phages
were isolated from proximate regions within British Columbia, suggest that they may be genetically
endemic [20] and/or transmissible via unknown vectors (e.g., wildlife moving among sites). It has also
been suggested that phages within a cluster may share common hosts [19], which implies that host
populations within a cluster may also be genetically similar [19]; future metagenomic analyses may
verify this hypothesis. We also saw evidence of rich diversity across clusters; phages from sewage
were assigned to different clusters (e.g., Clusters 1, 7, 8, 11, and 12) or could not be assigned a specific
cluster (Figure 2). As wastewater is abundant in nutrients, bacterial hosts, and high rates of horizontal
gene transfer, phages isolated from these sites represent a reservoir of novel and diverse genetic
materials [45].

A lysogeny module containing a gene encoding integrase was identified in 18 of the 45 phages
(Figure 2). Although the use of temperate phages is counter-indicated for some biocontrol applications
(e.g., in food systems) [9], phage modification by deletion of lysogeny modules may be considered for
other applications, particularly if the phage has a broad host range. It should also be cautioned that in
addition to genomic analysis, in vitro transduction assays should be carried out to confirm a virulent
lifestyle [20,21].

The MCP was identified and functionally annotated in all phages (Figure S1), suggesting that
significant divergence of this protein is constrained due to its important conserved role in capsid
assembly [46] and maintenance of the viral capsid structure [38]. Because it represents a core gene
and is thus not known to be horizontally transferred, multiple studies have assessed the role of
MCP as a phylogenetic marker [16,46–49], further exaggerated by the fact that there is no benchmark
gene used to study phage diversity. Indeed, comparisons of the whole genome and the MCP in our
subset of phages show similar clustering patterns (Figure 2 and Figure S1), potentiating its use as an
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inference gene for genetic relatedness. Furthermore, determination of the MCP sequence may be useful
for pre-assignment of novel phages into groups or clusters which share desirable characteristics for
biocontrol (e.g., broad host range and infection efficiency) [48–50].

4.3. Phage Classifications

Electron microscopy and nucleic acid content have largely provided the basis for taxonomic
classification [51], with the currently classified viruses exhibiting genomic relatedness in concordance
with their morphotypes [52]. This correlation was further corroborated with our cluster analysis
(Figure 2). The largest proportion (46.7%) of our phages were assigned to the family Siphoviridae,
while 28.9% and 17.8% were assigned to the families Podoviridae and Myoviridae, respectively, and
6.7% could not be assigned to a family (Table 2). The diversity of morphotypes in this collection is
important when informing optimal cocktail design. The sensitivity of phage to external factors (e.g.,
storage, temperature, and pH) varies between morphological families [53], thus cocktails comprising
different phage morphotypes should be considered. Additionally, it has been previously reported that
Salmonella phages of different morphotypes use different host receptors [54], which, when incorporated
into a cocktail, diminishes the occurrence of host resistance [55].

4.4. Identification of Putative Phage tRNAs

The presence of tRNA genes is relatively common and has been observed in many phage
genomes [56]. It has been proposed that particular tRNA genes benefit phage replication by
corresponding to codons used by the phage genome rather than the host [57]. Accordingly, phages
with similar codon usages to that of their hosts will not benefit from retention of tRNA genes and
would use that of their host [58]. It has also been hypothesized that temperate phages integrate at
the position of a host tRNA gene, with the phage tRNA compensating for the interruption in the host
tRNA gene [59].

At least one tRNA was identified in 36% of the newly isolated phages, consistent with a large-scale
comparative analysis of 827 mycobacteriophages, which revealed that 41.4% contained at least one
tRNA gene, and that these displayed cluster specificity [56]. In our study, most phages from sewage
had at least one tRNA. As sewage represents a rich source of host diversity, having different tRNAs
might enhance phage genome replication in multiple hosts [58]. However, different numbers of phages
were recovered from each site; thus, these distribution patterns are preliminary.

4.5. Genomic Analysis of SE13

Of the newly isolated phages, phage SE13 had the broadest host range (Figure 1) and no evidence
of an integrase, and thus was likely lytic. Additionally, as there were no antibiotic-resistance or
virulence factors identified, it is a good candidate for biocontrol of Salmonella.

Genetically, SE13 possesses synteny, with predicted ORFs (Table S3) encoding genes for structure
(major capsid protein, scaffold protein, tail proteins), packaging (large terminase subunit, portal
protein), a lysozyme, and a likely cognate holin in close proximity, as has been identified in other
phage genomes [60,61]. Given the broad host range of SE13, the tail fibers are of specific interest.
ORFs 31 and 45 encode for putative tail fibers of 986 and 445 amino acids, respectively, and are 93
and 97% similar, respectively, to those of Salmonella phage BP63, another broad host range phage
that is a component of SalmoPro® (Phagelux, Inc.), a GRAS-certified antimicrobial processing aid for
controlling Salmonella on foods [61]. A variety of tail-associated accessory proteins were also clustered
together at this locus, including tail-fiber assembly proteins, ORFs 46 and 47 (Table S3). This locus also
encoded for tail-associated protein products located on the same strand of the genome, indicating they
are likely transcribed together as a module [62].

SE13 also possesses a variety of DNA metabolism-related genes (e.g., thymidylate synthase,
deoxycytidylate deaminase, guanylate kinase, and nicotinate phosphoribosyltransferase) (Table S3).
Due to their disparate positions in the genome, it suggests that these genes were acquired by separate
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horizontal gene transfer events with hosts, prophages or other lytic phages during co-infection,
particularly since sewage, from which SE13 was isolated, is an environment facilitating a high
frequency of horizontal gene transfer and rearrangements [63].

4.6. Genome size, G+C Content and Identification of DNA Metabolism-Related Genes

The cluster analysis revealed that genes encoding for self-replication-related functions were
common within and among clusters, and that the number of these elements were associated with
the phage genome size. We also observed duplicate copies of genes encoding for a variety of
replication-related functions in Clusters 3, 7, 11, and 12, which also comprised phages with larger
genomes. Duplicate copies may enhance synthesis of proteins involved in replication, and hence
increase phage production and evolutionary fitness.

Although the role of these replication modules in large phages remains unclear, it is possible that
larger genomes carry accessory genes that are not essential, but which enable more efficient phage
replication. Efficient replication may lead to an increased burst size and/or reduced latent period, both
of which are desirable when selecting phages for biocontrol purposes [64]. The fact that Clusters 3, 7,
11, and 12 have a substantially different G+C content than that of their hosts suggests that having more
genes for self-replication may be particularly advantageous [20,65,66]. For instance, Salmonella has a
G+C content of 50% to 52% [20]; whereas, the G+C content of phages in Cluster 3 is ~44%, suggesting
the eleven DNA replication elements in these phages may be advantageous (Figure 4). Clusters 7, 11,
and 12 also have G+C contents ranging from 39.2% to 44.7%. Moreover, some clusters with a G+C
content similar to that of Salmonella (e.g., Clusters 4, 5, 6, 8, 10) have fewer self-replication elements
(i.e., ranging from zero to three). Concordantly, Salmonella phages isolated from dairy farms in rural
New York State with G+C contents differing from that of their hosts also harbored anywhere from
1–12 DNA replication elements [20].

4.7. Identification of Genes Encoding for Putative Virulence Factors

The selection of phages devoid of genetic elements that could pose a risk to human health is critical
to biological control applications [9]. Phages can transfer DNA between hosts via transduction [65],
which may result in the insertion or deletion of cryptic and/or functional genetic elements, and alter
host phenotype [67]. These genetic elements may reside in the phage genome for extended durations
until a susceptible host is encountered [68].

Some phages harbored one or more copies of a polymyxin resistance protein ArnC (Table 2), which
has also been identified in P22-like viruses 103203_sal5, 146851_sal4, 103203_sal4 and 101962B_sal5,
albeit shorter by an amino acid [69]. Naturally synthesized by the bacterium Bacillus polymyxa, the
polymyxins are a family of last-resort oligopeptide antibiotics used in human medicine that bind to the
lipopolysaccharide (LPS) of Gram-negative bacteria, increasing membrane permeability and leakage
of intracellular material [70]. Alterations in the moieties comprising the LPS may confer resistance
to polymyxins. For instance, the synthesis and transfer of 4-amino-L-arabinose to the LPS is carried
out by multiple genes in the arn operon [70,71], therefore it is unclear if alterations in one gene in this
locus would confer resistance to polymyxin. Phage genomes possessing arnC occurred in Clusters
1 and 8, which also comprise putatively temperate phages, suggesting a specialized transduction
mechanism (Figure 2). Further, most phages possessing arnC were sourced from sewage (SE21, SE22,
SE16, SE10, and SE1), a known reservoir of antibiotic resistance genes, and “hotspots” of horizontal
gene transfer [64]. Gene arnC has also been identified in Salmonella phages 22 and 34 isolated in
India [72]. However, the absence of antibiotic resistance elements in putatively lytic phages highlights
their relatively low frequency of generalized transduction, and suitability for biocontrol.

We also identified virulence factors in a small subset of phages (Table 2). Virulence factors are
naturally found in a broad variety of foodborne pathogens and contribute to enhanced host invasion
and environmental fitness [15]. Cluster 3, comprising phages SS3 and SS9 from sediment, carried a
gene encoding an identical large virulence protein VriC of 1,613 amino acids (Table 2). SE14, which
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could not be assigned to a specific cluster, also possessed VriC which possessed 99% amino acid identity
to that of the Cluster 3 phages. Homologs of VriC have been found to occur elsewhere, for instance, in
Salmonella phages SFP10 (99.32% amino acid identity), Sh19 (99.01% amino acid identity) [73], and
Escherichia coli phage PhaxI (99.13% amino acid identity) [74]. Interestingly, Salmonella phage 38 appears
to possess a truncated form of VriC of 465 amino acids [72]. Although phage-encoded, the origin and
function of this protein is unclear, therefore it is unknown if homologs possessing near-identical amino
acid sequences would possess the same function. Of the newly isolated phages, SS3, SS9 and SE14 are
not classified as temperate, suggesting a generalized transduction mechanism. Although the frequency
of generalized transduction is quite rare [67], it has been shown to transfer large genome cassettes and
pathogenicity islands [68]. However, it is unclear if these phages possess a high-transducing frequency,
and if vriC was transduced into a bacterial host would result in a functional virulence factor.

An exopolysaccharide production protein ExoZ was defined in phages in Clusters 2 and 9. ExoZ

has been identified in a limited set of phages, including PhWands-1 and PhWands-2 [75]. Functionally,
this locus encodes virulent effector proteins, as found in clinically-relevant strains of Pseudomonas

aeruginosa found in cystic fibrosis patients [66]. Additionally, some species of Rhizobium encode a
homolog of ExoZ involved in the acetyl modification of succinoglycan, an exopolymer [76]. However,
other genes in the exo locus are involved in the production of exopolysaccharide [77]; therefore, if
introduced alone it is unlikely to cause phenotypic conversion. Nonetheless, as exopolysaccharide
production is involved in biofilm formation [77], phages encoding these genes should not be used to
control bacterial pathogens, particularly since the rate of transduction is not known.

5. Conclusions

Here we described and compared 45 newly isolated Salmonella phage isolates on both their
basis for biocontrol and biodiversity. Overall, patterns of diversity of the Salmonella phages isolated
from British Columbia, Canada are complex, although some similarities in the whole genome, MCP
sequences and morphotypes occurred among phages isolated from different sites. A novel broad host
range phage (SE13) that is genetically distinct from other phage, and which shows no evidence of
virulence-associated genes, represents a promising biocontrol agent against Salmonella.

We found several putative virulence genes (e.g., arnC, vriC, exoZ) in our phages which have
only been reported in a few studies [20,72,75]. We also saw evidence for a novel association between
genome size and DNA metabolism and GC content in our phages, suggesting links between these
genes and enhanced phage replication. The carriage of these genetic elements provides insight into the
phage–host interactions and, provided they are appropriately assessed on a genetic level, suggests that
our phages may be good candidates for future pathogen mitigation strategies.

The advent of high-throughput sequencing has led to an explosion of insight into microbial
genomes; although, sequencing of phages has lagged behind that of bacteria, despite their critical roles in
bacterial evolution. The characterization of this collection of phages contribute to the limited knowledge
surrounding phage diversity and phage–host interactions, and will aid with the development of
biocontrol strategies against Salmonella.
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